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Life history bottlenecks in Diaptomus clavipes induced by phosphorus-limited algae

Abstract—Considerable information has accumulated on food
quality effects on certain cladocerans; meanwhile, other zoo-
plankton have received comparatively little nutritional study.
In particular, little is still known about nutrition of copepods
with more complex ontogenetic changes. Recent studies have
identified strong ontogenetic differences in phosphorus content
of copepods, which have been found to be highest for late
naupliar stages. Laboratory experiments were set up to ex-
amine the life cycle of a calanoid copepod relative to mineral
P limitation on a pure algae diet. We hypothesized that P im-
balance would cause nauplii particularly to be affected by algal
nutrient status. Developmental rates, growth rates, and fecun-
dity of Diaptomus clavipes under excess (1.0 mg C L21) P-
deficient and P-sufficient Scenedesmus obliquus were deter-
mined. We found strong differences between diets in survival
to maturity: nauplii developed into copepodites and adults that
successfully reproduced when fed the P-sufficient algae but
invariably died after molting into copepodite CII when reared
on the P-deficient algae. Differences in developmental rates
were small for most life stages of nauplii for both food types
but were substantial both for copepodite CI and particularly
for CII that lived without molting up to 22 d on P-deficient
food before dying. Surprisingly, copepodites that fed on P-

deficient algae had similar or higher specific somatic growth
rates than animals on P-sufficient algae. Although these ex-
periments demonstrate a strong ontogenetic component to co-
pepod nutrition, and a heretofore undocumented dependence
of copepod success on algal P content, the life history bottle-
neck occurs at a later stage than we hypothesized.

Probably among the most important and at the same time
the most difficult task of the zooplankton ecologist is to as-
sess nutritional status. To date, we are still far from a unified
view of zooplankton nutrition, especially for copepods. Ex-
periments of food limitation on copepods are scarce, perhaps
because of the complex life history of copepods and their
relatively long development times. However, studying the
ontogeny of an organism, with focus on nutrition, raises the
intriguing question of stage-dependent performance. Popu-
lation bottlenecks may mean that success of one stage is a
poor predictor of the success of other stages.

When food levels allow for maximum population per ca-
pita growth, food quality becomes particularly relevant for
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zooplankton development. Food quality has been defined as
a complex function of size, morphology, motility, and bio-
chemical composition (McKinnon 1996). Although the im-
portance of these factors has long been recognized to have
effects on the life history traits of crustaceans (e.g., Twom-
bly et al. 1998), the appreciation of mineral limitation, and
in particular the relevance of algal P content is more recent
(Sterner 1993). Organisms with low body C : P ratios (high
P contents) will have high P demands for growth, and should
be most constrained by a low algal P content (Sterner and
Hessen 1994). Therefore, body C : P ratio influences the de-
gree of zooplankton sensitivity to limitation by food P
(Sterner and Elser in press). Because of low P content in
adults (high N : P and C : P ratios; Andersen and Hessen
1991) and the lack of information on the elemental com-
position of copepod naupliar stages, many studies have as-
sumed that copepods may be C or N limited in nature and
have failed to examine the role of P in growth and demo-
graphic performance. Although studies have tested the nu-
tritional adequacy of unialgal diets for the growth of calan-
oid copepods (e.g., Hart and Santer 1994), studies to directly
test the influence of varying elemental composition of spe-
cific algae for the ontogenetic development of copepods are
lacking.

Recent studies have indicated marked variation in P com-
position related to ontogeny in copepods (Villar-Argaiz et al.
2000). Because of their high P content (maximum values of
;1.4% P as dry weight), it has been suggested that the
growth of naupliar stages (Carrillo et al. 2001) like certain
cladocerans (Elser et al. 1996) may be constrained by low-
P food environments. Indeed, published work has supported
this hypothesis for cladocerans (Urabe et al. 1997; Sterner
and Elser in press), although no study to our knowledge has
tested P limitation in copepods. Thus, and in spite of the
long recognition of nauplii as a potential ‘‘bottleneck’’ stage
of copepods (e.g., Feller 1980), the potential mechanistic
role of P constraining metamorphosis at this stage has only
recently been proposed (Villar-Argaiz et al. 2002) but until
now had not been tested.

In this study, we examined the hypothesis that the growth
of copepods is constrained by the phosphorus content of
their food. Nauplii were raised individually on two diets: P-
deficient or P-sufficient Scenedesmus obliquus (formerly re-
ferred to as S. acutus). We measured the effects of food
quality on a suite of life history traits, including survivor-
ship, developmental rates, growth rates, and fecundity over
the life cycle of the calanoid copepod Diaptomus clavipes.
On the basis of work elsewhere on copepod stoichiometry,
we predicted that nauplii should be more susceptible than
copepodite and adult copepods to growth limitation by min-
eral P.

Development and reproduction—Ovigerous females of D.
clavipes were collected during September 2000 from Lake
Nokomis, ;5 km south of Minneapolis, MN, and were iso-
lated in 100 ml of 0.45 mm-filtered lake water, and then kept
at 208C on a 12 : 12 light : dark photocycle until eggs
hatched. At these same conditions, 40 newborn nauplii (,12
h old) were reared individually in high- and low-P diets of
S. obliquus at a concentration of 1.0 mg C L21 in culture

vials that contained 15 ml of 0.45-mm filtered lake water.
Food dilutions were based on measured light extinctions at
800 nm of algal cultures in relation to calibration curves of
carbon content and optical density. Copepods were trans-
ferred to 50-ml vials on reaching the first copepodite instar
(CI). All vials were shaken to reduce food depletion caused
by algae sedimentation. Also every day, animals were re-
moved from vials with a pipette, measured (total length for
nauplii or from the anterior end of the cephalothorax to the
end of the furcal rami for copepodites and adults) under a
compound microscope by use of a calibrated ocular micro-
meter (at 1003 from NI to CI and at 403 from CII to
adults), and transferred to fresh medium until maturity or
death to yield estimates of developmental time and size for
each stage. At maturity (final copepodite molt), adult males
and females of a single treatment were randomly paired and
transferred to 100-ml jars (six replicates) to measure fecun-
dity as clutch size and clutch frequency for 20 d. Every day,
medium and food were replenished, and females were ex-
amined visually for eggs. To measure clutch size, females
carrying eggs were narcotized in carbonated water, isolated,
and eggs within egg sacs quantified. Microscopic observa-
tions and measurements of algal abundance by use of a cell
counter (CASY 1, Schärfe system) before food replenish-
ment showed that adults of D. clavipes ingested P-deficient
and P-sufficient S. obliquus at a rate of ;10,200 cell d21

copepod21 (;2.3 ml d21 copepod21 at experimental concen-
tration), assuring that they were never limited by food quan-
tity.

S. obliquus from the culture collection at the Max-Planck
Institute of Limnology at Plön was grown in chemostats on
COMBO medium (Kilham et al. 1998) under different ni-
trogen and phosphorus loading ratios to produce food of dif-
ferent molar C : P ratios, as described elsewhere (Sterner
1993): a high P content food (a diet referred to here as
MON) with a C : P of 122 6 12 and a severely P limited
food (a diet referred to here as LOP) with a C : P of 1094 6
104. To stabilize food quality, continuous cultures were run
at a constant dilution rate throughout the experimental pe-
riod. The carbon, nitrogen, and phosphorus content of the
food were measured by filtering chemostat outflow onto pre-
combusted (5508C), acid-washed GF/F filters. The carbon
and nitrogen samples were analyzed on a CNH analyzer
(Perkin Elmer), and P was measured spectrophotometrically
as soluble reactive P after a potassium persulfate digestion
(Langer and Hendrix 1982).

Survivorship of copepods as a function of time was cal-
culated as the percentage of original cohort alive at a certain
stage. The stage-specific developmental times were calcu-
lated from observed changes in stage molting with time and
cumulative developmental time was the result of adding up
stage-specific developmental times.

Food quality, as measured by the P content of a pure algal
diet, had significant effects on the individual growth, devel-
opment rates, survival, and hence reproduction of D. clavi-
pes. D. clavipes raised on a P-sufficient diet matured suc-
cessfully (survivorship of 93.3%) but on a P-deficient food
failed to complete development, invariably dying after co-
pepodite stage CII (Fig. 1).

Copepod body length at the stage level did not differ sig-
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Fig. 1. Survivorship as a function of time of D. clavipes reared
under P-sufficient and P-deficient algal diets. Vertical lines indicate
time at metamorphosis in P-deficient (dotted line) and P-sufficient
(dashed line) diets.

Fig. 2. Body length at each developmental stage of copepods
raised in P-deficient and P-sufficient S. obliquus (LOP and MON
treatments, respectively). ADUf, adult female; ADUm, adult male;
CI–CV, copepodites; and NI–NVI, nauplii.

Fig. 3. Relationship between cumulative stage durations (in days)
in MON versus LOP cultures. The solid line (slope of 1) denotes
equal development time for both treatments. Error bars represent
SDs. Error bars are too small to be seen for some stages and food
treatments.

nificantly between the LOP and MON treatments (t test, P
. 0.05), although a tendency to lower body lengths in late
naupliar and early copepodite stages in the LOP treatment
was apparent (Fig. 2). Developmental time of D. clavipes
also was dependant on P content of the algae, particularly
for early copepodite stages (Fig. 3). Thus, age at metamor-
phosis was slightly different between diets: individuals con-
sistently developed into copepodites CI 1 d ahead on P-suf-
ficient food than on P-deficient food (Fig. 1). However,
developmental rate trajectories of animals diverged strongly
after metamorphosis, and stage durations considerably in-
creased in LOP treatment for copepodite stages CI and es-
pecially for CII (Fig. 3). As a consequence, and although all
copepods in the LOP treatment died as copepodites CII, age
at death varied extensively among individuals (cumulative
development time 12–35 d), and some CII individuals lasted
up to 22 d before dying.

Females raised on MON produced four clutches in 20 d.
Average egg production per female was rather constant at 2
eggs d21, and clutch size varied from 10 to 11 eggs clutch21

(average 10.3 eggs clutch21).

Growth rate—To test the effect of P content of the diet
on copepod growth rate, we measured D. clavipes somatic
growth rates at three distinct life cycle transitions by rearing
nauplii up to nauplii stage VI, copepodite stage II (stage at
which copepods died in LOP treatments), and maturity (co-
pepodite CV molt into adult) in 0.45-mm screened natural
water that was supplemented with P-sufficient and P-defi-
cient S. obliquus. Cohorts (a total of 60 nauplii) were com-
menced and raised by use of the same methods described
above, except that nauplii stocks were obtained from the
offspring of the above experimental mating. One third of the
replicates were terminated when animals reached naupliar
stage VI for both treatments. A second third of the replicates
was terminated when animals had completed the molt into
copepodite CII and the rest when animals reached maturity
(solely for the MON treatment). Growth periods lasted 6–7
d for nauplii, 8–11 d for copepodite CII, and 34–36 d for

adults. The zooplankton to be weighed, including newborn
nauplii, were placed in preweighed aluminum boat capsules,
dried at 608C overnight and reweighed on a Mettler UMT2
ultramicrobalance (60.1 mg). Dry masses were converted
into growth rates (g) with the formula

g 5 [ln(Mt) 2 ln(M0)]/t (1)

where Mt is the final body mass, M0 is the initial body mass
of nauplii, and t is the time (in days) at which animals were
collected for their weight.

Animals gained mass in both food regimes, which indi-
cates that they were above the individual threshold for food
limitation. Still, food regimes demonstrated different rates of
biomass accumulation, evidencing food quality limitation.
No statistical difference was observed for naupliar stage VI;
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Fig. 4. Growth rate comparisons of D. clavipes for nauplii NVI,
copepodite CII, and adult stages raised on MON and LOP treat-
ments. Results of Student’s t test are included to test for differences
in the growth rate between treatments for each stage; n.a., not ap-
plicable; n.s., not significant; and ***, significant at the 0.1% level.

however, the growth rate of copepodite CII was 58% higher
when fed on P-deficient than on P-sufficient food (Fig. 4; t
test; P , 0.001). Because the development time for nauplii
and copepodites CII raised on both diets was similar, the
effect of food treatment on growth rates was primarily
caused by differences in the specific weight of animals.
Thus, the mean body weight of nauplii NVI for both treat-
ments was not statistically different (1.25 6 0.12 mg dry
weight [DW] ind21 in MON versus 1.52 6 0.15 mg DW
ind21 in LOP; t test; P . 0.05), whereas the mean weight
of copepodites CII in LOP nearly doubled that of the co-
pepodites in MON (2.67 6 0.53 mg DW ind21 vs. 4.21 6
0.06 mg DW ind21). In spite of the higher growth rates in
the LOP treatment, copepodites CII died before molting into
next stage and showed large lipid droplets filling most of
their body, as well as a noticeable red color in the last seg-
ments of the first antenna.

Effect of food quality on copepod life history—There is
potentially a conspicuous ontogenetic dimension in nutrition
in copepods caused by the different food requirements owing
to varying body composition throughout development (Han-
sen and Santer 1995). Differences in nutritional requirements
between stages may for example reflect a change from struc-
tural growth in juveniles that requires high protein transla-
tion rates, and hence ribosomal RNA rich in P, to lipid re-
quirement in adults for egg production and for survival
(Elser et al. 2000). On the basis of the reported ontogenetic
differences in the P content of calanoid copepods, being
highest for late naupliar stages (Carrillo et al. 1996, 2001;
Villar-Argaiz et al. 2002), we predicted that there could be
a bottleneck in D. clavipes population fed P-deficient food
before metamorphosis to copepodite stages. However, diet
quality affected the life cycle in unexpected ways, and al-
though we did observe a pronounced nutritional bottleneck
as a function of P status of the algae, it was later during
development at copepodite stage CII that failed to molt to
CIII.

Knowing which factor determines copepod failure to grow
offers the promise of predictive mechanistic models where

zooplankton nutrition and community structure can be linked
in nature. We hypothesize that the failure of copepodites to
develop into adults when reared on P-deficient food could
be attributable to several limiting substances. First, to P per
se. Recent literature has suggested a widespread occurrence
of P limitation of some zooplankton, and particularly for
those with highest P needs (e.g., Urabe et al. 1997). If the
ontogenetic differences in the specific P content of the cal-
anoid copepod Mixodiaptomus laciniatus were found to be
a general feature of calanoid copepods, the high specific P
content of copepodites CII (;1.2% P as DW; Villar-Argaiz
et al. 2000) should make them as sensitive to P limitation
as late naupliar stages. Second, to individual fatty acids. It
is known that nutrient-limited algae produce lesser amounts
of essential highly unsaturated fatty acids (Brett and Müller-
Navarra 1997). Among them, eicosapentaenoic acid (EPA,
20:5v3) and docosahexaenoic acid (DHA, 22:6v3) are major
constituents of polar lipids rich in cell membranes. It is pos-
sible that a lack of EPA and DHA or other essential sub-
stances (Harrison 1990) could block the development of the
molting processes of crustaceans at a stage where demands
for these biochemicals are particularly high. Because other
food quality effects cannot be disregarded, these hypothesis
raise the intriguing challenge to test the exact mechanisms
by which deficiency of P becomes evident at a precise stage,
and not before.

As is known for daphnids (Sterner 1993), a chemical im-
balance between autotrophs and consumers fed a P-deficient
algae may generate an excess of C relative to P that can be
responsible for the storage of lipids in discrete droplets. En-
ergy accumulated in the lipids might enable copepods not
only to survive in an environment with scarce or deficient
food for a long time (Vanderploeg et al. 1992) but also to
attain a metabolic status similar to an ‘‘active diapause’’
(sensu Santer et al. 2000) that enables copepods to enter
diapause at different phases of their life cycle. Also the in-
tensive accumulation of lipid droplets may help to explain
the observed higher gain of animal DW and therefore so-
matic growth rates in P-deficient in comparison to P-suffi-
cient food (Fig. 4). In contrast to Daphnia, this result ques-
tions the appropriateness of using body mass growth rate as
a summary measure of copepod fitness and recommends the
study of the whole life cycle, including the production of
living eggs.

Earlier studies have questioned the N limitation of marine
copepods (Anderson and Hessen 1995). Also, the classical
view that copepods should not be severely affected by the
P content of its food, owing to their higher N : P and C : P
ratios (Andersen and Hessen 1991), is not confirmed in this
study. Therefore, the consideration of the role of P-limiting
copepod development at early copepodite stages would rep-
resent an important step identifying the selective pressure
behind crustacean competition and copepod success. What
determines zooplankton populations and succession in nature
is still a hotly contested topic in zooplankton ecology. Al-
though to date poorly understood, food quality bottlenecks
might be extremely important in explaining zooplankton
population dynamics in natural ecosystems.
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