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Phosphorus limitation of Daphnia growth: Is it real?
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Abstract

The possibility of P limitation for zooplankton growth has many implications for understanding changes in
production efficiency and feedback dynamics between consumers and resources. However, there have been no direct
tests to determine whether the putative P limitation is real. To answer this question, we directly supplied inorganic
P to Daphnia magna apart from food algae, Scenedesmus acutus, and then examined changes in body mass. During
the period from birth to age 6 d, D. magna were fed on live algae for 19 h and placed in water of high inorganic
P (4 mM: P treatment) for 5 h each day. We used P-free water as a control treatment. Growth rate estimated from
initial and final body mass during the 6-d incubation was significantly larger in the P treatment than in the control
treatment when Daphnia fed on P-deficient algae, whereas a significant difference was not detected between the
treatments for Daphnia fed on P-sufficient algae (C: P atomic < 300). The results clearly demonstrate that Daphnia
growth is in fact limited by P itself when they feed on P-deficient algae.

Recently, controversy has sparked over the possibility of
direct P limitation for zooplankton production. Several stud-
ies have demonstrated lower individual and population
growth rates of Daphnia when they feed on algae with low
P content relative to carbon, i.e. high C:P ratios (Sommer
1992; Sterner 1993; Sterner et al. 1993). Using mass-balance
models, Olsen et al. (1986) and Urabe and Watanabe (1992)
estimated the threshold food C:P ratio, above which net
production of cladocerans is limited by P content rather than
C in the food. In both these studies, the threshold was cal-
culated to be ~300 (atomic ratio) for Daphnia, although the
ratio changes according to food concentration and digest-
ibility of carbon in the food (Hessen 1992; Urabe and Wa-
tanabe 1992) and because of changes in the proportion of
metabolic cost (respiration) within assimilated carbon (Stern-
er and Robinson 1994; Sterner 1997). Seston has C: P ratios
>300 in many north temperate lakes (Hecky et al. 1993;
Elser and Hassett 1994; Sterner et al. 1997), implying that
P limitation of Daphnia growth may be common.

Direct P limitation of zooplankton growth, however, has
been called into question (Brett 1993; Miiller-Navarra
1995a, b) in part because of the lack of direct evidence
showing whether P is in fact the actual substance limiting
the growth rate of Daphnia. Although direct demonstrations
of the precise limiting factors for zooplankton feeding on
low-quality foods have been lacking, several studies suggest
that the growth rate of Daphnia is affected by the availability
of individual long-chain unsaturated fatty acids such as EPA
(eicosapentaenoic acid, 20:5w3) and DHA (docosahexae-
noic acid, 22:6w3) (Ahlgren et al. 1989; Miiller-Navarra
1995b). Fatty acids such as these are essential substances for
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most animals. In some specific instances (Miiller-Navarra
1995b), but perhaps not in all, fatty acids may be correlated
with P content in algae. Thus, the alternative hypothesis has
been suggested that the observed lowered growth rate of
Daphnia fed on P-limited algae is due to a correlated defi-
ciency of these essential biochemicals rather than due to the
P itself. Because elemental limitation of zooplankton pro-
duction has many implications in ecological processes such
as the success of a zooplankton species in a given environ-
ment, feedback dynamics between consumers and resources,
nutrient cycling, and ecological transfer efficiency (Sterner
and Hessen 1994; Urabe 1995; Urabe and Sterner 1996), it
is important determine whether elemental limitation for zoo-
plankton growth occurs. This study was designed to answer
the question whether P limitation is real or not.

A variety of indirect approaches to testing for dietary lim-
itation are possible and have been used in zooplankton and
elsewhere. Indirect approaches include correlations between
animal growth rate and concentration of chemical substances
in the food (P: Sterner 1993; fatty acids: Miiller-Navarra
1995b). A direct experimental approach is to control com-
pletely for diet but to arrange for an experimental group of
animals to receive an additional supplement of only a single
dietary substance hypothesized to limit growth. Differences
in growth between this experimental group and a control
group can then be taken to be direct evidence that a given
single substance indeed limits the growth rate. This direct
approach has been utilized for example by microencapsula-
tion techniques used in studies of growth limitation in ben-
thic invertebrates (Kreeger and Langdon 1994). Unfortu-
nately, inorganic P is difficult to encapsulate successfully
due to its high solubility in water. In the present study, we
supplied inorganic P in solution apart from food algae di-
rectly to Daphnia feeding either on P-deficient or P-suffi-
cient food. If the growth of Daphnia feeding on P-deficient
food is stimulated by supplemental P additions, but animals
feeding on P-sufficient food show no similar response, this
should be taken as direct evidence for mineral P limitation
of Daphnia growth.
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P limitation of Daphnia growth

To introduce supplemental P into the experimental Daph-
nia, we capitalized on the known ability of these animals to
incorporate inorganic P directly into their bodies from the
surrounding water when that P is in higher concentration
than normally found in nature (Parker and Olsen 1966). Our
design was such that animals fed on a cultured algal diet for
most of the day, but for a period of several hours each day,
animals were placed in treatment water either lacking or con-
taining a high concentration of dissolved inorganic P. The
precise mechanism of uptake of P from the dissolved phase
in Daphnia is in some doubt, but may involve ‘‘anal drink-
ing” (Peters 1987), uptake through thoracic limbs (Parker
and Olsen 1966), or uptake by gut-resident bacteria and sub-
sequent digestion. To ensure that feeding activities remained
the same during the entire 24-h day, we supplied heat-killed
algae that did not take up P while animals were in the treat-
ment water. Thus, Daphnia maintained food collection and
digestion throughout the experimental periods.

Methods

Food and animals—Scenedesmus acutus was cultured in
chemostats using medium MPI (Sterner et al. 1993). Three
type of Scenedesmus cells were used for experiments: mod-
erately N limited (MON), severely N limited (LON), and
severely P limited (LOP). These cells were produced by ad-
justing the N:P ratio in the influent medium together with
the turnover rate of the chemostat reaction vessel. Details of
these algal culture protocols and composition of these foods
were described elsewhere (Sterner 1993; Sterner and Smith
1993; Sterner et al. 1993) and so are not repeated here. Most
cells in this species occur as unicells in all growth condi-
tions. Nevertheless, all colonies are within the size range of
particles efficiently cleared by Daphnia (Sterner and Smith
1993). According to previous work (Sterner et al. 1993),
MON algae are ranked as superior food for Daphnia, sup-
porting high growth rate, while LOP algae are ranked as the
lowest quality food.

In experiments, we used the artificial growth medium,
COMBO (S. Kilham unpubl.), without any N and P com-
pounds. We will call this P- and N-free growth medium basal
combo medium (BCM). Because the pH of BCM as initially
prepared was >10, we always adjusted its pH to <8 by
titration with HCL.

For experiments, algae were harvested daily from the che-
mostat outflow vessel, centrifuged, rinsed with BCM, and
then used as food. Cell concentration was determined by
hemocytometer count. Heat-killed algae were prepared using
LOP cells. To make heat-killed algae, LOP cells were con-
centrated into 15-ml test tubes with BCM. Test tubes were
put into 70°C water for 15 min. The suspension was then
cooled to room temperature, centrifuged, and rinsed by
BCM. Microscopic observation indicated no morphological
changes due to heat treatment. To check P uptake ability,
dense concentrations (2 X 10° cells ml~?) of live and heat-
killed algae were placed into COMBO medium containing
3.1 pM P and changes in SRP concentration in the medium
were monitored (Fig. 1). In contrast to live LOP cells, dis-
solved P concentration did not show a significant difference
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Fig. 1. Temporal changes in SRP concentrations in containers
with live and heat-killed algae.

between time 0 and 21 h in the medium with heat-killed
LOP cells (two-tailed z-test, P < 0.05), indicating that the
heat-killed algae had no P uptake ability.

A strain of Daphnia magna kept under laboratory condi-
tions in filtered lake water for >5 yr was used in experi-
ments. A separate stock culture was established and renewed
routinely by transferring neonates once every 1-2 weeks.
Saturating amounts of MON algae were always supplied as
food. One day before each experiment, 5-10 mature indi-
viduals carrying late-stage embryos in their brood pouch
were transferred to 1-liter glass bottles containing BCM. Ne-
onates born within 24 h from these mothers were used in
the experiments.

Experimental protocol—Each experiment was carried out
at 20°C with the same general procedure but with differences
in the type of live algae used as food and in the type of
treatment water (Table 1). To check repeatability, Exp. 1-4
were performed at different times in duplicate by different
researchers (a and b). To start each experiment, neonates
from the same mothers were randomly distributed to four 1-
liter tissue roller bottles containing BCM (pH < 8) with
appropriate concentration of live algae. Each bottle received
10 neonates. Another 10—20 neonates were used to estimate
initial body mass (age O d). In each experiment except 2a,
two bottles were used for P supplementation and the re-
maining two were used for control treatment (see below).
Due to a temporary limitation of algal harvest, Exp. 2a was
performed with only two bottles, one for each treatment. The
experimental bottles were rotated horizontally at ~1 rpm to
keep the algal suspension homogeneous.

During the 6-d incubations, D. magna were placed in
beakers with 250 ml of treatment water with or without high
P concentration for 5 h each day. We added 0.2 mg C liter™!
of heat-killed Scenedesmus to the treatment water to stimu-



