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Abstract
Copepods are some of the most abundant animals on the planet, accounting for a large
proportion of mesozooplankton biomass in the oceans. They are an important link
between microbial processes and higher trophic levels, and for this reason the
measurement of copepod productivity is a central theme in Biological Oceanography.
Because biological production is a function of growth rate, considerable effort has been
invested in developing techniques for studying various aspects of copepod
development and growth. Historically, most studies investigating the biology, growth
and production of copepods have been conducted in temperate waters, and
information on tropical copepod species is extremely scarce. Tropical species are often
exposed to sub-optimal trophic resources and have higher metabolism expenditure
than temperate species. These differences limit the direct application of current
empirical models, based mostly on temperate data to the tropics. However, tropical
seas comprise a large part of the world’s oceans, and more studies on the biology of
tropical copepods are necessary for a better understanding of biogeochemical cycles in
the tropics, and for improved estimates of energy flow in the oceans. This thesis tries to
fill this gap by advancing our understanding of some important characteristics of the
development and growth of tropical copepods. The objective of this thesis is to
determine the effectiveness of the application of traditional and biochemical indices for
the study of growth and development of tropical copepods. More specifically, this study
investigates the applicability of the artificial cohort and egg production techniques, and
nucleic acid indices for the study of tropical copepod species.
In the first part of the thesis I used the artificial cohort technique to investigate trophic
influences on the development, growth, production, and the occurrence of intersexes
and skewed sex ratios in the tropical paracalanid copepod Acrocalanus gracilis from
the Timor Sea. An artificial cohort of A. gracilis was followed from egg to adulthood,
and its development characterised by the calculation of stage specific duration, median
development time, moulting period duration, and moult and growth rates. In addition,
the morphometry, sex ratios and the occurrence of intersexes in copepodite and adult
stages was quantified during the development of the experimental population of A.
gracilis and compared to the wild population. The food environment in the experimental
incubation was poorer than in situ. The somatic growth of A. gracilis was log-linear
throughout most of its development, even under variable and limited food conditions.
Linearity of growth appears to be maintained at the cost of varying the moulting rate
and stage duration. The development of this species conforms to the equiproportional
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model, and in this respect is similar to other paracalanid species. The quality and
quantity of food significantly affected the morphometry and body size of all copepodite
stages of A. gracilis, indicating that trophic conditions play an important role in
controlling the development features of paracalanids more generally. Moreover,
intersexes were more frequent in the food limited experimental incubation than in the
field. Adult males were present in the field, but were completely absent from the
experiment. The sex ratios calculated considering intersexes as males in C5 and adults
showed no significant difference between populations in the field and in the
experiment. On the other hand, sex ratios in the experiment were significantly different
from the field when intersexes were added to females. These results suggest that the
occurrence of intersexes is a result of the process of sex change in male copepodites,
and that these Intersexes can have a major effect on the sex ratio of copepod
populations. The quality and quantity of food that the animals experience during
development appears to be the key factor controlling sex change in copepods. The
point of sex switching occurs late in the development of A. gracilis, and appears to be
triggered by the nutritional condition of copepodite 4 males. Sex determination in
copepods appears to be under strong environmental control, and sex change is an
important mechanism determining the adult sex ratio of copepod populations,
explaining the often female skewed sex ratios observed in copepod populations. In
addition, the results and hypothesis presented here enhance our understanding and
raise new questions about the sex determination and sex change processes in
copepods, implications for sex ratios, and ultimately for the maintenance and success
of copepod populations in nature.
In the second part of the thesis I evaluated the individual and interactive effects of food
quantity, food quality and temperature on the egg production, nucleic acid content and
nucleic acid—egg production relationship of the copepod Acartia sinjiensis. The egg
production rate and nucleic acid content of A. sinjiensis females were quantified in a
series of laboratory experiments where different food types (Tetraselmis chuii, Pavlova
salina, Isochrysis aff. galbana and Chaetoceros muelleri) were offered at various
concentrations and temperature levels. Food quality, quantity, temperature and their
interaction significantly affected the nucleic acid content, egg production rate and the
nucleic acid—egg production relationship of Acartia sinjiensis. The egg production,
RNA:DNA ratio and individual RNA content of food-limited females were lower than
animals fed non-limiting algae concentrations. Under non-limiting food conditions, A.
sinjiensis females produced more eggs and had higher nucleic acid concentrations
when fed Tetraselmis and Pavlova, than when fed Isochrysis and Chaetoceros. Under
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food-limiting conditions, differences in food quality became evident as only the higher
quality algae Pavlova and Tetraselmis could support egg production. Moreover, the
relationship of RNA content, RNA:DNA ratio and egg production with food
concentration followed the same sigmoid function up to an asymptotic (saturation)
level. The minimum food concentration necessary to saturate the RNA content,
RNA:DNA ratio and egg production was between 500—1000µg Cl-1, as is the case in
other Acartia species. Furthermore, the slopes of linear regressions using nucleic acid
indices as predictors of egg production were similar in females fed different algal
species (i.e. different food quality), but the intercepts of these regressions differed
significantly. The DNA content of A. sinjiensis females was significantly affected by
food and temperature, suggesting that it is not a good index of cell number in
copepods. Despite this, the RNA:DNA ratio was as good a predictor of egg production
as total RNA content in this species. While temperature appeared to have a minor
effect on the egg production of A. sinjiensis, total, C- and N-specific nucleic acid indices
had a strong negative correlation with temperature. Furthermore, the slopes of the
regression lines of RNA content and RNA:DNA ratio as predictors of egg production
increased non linearly with temperature. Finally, the interaction terms of RNA based
nucleic acid indices with temperature were better predictors of egg production in linear
models than these indices alone in A. sinjiensis. These findings indicate that
temperature, food quantity and quality are key factors controlling the egg production
rate, the nucleic acid content, and the nucleic acid—egg production relationship in
Acartia sinjiensis. Finally, these results provide key information for the development of
predictive models of egg production based on nucleic acid indices for A. sinjiensis and
other tropical copepods.
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GENERAL INTRODUCTION

1.1 Introduction
Copepods are the most abundant metazoans on the planet (Raymont 1983; Mauchline,
1998) accounting for up to 80% of the mesozooplankton biomass in the oceans (Verity
and Smetacek, 1996). They play a key role in the ocean’s biogeochemical cycles, and
are an important link between microbial processes and higher trophic levels (Kiørboe,
1997) influencing nutrient regeneration and the flow of matter and energy in the
oceans. Therefore, the quantification of these fluxes is essential to understand the
complexity of the dynamics of pelagic marine systems (Banse, 1995). The study of
copepod development, growth and productivity is indispensable to quantify and
understand the ocean’s biogeochemical fluxes, and for this reason, the estimation of
production of planktonic populations has become a major goal of recent zooplankton
research (Poulet et al., 1995; Runge and Roff, 2000). Moreover, in order to fully
understand the function of copepods in structuring pelagic food webs, it is essential to
study and describe their biology and life history traits (Kiørboe, 1997; 2006).
Production is defined as the rate of increase in biomass of a population over time,
regardless if it survives at the end of that period, and can be generalized as all the
biomass increments plus all the biomass losses per unit time (Winberg, 1971; Zaika,
1973; Downing and Rigler, 1984; Omori and Ikeda, 1984). Therefore, production is
usually calculated as the product of mean biomass and the growth rate of that
population (Downing and Rigler, 1984). Consequently, all methods developed for the
estimation of zooplankton production require the measurement of both biomass and
growth rate (Huntley and Lopez, 1992). There are several methods for the estimation of
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zooplankton biomass, including the measurement of wet and dry weights, carbon,
nitrogen and protein content, the use of length—weight regressions and relationships
between settling and volume displacement (see Winberg, 1971; Downing and Rigler,
1984; Omori and Ikeda, 1984; Postel et al, 2000). Zooplankton production studies often
measure biomass gravimetrically, or convert weights either to elemental composition
(most commonly to carbon or to nitrogen content) depending on the biogeochemical
cycles of interest.
The direct estimation of growth, the second part of the production calculation, is
significantly more difficult than biomass. Because growth is a dynamic process
intrinsically linked with environmental conditions, there is interaction at both the level of
the organism and the population. The production of a population is derived from both
somatic and generative growth (reproduction) (Zaika, 1973). If cohorts can be identified
in a population, growth is simply estimated by following the development of those
cohorts (see Winberg, 1971). However, most zooplankton populations show continuous
reproduction, including copepods, where cohorts cannot be identified (see below)
(Kimmerer, 1987). The growth rate of copepods is normally exponential, and the most
appropriate way of estimating growth is by the instantaneous growth method using the
equation

m
1
g =   × ln max
D
 mmin





(1)

where mmin and mmax are the minimum and maximum biomass of individuals in a size
class, and D is the mean time an animal takes to grow from mmin to mmax (Downing and
Rigler, 1984). The theory behind growth and of production estimation of continuous
reproducing populations is described in detail in Downing and Rigler (1984) and
Kimmerer (1987).
Because zooplankton production is a key process for the understanding of
biogeochemical fluxes in the ocean, several techniques have been developed for the
estimation of zooplankton growth, especially of copepods. These techniques can be
divided in two categories: traditional and biochemical techniques.
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1.2 Traditional methods for zooplankton growth and production
estimation
Traditional methods for the estimation of growth can be generalized as all the “direct”
estimations of growth made by measuring changes in weight, developmental stage or
reproductive output. There are several traditional methods for the estimation of growth
and production of copepods and other planktonic organisms in various aquatic
environments (see reviews in Winberg, 1971; Downing and Rigler, 1984; Omori and
Ikeda, 1984; Runge and Roff, 2000) and these can be divided into three main
categories: incubation and non-incubation techniques, and models.
1.2.1 Non-incubation techniques
There are a variety of non-incubation techniques used for the estimation of growth and
production from samples, such as the use of Allen curves and the well-known sizefrequency or “Hynes” method (for examples and discussion see Downing and Rigler,
1984; Winberg, 1971). Probably the most popular of these techniques, the cohort or
“natural cohort” method, was one of the first methods used for the estimation of growth
in situ. It does not require incubations, only the repeated sampling of the same
population over some period. Growth is calculated by following the development of a
cohort characterized by a specific size or stage frequency distribution in the population.
For a cohort to be created, the population must not reproduce continuously, but have a
pulse of reproduction generating a cohort of individuals of similar age which
development can be followed (Kimmerer et al. 2007). The reproductive pulses that
create pronounced cohorts are usually associated with the seasonality of the
environment, and are more frequently observed in polar and temperate regions than in
the tropics. The problems of the application of non-incubation techniques with marine
zooplankton are: (I) most zooplankton populations show continuous reproduction, so
natural cohorts cannot be identified; (II) it is very difficult to follow the same population
over time in the marine environment (due to processes such as advection); (III) several
samples must be taken with an appropriate periodicity (Huntley and Lopez, 1992;
Kimmerer et al., 2007).
1.2.2 Egg Production
Estimation of the egg production of female copepods is the oldest (e.g. Marshall and
Orr, 1955; Sekiguchi et al. 1980) and most widely applied technique for the estimation
of copepod fecundity and production in situ (Poulet et al 1995). The popularity of this
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technique is partially due to the simplicity of experimental procedures and calculations
involved. The method is based on the assumption that juvenile growth is equivalent to
adult female egg production in copepods. Weight-specific growth rate of juveniles has
been shown to be equivalent to the specific egg production of adult females of Acartia
(Sekiguchi et al., 1980; Berggreen et al., 1988) and Centropages (Fryd et al. 1991)
species. Two techniques are employed for measuring copepod egg production: the
incubation and the egg ratio method.
In marine studies, the most common egg production estimation method involves the
incubation of adult females. There is considerable variation in the incubation
procedures used in the literature, but some common steps are maintained. Live
zooplankton is collected, and adult females of the targeted species selected and placed
in bottles or other containers such as Petri dishes (depending on the size of the animal)
with seawater that has been filtered through a mesh size that removes copepod eggs
but allows only small food particles to pass, or filtered sea water artificially enriched
with cultured microalgae. The bottles or containers are then incubated, normally for 24
hours, in a temperature-controlled environment, such as a temperature-controlled room
or an incubator with continuous water flow to simulate ambient temperature. A plankton
wheel (Omori and Ikeda, 1988) is often used in during the incubation, allowing food
particles to be kept in suspension during the experiment. After the incubation period,
the eggs produced are counted. The weight-specific egg production can be calculated
if the biomass of eggs and females are known, either by direct estimation or by
applying length—weight relationships. A similar incubation approach can also be used
for the estimation of egg production of egg-carrying species, though is it not very
common (Runge and Roff, 2000).
The egg-ratio method is used to estimate the egg production of copepods species that
carries egg sacs, and has been more widely applied in fresh water studies. The
technique was initially developed for rotifers by Edmondson (1960, 1968), and the
detailed description of this technique for copepods can be found in Omori and Ikeda
(1984) and Runge and Roff (2000). Daily egg production using this technique is
calculated as the ratio of the mean number of eggs per female and the egg
development time in days. The number of eggs per female are usually estimated from
preserved zooplankton samples, and the egg development time can be estimated
experimentally or from published temperature—development relationships. The eggratio method can also be applied to copepod species that release eggs in the water
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column, but it is not often employed for these species due to the errors in estimating
the correct abundance of eggs in the water column (Runge and Roff, 2000).
Despite the popularity of the egg production method, some of the underlying
assumptions may not always hold, and production estimations based on egg
production can be biased. For instance, Hirst and McKinnon (2001) have shown that
the assumption that adult body weight increases are negligible once females become
mature because adult copepods do not moult is not valid. Moreover, there is evidence
that juvenile specific growth is not equivalent to specific female egg production, and
that

copepod

production

calculated

based

on

egg

production

are

usually

underestimated (Hopcroft and Roff, 1986; Hopcroft and Roff, 1998; Peterson et al.
1991; McKinnon, 1996). Finally, egg production rates can be underestimated in
incubation experiments due to bottle effects and cannibalism of eggs, and in the eggratio technique due to loss of eggs and egg sacs during sampling.
In addition to the egg production, two other incubation techniques have been used for
the direct estimation of growth in copepods: the moult rate and the artificial cohort
techniques. These techniques allow the estimation of growth in continuously
reproducing populations where it is not possible to identify true cohorts in situ.
1.2.3 Moult Rate
Estimation of moult rate is probably the most widely applied incubation technique for
the direct estimation of growth of copepods in situ (e.g. Burkill and Kendal 1982;
Peterson et al. 1991; Hutchings et al. 1995; Richardson and Verheye 1998; Richardson
et al. 2003). Hirst et al. (2005) presented the most comprehensive description and
discussion of the pros and cons of this technique. Briefly, the moulting rate is
calculated by incubating several individuals of stage i of a species of copepod for a
period of time (usually 24hours), after which the number of individuals in the stage i
and stage i +1 are quantified and the weight of animals is estimated. The moult rate is
the proportion of individuals from stage i moulting per day, and the growth rate derived
from the moult rate can be calculated using different equations (see Hirst et al. 2005).
According to Hirst et al. (2005), the assumptions of this method are that growth rate is
exponential during the incubation, there is a uniform age within stage, and that the
stage’s duration and growth rate are equal. Because the stage durations and growth
rates of successive stages are often not constant in copepods, Hirst et al. (2005)
proposed the “modified moulting rate” method, based on different equations for the
calculation of growth based.
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1.2.4 Artificial Cohort
The artificial cohort (AC) (Kimmerer and McKinnon 1987) is another incubation
technique used for growth estimation of continuously reproducing populations. This
technique assumes exponential growth during the incubation, and that growth is not
altered by the manipulation required by the technique (Kimmerer et al. 2007). The
procedure for the artificial cohort is simple. One or more ACs (composed of animals of
a small range of sizes or stages) are created by passing the zooplankton through a
series of meshes of different apertures. Then, the ACs are incubated in containers kept
in natural or controlled temperature incubators. The ACs are sampled at the beginning
of the experiment, at the middle and at the end of the incubation period, which can vary
from one to several days depending on the temperature. Samples taken from the
incubation are analysed and the mean individual weight is estimated directly (ACdirect),
indirectly by length—weight regressions, or by determining the frequency of each stage
in the sample and the mean stage weight to calculating the mean weight of the whole
cohort (ACstage) (Kimmerer et al. 2007). The AC method has not been as widely applied
as the moult rate technique, but it has been successfully used to estimate growth of
single species or guilds of copepods in various environments, from tropical to Arctic
seas (see Table 1 in Kimmerer et al. 2007). The AC technique, especially the ACdirect
approach, is probably the best technique for the direct estimation of continuously
reproducing populations. In particular, the AC technique has an advantage over the
moult rate technique in that ACdirect is not affected by variation of age within stage in the
population. Furthermore, the AC technique is much easier to use and the incubations
faster to set up than the moult rate technique. Consequently, this approach should be
used instead of the moult rate when possible (Kimmerer et al. 2007).
1.2.5 Physiological Method
The “physiological method” is an indirect method in which growth is inferred from
physiological rates. This method is based on the assumption that the physiological
processes that control growth can be predicted based on environmental variables
(Huntley and Lopez, 1992). The general formulation for this method is given as:
G=R–E–U–T

(2)

where G is production, R is energy in ingested food, E is energy in faeces, U is energy
in excretory products, and T is energy in respiration and other metabolic demands (Lalli
and Parsons. 1997). Given that separate experiments are required to parameterise
each of the four physiological terms necessary to calculate production, the method
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suffers from the weakness of compounding error implicit in each experiment. These
physiological rates can also be inferred from known relationships of these physiological
rates with variables such as temperature and body size. The most famous application
of the “physiological method” to zooplankton is the estimation of growth based on the
respiration (oxygen consumption) and the coefficient of utilization of assimilated food
for growth (the growth efficiency) (Shushkina, 1968; Winberg, 1971; Ikeda et al, 2001).
In another approach, LeBorgne (1982) developed a variation of the physiological
method based on the excretion rates and the net growth efficiency calculated from
ratios of Carbon, Nitrogen and Phosphorus of zooplankton. Further, Ikeda and Motoda
(1978) proposed an alternative model for the estimation of mixed zooplankton
production based on the physiological approach assuming generalized coefficients
estimated for zooplankton, requiring only the body weight and temperature in the
calculation. Huntley and Lopez (1992) criticized the use of the physiological method
due to the complexity of factors involved in the estimation of food assimilation and
metabolism. Recently, Ikeda et al (2001) created a global zooplankton metabolism
model based on biomass and temperature, and showed that Ikeda and Motoda’s
(1978) model fall within the range of net growth efficiency calculated in their study.
1.2.6 Models
The use of general growth models has the great advantage that growth can be
predicted only from easily obtained in situ data, and no incubation or experiments are
necessary. Most of the models available for zooplankton need environmental variables
such as temperature and chlorophyll a, and some characteristics of the zooplankton
group studied, such as body size, stage of development, sex and main taxonomic
group. One of the first such models was Ikeda and Motoda’s (1978) approach for the
physiological method (see above). One of the most widely applied models, but also one
of the most criticized (see below), is the model of Huntley and Lopez (1992), which
estimates growth only from in situ temperature. More recently, the empirical
relationship of growth and reproduction with various variables have been investigated
by Hirst and Sheader (1997), Hirst and Lampitt (1998), Hirst et al. (2003), Hirst and
Bunker (2003) and Bunker and Hirst (2004). These models were based on the most
comprehensive collection of experimentally derived growth/egg production rates in situ,
and growth can be derived simply from individual weight, in situ temperature and
chlorophyll-a. One of the advantages of the “Hirst models” over previous models is that
a series of models were constructed for specific developmental stages and
reproduction modes (broadcast or sac spawners).
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However, as pointed out in most of Hirst’s studies, these models have important
limitations. The main limitations of these models are: (I) they can only be applied in
populations that are actively growing, (II) these models represent only epi-pelagic
copepods, and (III) the models may generate considerable error in the growth
estimation (Hirst and Lampitt, 1998; Runge and Roff, 2000). Two facts contribute to the
error in the growth estimation from these models. First, these models are based on loglog transformations, which affect fast and slow growth rates differently. Second, these
models have a substantial number of moulting rate estimates that have not been
adjusted according to Hirst et al (2005). In addition, most of the models available were
constructed and calibrated with data that is restricted to specific latitudes and based on
growth derived mostly from egg production estimations from a relatively small number
of genera such as Calanus, Pseudocalanus, Acartia, Centropages, Paracalanus and
Temora (see appendix in Hirst et al., 2003). Consequently, when these models are
applied to regions or species that were underrepresented in the original data used to
construct the models, derived growth estimations are often very different from those
directly measured. This limitation has been observed particularly when these models
are used to estimate zooplankton growth in the tropics (Satapoomin et al 2004) and in
the Arctic (Liu and Hopcroft 2006a,b).

1.3 Biochemical indices of zooplankton growth and production
Despite the variety of traditional techniques available for the estimation of zooplankton
growth, all have some problems in common. First, most of the traditional techniques for
estimation of zooplankton growth require labour intensive incubations that are often
difficult to perform on board ship, and subsequent tedious sample analyses in the
laboratory (Biegala and Bergeron, 1998). Furthermore, bottle effects and the stress
caused by the unavoidable handling of living organisms are unknown. Growth rate
depends on body size, temperature and food concentration and quality (Vidal, 1980).
One of the problems of traditional incubation techniques is that it is virtually impossible
to replicate the natural food environment in the experimental containers, and the
estimated growth may be different from the actual growth in situ. Moreover, most of
these techniques deal with a single species or a particular developmental stage of a
species, potentially leading to errors in estimation of total zooplankton production when
applying these growth rates to the whole community. Finally, there are some violations
of the assumptions of traditional growth estimation techniques such as (1) equal death
rate of eggs and other stages in the cohort, (2) fixed development time between
stages, and (3) constant mortality rate (Poulet et al, 1995).
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To find alternatives to traditional techniques, the investigation of the use of biochemical
techniques for the estimation of instantaneous growth rates in situ has become one of
the most active areas of research in zooplankton. The basic idea of biochemical indices
is simple. The variation in biomass in an organism is the difference between all
anabolic and catabolic processes, and any measurable biochemical reaction or
quantity related to these processes, and related to the increase in structural growth,
can be used as an index of growth (Runge and Roff, 2000). Biochemical indices have
some important advantages over traditional techniques for the estimation of growth.
First, they eliminate the necessity for incubations in the field, potentially increasing the
number of growth/production estimations that can be done on a cruise, and eliminating
bottle effects. Second, most of the laboratory analyses for the estimation of
biochemical indices are cheap, fast and simple to conduct. Moreover, biochemical
indices represent the instantaneous growth in a period shorter than estimated by
traditional methods, thus being able to detect changes in growth in time scale shorter
that traditional techniques. Biochemical techniques can be divided in three main
categories: the estimation of the nucleic acid content, the measurement of the rate of a
metabolic pathway or enzyme, and radiochemical and other incorporation techniques.
1.3.1 Estimation of nucleic acid content
Nucleic acids are present and have the same function in all living organisms. Because
they are essential for the production of protein, the nucleic acid content and ratios of
these are the most common biochemical indices in the literature to date. One of the
reasons for the popularity of this technique is that the rationale of nucleic acid indices is
very simple. DNA and RNA are responsible for protein biosynthesis and cellular
replication, processes directly linked to growth (Wagner et al, 1998; Biegala et al.
1999). Ribosomes synthetise proteins in the cell, and most of the cellular RNA is
ribosomal (Young 1970). Therefore, the higher the RNA concentration in the cell, the
higher the rate of protein synthesis (i.e. higher growth rates) (Clemmensen, 1993).
Because the amount of DNA per cell is relatively constant (Bulow 1987), it can be used
as an index of cell number (Buckley, 1984; Ota and Landry, 1984). Hence, the amount
of RNA standardized either to DNA (the RNA:DNA ratio) or to biomass is an index of
the capacity of the protein production of the cell. The amount of RNA should vary in
organisms growing at different rates — high RNA concentrations should occur in young
and fast growing individuals, and lower concentrations in older and slower growing
individuals (Suttcliffe, 1965). The popularity of this index is also due to the fact that
nucleic acids concentration can be estimated using simple procedures, with readily

CHAPTER 1

10

available kits available on the market. Furthermore, current fluorometric dyes used in
nucleic acid analysis are very sensitive, allowing nucleic acid estimation in single
individuals and, because the analysis can be done in microtitre plates, the cost per
sample is relatively low.
The initial studies relating nucleic acids and growth rate were done mainly with bacteria
during the 1950 and 1960 (Caldwell et al., 1950; Jeener, 1953; Leick, 1968), though
this relationship was also observed in other groups during this period (see Dagg and
Littlepage, 1972). However, the great potential of this index in marine ecology was
firstly shown in fish studies (see Bulow, 1970, 1987; Buckley, 1984; and Buckley et al.,
1999 for reviews). Though nucleic acid content has been investigated in different
marine taxa, larval fish is by far the most studied group (see Buckley, 1979; Haines,
1980; Buckley, 1984; Bulow, 1987; Bergeron, 1997; Buckley et al., 1999; Caldarone et
al., 2003; Buckley et al., 2008; Chícharo and Chícharo, 2008).
1.3.1.1 Early zooplankton nucleic acid studies
The experiments of Sutcliffe (1965, 1970) were the first attempts to use nucleic acid
content as an index of growth rate in zooplankton species. Sutcliffe used a regression
of RNA and growth rate for the amphipod Orchestia platensis to obtain growth rates of
Artemia salina and the mud snail Nassarius absoletus, and observed a good
agreement between actual and RNA derived growth rates. However, other studies
failed to repeat these results (Pease, 1968, cited in Dagg and Littlepage, 1972) and
suggested that Sutcliffe's (1965) equation was valid only during exponential growth
(Dagg and Littlepage, 1972), and that it was created from too few points (Sutcliffe,
1970). Using a similar approach to Sutcliffe (1965), Dagg and Littlepage (1972)
observed a good correlation between RNA content of A. salina with growth rate, and
tried to use this relationship to predict growth of Euchaeta elongata copepodites.
Neither Suttcliffe’s (1965) nor Dagg and Littlepage’s (1972) equation for A. salina
predicted Euchaeta elongata growth successfully, leading them to conclude that the
RNA—growth rate relationship is not specific enough to be used as an index of growth
in this species.
Some years later, Baudouin and Scoppa (1975) studied the change of nucleic acid
content during the development of the freshwater cladoceran Daphnia hyalina, and
analysed nucleic acids in wild D. hyalina, in the copepods Eudiaptomus padanus and
Cyclops abyssorum, and in several size fractions of mixed plankton samples. They
observed highly variable concentrations of nucleic acids in mixed plankton. They also
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reported higher RNA concentrations in Daphnia and DNA in copepods. Despite not
studying the correlation of growth and nucleic acids, Baudouin and Scoppa (1975)
observed a similar RNA—dry weight relationship during the whole development of D.
hyalina, which presented a constant growth rate. Similar to Dagg and Littlepage (1972),
Baudouin and Scoppa (1975) concluded that it would be difficult to use nucleic acid
indices in mixed zooplankton samples, as proposed by Sutcliffe (1965, 1970).
Until the mid 1970 the few studies with nucleic acids in zooplankton were mostly
anecdotal, and the potential of nucleic acid indices was still unclear. In the late 1970,
Båmstedt and Skjoldal (Båmstedt and Skjoldal, 1976, 1980; Skjoldal and Båmstedt,
1976; Båmstedt, 1983) conducted the first comprehensive investigations of the
relationship of nucleic acid content and growth rate and condition of several
zooplankton species in situ. The series of works conducted by Båmstedt and Skjoldal
in Norwegian fjords showed the significant effect of seasonality on the nucleic acid
content of several zooplankton species, unleashing the great potential of nucleic acid
indices in zooplankton research.
Båmstedt and Skjoldal (1976) used a correlation between growth rate and RNA
concentration of Euchaeta norvegica copepodites to predict the seasonal variation in
the growth rate of adult females. They observed a good agreement between the direct
and RNA estimated growth rates for this species. Furthermore, Båmstedt and Skjoldal
(1976) observed a better prediction of growth rates from RNA content of E. norvegica
when the RNA values were shifted forward one month. They suggested that changes in
RNA concentration precede changes in the growth rate. Similar observations have
been reported in other biochemical indices (see the enzymatic indices below). In
another study, Skjoldal and Båmstedt (1976) reported a high correlation between RNA
content and individual size and growth rate in the euphausiid Meganyctiphanes
norvegica. Both Båmstedt and Skjoldal (1976) and Skjoldal and Båmstedt (1976)
observed that the regressions of nucleic acid and growth rates from their studies were
significantly different from those from Dagg and Littlepage (1972) and Sutcliffe (1965).
During the same period, studies showed that the nucleic acid content and the
RNA:DNA ratio were related with the feeding level of fishes (Haines, 1973, 1980;
Buckley, 1979). Following this idea, the studies of Båmstedt and Skjoldal (1980) and
Båmstedt (1983) were the first to associate seasonal variation in nucleic acid content
with the feeding condition, metabolism and growth of marine zooplankton species in
situ. Båmstedt and Skjoldal (1980) and Båmstedt (1983) found a significant negative
relationship between weight-specific RNA content and individual dry weight for several
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zooplankton species. In addition, they also observed a strong seasonal variation of the
nucleic acid content of these species. Båmstedt (1983) reported an increase in the
zooplankton RNA content during the breeding season of zooplankton species from
Kosterfjorden (Norway). These works suggested that the RNA concentration reflected
the seasonal variation in food supply and was positively correlated with metabolic
activity and growth. Furthermore, Båmstedt and Skjoldal (1980) proposed the first
general relationship between growth rate and weight specific RNA concentration (Table
1) that could be used to estimate the growth rate of macrozooplankton with RNA
concentrations between 3 and 70µg RNA mg dry weight-1. However, the usefulness of
Båmstedt and Skjoldal’s (1980) RNA—growth models was later suggested to be limited
to periods of abundant food (Ota and Landry, 1988). Nevertheless, the Båmstedt and
Skjoldal works showed the great potential of using nucleic acids as indices of
zooplankton growth in situ.
The works of Båmstedt and Skjoldal were a turning point in the research on nucleic
acid indices of zooplankton — the evaluation of nucleic acids in situ seemed feasible
and valuable information. However, subsequent studies questioned the validity of the
technique. In one of these studies, Ota and Landry (1984) evaluated the effect of
various temperature and food conditions in the nucleic acid content of Calanus
pacificus in the laboratory, but found only a weak positive relationship between RNA
and growth. They observed that animals raised in different food and temperature
conditions had similar growth rates but had different nucleic acid content. Ota and
Landry’s (1984) experiments under controlled conditions allowed them for the first time
to suggest the existence of a complex interaction of temperature with nucleic acid
content that could alter the rate of protein synthesis. Due to the apparent complexity of
the relationship of nucleic acids with growth, Ota and Landry (1984) concluded that
nucleic acids were probably not useful indices of zooplankton growth in situ.
A few years later, McKee and Knowles (1987) also reported some limitations of nucleic
acid indices in predicting growth of the freshwater cladoceran Daphnia magna. They
observed a good relationship between growth and nucleic acid content of Daphnia
magna raised under optimal conditions in a laboratory culture. However, the regression
models generated for the optimal culture were unable to predict D. magna growth in
crowded conditions. These results led the authors to conclude that it is possible to use
nucleic acid content to predict the growth of daphnids under optimal laboratory
conditions.
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1.3.1.2 First egg production—nucleic acid studies
While there were some doubts of the usefulness of nucleic acid indices as predictors of
growth in zooplankton, some studies began to show that the RNA:DNA ratio was a
good predictor of egg production for copepods in situ. The first studies on the
RNA:DNA ratio—egg production relationship were conducted by Nakata (1990) and
Nakata et al. (1994) with Paracalanus sp. populations in the Kuroshio front. Nakata et
al. (1994) observed a strong positive correlation between RNA:DNA ratio and egg
production in the region, with RNA:DNA ratios alone explaining about 70% of the
variation in egg production. These studies also showed that the RNA:DNA ratio of
females had a positive correlation with chlorophyll a concentration (Nakata et al.,
1994), being higher in stations where phytoplankton was abundant (Nakata, 1990).
Moreover, they observed high densities of Paracalanus sp. nauplii where adults had
high RNA:DNA ratios (Nakata, 1990). The observations from Nakata (1990) and
Nakata et al. (1994) suggested that the RNA:DNA ratio could be used as an index of
nutritional condition in adult female copepods in situ.
The Nakata studies also showed a new perspective on the use of nucleic acids in
zooplankton production research. Despite its limitations (Hirst and McKinnon, 2001),
egg production is one of the most common techniques used for the evaluation of
copepod growth in situ (Hirst et al, 2005). It is based on the assumption that juvenile
growth is similar to the egg production rate in adults (Berggreen et al, 1988). Therefore,
if egg production could be estimated from the RNA:DNA ratio, incubation experiments
in oceanographic cruises would not be necessary, potentially increasing the number of
production estimations that could be made in situ.
To test the predictive ability of nucleic acid indices for egg production in copepods, Saiz
et al (1998) investigated the effects of different food concentrations and temperatures
in the egg production and nucleic acid content of Paracartia (formerly Acartia) grani.
They observed that the RNA content reflected changes in egg production rates even
under extreme food conditions, disagreeing with the previous opinions that differences
in growth rates due to food limitation would not be represented by changes in the RNA
content (Dagg and Littlepage 1972; Ota and Landry, 1984). Moreover, they found a
good linear relationship between egg production and RNA content of females, and that
the slope of this relationship increased with temperature. Contrary to Ota and Landry
(1984), Saiz et al. (1998) have shown that the changes induced by temperature on the
nucleic acid—egg production relationship were predictable, and that it was possible to
build a multiple regression model with an interaction factor of temperature with
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RNA:DNA ratio that could explain 96% of the variability of egg production data. Saiz et
al’s (1998) results showed that egg production in copepods could be predicted from
nucleic acid content and temperature, but that this method is species specific.
1.3.1.3 New fluorimetric dyes and the measurement of nucleic acids in zooplankton
The techniques used for the estimation of nucleic acid content in zooplankton in early
studies were insensitive and required laborious extraction and purification steps,
characteristics that may have contributed to the failure in reporting good nucleic acid—
growth rates in zooplankton. During the 1970’s there were significant improvements in
fluorimetric techniques for the quantification of nucleic acids, especially those using
ethidium bromide (Karsten and Wollenberger, 1972, 1977), which would become the
most popular techniques in nucleic acid measurement in zooplankton. Ota and Landry
(1984) were the first to use ethidium bromide to estimate the nucleic acid content of
zooplankton species, but most zooplankton studies continued to use other nonfluorescent techniques. In the late 1980’s and early 1990’s better protocols began to be
developed using fluorescent dyes such as ethidium bromide for the measurement of
nucleic acids in fish larvae (see Clemmensen, 1988; Clemmensen, 1993). Using the
thiazole orange dye, Saiz et al. (1998) was the first study to show the great potential of
fluorescent dyes for nucleic acid analysis in copepods.
Wagner et al (1998) developed the first protocol using a fluorescent dye specifically for
the measurement of nucleic acids in copepods. This protocol, later known as the
“Wagner method”, was much more sensitive than previous techniques, and allowed the
estimation of the nucleic acid content of individual copepodites and nauplii stages of
Calanus finmarchicus (Wagner et al. 1998). The great sensitivity of this technique was
achieved by homogenizing copepods in a small volume of extraction buffer, and
analysing a few microlitres of homogenate in microtitre plates with ethidium bromide
using a microplate reader. In the following years, several papers proposed
improvements to the “Wagner Method” such as the use of different dyes, sample
preservation and extraction procedures (Vrede et al. 2002; Gorokhova and Kyle, 2002;
Kyle et al. 2003; Gorokhova, 2005; Speekmann, 2007).
Vrede et al. (2002), Gorokhova and Kyle (2002) and Kyle et al. (2003) used the new
sensitive commercial fluorochromes PicoGreen and RiboGreen (Molecular Probes,
Inc.) instead of ethidium bromide. These fluorochromes are much more sensitive and
less toxic than ethidium bromide, and were able to detect concentrations of nanograms
ml-1 of nucleic acids in single Daphnia sp. individuals of all developmental stages
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(Vrede et al. 2002; Gorokhova and Kyle, 2002) and in various insects (Kyle et al.
2003). Gorokhova (2005) evaluated the efficiency of the RNA preservation solution
RNAlater® (Ambion) in zooplankton as an alternative to the deep-freezing step
necessary to preserve samples for nucleic acid analysis. Gorokhova (2005) observed
that RNALater was as good as freezing at -80°C for preserving zooplankton nucleic
acids, facilitating the preservation of samples collected both in situ and from the
laboratory. More recently, Speekmann et al. (2007) developed a protocol to analyse
nucleic acids in single copepods based on Ribogreen and using a plate reader with
automatic injection, allowing the fast processing of several samples in the laboratory.
1.3.1.4 Recent zooplankton nucleic acid studies
The improvements of the techniques used for the quantification of nucleic acids in
zooplankton helped to make this index the most popular of the biochemical indices
used in zooplankton. In fact, an increase in the number of publications using nucleic
acid indices since 1990 has been observed in marine ecology studies in general
(Chícharo and Chícharo, 2008). Several studies have been conducted investigating
field and cultured populations of zooplanktonic organisms, helping to generate a
greater volume of data. These studies helped to consolidate some of the findings and
theories of previous work and increased our understanding of the relationship between
nucleic acid content and metabolic processes in zooplankton species. A summary of
the relationship between nucleic acid indices with environmental variables, individual
weight, growth and egg production in various planktonic organisms can be found in
Table 1.
The most common observation in recent publications is that the nucleic acid content
(both RNA and DNA) varies according to the food environment that the animals are
exposed to, and therefore that they are good indices of the nutritional condition of the
organisms. Wagner et al (1998) observed that well fed C. finmarchicus had from 15%
to 50 % more DNA per individual than food-limited copepods. Moreover, they observed
a dramatic difference of the RNA:DNA ratio among the developmental stages of C.
finmarchicus in high and low food treatments. For example, for stages C1 to C4, they
detected little or no overlap between RNA:DNA frequency distributions for both
treatments, indicating that it may be possible to infer the nutritional condition of an
animal given its RNA:DNA ratio and stage. Speekmann et al (2007) and Gorokhova
(2003) reported a significant effect of food concentration on the nucleic acid content of
Acartia tonsa and Acartia bifilosa, respectively. In addition, food quality also appears to
affect the nucleic acid content of copepods. For instance, Bersano (2000) observed
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higher RNA:DNA ratios in Acartia tonsa fed abundant Thalassiosira weissflogii in
comparison to other algae such as Isochrysis galbana. Speekmann et al (2006)
observed the effect of various mixtures of toxic and non toxic algae on the nucleic acid
content of A. tonsa. Becker et al. (2005) reported a negative relationship of Calanus
finmarchicus RNA:DNA ratio with the concentration of small phytoplankton cells, but a
positive relationship with larger cells.
Saiz et al (1998) was the first to show the effect of temperature on the nucleic acid
content of copepods, and more recent work has confirmed the key effect temperature
has on the nucleic acid content and in the nucleic acid—egg production or growth
relationship. A negative effect of temperature on the nucleic acid content has been
reported for Calanus finmarchicus (Wagner et al. 2001) and the Acartia species
(Speekmann, 2005; Holmborn and Gorokhova, 2008). These studies suggested that
because the activity of RNA increases with temperature, less RNA would be necessary
to synthesize the same amount of protein at higher temperatures. However, the effect
of temperature on the nucleic acid content of copepods appears to be complex. For
instance, Speekmann (2005) reported a quadratic relationship (dome-shaped up) of
RNA:DNA ratio with temperature and salinity in Acartia tonsa. Furthermore, Ikeda et al
(2007) observed a reduction in nucleic acid content of several copepods with the
decrease in temperature with depth in the North Pacific.
Due to the effect of food and temperature on the nucleic acid content of zooplankton, it
is not surprising that most studies investigating the nucleic acid content of zooplankton
in situ report seasonal changes in nucleic acids. For instance, Holmborn and
Gorokhova (2008) reported a significant effect of season on both the nucleic acid and
egg production of Acartia bifilosa in the Baltic sea, which was interpreted by the
authors as a combined effect of temperature and food. Wagner et al (1998) reported
seasonal patterns in the RNA:DNA ratio of C. finmarchicus not in situ, which appeared
to be related to food availability. Hansen et al (2003) also observed seasonal and
regional variation in RNA:DNA ratio of C. finmarchicus in situ. Moreover, some studies
have reported variability of nucleic acid content with depth, which has been associated
with differential food availability, temperature, diapause and metabolism (e.g. Durbin et
al. 2003; Ikeda et al. 2007). Furthermore, because nucleic acids are good indicators of
the nutritional condition of animals, some authors have used nucleic acids to
characterize animals in diapause in the field. Wagner et al (1998) found very low
RNA:DNA ratios in C. finmarchicus in diapause collected in the field. The authors
suggested that the RNA:DNA ratio is useful in monitoring the physiological condition of
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zooplankton in the field, and that this ratio can be used as an indicator of nutritional
status, and diapause, for C. finmarchicus and related species.
The progress in the knowledge of the controls of nucleic acid concentration allowed the
construction of egg production/growth predictive models based on nucleic acid indices
and environmental variables (Table 1). Current studies have confirmed the usefulness
of nucleic acids as indices of reproduction and growth. The linear relationship between
egg production and nucleic acid indices, firstly observed for Paracalanus sp. (Nakata et
al. 1994) and Paracartia grani (Saiz et al. 1998) females, has also been reported for
Calanus finmarchicus (Durbin et al. 2003), Acartia tonsa (Bersano, 2000) and Acartia
bifilosa (Gorokhova, 2003; Holmborn and Gorokhova, 2008). Nucleic acids have also
been observed to be related to juvenile growth in Calanus finmarchicus (Wagner et al.
2001). Biegala et al. (1999) reported a positive relationship between gonad maturation
and RNA:DNA ratio in Calanus helgolandicus females. Furthermore, it has been shown
that the relationship of nucleic acid indices and egg production with food concentration
follow the same function. Durbin et al (2003) observed a sigmoid relationship between
egg production and RNA:DNA ratio with chlorophyll a concentration in situ for Calanus
finmarchicus females. Gorokhova et al (2007) reported a similar sigmoid function
between chlorophyll a concentration and RNA content of Acartia bifilosa and
Eurytemora affinis in the Baltic sea.
Nucleic acid content have been successfully used as indices of condition, growth and
egg production in several copepod species (Ikeda et al. 2007; Table 1). The usefulness
of nucleic acid indices have also been shown for other groups, such as cephalopods
(Vidal et al., 2006), scallops (Lodeiros et al., 1996), mussels (Bravo, 2003), corals
(Meesters et al., 2002; Buckley and Szmant, 2004), cladocerans (Vrede et al., 2002;
Gorokhova and Kyle, 2002), decapods (Moss, 1994), euphausiids (Cullen et al, 2003;
Shin et al, 2003), fish (reviewed by Buckley, 1984; Buckley et al., 1999; Buckley et al.,
2008) and several others (e.g. Donnely et al, 2004). Furthermore, nucleic acid indices
have been been shown to be a useful sublethal toxicity endpoint for Daphnia (McKee
and Knowles, 1986; Barber et al, 1990), nematodes (Ibiam and Grant, 2005), molluscs
(Roesijadi et al., 1995; Wo et al, 1999) and fishes (Barron and Adelman, 1984; Miliou
et al, 1998; Audet and Couture, 2003).
The simplicity, quickness and sensitivity of new nucleic acid quantification techniques
allowed a great knowledge expansion and contributed to the increased popularity of
nucleic acid indices in zooplankton research. In addition, it has also allowed the
identification of several factors able to affect the nucleic acid content of zooplankton.
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For instance, the recent study of Ikeda et al (2007) reported nucleic acid indices for
more than 80 deep sea copepod species. The authors observed variations in nucleic
acid content related to depth distribution, stage of development, sex, feeding type and
the presence/absence of myelinated axons. The relationship of most of these factors
with nucleic acid content of copepods was unknown until this study. Furthermore, much
less attention has been given to factors other than food and temperature that have
been shown to effect the nucleic acid content of zooplankton, such as salinity
(Speekmann, 2005; Calliari et al., 2006), food toxins (Speekmann et al. 2006;
Gorokhova and Engstrom-Ost, 2009) and water contamination (Dahl et al., 2006).
Nevertheless, this review shows that nucleic acid indices are one of the most powerful
and easily estimated biochemical indices available today for zooplankton researchers.
1.3.2 Measurement of the rate of a metabolic pathway or enzyme
The investigation of the relationship of growth and enzyme activities is an active area in
zooplankton research. According to Runge and Roff (2000), enzyme activities have
some characteristics that make them potentially good indices of metabolic rates.
Enzymes are an essential part of any metabolic processes, and like growth rates,
enzymatic activities are expressed in relation to time. Furthermore, enzymatic analyses
are usually cheap, quick to run, have good precision and replicability, and the
conditions of the assay can be standardised. Several enzymes have been studied as
indexes of condition and growth in zooplankton, and the most promising results have
been observed for Aminoacyl-tRNA synthetases, Aspartate transcabamylase, and
Chitobiase.
1.3.2.1 Aminoacyl-tRNA Synthetases (AARS)
The enzymes aminoacyl-tRNA synthetases (AARS) are a key group of enzymes in the
biosynthesis of protein in the cell. In the first stage of the process of protein production,
the AARS catalyse the activation of the amino acids, attaching the amino acids to the
correct tRNA (the tRNA becomes "charged") (Nelson and Cox, 2004). This reaction is
known as the aminoacylation of the tRNA, and the rate of this reaction is related with
the activity of AARS (see review in Yebra and Hernández-León, 2004), making the
activity of the AARS a potentially powerful protein production index.
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Table 1 — Relationship of nucleic acid indices with environmental variables, weight,
growth and egg production in various planktonic organisms
Species

Reference

Relationships

efd = 0.820[RNA:DNA] - 32.264
Durbin et al. (2003)
efd = 0.889[RNA:DNA] - 29.128
Wagner et al.
g(%) = 1.29[RNA:DNA]- 28.39
(2001)
g(%) = 1.27[RNA:DNA]- 32.39
RNA:DNA =0.15[CD]+2.63
RNA:DNA =-0.13[CD]+3.11
Calanus
finmarchicus

RNA:DNA =-0.20[CD]+3.12
RNA:DNA = -0.75[chla ] + 2.95
Becker et al. (2004) RNA:DNA = 2.05×106 [biovol] + 0.19
RNA:DNA = 0.87[>1000 µ m 3] 0.087

Calanus
pacificus

Ota and Landry
(1984)

RNA:DNA = -1.32×10 -6[<1000µm 3] +3.22
RNA:DNA = 0.39C:N - 0.37
RNA:DNA = -0.26[ω3:ω6] + 3.56
g = 0.0850 + 0.0315[RNA:DNA]
g = 0.0903 + 0.0407[RNA:DNA]
g = 0.0795 + 0.0306[RNA:DNA]
efd = 1.57 [RNA:DNA] - 5.52

Paracalanus
Nakata et al. (1994)
sp.
[RNA:DNA]= 4.57+2.21 (1-e-1.92[chla])
efd = 38.7 [RNA] -11.8
efd = 126 [RNA] -40.8
Acartia grani

Saiz et al. (1998)

Acartia tonsa Bersano (2000)

Gorokova (2003)

Acartia
b ifilosa

Holmborn and
Gorokhova (2008)
Gorokova et al.
(2007)

Eurytemora
affinis

Gorokova et al.
(2007)

r2
0.85
0.70
0.73
0.66
0.18
0.44

P
?
?
<0.05
<0.05
<0.047
<0.003

0.31 <0.002
0.75 0.0125
0.32 0.0103
0.79 <0.001
0.0085
0.0277
?
?
?
<0.001

0.69 <0.05
0.88 <0.001
0.93 <0.001

efd = 1.76 [RNA:DNA] -19.4
efd = 3.41 [RNA:DNA] -29.6
efd = - 25.7 - 1.67[RNA:DNA] +
0.21(T°C×[RNA:DNA])
efd= 2.8 RNA:DNA - 8.2

0.92 <0.001
0.96 <0.001

RNA:DNA= 0.3[chla ]+ 1.3
WSEPR = 0.0043RNAC-0.125
WSEPR = 0.027DNAC-0.471

0.87 <0.01
0.92 <0.001
0.42 <0.05

WSEPR = 0.116RNA:DNA-0.152
[RNA] = -0.254 + 0.655PL + 0.003efd 0.002T°C
efd = 14.74 + 106.17[RNA] + 43.79PL +
0.24T°C
RNAC = 0.220Chla – 0.684Secchi +
0.269Dino% + 1.294
RNA:DNA = 0.265Chla
RNAC= -0.448Secchi + 0.168Dino% 0.097T°C + 1.887
RNA:DNA = -0.221Secchi + 0.389

0.75 <0.01

0.57 <0.01
0.84 ?

0.86 <0.01

0.76 <0.0001

0.83 <0.0001

0.90 ?

Vrede et al. (2002)

g =0.03 [RNA:DNA] -0.19

0.94 <0.001

Shin (2003)

[RNA:DNA] = 0.2483 g(%) + 1.1563
[RNA] = 0.3317 g(%) + 1.0398
[DNA] = 0.0392 g(%) + 0.9534

0.29
0.47
0.14
0.89

Båmstedt (1983)
Various
Species
Artemia
salina

Båmstedt and
Skjoldal (1980)
Dagg and
Littlepage (1972)

[Wet Mass] = 0.014 × [RNA]0.701±0.200

efd= eggsFem -1d -1
g%= % protein growth

[chla ]= µgL -1
3 experim ents [biovol] = Phyto Biovolume (10 4
Culture C3-C5 with different µm -3 ml -1)
densities
[>1000µm 3] = Phyto >1000µm 3
[<1000µm 3] = Phyto <1000µm 3
Seston C:N ratio
Seston ω3:ω6
Field

N,C,A
N
C

Field

F

g= d -1
-1

efd= eggsFem d
[chla ]= µgL -1

-1

F
F

17.8°C
23.3°C

[RNA] = µg RNAind -1

Culture

F
F

17.8°C
23.3°C

efd= eggsFem d
T°C = Temperature °C

Culture

F

20°C

Field
and
Culture

F

Field

F

-1

-1

<0.001
<0.001
<0.01
<0.0000

[chla ]= µgL -1
WSEPR (Weight SEPR) = d
RNAC, DNAC= µg mg C –1

-1

[RNA] = µg RNAind -1
Field

F

Field

F

Field

F
CIV,CV

Secchi= m
Dino% = abundance of
dinoflagellates
[RNA]= µg RNAmg Dry weight-1
[Dry Weight] = mg
g%= % tissue growthd -1
g= d -1

Culture
Field

0.20 <0.0077
0.75 <0.0001
0.27 <0.0013

efd= eggsFem -1d -1

PL = prosom e length (mm)

0.51 <0.01

g% = -0.545 + 0.224 [RNA]

[Wet Mass] = 0.023 × [RNA]0.617±0.068

Units

[CD]= Copepod Density (indL -1)

0.49 <0.0001

Daphnia
galeata

Donnely (2004)

1999/2000
1995

Culture N6-C5 8°C

0.86 <0.0001

Båmstedt and
Skjoldal (1976)

0.907±0:062

F

0.96 <0.001

Euchaeta
norvegica

[Wet Mass] = 0.015 × [RNA]
[Wet Mass] = 0.017 × [RNA]0.8160±0.287

Stage Notes

0.52 <0.001
0.35
0.28
0.32
0.54
0.01
0.84

[RNA] = 18.39 - 3.93 [Dry Weight]

Euphausia
superb a

Type
Culture

Field

I

[Wet Mass] = mg

A

[RNA]= mg

I
A

[DNA]= mg
[Protein]= mg

[Wet Mass] = 0.472 × [RNA]0.362±0.074
[Protein] = 7.854 × [RNA]1.091±0.075

0.46 <0.0001

[RNA] = 17.722 × [Dry Weight]-0.334

Field

[RNA] = 18.611+[Dry Weight]-0.315

0.18 ?
?
?

[RNA]= µg RNAmg Dry weight-1
Dry Weight = mg

k×103 = 15.002×[Dry Weight]-0.317
k×103 = 0.795×[RNA]

?

?

Field

?

?

k= coefficient of daily exponential
growth

g% = -2.33 + 0.35 × [RNA]

?

<0.05

Culture

[RNA]= µg RNAmg Dry weight-1

I

0.89 <0.0000

I

Abbreviations: g=growth, EFD= Eggs per Female per day, SEPR= Specific Egg Production
Rate, WSEPR= Weight-Specific Egg Production Rate; Stages: N: nauplii; C: copepodite; A:
adults; F: Females; I: Immature
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The technique for measurement of the activity of the AARS is very simple and cheap
(see Yebra and Hernández-León, 2004), but only recently AARS has been used as an
index of zooplankton growth and production. Experiments investigating the relationship
of growth and egg production with AARS activity have been conducted in the
freshwater cladoceran Daphnia magna in the laboratory (Yebra and Hernández-León,
2004), in cultured and wild Calanus helgolandicus and C. finmarchicus (Yebra et al.,
2005; Yebra et al. 2006b), and in cultured Paracartia grani (Herrera et al., 2009) (Table
2).
In general, significant linear regressions have been reported between growth rate and
enzyme activity. Yebra and Hernández-León (2004) observed a significant relationship
between both protein and dry weight specific growth of artificial cohorts and AARS
activity of D. magna. On the other hand, they observed a weak association between
daily measured growth and AARS activity in D. magna, possibly due to a lag between
the tRNA aminoacylation and protein production. In a later study, Herrera et al. (2009)
validated the AARS technique by comparing the direct growth and enzymatic acitivity of
Paracartia grani nauplii raised in temperatures from 12°C to 28°C, and observed a very
strong relationship of somatic growth and AARS activity.

Table 2 — Regression equations of Specific AARS activity against specific growth
rates and egg production in animals reared in the laboratory and in the field
Organism

Source

Daphnia magnaa

Lab

Regression of spAARS
gpr = –0.191 + 1.103 spAARS
gdw = 0.568 + 0.691 spAARS

R2 and P
R2 = 0.69
P < 0.05
R2 = 0.45
P < 0.05

gpr Protein

Growth

gdw Dry Weight

C. helgolandicus
(copepodites)b

Lab

gpr = 0.08 + 0.0006 spAARS

R2 = 0.55
P < 0.05

gpr Protein

C. helgolandicus
(CV to adult)b

Field

gpr = 0.446 + 0.022 spAARSsitu

R2 = 0.10
P < 0.05

gpr Protein

2

R = 0.40
P < 0.05
R2 = 0.07
NS

spEPR Carbon

gpr = 0.009 + 0.09 spAARSsitu

R2 = 0.55
P < 0.001

gpr Protein

gC = 0.1947 + 0.005 spAARSsitu

R2 = 0.96
P < 0.001

gC Carbon

spEPRRS = 0.051 + 0.018 spAARSsitu

C. helgolandicus
(Females)b

Field

C. finmarchicusc

Field

Paracartia granid

Lab

spEPRNRS8 = 0.051 + 0.003 spAARSsitu

Lab — Laboratory reared organisms; spAARS — Specific activity of the AARS; spAARSsitu —
spAARS in situ; Growth — Growth measure regressed against spAARS; g — Protein, Dry
-1
weight or Carbon Specific growth rate (day ); spEPR — Carbon specific egg production rate
-1
(day ); RS — Females in Reproductive Seasons; NRS — Females in non-reproductive
Seasons; a — Yebra and Hernández-León (2004); b — Yebra et al. (2005); c — Yebra et al.
(2006b); d — Herrera et al. (2009).
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A good relationship between protein growth and AARS activity has also been reported
for wild Calanus finmarchicus (Yebra et al., 2006b). Furthermore, Yebra et al. (2006b)
observed very low AARS activities in negatively growing overwintering Calanus
finmarchicus, probably because of the continuous protein turnover in these animals.
However, the relationship of AARS activity and growth or egg production for single
copepods in the field may be complex. For instance, Yebra et al. (2005) found a good
protein specific growth rate correlation with AARS activity in C. helgolandicus reared in
laboratory, but not in field populations. They observed that the relationship between
AARS activity and egg production of C. helgolandicus in the field changed with season
– positively during the reproductive season, but not correlated in the non-reproductive
season. The authors suggested that the seasonal change in food quality and
availability was the main factor affecting the metabolism and protein production in situ.
Yebra et al. (2004) investigated the effect of upwelling filaments and eddies commonly
found close to the Canary Islands (Atlantic) in the individual AARS activity of
Scolecithrix danae and Scottocalanus sp.. They found a significant effect of the
hydrography on the growth of these copepods, which had maximum AARS activity
values registered in an oceanographic front, and in their upper and lower distribution
depths. The authors also observed a positive relationship between individual size and
AARS activity.
The AARS activity has also been applied with success as an index of growth rate in
mixed zooplankton in the field (Table 3). Yebra et al. (2006a) and Yebra et al (2009a)
investigated the AARS activity of different size fractions of zooplankton in the Irminger
Sea and Labrador Sea, respectively. They observed different AARS activities among
zooplankton size fractions, and a strong effect of the physical environment and food on
the zooplankton specific AARS activity. In a similar study, Yebra et al (2009b) analysed
the AARS activity and the ETS index (an index of respiration) in the zooplankton in a
summer cruise in the Bramsfield Strait, Antarctica. They observed a variation of the
zooplankton AARS activity with depth, registering the highest activities in the euphotic
zone, where primary production was higher. Furthermore, they did not observe a
significant difference of AARS activity between day and night in upper waters,
suggesting that the zooplankton growth was constant.
The use of AARS activity as an index of condition has also been investigated in
ichthyoplankton. Herrera-Rivero et al. (2009) compared the use of RNA:DNA ratio and
AARS activity as indicators of starvation in Atlantic herring larvae maintained at
different temperatures in laboratory. They observed a rapid response of AARS to
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feeding conditions and that the results from AARS compared well to RNA:DNA ratio.
Bécognée et al. (2009) measured the AARS activity of clupeoid larvae in a cyclonic
eddy close to the Canary Islands. They observed a lower AARS activity in clupeoid
larvae in the centre of the eddy in comparison to the filament.

Table 3 — Values of mesozooplankton specific AARS activity (nmPPi mg protein-1 h-1)
from different seas
Fraction (µm)
Bransfield Strait
(Antarctic Peninsula)
(Yebra et al. 2009a)

>200µm

Labrador Sea
(Yebra et al. 2009b)

>200µm

Irminger Sea
(Yebra et al. 2006a)

>63µm

spAARS
2.49 ± 2.28
1.26 ± 1.70
1.86 ± 1.90
2.23 ± 2.00
1.84 ± 1.83
2.01 ± 1.89
3.34 ± 2.22
1.58 ± 0.53
5.48
5.27 ± 2.45
4.08 ± 1.96
2.65 ± 1.15
4.93 ± 2.68
3.53 ± 1.97
1.66
4.25
1.58
0.85 - 1.75
3.12
1.47 - 3.84
1.41

Observation
Day 0 – 200 m
Day 200 – 550 m
Day Average
Night 0 – 200 m
Night 200 – 550 m
Night Average
Labrador Shelf December
Labrador Shelf May
Labrador Front December
Labrador Front May
West basin December
West basin May
East basin December
East basin May
Greenland Front December
Greenland Shelf December
Greenland Shelf May
Greenland shelf
Central basin
Irminger current
Reykjanes Ridge

The publications describing the AARS index both in the laboratory and in the field
indicate that this is a powerful index — not only it is strongly related with growth and
condition, but also is an useful index to study the connectivity of physical and biological
processes at sea. According to Yebra and Hernández-León (2004), this technique
presents some advantages compared to other enzymatic analyses: (i) chemicals are
cheap; (ii) the technique is simple; (iii) it is non-radioactive; (iv) can be used on board
or on frozen samples; and (v) the AARS activity estimated with Yebra and HernándezLeón (2004) protocol is the natural activity in the sample, because the AARS is
assayed only with the endogenous amino acids present in the sample, without the
artificial saturation of substrate.
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1.3.2.2 Aspartate transcarbamylase
The relationship between the activity of Aspartate transcarbamylase (ATCase) with
growth is straightforward.

ATCase is an enzyme present both in prokaryotic and

eukaryotic cells involved in the de novo synthesis of pyrimidine bases, which are the
fundamental units of nucleic acids (RNA and DNA) (Jones, 1980; Nelson and Cox,
2004). Therefore, the activity of ATCase is related to the rate of production of
pyrimidine bases, which in turn are used for the production of nucleic acids in cell
multiplication and protein synthesis (Bergeron, 1995). The activity of ATCase has been
associated with intense mitotic activity, and has been shown to be higher in younger
than in older developmental stages (Bergeron and Alayse-Danet, 1981; Biegala and
Harris, 1999, and references therein).
Some studies have shown that the ATCase activity is a good indicator of growth and
condition in some marine organisms, especially molluscs and fish (Bergeron and
Buestel, 1979; Bergeron and Alayse-Danet, 1981; Koueta et al., 2000). Bergeron and
Alayse-Danet (1981) found a good correlation of ATCase with the growth rate of the
gonad and mantle of the scallop Pecten maximus. Koueta, et al. (2000) observed
changes of ATCase activity and RNA content of young cephalopod Sepia officinalis,
and found ATCase activity to be a good index of growth. The characterization of
ATCase has also been done for other marine molluscs (see Etchian and Pellerin,
2003). Furthermore, Bergeron (1982) observed a high correlation of ATCase activity
and the growth rates of fish larvae, mostly because the correlation of the growth rate
was done with the ATCase activity of the fish larvae of the previous day (HernándezLeón et al. 1995).
Bergeron and Buestel (1979) and Bergeron (1983) were the first to propose the use of
ATCase activity as an index of growth in zooplankton. Studies on single zooplankton
species were undertaken with Artemia (Alayse-Danet, 1980) and the copepods Acartia
clausi (Hernández-León et al., 1995) and Calanus helgolandicus (Biegala and
Bergeron, 1998; Biegala et al. 1999; Biegala and Harris, 1999). However, despite the
good relationship between ATCase and growth in molluscs and fish, the results
obtained for planktonic crustaceans showed the existence of a more complex
relationship of ATCase with growth.
Alayse-Danet (1980) observed a poor correlation of ATCase activity with the relative
growth rate in Artemia salina. Similarly, Hernández-León et al. (1995) conducted
experiments with copepodites of Acartia clausi reared in different concentrations of
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food, and could not find a correlation between ATCase activity and growth. The authors
suggest four reasons for the uncoupling between ATCase activity and growth: (i) a
variable Km of the enzyme observed in the experiment; (ii) the interference of the
moulting of copepods in the measurements; (iii) low accuracy or precision of the
methodology; and (iv) the occurrence of a lag between ATCase activity and growth.
Biegala et al. (1999) found evidence of a possible lag between ATCase activity and
growth in Calanus helgolandicus. They observed that changes in egg production of C.
helgolandicus lagged behind by 24 h to the ATCase activity. When they shifted their
ATCase activity data by 24 h, they solved the uncoupling problem and observed a
significant and positive correlation of ATCase activity with egg production. However,
this positive relationship was observed only in autumn and winter, but not when
considering the complete seasonal cycle. Biegala and Harris (1999) also observed
variations in the seasonality of C. helgolandicus ATCase activity. Furthermore, they
observed that the peaks of ATCase in the field occurred together with peaks in
abundance of eggs and nauplii, suggesting that ATCase might be related with
embryogenesis and terminal moult in copepods. Biegala et al (1999) and Biegala and
Harris (1999) suggested two explanations for the seasonal variation in ATCase. First,
ATCase activity was involved in anabolic processes other than egg production.
Second, variation of the food in the environment might affect the ATCase activity
because pyrimidine bases can be acquired directly from the diet – the synthesis of
pyrymidine nucleotides have two pathways: the de novo pathway that involves
ATCase, and the salvage pathway that uses pre-existing pyrimidine bases and
nucleotides directly from the diet or from nucleic acid catabolism (Biegala et al, 1999;
Biegala and Harris, 1999). Results obtained by Biegala et al. (1999) and Biegala and
Harris (1999) showed that the relationship of ATCase and the growth rate of copepods
is complex because it may change during development.
According to Runge and Roff (2000), for ATCase to be a good index of growth rate,
then it should vary between animals of the same size growing at different rates, which
has not been shown. However, even though ATCase appears to be a poor index of
copepod growth, authors have supported the use of this enzyme in zooplankton
production studies in situ. According to Hernández-León et al. (2000), the limitation in
using this method in crustaceans is the fact that the ATCase activity is linked with
peaks of cell multiplication, which are related to the moulting process and not with
somatic growth. However, the authors also note that because moulting and growth are
coupled in crustaceans, ATCase can be used to identify actively growing animals.
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Furthermore, Bergeron (1995) suggested that, because ATCase is related with the rate
of pyrimidine bases synthesis at the community level, it can be used as an index of
mesozooplankton production in mixed zooplankton samples. In fact, a relationship
between ATCase activity and protein was observed in field zooplankton, suggesting
that mesozooplankton ATCase activity variations are regulated by the same
mechanisms found in organs or organisms (Bergeron, 1982, 1995). This result
supports the idea that a homogenate of different copepod species should work in the
same way as the homogenate of a tissue.
ATCase activity in samples of mixed field zooplankton have been investigated by
Bergeron (1982, 1983, 1986, 1990, 1993, 1995), Bergeron et al. (2009), Biegala et al.
(1999), Biegala and Harris (1999) and Hernández-León et al. (1995, 1999, 2000, 2001,
2002). These studies have estimated the activity of ATCase in mesozooplankton size
fractions from the Mediterranean sea, the Atlantic Ocean and Southern Ocean (Table
4).
Table 4 — Values of mesozooplankton ATCase activity from different seas
g

Size-Fraction (µm)
Activity (n° Samples)
Observation
h
200-5000
0.07 ± 0.12 (10)
High
Ligurian Sea
h
200-5000
0.33 ± 0.33 (24)
Intermediate
a
(Mediterranean)
h
200-5000
0.89 ± 0.40 (12)
Low
200-2000
0.1198 ± 0.0125 (3)
May 95
Atlantic Waters Off
200-2000
0.3295 ± 0.0153 (2)
Aug-95
b
Plymouth (UK)
200-2000
0.1698 ± 0.0348 (2)
Nov-95
200-500
1.00 ± 1.26
Day
200-500
2.13 ± 2.04
Night
Tropical North Atlantic
c
Ocean)
>500
1.12 ± 1.29
Day
>500
1.40 ± 1.55
Night
200-500
4.76 ± 4.78 (25)
500-1000
6.22 ± 5.14 (26)
Bransfield Strait
d
(Antarctic Peninsula)
1000-14000
4.63 ± 4.38 (32)
Average
4.90 ± 3.53 (42)
100-200
0.74 ± 1.5
200-500
0.35 ± 0.34
Around Gran Canaria
e
(Atlantic)
500-1000
0.26 ± 0.27
100-1000
0.41 ± 0.4
200-500
6.4 ± 4.7 (44)
500-1000
5.6 ± 4.3 (50)
Northeast Atlantic
200-1000
5.9 ± 2.9 (55)
f
(African coast)
>1000
6.8 ± 4.5 (46)
Average
6.0 ± 2.9 (59)
a - Bergeron (1995) ; b - Biegala and Harris (1999) ; c - Hernándéz-León et al. (1999) ; d Hernándéz-León et al. (2000) ; e - Hernándéz-León et al. (2001); f - Hernándéz-León et al.
-1
-1
(2002); g - nmol carbamyl aspartate mg protein min ; h - Levels of Gelatinous
macrozooplankton in the sample.
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Some of these studies have shown an association of zooplankton ATCase activity and
physical oceanographical conditions of the sea (see Hernández-León et al., 2000,
2002). These observations show the usefulness of ATCase in the identification of the
coupling between physical and biological processes (Hernandez-León et al, 2001),
helping to understand the complex dynamics of the zooplankton populations at sea.
For instance, the highest values of ATCase registered in wild zooplankton were
recorded in an upwelling region off the African coast (Hernández-León et al., 2002).
These high ATCase activities occurred in areas adjacent to the high primary production
upwelling region (Hernández-León et al., 2002).
Furthermore, these studies have also shown a high variability in the values of ATCase
measured in field zooplankton (Table 4), which might be associated with different
ecological processes in the plankton. For example, Hernández-León et al., (2000)
suggested that the high activities of ATCase recorded in the Antarctic peninsula were
associated with the quality of food, indicating that mesozooplankton was not food
limited in the area. In another example, Bergeron (1995) working in the Ligurian sea
found

abundant

macrozooplankton

(mainly

salps)

and

a

low

density

of

mesozooplankton in samples with very low levels of ATCase activity. According to
Bergeron (1995), these low values of ATCase activity were related to competition
between the macrozooplankton and the mesozooplankton in that area.
ATCase activity appears to be an appropriate index for the assessment of potential
secondary production, being a very useful tool for comparative studies (Bergeron,
1995). Furthermore, several biochemical indicators of physiology are analysed in mixed
zooplankton samples nowadays (see Hernández-León et al., 1999, 2000, 2001, 2002),
and according to Hernández-León et al (1995), and the ATCase technique shows a
similar variability and suffers the same limitations of these techniques, indicating that it
may be a similarly good index of physiological condition. However, one of the great
limitations of the ACTase enzymatic technique is its relatively poor sensitivity, not being
possible to work with single animals such as small copepods (Hernández-León et al.
1995). Furthermore, the technique requires the use of radiolabeled substances that
pose a health risk and are expensive in comparison to other techniques.
1.3.2.3 Chitobiase
The exoskeleton of crustaceans is made of chitin, a polymer formed mostly of Nacetylglucosamine (NAG) (Stevenson 1985). Because the exoskeleton is rigid, the
moulting of the exoskeleton is necessary for the growth of the animal (Skinner et al,
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1985; Espie and Roff, 1995b; Zou and Fingerman, 1999). When a crustacean enters
the period of growth, the synthesis of a new exoskeleton begins beneath the old
exoskeleton (Skinner et al, 1985). During the moulting process, when the organism
enters the premoult stage (or proecdysis), the epidermis separates from the old
exoskeleton forming the apolytic space, where most of the endocuticle of the old
exoskeleton is degraded (Skinner et al, 1985; Zou and Fingerman, 1999; Oosterhuis et
al, 2000). A moulting fluid containing proteinases and two chitinolytic enzymes,
chitinase and chitobiase, is secreted by the epidermis and fills the apolytic space (Roff
et al. 1995; Zou and Fingerman, 1999). The chitinase breaks down the chitin into
oligosaccharides of NAG, which are then hydrolysed by chitobiase (also known as Nacetyl-ß-glucosaminidase) to monomeric NAG, which is reabsorbed into the new
cuticule (Espie and Roff 1995a, 1995b). Therefore, the chitobiase is essential in the
recycling process of chitin in crustaceans (Espie and Roff, 1995; Oosterhuis et al.
2000), and because it is related to the moulting process It has the potential to be used
as an index of the frequency of moult or development time within a population (Sastri
and Roff, 2000).
Despite the extensive characterization of chitin in several arthropods (see Espie and
Roff, 1995b; Cauchie, 2002), its correlation with growth of planktonic crustaceans is
relatively new. Chitin is the carbohydrate with the second largest biomass in the world
(Vrba and Machacek, 1993) and has a wide distribution among phyla, hence not
exclusive to crustaceans (Cauchie, 2002). The extracellular activity of enzymes,
including chitobiase, is commonly observed in aquatic environments, and is suggested
to be of bacterian and protistan sources, but also from the digestive tract, hatching or
moulting of zooplankton crustaceans (Gooday, 1990; Boavida and Health, 1992; Vrba
and Machacek 1994). The relationship of dissolved chitobiase and the presence of
zooplankton was firstly observed by Vrba et al. (1992), who detected a significant
seasonal correlation of copepod biomass, but not for cladocerans, and chitobiase
activity in the Rimov reservoir. According to Vrba et al. (1992), the relationship of
exoenzymatic activities with zooplankton could be explained by the bacterial hydrolysis
of nondigested remains egested by cladocerans and copepods.
In order to test if the free chitobiase was related to the moulting of the planktonic
crustaceans, Vrba and Machacek (1994) analysed the release of this enzyme by the
cladoceran Daphnia pulicaria in the laboratory and related it to the animal’s
development. They observed that the moulting of the daphnid liberated an amount of
the enzyme in the medium that was positively related to the size of the animal.
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A second step towards the use of chitobiase as a growth index was done by Espie and
Roff (1995a, 1995b). They investigated the relationship between chitobiase activity in
homogenates of whole organisms and the duration of the moult cycle of Daphnia
obtusa, D. similis (Espie and Roff, 1995a) and D. magna (Espie and Roff, 1995a,
1995b) in the laboratory, and of a population of D. aurea in the field (Espie and Roff,
1995a). They observed a positive correlation between body length, protein biomass,
food concentration and high temperatures with the chitobiase activity. They also found
a strong negative correlation between duration of the moult cycle with the enzyme in
both laboratory and field populations.
Sastri and Roff (2000) developed a method to determine the development time in both
single and mixed populations of the cladocerans Daphnia magna, D. pulex and
Ceriodaphnia sp. based on the turnover of chitobiase in the medium. They followed
both the chitobiase turnover rate and the moult rate of the cladoceran populations, and
found a close correlation between directly estimated development times and those
estimated by the chitobiase turnover technique. Moreover, they observed a positive
relationship between chitobiase activity and body length common to the three
cladoceran species studied.
Oosterhuis et al (2000) were the first to apply this technique in a marine planktonic
crustacean. They analysed the chitobiase released during the moult cycle of Temora
longicornis individually and in a laboratory-reared population. They observed that the
chitobiase released was related to body size and the increment in body weight of T.
longicornis. However, despite the successful application of this technique in laboratoryreared population of T. longicornis, Oosterhuis et al (2000) could not find a relationship
between summer and winter CV individuals of wild caught Calanoides carinatus.
However, they found a significant difference in enzymatic activity between active and
diapausing animals, supporting Espie and Roff (1995a, 1995b) hypothesis that
planktonic crustaceans can keep vesicles or lysozomes full of chitobiase.
More recently studies of Sastri and Dower (2006, 2009) successfully applied the
chitobiase technique for the estimation of crustacean zooplankton moult and production
in the marine environment. Sastri and Dower (2006) observed a positive relationship
between chitobiase activity, body length and weight across in the marine copepods
Tigriopus californicus, Calanus pacificus, Metridia pacifica and Pseudocalanus spp.
They observed a good agreement between stage durations and growth rates estimated
by the chitobiase activity in the water and those estimated by conventional methods for
the entire copepod community. In a later study, Sastri and Dower (2009) used the
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chitobiase technique to study the zooplankton production in the Strait of Georgia,
Canada. Their results showed that the relationship between chitobiase activity and
body weight was the same for copepods, mysids and decapod larvae. Furthermore,
they observed that the chitobiase activity in the water was also significantly related with
the zooplankton biomass.
Chitobiase was also studied in krill by Buchholz (1989), Buchholz and Vetter (1993),
Buchholz and Saborowski (1996) and Saborowski and Buchholz (1999). These studies
helped to elucidate the metabolism of chitobiase in marine krill, mainly its relationship
with digestion, but not with growth or production of the species. However, Buchholz
(1989) measured the enzyme activity in isolated integuments of the krill Euphausia
superba, and observed a 13-fold increase in chitobiase activity between Stages Dl and
D2, indicating a relationship between size and enzymatic activity for this species.
Recent works have studied the usefulness of chitobiase in ecotoxicological studies.
Richards et al. (2008) investigated the efficacy of chitobiase as an index of sublethal
effects of four pharmaceuticals in Daphnia magna. They observed differences of
chitobiase activity in the water in the presence of the four pharmaceuticals. Moreover,
Conley et al (2009) observed a negative correlation of chitobiase with pharmaceutical
concentrations in natural waters, suggesting the usefulness of this enzyme as an
ecotoxicological indictor.
Most studies so far have shown the usefulness of chitobiase as an index of growth and
production in planktonic crustaceans. In general, studies have shown that chitobiase
activity is related with the body size, moult rate and the increment in body weight.
Moreover, it has been shown that these relationships are similar among species and
other crustacean groups. Finally, is has been shown that growth and production
estimations in the field are similar to other traditional methods. These characteristics
make chitobiase a potentially powerful index of growth and production for planktonic
crustacean populations in situ.
On the other hand, this technique has some drawbacks, preventing the application of
this technique in some regions. First, despite crustaceans usually being the most
abundant group and the largest contributors to zooplankton production (Downing,
1994), one must remember that the chitobiase technique is not able to estimate the
growth of non-crustacean species that may contribute significantly to zooplankton
production in some regions. Second, the application of this technique may not be
reliable in some regions such as shallow coastal lagoons, where the often high
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abundance of benthic crustaceans may contribute with a significant part of the
chitobiase in the water. Finally, chitobiase may be released in the water by organisms
other than crustaceans, which could be a confounding factor.
1.3.2.4 Nucleoside Diphosphate Kinase (NDPK)
Nucleoside diphosphate kinase (NDPK) is an anabolic enzyme involved in the transfer
of energy from ATP into triphosphate nucleotides – it carries the phosphoryl groups
from ATP to other nucleotides. Therefore, NDPK may be related to the allocation of
energy to growth processes, and its activity might respond to growth differences
(Berges et al, 1990).
Berges et al (1990) investigated the relationship between growth rate and the activity of
eight enzymes related to anabolic and catabolic processes, and only in NDPK they
observed a relationship between maximal activity and growth rate. Furthermore, they
observed clear differences of enzyme activities in animals of identical size growing at
different exponential rates. Unfortunately, Berges et al (1990) was the only published
work investigating the relationship of this enzyme with growth. Subsequent
investigations (Jones and Roff unpublished data, cited by Runge and Roff, 2000)
observed that the relationship of NDPK with growth is too complex, being an unreliable
predictor of growth rate. Berges and Ballantyne (1991) analysed this enzyme and
seven others in Macrobrachium rosembergii, Artemia fransciscana, Daphnia magna,
Cyclops sp., Eurytemora sp. and ostracods, and showed that the weight-specific NDPK
activity decreases with body size, but no relationship with growth rate was attempted.
1.3.2.5 DNA polymerase
DNA polymerases are a group of enzymes related to the process of replication of DNA
in the cell – they "read" the original DNA and catalyze the polymerization process of
deoxyribonucleotides, creating DNA molecules complimentary to the original DNA
strand. DNA polymerases are one of the most accurate enzymes, and are present in all
living organisms with little variation among species (Hubscher et al., 2002; Nelson and
Cox, 2004).
These enzymes show high concentration and become particularly active during the S
(synthesis) phase of cell replication cycle, when DNA is being synthesised (Loeb, 1974;
Sapienza and Mague, 1979). According to Sapienza and Mague (1979), the length of S
phase is relatively constant, and with an increase in the length of the cell cycle, the
proportion of cells in the S phase and the growth rate decrease. Therefore, the authors
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suggest that the proportion of cells in the S phase will be indicative of the length of the
cell cycle, and that the measurement of the DNA polymerase activity should be related
to the growth rate.
Sapienza and Mague (1979) published the only experiment relating the growth of
planktonic organisms to the activity of the DNA polymerase by the incorporation of 3H
thymidine triphosphate. They observed that the change in the growth rate of Artemia
salina was parallel to a change in the DNA polymerase activity. They have also run
experiments with the mysid Praunus flexuosus, also finding a positive correlation
between the enzyme activity and growth rate, but the slope of the relationship was
different from that for Artemia. However, they observed a lack of precision of the DNA
polymerase assay at slow growth rates, and the authors could reach no conclusions.
Since the work of Sapienza and Mague (1979), the knowledge of the DNA polymerase
function in crustaceans and the methods to measure it have advanced, but this enzyme
has not been tested as an index of growth in other planktonic species (Runge and Roff,
2000).
1.3.3 Radiochemical and other incorporation techniques
Incorporation techniques have been used in various types of biological production
studies at sea. For instance, one of the most extensively used methods in Biological
Oceanography is the measurement of phytoplankton primary production by the
incorporation of

14

C developed by Steeman-Nielsen (1952). Another approach is the

Azam et al (1983) method for estimation of bacterial production by the incorporation of
3

H thymidine. The advantage of incorporation techniques (radiochemical or not) over

other biochemical indices is that they can directly estimate the actual rate of production
of a tissue. According to Runge and Roff (2000), radiochemical techniques measure
the incorporation of a specific labelled compound into a molecule of a tissue, and the
net rate of synthesis of this molecule can be directly converted into tissue or organism
growth. Despite this theoretical advantage of incorporation techniques over
biochemical indices for the estimation of growth of animals, only two such techniques
have been investigated as potential indices of growth rate of zooplankton species: the
estimation of chitin production by the incorporation of

14

C NAG into the chitinous

exoskeleton of planktonic crustaceans, and the incorporation of Bromodeoxyuridine
into the DNA.
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1.3.3.1 Incorporation of [14C]NAG
Roff et al. (1994) developed a radiochemical incorporation technique that works in the
same biochemical pathway of the chitobiase method. They measured the incorporation
of [14C]NAG (N-acetylglucosamine) from an immediate precursor of chitin into the
exoskeleton of Daphnia. The precursor used in their technique was the uridine
diphosphate N-acetylglucosamine ([14C]UDP-NAG), and the introduction of the
radiolabel was done through the diet. They amount of chitin produced can be
calculated similarly to the [14C] primary production technique:

[ C ]AGincorporated (nmol ) = [ C ]AGincorporated (d . p.m.)
[ C ]AGavailable(nmol )
[ C ]AGavailable(d . p.m.)
12

14

12

14

(3)

They observed that the specific activity of the [14C]UDP-NAG increased linearly with
time after Daphnia fed on [14C] labelled algae. Furthermore, they observed that the rate
of [14C]NAG incorporation into the exoskeleton was also linear. Roff et al. (1994)
compared the growth rates calculated from their [14C]chitin synthesis technique with a
direct measurement of chitin production, and observed an agreement within 5% of both
measurements.
According to Roff et al. (1994), their radiochemical technique was the first biochemical
method to develop into a true measurement of growth rate. However, Roff et al. (1994)
noted that one of the main problems of their technique is that it requires labelling the
food that will be offered to the animals. They suggested two solutions to this problem:
either labelling the natural food for several days, or offering a highly radioactive food to
the animals. Both solutions are not satisfactory for growth measurements in the wild,
because they will change the quality of the food that will be offered to the animals, and
food quality is an important control of growth rate. This is probably one of the reasons
why, to the best of my knowledge, their study was the only one to use this technique in
a planktonic organism. Furthermore, despite the authors proposing that this technique
could be used in field populations, the only application so far was in a freshwater
cladoceran in the laboratory. Finally, the Roff et al. (1994) radiochemical technique
suffers the same disadvantage of the chitobiase activity method, being restricted only
to the estimation of growth of crustaceans. Nevertheless, the Roff et al. (1994)
technique appears to be very useful for measurements of growth in controlled
conditions such as laboratory experiments.
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1.3.3.2 Bromodeoxyuridine Incorporation (BrdU)
Sapienza and Mague (1979) tried to use the activity of DNA polymerase to estimate the
rate of DNA production in the cells, and to relate that to the growth rate of planktonic
crustaceans. However, because the enzymatic activity of the DNA polymerase is
estimated in substrate saturation, it may serve as an index of DNA replication rate, but
it does not indicate the exact amount of DNA being produced in the processes (Gomez
et al., 2001). The real amount of DNA produced during growth can either be quantified
by the variation of total DNA in time, or by quantifying the incorporation of its basic
units, the nucleotides. Four types of nucleotyde bases, the purines Adenosine (A) and
Guanosine (G), and the pyrimidines Thymidine (T) and Cytidine (C) form the cellular
DNA, regardless of the species. Every time a cell replicates, there is an incorporation of
these four nucleotides in the DNA, and the sum of the purine residues equals the sum
of the pyrimidine residues, that is: A + G = T + C (Nelson and Cox, 2004).
Theoretically, the rate of incorporation of these nucleotides into the DNA is related to
the rate of cell replication and in the increase in the number of cells, hence growth.
Based on this principle, Moore et al. (1994) proposed a cell proliferation assay for small
fish and aquatic invertebrates using a bath exposure to Bromodeoxyuridine (BrdU), a
nonradioactive Thymidine analogue. Moore et al. (1994) followed the incorporation of
BrdU into the nuclei of the copepod Pseudodiaptomus coronatus, and they showed that
the uptake of dissolved BrdU in the incubation medium can be monitored
spectrophotometrically. Despite not measuring growth rate, Moore et al. (1994) showed
the potential use of the BrdU incorporation as an index for the assessment of the
amount of tissue elaboration.
The analysis of the BrdU incorporated is simple. A nuclear suspension of the whole
organism is produced and cells were stained using a monoclonal antibody against
BrdU conjugated to a fluorocrome (fluorescein isothiocyanate, FICT) (Wilson, 1994;
Gomez et al., 2001). Using this technique, it is possible to detect the sites where BrdU
is incorporated instead of thymidine (Gratzner, 1982), and the fluorescence measured
through microscopic or flow cytometric analysis (Gomez et al., 2001).
The only other study to use this technique was Gomez et al. (2001), who analysed the
incorporation of BrdU in relation to the size and age of Daphnia magna. They incubated
individuals of different size of D. magna with food in bottles with 300 mM BrdU for 3–4
hrs. They observed negative relationship between the percentage of nuclei labelled
(the BrdU incorporation) and the size (or age) of the animals: 95 ± 1% of the nuclei was
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labelled in 1-6 day-old larvae, 25 ± 4% in young animals (0.8-1.2 mm) and 14 ± 3% in
adults (>1.4mm). The authors suggest a direct relationship between the labelling index
and the instantaneous growth rate of the animals.
Unfortunately, there is no study relating this index with a direct measured growth rate of
a zooplankton species. However, this is a very promising methodology, which has
some advantages over other biochemical and incorporation techniques: (a) It is an
incorporation method that does not use radiochemicals; (b) the incubation time is very
short (3-4 hours); (c) It can be measured in single animals; (d) sample preservation is
done simply by freezing to -20°C.
In conclusion, despite the great potential of biochemical techniques, as is the case for
traditional techniques of measuring growth, they also have several limitations. For
instance, enzyme activities have been considered one of the most promising
approaches for the assessment of zooplankton productivity (Biegala et al., 1999).
However, enzymatic indices have several limitations (see review and discussion in
Runge and Roff, 2000), including: (I) the characteristics of a same enzyme such as the
Michaelis constant and maximum activity may change between species, especially
because of different isozymes; (II) enzyme activities strongly correlate with biomass
and body size, and without proper scaling, these enzyme activities are a proxy for
biomass, not growth; (III) The in vitro maximum activity measured in an assay may not
represent the true in vivo activity; (IV) The calibration of maximum enzyme activities
with metabolic rates are necessary; (V) The relationship between the enzyme activity
and metabolic or growth rates are not frequently shown.
This review has highlighted that, unfortunately, despite the great diversity of techniques
currently used for growth and production estimation, none of these techniques, neither
traditional nor biochemical approaches, is completely adequate. Consequently, it is not
surprising that there is still no standard method for the estimation of zooplankton
growth in situ (Poulet et al., 1995). Notwithstanding, the measurement of zooplankton
growth and production has become vital for fisheries, oceanographic and ecological
studies (Bergeron, 1995; Biegala et al. 1999). The growth and production of
zooplankton species are processes not yet completely understood, especially because
of the great variety of environmental and physiological factors controlling these
processes, most of them still poorly known. It is only by identifying and describing the
effect of these environmental and physiological factors that the complexity of the
relationships to growth and production will be unwoven.
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1.4 Thesis aims and outline
The primary aim of this thesis is to elucidate our understanding of the factors involved
in the application of traditional and biochemical techniques for the study of growth of
tropical copepods. In addition, this study intends to investigate the applicability of these
techniques in the understudied tropical zooplankton. More specifically, this study
investigates the applicability of the artificial cohort and egg production techniques, and
nucleic acid indices for the study of tropical copepod species.
This thesis has two parts. The first part (Chapters 2 and 3) uses the artificial cohort for
the estimation of growth and to study the full development of the tropical paracalanid
copepod Acrocalanus gracilis. The second part (Chapters 4 and 5) of the thesis
describes a series of experiments designed to investigate the relationship of the
traditional egg production technique with the widely applied nucleic acid indices in
Acartia sinjiensis, another tropical copepod. The outline of the thesis chapters are as
follows:
Chapter 1 reviews the most important traditional and biochemical techniques for the
estimation of copepod growth.
Part I — Trophic influences on development
Chapter 2 describes the complete development and estimates the growth and
production of the tropical paracalanid copepod Acrocalanus gracilis in the Timor Sea
using the artificial cohort technique. The variation in morphometry and several
developmental features of this species are described, and the effects of the food
environment on these features discussed.
Chapter 3 reviews the occurrence and causation of intersexuality and sex change in
copepods, and examines the controls of the occurrence of intersexes and skewed sex
ratios in incubation experiments using Acrocalanus gracilis as a model species. Food
limitation is identified as the main factor driving intersexuality and sex change in
copepods, and the consequences of this fact for copepod populations discussed.
Part II — Egg production and nucleic acid indices
Chapter 4 evaluates the effects of food quantity and quality on the egg production and
nucleic acid content of the copepod Acartia sinjiensis. The nucleic acid content and egg
production saturation levels were calculated for A. sinjiensis and compared to other
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Acartia species, and the potential of the application of nucleic acid indices in the
aquaculture of this species discussed.
Chapter 5 investigates the joint effects of temperature, food quantity and quality on the
egg production—nucleic acid relationship in Acartia sinjiensis. The results from this
chapter are valuable for the development of predictive models of egg production based
on nucleic acid indices in tropical species.
Chapter 6 synthesises the main findings of the thesis and identifies future areas of
research.
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CHAPTER 2

Acrocalanus gracilis (COPEPODA: CALANOIDA)
DEVELOPMENT AND PRODUCTION IN THE

TIMOR SEA1

Abstract
Paracalanid copepods are some of the most abundant copepods in tropical and
subtropical coastal waters, but little is known about the biology of this family in
comparison to other copepod families from temperate waters. In this chapter, I
investigated the juvenile development of the calanoid copepod Acrocalanus gracilis in
the Timor Sea. The development was characterised by the calculation of stage specific
duration, median development time, moulting period duration, moult and growth rates.
The morphometry of the experimental and wild populations were compared. Food
concentrations in the experiment were lower than those in the field, and resulted in
smaller animals than those in the field. Somatic growth (0.44d-1) was log-linear
throughout the development, but moulting rates slowed with time. The development of
A. gracilis was similar to other paracalanids, and conforms to the equiproportional

1

Published as Gusmão, L.F.M., McKinnon, A.D., 2009. Acrocalanus gracilis (Copepoda:

Calanoida) development and production in the Timor Sea. J. Plankton Res. 31, 1089-1100.
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model. Trophic resources seem to play an important role in controlling the
developmental features and morphometry of Acrocalanus in tropical environments.
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2.1 Introduction
Among the many zooplankton taxa in the oceans, copepods are the most abundant
and ubiquitous group, accounting for up to 80% of the ocean’s mesozooplankton
biomass (Verity and Smetacek, 1996) and linking pelagic microbial processes to higher
trophic levels (Kiørboe, 1997). They are essential actors in the ocean’s biogeochemical
cycles, playing a key role in nutrient regeneration and in the flow of matter and energy.
Only by quantifying these fluxes can the complex dynamics of pelagic marine systems
be unwoven (Banse, 1995). Studies on copepod development and growth rates (and
ultimately, their productivity) are amongst some of the best ways to quantify and
understand these fluxes, and therefore have become more common investigations in
recent marine zooplankton research (Poulet et al., 1995; Runge and Roff, 2000).
Moreover, in order to fully understand the role of copepods in structuring pelagic food
webs, it is necessary to understand their biology and life history traits (Kiørboe, 1997;
2006).
In this study I investigated the juvenile development of the small paracalanid,
Acrocalanus gracilis. The Paracalanidae are represented by the genera Paracalanus,
Parvocalanus, Bestiolina, Calocalanus, Delius and Acrocalanus (Boxshall and Halsey,
2004), and are often the most common copepods in tropical and subtropical coastal
waters (Milstein, 1979; McKinnon and Thorrold, 1993; McKinnon, 1996; McKinnon and
Ayukai, 1996; Hopcroft et al., 1998; Araujo, 2006). However, their biology is poorly
known in comparison with families common in temperate seas. In order to address this
issue, I investigated the juvenile development and growth of a population of
Acrocalanus gracilis in the Timor Sea in June 2005. Stage and moulting duration,
growth and moult rates, and development time were estimated, and the morphometry
of animals of the incubated population compared to those in the field.

2.2 Materials and Methods
2.2.1 Study site
This study was conducted during a cruise of the R.V. Southern Surveyor in the Timor
Sea in June 2005, at a mid shelf station of 90m depth (Figure 1). Prior to the
zooplankton sampling I made a CTD cast (Seabird SBE911 equipped with a Chelsea
chlorophyll fluorometer) to describe field conditions of temperature and fluorescence.
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Figure 1 — Location of the sampling station in the Timor Sea
2.2.2 Zooplankton sampling
Zooplankton for abundance estimation was sampled with a 50cm ring of 150µm mesh
net with an electronic flowmeter (Hydrobios) mounted in its mouth. Immediately after
sampling, the sample was preserved in formalin for subsequent description of the
Acrocalanus gracilis population.
For the onboard experiment, live zooplankton was sampled using a 73µm mesh WP2
net with a non-filtering cod end. The contents of the cod end were gently emptied into a
bucket filled with surface seawater and closed with a lid to avoid strong temperature
variation and direct sunlight. The live zooplankton was processed in a controlled
temperature room set at the same temperature as in the field (26–28°C).
2.2.3 Juvenile Development Experiment
Juvenile development of Acrocalanus gracilis was studied following the development of
a cohort commenced from eggs (McKinnon, 1996). Intact and active females of A.
gracilis were selected with a pipette and transferred to a 1 litre beaker containing 37µm
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filtered surface seawater, in which all copepodites and nauplii had been removed but in
which food particles <37µm were retained. After isolation of several A. gracilis females,
the beaker with the animals was gently poured inside a PVC cylinder (~30cm aperture
and ~50cm height) with a 73µm mesh screen on the bottom (a reverse concentrator,
Kimmerer and McKinnon, 1987) that was immersed in a bucket filled with 37µm filtered
surface seawater. The start time of the experiment (t=0) used for the calculation of the
growth rate and development indices (see below) was the time when the first egg was
laid by these females, considered to have occurred just after the females were
transferred to the reverse concentrator. The females were left in the reverse
concentrator to produce eggs for the next 24 hours.
The next day, three 10 litre flexible wall cubic containers were filled with 37µm reverse
filtered surface seawater. The cohort was then isolated from the adults by gently
removing the reverse concentrator containing the female Acrocalanus gracilis sorted on
the previous day, and allowing only the eggs and nauplii to pass through the 73µm
mesh. The animals remaining in the bucket therefore comprised individuals as old as
24 hours. Equal volume aliquots of the cohort were gently poured inside each cubic
container, and three aliquots were preserved in formalin, representing the ‘day 1’
sample. The containers were then tightly closed and immersed in deck incubators with
surface seawater constantly flowing through, and covered with a neutral density mesh
that filtered 70% of the incident light. Temperature was constantly monitored.
The development of the cohort was followed for the next 12 days. The cohort was
sampled on days 1, 3, 5, 7, 9, 10, 11 and the experiment was terminated on day 12 by
harvesting the entire content of the containers. Each cubic container was sampled by
carefully filtering one fourth to one third of its contents through a 37µm mesh, which
was then rinsed into a scintillation vial and preserved with buffered formalin. During
each sampling, three 100mL aliquots of water from the containers were filtered through
GF/F filters and frozen (-10°C) for later chlorophyll a analysis by fluorometry after
extraction in 90% acetone (Parsons et al., 1984). After each harvest, the containers
were topped up with 37µm filtered surface seawater.
2.2.4 Laboratory Analysis
The 150µm net sample was analysed for the estimation of abundance and stage
composition of Acrocalanus in the field. Aliquots from the sample were taken with a
Stempel pipette and all A. gracilis from C4 to adult were counted, staged, sexed and
retained for morphometric analysis. Due to the high abundance and diversity of
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paracalanids in the Timor Sea, distinguishing single species in stages younger than C4
proved to be impractical. In the samples taken from the juvenile development
experiment, all individuals present in each sample were counted, staged, sexed and
measured (see below). Intersex individuals were observed in both experiment and field
samples, and were treated independently of the other sexes.
2.2.5 Morphometry
Acrocalanus gracilis developmental stages were photographed with a high definition
digital camera fitted to a Zeiss AxioVision Microcosope. These images were then
analysed using ImageJ open source software (Rasband, 2007) in a procedure modified
from that of Alcaraz et al. (2003). In this study, each area to be measured was selected
by hand using the polygon selection tool. For each individual, a polygon was drawn to
describe the region to be measured (the whole body in eggs and nauplii, and the
prosome in copepodites and adults). Then, an ellipse of similar area was fitted to the
polygon and its major and minor axes determined. For eggs and nauplii the
measurements represented the length and width, and for copepodites and adults the
prosome length and width. The biovolume of each individual was then calculated from
these axes values assuming that the whole body or prosome shape is equivalent to an
ellipsoid (Alcaraz et al., 2003) using the equation:

v=

π × A× a2

(4)

6

where v is the biovolume, A is the major axis and a is the minor axis values.
I also directly measured the length of the fifth leg of males and intersexes.
2.2.6 Juvenile Growth
The mean individual biomass in each sample was calculated as:
n

∑ (w × D )
i

wT =

i

i =1

n

∑D

(5)

i

i =1

where wT is the mean individual biomass in a sample taken at time T, wi is the mean
individual biomass for stage i, Di is the abundance of stage i, and n is the total number
of stages in the sample. The mean stage specific carbon content for Acrocalanus
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gibber from McKinnon (1996) was used for wi (previously unpublished values are now
presented here in Table 5 and Table 6). I considered these values to be a good index
of biomass for A. gracilis because both species are similar in size. The growth rate was
determined as the slope of the least-squares regression generated by the ln
transformed values of the mean individual weight wT (µgCind-1) against time for each
container. Using this procedure, the linearity of growth can be checked by the
coefficient of determination (R2) of the curve. The growth calculation included all
samples up to the last point before any adults appeared. After this point, the growth
rate was not calculated due to the presence of non-moulting adults.

Table 5 — Acrocalanus gracilis. Morphometry of eggs and nauplii stages of
Acrocalanus gracilis from the growth experiment. Mean whole body length and width
(10-3mm) and volume (10-3mm3) (± one standard deviation). The number of animals
measured is inside the brackets beside the stage name. Mean individual carbon
content was taken from the October 1993 experiment from McKinnon (1996) for A.
gibber. N1 were considered to have the same biomass of eggs.

-1

Stage

Length

Width

Volume

µgCind

Eggs(44)

97.8±9.8

94.2±11

0.47±0.16

0.05

N1(11)

101±4.8

63.5±3.1

0.21±0.02

0.05

N2(302)

113.4±9.6

71.9±5.5

0.31±0.07

0.07

N3(2)

152.3±5.3

65.8±1.1

0.34±0.02

0.08

N4(20)

169.2±14.8

88.8±6.5

0.7±0.12

0.1

N5(95)

193.3±11.4

100.9±6.4

1.04±0.14

0.14

N6(20)

225.4±17.5

102.3±10.3

1.24±0.23

0.2

1

25

128

91

38

66

33

11

13

5

-

C3

C4 ♀

C4 ♂

C5 ♀

C5 Int.

C5 ♂

Adult ♀

Adult Int.

Adult ♂

-

14

1

49

30

6

9

-

-

80

152

Field

C2

N

C1

Exp.

Sex

Stage and

of each were recorded.
Prosome Length

***

870(±49)

-

894(±48)

849(±47)

***

779(±54)

951(±60)

1117

1092(±49)

854

745(±35)

829(±44)

611(±19)

586(±35)
***

NS

575(±37)

718(±40)

618(±20)

***

455(±30)

-

-

Field

357(±19)

267(±18)

Exp.

-

318(±21)

311(±17)

273(±19)

264(±20)

253(±21)

204(±17)

202(±18)

160(±16)

129(±13)

***

***

***

***

***

-

-

-

Field

334(±28)

452

419(±28)

336(±35)

357

332(±28)

238(±10)

236(±17)

Prosome Width
98(±9)

Exp.

-

48(±8)

44(±8)

31(±6)

27(±5)

24(±5)

13(±3)

13(±3)

6(±2)

3(±1)

1

Exp.

***

***

***

***

***

56(±13)

119

101(±17)

51(±12)

57

48(±10)

18(±2)

18(±3)

-

-

-

Field

Prosome Volume

-

53(±12)

-

120(±14)

44(±10)

NS

***

-

-

-

-

Field

219(±33)

60

-

125(±26)

64

-

79(±11)

Fifth Leg Length

51(±12)

-

-

-

-

Exp.

< 0.001, and ns=not significant. Adult intersexes and C5 intersexes from the field were excluded from the analysis because only one individual

animals from the field and the experiment were tested with the nonparametric Mann-Whitney U-test. Levels of significance are indicated by *** p

of animals measured in each stage and sex. (♀) indicate normal females, (Int.) intersexes and (♂) males. Differences in morphometry between

volume (10-3mm3) (± one standard deviation) of animals from the field and from the growth experiment are represented. N indicates the number

Table 6 — Acrocalanus gracilis. Morphometry of copepodites and adults of Acrocalanus gracilis. Mean prosome length and width (10-3mm) and
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2.2.7 Stage Development, Moulting and Duration
The development of Acrocalanus gracilis was characterised by the calculation of four
indices: the Median Development Time (MDT), the Moulting Period Duration (MPD),
the Stage Duration (STD) and the Simplified Moult Rate (SMR).
The median development time (MDT) of a stage is the time when 50% of the
population has moulted to that stage (Peterson and Painting, 1990). The MDT was
calculated according to Cook et al. (2007), where the cumulative percentage of animals
in a certain stage over time was fitted to the sigmoidal Hill function:

y=

Mx p
cp + xp

(6)

where, for a given stage, y is the percentage of animals in a later developmental stage
and M its highest value (i.e. 100% when all the animals are in later developmental
stages); and x is the time since females began to lay their first eggs. The coefficient p
is the gradient of the curve between 25% and 75%, and the coefficient c corresponds
to the MDT. The curve was fitted using SigmaPlot 9 automatic regression curve fitting
procedure (equation Hill, 3 parameter). The moulting period duration (MPD) (Campbell
et al., 2001) of a stage was calculated as the time interval (the x axis range) between
the beginning and end of that stage (defined by the y axis values of 5% and 95%,
respectively) from the fitted Hill function. The stage duration (STD) was calculated as
the time interval between the MDT of a given stage and the MDT of the following stage.
Finally, I calculated a simplified moult rate (SMR) to serve as a simple index of
moulting in the population. Each stage was assigned a sequential value, from N1
(value 1) to Adult (value 12), and the mean stage value (MSV) of the cohort was
calculated for each date substituting wi by the value for stage i in equation (5). SMR’s
were calculated from day 1 to 9, the period representing the development of juveniles
until the first occurrence of adults. MSV was assumed to change linearly between
every two sequential sampling dates (McKinnon, 1996), and the SMR represents the
rate by which the MSV changes over time. It was calculated as (ST-ST0)×T-1, where ST0
is the initial mean stage value, ST is the mean stage value at time T, and T is the time
between the two samplings.
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2.2.8 Secondary Production
Total and stage specific secondary production were estimated for copepodite (hereafter
C) stage 4, C5 and adults as the product of the growth rate times the biomass of each
in the field. Growth rate of C4 and C5 was considered to be the same and equal to the
growth rate estimated in the juvenile development experiment. The growth rate of adult
females was considered to be equivalent to the females’ carbon specific egg
production rate estimated from the same population in the field (0.15 day-1 [22.1 eggs
female-1 day-1], unpublished data). Adult males were considered to have the same
growth rate as adult females. Intersexes were considered to have the same growth rate
of females in C5 and adults. The mean individual carbon content for A. gibber nauplii
(Table 5), and copepodites and adults (Table 6) from the October 1993 experiment
from McKinnon (1996) was used for the calculation.
2.2.9 Statistical Analyses
All logarithms applied to the data are natural logarithms. The Mann-Whitney U (M-W U)
test of pair-wise comparisons was used to compare the median lengths and
biovolumes for each stage in animals from the field and the growth experiments. The
Kruskal-Wallis test (K-W) was used for comparisons of more than two cases,
subsequently applying the M-W U test for pair-wise comparisons. When not otherwise
specified, the level of significance used was p<0.05. All data analyses were performed
using SPSS version 15 (SPSS, Chicago, IL, U.S.A.) and R 2.7.1 (R Development Core
Team, 2008), and curves were fitted using SigmaPlot version 9.

2.3 Results
2.3.1 Field and experimental conditions
At the time of sampling the surface seawater was 28°C with a total chlorophyll a (Chla)
content of 0.554µgL-1. The water column was well mixed, with temperature differing by
only 0.14°C with depth. In the incubators, the temperature during the experiment was
stable, between 27.7°C and 28.6°C (mean 28°C). During the 12d time course of the
experiment, the concentration of the <37µm fraction of Chla within the experimental
containers ranged from 0.05µgL-1 to 0.14µgL-1 (mean 0.1µgL-1), and was highest on
days 3 and 12 (Figure 2).
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Figure 2 — Variation in Temperature (°C) (dashed line) and mean ≤37 µm Chlorophyll
a concentration (µgL-1) (± 1 standard deviation) in the containers during the
experiment.

2.3.2 Morphometry
Animals from the experiment were usually smaller than the same stages and sexes
from the field (Table 6). Significant differences in the median size of all morphometric
features were observed for most stages and sexes for animals from the field and from
the experiment, with the exception of the C4 male prosome length and the C5 male fifth
leg length. The relationships of size between sexes were similar in animals from the
field and from the experiment. In the field, C4 males and females showed no significant
difference in prosome length (M-W U, p>0.05, all measurements). In addition, prosome
lengths of C5 wild males were larger than C5 wild females (M-W U, p<0.05), and adult
females

were

significantly larger

than adult

males

(M-W

U,

p<0.001,

all

measurements).
In the experiment, there was no significant difference between the prosome size of
normal adult females and adult intersexes (M-W U, p>0.05 for all measurements). The
median prosome length of normal C5 males was significantly larger than C5 intersexes
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(M-W U, p<0.01) and C5 females (M-W U, p<0.01). The median prosome length of C5
females was significantly smaller than C5 intersexes in the experiment (M-W U,
p<0.01). As was the case in the field, C4 males and females also showed no
differences in their sizes (M-W U, p>0.05, all measurements). The median fifth leg
length of C5 males was significantly larger than C5 intersexes (M-W U, p<0.001).
However, the fifth leg length of adult intersexes was not significantly different from C5
intersex and C4 males (M-W U, p=0.142 and p=0.97, respectively).
The prosome length of most copepodite stages and sexes in the experiment varied
with age within stage (Figure 3). In most copepodite stages, the median prosome
length of older animals was significantly smaller (M-W U test) than younger ones. The
only exceptions were the C5 males and intersexes, where young and old animals
showed no significant difference in prosome length.
2.3.3 Juvenile development and growth rate
It was only possible to calculate MDT, MPD and STD for stages later than N5 because
the second sample of the experiment was taken only two days after the
commencement of the incubation, and most animals had moulted to nauplius (hereafter
N) stage 4 at this time. Similarly, since the experiment was terminated prior to all
animals becoming adult, these parameters could not be calculated for the adult stage.
Since MDT for N4 and adults could not be calculated, it was not possible to calculate
STD for N5 and C5.
At day 1 the cohort was composed mainly of N2 (85±2%; MSV:1.78±0.05) (Figure 4).
At day 3 most of the cohort reached N5 (64.3±11.5%; MSV:5.18±0.11), and the first
copepodites were observed. All naupliar stages were well represented in the samples,
with the exception of N3, for which only a few individuals were observed. The cohort
had a relatively fast SMR from days 1 to 3 (1.7±0.03 stages day-1), and N3 was
probably abundant on day 2, which was not sampled. On day 9, the first adults were
observed and after that point C5 was the most abundant stage until the end of the
experiment.
N6 had a lower STD than any copepodite stage, C1, C2 and C3 had similar values,
and C4 had a STD twice that of previous copepodite stages (Figure 5). The lowest
MPD times were observed in naupliar stages. MPD times increased from C1 to C5, C2
and C4 presented a slightly lower MPD from the immediate previous stage, and C3
MPD was twice the duration of C2. Finally, MDT increased log linearly with each stage
from C1 to C5 (n=5, a=0.23, b=0.53, r2=0.99, p<0.05).
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Figure 4 — Acrocalanus gracilis. Development represented as the mean relative
proportion of each stage in each sampling date. Bars indicate ± one standard deviation.
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The juvenile somatic growth rate of A. gracilis was 0.44d-1 (Figure 6-A). The
development of the mean individual weight was log-linear with a coefficient of
determination (R2) of 0.99, with no obvious difference of growth rates between nauplii
and copepodites. However, the MSV in the cohort did not show a linear relationship
with time (Figure 6-B). Consequently, the SMR was not constant with time, and a faster
SMR was observed in younger individuals than in older ones (Figure 6-C).
Finally, this experiment produced a relatively high proportion of intersexes and an
absence of adult males (Table 6). Moreover, C5 intersexes were more frequent than
C5 males in the experiment. I believe that these intersexes are actually males that
changed sex during the development. The analysis of sex ratios from this experiment,
and a detailed discussion about intersexuality and sex change in A. gracilis can be
found elsewhere (Chapter 3).
2.3.4 Abundance and secondary production
Adults were as abundant as late copepodites (C4 and C5) in the field (53 and 56 m-3,
respectively) but contributed more than the latter to the total secondary production
(62% and 38%, respectively) (Table 7). Adult females were the most abundant stage in
the field, contributing to 52.6% of the total secondary production. Among the
copepodites, C4 was less abundant than C5 (11 and 45 m-3, respectively) and also
contributed less to the total secondary production than the latter (6.6% and 31.5%,
respectively). Intersexes were the least abundant sex (1.4% of the total) and the
smallest contributor to the total secondary production in the field (1.5% of the total).

2.4 Discussion
Log linear somatic growth was maintained throughout the whole juvenile development
in the experimental containers, despite food concentrations lower than those in the
field. However, moulting rates of experimental animals slowed during development,
and resulted in smaller animals at a given stage than those in the field. Intersex
individuals occurred in a higher rate in the experiment than in the field. Finally, this
experiment’s results also show that older animals were smaller than younger ones at a
given stage of development.
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Figure 6 — Acrocalanus gracilis. Descriptors of development. Pie graphs represent the
total proportion of nauplii, copepodites and adults on each sampling date (legend inside
graph A). A — Growth represented as the variation of the mean individual carbon
content (µgCind-1) during the experiment. The last four days (black points) are not
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Table 7 — Acrocalanus gracilis. Abundance (m-3) and production (µgCm-3day-1) of
Acrocalanus gracilis in the Timor Sea. Values for mean individual carbon content were
taken from the October 1993 experiment from McKinnon (1996) for A. gibber. C4♀ and
♂ were considered to have the same biomass, C5 and adult intersexes were
considered to have the same biomass as the females of these respective stages. C:
Copepodites; A: Adults; N indicates the number of animals measured in each stage
and sex; (♀) indicate normal females, (Int.) intersexes and (♂) males.
Stage
Sex

and

Biomass
-1
(µgCind )

Abundance Growth rate
-3
-1
(m )
(day )

Secondary
Production
-3
-1
(µgCm day )

C1

0.3

-

-

-

C2

0.45

-

-

-

C3

0.57

-

-

-

C4 ♀

1.16

6.58

0.44

3.36

C4 ♂

1.16

4.38

0.44

2.24

C5 ♀

1.35

21.92

0.44

13

"

0.73

0.44

0.43

C5 ♂

1.39

21.92

0.44

13.41

Adult ♀

7.88

38

0.15

44.92

"

0.73

0.15

0.86

3.4

13.88

0.15

7.08

C5 Int.

Adult Int.
Adult ♂
Total

108.14

85.31

2.4.1 Experimental conditions and food environment
The low Chla content in the incubation water used in the experiment suggests that A.
gracilis was food-limited during the experiment. Low levels of Chla in the experiment
are an indication of a poor trophic environment in the containers: Chla in the containers
was lower than the total Chla in the field and also below the theoretical saturation level
for the growth of calanoid copepods (0.6µg L-1, Hirst and Bunker, 2003). The Chla
content in the incubation water declined up to the 7th day, suggesting that the naupliar
and early copepodite stages were actively feeding on the <37µm fraction of the
phytoplankton. The lowest values of Chla in the containers were registered in the
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period when the cohort was composed mainly of C3–C4, and is consistent with the
observation that the weight-specific ingestion rates of the closely-related genus
Paracalanus increase from nauplius to C3 and decrease towards adulthood
(Paffenhöfer, 1984b). Calanoid nauplii are known to feed on smaller particles than
copepodites and adults (Mauchline, 1998), and a change in the selectivity of food
particles with age was observed in Paracalanus (Paffenhöfer, 1984a). The increase in
Chla content in the containers towards the end of the experiment may be an indication
of this shift in food preference with stage, associated with an increased uptake of NH4
from copepod excretion by the phytoplankton.
Unfortunately, in an incubation experiment, it is impossible to simulate the diversity of
food particles found in the field, and a reduction of food items by the reverse filtering
process is inevitable (McKinnon and Duggan, 2003). Food quality is important to the
nutrition of calanoid copepods (Kleppel, 1993), and may be independent of food
quantity (Gifford, 1991). It has been shown that adult Paracalanus sp. feed actively on
microprotozoans, especially heterotrophic dinoflagellates and ciliates (Suzuki et al.,
1999). It is likely that Acrocalanus adults and late copepodites may also feed on
microzooplankton (see McKinnon, 1996), which were likely to occur in lower
abundances in the experiment than in field conditions.
2.4.2 Morphometry
The smaller size of copepods in the experiment than in the field most likely resulted
from differences in trophic conditions. Though temperature is important in regulating
body size in copepods (Mauchline, 1998), it is unlikely that it was responsible for the
smaller size of the experimental animals because the temperature was similar to that in
the field. However, both food quality and quantity are known to have an influence on
the body size of calanoid copepods (Mauchline, 1998). The occurrence of undersize
copepodites and adults has been related to poor feeding conditions in other calanoid
species, and there is evidence that food conditions can be even more important than
temperature in determining adult size (Klein Breteler and Gonzalez, 1982). In the
experiment, the prosome length of the females (870µm) was not only smaller than wild
females of A. gracilis in the Timor Sea (1092µm), but was also smaller than A. gracilis
populations in the Great Barrier Reef in two consecutive austral summers (920µm and
1032µm) under similar temperatures (26–28°C) (McKinnon and Thorrold, 1993).
Variability in individual growth rate is usually observed during the development of
artificial cohorts (McKinnon and Duggan 2003; Kimmerer et al., 2007), and more slowly
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growing copepods generally have larger body sizes than those growing faster (see
Mauchline, 1998). Consequently, it is reasonable to expect that animals entering a
certain stage later than others in the same cohort would be larger because of their
slower growth rate. However, in the experiment, older animals of most copepodite
stages were smaller than younger ones (Figure 3). This was probably caused by the
continuous exposure of the cohort to poor food conditions during the incubation. The
smaller or non significant differences in size with age observed in C5 and adult stages
may be an indication that all animals were experiencing a similar degree of food
limitation independent of their age at these stages, which agrees with the hypothesis of
a shift in feeding habits in late copepodite stages in paracalanids (Paffenhöfer, 1984a).
2.4.3 Juvenile growth, development and secondary production
The only other Acrocalanus species for which development has been studied is A.
gibber (McKinnon, 1996), which shares some similarities with A. gracilis: fast N1–N2
development, total naupliar development shorter than that of the copepodites, and
increasing development time with copepodite stage. However, all copepodite stages of
A. gracilis had a relatively longer STD time than A. gibber under similar temperature
conditions, particularly C4. This difference might have been caused by the enrichment
of the A. gibber experiments with cultured phytoplankton, while the present experiment
had only <37µm filtered natural seawater. McKinnon (1996) also attributed variation in
the development times of A. gibber in different experiments, especially in C1 and C5, to
differences in food conditions.
Initial mean moult rates of A. gracilis (day 2; SMR=1.7±0.03 stages day-1) were similar
to those observed in A. gibber (1.55–1.92 stages day-1) at the same temperature range
(27.6–29°C). However, the moult rates of A. gracilis showed a clear deceleration over
time (Figure 6-C), and in older animals it was lower (day 8; SMR=0.4±0.05 stages day1

) than A. gibber. This difference might have occurred because the moult rates were

estimated in A. gibber considering only the initial and final mean stage values for the
whole incubation period, a calculation that is unable to detect the deceleration in the
moult rate. This may have been the reason why McKinnon (1996) could not find a
correlation between total moult rate and somatic growth in A. gibber.
The stage duration estimations of Acrocalanus spp. (McKinnon, 1996; present work)
are similar to those of Paracalanus spp. (Landry, 1983; Uye, 1991) and other
paracalanids (see Peterson, 2001). The similar pattern of development of paracalanids
reported in different incubation conditions, and the longer stage duration of older
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stages (see Hart, 1990; Peterson, 2001), conforms to the equiproportional model of
development. This model of development, previously suggested for Paracalanus sp.
(Uye, 1991), seems to be the rule for the Paracalanidae. However, Chisholm and Roff
(1990) suggested an isochronal model of development for P. aculeatus, but because
they used an approach that did not estimate SDT values for single stages, their results
cannot be compared to other studies. Paracalanids appear to have a total naupliar
development that is shorter than the total copepodite development, and the
development of the initial naupliar stages (pre-feeding instars) is very rapid (<24 h).
With the exception of Paracalanus sp. (Uye, 1991), C1 has a longer duration than N6,
and in most cases it is twice as long. Initial copepodite stages up to C3 show a similar
or slightly decreasing stage duration, and from C3 onwards the development time
increases with stage. Although I was unable to calculate the STD value for C5 in A.
gracilis, it was obviously longer than the previous stages, as evidenced by the longest
MPD of all copepodites and the long time needed for most of the C5s to become
adults.
In contrast to the moult rates and stage durations, the somatic growth rate of A. gracilis
and A. gibber (McKinnon, 1996) juveniles was log-linear throughout the whole
development and there were no differences between naupliar and copepodite growth
rates. Linearity of somatic growth was observed under similar temperatures in both
species, but in very different trophic environments: both in a non-limiting food condition
for A. gibber, and in a limiting food environment for A. gracilis. It seems that the
linearity of the somatic growth can be maintained under different food conditions by
altering other developmental features, such as the moult rate. If I consider that the
moult to a subsequent stage occurs when “the net accumulated carbon allocated to
carapace building bricks during the current instar reaches a fixed fraction of the body
mass at the beginning of the current instar” (the “moulting rule”, van den Bosch and
Gabriel, 1994, p. 1529), larger developmental stages would need to accumulate more
biomass in proportion to their body size in order to moult to the next stage, therefore
spending more time in a certain stage the older (and larger) they are. This could
explain the deceleration of the moult rate observed in A. gracilis and the variability
among experiments in the development time of C1 and C5 in A. gibber.
McKinnon (1996) hypothesised that the log linearity in somatic growth in A. gibber
indicated that food conditions were equivalent in his experiments for all juvenile stages.
However, the results indicate that this linearity may be maintained independently of the
food condition at the cost of varying other developmental traits. In fact, this variation in
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developmental features was observed in A. gibber, manifested mainly by variable stage
durations and length-weight relationships. Due to the shift in feeding behaviour of
paracalanids with age (see above), one may expect this variability to be more
pronounced in late copepodites, evidenced in A. gracilis by the deceleration of the
moult rate. This observation is consistent with the observation that juvenile stages are
less food-limited than late copepodites and adults (Chisholm and Roff, 1990; Peterson
et al., 1991; Webber and Roff, 1995; Richardson and Verheye, 1999), also a common
trait in most calanoids (Hart, 1990). Nonetheless, the variability in developmental traits
supports the idea that the food quality is an important control on the development of
Acrocalanus (McKinnon, 1996).
2.4.3.1 Secondary production
The growth rate estimated for A. gracilis (0.44d-l) was close to the lowest value
observed for A. gibber (0.49d-l, April 1994) (McKinnon, 1996). Once again, the artificial
enrichment and richer food environment of some of the A. gibber experiments could be
the explanation for this difference. Due to food limitation during the incubation, it is
possible that the growth rate estimated in this experiment might have been lower than
the actual growth rate in the field, contributing to an underestimation of secondary
production. Nevertheless, A. gracilis growth rate was similar to the mean growth rates
of juvenile calanoids (0.43 d-1) near Australia’s North West Cape (range= 0.32–0.51 d-1,
McKinnon and Duggan, 2001, 2003), and higher than in the Great Barrier Reef (0.33–
0.36 d-1, McKinnon et al., 2005). Furthermore, the estimations of secondary production
of A. gracilis were comparable to previous estimations using similar methods around
Australia, but lower than other shelf environments around the world. The total areal
daily production of A. gracilis in the Timor Sea was 7.68 mgCm-2day-1 or 406.8 Jm-2day1

, calculated according to McKinnon and Duggan (2003), assuming a water depth of 90

m. The production of A. gracilis was inside the range reported for the total copepod
production in Australia’s North West Cape shelf (McKinnon and Duggan, 2003) and the
Great Barrier Reef in the summer (McKinnon et al., 2005), and similar to Acartia
tranteri in Westernport Bay, Victoria (Kimmerer and McKinnon, 1987), but it was lower
than the copepod production in other tropical and upwelling shelf systems around the
world (reviewed in Table III in McKinnon and Duggan, 2003). Differences in trophic
resources between tropical Australia and other shelf environments would explain why
the secondary production of A. gracilis was relatively low. In fact, food limitation
appears to be an important control of copepod growth in tropical Australia (McKinnon
and Duggan, 2003; McKinnon et al., 2005).
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The developmental biology of tropical copepods is still poorly understood in
comparison to subtropical and temperate species. The present work helps to elucidate
peculiarities of the developmental biology of the ubiquitous but poorly studied genus
Acrocalanus. This chapter’s data suggest that the often scarce trophic resources in
tropical Australia seem to play a major role in controlling the developmental features of
Acrocalanus. The linearity of somatic growth of Acrocalanus species may be an
indication of an efficient use of these trophic resources, an important adaptation that
could explain the success of this genus in tropical waters. Moreover, my observations
suggest that trophic conditions can have a strong effect on the morphometry of these
copepods, which could be used as an indicator of the environment that these animals
were exposed to during their development.
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CHAPTER 3

SEX RATIOS, INTERSEXUALITY AND SEX
CHANGE IN COPEPODS2

Abstract
Female-biased adult sex ratios are common in copepod species, and have been
observed both in wild populations and in cultures. Biased sex ratios are most
commonly explained by sex- or stage-specific differences in longevity or mortality.
However, neither differential longevity nor differential mortality fully explains skewed
sex ratios in planktonic copepod populations. I propose that sex change is an important
mechanism determining the adult sex ratio. Though sex change has been proposed for
only a few copepod species, intersexuality is widespread. I review the occurrence and
causation of intersexuality in planktonic copepods, which is a manifestation of late sex
change during development. By way of example, I demonstrate that skewed sex ratios
of Acrocalanus gracilis, a common tropical paracalanid copepod, could be explained by
sex change alone. The results from this chapter suggest that sex determination in
copepods is under strong environmental control, and I argue that food limitation is an
important determinant of sex change.

2

Published as Gusmão, L.F.M., McKinnon, A.D., 2009. Sex ratios, intersexuality and sex

change in copepods. J. Plankton Res. 31, 1101-1117.
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3.1 Introduction
Studies of copepod community composition frequently use counting protocols that
include discrimination of the sexes of adult copepods, and sometimes even the sexes
of late copepodite stages. Most of these studies report the occurrence of sex ratios that
depart from the expected 1:1 ratio. Moreover, in conducting experimental studies
involving cultures of copepods, female copepods often predominate in mature cultures.
In both of these cases, the reasons for these observations have attracted surprisingly
little attention. In fact, one of the least understood features of copepod development is
how an individual’s sex is determined (Mauchline, 1998). This weakness in copepod
biology needs to be addressed because the mode of sex determination is directly
related to the population size and sex ratio (Voordouw and Anholt 2002a), and
therefore has important implications for the reproductive success of natural populations
and for productivity studies.
In this work I address this issue by focusing on one of the most elusive characteristics
of copepods’ biology: intersexuality. By reviewing the major factors relating to the
occurrence of intersexes in copepods, I seek new insights about the factors
determining sex change in this group, focussing particularly on the calanoids. I illustrate
the potential effects of sex change on the sex ratios of copepods using an experiment
where intersexes and skewed sex ratios were observed for a species of the family
Paracalanidae from northern Australian waters. I argue that the reason for the
observed skewed sex ratios is that there is a strong environmental control of sex
determination in copepods, and that food is at least one component of this. A common
manifestation of this process can be seen in the presence of intersexes. I believe the
observations from this chapter are generally applicable, and have broad implications
for plankton studies.

3.2 Sex determination process and intersexuality
Several sex determining mechanisms can be found in nature (Charnov and Bull, 1977).
In dioecious species two main modes can be observed: Genotypic and Environmental
Sex Determination (GSD and ESD, respectively) (Bull, 1983). In GSD, the
determination of the sex of an individual is mainly by its genotype, whilst in ESD the
sex is not necessarily determined at conception, but in response to environmental
factors (Bull, 1983; Korpelainen, 1990).

However, these two mechanisms are not

exclusive: environmental factors can affect GSD, and ESD is ultimately under genetic

CHAPTER 3

62

control (Bull, 1983; Korpelainen, 1990). Charnov and Bull (1977) proposed that
selection for ESD is expected under the following conditions: (1) the offspring enters a
patchy environment which has a large effect on its fitness; (2) the influence of
environmental conditions on males and females fitness is different; (3) the offspring
and parents have little control over which environment the offspring will experience;
and (4) mating occurs among individuals from all patches. Under these conditions, sex
determination late in the life cycle is expected (Charnov and Bull, 1977; Bull, 1983),
and an important consequence is the increased risk of production of intersexes (Bull,
1985). Both ESD and intersexuality have been observed in several taxa (Korpelainen,
1990).
An essential property of the sex determining mechanism is the population sex ratio
(Bull, 1985). In species with sexual reproduction, each sex contributes with half the
genes to the offspring, and provided that the cost of producing male and female
offspring is the same, an equal number of each are produced (the 1:1 ‘Fisherian sex
ratio’). If a deviation happens in the sex ratio, frequency-dependent selection should
work to restore it to equality (Fisher, 1930). Nevertheless, skewed sex ratios are
common in nature (for instance, Kiørboe, 2006). These biased sex ratios happen
because of the violation of any of the several assumptions necessary for the Fisherian
sex ratios to hold (Bull and Charnov, 1988). One of the situations in which Fisherian
sex ratios do not hold is when fitness varies due to an environmental factor (Bull and
Charnov, 1988). This situation can be observed in species showing ESD, and
consequentially sex ratios are expected to be biased in these species (Charnov, 1982).
In addition, biased sex ratios have also been linked to the process of sex change (Bull
and Charnov, 1988), which is an adaptation that allows organisms to optimize their
reproductive output (Charnov, 1982). Many species undergo sex change (named
‘sequential hermaphrodites’) (Policansky, 1982) or ESD in nature (Korpelainen, 1990),
and therefore these factors can have important implications at the population level.

3.3 Biased sex ratios of copepods in the field
Many species of copepods have female-biased adult sex ratios (Kiørboe, 2006). For
instance, adult paracalanids in nature have a mean sex ratio (males/females) of ~0.2,
with values ranging from of 0.1 to 0.45 (Kiørboe, 2006; based on data from Hirst and
Kiørboe, 2002; mostly for Paracalanus). Sex ratios reported for paracalanids around
Australia are in most cases strongly skewed toward females (Table 8). What
mechanisms account for such radical deviations from unity?
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Table 8 — Sex ratios (males/females counts) and percentage of males of paracalanids
from tropical Australia. The data are previously unpublished from the studies indicated.
Intersexual individuals were not distinguished from normal females, and only adults
were considered in the calculation. The hypothesis of equality of sex ratios to A. gracilis
in the Timor Sea (19♂/53♀ = 26.4%♂) was assessed with a χ2 test or Fisher’s exact
test (indicated with

(F)

). Levels of significance are: *p<0.05, **p<0.01,

***

p<0.001,

****p<0.0001; ns=not significant.

Species
Acrocalanus sp.

Great Barrier Reef
♂/♀
%♂
0/40

1

***(F)

0

Location
2
Darwin Harbour
♂/♀
%♂
3/376

0.8

****(F)

3

North West Cape
♂/♀
%♂
18/47

27.7

ns

**
ns
***
Paracalanus indicus
45/64
41.3
112/835 11.8
20/167 10.7
*(F)
****
Paracalanus aculeatus
3/33
8.3
34/487
6.5
*
Paracalanus nanus
11/77
12.5
***
**
***
Parvocalanus sp.
439/2770 13.7
91/718 11.2
81/673 10.7
****
Delius sp.
0/5
0
8/282
2.8
***
**
Bestiolina similis
0/19
0
39/385
9.2
33/244 11.9
1
2
3
References: McKinnon et al. (2005); Duggan et al. (2008); McKinnon and Duggan (2001)

In the field, typical female skewed (and highly variable) sex ratios are often explained
by differences in sex and/or stage specific longevity and mortality, and variations in
population growth (see Kiørboe, 2006). However, differential longevity and mortality are
difficult to estimate, and they do not always explain differences in sex ratios in the
population. In an extensive review, Korpelainen, (1990) observed that environmental
sex determination can be even more important than differential mortality of the sexes
on the determination of animal sex ratios. There is evidence suggesting that the
variation of sex ratios in copepods may not be linked to mortality. Irigoien et al. (2000),
for example, raised wild caught copepodites to adults of Calanus helgolandicus in the
lab under different food concentrations, and observed final sex ratios that could not be
explained by mortality. Lee et al. (2003) suggested that the change in the sex ratio of
food satiated Pseudocalanus newmani with temperature could be due to sex change,
as there was no evidence of sex specific differences in mortality rates. As is the case in
the field, female-skewed sex ratios are commonly observed in copepod cultures (see
Peterson, 1986; Irigoien et al., 2000), and these are also often explained as resulting
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from the higher mortality of juvenile males despite the fact that sex specific mortality
and the occurrence of intersexes are rarely investigated in these experiments.
I do not dispute that differential longevity and mortality can affect adult sex ratios.
However, I do suggest that sex change during development is possibly an important
mechanism in determining the sex ratio in copepods. It seems plausible that the
frequently observed female-skewed sex ratios both in incubations and in the field are
the result of a proportion of males changing sex during development. In fact, biased
sex ratios are theoretically expected and frequently observed in animals showing ESD
(Charnov, 1982), and ESD has been considered a potential factor in the determination
of sex ratios in copepods (Kiørboe, 2006). Therefore, intersexes have the potential to
cause a strong effect on the sex ratios of copepods, and accounting for them in the
calculation sex ratios can help to identify the frequency of animals changing sex in the
population. Svensen and Tande (1999), for instance, observed a dramatic change in
the sex ratio of Calanus finmarchicus when quadritek (intersex) females were summed
to males instead of the normal females, changing the sex ratio from strongly femaleskewed to a value close to unity.
3.3.1 Sex determination and sex change in copepods
Little is known about the sex determination process in copepods, but the presence of
intersexes in several species suggests that ESD may be widespread in this group.
ESD, chromosomal and polygenic modes of sex determination have been suggested
(see reviews by Fleminger, 1985; Legrand et al. 1987; Miller et al., 2005). ESD has
been observed in several marine and freshwater copepods (reviewed by Korpelainen,
1990; Mauchline, 1998) and the process is well described in harpacticoid (Voordouw
and Anholt 2002a, b; Voordouw et al. 2005a, b) and parasitic copepods (Michaud et al.,
1999; Michaud et al., 2004). Charnov and Bull’s (1977) conditions for ESD have been
validated for one parasitic species (Michaud et al., 2004), and most copepods seem to
fulfil at least some of these conditions (Irigoien et al., 2000).
A variety of factors have been suggested to influence the sex determination in
copepods: temperature (Katona, 1970); food (Irigoien et al., 2000); population density
(Heinle, 1969); parasitism (Sewell, 1951); pH (Egami, 1951); and pressure (Vacquier
and Belser, 1965) amongst others (see reviews by Fleminger, 1985; Korpelainen,
1990; Mauchline, 1998). In planktonic calanoid copepods, there is also evidence that
sex may also be under environmental control (Mauchline, 1998). Fleminger (1985)
reviewed the occurrence of female dimorphism of several species belonging to the
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family Calanidae and showed that intersexuality is common. Fleminger hypothesized
that these intersex individuals ('quadrithek' females) originate from genotypic
copepodite (hereafter C) 5 males which have changed sex. This hypothesis has not yet
been proven, but some studies have shown that the sex ratio of Calanus spp.
populations changes seasonally, and that food quantity and quality have a significant
effect on the population sex ratio, supporting the existence of a strong environmental
influence on sex determination (Svensen and Tande 1999; Irigoien et al., 2000; Miller
et al., 2005).
The production of intersexes in crustaceans is linked to the endocrine-regulated sex
differentiation process in crustaceans (see Sagi and Khalaila, 2001), and it has been
hypothesised that this process in copepods is likely to be similar to the malacostracans.
The endocrine regulation of the appearance of secondary sexual structures in
copepods was first suggested by Sewell (1951), and Fleminger (1985) later
hypothesised that the morphogenesis of secondary sexual characteristics may be
controlled by the production of androgenic hormones. Despite the endocrine system in
copepods not being formally described, processes such as moulting are very similar to
those of other crustaceans, suggesting that copepods have an analogous endocrine
regulation (Fleminger, 1985). More evidence comes from studies that have shown that
copepod development can be affected by endocrine disrupters (Kusk and
Wollenberger, 2007). For example, the naupliar development of Eurytemora affinis can
be inhibited by the endocrine-disrupting chemicals benzo(a)pyrene, 4-nonylphenol and
di(ethyl-hexyl)phthalate (Forget-Leray et al., 2005), and estrogens can accelerate the
sexual maturation of females of Acartia tonsa (Andersen et al., 1999).
Intersexes are likely to occur in animals undergoing ESD when sex is determined late
in development and in response to environmental cues (Bull, 1985; Korpelainen, 1990).
Therefore, because intersexes have been observed in many copepod species, it is
likely that ESD and change of sex late in life cycle is common in this group. Probably
the first to suggest late sex determination in copepods, Sewell (1929) proposed that the
influence of male and female “growth-factors” after C3 were responsible for the
occurrence of high dimorphism/intersexuality in copepods. Later, he suggested that
intersexuality was linked to parasitism and hormonal regulation in copepods (Sewell,
1951). However, the first in depth discussion of the link of intersexuality and late sex
change in copepods was that of Fleminger (1985), which is still today one of the most
detailed discussions on this issue. More recently, some studies of Calanidae have
supported Fleminger’s hypothesis. Miller et al. (2005) found evidence that the final sex
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determination decision in Calanus can occur late in development. Irigoien et al. (2000)
observed that sex ratios of Calanus in mesocosms were similar to the field when
animals were raised from C5 to adults, but were different, composed mainly of females,
when animals were raised from C2—C4 to adults, suggesting that sex can still change
at C4 and not be completely determined until C5.
I speculate that the late sex determination in the life cycle in copepods might be an
adaptation to the determinate model of development in this group. Most sex changing
invertebrates (including crustaceans) present sequential hermaphroditism, first
maturing as one sex and then switching sex later in the life cycle (Charnov, 1972;
Policansky, 1982; Allsop and West, 2004). However, the number of moults in the life
cycle of copepods are defined, and once maturity is reached, animals cannot moult
further. This peculiar developmental characteristic makes copepods a special case of
sex-switching animals, differing from most of the other sex changing animals in two
points: (1) the sex-switching point occurs while copepods are still immature; and
consequently, (2) mature copepods (sex switched or not) can only reproduce as one
sex during its lifetime. Under these circumstances, the “decision” to change sex late in
the development allows an individual to “choose” the sex that would increase its
reproductive output based on the most probable environmental conditions it will
encounter once it becomes an adult. If this “decision” is done too early in the
development, the environmental conditions can change with time, and the risk of the
chosen sex not being the best in adulthood increases.

3.4 Sex change and skewed sex ratios in experiments — an
example with Acrocalanus gracilis
As is the case in the field, female-skewed sex ratios are commonly observed in
copepod cultures (see Peterson, 1986; Irigoien et al., 2000), and these are also often
explained as resulting from the higher mortality of males, despite the fact that sex
specific mortality and the occurrence of intersexes are rarely investigated in these
experiments. Consequently, I refer to Chapter 2 experiment with the paracalanid
copepod Acrocalanus gracilis. The purpose of this example was to show that the
careful identification of intersexes in incubation experiments is necessary to understand
resulting sex ratios.
A detailed description of this experiment can be found elsewhere (Chapter 2). Briefly,
Acrocalanus gracilis females were collected in a mid-shelf station in the Timor sea and
left to produce eggs in deck incubators with environment temperature seawater flowing
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through for 24 hours. After this period, I collected the eggs and nauplii, transferred
them to containers in the same deck incubators, and followed the development of the
cohort for 12 days until adulthood. The water in the containers was renewed and the
cohort was sampled every 1—2 days. From each sample, animals were staged, sexed,
and the body and the length of the fifth leg measured. The appearance of intersexes
and their effect on the stage- and age-specific sex ratio of the population was followed
during the development of the cohort, and the sex ratio of the incubated population
compared to those in the field.
The results from this experiment describe an outcome that is often encountered, but
seldom reported — the distortion of sex ratios under experimental conditions from
those encountered in the field to a sex ratio that is greatly biased toward females. The
proximate cause of this shift is most likely to be the less favourable food environment
animals were exposed to in the incubation experiment in comparison to the field (see
Chapter 2). One of the most interesting observations in these experiments was the
occurrence of intersexes in the late copepodite states. Intersexual individuals
originating both from the field and the experiment could be clearly distinguished from
males by the presence and size of the fifth leg in C5 and adults (Figure 7), and from
normal females, in which the fifth leg is reduced to only the basipodite. All adult
intersex individuals had a genital double somite similar to that of a normal female. Sex
could only be determined from C4 to adults, and intersexes were observed in C5 and
adults. No parasitism was observed in any individual from the field or from the
experiment.
Due to the presence of intersexes, two sex ratios were calculated; either adding
intersex individuals to normal females or to males. The sex ratios generated different
patterns for C4, C5 and adults, as well as within each of these stages, both in the field
and in the experiment (Table 9). When comparing sex ratios within the same stage, the
sex ratios generated for each stage by these two approaches were not different for C5
or adults in the field, but were significantly different in the experiment (Table 9, diagonal
grey cells). When comparing sex ratios among stages in the field, only the sex ratios of
C5 and adults were significantly different, irrespective of whether intersexes were
classified as males or as females. In the experiment, however, sex ratios of C4, C5 and
adults were only significantly different when intersexes were classified as females.
The two sex ratio calculations also generated different results when comparing the
experimental cohort to the field population (Table 10). Adult males were completely
absent from the experiment, but contributed 26% of the total adults in the field. Intersex
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individuals were frequent in the experiment, but comprised only 2% and 1% of the total
of C5 and adults in the field respectively. The sex ratio of C4, and the sex ratios
considering intersexes as males in C5 and adults showed no significant difference
between the populations in the field and in the experiment. On the other hand, the sex
ratios from the experiment were significantly different from the field when intersexes
were added to females in C5 and adults. Sex ratios were not significantly different from
1 only in C5 from the field (χ2=0.0164, p=0.9), and in C5 from the experiment when
intersexes were summed to males (χ2=2.7931, p=0.095).
Sex ratios in the experimental cohort changed with time and with method of calculation
(Figure 8). Males were always less abundant than females, which always comprised at
least 50% of the total proportion of sexes in C4, C5 and adults during the whole
experiment. Despite C4 males being present during the whole experiment, the sex ratio
was always skewed towards females, especially at the end of the experiment.
Intersexes were always less frequent than females in adults and in C5. Males in C5
were only recorded up to day 9, but intersexes were present from day 7 until the end of
the experiment. Because of that, the C5 sex ratio considering intersexes as females
increased with time, but the sex ratio adding intersexes to males showed little variation.
Sex ratios calculated by adding intersexes to females were skewed towards females in
adults. The low abundance and non-constant occurrence of intersexes in adults
contributed to the variability in the sex ratio considering intersexes as males over time.
3.4.1 Sex change, intersexuality and sex ratios in Acrocalanus gracilis
In the Paracalanidae, intersexuality has been observed in Parvocalanus crassirostris
and Paracalanus aculeatus (Sewell, 1929), P. parvus (Sewell, 1929, 1951, and
references therein; Ianora et al., 1987; Ianora et al., 1990), Paracalanus sp. (probably
P. quasimodo, Liang and Uye, 1996), P. indicus (Kimmerer and McKinnon, 1990),
Acrocalanus inermis (Sewell, 1912) and A. gracilis (present work). Intersexual adults of
A. gracilis from the Timor Sea were similar to other intersexual paracalanids described
in the literature: all adult intersexes morphologically similar to normal females, but with
the presence of a modified pair of fifth legs resembling those of a normal C4 male. The
frequency of intersexual individuals in the A. gracilis population in the field was very low
(~1—2%), as is the case in most crustaceans (LeBlanc, 2007).
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Figure 7 — Acrocalanus gracilis. Examples of different sexes in the last three stages of
development of Acrocalanus gracilis raised in incubators in the Timor Sea. Normal C4,
C5 and Adult females do not have a fifth leg, and only the basipodite can be seen. The
fifth leg of C4 males is almost half the length of the urosome, and in C5 males the fifth
leg is as long as the urosome. In C5 and Adult intersex, the fifth leg is as long as in the
C4 males.
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Table 9 — Acrocalanus gracilis. Comparison of sex ratios between stages of A. gracilis
from the field (left) and from the experiment (right, pooled data from all tanks)
considering intersexes as males or as females. The sex ratios are inside parenthesis
(males/females). The comparison of the sex ratios considering intersexes as males are
above the grey cells, and those considering intersexes as females are below the grey
cells. The grey cells are the comparison of the two sex ratios (considering intersexes
as males and as females) for the same stage either in the field or in the experiment.
The Chi-square (χ2) goodness-of-fit statistic adjusted for continuity with the Yates
correction was used to test for differences between the sex ratios either from the
experiment (pooled data from all tanks) or from the field. When samples were small,
and any of the recorded frequencies was five or less, the Fisher exact test (indicated
with (F)) was used instead. Significance levels as for Table 8.

C4
(6/9)
C5
ns
(30/31)
Adult
ns
(19/53)
as Females

Adult
(20/52)

ns

ns

ns

*

*

ns

Stages

Experiment
C4
C5
(37/94)
(46/67)

C4
(37/94)
C5
**
(12/101)
Adult
(F)
**
(0/18)
as Females

Adult
(5/13)

ns

ns

****

ns

(F)

as Males

Field
C5
(31/30)

as Males

Stages

C4
(6/9)

(F)

***

*

Table 10 — Comparison of sex ratios of A. gracilis from the field with those from the
experiment considering intersexes as males or as females. The Chi-square (χ2)
goodness-of-fit statistic adjusted for continuity with the Yates correction was used to
test for differences between the sex ratios from the experiment (pooled data from all
tanks) and from the field. When samples were small, and any of the recorded
frequencies was five or less, the Fisher exact test (indicated with

(F)

) was used instead.

Significance levels as for Table 8.
Allocation of
Intersexes
Intersexes as Females
Intersexes as Males

Field
♂/♀
6/9

C4
Experiment
♂/♀
ns

37/94

Field
♂/♀

Stage
C5
Experiment Field
♂/♀
♂/♀

Adult
Experiment
♂/♀

30/31

****

12/101

19/53 *

(F)

0/18

31/30

ns

46/67

20/52 ns

5/13
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Figure 8 — Sex ratio considering intersexes as males or females and proportion of
intersexes for the stages of C4 to adult in relation to the age of the animals in the
experiment. Each point represents the pooled data from all replicate containers.

CHAPTER 3

72

In the experiment and in the field population none of the intersex individuals of A.
gracilis showed any sign of parasitisation. It is unlikely that an early infection occurred
along the development of A. gracilis because no copepodite stage was found to be
infected, and animals showed no tumour-like protuberances or “protruding guts”,
usually associated with the release of parasites in copepods (see Skovgaard, 2004).
Despite most of the reports of paracalanid intersexes in the literature being linked to
parasitisation (e.g. Sewell, 1951), the occurrence of non-parasitised intersex individuals
in this family is also common (Ianora et al. 1987; Liang and Uye, 1996). Therefore, I
exclude parasitisation as the cause of intersexuality observed in A. gracilis, both in the
field and in the development experiment.
The present data suggest that A. gracilis is able to change sex during development.
Copepods used in the incubation experiments were first generation descendants from
the field population, and would be expected to have a similar sex ratio to that in the
field. If intersexes were classified as female, and summed to the normal females, the
sex ratios in the incubation were significantly different from the field. On the other hand,
if intersexes are considered genetic males (Fleminger, 1985), and added to males, the
sex ratios in the incubation were not significantly different from the field. Therefore, the
proportion of intersex individuals observed in the incubation accounted for the
difference in the proportion of males observed in the incubation in comparison to the
original wild population, supporting Fleminger’s (1985) hypothesis that intersex
copepods are actually genetic males that have switched sex during development.
Since intersexes were more common in the experiment than in the field, it is clear that
the environmental cue causing the appearance of intersexes was amplified within the
experimental containers. Because temperature in the incubators was the same as in
the field, the most likely cause of the higher levels of intersexuality in the incubation
was the low food quality/quantity in the incubation water (see Chapter 2). This
observation supports the hypothesis that food environment is linked to sex
determination and the occurrence of intersexuality in copepods (Fleminger, 1985;
Irigoien et al., 2000; Miller et al., 2005). If this is also applicable to A. gracilis, males
would require better trophic conditions in order to promote the appearance of
secondary sexual characteristics, otherwise a proportion of genetic males would
become females.
The observations for A. gracilis showed that the sex ratios of a copepod population can
be affected by the way they are calculated when intersexes are present. In this study,
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skewed sex ratios towards females were observed only if intersexes were counted as
females, as was observed for Calanus finmarchicus by Svensen and Tande (1999). I
have not directly estimated mortality in the present experiment, but there was no
evidence of differential mortality between sexes, because the sex ratios were not
different if intersexes were considered as males.
3.4.2 The relationship of intersexuality and sex ratios with age in Acrocalanus
gracilis
The sex ratios and the proportion of intersexes were not constant in time within a
developmental stage in A. gracilis. The higher proportion of females towards the end of
the experiment, especially in C4 and C5 after the ninth day, may be an indication that
males were developing faster than females, as was the case in Paracalanus parvus
(Landry, 1983). Uye (1991) also observed that the occurrence of males in laboratory
cohorts of Paracalanus was apparently faster than females, and suggested that the
stage duration of C5 males was shorter than that of females. This observation also
agrees with Irigoien’s et al. (2000) hypothesis that rapid development of individuals
through certain key stages will tend to create males, whereas those developing slowly
would become females.
The variation of the proportion of C5 intersexes in the experiment suggests that the cue
to change sex increased with age. After the ninth day there were no C5 males and the
continuous presence of C5 intersexes towards the end of the experiment suggests that
older C4 males were changing sex more frequently than younger individuals. This
observation gives support to the hypothesis that food quality/quantity may have been
the cue to change sex in this experiment: animals growing slower would be able to
experience the poor food environment for longer than animals growing faster, thus
promoting more animals to change sex.
3.4.3 Sex ratios in the Timor Sea
The sex ratios for paracalanid copepodites in the field are rarely reported and no data
for Acrocalanus are available. The only other report on the sex ratio of copepodites of a
paracalanid species in the field is that of Liang and Uye (1996) who observed mean
sex ratios close to unity in C4 and C5 Paracalanus sp.. In this study, C4 A. gracilis sex
ratio was slightly skewed towards females, and the sex ratio of C5 was not significantly
different from equality only when intersexes were classified as males. In both species
adult sex ratios were different from those of copepodites, and were strongly skewed
toward females, which Liang and Uye (1996) attributed to the shorter lifespan of males.
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Sex specific longevity could also explain the different sex ratio between adults and
copepodites of A. gracilis in the field, because intersexes were not abundant. However,
the presence of intersexes may produce highly skewed sex ratios towards females if
they are summed to females (see Table 10). In these cases, it would be extremely hard
to discern the effects of intersexuality from differential longevity in the adult sex ratios,
stressing the importance of the correct identification of intersexes.
Female skewed sex ratios are frequent in paracalanids (see reviews in Hirst and
Kiørboe, 2002; Kiørboe, 2006) similarly to the sex ratio observed for A. gracilis adults
(adding intersexes to males). However, the sex ratio of A. gracilis in the Timor Sea was
less skewed towards females than most sex ratios reported for paracalanids around
Australia (Table 8), but was similar to Acrocalanus spp. from the neighbouring region of
Australia’s North West Cape. If a rich trophic environment contributes to a higher
proportion of individuals maturing as males (Irigoien et al., 2000), one can expect to
find skewed sex ratios towards females in poor trophic environments. In fact, copepods
are typically food-limited in tropical Australia (McKinnon and Thorrold, 1993; McKinnon,
1996; McKinnon and Duggan, 2001), which may contribute to the female-skewed sex
ratios of most paracalanids in the region. However, it has been suggested that
Acrocalanus spp. may feed on microzooplankton (see McKinnon, 1996), an often
abundant resource in the North West Cape region (Moritz et al., 2006) that could
contribute to a better nutrition of males and less skewed sex ratios.
3.4.4 When does sex switch in Acrocalanus gracilis?
The results from the experiment indicate that the sex change of A. gracilis genetic
males is most likely to occur in the moult from C4 to C5 (Figure 9) based on two lines
of evidence.
Firstly, the length of the fifth leg in adult intersexes was not significantly different from
C5 intersexes and C4 males (Chapter 2), an indication that this leg showed little or no
development in intersexes after C4. It seems that the fifth leg has been “carried” by
intersexes since it first appeared in C4. Because normal females of Acrocalanus do not
have a fifth leg at all, it is reasonable to believe that once males switch to females, the
fifth leg will cease or reduce its development. Based on the fifth leg length, there is no
evidence that sex could change in the moult from C5 males to adults in Acrocalanus. If
this were the case, the length of the fifth leg of intersex adults would be similar to that
of C5 males. However, the length of the fifth leg of intersex adults was significantly
smaller that C5 males, suggesting that C5 males did not change sex.
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Figure 9 — Acrocalanus gracilis. Conceptual model of development and sex
differentiation in Acrocalanus gracilis. Only males can change sex along the
development, and the moult from C4 to C5 would be the point in which sex can change
(white arrows). The percentages of increment in the mean prosome length of
consecutive stages in the incubators and in the field are shown for each moult. Dashed
arrows indicate previous development and black arrows indicate a normal moult (no
sex change).
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Secondly, because there was no morphological evidence to distinguish intersexes in
C4, and C4 males and females showed no significant differences in size, it is likely that
the sex expressed in C4 is the primary sex. Because secondary sexual characteristics
were not yet well developed in C4, it is likely that both sexes are physiologically more
similar in C4 than in later stages. This hypothesis is supported by the similarity of C4
sex ratios in the experiment and the field. In addition, the sex specific mean increment
in the prosome length between stages is also an indication that major changes in
morphometry happened only after C4. The mean prosome increments from C4 to adult
females and from C4 males to adult intersexes were similar, and both were different
from the mean prosome increments of C4 to adult males (Figure 9). If the prosome
increments are interpreted as a proxy of physiological investment in growth between
two stages, the C5 and adult intersexes seem to be physiologically more similar to
normal C5 females and adult females than to normal C5 males and adult males, an
indication that that sex may have switched before C5.
The size advantage model predicts that sex change occurs at the size where the
reproductive success is the same for both sexes (Ghiselin, 1969; Charnov, 1982). This
theory was developed for the case of sequential hermaphrodites, in which sex can
change after reproduction has begun. Therefore, it cannot be directly applied to
copepods because they still cannot reproduce at C4 (the possible point of sex change).
However, I propose a reinterpretation of this model in the following way: sex change
could occur in copepods at the last point in the development in which the physiological
condition of both sexes is the same (or similar). Secondary sexual characteristics and
gonad differentiation in most calanoid copepods begins to occur in C4 (Mauchline,
1998). After C4, the differences in sizes of males and females could be interpreted as
the result of the different physiological investment of each sex towards adulthood.
Therefore, C4 could be considered the last point in the development in which both
sexes are physiologically similar, and therefore a candidate point for sex change.
The hypothesis of a late sex change in the development of A. gracilis is similar to
Calanus (Svensen and Tande, 1999; Irigoien et al., 2000; Miller et al., 2005). However,
the conceptual model presented here is slightly different from the other observations for
Calanus which suggest that the sex switch occurs from C5 to adults (Svensen and
Tande, 1999; Miller et al., 2005). More data are available for Calanus than
Acrocalanus, and though I found no evidence that sex can still change in C5 for
Acrocalanus, this possibility cannot be ruled out. Nonetheless, both Calanus and
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Acrocalanus have intersexes, suggesting that the final sex determination occurs late in
development.

3.5 Intersexuality in copepods
Intersexuality has been observed in several species of copepods (Sewell, 1912, 1929,
1951, and references therein; Fleminger, 1985; Ianora et al., 1987; Ianora et al., 1990;
Kimmerer and McKinnon, 1990; Liang and Uye, 1996; Svensen and Tande, 1999;
Irigoien et al., 2000; Miller et al., 2005; Bayly and Shiel, 2008; and Table 11), but it is
still unclear why it occurs, what controls it and what are the consequences for copepod
populations. Intersexuality in copepods is usually manifested by the presence of
morphological abnormalities in females that resemble structures found in the male. For
example, the occurrence of “quadritek” females in Calanus spp., which differ from
normal females in the number and organization of aesthetascs on the antennules,
resembling that of males (Fleminger, 1985; Svensen and Tande, 1999; Irigoien et al,
2000; Miller et al., 2005). In females of some freshwater calanoids, male-like geniculate
antennules sometimes occur (Markevitch, 1982; Sillett and Stemberger, 1998; Dharani
and Altaff, 2002). However, the most ubiquitous morphological abnormality observed in
intersexual copepods is the presence of a modified fifth pair of legs in females similar
to those of males (see Sewell, 1929).
Intersexuality is common in crustaceans (eg., Legrand et al., 1987; Ford and
Fernandes, 2005), especially Malacostraca (Charniaux-Cotton, 1975; LeBlanc, 2007).
The basis of sex determination in Crustacea is genetic, but usually shows the influence
of various environmental and cytoplasmic factors (Korpelainen, 1990). In several
crustaceans, intersexuality results from the disruption of endocrine signalling pathways
involving sex determination and/or sex differentiation (LeBlanc, 2007). Sexual
differentiation, reproduction and moulting processes have all been shown to be under
endocrine regulation (see reviews by Fingerman, 1997; Kusk and Wollenberger, 2007;
LeBlanc, 2007) which is intrinsically linked to the environment, perhaps explaining why
this group is so successful in nature (LeBlanc, 2007). This link is made through
neuroendocrine pathways, which transduce detected environmental cues to regulate
several aspects of an individual's survival, guaranteeing the population’s sustainability
(LeBlanc, 2007).

Marine
Marine
Marine
Marine
Marine
Marine
Marine
Marine
Marine
Marine
Marine
Marine
Freshwater
Freshwater
Freshwater
Freshwater

Calanoida
Calanoida
Calanoida

Calanoida

Calanoida
Calanoida

Calanoida

Calanoida

Calanoida
Calanoida
Calanoida
Calanoida
Calanoida
Calanoida
Calanoida

Calanoida

Calanoida
Freshwater
Harpacticoida Marine
Harpacticoida Marine

Clausocalanus farrani
Clausocalanus furcatus
Ctenocalanus vanus

Paracalanus parvus

Paracalanus indicus
Paracalanus sp.

Acartia tonsa

Acartia bifilosa

Acartia longiremis
Acartia discaudata
Acartia clausi
Temora stylifera
Eudiaptomus gracilis
Leptodiaptomus minutus
Boeckella triarticulata

Boeckella poppei

Sinodiaptomus indicus
Paramphiascella hyperborea
Stenhelia gibba
Halectinosoma
similidistinctum

Western Canada
Southern France

Harpacticoida Marine

Cyclopoida

Tigriopus californicus

Pachypygus gibber

Marine

North Atlantic

Harpacticoida Marine

Yes

Yes

No

No
Yes
Yes

No
No
No

No

No

No

No

Yes

No

No

No

No
No
No
Yes
Yes
Yes
Yes

No

No
No
No
No
No
No
No

No

No

Yes
Yes

Yes

Yes
Yes
-

Yes
Yes
Yes

Yes
Yes
Yes

ESD Parasitised Intersex

Red Sea
No
Red Sea
No
Red Sea
No
Mediterranean
No
Sea
South Australia
No
Sea of Japan
No
Southern Brazil
No
Baltic Sea
North Atlantic
No
Baltic Sea
Baltic Sea
No
Baltic Sea
No
North Atlantic
No
Southern Brazil
No
Russia
Northeastern USA No
Western Australia
No
Southern
No
Argentina
Southeastern India Yes
North Atlantic
No
North Atlantic
No

Environment Location

Order

Species

-

Yes
Yes*
Yes*
Yes*
-

Yes
Yes
Yes
Yes
Yes

-

-

-

Antenn.

Yes
Yes*
No*
No*

Yes

Yes
Yes
Yes
No
Yes
Yes
Yes

Yes

Yes

Yes
Yes

Yes

5
Leg
Yes
Yes
Yes

th

Voordouw and Anholt (2002a,b)
Voordouw et al. (2005a,b)
Becheikh et al. (1998) ; Michaud et al. (1999,
2004)

Moore and Stevenson (1991, 1994)

Dharani and Altaff (2002)
Moore and Stevenson (1991, 1994)
Moore and Stevenson (1991, 1994)

Menu-Marque (2003)

Kimmerer and McKinnon (1990)
Liang and Uye (1996)
Montú and Gloeden (1982)
Behrends et al. (1997)
Brylinski (1984)
Behrends et al. (1997)
Behrends et al. (1997)
Behrends et al. (1997)
Brylinski (1984)
Martinelli-Filho et al. (in press)
Markevitch (1982)
Sillett and Stemberger (1998)
Bayly and Shiel (2008)

Ianora et al. (1987)

Cornils et al. (2007)
Cornils et al. (2007)
Cornils et al. (2007)

Reference

Table 11 — Occurrence of fifth leg abnormality and geniculate antennule in adult females, ESD and intersexuality in copepods. This is a nonexhaustive review, complementary to Fleminger (1985), Korpelainen (1990) and Mauchline (1998). The literature older than 1950 was reviewed
by Sewell (1951). ESD = authors explicitly suggested the occurrence of ESD and/or sex change for the species. Parasitised = parasitisation
was observed amongst intersexual individuals (note that this does not imply that all reported intersexual individuals were parasitised). Intersex =
Authors referred to abnormal individuals as intersexes. 5th Leg= Authors reported the occurrence of an abnormal fifth leg in adult females.
Antenn.= Authors reported the occurrence of a male-like geniculate antennule in adult females. - = no information present. *Most harpacticoid
intersexes reported by Moore & Stevenson (1994) have female secondary sexual characters, usually with an abnormal 5th pair of legs, and a
variable occurrence of male-like 6th legs, urosome segmentation and prehensile antennules.
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These neuroendocrine pathways, and the whole endocrine system in general, are very
well understood in malacostracans (Charniaux-Cotton, 1975; LeBlanc, 2007). Both
sexual differentiation and gonadal activity are under hormonal control (Highnam and
Hill, 1977), and the androgenic gland hormone (AGH) plays a major role in male sex
differentiation and development, regulating the expression of primary and secondary
sexual characteristics (Sagi and Khalaila, 2001). Sex is genetically determined, and in
males the gonad stimulating hormone (GSH) promotes the formation of the androgenic
gland, which releases AGH, which in turn induces the development of testes and
secondary sexual characteristics. In females, where AGH is not produced due to the
absence of the androgenic gland, ovaries will develop spontaneously and the female
secondary sexual characteristics will be stimulated by the ovarian hormone (see review
by Kusk and Wollenberger, 2007; LeBlanc, 2007). Sex reversal into functional
individuals of the opposite sex was achieved by ablation of the androgenic gland in
genetic males of the prawn Macrobrachium rosembergii, and by the implantation of this
gland in females (see Sagi and Khalaila, 2001). In addition, intersexuality has been
associated with an irregular production of AGH in the amphipod Echinogammarus
marinus (Ford et al., 2005), and intersexes could be produced by the manipulation of
the androgenic gland in the crayfish Cherax quadricarinatus (Sagi and Khalaila, 2001).
3.5.1 How widespread is intersexuality in copepods?
The frequency of intersexual individuals in natural populations of most crustaceans is
relatively low, usually representing less than 1% of individuals (LeBlanc, 2007).
However, higher percentages of intersexes are reported in the literature for copepods
(see Sewell, 1951 and Fleminger, 1985), suggesting that it may be relatively common.
Liang and Uye (1996) found that 2.5% to 23% of adult females of Paracalanus sp. in
Fukuyama Harbour in Japan had intersexual characteristics, and Svensen and Tande
(1999) reported up to 41% of the females of Calanus finmarchicus in Norway to be
quadritek (intersexes).
Reports of abnormal fifth legs in phenotypic females are relatively common, and are
found in many species (Table 11). Despite this, reports on intersex copepods are not
as frequent in the literature as for other crustaceans. I believe that this is simply
because they have been widely overlooked. Fifth leg abnormalities are commonly
found only in copepod females, and always show a tendency to resemble the male’s
fifth leg (for instance, abnormal fifth legs in female calanoids often show an asymmetry
on the same side as those of males). Researchers might consider these abnormalities
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a natural variation in the morphology of the species leaving them unreported despite
being characteristic of intersexuality. Morphological abnormalities in intersexes vary in
their degree of expression, and they are not always obvious, resulting in an unnoticed
classification of intersexes as normal females. For instance, the modified fifth leg of
intersexes usually varies in size and structure, and sometimes is very similar to a
normal female’s fifth leg (e.g. Sewell, 1951; Ianora et al., 1987). As a consequence,
intersexes may be ignored in field samples, or even worse, misidentified as other
species (see Corycaeus examples in Sewell, 1951), or misidentified as new species
(e.g. Menu-Marque, 2003; Bayly and Shiel, 2008). In fact, Sewell (1951) noted that
most of the authors to that date to observe intersexes in copepods considered these
individuals to be abnormal females, including in his own earlier work.
3.5.2 Food, Parasitisation and Intersexuality
Of the various factors suggested to affect sex determination and the occurrence of
intersexes in copepods, two predominate in the literature: parasitisation and resource
availability. Here I suggest that parasitisation might be linked to food limitation, and that
nutritional status is the most important factor controlling sex determination in copepods.
Food quantity and quality are known to influence several aspects of the life of
copepods, such as reproduction and development (see review in Mauchline, 1998). For
other crustaceans, food quality is also known to directly promote sex change. For
example, some species of diatoms are able to promote sex reversal in the protandric
shrimp Hippolyte inermis (Zupo and Messina, 2007). Sex ratio studies suggest that
food quality and quantity can be related to the sex determination process in copepods
as well. Irigoien et al. (2000) observed higher proportions of Calanus helgolandicus
males when animals were raised from eggs or nauplii to adults under higher food
concentrations. In addition, they found that animals raised on different algae diets had
different adult sex ratios. Bonnet and Carlotti (2001) observed a higher proportion of
males when cultures of Centropages typicus were raised fed Thalassiosira weissflogii,
and sex ratios close to 1 when fed other algae.
More evidence comes from field studies on sex ratio of copepods. The sex ratio of
copepods is known to vary seasonally (see reviews by Mauchline, 1998; Kiørboe,
2006), and it has been suggested that it may be related to food quantity and quality
(see review in Irigoien et al., 2000). For instance, Irigoien et al. (2000) observed higher
percentages of Calanus males in the field coinciding with the spring phytoplankton
bloom in the north Atlantic. Despite the sex ratio of copepods being widely investigated
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in the field (reviewed by Mauchline, 1998; Kiørboe, 2006), few studies report
intersexes. Fleminger (1985) was the first to analyse the seasonal variation of sex
ratios accounting for intersexes in copepods, and to suggest a link between food
supply with sex determination and intersexuality. He analysed the seasonal variation in
the occurrence of intersexes and observed that these individuals were more frequent
during the winter, while normal males were more frequent in the spring, when food
conditions were better. A similar seasonal variation of intersexes in Calanus
finmarchicus was also found by Miller et al. (2005). Liang and Uye (1996) observed
high proportions of intersexual adults (up to 23%) in Paracalanus sp. in a sampling
period that also included low Chla levels (~2—2.4µgL-1).
3.5.3 Can Blastodinium parasitisation influence the sex change process in
copepods?
Copepods are hosts to a diversity of parasites which affect their hosts in a variety of
ways (see Chaton, 1920 and Sewell, 1951). Among these effects, parasitisation has
been widely linked to intersexuality in copepods, especially within the Paracalanidae
(Sewell, 1929, 1951; Ianora et al., 1987). In Paracalanidae, infections by the
dinoflagellates Syndinium in P. parvus (Ianora et al. 1987; Ianora et al. 1990) and
Atelodinium in P. indicus (Kimmerer and McKinnon, 1987), both in juveniles and adults,
were linked to the appearance of intersexual characteristics, but also promoted other
morphological and behavioural changes (Ianora et al., 1987), severe gonadal
dysgenesis and sexual castration (Ianora et al., 1990), and high mortality rates
(Kimmerer and McKinnon, 1987). However, not all intersexuality inducing parasites
cause such devastating effects on their copepod hosts. Intersexuality in parasitised
copepods has been particularly linked to gut parasitising dinoflagellates of the genus
Blastodinium, which show no evidence of causing major harm to the host (Chaton,
1920; Sewell, 1951; Ianora et al., 1987; Ianora et al., 1990). For instance, Ianora et al.
(1990) found that P. parvus parasitised by Blastodinium showed no major
morphological changes from normal individuals, no alterations of the midgut and
gonads, and no apparent sexual castration.
However, the relationship between parasitisation (especially by Blastodinium) and
intersexuality is somewhat unclear. Two facts suggest that parasitisation cannot be
considered the direct cause of intersexuality in infected populations. First, not all
parasitised individuals in these populations are intersexes (see examples in Sewell,
1951; Ianora et al., 1987). Second, intersexuality is also found in non-parasitised
animals. For instance, Ianora et al (1987) observed a population of P. parvus in which
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most of the intersex individuals were not parasitised. Similarly, intersexuality could not
be attributed to parasitisation in P. indicus (Kimmerer and McKinnon, 1990),
Paracalanus sp. (Liang and Uye, 1996) and in “quadritek” females in Calanidae
(Fleminger, 1985). Sewell (1951) suggested that these non-parasitised intersexes may
be early infected individuals which later recovered. In fact, zoospores of Blastodinium
spp. may be released through the host’s anus (Chatton, 1920; Skovgaard, 2004), but it
is still unknown if copepods can fully recover (Skovgaard, 2005). However, Sewell
(1951) also recognized that intersexes may appear in the life history of copepods
irrespective of the presence of parasites, as he observed that several early authors
referred to intersexes but did not mention parasites.
If parasitisation is not the direct cause of intersexuality, why are intersexes more
frequent in parasitised populations of copepods (see examples in Sewell, 1951)? I
suggest that parasitisation “boosts” the intersexuality inducing trigger that is naturally
found in non-infected populations. Intersex individuals are particularly common in
populations infected by Blastodinium, and I suggest that this may be caused by the
occupation of most of gut of the host by the parasite, resulting in the host becoming
undernourished. Infected individuals are smaller than non-parasitised animals in
several species (Sewell, 1951), suggesting undernourishment of infected animals.
Therefore, I suggest that one of the most likely triggers of sex change and the
appearance of intersexes is food limitation, both in parasitised and non-parasitised
populations.
Some other observations of the link between parasitisation and intersexuality in
copepods could help us to elucidate how the sex change process occurs in this group.
These are: (1) juvenile copepodites seem to be more prone to infection than adults
(Sewell, 1951); (2) parasitised adult males are extremely rare or nonexistent (Chatton,
1920; Sewell, 1951; Ianora et al., 1987); and (3) only morphological females show the
occurrence of intersex characteristics (Sewell, 1951; Ianora et al., 1987). The
acquisition of the parasite early in life is important because it renders these early
infected individuals exposed for longer to the sex change trigger than late infected
animals, increasing the likelihood of sex change. Experimental observations support
the hypothesis that sex can still change in C3—C4 but not in C5 in Calanus (Irigoien et
al. 2000). Observations 2 and 3 above indicate that only males can change sex, and
this is supported by observations of parasitised and non-parasitised populations of
copepods (Sewell, 1951; Fleminger, 1985). This is somewhat similar to protandric
hermaphrodites (where only males change sex to females), often found in sex
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changing invertebrates (Allsop and West, 2004). If a young genetic female is infected
by Blastodinium, it would continue to develop until adulthood and would not show any
morphological difference from a normal female other than being smaller than an nonparasitised female due to undernourishment, as is the case in normal adult females
parasitised in the field (Sewell, 1951; Ianora et al., 1987). On the other hand, when a
young genetic male is infected by Blastodinium, it will also experience an
undernourished development, but in this case it would work as a trigger to change sex.
At some point during its development, the sex change would occur, and it would reach
adulthood as an intersex still carrying the parasite in its gut. These would be the
parasitised intersexes reported in the literature (see examples in Sewell, 1951; Ianora
et al., 1987).
If the hypothesis that the major trigger to sex change is food limitation is correct, there
is still the question of how this could physiologically promote sex switching. Since
intersexuality is a direct result of the sex differentiation mechanism, it is possible that
food limitation (through parasitisation or not) could affect this mechanism. If copepods
indeed possess androgenic hormones (Fleminger, 1985), and intersexuality can result
from the disruption of endocrine signalling (LeBlank, 2007), it is possible that food
limitation could promote sex change in a process similar to the effect of Cocconeis sp.
diatoms in the diet of the decapod shrimp Hippolyte inermis — through the promotion
of apoptosis in the male gonad and in the androgenic glands (Zupo and Messina,
2007). Unfortunately, there is no conclusive research identifying the sex differentiation
mechanism in copepods, and any hypothesis based on the existence of an endocrine
mechanism is still purely speculative.

3.6 The evolutionary advantage of sex change
Whatever the control of sex change during development, this process may have clear
evolutionary advantages. The main advantage, discussed in detail in Fleminger (1985),
Svensen and Tande (1999) and Miller et al. (2005), would be higher reproductive
output, guaranteeing the maintenance of the population in the highly patchy planktonic
environment. In Calanidae exhibiting diapause and under heavy seasonal influence,
Fleminger (1985) suggested that if sex changed early in the reproductive season, when
most animals emerging from diapause are males, there would be an increase in the
reproductive output of sex-changed individuals.
I believe that sex change could also promote an increased reproductive output of
genetic males in highly variable environments, as was hypothesized by Fleminger
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(1985) for Calanus. I use Acrocalanus in tropical Australia as an alternative model
species to Calanus as its life cycle is much shorter than Calanus, seasonality is clearly
less marked in tropical regions, and there is no evidence of diapause in paracalanids. I
suggest that since there is high variability in trophic resources in tropical Australia (see
Moritz et al., 2006), a higher proportion of males would mature during rich trophic
conditions, and conversely, when the trophic conditions become limiting, that males
would switch sex and mature as phenotypic females and have access to the males
matured during the previous favourable period. If females mature later and have longer
longevity than males, the individuals that changed sex would be present in the
environment longer than males, hence increasing their chances of mating. Moreover,
Sillett and Stemberger (1998) observed that intersexes of Leptodiaptomus minutus
tended to live longer than normal females. If this is the case in A. gracilis, it would be a
tremendous advantage to C4 males to mature as intersexes. A consequence of this
hypothesis is that for long periods of trophic limitation the sex ratio would skew towards
females, an observation that accords with reported sex ratio of paracalanids in tropical
Australia (Table 8), a typically oligotrophic region.
Obviously, the hypothesis above is only valid if sex-changed animals are able to
reproduce successfully. The fertility of intersexes is unknown, but there is some
evidence in the literature to suggest that crustaceans that changed sex are indeed able
to reproduce. For example, Macrobrachium rosembergii that had undergone complete
sex reversal were capable of mating with normal individuals and producing progeny
(Sagi and Cohen, 1990). In marine calanoids, because the identification of intersexes is
often done post mortem, there are only few comparisons of their reproductive output
with that of normal females. Cattley (1948) observed spermatophores attached to
intersex individuals of Pseudocalanus elongatus, and concluded that males find these
intersex individuals “as attractive as normal females and effect copulation”. Miller et al.
(2005) observed that intersex Calanus finmarchicus had similar egg production and
hatching to normal females. Reports of intersexes of freshwater calanoids carrying egg
sacs (e.g. Sillett and Stemberger, 1998; Dharani and Altaff, 2002) also suggest the
successful fertilization of intersexes in the field. Sillett and Stemberger (1998) observed
that intersexes mated with males in the laboratory. They also observed that intersexes
produced more eggs and almost twice the number of clutches as normal females, but
the number of eggs that hatched was similar. This apparently increased reproductive
output of intersexes was also observed in females of Euterpina acutifrons that mated
with large males (intersexes) and had greater clutches than those that mated with small
(normal) males (Stacyk and Moreira, 1988).
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Fleminger (1985) proposed another more general hypothesis on sex change in
copepods: sex switching would be most favoured in larger genetic males. This
assumption is based on the Ghiselin (1969) size-advantage model for sex change and
the Charnov and Bull (1977) model for ESD, in which sex change would be expected
when an animal can reproduce more effectively as a member of the opposite sex. In
copepods, there is a positive relationship between female body size and reproductive
output or success, but apparently not in males, so large males that switch sex would be
able to become productive females, while small males would take advantage of
remaining as males, as they could mate with larger females (Fleminger, 1985). This
hypothesis may be true for A. gracilis, as I observed that C5 intersexes were
significantly larger than normal C5 females in the incubation. However, Miller et al.
(2005) raised an important question: if larger body sizes imply better nutrition, and
good nutrition has been positively linked to the maturation of males (Irigoien et al.,
2000), a reduction in the proportion of intersex individuals would be coupled to larger
sizes. Because good nutrition would generate larger genetic males, which would not
switch sex, Fleminger’s (1985) hypothesis would be best confirmed when trophic
conditions are poor. Irigoien et al. (2000) hypothesised that Calanus individuals under
growth rate limitation will tend to mature as small females, while those individuals
developing at maximum growth rates will become normal males and large females. The
results from this study support this idea, as A. gracilis in the incubation were
significantly smaller in size and the frequency of intersexes was much higher than in
the field, implying a better nutrition in the field than in the incubation.

3.7 Concluding remarks
It is plausible that the frequently observed female-skewed sex ratios both in incubations
and in the field are the result of a proportion of males changing sex during
development. In fact, skewed sex ratios are expected in animals showing ESD
(Charnov, 1982), which has been considered a potential factor in the determination of
sex ratios in copepods (Kiørboe, 2006). Therefore, intersexes have the potential to
cause a strong effect on the sex ratios of copepods, and accounting for them in the
calculation of sex ratios can help to identify the frequency of animals changing sex in
the population. Svensen and Tande (1999), for instance, observed a dramatic change
in the sex ratio of Calanus finmarchicus when quadritek (intersex) females were
summed to males instead of the normal females, changing the sex ratio from strongly
female-skewed to a value close to unity.
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My observations for Acrocalanus support Irigoien et al.’s (2000) idea that copepods
fulfil some of the conditions described by Charnov and Bull (1977) in which ESD is
expected. In the planktonic environment probably the most evident of these conditions
is that parents and offspring do not control, or have little predictive ability over, their
future environment. Under this condition, sex determination late in the lifecycle is
expected (Charnov and Bull, 1977; Bull, 1983), and because sex is determined late, it
increases the risk of production of intersexes (Bull, 1985).
Resolution of the mechanism underlying sex change and intersexuality in copepods
remains a formidable challenge. There is increasing evidence of the widespread
occurrence of intersexuality in copepods (e.g. Sewell, 1951; Fleminger, 1985; Table 6),
and the process of sex change seems to be complex and variable among copepod
groups. For instance, the large male morphotype in Euterpina acutifrons is believed to
originate from females that switched sex during development (Stacyk and Moreira,
1988). Correct identification and quantification of intersexes in the field is necessary,
but the misidentification of these individuals may be relatively common, especially in
routine analysis of zooplankton samples (Bayly and Shiel, 2008). Intersexes can have
a significant impact on the sex ratio of the population (e.g. Svensen and Tande, 1999;
present work), and I suggest that skewed sex ratios may be related to sex change in
paracalanids in the field. In addition, there is evidence that skewed sex ratios influence
the reproductive output of a population. For instance, McKinnon (1996) observed in A.
gibber that animals from experimental populations with a skewed sex ratio towards
females failed to produce eggs. While the current evidence in the literature helps to
elucidate important parts of this complex puzzle, very important questions such as how
sex is determined and differentiated, including the existence of an endocrine system in
copepods, are yet to be answered.

87

CHAPTER 4

CHAPTER 4

THE EFFECT OF FOOD TYPE AND QUANTITY
ON EGG PRODUCTION AND NUCLEIC ACID
CONTENT OF Acartia

sinjiensis3

Abstract
Both food type and quantity have a strong effect on the egg production, RNA:DNA ratio
and RNA content of the copepod Acartia sinjiensis. Copepods were fed limiting (150 µg
C l-1) and non-limiting (1500 µg C l-1) concentrations of Tetraselmis chuii
(Prasinophyceae), Pavlova salina, Isochrysis aff. galbana (Prymnesiophyceae), and
Chaetoceros muelleri (Bacillariophyceae). Saturation of copepod egg production was
estimated for Tetraselmis and Pavlova offered in a wide range of concentrations (01500 µg C l-1). Under non-limiting food conditions, A. sinjiensis produced more eggs
when fed Tetraselmis (mean 17.6 eggs female-1 day-1 - efd) and Pavlova (14.2 efd),
and produced fewer eggs when fed Isochrysis (9 efd) and Chaetoceros (7.6 efd).

3

Published as Gusmão L.F.M. & McKinnon, A.D. (2009) The effect of food type and quantity on
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RNA:DNA ratio (mean 7) and individual RNA content (mean 2 µg RNA ind-1) were
significantly higher in females fed abundant Tetraselmis in comparison to the other
algae. Under food-limiting conditions, A. sinjiensis could still produce eggs when fed
Pavlova (3.3 efd) and Tetraselmis (1.7 efd), but failed to produce eggs when fed
Isochrysis and Chaetoceros. In food-limited females RNA:DNA ratios and individual
RNA content were variable and lower than animals fed non-limiting algae
concentrations. The saturation of egg production was 714 µg C l-1 for Tetraselmis and
509 µg C l-1 for Pavlova. The relationship of RNA:DNA ratio and food concentration
followed a similar function to egg production, with a saturation level of 509 µg C l-1 for
Tetraselmis. Egg production was positively correlated with female size only in animals
fed Tetraselmis at 1500 µg C l-1; all other algae and food concentrations were
uncorrelated with female size. Of the algal species tested, Tetraselmis and Pavlova are
candidate algae for use in A. sinjiensis culture. Egg production saturates around 500
µg C l-1, as is the case in other Acartia species. Both RNA:DNA ratio and RNA content
of the females were sensitive to different food type and concentration, and have the
potential to be used as an alternative method for the identification of optimal food for
use in Acartia culture. These observations have important implications for the
understanding of the dynamics and productivity of this species in coastal environments
of tropical Australia, and also its potential use in aquaculture and ecotoxicology.
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4.1 Introduction
Copepods are natural prey for larval stages of several species of fish of commercial
importance. Consequently, their nutritional composition is expected to fulfil the
nutritional requirements of fish larvae, making them obvious choices of live food in
aquaculture (Delbare et al., 1996). In fact, copepods have been shown to be a more
nutritious live feed for fish larvae than traditional live feeds such as rotifers and Artemia
(Lee et al., 2005; Rajkumar and Vasagam, 2006; Shields et al., 1999). Copepods
usually have a high content of protein and highly unsaturated fatty acids (HUFAs), their
small size is suitable for small larvae, and their swimming behaviour is an important
visual stimulus in larval fish (Delbare et al., 1996; Payne et al., 1998; Støttrup, 2000;
Kleppel et al., 2005). Moreover, they are a source of exogenous enzymes that may
help the digestive processes in fish larvae (Munilla-Moran et al., 1990). Copepods
offered as live feeds can improve the survival and growth rates of fish larvae (Støttrup
and Norsker, 1997; Payne et al., 1998; Shields et al., 1999). Despite these advantages,
copepod culture in sufficient quantities is more costly than readily available alternatives
such as Artemia, and the difficulty in establishing mass culture is the main bottleneck
for their wide application in the aquaculture industry (Delbare et al., 1996; Støttrup and
Norsker, 1997). Continuous large-scale production of copepods has proven difficult
(Payne and Rippingale, 2001) and is still in an early stage of development (Lee et al.,
2005).
Understanding the controls of copepod egg production is one of the most useful ways
to improve their production in aquaculture. Optimal conditions supporting high copepod
egg production rates are necessary for proper culture scaling and optimization, and
egg production rates can be used as an index for productivity estimations in culture.
The principal factors regulating the egg production in copepods are both the quality and
quantity of food (reviewed by Mauchline, 1998). It is known that an increase in food
concentration promotes the egg production rate, according to a sigmoidal function up to
a saturation level (e.g., Dam et al., 1994). This saturation level of egg production is
valuable information for aquaculture, since it allows better coupling and optimization of
microalgae and copepod production. Most of the information on food saturation levels
for copepod egg production rates originate from field observations where there is little
or no control over the quality of food offered to the animals, and there is little
information for species of copepods in aquaculture. Therefore, investigating the
saturation of egg production in animals feeding single species of algae allows for a
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better selection of algal species to be used in aquaculture, as well as establishing
optimal food concentrations.
Among the species of copepods with potential use in aquaculture (see examples in Lee
et al., 2005), species belonging to the genus Acartia have been amongst the most
widely used because they are relatively easy to grow and are of an appropriate size
(O'Bryen and Lee, 2005). Acartia sinjiensis is a common calanoid copepod with a wide
distribution in the Pacific, from China to Southeast Asia to the Northeast of Australia
(Ueda and Hiromi, 1987). It is commonly found in estuaries and coastal waters of the
Northeast of Australia, and is especially abundant in high turbidity waters of mangroves
where it seems to establish resident populations (McKinnon and Klumpp, 1998a).
Acartia sinjiensis appears to feed opportunistically as a carnivore or as a suspension
feeder (McKinnon and Klumpp, 1998b). As is the case for other Acartia species, A.
sinjiensis may be suitable for large-scale production for use in aquaculture, since it is
easy to culture and is a suitable size for larval stages of tropical fish (Knuckey et al.,
2005). In addition, Rose et al. (2006) used cultures of this species for ecotoxicological
tests.
Different algal diets are known to affect both juvenile development (Knuckey et al.,
2005) and egg hatching success of A. sinjiensis (Milione and Zeng, 2007). Most
information on the effect of food on egg production of A. sinjiensis comes from
experiments that exposed animals only to excess food concentrations or from
experiments on groups of females in which individual variability is lost (McKinnon et al.,
2003; Camus and Zeng, 2008, 2009). Furthermore, there is no information on the effect
of different food concentrations on the egg production saturation level for this species.
To fill this gap, I conducted a series of experiments to evaluate the effect of various
concentrations of four algal species on individual egg production of A. sinjiensis. In
addition, I evaluated the effect of food on the individual RNA content and RNA:DNA
ratio of females. Individual RNA content and the RNA:DNA ratio have been shown to
be related to the nutritional condition and egg production in field populations of
copepods, including the congeners Paracartia grani (Saiz et al., 1998), A. bifilosa
(Gorokhova, 2003; Holmborn and Gorokhova, 2008) and A. tonsa (Bersano, 2000;
Speekmann et al., 2007). Because these biochemical indices correlate with the
nutritional condition of the individuals, they have the potential to be used in aquaculture
as an alternative method to identify the best food environment for culturing copepods.
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4.2.Material and Methods
4.2.1 Culture maintenance
Acartia sinjiensis was collected from a mangrove creek near the Australian Institute of
Marine Science (AIMS) in North Queensland. Animals were collected using a plankton
net with 150 µm mesh, and the catch transferred to a bucket containing water from the
site of collection. In the laboratory >100 actively swimming females and males of A.
sinjiensis were identified and transferred to a bucket containing <25 µm filtered
seawater, from which the culture was started.
The main A. sinjiensis culture was maintained under natural illumination in a 100 l glass
fibre tanks with gentle aeration. The water used in the cultures was 5 µm filtered
seawater of salinity 31-32. The temperature of the culture was not allowed to fall below
~24 °C with the help of a heater. All the water from the tank was renewed once a week,
and half of the tank’s water was renewed after 2-3 days. When the water of the tank
was fully renewed, the culture was concentrated by reverse filtration and transferred to
a bucket. The tank was then cleaned before adding more water and the copepods
returned to it. The water renewal process involved siphoning the water out of the tank
through a 150 µm reverse filtration concentrator, which removes eggs and nauplii but
not adults and copepodites from the tank. This method was preferred instead of
draining the tank and concentrating the culture through a mesh in order to prevent
damage to the animals. If necessary, nauplii were collected from the culture in a 40 µm
mesh concentrator and used to begin a new culture under the same conditions. The
culture was fed to excess after each water change or every other day with a mixture of
equal parts of the four algae used in the experiment (see below).
4.2.2 Microalgae culture
Four microalgae continuously produced by the AIMS aquaculture facilities were used to
maintain the copepod culture and also in the experiments: Tetraselmis chuii (T-chuii;
Prasinophyceae), which has a large size cell and is easy to culture in tropical
conditions (Schipp et al., 1999); Pavlova salina and Isochrysis aff. galbana (T-ISO)
both similarly small cells belonging to the Prymnesiophyceae (McKinnon et al., 2003);
and Chaetoceros muelleri (Bacillariophyceae). Cultures were maintained in f/2 media
(Guillard and Ryther, 1962) at 26°C and salinity 32 under constant illumination. All
microalgae are strains from the CSIRO collection of living microalgae (details in
Mckinnon et al., 2003).
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4.2.3 Egg production experiments
I tested the effect of food type on egg production by exposing animals to limiting (150
µg C l-1) and non-limiting (1500 µg C l-1) concentrations of each one of the four species
of algae. For the calculation of the egg production saturation level, females were
exposed to algal concentrations of 0, 50, 150, 300, 500, 1000 and 1500 µg C l-1 of
Tetraselmis chuii and Pavlova salina. Before each experiment, algae was collected
from the main microalgae culture and counted using a haemocytometer. The
concentration of cells was then converted to carbon using the carbon content per cell
for each alga from McKinnon et al. (2003). The algae was then diluted with filtered
seawater to each one of the concentrations used in the experiment.
All experiments were run in bottles attached to a plankton ‘‘Ferris’’ wheel (Omori and
Ikeda, 1984) at 0.5 rpm located inside a controlled temperature room set to 24 °C and
with 12h:12h light:dark photoperiod. Before each experiment, several animals were
collected from the main culture using a hand size mesh concentrator of 150 µm and
transferred to a container with 5 µm filtered seawater. In the laboratory, the animals
from the container were split among 2.4 litre bottles filled with the algal species dilution
being tested. These bottles were then tightly closed and placed on the plankton wheel.
Animals were left to acclimate to each diet for 24h, a period necessary for food
conditions to be reflected by Acartia species egg production (Tester and Turner 1990).
After the acclimation period, pairs of females and males from each acclimation bottle
were transferred to 150ml flasks filled with freshly-made media with the same algal
species at the same concentration as used in the acclimation period. Pairs were
chosen instead of single females in order to guarantee fertilization during the whole
experiment. A total of 10-15 bottles per treatment were prepared in each experiment,
and then returned to the plankton wheel and left to incubate for ~24-36 hours. Due to
the limitation of space in the plankton wheel, each experiment was run with groups of
four treatments, and some treatments were repeated in more than one experiment. The
beginning and end times for each replicate were logged to calculate the individual daily
egg production.
After the end of the incubation period, the content of each flask was filtered through a
150 µm mesh hand size concentrator, separating the copepods from the eggs and
nauplii, which were preserved in formalin for later counting. The condition of females
and males was also checked. Mortality in the experiment was very low, even in the
complete starvation treatment, but if death was observed, the replicate was not used in
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calculations. Both animals were then transferred to a Petri dish and anesthetised with
MS222. The prosome of each female was drawn with a camera lucida mounted to a
stereomicroscope. The drawings of each of the females were digitized and the length
and width measured using the software ImageJ (Rasband, 2007). The prosome volume
of each female was calculated assuming the shape of the prosome to be equivalent to
an ellipsoid (Alcaraz et al., 2003).
4.2.4 Female condition
Individual RNA content and the RNA:DNA ratio were evaluated as indices of female
condition. Females used for nucleic acid analysis were randomly selected either from
the egg production experiments or from an extra set of bottles prepared in a similar
way and run in parallel to the egg production experiments. At the end of each
incubation, females were anesthetised with MS222, placed individually in cryovials and
immediately frozen in liquid nitrogen. The cryovials were then transferred to a -80 °C
freezer until nucleic acid analysis.
4.2.4.1 Nucleic acid measurements
The nucleic acid measurements were done on individual copepods using the high
range assay with Ribogreen after RNase digestion based on the methodology of
Gorokhova and Kyle (2002) with few modifications. Extraction was performed after
adding cold extraction buffer to each vial, the content of the vial was homogenized with
a sonic probe (Sonics VibraCell), and then diluted with TE buffer using the proportion of
volumes of extraction buffer to TE buffer in Gorokhova and Kyle (2002). Vials were
then put in a multiple vial head and vortexed at room temperature for 1 hour. The
analysis was then conducted using 75 µl aliquots of the copepod extract. Each plate
was divided in two parts containing all samples, standards and controls, and only one
half of the plate was treated with RNase. The fluorescence was read in a BioTek
Synergy HT microplate reader after the plate received Ribogreen. DNA content was
calculated from the fluorescence of the RNAse-treated wells, and the RNA content was
calculated from the difference in fluorescence between the RNase-treated and
untreated wells. Chemicals and solutions used in the analysis were: RiboGreen RNA
Quantitation Kit (Molecular Probes, R11490); RNase (20 U ml-1 [Sigma R6513]); TrisEDTA buffer (TE Buffer: 10 mM Tris-HCl, 1 mM EDTA, pH 7.5); Extraction buffer (1%
N-laurylsarcosine [Sigma, L5125] in TE Buffer); 18S + 28S ribosomal RNA from calf
liver (Sigma R0889); DNA from calf thymus (Sigma D4767).
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4.2.5 Data processing and statistical analysis
Multiple comparisons among algae treatments of the median egg production, individual
RNA content or RNA:DNA ratio of females fed limiting (150 µg C l-1) or non-limiting
(1500 µg C l-1) concentrations of the four species of algae were made using KruskallWallis test with Bonferroni corrected Mann-Whitney pair wise comparisons. When
results of only two treatments were compared for the same variable and algal species,
the Mann-Whitney test was used. The relationship between the length and volume of
the prosome and egg production for each treatment was calculated using the
Spearman ρ correlation. When not otherwise specified, the level of significance used
was p<0.05.
The relationship between the individual RNA content, RNA:DNA ratio or egg production
and food concentration was analysed by fitting the data to the Hill equation, which is a
Type III (sigmoid) functional response:

y = y0 +

M ( Algae) p
c p + ( Algae) p

(7)

where y is the variables egg production (eggs female-1 day-1), individual RNA content
(µg RNA ind-1) or RNA:DNA ratio; M is maximum y value; Algae is the microalgae
carbon concentration; the coefficient p is the gradient of the curve between 25% and
75% of the maximum y value; the coefficient c corresponds to the algae carbon
concentration value that produces 50% of the highest y value; and y0 is the value of the
variable y under starvation (for egg production rate, y0 is zero). The saturation level of y
was calculated as twice the coefficient c. The curve was fitted using SigmaPlot 9
automatic regression curve fitting procedure for equation Hill (3 parameter for egg
production, and 4 parameter for individual RNA content or RNA:DNA ratio).

4.3.Results
4.3.1 The effect of food on egg production
Under non-limiting food conditions (1500 µg C l-1), the egg production of A. sinjiensis
was significantly different among the tested algae (Kruskall-Wallis, p<0.001; Figure 10).
The highest values of egg production were observed when females were fed
Tetraselmis (mean 17.6 efd) and Pavlova (14.2 efd), with no significant difference
between them (Mann-Whitney p>0.05). Acartia sinjiensis produced fewer eggs when
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fed excess Isochrysis (9 efd) and Chaetoceros (7.6 efd), which also showed no
significant difference between them (Mann-Whitney p>0.05).
Under food-limiting conditions (150 µg C l-1), a similar pattern was observed, with
significant differences between algae (Kruskall-Wallis, p<0.001; Figure 10). Acartia
sinjiensis failed to produce eggs when fed Isochrysis, and produced almost no eggs
when fed Chaetoceros under food-limited conditions. However, they could still produce
eggs when fed Pavlova (3.3 efd) and Tetraselmis (1.7 efd), but in significantly lower
numbers than the same algae under high food concentrations (Mann-Whitney, p<0.001
for both algae).
Saturation of egg production for Tetraselmis and Pavlova diets were also different
(Figure 11). Maximum values of egg production were slightly higher for Tetraselmis
(20.6 efd) compared to Pavlova (16.2 efd). Similarly, the point of saturation of egg
production was higher for Tetraselmis (714 µg C l-1) than for Pavlova (509 µg C l-1).
When considering only the mean values for each alga, the saturation level was 624 µg
C l-1. No females under starvation produced eggs.
The correlation between female size and egg production was calculated only for the
levels of food characterizing a limited (150 µg C l-1) and non-limited (1500 µg C l-1) food
environment (Table 12). Egg production was uncorrelated with female size for all food
limited treatments. Under conditions of excess food, egg production was positively
correlated with female size only in animals fed Tetraselmis at 1500 µg C l-1.
Table 12 — Acartia sinjiensis. Correlation between female prosome length and volume
and egg production when individuals were fed the four types of algae at limiting and
non-limiting concentrations. Values are Spearman ρ (significance level indicated inside
brackets).

Length
Volume
Length
Volume
Length
Volume
Length
Volume

Non-limiting
Limiting
(1500 µg C l-1)
(150 µg C l-1)
Tetraselmis
0.49 (0.008)
-0.05 (0.88)
0.38 (0.048)
-0.20 (0.58)
Pavlova
-0.12 (0.52)
0.40 (0.25)
-0.18 (0.32)
-0.33 (0.35)
Isochrysis
-0.21 (0.23)
-0.26 (0.14)
Chaetoceros
-0.33 (0.11)
-0.20 (0.35)
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Figure 10 — Acartia sinjiensis. Box plots of A. sinjiensis egg production fed limiting
(150 µg C l-1) and non-limiting concentrations (1500 µg C l-1) of the four species of
algae. Non-matching letters indicate significant difference (p<0.05) in egg production
among the groups (Kruskall-Wallis test with Bonferroni Corrected Mann-Whitney pair
wise comparisons). Food-limited Acartia sinjiensis failed to produce eggs when fed
Isochrysis, and only a few individuals fed with Chaetoceros produced eggs. Tetra –
Tetraselmis chuii; Pav – Pavlova salina; Iso – Isochrysis galbana; Chaeto –
Chaetoceros muelleri.
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Figure 11 — Acartia sinjiensis. The effect of Tetraselmis and Pavlova concentration on
the egg production of A. sinjiensis. Grey points are individual values and black points
the mean values. Data were fitted to the 3 parameter Hill equation (result equation
shown top left). The vertical line is the carbon concentration in which egg production
reaches an asymptotic value (i.e. the food concentration which egg production
saturates). Curves were calculated for each algae individually and also for the mean
values of egg production of both algae for each concentration.
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4.3.2 The effect of food on female condition
Under non-limiting food conditions (1500 µg C l-1; Figure 12), the individual RNA
content of the females fed Tetraselmis was significantly higher than in those fed the
other algae (Mann-Whitney, p<0.0001, for all comparisons; Figure 12). RNA content of
animals fed Pavlova was significantly higher than Isochrysis (Mann-Whitney, p<0.05),
but these two algal diets were not significantly different from Chaetoceros (MannWhitney, p>0.05, for both). Similarly, the RNA:DNA ratio was significantly higher in
females fed Tetraselmis in relation to those fed the other algae (Mann-Whitney,
p<0.0001, for all comparisons), and there was no significant difference in the RNA:DNA
between the other algae (Mann-Whitney, p>0.05, for all comparisons).
Under conditions of starvation and food-limitation (150 µg C l-1; Figure 13), only starved
females and those fed Pavlova had a significant difference in the individual RNA
content of the females (Mann-Whitney, p<0.05). Only females fed Chaetoceros had a
significantly different RNA:DNA ratio from those under starvation (Mann-Whitney,
p<0.05).
Individual RNA content and RNA:DNA were significantly different in females fed any
given algae under food-limiting or non-limiting conditions, with the only exception of the
RNA:DNA of females fed Chaetoceros (Mann-Whitney, p>0.05). The effect of
Tetraselmis concentration on the individual RNA content and RNA:DNA ratio of
females (Figure 14) showed an almost similar pattern with that of the egg production
(Figure 11). The saturation level for individual RNA content was 1233 µg C l-1 and for
RNA:DNA ratio was 509 µg C l-1.

4.4. Discussion
Acartia species are some of the most widely used copepods in aquaculture, and A.
sinjiensis is increasingly used in tropical aquaculture. This experiment establishes the
food concentrations at which egg production of Acartia sinjiensis saturates for
commonly used species of microalgae in aquaculture. Moreover, I have shown that the
nutritional condition of A. sinjiensis females, measured by nucleic acid indices
(RNA:DNA and individual RNA content), varies with food type and concentration in a
manner similar to egg production, and that these indices have the potential to be used
to establish the optimal food environment for copepod cultures. Results from this
chapter will help to optimize the production of Acartia sinjiensis both in the laboratory
and in aquaculture by better coupling microalgae and egg production in cultures.
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Figure 12 — Acartia sinjiensis. The effect of non-limiting (1500 µg Cl−1) concentrations
of the four algae tested on the individual RNA content (µgRNA ind−1) and the RNA:DNA
ratio of females of A. sinjiensis. Non-matching letters indicate significant difference
(p<0.05) among the groups (Kruskall–Wallis test with Bonferroni Corrected Mann–
Whitney pair wise comparisons). Algae species name abbreviations as in Figure 10.
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Figure 13 — Acartia sinjiensis. The effect of starvation and limiting (150 µg Cl-1)
concentrations of the four algae tested on the individual RNA content (µgRNA ind-1)
and the RNA:DNA ratio of females of A. sinjiensis. Non-matching letters indicate
significant difference (p<0.05) among the groups (Kruskall–Wallis test with Bonferroni
Corrected Mann–Whitney pair wise comparisons). Algae species name abbreviations
as in Figure 10.
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4.4.1 Effect of food type and concentration on egg production
Both food type and quantity had a strong effect on the egg production of A. sinjiensis.
Egg production rates were significantly different in animals fed different algal species,
and were significantly lower in females fed limiting than non-limiting concentrations.
The egg production rates observed for A. sinjiensis were within the range reported for
other Acartia species (reviewed by Ara, 2001). Moreover, the egg production rates
observed for females fed non-limiting concentrations of Tetraselmis and Pavlova were
higher than the range of 1.3—14.9 efd reported for A. sinjiensis in temperatures around
23 °C in northeastern Australia (McKinnon and Klumpp, 1998b). On the other hand,
egg production rates of females fed abundant Isochrysis and Chaetoceros were inside
this range. Because egg production of copepods in the field in tropical Australia is
usually food-limited (McKinnon and Ayukai, 1996), it seems that excess Isochrysis and
Chaetoceros may have supported only sub-optimal egg production rates in comparison
to Tetraselmis and Pavlova. The variable egg production rates observed for the
different species of algae in this experiment may be related to different characteristics
of each alga tested, such as nutritional quality, motility and cell size.
Amongst the algae tested, the diatom Chaetoceros was the one that promoted the
lowest median egg production rate in A. sinjiensis. Reduced copepod egg production
rates and hatching success are both known to occur on diatom diets, including in
species of Acartia (Ban et al., 1997). For example, Støttrup and Jensen (1990)
observed low egg production rates in A. tonsa fed diatoms in comparison to those fed
Isochrysis and Rhodomonas. The reduced fecundity observed in copepods fed diatoms
may be related to the production of toxic aldehydes by diatoms (Miralto et al., 1999). It
has been hypothesized that these toxic substances are a defence mechanism against
grazing of copepods in nature (Ban et al., 1997). In the specific case of Chaetoceros, it
has also been linked to a reduction in both egg production and hatching success of
Acartia tonsa and Paracartia grani (Ban et al., 1997), and reduced egg viability in
Temora stylifera (Ianora et al., 1995). It is likely that the low egg production observed in
A. sinjiensis feeding on Chaetoceros is related to the production of inhibitory
substances by this algae rather than its nutritional profile. In fact, Chaetoceros protein
and lipid contents are as high as Tetraselmis, and it is also high in EPA, but low in DHA
(Thinh et al., 1999). Another possible explanation for the low egg production rates is
that Chaetoceros is not a motile cell like the other algae tested, so the ingestion of
Chaetoceros could have been less efficient than the other algae. It is likely that Acartia
sinjiensis has the same ambush-feeding mode as other species such as Acartia tonsa,
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which has been shown to feed preferentially on highly motile cells (Jakobsen et al.,
2005).
The egg production rate of females fed Isochrysis was also low in comparison to
Pavlova and Tetraselmis. There is evidence in the literature suggesting that Isochrysis
is a relatively poor alga when offered alone to Acartia. For instance, Knuckey et al.
(2005), observed that Isochrysis supported a lower level of juvenile development in A.
sinjiensis in comparison to animals fed the cryptophytes Rhodomonas sp. or
Cryptomonad sp.. In addition, despite being able to support naupliar development in
Acartia tonsa, Isochrysis was unable to support copepodite development (Ismar et al.,
2008). Because of these problems, in most copepod cultures using Isochrysis, it is
always offered in association with other algal species. Isochrysis has been used in
cultures of A. sinjiensis (Knuckey et al., 2005; Milione and Zeng 2007, 2008; Camus
and Zeng, 2008, 2009), A. tonsa (Støttrup et al., 1986; Bersano, 2003), A. clausi
(Rajukmar and Vasagam, 2006), and also in other calanoid copepods like Gladioferens
imparens (Payne and Rippingale, 2001). The use of Isochrysis in copepod cultures is
relatively common because it has high lipid content, and is rich in DHA though poor in
EPA (Dunstan et al., 1993; Thinh et al., 1999), and its small size makes it suitable for
nauplii. Moreover, the nutritional quality of Isochrysis might not be the same for other
Acartia species. For instance, Isochrysis has been observed to support high egg
production rates in Acartia tonsa (Støttrup and Jensen, 1990). The low egg production
rates observed for A. sinjiensis fed Isochrysis was probably due to the small size of this
alga, which may be too small for effective feeding of adult females. In fact, despite the
high nutritional quality of Isochrysis to A. tonsa, this alga was observed to be retained
less efficiently than other larger microalgae (Støttrup and Jensen, 1990).
The poor quality of Isochrysis and Chaetoceros diets to A. sinjiensis females becomes
evident under limiting food concentrations, when these algae were unable to support
egg production. On the other hand, Tetraselmis and Pavlova seem to have a high
nutritional value to A. sinjiensis, as egg production was promoted even under foodlimited conditions. These results agree with McKinnon et al. (2003), who observed
higher egg production rates in pooled females of A. sinjiensis fed Tetraselmis and
Pavlova than those fed Isochrysis and Chaetoceros, and also in comparison to other
tropical copepods when fed with the former two species of microalgae. Despite
stimulating similar egg production rates in A. sinjiensis, the lipid profile of Tetraselmis is
worse than Pavlova. While Pavlova is rich in both DHA and EPA (Volkman et al.,
1991), Tetraselmis contains low levels of EPA and trace amounts of DHA (Thinh et al.,
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1999). In this study, the egg production rates observed for these algae may have been
enhanced in comparison to the other alga for the following reasons. Tetraselmis is a
large motile cell, and this may have contributed to an increased hydro-mechanical cue
for the females to capture this alga in comparison to the other alga tested, which are
either small or immotile. Increased susceptibility to predation may, thus compensate for
the poor lipid content of Tetraselmis. On the other hand, Pavlova is as small as
Isochrysis and its capture by the females may not be as efficient as in Tetraselmis, as
algae smaller than 10 µm are not efficiently grazed by adult Acartia species (Berggreen
et al., 1988). In this case, it is possible that the high lipid content of Pavlova
compensates for its lower capture rate by the females. McKinnon et al. (2003)
observed higher egg production rates in A. sinjiensis fed Rhodomonas sp. and
Heterocapsa niei in comparison to Tetraselmis and Pavlova. Rhodomonas spp. have
been shown to promote naupliar and copepodite development in Acartia, and have
been used in cultures of this genus (Berggreen et al., 1988; Knuckey et al., 2005; Ismar
et al., 2008). However, the maintenance of Rhodomonas and Heterocapsa in culture is
more difficult than for other microalgae, and therefore they are less suitable for largescale production (Knuckey et al., 2005). Consequently, Tetraselmis and Pavlova could
be alternative alga for the culture of A. sinjiensis. Tetraselmis has been used
successfully in continuous Acartia culture (e.g., Schipp et al., 1999), but in monoculture
it may cause problems such as eyespot deformity (Knuckey et al., 2005), hence it is
often offered in association to other more nutritious alga. In the case of A. sinjiensis,
cultures have been maintained with Tetraselmis and Isochrysis (Milione and Zeng,
2007, 2008; Camus and Zeng, 2008, 2009). Despite the higher egg production
observed in animals fed Pavlova in comparison to Isochrysis, the former alga is not as
frequently used in Acartia cultures as the latter.
4.4.2 Egg production Saturation level
The egg production saturation levels calculated for A. sinjiensis were inside the range
observed for other Acartia species fed natural diets and cultured phytoplankton (Table
13). However, the egg production saturation levels reported in the literature are very
variable. I believe that there are two reasons why the saturation values are so variable.
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Table 13 — Acartia. Egg production saturation level in Acartia species. The maximum egg production rates are the asymptotic values in
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Firstly, most studies calculate the saturation level in field experiments and not in
cultures, so there is generally little control over the quality of the food being offered to
copepods. Most of these experiments report the levels of food by means of chlorophyll
a (Chla) concentration, and not the real amount of carbon available in food particles.
The conversion of Chla to carbon presented in Table 13 may not represent the total
carbon available as food for the copepods. Acartia is able to feed on a variety of
particles in the field, including microzooplankton and other particles which cannot be
quantified by means of Chla content. For instance, Bollens and Penry (2003) found that
Acartia in San Francisco Bay feed on heterotrophic ciliates and non-pigmented
flagellates. Consequently, at lower levels of Chla in the field, Acartia may have other
food sources supporting egg production, and saturation levels calculated using Chla as
an index of food concentration would be biased. Consequently, the levels of food in
which egg production saturates in laboratory experiments are usually higher than those
reported for mixed phytoplankton in the field (Table 13). Secondly, the experiments
reported in Table 13 were all conducted at different temperatures, and the sigmoidal
relationship between egg production and diet is known to vary with temperature. For
example, Saiz et al. (1998) observed that the saturation level of egg production in
Paracartia grani varied with temperature. The relationship between egg production
rates and food concentration follows a similar function as ingestion rates (e.g., Dam et
al., 1994) and juvenile growth rates (e.g., Berggreen et al., 1988) in Acartia, processes
which are strongly influenced by temperature.
Egg production saturation studied in the laboratory with controlled diets is the best way
to investigate the relationship of food concentration and egg production because it is
possible to have an accurate measure of food quantity offered to the animals. Levels of
egg production saturation reported for Acartia fed single microalgae Rhodomonas
baltica in the laboratory (Kiørboe et al., 1985; Berggreen et al., 1988; Dutz, 1998) were
in the same range of values observed for A. sinjiensis fed Tetraselmis and Pavlova
(Table 13). However, the saturation levels calculated from the data of Saiz et al. (1998)
for Paracartia grani fed Thalassiossira weissflogi were much lower, which could be an
indication of differential nutritional quality of some algae for Acartia species.
Unfortunately, there is little information in the literature on the egg production saturation
level of Acartia in culture, so more comparisons with different algal species could not
be made. Notwithstanding, data from the literature and from this study may be an
indication that Acartia species in general may have a mean level of egg production
saturation around 500 µg C l-1 for good quality algae.
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The egg production saturation level occurred at slightly lower food concentrations of
Pavlova in comparison to Tetraselmis, but the maximum egg production reached was
higher in Tetraselmis than in Pavlova. These differences might also be linked to the
different lipid content and size of these algae. The higher lipid content of Pavlova may
have contributed to generate a lower level of food concentration necessary to saturate
egg production, but its smaller size may have reduced the grazing rate by A. sinjiensis,
causing the maximum egg production rate to be lower than for Tetraselmis. On the
other hand, the poorer lipid content of Tetraselmis in relation to Pavlova may have
contributed to increase the level of food necessary to saturate egg production, but the
higher capture rate associated with the larger size of this cell might have contributed to
generate a higher egg production maximum in Tetraselmis in relation to Pavlova.
4.4.3 Relationship between egg production and female size
The observation of a general lack of correlation between female size and egg
production rate in A. sinjiensis fed abundant or limiting concentrations of all algae
accords with previously published observations for tropical copepods. Egg production
is sometimes positively correlated with female size in copepods in the field (e.g.
Campbell and Head, 2000), but in general, because egg size increases with female
size, egg production rates are constant with female size (Kiørboe and Sabatini, 1995).
Moreover, it has been shown that weight specific egg production is negatively
correlated with female weight (Kiørboe and Sabatini, 1995), and these negative
correlations have also been observed in tropical copepods (Hopcroft and Roff, 1998).
A positive correlation between egg production rate and female size was observed in
females fed abundant Tetraselmis. This is probably related to larger females having
greater clearance rates, and therefore compensating for the lower lipid content of
Tetraselmis by ingesting more cells, and consequently producing more eggs.
Conversely, under low food concentrations of Tetraselmis this relationship would not be
observed because all animals would be food limited.
4.4.4 Effect of food type and concentration on female nucleic acid content
Both individual RNA content and RNA:DNA ratio were strongly influenced by the food
environment of A. sinjiensis females. Both indices generally agreed with the patterns
observed for egg production rates; algal diets that supported low egg production rates
also resulted in low condition indices of the females. The individual RNA content and
RNA:DNA ratio were higher than the other algae in females fed abundant Tetraselmis,
indicating that the condition of these females was relatively better than those fed the
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other algae tested. However, the same could not be observed in females fed limiting
concentrations of alga, where the values of individual RNA and RNA:DNA ratio were
very variable.
The mean values of RNA:DNA ratios of 2 to 7 observed for A. sinjiensis are inside the
range reported for other Acartia species. Gorokhova (2003) observed DNA:RNA ratios
of 2 to 5 for Acartia bifilosa fed different concentrations of natural food particles in the
Baltic Sea, and Gorokhova et. al. (2007) observed a similar range of RNA:DNA ratios
(mean 2.8) for that species in a seasonal study in the same region. Bersano (2000)
observed RNA:DNA ratios of 7 (± 0.96) in females of Acartia tonsa fed 500 µg C l-1 of
Isochrysis, and 3.8 (± 0.41) for starved copepods. The ratios observed by Bersano
(2000) were slightly higher than the mean ratio observed in this experiment for starved
A. sinjiensis (2.42 ± 0.5) and for females fed abundant Isochrysis (4.54 ± 1.2). This
difference may be because Bersano (2000) analysed the nucleic acids in groups of
individuals, and used copepods collected from the wild to run his experiments. These
copepods had a high RNA:DNA ratio (11.2 ± 1.26), probably because of their previous
exposure to a higher quality and more diverse food environment than is available to
animals from cultures.
The present results corroborate evidence in the literature that different algal species
can produce different RNA:DNA ratios in Acartia species. For instance, the RNA:DNA
ratios reported for Acartia species fed the diatom Thalassiosira are usually much higher
than the values observed for A. sinjiensis in this study. Saiz et al. (1998) reported
RNA:DNA ratios of 10 to almost 30 for Paracartia grani fed different Thalassiosira
weissflogii concentrations, and Bersano (2000) recorded a mean ratio of 14.6(±2.1) for
A. tonsa fed the same alga. Similarly, Speekmann et al. (2007) reported mean
RNA:DNA ratios of 14.3(±1) for A. tonsa fed Thalassiosira sp.. These studies also
report high fecundity for Thalassiosira fed Acartia, which is an indication of the high
nutritional value of this alga for this genus of copepods. Despite the fact that the
highest RNA:DNA ratios observed for A. sinjiensis were lower than those reported for
other Acartia species fed Thalassiosira, A. sinjiensis RNA:DNA ratios were similar to
other Acartia species fed Isochrysis and under starvation. This is an indication that
different Acartia species may have comparable RNA:DNA ratios under similar food
conditions, and that the ratios observed in this study for A. sinjiensis are probably not
the maximum possible values for this species. Also, since the RNA:DNA ratio is related
to egg production, it is likely that higher ratios would be found on more optimal diets,
such as Rhodomonas and Heterocapsa, which promoted egg production rates of 33
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and 40 efd, respectively, in A. sinjiensis (McKinnon et al., 2003). Unfortunately,
experiments measuring nucleic acids in copepods are often run on individuals fed
different concentrations of only one species of alga or mixed natural food assemblages,
so the effects of different algae on the RNA:DNA ratio of females are mostly unknown.
The values of individual RNA content reported in this study (0.6-2 µg RNA ind-1) were
in the same the range reported for Paracartia grani (~0.35-1 µg RNA ind-1; Saiz et al.,
1998) and Acartia tonsa (~0.8-1.4 µg RNA ind-1; Speekmann et al., 2007), and were
higher than values reported for Acartia bifilosa (~0.1-0.4 µg RNA ind-1; Holmborn and
Gorokhova, 2008). The range of values reported for individual RNA content in Acartia
species indicates that it is highly variable and depends on the food type and
concentration. However, under similar conditions, the individual RNA content might be
similar among Acartia species. For instance, the individual RNA content in starved A.
sinjiensis was similar to starved Acartia tonsa (~0.6 µg RNA ind-1, Speekmann et al.,
2007), but was highly variable in animals fed abundant concentrations of food. Similarly
to the RNA:DNA ratio, individual RNA content of Acartia has been shown to correlate
with egg production (Saiz et al., 1998; Gorokhova, 2003; Holmborn and Gorokhova,
2008). In this study, the individual RNA content of A. sinjiensis showed similar patterns
to the RNA:DNA ratio and egg production for all the different food treatments, indicating
that it is also a good index of food condition.
Despite the high egg production of females fed Pavlova, as was the case for those fed
Tetraselmis, their condition indices were lower than those females fed Tetraselmis, and
similar to those females fed Isochrysis and Chaetoceros, which had lower egg
production rates. This difference in condition might also be related to a lower efficiency
in feeding on the smaller cells of Pavlova in comparison to Tetraselmis. Moreover, the
individual condition of the females was poor when animals were fed Chaetoceros and
Isochrysis, corroborating with the observation that these algae were of low nutritional
quality to A. sinjiensis.
In animals fed different concentrations of Tetraselmis, the condition of the females
followed a similar sigmoid function as the egg production rate (Figure 14). Gorokhova
et al. (2007) also observed a sigmoid relationship of individual RNA content of Acartia
bifilosa and Eurytemora affinis females and ambient Chlorophyll a concentration in the
Baltic sea, with a RNA content saturation level around 150 µg C l-1 (converted from 3
µg l-1 of ambient Chlorophyll a) for both species. In this study, this relationship was best
observed in the RNA:DNA ratio, where the food concentration needed to saturate the
RNA:DNA ratio (509 µg C l-1) was slightly lower than the one to saturate egg production
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(714 µg C l-1), but both were inside the range of 500-1000 µg C l-1 reported to saturate
Acartia egg production fed single algal species (Table 13). However, this relationship
was not as clear when using total individual RNA content as an index of female
condition. It has been observed that the RNA content expressed as percentage of
individual carbon content is a good index of nutritional condition of copepods in the field
(Gorokhova, 2003), and possibly a better index than total individual RNA content. This
could explain why Gorokhova et al. (2007) observed a better relationship of RNA
content with food concentration than I did in this study experiments. Nevertheless, the
present results suggest that RNA:DNA ratio is a good index for the determination of the
condition of copepods in culture, and could be used as an alternative method to egg
production estimation for the determination of optimal food concentrations.

4.5. Conclusions
This study’s results suggest that both Tetraselmis and Pavlova are more suitable algae
to be used in A. sinjiensis cultures than Isochrysis and Chaetoceros. Tetraselmis was
the best of the algae tested, promoting high egg production rates, and showing the
highest RNA:DNA ratio and individual RNA content of adult female copepods. The
second best alga, Pavlova, produced higher rates of egg production (McKinnon et al.,
2003; this study) and is known to support similar juvenile development rates as
Isochrysis (Knuckey et al., 2005). Therefore, this study supports Knuckey et al.’s
(2005) suggestion that Pavlova could be a better option than Isochrysis in a mixed
algae culture for A. sinjiensis. This study showed that egg production saturates inside
the range of 500 µg C l-1 in A. sinjiensis, as is the case for other Acartia species. In
addition, the RNA:DNA ratio of females followed the same sigmoid function of egg
production in relation to food concentration, and saturates at similar levels to egg
production. Both indices of nutritional condition (individual RNA content and RNA:DNA
ratio) of the females were very sensitive to different food types and concentrations.
These nucleic acid indices have great potential of use in aquaculture as they could
substitute the labour-intensive egg production experiments as an alternative method for
the identification of optimal food type and concentrations to maximize egg production in
copepod cultures.
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NUCLEIC ACID INDICES OF EGG
PRODUCTION IN Acartia

sinjiensis4

Abstract
Two experiments were conducted to evaluate the effects of food and temperature on
the nucleic acid content and egg production (and their relationship) of the tropical
copepod Acartia sinjiensis. Experiment 1 evaluated the effect of food quality (as
different algae species) on the relationship between nucleic acid content and egg
production. Experiment 2 the main and interaction effects of food type, food
concentration and temperature on the total, C- and N-specific egg production and
nucleic acid indices was evaluated in a factorial experimental design. Food quality,
quantity and temperature affected significantly the nucleic acid content, egg production
rate and the nucleic acid—egg production relationship of A. sinjiensis. RNA indices
were correlated with egg production in females fed Pavlova salina, Tetraselmis chuii or
Chaetoceros muelleri, but not in females fed Isochrysis aff. galbana. The slopes of the
linear regressions of RNA indices as predictors of egg production were similar in
females fed different algae species, but the intercepts of these regressions differed

4

Submitted for publication as Gusmão L.F.M., McKinnon, A.D. Nucleic acid indices of egg

production in Acartia sinjiensis. Journal of Experimental Marine Biology and Ecology.
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significantly. The DNA content of females was significantly affected by food and
temperature, suggesting that it is not a good index of cell number in this species.
Nevertheless, the RNA:DNA ratio was as good a predictor of egg production as total
RNA content. Egg production showed a weakly positive correlation with temperature.
On the other hand, total, C- and N-specific nucleic acid indices had a strong negative
correlation with temperature. In addition, temperature had a non-linear effect on the
slopes of the regression lines of RNA content and RNA:DNA ratio as predictors of egg
production — slopes were similar at 25°C and 30°C, but significantly lower at 20°C.
Furthermore, the predictability of egg production was improved when the interaction
term of total, C- and N-specific RNA content, and RNA:DNA ratio with temperature was
used instead of these nucleic acid indices alone in linear regression models. This study
suggests a limited influence of food quality on the nucleic acid—egg production
relationship and that temperature should be accounted for in models using nucleic acid
indices as predictors of egg production in A. sinjiensis.
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5.1 Introduction
Copepods are amongst the most abundant metazoans on the planet (Mauchline, 1998)
and comprise most of the mesozooplankton biomass in the oceans (Verity and
Smetacek, 1996). Because copepods are the link between microbial processes and
higher trophic levels (Kiørboe, 1997), they occupy a key position in the functioning and
biogeochemical cycling of aquatic systems. For this reason, the measurement of
copepod growth and production has always been essential for the understanding of
fluxes of carbon and nitrogen in the ocean. However, there is still no standard method
for the estimation of growth of zooplankton in situ (Poulet et al., 1995), though several
methods are employed such as the determination of moult rates of juvenile stages (e.g.
Hirst et al., 2005), by following the development of artificial cohorts (e.g. Kimmerer and
McKinnon, 1987), or measuring egg production (e.g. Runge and Roff, 2000). Despite
the known drawbacks of using egg production as an estimation of growth of copepods
(Hirst and McKinnon, 2001), this is still one of the most widely applied techniques for
the estimation of copepod production in situ (Poulet et al., 1995). However, all these
methods require incubations that can generate bottle effects that are difficult if not
impossible to detect, and time consuming sample analyses. For this reason, one of the
most active areas of research in zooplankton in the last decade has been the
investigation of the use of biochemical methods for the estimation of instantaneous
growth rates in situ. Biochemical indices eliminate the necessity for incubations in the
field and their analyses are fast and simple, characteristics that could increase the
number of growth/production estimations.
Biochemical methods for the measurement of growth include measurement of the
activity of enzymes linked to the direct synthesis of protein (e.g. Aminoacyl-tRNA
synthetases

—

Yebra

et

al.,

2004)

or

pyrimidine

bases

(e.g.

Aspartate

transcarbamylase — Biegala et al., 1999) in zooplankton homogenates, or enzymes
released in the water as a consequence of the moulting process in crustaceans (e.g.
Chitobiase — Sastri and Dower, 2006). However, the most widely studied biochemical
indices are the nucleic acid content indices, especially the RNA content and the
RNA:DNA ratio. Estimation of nucleic acid indices have several advantages over
enzymatic indices of growth. First, the measurement of nucleic acids is simpler than
most enzymatic analyses. Second, current fluorometric methods of nucleic acid
determination are very sensitive and allow measurements in single individuals,
including juvenile stages, whereas most enzymatic analyses require much higher
biomass. Last, there are a variety of techniques that can be used for the determination
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of nucleic acids, from simple procedures such as using the natural absorbance of
nucleic acids at 260 nm (Ikeda and Skjoldal, 1980), to flow cytometry (Nicklisch and
Steinberg, 2009) and the use of various fluorometric dyes such as Ethidium Bromide
(Dortch et al., 1983; Bersano, 2000; Gorokhova, 2003), Thiazole Orange (Fara et al.
1996; Saiz et al. 1998), SYBR Green (Berdalet et al. 2005b, a) and Ribogreen
(Holmborn and Gorokhova, 2008; Speekmann et al. 2006; Speekmann et al. 2007; this
study).
Nucleic acid indices have been widely used in marine ecology during the last decade
(reviewed by Chícharo and Chícharo, 2008), and the rationale for using nucleic acid
content as an index of growth is well described elsewhere (Gorokhova and Kyle, 2002;
Vrede et al., 2004; Chícharo and Chícharo, 2008). Briefly, growth is realised mainly by
the production of protein in the cell. Ribosomes synthetise proteins in the cell, and
because most cellular RNA is ribosomal RNA, then the higher the RNA concentration
in the cell, the higher the rate of protein synthesis (i.e. higher growth rates). Because
the amount of DNA in the cell is relatively constant, the amount of RNA standardized to
DNA (the RNA:DNA ratio) or to biomass (usually protein, carbon or nitrogen) is an
index of the capacity of the protein machinery of the cell. The RNA:DNA ratio and
weight-specific RNA content have been used as indices of condition and growth in
diverse groups such as phytoplankton (Dortch et al., 1983), cephalopods (Vidal et al.,
2006), scallops (Lodeiros et al., 1996), mussels (Bravo, 2003), corals (Meesters et al.,
2002; Buckley and Szmant, 2004), cladocerans (Vrede et al., 2002; Gorokhova and
Kyle, 2002), decapods (Moss, 1994), and fish (reviewed by Buckley, 1984; Buckley et
al., 1999; Buckley et al., 2008). In copepods, nucleic acid indices are correlated to
condition, juvenile growth and egg production in genera such as Acartia (Saiz et al.,
1998; Bersano, 2000; Gorokhova, 2003; Speekmann et al., 2007), Calanus (Ota and
Landry, 1984; Wagner et al., 1998,Wagner et al., 2001; Becker et al., 2005), Euchaeta
(Dagg and Littlepage, 1972), Eurytemora (Gorokhova et al., 2007; Höök et al., 2008),
Nitocra (Dahl et al., 2006), Paracalanus (Nakata et al., 1994), and in several genera of
deep sea copepods (Ikeda et al., 2007).
Though Acartia is perhaps the copepod genus for which most nucleic acid data are
available, most relate to subtropical or temperate species and few nucleic acid
measurements are available for tropical species. Acartia sinjiensis is a common tropical
calanoid copepod that inhabits mangroves, estuaries and coastal waters of western
Pacific, from China to the Northeast of Australia (Ueda and Hiromi, 1987; McKinnon
and Klumpp, 1998a). Also, most studies on the effect of food on nucleic acid content of
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copepods have focused on the relationship with food quantity (e.g. Saiz et al., 1998;
Gorokhova, 2003; Speekmann et al., 2007) rather than food quality. However, there is
evidence that food quality, not just quantity, can affect the nucleic acid content of
planktonic organisms. For example, Vrede et al. (2002) manipulated the P:C ratio of
food offered to Daphnia and observed an increase in the RNA:DNA ratio with the
increase of the P:C ratio up to a threshold. For Acartia species, different algal diets
have been shown to affect nucleic acid concentrations and ratios (Acartia tonsa:
Bersano 2000; Speekmann et al., 2006; A. sinjiensis: Chapter 4). However, there is no
information on how food quality affects the relationship between nucleic acid indices
and egg production/growth rate. In Chapter 4 I showed that the relationship of nucleic
acids and egg production with food concentration for A. sinjiensis follow the same
function. This chapter investigates the effect of food quality on the nucleic acid—egg
production relationship by offering different species of algae to A. sinjiensis females.
Furthermore, I investigate the main and interaction effects of food and temperature on
the nucleic acid indices and egg production through a factorial experiment in the
laboratory, and discuss the ability of using nucleic acid indices as predictors of egg
production/growth rate for A. sinjiensis.

5.2. Material and Methods
5.2.1 Copepod and algal cultures.
All animals used in the experiments came from a continuous culture of Acartia
sinjiensis and all microalgae from cultures maintained at the AIMS aquaculture facility
in f/2 media at 26 °C and salinity 32 under constant illumination (more details in
McKinnon et al., 2003). Details of both copepod and microalgae cultures can be found
in Chapter 4. In short, copepod cultures were maintained in 100 l glass fibre tanks
under natural illumination with gentle aeration, in a salinity of 31 and temperature
~24°C. Harvesting of animals and the complete renewal of the water of the copepod
culture occurred weekly.
5.2.2 Experiment 1 – The effect of food type on the nucleic acid indices of egg
production rate.
The objective of this experiment was to investigate the effect of food quality on the
relationship between nucleic acid content and egg production rate in Acartia sinjiensis
when fed one of four different algae species: Tetraselmis chuii, Pavlova salina,
Chaetoceros muelleri and Isochrysis galbana. All animals used in this analysis
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originated from cultures maintained at a non-limiting food concentration (>1000 µgC L1

). A detailed description of the experimental procedure can be found in Chapter 4.

Briefly, all incubations from this experiment were done in a plankton ‘‘Ferris’’ wheel
(Omori and Ikeda, 1984) at 0.5 rpm at 24 °C and 12 h:12 h light:dark photoperiod.
Several males and females were harvested from the main culture and acclimated for
24h to each of the algal species dilutions (sufficient time for the food conditions to be
incorporated into egg production – Tester and Turner, 1990). After acclimation, pairs of
females and males from each treatment were transferred to 150 ml flasks with fresh
media and the same algal species concentration. After ~24–36h, the content of each
flask was filtered through a 150 µm mesh concentrator to separate adult copepods
from eggs and nauplii. Adult females were first checked for condition, then
anaesthetised with MS222, the prosome drawn with a Camera Lucida, and the animals
placed individually in a cryovial, immediately frozen in liquid nitrogen and transferred to
a -80°C freezer until analysis. Eggs and nauplii were preserved in formalin for later
counting.
At low food concentration females failed to produce eggs when fed Chaetoceros or
Isochrysis (Chapter 4), so only those fed high (>1000µg C L-1) concentrations of the
four algae species were included in the analysis. Females that did not produce eggs at
high food concentrations were assumed to have not been fertilized, and were not
considered in the analysis.
5.2.3 Experiment 2 – The interaction of food and temperature on nucleic acid
content and egg production rate.
The objective of this experiment was to investigate the effect of temperature and food
on the egg production rate and nucleic acid content of Acartia sinjiensis. To achieve
this, I used a factorial experimental design with 3 factors: (i) temperature (3 levels – 20,
25 and 30°C); (ii) food type (two levels – Tetraselmis and Pavlova), and (iii) food
concentration (two levels, based on the results from chapter 4 – 150 µgC L-1 [limiting
food condition] and 1500 µgC L-1 [non-limiting food condition]). This was an
independent experiment (hereafter, Experiment 2) run in sequence to Experiment 1
(chapter 4). Pavlova and Tetraselmis were the two “best algae” from experiment 1, and
were chosen for experiment 2 because females feeding on them showed: (i) high egg
production rates at high food concentrations; (ii) were able to produce eggs under foodlimited conditions; and (iii) had higher nucleic acid content than females fed
Chaetoceros and Isochrysis (see Chapter 4).
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The addition of the temperature effect to the experimental design precluded us from
using the plankton wheel in this experiment, as the different levels of temperature were
to be evaluated simultaneously, so incubators were used instead. Also, due to the
limitation of space in the incubators and to the high number of replicates, animals were
incubated in six well plates instead of flasks. Both Pavlova and Tetraselmis are motile
cells, which did not require mixing, and no algae were observed settling in the bottom
of the wells during the experiment.
Algae was collected from the main culture and counted using a haemocytometer to
determine the concentration of cells, which was then converted to carbon using the cell
carbon content from McKinnon et al., (2003). The algal suspensions used in the
experiment were prepared by diluting the algae from the main culture with filtered
seawater to the experimental concentrations of 150 or 1500µgC L-1.
Copepods were collected from the main culture using a 150µm mesh concentrator that
selected adults and late copepodites, which were then equally distributed in a series of
beakers containing fresh food suspensions at the experimental concentrations. Males
were left in each beaker to guarantee fertilization of the females during the acclimation
period. The beakers were then transferred to incubators set to the test temperatures
and under constant illumination (~10 µE m-2 sec-1). Animals were left to acclimate to
each experimental condition for at least 24 hours, sufficient time for the new food
conditions to be incorporated into egg production (Tester and Turner, 1990). This
acclimation time was enough for the temperature in the beakers to shift slowly from the
main culture temperature (~24°C) to each one of the test temperatures (20, 25 and
30°C).
After the acclimation period, fresh suspensions of each algal species at each
concentration were prepared using filtered seawater at the temperature of the tests.
The contents of each acclimation beaker was gently concentrated with a 37µm mesh,
and animals were selected with a pipette and transferred to a Petri dish. The Petri dish
was then rapidly scanned under a stereo microscope and active females were
individually picked and transferred to each one of the large wells of a 6 well plate filled
with the experimental diet. The whole process of selecting the females and transferring
them to the plates was done in 5-10 minutes, after which they were immediately
transferred to the incubators and the time for each plate recorded. A total of 2-3 plates
(12 to 18 females) were prepared for each experimental treatment.
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The incubations lasted for ~24 h, at the end which each plate was scanned under a
stereo microscope and the condition of the females checked. Actively swimming
females were removed from the plate well using a pipette, placed in a small Petri dish,
anesthetised with MS222 and transferred individually to cryovials, which were then
immediately frozen in liquid nitrogen. Moribund and dead animals were discarded.
Eggs from each one of the wells were then counted. All deep frozen cryovials were
transferred to -80°C freezer until nucleic acid analysis.
5.2.3 Carbon and Nitrogen content of Females
The evaluation of the C and N content of females was done in parallel to experiment 2.
Females remaining in the large beakers after the acclimation period were selected and
incubated in additional 6 well plates filled with the same algal species and
concentrations as in Experiment 2, at both 20° and 30°C. Only the two extreme
temperatures were used because individual C and N content of females was not
affected by temperature (t-test, p>0.05 for both). Females from 20° and 30°C were
pooled for each food type and concentration for C and N analysis. At the end of the
incubation period, live and active females were anaesthetised with MS222 and placed
in a small piece of cleaned 37µm mesh in groups of 4-5 individuals. Females were then
carefully rinsed with filtered seawater and then rapidly rinsed with distilled water to
remove any salt. The mesh was carefully placed inside a cryovial and frozen at -80°C.
Prior to the C and N analysis, animals were dried for more than 24 h at 60°C. Animals
were then carefully removed from the mesh and placed inside clean ceramic containers
for analysis. Total copepod organic C and N were analysed by high temperature
combustion using a SHIMADZU TOC-V Total Organic Carbon Analyser coupled with a
SHIMADZU SSM-5000A Solid Sample Module and a SHIMADZU TNM-1 Total
Nitrogen measuring unit.
5.2.4 Nucleic acid quantification
The procedure for the quantification of nucleic acids from individual copepods is
described in Chapter 4. The analysis of nucleic acids of females from both experiments
was done at the same time and with the same batch of standards, dye and other
reagents. Briefly, RNA and DNA were analysed using the Ribogreen high range assay
with RNase digestion with a modified method of Gorokhova and Kyle (2002).
Copepods were homogenized with a sonic probe in cold extraction buffer (1% Nlaurylsarcosine in Tris-EDTA buffer) and vortexed for 1h. The homogenate was diluted
with TE buffer, and the analysis was conducted on 75µl aliquots of this homogenate.
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Samples, standards and controls were added in equal numbers to each half of a black
96 well plate. RNase was then added to half of the plate and the whole plate incubated
for 30 minutes before the addition of Ribogreen to each well. The fluorescence of
Ribogreen was measured in a BioTek Synergy HT microplate reader, and the DNA
content was calculated from the difference in fluorescence between the RNAse-treated
and untreated wells. In addition, the range of concentrations of DNA in random
samples was checked using the DNA specific fluorophore Picogreen instead of the
non—specific Ribogreen.
The standard curves for RNA and DNA from all analyses were linear with a coefficient
of determination always higher than 0.98 for both nucleic acids (Figure 15). The mean
ratio of the slopes of the standard curves (slope of DNA standard curve/slope of RNA
standard curve) was 1.85±0.09 (± standard deviation), a value within the range
reported for similar protocols (e.g. 1.65, Höök et al., 2008) and for protocols using
different fluorophores (1.5—4.6, Caldarone et al., 2006). The ratio of the slopes of the
standard curves is important for the comparison of RNA:DNA values from different
analytical methods (Berdalet et al. 2005b; Caldarone et al. 2006). The coefficient of
variation calculated from all analyses of blanks, RNA and DNA slopes and the ratio of
the slopes of the standard curves were 11.6, 12.5, 12.6 and 4.8 % respectively. DNA
values measured with Picogreen were in the same range of those measured with
Ribogreen, confirming the efficiency of the protocol used in this study. However,
Picogreen estimated DNA values were ~20% higher than those measured with
Ribogreen, an expected difference as I used a high range assay (for a thorough
comparison of both dyes, see Gorokhova and Kyle, 2002).
5.2.5 Calculations, data processing and statistical analysis
5.2.5.1 Carbon and nitrogen specific indices
C- and N-specific egg production and nucleic acid content were calculated using the
median individual values of C and N content of females fed Tetraselmis and Pavlova at
2 food concentrations (150 and 1500 µg C L-1) (Table 16). Egg C content was
calculated using the relationship for broadcasters in Bunker and Hirst (2004), and N
content calculated assuming that the C:N ratio in eggs is the same as in adults of
Acartia (Jones et al. 2002). C- and N-specific growth rates were calculated as

SEP = efd ×

egg W
femaleW

(8)

120

CHAPTER 5

where SEP is the C- or N-specific egg production, efd is the number of eggs produced
per female per day, and eggW and femaleW are the individual C or N content of egg and
female respectively.
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Figure 15 — Examples of standard curves for each nucleic acid: A) RNA; B) DNA
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The C- and N-specific nucleic acid content was calculated by dividing the total
individual RNA or DNA content (µg Ind-1) by the median total individual C or N content.
5.2.5.2 Statistical analyses
The comparison of C or N individual content of females fed Pavlova or Tetraselmis at
150 or 1500 µg C L-1 was made with Mann–Whitney U pair wise test. Unless otherwise
specified, the level of significance was set to 0.05.
For both experiments, the strength of the relationship between the variables measured
was tested using two indices of correlation: the non-parametric Kendall's τ and the
parametric Pearson r product moment correlation. Linear regressions fitted by the
least-squares method were used to see the how the different nucleic acid indices
perform as predictors of egg production in A. sinjiensis. The comparison of slopes of
significant linear regressions was made using analysis of covariance (ANCOVA). If the
slopes were shown to be equal, the equality of the intercepts was also tested using
ANCOVA. If more than two regressions were analysed conjointly, an unequal N HSD
post hoc test was conducted afterwards.
The effects of temperature and food on the egg production and nucleic acid indices of
A. sinjiensis females were analysed in a full factorial ANOVA with temperature, food
type and concentrations as fixed factors (see factor levels in Experiment 2 description).
Type VI sum of squares was used due to the unbalanced design. The homogeneity of
variance of the residues was checked using Levene's test and by analysing the
residual plot. Normality of the residues was checked analysing the quantile plots and
by the Shapiro-Wilk and D’Agostino tests. In most analyses the residues were not
normal and/or heteroscedastic, so data were ln(x+1) transformed and tested again for
normality and homogeneity of variances. In most cases, the transformation of the data
was enough to bring the residues close to normality. However, homogeneity of
variance tests indicated that data was still heteroscedastic after transformation, despite
an improvement in most cases. If data was still heteroscedastic, the ANOVA was
performed anyway, but with a more conservative value of P to reduce the risk of Type I
error (p=0.01; Underwood, 1997). If significant differences were observed, an unequal
N HSD post hoc test was used to identify which treatments differed. Statistica 7, SPSS
17 and Past 1.92 were used for all statistical analyses.
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5.3.Results
5.3.1 Experiment 1 — The effect of food quality on the relationship of egg
production and nucleic acid content
Egg production was correlated with at least 2 of the 3 nucleic acid indices (individual
RNA and DNA content and RNA:DNA ratio) in females fed all algal species except for
Isochrysis (Table 14). Individual RNA content was strongly correlated with RNA:DNA
ratio in all algae, but weakly or uncorrelated with DNA content. The prosome size was
not correlated with egg production or with the nucleic acid content of females fed all
four algae species. The only exception was the females fed Tetraselmis, which showed
weak correlations (Kendall's τ p<0.05, and Pearson r not significant — all correlations)
of the prosome volume with RNA and RNA:DNA ratio, and the prosome length with egg
production.
Significant linear regressions were observed between all three nucleic acid indices and
egg production in females fed non-limiting Tetraselmis concentrations, but all nucleic
acid indices failed to predict egg production in females fed abundant Isochrysis (Figure
16). Most nucleic acid indices were good predictors of egg production for the other two
algae tested, except for the individual DNA content of Pavlova fed females and
RNA:DNA ratio for those feeding on Chaetoceros only.
The slopes of the regressions in Figure 16 were not significantly different when
comparing the same nucleic acid index as a predictor of egg production between
females fed different algae species (Table 15). The slope for the pooled data from all
significant relationships was 3.56 for RNA:DNA, 12.22 for RNA Ind-1, and 133.69 for
DNA Ind-1. However, the intercepts of most of these regression lines were significantly
different. The only exceptions were the regressions of egg production against individual
RNA content in females fed Pavlova and Chaetoceros, in which the intercepts were not
significantly different (Unequal N HSD Post Hoc Tests, p=0.97), but the intercept of
these two lines were significantly different from Tetraselmis (p<0.001, for both
comparisons).
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Table 14 — Acartia sinjiensis. Correlation of Egg production rate, prosome size and
nucleic acid content of females from Experiment 1 (see text for details). Two correlation
coefficients are presented: the Kendall's τ (bottom left) and the Pearson r product
moment correlation (top right). The units of each variable are in the left column. N=
number of cases. Significant correlations are highlighted in bold at the following levels:
* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.
Tetraselmis chuii
Eggs day-1 Length
N=19
-1
Eggs day
0.40
Length (µm)
0.35*
3
Volume (µm ) 0.22
0.64***
-1
RNA (µg Ind ) 0.49**
0.30
-1

DNA (µg Ind )
RNA:DNA

0.31
0.44**

0.03
0.30

Volume

RNA Ind-1 DNA Ind-1 RNA:DNA

0.10
0.75***

0.66**
0.38

0.48*
0.08

0.52*
0.38

0.33

-0.17

0.44

0.43

0.91****

0.33*
-0.05
0.40*

0.36*
0.74****

0.03

Volume

RNA Ind

DNA Ind

RNA:DNA

-0.19
0.92****

0.69****
0.04

0.23
0.10

0.66****
-0.04

-0.09

0.06

-0.17

0.49**

0.85****
-0.03

0.10

Pavlova salina
N=30
-1
Eggs day
Length (µm)
3
Volume (µm )
-1

RNA (µg Ind )
-1

DNA (µg Ind )
RNA:DNA

-1

Eggs day Length
-0.09
0.01
-0.10
0.50****
0.20
0.44****

-1

-1

0.77****
0.06

-0.07

0.09
0.02

0.01
-0.08

0.30*
0.66****

Volume

RNA Ind

DNA Ind

RNA:DNA

-0.27
0.84****

-0.30
0.27

-0.04
0.03

-0.27
0.24

0.09

-0.04

0.11

0.46*

0.66****
-0.35

Isochrysis galbana
-1
Eggs day Length
N=23
-1
Eggs day
-0.20
Length (µm)
-0.08
3
Volume (µm ) -0.16
0.61****

-0.04

-1

-1

-1

-0.20

0.24

0.00

-1

-0.02
-0.14

0.03
0.24

-0.03
0.03

0.33*
0.60****

Volume

RNA Ind

DNA Ind

RNA:DNA

-0.25
0.80***

0.65*
0.30

0.74**
0.30

0.39
0.17

0.22

-0.01

0.22

0.57*

0.90****

RNA (µg Ind )
DNA (µg Ind )
RNA:DNA

Chaetoceros muelleri
-1
Eggs day Length
N=13
-1
Eggs day
-0.17
Length (µm)
-0.10
3
Volume (µm ) 0.00
0.64**
-1

RNA (µg Ind )
-1

DNA (µg Ind )
RNA:DNA

0.44*

0.26

0.26

0.56**
0.28

0.23
0.21

0.13
0.15

-0.07

-1

0.41
0.79***

-1

0.16
0.21

-1

Eggs Day

-1

Eggs Day

-1

2.5

DNA Ind

-1

0
0.15

0
0.15
0.40

5

5

0.35

10

10

0.30

15

0.25

20

25

30

15

0.20

Tetraselmis chuii
efd = -17 + 131.5 DNA Ind-1
2
r = 0.23, p<0.05

35

0.5

2

6
RNA:DNA

0.20

DNA Ind

0.25

-1

0.30

1.5
2.0
RNA Ind-1

Pavlova salina

1.0

Pavlova salina
-1
efd = -10.4 + 12.5 RNA Ind
r2 = 0.48, p<0.001

4

Pavlova salina
efd = -12.4 + 4 RNA:DNA
2
r = 0.43, p<0.001

20

25

30

35

0

0
3.0

5

5

1.5
2.0
RNA Ind-1

10

10

1.0

15

0.5

20

25

30

15

x

Tetraselmis chuii
-1
efd = -3.45 + 12.13 RNA Ind
r2= 0.43, p<0.01

35

20

25

30

35

0

0
10

5

5

8

10

10

6
RNA:DNA

15

15

4

20

20

2

25

30

35

25

30

Tetraselmis chuii
efd = -0.8 + 2.95 RNA:DNA
2
r = 0.27, p<0.05

2.5

0.35

8

0.40

3.0

10

6
RNA:DNA

1.0

1.5
2.0
RNA Ind-1

Chaetoceros muelleri
-1
efd = -7.3 + 11.8 RNAInd
2
r = 0.42, p<0.05

4

Chaetoceros muelleri

0.20

-1

0.30
DNA Ind

0.25

Chaetoceros muelleri
-1
efd = -29.9 + 134.9 DNA Ind
r2 = 0.55, p<0.001

0.5

2

0
0.15

5
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0

5
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20

25
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35

0

5
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2.5

0.35

8
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3.0
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2

0
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0

5
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0

5

10

15

20
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35

0.20

1.0

4

2.5

DNA Ind

-1

0.30

0.35

Isochrysis galbana

1.5
2.0
RNA Ind-1

0.25

8

Isochrysis galbana

6
RNA:DNA

Isochrysis galbana

0.40

3.0

10

significant correlations are shown.

>1000 µg C L-1 of four algae species. Efd = eggs female-1 day-1. Data are from Experiment 1 (see text for details); only

Figure 16 — Acartia sinjiensis. Linear regressions between egg production rate and nucleic acid indices of females fed
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Table 15 — Acartia sinjiensis. Comparison of slopes and intercepts of significant linear
regressions between egg production and three nucleic acid indices (RNA:DNA, RNA
Ind-1, DNA Ind-1) for females fed non limiting concentrations of different algae species
(T: Tetraselmis; P: Pavlova; C: Chaetoceros). Results from the ANCOVA analysis of
the significant regressions from Experiment 1 (see text for details) presented in Figure
16.

df

MS

F

RNA:DNA (T & P)
Slope
error
Intercept
error

p

1
45
1
46

17.47
31.01
212.71
30.71

0.56 0.46

RNA Ind-1 (T, P & C)
Slope
error
Intercept
error

2
56
2
58

0.34
28.38
210.81
27.41

0.01 0.99

DNA Ind-1 (T & C)
Slope
error
Intercept
error

1
28
1
29

0.08
34.39
1073.06
33.20

0.002 0.96

6.93 <0.05

7.69 <0.01

32.32 <0.0001
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5.3.3 Experiment 2 — The effect of food and temperature on egg production and
nucleic acid content
5.3.3.1 Carbon and Nitrogen Content of Females
Females fed low food concentrations had significantly lower C and N content in
comparison to females fed ad libitum (Table 16). Females fed high and low Tetraselmis
concentrations had similar C (Mann-Whitney U=2, p=0.16) and N (Mann-Whitney U=3,
p=0.29) contents. On the other hand, females fed Pavlova had higher individual C
(Mann-Whitney U=0, p<0.01) and N (Mann-Whitney U=4, p<0.05) content when fed
high than when fed low food concentrations. The C:N ratio was not significantly
different in females fed high and low concentrations of Pavlova (Mann-Whitney U=13,
p=0.21) or Tetraselmis (Mann-Whitney U=5, p=0.72). There was no significant
difference in the C, N and C:N ratio when comparing females fed both species of algae
at the same concentration (Mann-Whitney, p>0.05 all comparisons). When pooling the
data from both algae species for the same food level, a significant difference in C
(Mann-Whitney U=8, p<0.01) and N (Mann-Whitney U=14, p<0.01) content was
observed, but not in the C:N ratio (Mann-Whitney U=41, p=0.36).
5.3.3.2 The effect of temperature and food type and availability on egg production and
nucleic acid content
Both temperature and food treatments tested had a strong effect on egg production
and nucleic acid content of females (Figure 17 and Figure 18). Results of the factorial
ANOVA showed that food concentration and temperature had a significant effect on the
“total” indices of egg production, individual DNA and RNA content and RNA:DNA ratio
of females (Table 17 and Figure 17). Egg production rates were higher in females fed
high concentrations of both algae (Unequal N HSD; p<0.001). Females maintained at
20°C produced significantly fewer eggs than those maintained at 25 and 30°C (p<0.01
for both), but those kept at the two latter temperatures showed no significant difference
(p=0.97). Pavlova fed females produced more eggs than those fed Tetraselmis at low
food concentrations (p<0.001), but no significant difference was observed at high food
concentrations (p=0.91).
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Table 16 - Acartia sinjiensis. Carbon and Nitrogen content of females fed 150 and
1500µg C L-1 of Pavlova (Pav) or Tetraselmis (Tetra). The Total columns are the
pooled values from both algae under the same food concentration.

N

Pav 150
5

Min
Max
Std. error
Std. dev
Mean
Median

1.43
1.66
0.04
0.09
1.54
1.53

Min
Max
Std. error
Std. dev
Mean
Median

0.30
0.36
0.01
0.02
0.33
0.33

Min
Max
Std. error
Std. dev
Mean
Median

4.35
5.00
0.13
0.28
4.69
4.65

Pav 1500
9

Tetra 150
Tetra 1500
4
3
-1
Carbon (µg C Ind )
1.66
1.20
1.40
3.02
1.68
2.00
0.15
0.12
0.20
0.45
0.25
0.34
2.23
1.41
1.79
2.22
1.38
1.97
-1
Nitrogen (µg N Ind )
0.31
0.22
0.29
0.58
0.35
0.42
0.03
0.03
0.04
0.10
0.05
0.07
0.46
0.29
0.35
0.44
0.29
0.34
Carbon/Nitrogen (weight/weight)
3.87
4.34
4.72
5.58
5.37
5.87
0.16
0.23
0.36
0.49
0.45
0.63
4.88
4.93
5.15
5.03
5.01
4.86

Total 150
9

Total 1500
12

1.20
1.68
0.06
0.18
1.48
1.53

1.40
3.02
0.13
0.45
2.12
2.05

0.22
0.36
0.01
0.04
0.31
0.32

0.29
0.58
0.03
0.10
0.43
0.43

4.34
5.37
0.12
0.37
4.80
4.84

3.87
5.87
0.15
0.51
4.95
4.98
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Temperature (°C)
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20
10
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-1

0
2.0
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1.0
0.5

µg DNA Ind

-1

0
0.7
0.6
0.5
0.4

RNA:DNA

0.3
4.0
3.0
2.0
1.0
0
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1500

150
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150

1500

Food Concentration (µg C L-1 )

Figure 17 - Acartia sinjiensis. The effect of temperature, food concentration and food
type (algae species) on the total egg production (eggs day-1), individual nucleic acids
content (µg RNA ind-1 and µg DNA ind-1) and RNA:DNA ratio from Experiment 2.
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Temperature (°C)
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CspEgg day -1
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0.4
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0.3
0.2
0.1

µg RNA ugC -1

0
1.0
0.8
0.6
0.4
0.2

µg DNA ugC -1

0
0.4

0.3

0.2

NspEgg day -1

0.1
0.6
0.5
0.4
0.3
0.2
0.1

µg RNA ugN -1

0
5
4
3
2
1

µg DNA ugN -1

0
2.0

1.5

1.0

0.5
150

1500

150
1500
Food Concentration (µg C L-1 )

150

1500

Figure 18 - Acartia sinjiensis. The effect of temperature, food concentration and food
type (algae species) on the carbon (CspEgg) and nitrogen (NspEgg) specific egg
production rates (day-1), individual nucleic acids content (µg RNA or µg DNA per µg C
or µg N) from Experiment 2.

df
Algae
1
Conc
1
Temp
2
Algae*Conc
1
Algae*Temp
2
Conc*Temp
2
Algae*Conc*Temp 2
Error
100

Variable
Levene's test

ln((Eggs Day-1 )+1)
ns
MS
F
p
4.77 20.92 <0.0001
62.30 273.30 <0.0001
1.50
6.58 <0.01
2.45 10.74 <0.01
0.29
1.29 0.28
0.22
0.95 0.39
0.16
0.72 0.49
0.23

ln((µgRNA ind-1 )+1)
<0.05
MS
F
p
0.02
1.23 0.27
1.46
100.00 <0.0001
0.33
22.41 <0.0001
0.01
0.46 0.50
0.02
1.16 0.32
0.06
4.44 0.01
0.15
10.07 <0.001
0.01

ln((µgDNA ind-1)+1)
<0.05
MS
F
p
0.0290 28.54 <0.0001
0.0120 11.80 <0.001
0.0092
9.02 <0.001
0.0013
1.25 0.27
0.0010
0.99 0.37
0.0003
0.31 0.74
0.0006
0.63 0.54
0.0010

RNA:DNA
<0.05
MS
F
p
2.06
9.96 <0.01
16.05 77.71 <0.0001
2.57 12.46 <0.0001
0.08
0.38 0.54
0.15
0.74 0.48
1.36
6.59 <0.01
2.31 11.17 <0.0001
0.21

bold. If Levene's test was not significant, the level of significance was p<0.05, otherwise p<0.01 (see text for explanation).

the variables and the significance of Levene's test (12 treatments, 100 d.f.) are indicated in the heading. Significant effects are highlighted in

production (eggs day-1), total individual RNA and DNA content (µg ind-1) and RNA:DNA ratio in females from Experiment 2. Transformation of

Table 17 - Acartia sinjiensis. Factorial ANOVAs of the effect of food type (Algae), food concentration (Conc) and temperature (Temp) on the egg
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Total Individual RNA content was higher in females fed high food concentrations in
comparison to those fed low food concentrations (p<0.001). Temperature showed a
significant effect on total RNA content of females, with usually higher values in females
maintained at lower temperatures for both algae at both food concentrations (p<0.01
for all). The only exception was in females fed Tetraselmis, which showed a slight
increase from 25°C to 30°C at the high food concentration.
Total DNA content was higher in females fed Pavlova than in those fed Tetraselmis
(p<0.001), and at high food concentrations than at low food concentrations (p<0.01).
Temperature also affected the total DNA content of females, with lower values in those
kept at 30°C in comparison to lower temperatures (p<0.01 for all comparisons).
The RNA:DNA ratio of females showed a complex response with the interaction of
different food and temperature levels. In females fed Pavlova, RNA:DNA ratio was
higher at higher food concentrations (p<0.001) and higher at 20°C than in higher
temperatures (p<0.05, all comparisons). In those fed only Tetraselmis, the difference in
RNA:DNA ratio due to food concentration was more evident at 30°C (p<0.001) than at
lower temperatures. For each food concentration at each temperature level, there was
no significant different in the RNA:DA ratio of females fed either algae, except in those
fed 1500µg C L-1 of food at 30°C, for which females fed Tetraselmis had higher
RNA:DNA ratio than those fed Pavlova (p<0.01).
Since the C:N ratio of females fed either alga in different concentrations did not change
during the experiment (see above), both the C- and N-specific egg production and
nucleic acid indices showed a very similar response (Table 18, Table 19 and Figure
18). As was the case for the “total” indices, temperature and food concentration
showed a very significant effect on both C- and N-specific egg production rates: higher
values in high food concentrations (p<0.001), and significantly lower values at 20°C
than at 25°C and 30°C (p<0.01 for all comparisons) but no difference was observed
between the two warmer temperatures (p>0.05 for both comparisons).

df
Algae
1
Conc
1
Temp
2
Algae*Conc
1
Algae*Temp
2
Conc*Temp
2
Algae*Conc*Temp 2
Error
100

Variable
Levene's test

ln(CspEgg+1)
<0.05
MS
F
p
0.0195
4.63 0.03
0.6518 154.89 <0.0001
0.0320
7.62 <0.001
0.0086
2.05 0.16
0.0029
0.69 0.50
0.0131
3.11 0.05
0.0004
0.10 0.91
0.0042

ln((µgRNA µgC-1)+1)
ns
MS
F
p
0.0663
9.56 <0.01
0.0891 12.84 <0.001
0.1687 24.30 <0.0001
0.0047
0.67 0.41
0.0111
1.60 0.21
0.0490
7.06 <0.01
0.0734 10.57 <0.0001
0.0069

ln((µgDNA µgC-1)+1)
<0.05
MS
F
p
0.0000
0.04 0.84
0.1050 232.10 <0.0001
0.0038
8.50 <0.001
0.0012
2.62 0.11
0.0005
1.11 0.33
0.0000
0.05 0.95
0.0004
0.91 0.41
0.0005

not significant, the level of significance was p<0.05, otherwise p<0.01 (see text for explanation).

treatments, 100 d.f.) are indicated in the heading. Significant effects are highlighted in bold. If Levene's test was

) in females from Experiment 2. Transformation of the variables and the significance of Levene's test (12

1

temperature (Temp) on the Carbon specific egg production (CspEgg – day-1) and RNA and DNA content (µg µg C-

Table 18 - Acartia sinjiensis. Factorial ANOVAs of the effect of food type (Algae), food concentration (Conc) and
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df
Algae
1
Conc
1
Temp
2
Algae*Conc
1
Algae*Temp
2
Conc*Temp
2
Algae*Conc*Temp 2
Error
100

Variable
Levene's test

ln(NspEgg+1)
<0.05
MS
F
p
0.00322
0.66 0.42
0.80839 166.22 <0.0001
0.03561
7.32 <0.01
0.03295
6.78 0.01
0.00196
0.40 0.67
0.01541
3.17 0.05
0.00087
0.18 0.84
0.00486

ln((µgRNA µgN-1)+1)
<0.05
MS
F
p
0.73
18.60 <0.0001
1.56
39.81 <0.0001
1.03
26.17 <0.0001
0.17
4.37 0.04
0.05
1.38 0.26
0.29
7.31 <0.01
0.45
11.60 <0.0001
0.04

ln((µgDNA µgN-1)+1)
<0.05
MS
F
p
0.066 19.32 <0.0001
0.213 62.42 <0.0001
0.030
8.71 <0.001
0.065 18.99 <0.0001
0.004
1.03 0.36
0.001
0.16 0.85
0.002
0.72 0.49
0.003

not significant, the level of significance was p<0.05, otherwise p<0.01 (see text for explanation).

treatments, 100 d.f.) are indicated in the heading. Significant effects are highlighted in bold. If Levene's test was

) in females from Experiment 2. Transformation of the variables and the significance of Levene's test (12

1

temperature (Temp) on the Nitrogen specific egg production (NspEgg – day-1) and RNA and DNA content (µg µg N-

Table 19 - Acartia sinjiensis. Factorial ANOVAs of the effect of food type (Algae), food concentration (Conc) and
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C- and N-specific RNA content showed a more complex response to the experimental
treatments than the C- and N-specific egg production and DNA indices (Table 18,
Table 19 and Figure 18). Both C- and N-specific RNA content showed the same
responses to the treatments, and both indices were also significantly affected by algal
type and the interaction of food concentration and temperature, effects that were not
observed in the total individual RNA content (Table 6). C- and N-specific RNA content
were higher at high food concentrations (p<0.001 for all comparisons) and lower in
higher temperatures (p<0.01 for all C- and most N-specific RNA content comparisons;
except N specific RNA content at 20°C and 25°C: not significant, p=0.03 [α = 0.01]).
When taking food levels into account, Tetraselmis C- and N-specific RNA content were
not significantly different than Pavlova at 20°C and 25°C (all p>0.05), but were higher
than Pavlova at 1500 µg C L-1 and 30°C (p<0.05 [α = 0.05] and p<0.001 [α = 0.01], C
and N respectively).
The C-specific DNA content was significantly affected by food concentration and
temperature, being lower in high than in low food concentrations (p<0.001), slightly
higher at 25°C (p<0.01) and significantly higher at 20 than in 30°C (p<0.001). Nspecific DNA content showed a strong response to food type and an interaction of food
type and concentration, effects that were not observed in the C-specific DNA content
indices (Table 18 and Table 19). Pavlova fed females had a lower N-specific DNA
content than for those fed Tetraselmis (p<0.001). Furthermore, Pavlova fed females
showed a significant (p<0.001) decrease of N-specific DNA content from high to low
food levels, which was less obvious in females fed only Tetraselmis (p= 0.04; α = 0.01).
5.3.3.3 Correlation of variables and linear regressions of nucleic acid indices and egg
production
Both food concentration and temperature were strongly correlated with egg production
and nucleic acid indices in females fed Tetraselmis or Pavlova (Table 20). Food
quantity had a stronger effect in the egg production than temperature in females fed
either alga. The RNA:DNA ratio and the total, C- and N-specific indices of egg
production and RNA content showed a strong positive correlation with food
concentration in females fed both algae. On the other hand, while total DNA content
showed a weak positive (Tetraselmis) or no correlation (Pavlova) with food
concentration, C- and N-specific DNA content showed a negative correlation with food
concentration in females fed either alga.

Conc

Carbon
Conc
Temp
ln(CspEgg+1)
ln(RNA C+1)
ln(DNA C+1)
RNA:DNA

Nitrogen
Conc
Temp
ln(NspEgg+1)
ln(RNA N+1)
ln(DNA N+1)
RNA:DNA

Temp
0.04

0.17
0.49****

ln((DNA Ind-1)+1)
RNA:DNA

0.04
0.61****
0.30**
-0.66****
0.49****

Conc

0.04
0.61****
0.21*
-0.71****
0.49****

-0.28**
-0.25**

0.48****

0.25**
-0.36***
-0.19*
-0.25**

Temp
0.04

0.25**
-0.36***
-0.18
-0.25**

-0.29**

0.23*

ln((RNA Ind-1)+1)

Temp
0.04

0.04
0.65****

Conc

Conc
Temp
ln((Eggs day-1 )+1)

Total

0.28**
-0.49****
0.43****

NspEgg
0.7****
0.33*

0.25**
-0.50****
0.43****

CspEgg
0.69****
0.33*

0.03
0.44****

0.41****

-0.08
0.77****

RNA N
0.32*
-0.45***
0.41**

-0.04
0.70****

RNA C
0.22
-0.46***
0.34*

0.24**
0.86****

0.58****

-0.32***

DNA N
-0.79****
-0.26
-0.65****
-0.06

-0.34***

DNA C
-0.87****
-0.22
-0.68****
-0.02

0.10

0.39**

0.04

RNA:DNA
0.6****
-0.3*
0.65****
0.9****
-0.45***

RNA:DNA
0.6****
-0.3*
0.65****
0.86****
-0.5***

0.16

0.97****

0.62****

Pavlova
Eggs day-1 RNA Ind-1 DNA Ind-1 RNA:DNA
0.22
0.77****
0.6****
0.6****
0.31*
-0.36**
-0.35**
-0.3*

the following levels: * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.

0.02
0.70****
0.39****
-0.26**
0.47****

Conc

0.02
0.70****
0.23**
-0.62****
0.47****

Conc

0.24**
0.47****

0.51****

0.02
0.70****

Conc

0.13
-0.34***
-0.27**
-0.26**

Temp
0.02

0.13
-0.38****
-0.19*
-0.26**

Temp
0.02

-0.24**
-0.26**

0.13
-0.29**

Temp
0.02

0.31***
-0.13
0.35***

NspEgg
0.82****
0.15

0.20*
-0.38****
0.35***

CspEgg
0.81****
0.16

0.22*
0.35***

0.38****

0.06
0.82****

RNA N
0.5****
-0.46***
0.52****

-0.03
0.74****

RNA C
0.31*
-0.50****
0.37**

0.28**
0.84****

0.6****

-0.12

DNA N
-0.3*
-0.33*
-0.25
0.06

-0.29**

DNA C
-0.76****
-0.23
-0.61****
-0.08

0.13

0.4**

0.35**

RNA:DNA
0.57****
-0.29*
0.61****
0.95****
-0.18

RNA:DNA
0.57****
-0.29*
0.60****
0.92****
-0.44***

0.18

0.97****

0.57****

Tetraselmis
Eggs day-1 RNA Ind-1 DNA Ind-1 RNA:DNA
0.89****
0.62****
0.35**
0.57****
0.10
-0.39**
-0.31*
-0.29*

(bottom left) and the Pearson r product moment correlation (top right). Significant correlations are highlighted in bold at

correlation calculation are shown only in the leftmost column. Two correlation coefficients are presented: the Kendall's τ

(µg RNA µgN-1), DNA C (µg DNA µgC-1) and DNA N (µg DNA µgN-1). The transformations of the variables before the

CspEgg and NspEgg (Carbon and Nitrogen specific egg production respectively, day-1), RNA C (µg RNA µgC-1), RNA N

are Eggs day-1, RNA Ind-1 (µg RNA Ind-1) and DNA Ind-1 (µg DNA Ind-1). Carbon and Nitrogen specific indices are

and nucleic acid indices in females fed Pavlova and Tetraselmis from Experiment 2 (see text for details). Total indices

Table 20 - Acartia sinjiensis. Correlation of temperature (Temp.; °C), food concentration (Conc.; µg C L-1), egg production

CHAPTER 5
135

CHAPTER 5

136

Egg production and nucleic acid indices had different correlations with temperature
(Table 20). Total, C- and N-specific nucleic acid indices were negatively correlated with
temperature in females fed either alga. Conversely, egg production rates showed a
weak positive correlation with temperature in Pavlova fed females, and no correlation
was observed in females fed Tetraselmis. A similar result was observed when the total
egg production data from each food treatment was analysed individually (data not
shown in Table 20), a positive correlation with temperature was observed in females
fed 150µg C L-1 (τ=0.36, p<0.01; r=0.46, p<0.05) or 1500µg C L-1 (τ=0.35, p<0.05;
r=0.41, p<0.05) of Pavlova, but uncorrelated for both concentrations of Tetraselmis.
Total individual DNA and RNA content of females fed both algae were positively
correlated, but both C- and N-specific RNA and DNA content were not significantly
correlated. RNA:DNA ratio was significantly correlated with most variables, except total
individual DNA content for either algae and N-specific DNA content in those females
fed Tetraselmis only. The RNA:DNA ratio showed a highly significant and positive
correlation with all RNA content indices (all τ>0.7 and r>0.86, p<0.0001 in all
correlations).
5.3.3.3.1 Linear regressions of nucleic acid indices and egg production
Regression lines using total RNA and RNA:DNA ratio as predictors of egg production
were significantly affected by temperature (Figure 19). In females fed either alga, the
regression lines at 25°C and 30°C showed similar slopes (ANCOVA, Pavlova: RNA Ind1

— F(1,30) = 0.136, p = 0.72; RNA:DNA — F(1,30) = 0.023, p = 0.88; ANCOVA,

Tetraselmis: RNA Ind-1 — F(1,37) = 0.95, p = 0.34; RNA:DNA — F(1,37) = 0.013, p = 0.91).
The intercepts of these two curves were significantly different in females fed Pavlova
(ANCOVA: RNA Ind-1 — F(1,31) = 14.05, p <0.001; RNA:DNA — F(1,31) = 8.44, p <0.01)
but for those fed Tetraselmis (ANCOVA: RNA Ind-1 — F(1,38) = 1.67, p = 0.2; RNA:DNA
— F(1,38) = 0.7, p = 0.41). At 20°C the regression lines for both nucleic acid indices in
females fed only Tetraselmis were not significant. However, in females fed Pavlova, the
regression lines for both nucleic acid indices at 20°C showed a significantly lower slope
than the lines at 25 and 30°C (p<0.01 for all comparisons).
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Figure 19 - Acartia sinjiensis. Linear regressions between daily egg production rate and
nucleic acid indices of females fed Pavlova salina or Tetraselmis chuii at 20, 25 and
30°C. Data are the “total” indices from Experiment 2 (see text for details); only
significant correlations are shown. All regressions were significant (p<0.001; *p<0.05).
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Figure 20 - Acartia sinjiensis. Linear regressions between daily egg production rate and
nucleic acid indices of females fed 150 µg C L-1 (dashed lines) and 1500 µg C L-1 (solid
lines) of Pavlova salina or Tetraselmis chuii at 20, 25 and 30°C. Data are the “total”
indices from Experiment 2 (see text for details); only significant correlations are shown.
All regressions were significant (p<0.05).
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When the linear regressions were calculated for each food and temperature treatment
separately (not merging the 150 and 1500 µg C L-1 treatments), most of the significant
linear regressions were observed at high food concentration and at high temperatures
only (Figure 20). The RNA:DNA ratio and the total individual RNA content were linearly
related to egg production in females fed 1500 µg C L-1 of both algae at temperatures of
25°C and 30°C. The slopes of these regression lines (lines D and F in Figure 19) were
not significantly different in females fed Pavlova (ANCOVA, RNA Ind-1 — F(1,13) = 0.02,
p = 0.9; RNA:DNA — F(1,13) = 2.53, p = 0.14) or Tetraselmis (ANCOVA, RNA Ind-1 —
F(1,17) = 1.11, p = 0.31; RNA:DNA — F(1,17) = 0.53, p = 0.48). However, as was observed
in Experiment 1, the intercepts of those regression lines were significantly different in
most cases (ANCOVA, Pavlova RNA Ind-1 — F(1,14) = 16.2, p<0.01; Pavlova RNA:DNA
— F(1,14) = 16, p<0.01; Tetraselmis RNA Ind-1 — F(1,18) = 2.5, p = 0.13; Tetraselmis
RNA:DNA — F(1,18) = 6, p<0.05). No significant regressions were observed when
RNA:DNA ratio and the Individual RNA content were used as predictors of egg
production in females fed 150 µg C L-1 of both algae, excepting in those fed Pavlova at
25°C, but these regression lines had significantly different slopes and intercepts from
the high food treatments (Unequal N HSD, p<0.001 for all comparisons).

5.4 Discussion
In this study I have shown that food quality, quantity and temperature affected the
relationship between nucleic acid indices and the egg production rate of the tropical
copepod Acartia sinjiensis. In Experiment 1 I evaluated the effect of food quality,
represented as different algae species, on the relationship between nucleic acid
content and egg production in Acartia sinjiensis. In Experiment 2 I showed the inverse
effect of temperature on all nucleic acid indices, and an evaluation of the effect of food
and temperature on the total, C- and N-specific egg production and nucleic acid
indices.
5.4.1 The effect of food type
The results from Experiment 1 indicate that food quality can have an effect on the
relationship between nucleic acid indices and egg production rates of Acartia sinjiensis.
When significant regressions were observed between a nucleic acid index and egg
production for females fed different algae species, the slopes of these curves were
similar but their intercepts were significantly different.
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The similar slopes observed in females fed different algal species indicate that the
relationship of nucleic acid indices with egg production seems to be independent of
algal species (or food quality), at least under saturated food concentrations and similar
temperature (the conditions of Experiment 1). This observation agrees in theory with
Saiz et al. (1998), who hypothesized that the slope of the relationship between RNA
content and growth rate in a given copepod species should be independent of food
quality and previous food history. However, Isochrysis fed females showed no
significant relationship between any of the total nucleic acid indices and egg
production. If the Saiz et al. (1998) hypothesis is correct, the same nucleic acid and
egg production relationship should be observed in females feeding on low quality food
(in this case, Isochrysis). Do the results from this study contradict the Saiz et al. (1998)
hypothesis? I believe not. Food quality is a function of various characteristics of food
particles, such as biochemical composition, colour, motility, taste, shape and size
(Gifford, 1991). Isochrysis has high lipid content, with the highest levels of DHA among
the four algae tested (Dunstan et al. 1993; Thinh et al. 1999). Because egg production
in Acartia species has been shown to be related to the fatty acid content of food
(Mauchline, 1998), Isochrysis should theoretically be a highly nutritious algae to A.
sinjiensis, and the nucleic acid content of females should be related to egg production.
The lack of this relationship in females fed Isochrysis but not in those fed Pavlova is an
indication that size and nutritional composition (characteristics for which both algae
share some similarities) were probably not the only factors affecting the nucleic acidegg production relationship in this species.
It is likely that some characteristics such as the small cell size, motility pattern or
palatability of Isochrysis may be related to a greater handling cost, and a less efficient
ingestion and/or digestion of this algae by A. sinjiensis, which would have an effect on
the nucleic acid correlation with egg production. For instance, in the closely related
species Acartia tonsa, Bersano (2000) observed higher ingestion rates of the large
celled Thalassiosira weissflogii in comparison to Isochrysis galbana, and Støttrup and
Jensen (1990) observed that Isochrysis was retained less efficiently than other large
celled microalgae. Furthermore, Jakobsen et al. (2005) observed a preference of
Acatia tonsa for highly motile cells, suggesting that mechanical or visual cues also
appear to be important in Acartia feeding. These observations corroborate with Chapter
4 and Knuckey et al. (2005), which suggests that Isochrysis might be of poor quality to
A. sinjiensis. If large and highly motile cells are more efficiently grazed by Acartia
sinjiensis, then Tetraselmis must have been the most efficiently grazed algae among
the four algae species tested in Experiment 1. This might be true, as a correlation
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between all nucleic acid indices and egg production was observed for females feeding
on this algae. Finally, there is evidence that the size and type of food particles can
have an effect on the nucleic acid content of copepods. The RNA:DNA ratio of Calanus
finmarchicus raised in experimental mesocosms showed a negative relationship with
the concentration of small phytoplankton cells, but a positive relationship up to a
saturating level with larger cells (Becker et al. 2005). Moreover, Speekmann (2005)
observed a positive relationship of Acartia tonsa RNA:DNA ratio with concentration of
microzooplankton, but not with Chla concentration in Nueces bay, Gulf of Mexico.
Therefore, the present results suggest that Saiz et al. (1998) hypothesis seems to be
true when copepods feed on different nutritional quality food, but other factors such as
palatability and ingestion efficiency may contribute to preclude the observation of a
correlation between nucleic acid content and egg production.
Despite the similar slopes of all nucleic acid-egg production relationships, their
intercepts were significantly different in females fed each algal species. A change in the
intercept but not in the slope of the growth rate—RNA:DNA ratio relationship was also
observed in phytoplankton cultures maintained at different nutrient limitation conditions
(Dortch et al., 1983). The difference in the intercepts may be an indication of the
different nutritional quality of each algal species for A. sinjiensis — higher quality food
would be able to support higher egg production rates at lower food concentrations,
hence having a higher intercept in the nucleic acid—egg production relationship (in this
case, Pavlova and Tetraselmis). The results from Chapter 4 support this hypothesis, as
I observed that saturating concentrations of the four algae species from Experiment 1
resulted in different levels of egg production rates in this species, and that at limited
food concentrations only Pavlova and Tetraselmis were still able to support the
production of eggs in A. sinjiensis.
5.4.2 The effect of food concentration
The results from Experiment 2 indicate that food quantity has a strong positive effect on
both the nucleic acid content and egg production rates of Acartia sinjiensis. This was
an expected outcome, as a similar response was observed for A. sinjiensis in Chapter
4, and in several other Acartia species (Table 21) as well as in other copepod genera
(Nakata et al., 1994; Wagner et al., 1998, 2001; Durbin et al., 2003). The interaction of
food concentration with temperature was significant for the total, C- and N-specific RNA
content (Table 6, Table 18 and Table 19). For both RNA:DNA ratio and RNA content,
the effect of food concentration was more evident at higher than at lower
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Table 21 - Acartia species. The effects of food level, food type or temperature (Temp.) on nucleic acid indices, and ranges of total RNA
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temperatures. Because the ingestion rate in Acartia increases with temperature (e.g.
White and Roman, 1992) in order to meet the higher metabolic demand, it is not
surprising that increased temperature would increase the effect of limited resources on
egg production and condition.
5.4.3 The effect of temperature
Despite the weak correlation of egg production with temperature in A. sinjiensis
females, most nucleic acid indices were strongly correlated with temperature (Table
20). All nucleic acid indices (Total and C- and N-specific) of A. sinjiensis females
showed a negative correlation with temperature, a result that agrees with observations
for other copepods, including Acartia species (Table 21). For instance, Wagner et al.,
(2001) observed a reduction of total RNA, DNA and RNA:DNA ratio in various stages
of Calanus finmarchicus with a temperature increase from 4 to 12°C, and also
observed that this relationship varied with the stage of development. A similar result
was reported by Ota and Landry (1984) for Calanus pacificus, which showed higher
RNA content when raised at 8°C than at 15°C. A negative correlation of nucleic acids
and temperature has also been observed for other animals such as fish larvae (Buckley
et al., 1999; Mercaldo-Allen et al., 2008). Egg production is usually positively correlated
with temperature in copepods (see Hirst and Bunker, 2003), and because the
metabolic rates of poikilotherms increase with temperature (Cossins and Bowler,
1987), so do enzymatic cell processes (Brown et al., 2004) including those related to
protein production. Therefore, the reduction of nucleic acid content of females of A.
sinjiensis reared at high temperatures is expected: in order to achieve a similar level of
protein production at higher than in lower temperatures, lower concentrations of RNA
are necessary, as the RNA activity increases with temperature (Wagner et al., 2001).
The negative correlation of nucleic acids with temperature may also explain why a wide
range of nucleic acid concentrations (including relatively low values) was observed in
A. sinjiensis (Table 21). In theory, if the inverse correlation of the concentration
(negative) and activity (positive) of RNA with temperature is valid for all poikilotherms,
one could expect to find some of the lowest reported nucleic acid concentrations in
tropical species, such as A. sinjiensis. In fact, a wide range of RNA:DNA ratios,
including very low levels, have been reported for tropical species such as corals
(Porites, 0.6 — 1.04, Meesters et al., 2002; various species, 1.9 — 6.2, Buckley and
Szmant, 2004), prawns (Penaeus vannamei, 3.03 — 7, Moss, 1994), scallops (Euvola
ziczac, 0.5 — 7; Lodeiros et al., 1996), mussels (Perna spp., 0.63 — 4.05, Bravo,
2003) and fish (Barramundi, 2.4 — 3.6; Humphrey et al., 2007). The only other report
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of nucleic acid content of a tropical copepod is the RNA content of Acartia australis
(Ikeda and Skjoldal, 1980), which is within the range observed in A. sinjiensis. There
are no reports on the nucleic acid content of other tropical copepods, and all the
available RNA:DNA ratio data for other Acartia species is from subtropical or temperate
environments only (Table 21). Nevertheless, despite A. sinjiensis nucleic acid content
being in a similar range reported for other Acartia species, the maximum values of
RNA:DNA ratio of Acartia species collected in subtropical environments can reach up
to almost four times the maximum ratios observed for A. sinjiensis (Table 21). This is
an indication that the nucleic acid content of coastal tropical copepods such as A.
sinjiensis might indeed be lower than subtropical/temperate species, a hypothesis that
can only to be confirmed through more investigations of the nucleic acid content of
tropical copepod species.
However, the effect of temperature on nucleic acid content of copepods seems to be
complex, and any generalization must be considered cautiously. For example,
Speekmann (2005) observed a quadratic relationship of RNA:DNA ratio with
temperature in cultured Acartia tonsa. Furthermore, a good example that the expected
higher nucleic acid contents at lower temperatures might not hold for different species
of copepods in various environments is Ikeda et al. (2007) work in the North Pacific (so
far, the largest report on nucleic acid content of copepod species). These authors
observed a general decline in the RNA:DNA ratio of several species of copepods with a
decrease of water temperature with depth. The authors suggested that a reduced
metabolism and predation pressure in deeper/colder waters could explain their
observations, which contradict the inverse temperature—nucleic acid relationship
aforementioned. Finally, in addition to the evident effect of temperature on the nucleic
acid content of A. sinjiensis females, in Experiment 2 I also observed a significant
interaction of food and temperature on the RNA content of females (Table 6, Table 18
and Table 19). This result suggests that the relationship of nucleic acid content and
temperature may also be influenced by other factors such as food.
In addition to the effect of temperature on the individual RNA content and RNA:DNA
ratio, I also observed a positive effect of temperature on the slope of the relationship of
these two nucleic acid indices with egg production of A. sinjiensis females (Figure 19
and Figure 20). This observation agrees with the results of Saiz et al. (1998), who
reported an increase in the slope of the relationship between individual RNA content
and RNA:DNA ratio with egg production of Paracartia grani with temperature. However,
this study’s results suggest not only that the slopes of the relationships of nucleic
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acid—egg production are temperature dependent, but also that these slopes vary nonlinearly with temperature. Wagner et al. (2001) also observed a non-linear effect of
temperature on the slope of the relationship between growth rate and RNA:protein of
Calanus finmarchicus copepodites raised at high food concentrations. Saiz et al. (1998)
experiment had only two temperature treatments, so any non-linear relationship could
not be detected, but the authors suggested that the use of 3 to 4 temperatures would
improve their model. For A. sinjiensis, because the slopes at 25°C and 30°C were
higher than at 20°C, but not significantly different, it seems that the increase of the
slopes with temperature follows a sigmoid curve up to a maximum slope value at a
certain temperature. This might be the case, as it has been shown that the relationship
between food concentration—egg production and food concentration—nucleic acid
content also follows a Type III (sigmoid) functional response in A. sinjiensis females
(Chapter 4). It is likely that the optimal temperature range for A. sinjiensis is around
25—30°C, the same temperature where the maximum slope of the nucleic acid—egg
production relationship may occur. This might be the case, as the temperature range of
common habitats of this species in north Queensland is from ~22—30°C, with
temperatures higher than 24°C most of the year (McKinnon and Klumpp, 1998).
Furthermore, it has been observed that the population growth and egg hatching
success of A. sinjiensis maintained in the laboratory achieved maximum values at
temperatures higher than 25°C (Milione and Zeng, 2008). To further constrain the
relationship between temperature and the theoretical maximum asymptotic value of the
slope, it will be necessary to run experiments in more temperatures.
There is evidence in the literature that the relationship between the nucleic acid content
and temperature might be complex, and the temperature effect is not always clear in
Acartia species. For example, Gorokhova (2003) observed a strong correlation of both
egg production and RNA content of Acartia bifilosa with food, but not with temperature.
It seems that the relationship between the nucleic acid content of copepods with
temperature may be affected by other factors, especially food conditions. For instance,
in fish larvae fed ad libitum, the RNA:DNA ratio appears to be independent of
temperature, but in larvae under different levels of food limitation the RNA:DNA ratio
and growth are temperature dependent (Buckley et al., 2008). In Experiment 2, I found
evidence of an interaction of food and temperature on the nucleic acid content of A.
sinjiensis. First, the ANOVA analysis of Experiment 2 indicated a significant effect of
the interaction of food and temperature on the RNA:DNA (Table 6) and RNA content
(Table 17, Table 18, and Table 19) of females. Second, when each food treatment was
considered individually (Figure 20), the relationship between egg production—nucleic

CHAPTER 5

146

acid content in the high food treatments showed a similar response to temperature to
the pooled food treatments (Figure 19), but most low food concentrations did not
generate significant regressions. These results suggest that, if nucleic acid indices are
to be used as predictors of egg production in A. sinjiensis, temperature must be
accounted for in the models (see below).
5.4.4 Variation in the DNA content of females
Copepods have determinate cell numbers that increase with the progression of stages
(McLaren and Marcogliese, 1983). Therefore, individuals from the same species at the
same stage should have similar cell numbers, and if the DNA content of cells is
relatively constant (an important assumption of using RNA:DNA ratio as an index of
growth and condition), then these individuals should also have similar DNA content.
However, the individual DNA content of A. sinjiensis females was not constant in this
study’s experiments. It follows that, if females have indeed a similar number of cells,
then the DNA content is not a good index of cell number. There is increasing evidence
in the literature that DNA might vary considerably in copepods. The variation of
individual DNA content under various food conditions was also observed in Calanus
finmarchicus (Wagner et al., 2001) and the congeneric species Acartia bifilosa
(Gorokhova, 2003) and Acartia tonsa (Speekmann et al. 2007). Gorokhova (2003)
reviewed the occurrence endopolyploidy and chromatin diminution in copepods, two
processes believed to be greatly responsible for the variation of the DNA pool of this
group. The variation in the DNA content of females was more evident in the C- and Nspecific (Figure 18) than in the total individual content of DNA (Figure 17). Because the
size of the females originating from the main culture did not vary during the
experiments, the negative correlation of C- and N-specific DNA content with food
concentration might be related to a loss of body biomass faster than a change in DNA
content. In fact, the total individual DNA content was weakly (females fed Tetraselmis)
or not correlated (in those fed Pavlova) with food concentration, but both C- and Nspecific DNA content showed a strong negative correlation with food concentration
(Table 20). Therefore, the reduction in biomass in short periods of food limitation
through the consumption of energetic reserves like lipids and protein (which are
important contributors to the total N and C content) may have caused an increase in
the ratio of DNA to both C and N. In other words, cells shrink in food-limited animals.
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5.4.5 Total and weight specific nucleic acid indices as predictors of egg
production
Because of the problems of using DNA as a reliable index of cell number in copepods,
Gorokhova (2003) suggested that the biomass specific RNA content is a better index of
growth rate than the RNA:DNA ratio in Acartia. The results from this study suggest that
the RNA content of A. sinjiensis females is indeed a good index of egg production.
From the 3 nucleic acid indices estimated in Experiment 1, the total individual RNA
content was the only one that had a significant relationship with egg production for 3 of
the 4 algal species tested. In addition, in Experiment 2, C- and N-specific RNA content
were highly correlated with food concentration, temperature and egg production, and
were the only indices that significantly responded to the interaction of food and
temperature (Table 18 and Table 19). However, even though there is evidence that
DNA may not be a proper index of cell number, this should not prevent the use of the
RNA:DNA ratio as an index of condition and as a predictor of egg production, as it
responded significantly to the change in food and temperature (Figure 17, Table 17 and
Table 20). In fact, the coefficient of determination of the regression of egg production
on RNA:DNA ratio was high (Table 22), indicating that it was a predictor of egg
production as good as (in Tetraselmis fed females) or even slightly better (in Pavlova
fed females) than RNA indices in A. sinjiensis. Saiz et al. (1998) also observed a small
improvement in the prediction of egg production rate of Paracartia grani when
RNA:DNA was used instead of individual RNA content as a regressor. Moreover,
Wagner et al. (2001) also observed a variation in DNA content of Calanus
finmarchicus, and also noted that, despite the RNA:DNA ratio not representing the total
cellular RNA content correctly, this fact did not rule out the use of RNA:DNA as an
index of growth, as it was strongly correlated with food and temperature in that species.
Finally, the total indices (µg RNA ind-1 and RNA:DNA ratio) had higher coefficients of
determination than biomass specific RNA indices (µg RNA µgC-1 or µg RNA µgN-1)
(Table 22). It follows that the total indices were better predictors of egg production
(both eggs day-1 and C- and N-specific egg production) than the biomass specific RNA
indices. However, these results must not be interpreted as an indication that biomass
specific RNA indices are not good predictors of egg production. Because biomass
could not be measured in single individuals, the median C and N values from pooled
animals was used to calculate the biomass specific indices. This procedure limits the
detection of individual variability in biomass, and it might have contributed to the
unexplained variability in the model, resulting in lower coefficients of determination.
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Table 22 - Acartia sinjiensis. Parameter estimates of egg production linear regressions on RNA based indices and their interaction with
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Despite the theoretical superiority of biomass specific (weight, protein, C or N) RNA
content as an index of growth or egg production, the problems of measuring biomass
as accurately as nucleic acid content appears to be the main reason precluding the
wide application of this index in small copepods. The main consequence of an
unreliable weight estimation in this case is that the individual variability information is
lost, thus reducing the power of any egg production prediction model based on weight
specific nucleic acid indices. For this reason, Holmborn and Gorokhova (2008) for
instance, opted to use total individual RNA content in their models predicting egg
production in Acartia bifilosa instead of the weight specific equivalent index. The
consecutive measurements of nucleic acid content and protein in single individuals
have been successfully done in large copepod species (Ikeda et al., 2007).
Unfortunately, the precise measurement of weight in small copepods like A. sinjiensis
is still a problem. While fluorophores such as Ribogreen allow the precise estimation of
total nucleic acid content in single individuals (Speekmann et al., 2007; Holmborn and
Gorokhova, 2008; present work), the biomass can only be estimated properly in pooled
animals. Three approaches have been applied in copepod studies to overcome this
problem: (1) using length—weight regressions to estimate individual biomass (eg.
Gorokhova, 2003; Calliari et al., 2006; Gorokhova et al., 2007); (2) estimating both
nucleic acids and protein in homogenates prepared with pooled individuals (Ikeda et
al., 2007); or (3) measuring nucleic acids in single individuals and estimating weight in
pooled individuals from the same treatment or sample (present work). The use of
length—weight regressions is the most practical approach in the field, but the length—
weight curves must be prepared for the same population as the animals used in the
nucleic acid analysis, and even if this is done, any difference in weight of animals of the
same size would be not be detected. In Experiment 2, the C and N content of A.
sinjiensis females changed significantly over a short period of exposure to different
food levels (Table 16). Because small copepods such as A. sinjiensis are usually food
limited in Northeast Australia (McKinnon and Klumpp, 1998b), it is likely that the
condition of these animals will change significantly over time, precluding the use of
length—weight regressions for this species in the field. The second approach is the
only one that measures weight (protein) and nucleic acids directly in the same
homogenate, but because animals are pooled for the analysis, individual variability is
lost. Finally, the third approach (used in this work) allows the detection of the individual
variability in the nucleic acid content, but the individual variability in weight (C or N
content) is lost. In conclusion, all techniques currently in use for estimating biomass in
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small copepods will generate weight specific RNA content values which will carry some
sort of bias. However, some hope lies in the development of new fluorescent dyes for
the quantification of protein concentrations as low as 10ng ml-1 (eg. Jones et al., 2003),
which may allow the estimation of biomass of single copepods in the future.
A clear improvement in the predictability of egg production was observed when the
interaction of RNA based indices with temperature was used instead of the nucleic acid
indices alone (Table 22). The average increase in the coefficient of determination with
the interaction with temperature was 28% in females fed Pavlova and 18% in females
fed Tetraselmis in comparison to the respective nucleic acid index alone. Furthermore,
only when the interaction of nucleic acid content and temperature was used as a
regressor of egg production was the intercept (b) of the resulting regression lines
significant. The use of interaction terms of nucleic acid indices with temperature has
also proven beneficial for the prediction of growth and egg production in other copepod
species and other animals. Saiz et al. (1998) used the interaction of RNA:DNA and
temperature in association with the RNA:DNA ratio in a model that accounted for 96%
of the variation in egg production of Paracartia grani. By using the RNA/protein index
with the RNA/protein × temperature term, Wagner et al. (2001) built a model that
explained from 75 to 90% of the variation in protein, DNA, C- and N-specific growth
rates of Calanus finmarchicus. In a recent review of fish larvae, Buckley et al. (2008)
also found that the best model predicting the growth rate included the RNA:DNA ×
temperature and the RNA:DNA terms. However, some work successfully accounted for
the effect of temperature on growth or egg production by adding it as an independent
term to the nucleic acid regression model instead of an interaction term. For instance,
Holmborn and Gorokhova (2008) built a model that could explain 51% of the variability
in egg production of Acartia bifilosa in the Baltic sea using temperature, prosome
length and individual RNA content as independent terms. Nevertheless, the results
from this study lead me to the same conclusion of Saiz et al. (1998) that temperature
must be accounted for in models using nucleic acid indices to predict growth/egg
production in copepods.
Growth and egg production of wild copepod populations are estimated based on
carbon and nitrogen specific indices. Because the measurement of individual C and N
is difficult (see above), the use of RNA based indices that can both be measured in
single individuals and are highly correlated with C- and N-specific egg production are
especially interesting for A. sinjiensis production estimation in the field. However, even
though the C-specific egg production and the C and N content of A. sinjiensis females

CHAPTER 5

151

from Experiment 2 were in the same range of values observed for wild animals in North
Queensland (McKinnon and Klumpp, 1998b), the direct extrapolation of models
resulting only from laboratory experiments to predict egg production rates in the field
might not be appropriate for this species. Laboratory experiments are the only way to
manipulate the controls of egg production and nucleic acid content of copepods, and to
understand how these variables relate to each other. These experiments are essential,
for instance, to identify what terms will enter in a model and what variables need to be
measured in the field. However, laboratory experiments have some limitations, and in
order to use nucleic acid indices for production estimations of a species in the field,
laboratory models need to be checked and calibrated against field data. For instance,
in this study different algae species were used as food types, but there is evidence that
A. sinjiensis has a highly adaptive and diverse feeding behaviour in the field, showing
not only high chlorophyll ingestion, but also feeding on detritus and as a carnivore
(McKinnon and Klumpp, 1998b). The food environment A. sinjiensis experiences in the
field is very diverse and impossible to replicate in the laboratory, and because both egg
production and nucleic acids are affected and highly correlated with food quantity and
quality, only models using field derived data will be appropriate for production
estimations of natural populations of this species.
This study has shown that both food and temperature can affect the relationship
between nucleic acid concentration and egg production in Acartia sinjiensis.
Furthermore, I have shown that the interaction of the nucleic acid content of females
with temperature are better predictors of egg production than the nucleic acid content
alone in this species. However, field investigations are needed once there are still no in
situ measurements of nucleic acid content of wild A. sinjiensis, information necessary
in order to build and improve models for estimation of production of natural populations
of this species based on nucleic acid indices. In addition, further laboratory studies are
also necessary to investigate other factors that can potentially affect the nucleic acid
content of copepods. For instance, the RNA content of the congeneric species Acartia
clausi and A. tonsa has been shown to vary with salinity (Speekmann, 2005; Calliari et
al., 2006); a positive relationship between gonad maturation stage and the RNA:DNA
ratio was observed for Calanus helgolandicus (Biegala et al. 1999); and factors like
food toxins (Speekmann et al. 2006; Gorokhova and Engstrom-Ost, 2009) and water
contamination (Dahl et al., 2006) may affect nucleic acid content of copepods. Finally, I
hope the present work encourages more investigations on biochemical indices and
growth in tropical copepods. I also encourage future investigations to follow the recent
methodological recommendations for the measurement of nucleic acid content of
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planktonic organisms (e.g., Berdalet et al. 2005a, b; Gorokhova, 2005; Speekmann et
al., 2007) and larval fish (e.g. Caldarone et al., 2006). Currently, the few nucleic acid—
growth rates regression curves available for zooplankton species are difficult to
compare among studies because authors use different units to express those
relationships, or because nucleic acids are quantified using different methods and
different dyes (e.g., Table 21). Methodological standardization is a necessary step
towards the generation of good quality data that will allow in the future the development
general models for copepods and meta-analyses such as that recently made for fish
larvae (Buckley et al. 2008).
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SYNTHESIS AND GENERAL DISCUSSION

Copepods are the most abundant component of zooplankton (Verity and Smetacek,
1996), and because this group is an important trophic link in the oceans (Kiørboe,
1997), it is only by measuring their production that the transfer of energy can be
quantified and the functioning of aquatic systems properly understood. Because
biological production is a function of growth rate, zooplankton researchers have
invested time in developing techniques for measuring copepod growth both in situ and
in laboratory. Historically, most studies investigating copepod biology, growth and
production have been conducted in temperate waters, and information on tropical
copepod species growth and production is extremely poor. To identify global patterns
and establish reliable models for estimation of copepod production in the field, more
information on important aspects of the biology of tropical copepods is urgently
needed.
This thesis is a contribution to the understanding of some biological characteristics
related to growth and production of tropical copepods. Firstly, the complete
development and production estimation of a widespread tropical paracalanid copepod
was determined in the Timor Sea, one of the least studied tropical seas in the world.
Second, for the first time the occurrence of intersexuality and sex change was
observed in the wild and described in an experimental population of Acrocalanus
gracilis, a finding with broad consequences for the understanding of the controls of
copepod populations’ sex ratio, survival and production worldwide. Finally, this study is
the first to thoroughly investigate the relationship between egg production and nucleic
acid content of a tropical copepod, leading to the first insights for the application of
nucleic acid indices of condition in tropical copepod species.
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6.1 Major findings of this thesis
6.1.1 Chapter 2 — Development and growth
The log-linear somatic growth of the paracalanid copepod Acrocalanus gracilis is
maintained throughout most of its development, even under variable and limited food
conditions. However, the growth linearity under food limitation is maintained at the cost
of varying other developmental features, such as the moulting rate and stage duration.
Therefore, trophic conditions play an important role in controlling the development
features of paracalanids. Furthermore, it was shown that the development of
Acrocalanus gracilis conforms to the equiproportional model, similarly to most
paracalanid

species.

Finally,

the

food

environment

significantly

affects

the

morphometry and body size of all copepodite stages of A. gracilis.
6.1.2 Chapter 3 — Intersexuality and sex change
This chapter proposes that that sex determination in copepods is under strong
environmental control, and that sex change is an important mechanism determining the
adult sex ratio of copepod populations, explaining the often female skewed sex ratios
observed in the wild. It was shown that the female skewed sex ratio of an experimental
population of the common tropical paracalanid copepod Acrocalanus gracilis could be
explained by sex change alone. The sex ratio and the occurrence of intersexes in
copepodite and adult stages was quantified along the development of the experimental
population of A. gracilis and compared to the wild population. It was shown that the
occurrence of these intersexes is a result of the process of sex change in male
copepodites, and that these Intersexes can have a major affect on the sex ratio of
copepod populations. The food environment (characterized by both food quality and
quantity) animals experience along its development appears to be the key factor
controlling sex change in copepods. The point of sex switching occurs late in the
development of Acrocalanus gracilis, and appears to be triggered by the nutritional
condition of copepodite 4 males.
6.1.3 Chapter 4 — Egg production and individual condition
Both food quality (algae species) and quantity are key factors controlling egg
production and individual condition (RNA:DNA ratio and RNA content) of the copepod
Acartia sinjiensis. In addition, both egg production and individual condition respond
similarly to food availability and quality. The relationship of RNA content, RNA:DNA
ratio and egg production with food concentration follows the same sigmoid function up
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to an asymptotic (saturation) level. In addition, the minimum food concentration
necessary to saturate the RNA content, RNA:DNA ratio and egg production of A.
sinjiensis females was between 500—1000µg Cl-1, similarly to other Acartia species.
The egg production, RNA:DNA ratio and individual RNA content of food-limited females
were lower than for animals fed non-limiting algae concentrations. Under non-limiting
food conditions, A. sinjiensis females produced more eggs and had higher nucleic acid
concentrations when fed Tetraselmis and Pavlova, than when fed Isochrysis and
Chaetoceros. Under food-limiting conditions, differences in food quality became evident
as only the higher quality algae Pavlova and Tetraselmis could support egg production.
6.1.4 Chapter 5 — The nucleic acid—egg production relationship
Food quality, quantity, temperature and their interaction significantly affect the nucleic
acid content, egg production rate and the nucleic acid—egg production relationship of
Acartia sinjiensis. The slopes of linear regressions using nucleic acid indices as
predictors of egg production are similar in females fed different algae species (i.e.
different food quality), but the intercepts of these regressions differed significantly. The
DNA content of A. sinjiensis females was significantly affected by food and
temperature, suggesting that it is not a good index of cell number in copepods.
However, this fact does not preclude the use of the RNA:DNA index, as it was as good
a predictor of egg production as total RNA content in this species. While temperature
appears to have a minor effect on the egg production of A. sinjiensis, total, C- and Nspecific nucleic acid indices have a strong negative correlation with temperature.
Furthermore, the slopes of the regression lines of RNA content and RNA:DNA ratio as
predictors of egg production increased non linearly with temperature. Finally, for A.
sinjiensis, the interaction terms of RNA based nucleic acid indices with temperature are
better predictors of egg production in linear models than these indices alone.

6.2 The food environment and its implications for copepod
growth estimation
The trophic environment, as characterized by food quality and concentration, is known
to have a major impact in several aspects of the life of copepods, such as
development, growth and reproduction (Mauchline, 1998). This thesis showed that the
food environment is one of the most important factors controlling growth and
development in tropical copepods. This study demonstrated the effect of the food
environment on the growth and development, size and morphometry, and sex change
and determination of the tropical paracalanid Acrocalanus gracilis (Chapters 2 and 3).
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Furthermore, it is shown that food quality and availability are key factors controlling the
egg production, weight and nucleic acid content of Acartia sinjiensis (Chapters 4 and
5). The effect of the food environment on copepod growth, development and
reproduction was studied in this thesis by different techniques: the artificial cohort
(Chapters 2 and 3), egg production and nucleic acid indices (Chapters 4 and 5).
6.2.1 Food and paracalanid growth
Food is one of the most important factors controlling copepod development. Food
limitation has been associated with low growth rates (e.g. McKinnon and Duggan 2003;
McKinnon et al. 2005) and with highly variable moulting rates of copepods in situ (e.g.
Peterson et al. 1991; Richardson and Verheye 1999). Therefore, in tropical Australia,
where trophic resources are highly variable (Moritz et al. 2006) and zooplankton is
often food limited (McKinnon and Thorrold 1993; McKinnon et al. 2005), the
environmental characteristics and the copepod species development patterns must be
taken into account when choosing the method used for growth estimation. For
instance, if moult rates and stage durations in a certain species were highly variable
under food limitation (e.g. Chapter 2), then methods of growth estimation based on
moulting rates might not be appropriate.
In Chapters 2 and 3 the development of the tropical paracalanid Acrocalanus gracilis
was investigated by using the ACstage approach (Kimmerer et al. 2007) of the artificial
cohort (AC) technique, where the stage frequency and the mean stage weight are used
in the AC calculation. In AC experiments, an important assumption is that animals grow
exponentially, and it has been suggested that using the ACstage approach in species
with non-isochronal development such as A. gracilis, can generate biased growth
estimations (Kimmerer et al. 2007). However, three observations on the development
of A. gracilis (Chapter 2) indicated that the theoretical limitations of the ACstage
approach may not be applicable for all copepod species, and that the ACstage might be
an appropriate technique for the growth estimation of paracalanids. First, I have shown
that A. gracilis development follows the equiproportional model (a non-isochronal
model), which is also observed in other paracalanids (Hart 1990), suggesting that all
copepods in this family follow a similar growth pattern. Second, the somatic growth rate
of A. gracilis using the ACstage approach was log-linear throughout most of its juvenile
development, similarly to other species of Acrocalanus (McKinnon, 1996). Third, the
log-linear growth is maintained even under food limitation by altering other features of
the development, such as the moulting rates and stage durations. These results
indicated that not only the ACstage can be used for the growth estimation of A. gracilis at
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any point of its juvenile development (i.e. any size fraction), but also that the ACstage
can be applied even when food environment is limiting during the incubation. Small
paracalanids are some of the most abundant copepods in the often food limited
zooplankton of tropical Australia. The fact that very simple techniques such as the
ACstage can be used for reliable estimations of growth rate of Acrocalanus (and probably
other paracalanids) facilitates the development of zooplankton production studies in
tropical environments. However, the developmental patterns of different copepod
species is very diverse (see Hart 1990), and the limitations of the ACstage technique
might prevent its reliable use in other species. Therefore, more studies describing the
whole development in situ and investigating the effect of food on the growth of other
tropical copepod species are necessary.
6.2.2 Food and sex change
One of the most interesting findings of this thesis is the fact that the food environment
works as a trigger for sex change in paracalanid copepods, affecting the population sex
ratios (Chapter 3). Because the sex ratio is related to both population size and growth,
it has implications in the reproductive success, survival and maintenance of natural
populations in the patchy planktonic environment. Therefore, the understanding of the
controls of sex ratios, and the processes of sex change and determination, are of great
interest for copepod productivity studies, and for the understanding of how processes
such as eutrophication and global warming could affect sex ratios of copepod
populations.
Sex change is an adaptation that allows organisms to optimize their reproductive
output (Charnov 1982), and two consequences of the sex change process are the
occurrence of intersexes (Bull 1985; Korpelainen 1990) and biased sex ratios (Charnov
1982). Therefore, if a poor food environment triggers the sex change in copepods
(Chapter 3), and the presence of intersexes and skewed sex ratios are indicators of the
occurrence of sex change in the population, then the occurrence of intersexes and
skewed sex ratios are also indicators of a past adaptation of the population to
unfavourable trophic conditions during juvenile growth. This is valuable information for
production studies, because these sex change indicators can be used as a snapshot of
the past nutritional history of the juveniles. Furthermore, the presence of intersexes and
skewed sex ratios could be used as indicators of the overall past growth performance
of the population — If growth is positively related with high quality and quantity of food
resources, one could expect to have less intersexes and more even sex ratios in fast
growing, non food-limited populations. A consequence of frequent sex change is the
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generation of skewed sex ratios in the population, which in turn have important
implications for the maintenance of those populations in the wild. A common feature of
populations of paracalanids and several other copepod families is the skewed sex
ratios towards females (Mauchline, 1998; Kiørboe, 2006, Chapter 3). According to
Kiørboe (2006), the skewed sex ratios in copepods can enhance the effect of
fertilization limitation in the population, which can have the following implications: (1)
only a limited number of females can be fertilized, constraining population growth; (2)
the ‘Allee effect’ (when population growth is positively dependent on its density) may
occur in low population densities with low mate encounters; and (3) the population can
even go extinct if its density reaches a minimum size where mate encounters are rare.
The quantification of intersexes in these female skewed sex-ratio populations could
help to identify not only if juvenile growth is food limited, but also how frequently males
are changing sex, and consequently the extent of the contribution of the sex change
process to the fertilization limitation in that population.
6.2.3 Food, temperature and nucleic acid indices
Several biochemical indices of growth and condition have been investigated and
applied in zooplankton (Chapter 1). The main advantage of biochemical indices over
traditional techniques for growth estimation is the fact that they eliminate the necessity
of incubations, increasing the potential number of growth/production assessments. The
most widely applied biochemical index is the nucleic acid content (see Chícharo and
Chícharo, 2008; Chapter 4 and 5), especially because the methods of measurement
are fast, easy, cheap and sensitive enough to estimate nucleic acid content of single
individuals (e.g. Speekmann et al. 2007; Chapters 4 and 5). However, in order to build
reliable models using any biochemical index as predictors of growth/egg production of
copepods, the relationship of these biochemical indices with growth/egg production
need first to be determined, and the controls of both biochemical indices and growth
identified by means of laboratory experiments. So far, most of the data available for
copepod nucleic acids and egg production are for subtropical or temperate species. A
multi-species growth prediction model based on nucleic acid indices such as that of
Buckley et al. (2008) for fish does not exist for copepods, but there is evidence that
models based on data from subtropical or temperate environments are unreliable for
tropical zooplankton. For instance, Satapoomin et al (2004) found that the Huntley and
Lopez (1992) temperature dependent model overestimated by 18 times the production
of coastal zooplankton from the tropical Andaman sea. Two factors appear to
distinguish tropical from subtropical and temperate zooplankton: the sub-optimal
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trophic resources and constant high temperature of the tropics, affecting copepods
through food limitation and high metabolism expenditure, respectively.
Chapters 4 and 5 are the first studies investigating the controls of the relationship of
nucleic acid indices and egg production of the tropical copepod Acartia sinjiensis, and
the results from these chapters are the first step towards the generation of egg
production predictive models based on nucleic acid indices for a tropical copepod. The
results from Chapters 4 and 5 showed a complex effect of temperature, food (quality
and quantity) and their interaction on the nucleic acid content and egg production of A.
sinjiensis. It was shown that food quality significantly affects egg production (Chapters
4 and 5), but the slope of the relationship of egg production and nucleic acid content is
somewhat unaffected by food quality (Chapter 5), as proposed for other Acartia
species (Saiz et al. 1997). In addition, it was suggested that some food quality
properties such as biochemical composition, cell size, motility and palatability may
influence the grazing efficiency of A. sinjiensis affecting both total egg production
(Chapter 4) and the egg production—nucleic acid relationship (Chapter 5). Finally, a
conclusion drawn from the results from Chapters 4 and 5 is that both food and
temperature must be accounted for when developing nucleic acids predictive models of
egg production in tropical copepods. This conclusion is supported by the observation
that the interaction of nucleic acid indices with temperature is a better predictor of egg
production than the nucleic acid indices alone in A. sinjiensis (Chapter 5). Furthermore,
there is evidence from in situ studies that a complex relationship of food quality and
temperature can affect the metabolism and egg production of tropical copepods. For
instance, it has been shown that copepods from tropical coastal environments appear
to be food limited even when there is high food availability, a response explained by the
low food quality and high metabolic expenditure of copepods in these environments
(Pagano and Saint-Jean 1994; McKinnon and Klumpp 1998a,b; Pagano et al. 2004).

6.3 Future Research and Conclusions
In Chapter 3 some hypotheses were proposed concerning the effect of the food
environment with sex change, and the link of sex change with intersexuality and
skewed sex ratios in copepod populations based on literature evidence and
experimental evidence from the tropical copepod Acrocalanus gracilis. The ideas
proposed in Chapter 3 have already attracted interest from the scientific community.
For instance, Souissi et al. (in press) observed the occurrence of intersexes and
skewed sex ratios in cultures of the copepod Eurytemora affinis coinciding with a
period of low food quality, supporting Chapter 3’s hypothesis that food is an important
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factor controlling sex change in copepods. Nevertheless, more studies are necessary
to elucidate some unclear aspects of the biology of copepods related to the process of
sex change and determination. For instance, there is evidence that several aspects of
the biology of copepods are under endocrine control, but a formal confirmation of an
endocrine system in copepods has not yet been achieved. Furthermore, experiments
are necessary to confirm the reproductive success of intersexual individuals, and
describe the mechanism through which Blastodinium parasitisation promotes the
occurrence of intersexes in copepods. Finally, only through experiments in enclosed
copepod populations will the consequences of sex change and skewed sex ratios will
be understood.
Many studies have been conducted investigating the relationship of several
biochemical indices with growth in zooplankton (Chapter 1). Chapters 4 and 5 describe
the key effect of temperature, food quantity and quality on the egg production, nucleic
acid content and the egg production—nucleic acid relationship of Acartia sinjiensis in
laboratory. This information is essential for the development of nucleic acid based
models predicting egg production in this species. However, observations from
laboratory experiments cannot always be directly extrapolated to the field. For instance,
variation in food quality was tested in Chapters 4 and 5 by offering different algae
species to A. sinjiensis. However, calanoid copepods have a very diverse diet (Kleppel,
1993; Mauchline, 1998), and it has been shown that A. sinjiensis can feed even as a
carnivore (McKinnon and Klumpp 1998b). Therefore, the direct application of
laboratory-derived models to in situ conditions would be unwise because mimicking the
complexity of the natural food environment in laboratory is practically impossible. In
order to use nucleic acid indices to predict egg production in situ, the models from
Chapter 5 need to be checked against field data. Moreover, further laboratory and field
studies are necessary to investigate other factors that can potentially affect the nucleic
acid content of copepods, such as salinity, food toxins and water contamination.
Finally, laboratory intercalibration of biochemical techniques, such as the one recently
conducted with nucleic acids indices in fish larvae (Caldarone et al. 2006), have to be
done before these techniques can be widely applied (Runge and Roff 2000).
Biochemical indices have a huge potential for studying some characteristics of
copepods growth that are difficult, if not impossible, to be investigated with incubation
techniques. For instance, copepods experience variable and often limited food
conditions in tropical environments, and because of their high metabolic expenditure in
the tropics, a rapid variation of their growth/egg production rates in time can be
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expected. However, the direct estimation of the variation in time of the growth rate of
individuals using incubation techniques would be an extremely laborious and timeconsuming process. Biochemical indices are an easy and sensitive way to determine
variations of growth and condition in time, being viable alternatives to incubation
techniques. For instance, Saiz et al. (1998) and Speekmann et al. (2007) observed a
significant variation in the RNA:DNA ratio of Paracartia grani and Acartia tonsa,
respectively, only 1—2 days after exposure to different food concentrations. Moreover,
there is evidence that tropical copepods are frequently food limited in the field, even
when food is abundant (Pagano and Saint-Jean 1994; McKinnon and Klumpp
1998a,b). However, most of the evidence of food limitation comes from measurements
of egg production. Nucleic acid indices would be more appropriate indicators of food
limitation in situ because they are a direct indication of the condition of the animals.
This thesis contributes to our understanding of various aspects of the biology and
ecology related to growth and production of tropical copepods. The results and
hypotheses presented in this thesis enhance our understanding and raise new
questions about the sex determination and sex change processes in copepods, and its
implications for the sex ratios, and ultimately for the success of copepod populations in
nature. Furthermore, this study highlighted the importance of temperature, food
quantity and quality on the egg production and nucleic acid content, and their
relationship, in Acartia sinjiensis. The results from this thesis provide key information
for the development of predictive models of egg production based on nucleic acid
indices for A. sinjiensis and other tropical copepods.
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