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Notes

Thresholds for growth in Daphnia magna with

high and low phosphorus diets

Abstract— Algae that have a low growth rate with
a low mineral content are inferior foods for Daphnia
growth, but these foods are not inferior for main-
tenance metabolism. The C per unit volume of low-
growth-rate algal food necessary for zero body growth
was similar to that of high-growth-rate food. Main-
tenance metabolism requires mainly energy, while
body growth requires other essential substances; thus,
they are separate influences of food quality.

Lampert (1977) introduced the concept of
“threshold” food levels, distinguishing be-
tween two types. The population threshold is
the amount of food necessary for reproduction
to exactly offset mortality, resulting in zero
change in population size. The individual
threshold is the amount of food necessary for
assimilation to exactly balance metabolic
losses, resulting in zero mass change for the
individual animal. Most studies since this
seminal paper have worked with the individ-
ual threshold, possibly because natural mor-
tality rates are highly variable and difficult to
measure. The individual threshold is a phys-
iological property that can be considered in-
trinsic to the animal. This note also focuses on
individual thresholds, reporting for the first
time how algal nutrient limitation affects the
response of animal growth to food density at
very low concentrations of food.

Studies of thresholds have played an im-
portant role in the study of food limitation in
zooplankton. Thresholds have been measured
on a variety of zooplankton, including rotifers
(Stemberger and Gilbert 1985), copepods
(Lampert and Muck 1985), and cladocerans
(Gliwicz 1990). Interspecific differences in
thresholds have been related to large-scale dis-
tribution patterns such as the relative abun-
dance of cladocerans and copepods in pro-
ductivity gradients (Lampert and Muck 1985).
Evidence for the size efficiency hypothesis
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(Brooks and Dodson 1965) within the cladoc-
erans has come from threshold measurements
(Gliwicz 1990, 1991), as have demonstrations
of the energetic cost of processing cyanobac-
terial filaments (Gliwicz and Lampert 1990).

Food quantity is often measured in units of
carbon per unit volume because C:biomass
ratios are conservative and because carbon is
closely related to energy content. However, re-
cent studies have indicated that identical
quantities of food carbon can have markedly
different nutritional effects on zooplankton
growth, even within single algal species. Sev-
eral studies have demonstrated reduced food
quality for algae of low vs. high growth rate
(Kigrboe 1989; Groeger et al. 1991; Mitchell
etal. 1992; Sterner 1993). Much evidence now
indicates that zooplankton growth can at times
become limited not by food biomass or carbon
but by the content of essential substances in
the food, for example phosphorus (Hessen
1992, 1993; Urabe and Watanabe 1992, 1993;
Sterner 1993). Some, though, have argued that
such forms of limitation should be rare (Brett
1993). So far, empirical studies of food quality
in zooplankton have used relatively high quan-
tities of food, so that when food quality is high,
growth of body mass is fairly high.

It may well be that the quality of food for
body growth does not correspond to its quality
for maintenance metabolism. When body
growth rates are zero (i.e. at the individual food
threshold), all assimilated food is going into
energy-requiring metabolism (basal, specific
dynamicaction, etc.) and none is left for growth.
In agricultural bioenergetics, the net energy re-
turn of foragers is broken into at least two
components—metabolism and growth (Shir-
ley 1986). Assimilate used for metabolism is
primarily used for energy, with a small amount
used to replace degraded structural material,
assimilate used for body growth, by definition,
is used for structure (noting, of course, that
structural material carries some energy). Sub-
stances needed in high concentration for body
growth may not be necessary for maintenance.
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Fig. 1. Hypothetical relationships between body growth
and food quantity under different scenarios of food quality.
Solid thick line: high-quality food; dotted line: low-quality
food, hypothesis one; thin solid line: low-quality food,
hypothesis two. Point A indicates the rate of mass loss in
an individual in a sterile environment. Point B represents
the individual threshold under high-quality food and un-
der low-quality food, hypothesis one. Point C represents
the individual threshold under low-quality food, hypoth-
esis two.

Both Hessen (1992) and Urabe and Watanabe
(1993) suggested that cladocerans are released
from mineral limitation at the threshold food
quantity. All previous experiments on nutri-
tion in zooplankton relative to algal growth
rate have used moderate to high concentra-
tions of food, so that with high-quality foods,
animals were, at most, moderately food lim-
ited. We compare growth at a very low quan-
tity of food to these results.

One way to distinguish between qualities of
food for maintenance is to compare the thresh-
olds of animals consuming those foods. As-
sume that the rates of collection of foods of
differing quality are equal. Then, if the thresh-
olds differ, foods can be said to differ for main-
tenance as well as growth. Figure 1 compares
hypothetical patterns of body growth vs. food
quantity. Point A indicates the rate of loss of
body mass by animals in a foodless environ-
ment; all qualities of food must go through
point A. High-quality food has a threshold at
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point B. If low-quality food is equal to high-
quality food in terms of maintenance, low-
quality food will have the same threshold but
will have a lower plateau at high concentra-
tions. However, if low-quality food is also poor
for maintenance, a higher threshold, point C,
is expected. This list of possibilities is not ex-
haustive, rather it is a plausible starting point.

To look for differences in food thresholds in
two qualities of food, we measured Daphnia
body growth vs. food density for two highly
contrasting algal food types. Foods consisted
of the chlorophyte Scenedesmus acutus grown
under two different conditions. Previous stud-
ies with Daphnia obtusa have shown that
P-limited Scenedesmus is greatly inferior in
quality to moderately N-limited Scenedesmus
(Sterner et al. 1993); effects are seen in survi-
vorship and reproduction as well as body
growth. Subsequent experiments have shown
that the quality of Scenedesmus is tightly cor-
related with P content (Sterner 1993). Also,
Daphnia reared on P-limited Scenedesmus, al-
though slow growing, exhibits very high lipid
stores (Sterner et al. 1992), indicating that the
energy balance of the animal is not compro-
mised. Growth on low-quality food is not the
same as growth on low quantities of high-qual-
ity food. In addition, those Daphnia feeding
on P-limited algae have reduced rates of food
collection (clearance rate) and N and P regen-
eration compared to animals feeding on high-
quality food (Sterner and Smith 1993).

Algae were grown in 1-liter continuous cul-
tures at 20°C and 14: 10 L/D cycle (200 pEinst
m~2s~!) with growth medium MPI (additional
specifications given by Sterner et al. 1993). One
food type was intensely P-limited, correspond-
ing to food type LOP (low-growth rate, P-lim-
ited: Sterner et al. 1993). The other food type
was moderately N-limited, corresponding to
food type MON (Sterner et al. 1993). A sum-
mary of the known elemental and biochemical
compositions of these foods is given in Table
1. Chemostat outflows were harvested and

Table 1. Composition of algal foods. Units of all: percent of total dry mass. Details of methods used given by
Sterner (1993) and Sterner et al. (1993). Ranges are given when multiple determinations were available.
Carbo-
C N P H Ash Protein hydrate
MON 53-56 6.2-9.4 0.87-0.98 5.0 15 33 10
LOP 56-64 4.0-6.4 0.08-0.09 7.6 4.3 33 31
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Table 2. Dry masses (mg) of neonates on three runs.

Mean n SE
Run 1 8.36 17 0.41
Run 2 13.24 17 1.03
Run 3 14.44 24 1.13

centrifuged daily, and food suspensions were
prepared by using basal medium and precali-
brated relationships between carbon and spec-
trophotometric absorbance (800 nm).

Experiments were conducted with Daphnia
magna using a flowthrough culture design con-
sisting of inverted 1-liter polycarbonate flasks
with foods delivered continuously via a peri-
staltic pump (further details given by Sterner
1993). Flowthrough culturing of this sort has
the advantage that algal biomass is held more
nearly constant than with other methods, and
bacteria and wastes are continually removed
(Vijverberg 1989). Animals in this study were
not necessarily monoclonal.

To initiate an experiment, we placed gravid
females into the flowthrough vessel containing
the appropriate food mixture; these mothers
were removed within 24 h, leaving the neo-
nates that had been released into the vessel.
Each food type x food concentration combi-
nation was used in one flowthrough vessel.
Typically, the initial number of neonates was
~350, but neonates were not counted each time.
Foods were replenished daily, and flow rates
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produced dilution rates in flowthrough vessels
of 2.0 d—!. Food reservoirs, tubes, and flow-
through vessels were washed daily. At day O,
2, and 5, a sample of animals was removed
and placed on small squares of aluminum foil.
Animals were dried at 60°C overnight, stored
in a desiccator, and weighed = 1.5 ug (typical
SD of replicate weighings) with a Sartorius
model S4 ultramicrobalance. Dry masses were
converted into growth rates with the formula

In(M /M)
=73

g is the body mass growth rate, M is the mass
of animals on day 5, A, is the mass on day 2,
and 3 is the number of days elapsed. Due to
experimental constraints, measurements were
spread out over three runs.

Neonate masses in runs 2 and 3 were very
close but were larger than mass in run 1 (Table
2). We are unsure why this is so, but we did
not standardize our experiments for the instar
of the mother, and offspring of the first few
reproductive instars tend to be smaller than
offspring of later ones (Ebert 1991; Guisande
and Gliwicz 1992).

D. magna reared on MON had significantly
larger mass at higher food quantities on day 2
(F,; = 329, P=0.0007, r? = 0.82) and day
5 (Fy6 = 37.2, P=0.0009, r> = 0.86) (Table
3). Analogous relationships in LOP were not

Table 3. Dry masses (mg) of animals on day 0, 2, and 5 showing the run number. Food carbon is mg C liter—!.

Day 0 Day 2 Day 5

Food Food

C type Run N Mean SE N Mean SE N Mean SE
0.01 MON 1 3 8.80 1.80 7 8.90 0.40 0
0.02 MON 2 3 13.90 3.20 9 10.70 1.10 10 9.50 0.90
0.03 MON 1 3 8.10 0.40 9 9.70 0.80 10 9.10 1.10
0.06 MON 2 3 15.70 4.70 4 14.00 0.50 3 12.40 0.90
0.08 MON 3 5 13.90 0.90 4 14.30 1.60 11 26.00 3.40
0.11 MON 1 3 8.10 1.20 7 14.10 1.10 5 26.50 1.60
0.16 MON 3 5 17.00 0.60 6 16.10 1.40 13 44.70 5.70
0.2 MON 2 2 15.30 2.10 8 21.60 2.10 10 44.50 1.60
0.25 MON 3 4 13.60 0.30 5 18.20 2.10 7 99.60 16.70
0.01 LOP 1 2 6.40 6.00 8 6.70 0.50 0
0.02 LOP 2 3 11.90 0.20 11 10.50 0.70 10 11.40 1.20
0.03 LOP 1 3 9.30 0.70 7 10.20 0.60 1 20.50
0.06 LOP 2 3 11.00 1.80 10 10.50 0.80 10 13.90 1.10
0.08 LOP 3 3 13.60 0.30 5 16.70 2.50 12 36.80 1.80
0.11 LOP 1 3 8.90 0.40 8 10.90 0.40 3 12.50 2.30
0.16 LOP 3 3 11.90 0.50 4 22.60 5.10 5 35.80 4.70
0.2 LOP 2 3 12.30 1.60 9 10.40 1.30 8 19.90 4.10
0.25 LOP 3 4 15.20 1.10 7 21.90 5.60 12 32.50 3.70




