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ABSTRACT: Ageing in the marine pelagic copepod
Acartia tonsa results in decreased feeding and production rates associated with an increase in the accumulation of protein oxidative damage, as predicted
by the oxidative stress hypothesis. In laboratory experiments, we estimated sex-specific ageing effects
on feeding and oxidative damage and on egg production rates of adult females. We also determined
maternal effects on offspring by measuring egg
hatching success and oxidative damage of nauplii
from mothers of different ages. Males manifested
more oxidative damage with age than females, providing an alternative explanation for the shorter life
span in males. Older females produced fewer offspring, and nauplii with higher protein oxidative
damage, than younger females. This study forms an
empirical basis to link ageing, life span, sex differences and maternal fitness in animals that also
reflects natural copepod population dynamics. Individual ageing processes and the resulting age structure in the population modulate mortality risk,
parental effects on offspring performance, reproductive investment, and pelagic energy fluxes.

Acartia tonsa males (left) and females (right) change in
appearance, physiology and behaviour as they age.
Photo: D. Calliari

Ageing is the progressive decline in biological functions with advancing age, caused by insufficient damage repair and homeostasis. The accumulation of reactive oxygen species in cells, resulting from normal

metabolic processes and limited antioxidant defences,
was proposed to play a causal role in ageing (Kregel
& Zhang 2007). Considerable research has focused
on ageing in humans (Kirkwood 1999) and in model
organisms such as roundworm, fruit fly, and laboratory
rodents. Recent insights illustrate that ageing could
also affect life-history traits in wild animals (Nussey et
al. 2008, Ricklefs 2008). Inter-gender differences in
longevity within species show that males have higher
mortality rates and undergo faster ageing than females, suggesting that males invest relatively less in
somatic maintenance and repair in favour of reproduc-
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tion (Bonduriansky et al. 2008). Age effects have also
been reported for other traits. For instance, declining
fecundity in ageing females is a common feature in
several taxa (Novoseltsev et al. 2003a), including
marine copepods (Carlotti et al. 1997). In turn, parental
age can influence the quality of offspring produced by
females in a range of organisms (Mousseau & Dingle
1991, Hercus & Hoffmann 2000, Giron & Casas 2003).
Assuming that oxidative stress has a significant role in
ageing processes, attention has focused on developing
anti-ageing therapies that enhance antioxidant defences through dietary supplementation. Among the
compounds tested are polyunsaturated fatty acids and
carotenoids (Esposito et al. 2002, Yehuda et al. 2002).
In the marine environment, microalgae are the main
source of both types of compounds (Volkman et al.
1989, Matsuno 2001). Most research effort to date has
focused on elucidating the effects of algal quality in
aquaculture (Wikfors & Ohno 2001) and on the transfer
of organic matter between producers and consumers
(Müller-Navarra et al. 2000, Dalsgaard et al. 2003).
However, no studies exist on the role of microalgae as
potential anti-ageing agents in aquatic organisms.
Copepods are key organisms in marine ecosystems,
where they contribute a major fraction of the secondary
production. It is therefore of particular importance to understand factors constraining copepod dynamics and
production (MZC2 2001). Population dynamics of marine
copepods is ruled by variability in death rates, fecundity
and growth, as well as restrictions in the rate of encounters among mates, and mating capability in males
(Kiørboe 2006). Sex ratios of pelagic copepods are biased
towards females (Parrish & Wilson 1978). Male longevity
is supposed to be constrained by faster development
rates, smaller body sizes (Gilbert & Williamson 1983) and
more active swimming with consequent higher predation mortality than in females (Kiørboe & Bagøien 2005,
Kiørboe 2006). Also, males of Acartia hudsonica are
more susceptible to toxins in algal diets (Avery et al.
2008), constituting a further process that could contribute
to female-biased sex ratios in wild populations. However, no studies have investigated possible molecular
and biochemical reasons behind the poorer somatic conditions in male, as compared to female copepods.
While inter-gender mortality and integrative physiological connections across the copepod life span are
being studied (Kiørboe & Bagøien 2005, Kiørboe 2006,
Avery et al. 2008), ageing as an explicit life-history regulatory factor has been poorly tested in females (Carlotti
et al. 1997) and information on male life span is rare
(although see Parrish & Wilson 1978, Avery et al. 2008).
Variation in the fecundity of pelagic copepods in the field
and under laboratory conditions has been accredited
to changes in food availability, temperature (Ban
1994), food quality (Jónasdóttir et al. 1995) and salinity

(Devreker et al. 2009). A few studies have reported a
progressive decline in copepod fecundity with time for
females of known (Carlotti et al. 1997) or assumed age
(Parrish & Wilson 1978, Uye 1981). In wild populations,
indirect estimations suggested that productivity may
reflect an age-dependent physiological condition of
adults (Diel & Tande 1992, Durbin & Durbin 1992).
Non-Mendelian maternal effects involve maternal nutrition via egg or pre- and post-natal supplies of food,
and transmission of pathogens and antibodies (Bernardo
1996). Examples of nutritionally mediated maternal effects in copepods are egg size and offspring performance
(e.g. growth, survival, motility; Ianora et al. 2004), but potential effects of maternal age per se have not been considered in this wide group of animals (but see Jamieson
& Santer 2003 for the egg-bearing copepod Cyclops
kolensis). Negative maternal effects can be transmitted
to offspring via cytoplasmic factors directly via maternal
programming, or indirectly via offspring sensitivity to
maternally transmitted factors, affecting the development and fitness of the progeny (Mousseau & Fox 1998).
The potential inheritance of age-related oxidative protein damage by offspring is, however, unknown.
In order to obtain an integrative understanding of
organismal ageing and its potential consequences in
population dynamics, we investigated age effects on
feeding, reproductive investment and levels of oxidative damage in the pelagic copepod Acartia tonsa
(Dana) subjected to food of different quality. A. tonsa is
a widely distributed species which often dominates the
mesozooplankton of estuaries and coastal waters. Due
to its ecological significance, A. tonsa has been widely
employed as a model organism in marine ecology
research (e.g. Lance 1965, Kiørboe et al. 1985, Tiselius
1992, Mauchline 1998).
We hypothesized that senescence implies a reduction in the feeding and egg production rates in Acartia
tonsa associated with an increase in the accumulation
of protein oxidative damage as predicted by the oxidative stress hypothesis. Oxidative damage was also
expected to be higher in males, thereby providing an
alternative explanation for their shorter life span.
Potential inheritance of age-related oxidative protein
damage was assessed by quantifying such damage in
offspring from mothers of different ages. We explored
the same set of responses for 2 experimental copepod
populations fed 2 algae of different biochemical composition to evaluate if food quality could also affect
physiology and oxidative stress during ageing.

MATERIALS AND METHODS
Experimental setup. We kept a cohort of Acartia
tonsa from egg until adult senescence and death (ca.
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50 d) in triplicate mesocosms for each food type, while
controlling for food availability, temperature, salinity
and photoperiod. We estimated feeding using ingestion and clearance rates, and reproductive investment
using egg production rate, egg hatching success and
nauplii production rate. We analysed the oxidative
damage using the levels of protein carbonyls (Levine &
Stadtman 2001) in males and females at different ages
and in the first naupliar stage spawned from mothers at
different ages (Fig. 1).
Algal strains were provided by the algal culture collection, University of Gothenburg, and cultured at
Kristineberg Marine Research Station (KMRS), in B1
medium at 18°C under a 14 h light:10 h dark regime,
similar to springtime conditions in temperate regions.
Cultures were kept and used as food in the exponential
growth phase. Two algae of diverse biochemical quality (differing mainly in their fatty acid profiles) —
Rhodomonas sp. and Thalassiosira weissflogii — were
selected, considering their extensive use as food in
experimental marine ecology, their effects on somatic
growth and fecundity in copepods and absence of any
known substance that may affect long-term fecundity.
The genus Rhodomonas (RHO, cryptophyte) produces
higher somatic growth (Koski et al. 1998) and egg
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production rate (Broglio et al. 2003) than T. weissflogii
(TW, diatom). In addition, cryptophytes have a higher
percentage of docosahexaenoic acid than diatoms
(Brown 2002) and high C:N ratios (Broglio et al. 2003).
The fatty acid composition in our strains (RHO strain
no. 9 and TW strain no. 91) differed in the presence
and/or amount of some fatty acids (Table 1). TW has
not been found to produce unsaturated aldehydes, as
other diatoms do (Wichard et al. 2005), which can be
toxic for adult copepods or their offspring (Ianora et al.
2004); the TW strain used here was previously found
not to be toxic forAcartia clausi (Calliari & Tiselius 2005).
Fatty acids. The fatty acid composition of the algae
was determined on 4 replicates of 100 ml algal cultures
filtered onto GF/G filters. The filters were extracted
for lipids by a chloroform:methanol mixture (2:1 v:v).
An internal standard solution of heptadecanoic acid
methyl ester in methanol was added to each vial.
Samples were trans-esterified by acetyl chloride in
methanol. The fatty acid methyl esters were analyzed
by gas chromatography-mass spectrometry (Agilent
6890 series) equipped with a column Agilent DB23
(60 m, ID 250 µm, film thickness of 0.3 µm) using
helium as a carrier gas at a constant flow rate of 1 ml
min–1. The oven temperature program was initially

Fig. 1. Experimental design showing food, temperature conditions and variables estimated in males, females and nauplii of
Acartia tonsa. R: number of replicates per treatment; n: number of individuals per replicate
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60°C with a temperature ramp of 24.6°C min–1 until
200°C, which was maintained for 10 min, followed by a
second temperature ramp of 5°C min–1 until 250°C,
which was maintained for 3 min. The mass spectrometer was run in selective ion monitoring mode by application of the masses m/z = 55, 74, 79 and 81. The programmable temperature vaporization inlet was
operated in splitless mode with the evaporation program going from 60 to 300°C with a temperature ramp
of 720°C min–1 and maintained at 300°C for 2 min.
Rearing. Acartia tonsa that originated in the Öresund, Denmark, were obtained from the Danish Technical University, Charlottenlund, and cultured at
KMRS. Fresh A. tonsa eggs were placed in 30 l tanks
containing 0.3 µm filtered Gullmar Fjord deep water
(salinity = 34, ca. 18 500 eggs tank–1) and kept at 18°C
in a temperature-controlled room under constant low
light conditions. Algal food was provided at a constant
level of 500 µg C l–1 (corresponding to 19 427 and 4969
cells ml–1 for RHO and TW, respectively). Cell concentration in the copepod growing tanks was checked and

Table 1. Rhodomonas sp. and Thalassiosira weissflogii. Fatty
acid composition of the algal diets during their exponential
growth phase, as percent of the total mass of fatty acids. Data
are weight percentage of total fatty acids (mean ± SD; n = 4)
Fatty acid

C8:0
C10:0
C14:0
C15:0
C15:1 cis (n-5)
C16:0
C16:1 cis(n-9)
C17:0
C18:0
C18:1 cis (n-9)
C18:2 trans (n-6)
C18:2 cis (n-6)
C18:3 cis (n-6)
C18:3 cis (n-3)
C20:0
C20:1 cis (n-9)
C20:2 cis (n-6)
C21:0
C20:3 cis(n-6)
C20:4 cis (n-6)
C20:3 cis (n-3)
C22:0
C20:5 cis (n-3)
C22:1 cis (n-9)
C22:2 cis (n-6)
C24:0
C24:1 cis (n-9)
C22:6 cis (n-3)

Rhodomonas sp.
(strain no. 9)

T. weissflogii
(strain no. 91)

0.03 ± 0.00
0.01 ± 0.00
4.12 ± 0.71
0.21 ± 0.05
0.01 ± 0.00
11.73 ± 2.380
2.46 ± 0.13
0.17 ± 0.03
0.83 ± 0.13
3.11 ± 0.03
0
10.68 ± 0.120
1.60 ± 0.28
29.25 ± 1.360
0.02 ± 0.01
0.02 ± 0.01
0.04 ± 0.00
0
0.09 ± 0.02
1.25 ± 0.34
0.05 ± 0.00
0.02 ± 0.01
21.29 ± 1.520
0.04 ± 0.02
0.21 ± 0.01
0.08 ± 0.02
0
12.69 ± 0.900

0.08 ± 0.01
0.01 ± 0.00
4.36 ± 1.86
1.30 ± 0.21
0.04 ± 0.01
23.82 ± 0.910
20.78 ± 3.450
0.59 ± 0.02
0.91 ± 0.03
2.06 ± 0.94
0.01 ± 0.01
0.45 ± 0.06
0.51 ± 0.21
0.06 ± 0.01
0.13 ± 0.00
0
0
0.01 ± 0.00
0.14 ± 0.06
0.35 ± 0.09
0
0.49 ± 0.05
33.44 ± 5.550
0.12 ± 0.02
0
1.56 ± 0.07
0.01 ± 0.01
8.80 ± 1.40

adjusted daily to the desired C level. Cell concentration was measured with an Elzone 5380 particle
analyser fitted with a 95 µm orifice tube, and C content
estimated from cell volume and a specific C content
based on Mullin et al. (1966). The measurements of
food concentration and food addition were performed
at approximately the same time every day during the
experiment.
Acartia tonsa nauplii Stage I do not feed, and Stages
II and III are not able to ingest TW because of its size
(16.6 µm equivalent spherical diameter, ESD; Berggreen et al. 1988, authors’ pers. obs.). For that reason,
nauplii Stages II to V in the TW treatment were fed
RHO (6.9 µm ESD) (Fig. 2). We assumed that this
would not affect the testing of the effect of food, since
most of the biomass gained via individual growth
occurs during and after the juvenile stage (copepodid I;
Berggreen et al. 1988).
In order to maintain an age-synchronised population, once copepods reached the adult stage on Day 16,
and subsequently on Days 23, 30 and 37, all water
in the growing tanks was gently filtered through a
200 µm sieve, and only adults were collected and
returned to the experimental tanks. Before returning
adults to the tanks, the entire population was carefully
examined in several batches under low magnification to make sure neither nauplii nor small copepodids were present. Because of individual variability in
moulting, some individuals reached the adult stage
earlier than others. We stress that such divergence
does not affect the results of the present study. The age
of the copepods was the main factor of analysis and
strictly controlled along the experiment.
Response variables. For each algal treatment, clearance rate (CR, ml ind.–1 d–1) and ingestion rate (IR,

Fig. 2. Food treatments. RHO: Rhodomonas sp. (black); TW:
Thalassiosira weissflogii (grey)
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µg C ind–1 d–1) were analysed separately by sex at
Days 16, 23, 30 and 37, and on Day 44 for females only.
Adult males and females (41 ± 10 individuals) were
individually picked under a dissecting microscope and
transferred to a 625 ml borosilicate bottle for each
replicate tank filled with the corresponding food from
that tank (500 µg C l–1); 3 control bottles per algal type
were prepared containing the same suspension at the
same concentration but without copepods. Experimental and control bottles were incubated on a plankton
wheel (0.2 rpm). After 24 h, cell numbers were counted
(Elzone analyser, 95 µm orifice tube) and CR and IR
were estimated in accordance with Frost (1972) as:
CR = V/[ln(Cc/Cexp) × N × t]
IR = CR × Cavg, with Cavg = (Cend – C0)/ln(Cend/C0)
where V is the water volume in the bottles (625 ml
when sealed), Cc and Cexp are the concentrations of
cells in control and experimental bottles, respectively,
N is the number of individuals per bottle and t is the
incubation time (1 d). For IR, Cend and C0 represent
final and initial cell concentration in experimental bottles, respectively.
Egg production rates (EPR, eggs female–1 d–1), egg
hatching success (EHS, %) and nauplii production
rates (NPR = EPR × EHS, nauplii female–1 d–1) were
estimated for each replicate experimental tank at each
age by incubating 3 to 5 females in standing 625 ml
bottles for 24 h. Two pseudoreplicates, e.g. replicate
bottles corresponding to the same experimental tank,
were also considered and their values averaged to estimate the EPR, EHS and NPR for each replicate tank.
Females from the growing tanks were individually
picked under a low magnification microscope and
transferred to bottles containing the corresponding
algal suspension provided at 500 µg C l–1. The selected
females were checked for the presence of spermatophores produced during incubations were collected
on a 50 µm mesh sieve, counted, transferred to multiwell plates filled with filtered seawater and kept at
18°C. The number of nauplii hatched was recorded
after 24 and 48 h, and EHS was calculated as the number of nauplii divided by the total number of eggs produced in each bottle.
To assess oxidative damage in adult copepods, 3
replicate samples for males and females (106 ± 16 ind.
from each growing tank) were collected at Days 16, 23,
30 and 37 (plus Day 44 for females only), quick-frozen
in dry ice and stored at –80°C. To assess oxidative
damage in nauplii Stage I, eggs were collected from
each tank at Days 16, 23, 30 and 37, transferred to 8 l
buckets filled with filtered seawater and provided with
gentle bubbling. After 24 h, newly hatched nauplii
were collected (ca. 70 000 nauplii) and frozen at –80°C.
Samples were homogenised in a RIPA lysis buffer
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(Pierce) (Hernebring et al. 2006), debris was pelleted at
14 000 × g for 10 min at 4°C and supernatant was
recovered. Protein concentration was measured in triplicate for each sample using the BCA Protein Assay Kit
(Pierce) and the samples used for comparison were
randomly derivatized at the same time using 7.5 µg
protein sample–1. The membrane was post-stained to
validate transfer. Protein oxidation was analysed by
measuring the levels of dinitrophenylhydrazone derivates of protein carbonyls using the Oxyblot S7150 Kit
(Chemicon International), precasted 12% Tris-HCl
NuPage gels (Invitrogen) with 3-N-morpholino-2hydroxpropane sulfonic acid (MOPS) running buffer
(Invitrogen) and Hybond-P membranes (GE Healthcare). The antibody labelling pattern was visualised
using ECL plus (GE Healthcare) and a Geldoc 2000
using the Quantity One software for labelling intensity
quantifications (Bio-Rad Laboratories). The electrophoresis analyses were repeated twice for each set of
samples. To address a potential increase in protein carbonyls in females, the membranes were incubated for
2 instead of 1 d and developed for 600 instead of 400 s.
All reagents not further specified were from SigmaAldrich.
The sex ratio of adult individuals in the growing
tanks was estimated in 100 ml samples taken from
each tank. Samples were taken as part of the routine
monitoring of the experimental population every ca.
7 d and were preserved in Lugol’s solution (1%). Later,
adult males and females were counted and sexed (n =
24 ± 4 ind. per replicate).
Data analysis. ANOVA was used to test for differences between treatments and all variances were
tested for homogeneity by Levene’s test. If significant
heteroscedasticity was found, the variables were
square root- or log-transformed. All tests were also
done on untransformed values to control for spurious
effects of transformation, but in no case did the transformation change the conclusions. Student-NewmanKeuls (SNK) tests were used for post hoc comparisons.
The full ANOVA results are presented in tables where
each analysis refers to the corresponding figure (see
Tables 2–5). In order to perform quantitative analyses
and establish statistical significance on levels of oxidative stress among treatments (age, sex and/or food),
only those samples loaded within the same gel were
compared. Since each gel allows for the loading of a
maximum of 17 wells at the same time (16 samples plus
a protein size standard), we compared statistically the
oxidative damage between (1) males and (2) females,
both on Days 16, 23, 30 and 37, as well as on Day 44 for
females only, for each food treatment; males and females in both food treatments at (3) Day16 (young adults)
and (4) Day 37 (senescence); and (5) nauplii from
mothers at Days 16, 27 and 37 for both food treatments.
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RESULTS

Levels of oxidative damage in adults

Qualitative observations regarding external appearance and behaviour of Acartia tonsa revealed the general features that most organisms exhibit with ageing:
from smooth and unspoiled bodies and active behaviour in younger adults to altered body pigmentation
and texture in older individuals. Old copepods had
darker coloration (greyish and bluish) with algae or
crusts attached, and displayed a more sluggish swimming with weaker escape responses. We also observed
a decrease in the relative number of males in the tanks
at the end of the study (Fig. 3).

Males 30 to 37 d old had significantly higher carbonylated protein content under both diets. In contrast,
females did not show such increased carbonylated protein levels with age (Figs. 6 & 7, Table 4). Further tests
showed that for 16 d old adults, neither gender nor
food affected levels of carbonylated proteins (Fig. 8a),
but after 37 d adult males showed higher oxidative
stress than females and RHO-fed males exhibited
higher protein oxidative damage than those fed TW
(Fig. 8b). A significant interaction (Sex × Food) suggested that the effect of food was different for males
and females (Table 5).

Effect of age, sex and food on feeding
Maternal effect as levels of oxidative damage in nauplii
Females exhibited higher ingestion and clearance
rates than males, and both sexes showed higher ingestion of TW than RHO, presumably due to more efficient retention (Berggreen et al. 1988) (Fig. 4). Feeding
rates of TW declined with age in both males and
females, but there was a slight increase in feeding
rates on RHO from Day 16 to 23 and for females this
was a significant difference. For males and females
after Day 23 the feeding rates on RHO declined slightly,
but not significantly (Table 2).

A maternal effect on oxidative stress was detected as
higher carbonylated protein content in first stage nauplii produced by older females (Fig. 5d). The first stage
nauplii do not feed, and rely on maternally derived
nutrition. Interestingly, the effect was also dependent
on the diet of the mothers evidenced by a significant
Food × Age interaction. Nauplii produced by TW-fed
females displayed higher oxidative damage (Fig. 5d,e,
Table 3).

Effect of age on fecundity and nauplii production

DISCUSSION

EPR increased from Day 16 to 30 in both food treatments, reaching a maximum of 53 ± 11 eggs female–1
d–1 in RHO and 37 ± 4 eggs female–1 d–1 in TW treatments. EPR then declined almost regularly in RHO and
was more variable in TW treatments (Fig. 5a). EPR was
significantly lower in older females (Day 37 to 44), and
RHO resulted in higher EPR than TW. EHS was also
significantly lower in older females, but no effect
of diet was found on EHS (Fig. 5b). The resulting NPR
was consequently also significantly lower for offspring
spawned from females 37 and 44 d old (Fig. 5c, Table 3).

Results on integrated ageing effects in Acartia tonsa
showed that the senescence response involved all
physiological processes analysed, impaired reproductive capacity and was detectable as damage at the molecular level. These findings have strong implications
for the understanding of the biology and ecology of
copepods, particularly the mechanisms behind femalebiased populations, and more generally with regard
to the reproductive consequences and mechanisms of
ageing. Of particular interest is the novel finding of
protein carbonyls as a negative maternal effect.

Fig. 3. Acartia tonsa. Sex ratio
estimated as the proportion of
A. tonsa males to females in the
experimental tanks throughout
the experiments for (a) Rhodomonas sp. and (b) Thalassiosira
weissflogii treatments
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Table 2. ANOVA comparison of ingestion and clearance rates
in Acartia tonsa males and females (factor: Sex) at different
ages (factor: Age) offered Rhodomonas sp. (RHO) or Thalassiosira weissflogii (TW) as food (factor: Food). All 2-factor
ANOVAs testing the effect of both food and age showed
significant interactions and therefore each diet was tested
separately using 1-way ANOVA
Source

SS

df

MS

F

p

Ingestion rate, data square-root transformed (Fig. 4a,b)
Sex
0.265
1
0.265
69.6
0.000
Food
0.124
1
0.124
32.6
0.000
Sex × Food 0.000224
1
0.000224
0.0587 0.810
Error
0.187
49
0.00381
Total
4.15
53
Clearance rate, data log-transformed (Fig. 4c,d)
Sex
6.654
1
6.65
82.1
Food
3.244
1
3.24
40
Sex × Food
0.086
1
0.0858
1.06
Error
3.972
49
0.0811
Total
56.2
53

0.000
0.000
0.309

Ingestion rate in males, data square root-transformed (Fig. 4a)
RHO
Age
0.00546
3
0.00182
1.11
0.408
Error
0.0115
7
0.00164
Total
0.194
11
TW
Age
0.0215
3
0.00717
12.6
0.002
Error
0.00456
8
0.000570
Total
0.655
12
SNK post hoc: 30 = 37 = 23 < 16
Ingestion rate in females, data square root-transformed (Fig. 4b)
RHO
Age
0.0131
4
0.00328
3.38
0.054
Error
0.00969
10 0.000969
Total
1.149
20
TW
Age
0.0961
4
0.0240
9.63
0.002
Error
0.0249
10
0.00249
Total
2.148
20
SNK post hoc: 44 < 37 = 30 = 23 = 16
Clearance rate in males (Fig. 4c)
RHO
Age
0.000849
3
0.000283
0.630
Error
0.00360
8
0.000450
Total
0.0137
10
TW
Age
0.0147
3
0.0049
9.97
Error
0.00393
8
0.000492
Total
0.145
12
SNK post hoc: 30 = 23 = 37 < 16

Fig. 4. Acartia tonsa. Ageing effects on feeding rates. Ingestion and clearance rates (mean ± SE; n = 3) in (a,c) males and
(b,d) females fed Rhodomonas sp. (RHO) and Thalassiosira
weissflogii (TW)

0.616

0.004

Clearance rate in females, data log-transformed (Fig. 4d)
RHO
Age
0.365
4
0.0911
15.35
0.000
Error
0.0594
10
0.00594
Total
10.038
15
SNK post hoc: 16 = 37 = 44 < 30 = 23
TW
Age
1.72
4
0.430
9.949
0.002
Error
0.432
10
0.0432
Total
4.346
15
SNK post hoc: 44 < 30 = 37 = 23 = 16
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Table 3. ANOVA comparison of egg production, egg hatching
success and naupliar production of Acartia tonsa females of a
different age (factor: Age), and carbonylated protein content
in nauplii produced by females of different age (factor: Age;
data log-transformed) offered Rhodomonas sp. (RHO) or
Thalassiosira weissflogii (TW) as food (factor: Food)
Source

SS

df

MS

F

p

Egg production (Fig. 5a)
Food
919
1
919
19.4
0.000
Age
3223
4
806
17.0
0.000
Food × Age
143
4
35.8
0.76
0.565
Error
946
20
47.3
Total
32368
30
SNK post hoc:
37 = 44, 44 = 16, 16 = 23, 23 = 30, 37 < 16 < 30, 44 < 23
Egg hatching success (Fig. 5b)
Food
31.8
1
31.8
0.134
0.718
Age
7739
4
1935
8.14
0.000
Food × Age
538
4
135
0.566
0.690
Error
4753
20
238
Total
155862
30
SNK post hoc:
44 = 37, 37 = 30, 30 = 23 = 16, 44 < 30, 37 < 23 = 16
Naupliar production (Fig. 5c)
Food
482
1
482
10.6
0.004
Age
3294
4
823
18.2
0.000
Food × Age
281
4
70.2
1.55
0.227
Error
907
20
45.3
Total
19478
30
SNK post hoc: 37 = 44 < 16 = 23 = 30
Carbonylated protein content (Fig. 5d)
Food
0.0684
1
0.0684
6.49
0.027
Age
0.548
2
0.274
26.0
0.000
Food × Age
0.267
2
0.133
12.7
0.001
Error
0.116
11
0.0105
Total
281.0
17
SNK post hoc: 16 < 23 < 37

Fig. 5. Acartia tonsa. Fecundity and maternal effect. Estimations were made on females at Days 16, 23, 30, 37 and 44 fed
Rhodomonas sp. (RHO) or Thalassiosira weissflogii (TW).
(a) Egg production rate (EPR), (b) egg hatching success
(EHS), (c) nauplii production rate (NPR) and (d) carbonylated
protein content of nauplii Stage I spawned by females.
Data are mean ± SE; n = 3. Solid lines represent homogeneous
subsets according to the Student-Neuman-Keuls test. (e)
Western blot demonstrating that nauplii spawned by 37 d
old females fed TW exhibited the highest oxidative protein
damage

Decreased foraging with age has been recorded
mainly for mammals (Morley 2001) and birds (Catry et
al. 2006). In humans, decreased food intake with age
(known as anorexia of ageing; Morley & Silver 1988) is
related to lower metabolic rates and failure to develop
sensory-specific signals associated with the satiety system (Morley 2001). With respect to copepods, an early
study indicated progressively decreased feeding rates
with time for wild individuals of unknown age of
Eucalanus subcrassus, Tortanus gracilis, Calanopia
elliptica and Paracalanus aculeatus (Ikeda 1977). A
progressive decline with age in faecal pellet production by Centropages typicus females (Carlotti et al.
1997) also likely results from diminished ingestion
rates in older individuals. To our knowledge, the present study is the first rigorous report of age-related
feeding declines in copepods. Omnivorous copepods
are capable of discriminatory feeding using mechanoand chemosensory mechanisms (Teegarden 1999), but
the effect of age on tactile or chemosensory recognition or changes in palatability requires further investigation. Such effects of ageing may involve not only
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Fig. 6. Acartia tonsa. Oxidative protein damage. Carbonylated protein content of (a) males and (b) females fed Rhodomonas sp. (RHO, n = 12) or Thalassiosira weissflogii (TW, n =
11). Data are mean ± SE; n = 3. Data for RHO and TW were
obtained from different gels, so direct comparison between
food treatments is not possible; for further details see text
Table 4. ANOVA comparison of carbonylated protein content
in Acartia tonsa at different ages (factor: Age) offered Rhodomonas sp. (RHO) or Thalassiosira weissflogii (TW) as food;
data log-transformed
Source

SS

df

MS

F

p

Males (Fig. 6a)
RHO
Age
0.690
3
0.23
7.91
0.009
Error
0.233
8
0.0291
Total
256.0
12
SNK post hoc: 16 = 23 < 30 = 37
TW
Age
0.419
3
0.140
5.54
0.029
Error
0.177
7
0.0252
Total
245.3
11
SNK post hoc: 16 = 23, 23 = 30 = 37, 16 < 30
Females (Fig. 6b)
RHO
Age
0.805
Error
0.619
Total
281

4
10
15

0.201
0.0619

3.25

0.059

TW
Age
Error
Total

4
10
15

0.122
0.0379

3.23

0.060

0.489
0.379
334

decreased food consumption with age but also qualitative changes in the diet through altered selectivity.
Decreased fertility with age has been reported for
diverse organisms such as rotifers (Snell & Childress
1987), coleopters (Fox 1993) and fruit flies (Müller et al.
2001). Such a response may imply an evolutionary
adaptation to a short life span (Medawar 1952, Stearns
et al. 2000). Here, EPR in Acartia tonsa were highest at
Days 23 to 30 and declined afterwards (Fig. 5). Maxi-

Fig. 7. Acartia tonsa. Oxidative protein damage. Western blot
for (a,b) males and (c,d) females fed (a,c) Rhodomonas sp. or
(b,d) Thalassiosira weissflogii. In (b) Replicate 3 for Day 16
appears abnormal and was excluded from analysis
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Fig. 8. Acartia tonsa. Oxidative protein damage. Carbonylated protein content of A. tonsa
adult males (M) and females (F) fed Rhodomonas sp. (RHO) or Thalassiosira weissflogii
(TW) at (a) Day 16 (n = 11) and (b) Day 37 (n =
12). Values obtained as in Fig. 7b estimated
from 3 replicates. Western blot for adults at (c)
Day 16 and (d) Day 37. Error bars are SE.
Replicate #3 in (c) for males 16 d old in the TW
treatment appears abnormal and was excluded
from further analysis

mum EPR around the middle of the female’s life seems
to be a common pattern for fruit flies (Novoseltsev et al.
2003b) and copepods, as shown for Centropages typicus (Carlotti et al. 1997) and Eurytemora affinis (under
the combined effect of temperature and salinity; Devreker et al. 2009). The mechanism behind that pattern
has been alternately explained in terms of energy loss
during the last moulting from copepodid Stage V
to adult when oocytes mature (Fryd et al. 1991) or the
time required to complete vitellogenesis (Plourde &
Runge 1993).
Table 5. ANOVA comparison of carbonylated protein content
in 16 and 37 d old Acartia tonsa males and females (factor:
Sex) offered Rhodomonas sp. (RHO) or Thalassiosira weissflogii (TW) as food (factor: Food)
Source

SS

df

MS

F

Age: 16 d (Fig. 8a)
Sex
1344833
1
1344833 0.0294
Food
681742
1
681742
0.0149
Sex × Food
51862065
1
51862065
1.13
Error
365965991
8
45745749
Total
2340209867 12
Age: 37 d (Fig. 8b)
Sex
18881715405 1 18881715405 112
Food
4599725724 1 4599725724 27.3
Sex × Food 2606130575 1 2606130575 15.4
Error
1350231499 8 168778937.4
Total
67872371704 12

p

0.868
0.906
0.318

0.000
0.001
0.004

The results from the present study also indicate a
strong decrease in reproductive output with age, due to
combined declines in EPR and EHS. So far, variation in
EPR in copepods has been attributed mainly to food
availability (Ban 1994) and quality (Jónasdóttir et al.
1995, Ianora et al. 2004), as well as temperature (Ban
1994). Our results show decreased reproductive output
as a direct consequence of the ageing process. Algae
used in the present study do not impair reproduction, as
they have been tested several times with positive results
(particularly the diatom Thalassiosira weissflogii; Calliari & Tiselius 2005, Calliari et al. 2006, present study).
Food concentration (500 µg C l–1) was high but within
realistic limits representative of eutrophic environments
inhabited by Acartia tonsa. Furthermore, considering
that food levels were close to saturation for A. tonsa
(Berggreen et al. 1988), gamete production during this
experiment was not energetically limited. Decreased
EHS may be linked to higher content of oxidative
products in eggs released by older females. Such nonMendelian inheritance of oxidative damage constitutes
novel evidence for copepods (see below). During the
experiment, females had continuous access to males so
we assume that mating was not likely a limiting factor.
However, we cannot rule out the possibility that sperm
limitation also contributed to decreased EHS and NPR if
sperm quality or mating ability decreased during senescence. That would reflect an effect of ageing acting
through a different mechanism that deserves further at-
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tention in future studies. The present results on decreased reproductive output linked to ageing are of significance for the current understanding of field population dynamics and production, since realized fecundity
(e.g. NPR), recruitment and demographic dynamics in
field populations will likely be age-structured.
Age-related oxidative modifications to intracellular
macromolecules (e.g. cytoskeletal proteins, enzymes
and protein-signal mediators) have been reported in a
diverse range of taxa (Kregel & Zhang 2007). The accumulation of oxidatively modified proteins in the body is
a sign of impaired protein turnover, and of failure of
the mechanisms involved in their replacement (Friguet
2006). Copepods also accumulate oxidized proteins with
age and exhibited sex-specific differences in oxidative
damage levels. Why do Acartia tonsa males accumulate more oxidative damage than females? Our results
suggest that the high female biomass turnover implied
by offspring production may be a main factor. Protein
turnover is one major path by which functional proteins are maintained and damaged proteins removed
(Ryazanov & Nefsky 2002). For A. tonsa females, the
production of 36 to 50 eggs d–1 represents a daily
turnover rate between 37 and 50% of their body mass.
Males of this species can produce ca. 4 spermatophores d–1, representing only ca. 2% of their body mass
(Mauchline 1998). Biomass turnover that includes the
transfer of oxidized proteins to reproductive structures
is thus a mechanism that may limit accumulation of
oxidized products in females, but not males. An alternative explanation behind longer life span in females
and low accumulated oxidative protein damage could
be antioxidative properties of protein vitellogenin
produced by females, as recently suggested in a study
on bees (Seehuus et al. 2006). Nevertheless, copepod
females also aged, which supports the idea that ageing
is caused by multiple factors of which oxidative damage is only one component (Kirkwood & Austad 2000).
Offspring performance — e.g. developing time, body
size and survivorship — decreases with increasing
maternal age in the univoltine freshwater copepod Cyclops kolensis (Jamieson & Santer 2003). Such a maternal age effect was attributed to depletion of resources
in older females. Similar conclusions were drawn for insects (Fox & Dingle 1994, Giron & Casas 2003). The present study combined maternal age, quality of food and
maternal fitness, here measured as lower hatching success and higher carbonylated protein content in first
stage nauplii produced by older females fed TW. These
novel findings are of relevance not only for copepods
but also with regard to all sexually reproducing species.
Incorporation of oxidized proteins into eggs, as discussed above, constitutes an alternative hypothesis to
explain the observed lower offspring quality produced
by older females. A nutritional deficit in TW-fed fe-
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males could have decreased their antioxidant defences
in the long term and resulted in a transfer of more carbonylated proteins to offspring at the end of their life.
Food affected oxidative levels among and within
sexes (only for males) and in offspring. Contrary to our
assumption, males fed TW showed lesser oxidative
damage than those fed RHO. While there is no clear
mechanism to explain that particular result, e.g. in fatty
acid profiles, it strongly suggests the presence of differences in the nutritional and/or metabolic requirements
among sexes in Acartia tonsa. This is consistent with
recent results that demonstrate differential resistance
between sexes to algal toxins in A. tonsa that lead to
higher mortality rates in males (Avery et al. 2008).

CONCLUSIONS
One implication of the present findings is that mortality rates increase with age, and that such an increase should be higher for males than females. An
early study had indeed suggested that pattern (Parrish
& Wilson 1978), and the decrease in the abundance of
males in our tanks by the end of the present study supports that hypothesis. Our results suggest that copepod
ageing resulting in a female-biased mesocosm population and non-Mendelian inheritance of protein damage may partly explain the cyclic population dynamics
and female-biased sex ratios seen in nature, by passing
on damage to offspring. Severe shortage of males has
been linked to the fact that most females may never be
fertilized in the field, and thus the population becomes
fertilization limited (Kiørboe 2006). Our results were
based on living conditions of copepods in the laboratory in the absence of predators. However, while predation has been suggested as one of the main sources
of mortality in the field (Ohman & Wood 1996, Hirst &
Kiørboe 2002), the degree of vulnerability to predators
seems likely to vary with age (Williams & Day 2003,
Monaghan et al. 2008). New evidence also shows that
non-consumptive mortality could also be important in
causing copepod mortality (Tang et al. 2006).
These results offer new insights into both plankton
ecology and ageing research with novel and integrative evidence on the effects of ageing on copepods at
physiological and molecular levels. Maternal effects
associated with ageing should be considered in future
models of foraging, production, behaviour, reproduction and energetic investment, and particularly in
population dynamics and evolutionary biology. Results
from the present study also highlight the significance of explicitly considering age in the design of
experimental studies, as well the need to extrapolate
laboratory results on biological rates and behavioural
responses to wild, age-structured populations.
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