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DAPHNIA GROWTH ON VARYING QUALITY OF SCENEDESMUS:
MINERAL LIMITATION OF ZOOPLANKTON!
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Department of Biology, Box 19498, The University of Texas at Arlington,
Arlington, Texas 76019-0498 USA

Abstract. Because the biochemical content of primary producers varies with their
growth rate, herbivores feeding on foods of high growth rate have different diets than
herbivores feeding on foods of low growth rate. Herbivores’ food quality is thus related to
their resource’s growth rate. Here, the growth in body mass of individuals of the herbivore
Daphnia obtusa was measured for a variety of foods, which consisted of the chlorophyte
Scenedesmus acutus cultured under a suite of N- and P-limited growth rates. Food quantity
(measured as carbon) was held constant at 0.5 mg/L. In general, low growth rate algae were
poorer in quality than high growth rate algae. The logarithm of Daphnia mass was well
predicted by the logarithm of algal growth rate. Algal growth rates at <50% of resource
saturation demonstrated marked reductions in quality. Animals feeding on low growth rate
foods, and which themselves tended to grow slowly, nevertheless accumulated lipid to a
higher degree than faster growing animals.

A biochemical analysis of elemental (C, H, N, and P) and biochemical (protein, car-
bohydrate, and ash) content (all as percentage of total dry mass) suggested the nutritional
basis for these differences in food quality. Phosphorus content was especially well correlated
with food quality. Daphnia mass was explained with an r* of 0.97 by a regression model
with P, C, and H content. Algal foods of >1% P were high in quality, while foods lower
than this exhibited reduced quality. These results are consistent with P limitation of Daph-

nia growth when feeding on foods of low P content.
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INTRODUCTION
Dynamics

Typically, the numerical response of a consumer (C)
feeding on a resource (R) is represented as some func-
tion f(R) where the function f may take on a variety
of different forms. The simplest of these is probably
the classic Lotka—Volterra equations where consumer
(predator) growth is taken to be a-C- R where a stands
for a combination of the efficiency of predation and
the efficiency of conversion of prey biomass into pred-
ator biomass. Many more complex numerical re-
sponses have been studied, incorporating such things
as predator satiation, habitat heterogeneity, and prey
refugia. Each modification of the numerical response
affects the population dynamics of consumer and re-
source.

Here, I am concerned with a particular feature of the
numerical response when the consumer is an herbivore
and the resource is a primary producer. In all ecosys-
tems, the plant-animal interface is characterized by a
profound discontinuity in the biochemical makeup of
consumnier and resource (Morowitz 1968, Reiners 1986).
There are many differences between the composition
of plant and animal tissues, but for example, plant
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matter is generally higher in carbon and lower in var-
ious essential elements than animal matter. Herbivores
therefore must selectively ingest, absorb, or retain these
minerals compared to bulk food (Raubenheimer 1992).
Plant matter can also contain a relatively large fraction
of food mass that is nutritionally poor for herbivore
growth; for example, most animals cannot utilize cel-
lulose or lignin. For reasons such as these, the herbivore
diet requires relatively extensive biochemical alter-
ation before it can be used for body growth.

The nutrient content of a primary producer is lowest
when it is growing under nutrient shortage or (in some
cases) under other forms of stress (terrestrial: Chapin
et al. 1990; aquatic: Goldman et al. 1979, Goldman
1984). An identical quantity (in terms of biomass or
carbon) of nutrient-limited plant matter will have low-
er nutrient content than the same quantity of plant
matter that is growing at a higher rate. Thus, slow-
growing, nutrient-limited primary producers may be
of lower quality as food for herbivores than fast-grow-
ing individuals. When this is the case, the numerical
response of the herbivore will be affected by, not just
the quantity of'its resource (i.e., the producer) available
(R), but also by the producer’s growth rate (u). The
numerical response therefore must take the form of

f(R,n). Dynamic analysis of such an interaction re-

quires knowing the way that the quality of producers
as food varies with u. We require empirically derived
plots of consumer growth vs. u, holding R constant, so
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that questions regarding the form of the partial deriv-
ative 9f7d(u) can be answered. For example: Is the re-
lationship between u and consumer growth rate mono-
tonic? Does this relationship have any local maxima
or minima? Does the identity of the substance limiting
producer growth alter the relationship?

Clearly, when food quality varies with resource turn-
over rate, u, the dynamics of the consumer-resource
interaction will be affected. The actual effect on sta-
bility, though, is a complex issue. Food quality shifts
might be destabilizing, as can be seen in the debate
over whether food quality shifts cause or contribute to
small-mammal cycling (Akgakaya 1992, and refer-
ences therein). It is also easy to imagine situations where
food quality shifts might increase stability. When the
relationship between food quality and resource growth
rate is monotonic, such that slow resource growth means
low quality, consumer growth will be reduced when
resource growth slows. Under this scenario, the re-
source should experience a lower loss from consump-
tion when its own growth slows, and stability should
be enhanced. However, if resource growth becomes
slow only at high resource density, as would be ex-
pected under “normal” density-dependent growth, we
might expect destabilization. Making the situation more
complicated still, there is no guarantee that the rela-
tionship between resource growth rate and food quality
will be monotonic. Scott (1980), for example, argued
for a unimodal relationship between producer (algae)
growth rate and herbivore (rotifer) growth rate. It is
also not too difficult to imagine situations where re-
source growth rate and food quality might be positively
related, for example if the biochemical makeup of the
resource became better matched to herbivore require-
ments, perhaps because of the balance of essential di-
etary amino acids or vitamins. An added layer of com-
plexity concerns the foraging of the herbivore; for
example, the clearance rate of the planktonic crusta-
cean Daphnia feeding on low-quality food is less than
on the same quantity of high-quality food (Sterner and
Smith 1993). The lack of information on how food
quality and resource growth rate really are related is
an obstacle to answering these major questions about
dynamics.

Mineral limitation of herbivore growth

Herbivores from a wide variety of habitats have been
found to be limited by their food’s mineral content.
Examples are widespread and include tropical ungu-
lates (McNaughton 1988), many terrestrial insects
(Mattson 1980, Dale 1988), sea urchins (Renaud et al.
1990), and small mammals (Schultz 1964, Batzli 1983).
Agricultural research has identified many examples of
mineral limitation of livestock feeding on natural for-
age (McDowell 1992). In freshwater pelagic commu-
nities, the dominant herbivores are rotifers and crus-
taceans, the latter of two types, copepods and
cladocerans. Until recently, a survey of the literature
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dealing with herbivory in pelagic systems might have
led to the conclusion that mineral limitation of her-
bivore growth is unimportant there. However, very few
papers had even considered the possibility. Recently,
this possibility has been scrutinized in more detail, and
evidence from laboratory and field studies now sug-
gests that mineral limitation of pelagic herbivores may
be a common occurrence.

In a laboratory study, Kigrboe (1989) fed the marine
copepod Acartia tonsa a constant quantity of algal food
which was cultured at a varying growth rate. Although
the total carbon ingested remained constant in all the
foods, egg production varied by a factor of 6, which
was interpreted as resulting from the differences in the
chemical composition of the algae. In another labo-
ratory experiment, Groeger et al. (1991) found that
Daphnia fed N-deficient algae had lower growth rates
but higher body lipids than animals fed N-sufficient
algae. They concluded that algal chemical composition
influenced the animals’ growth rate, but not from of a
lack of energy in the poorer food. In a survey of 47
Scandinavian lakes, Hessen (1992) showed that zoo-
plankton abundance was better correlated with partic-
ulate nutrients than with gross measures of algal bio-
mass, including chlorophyll. Notably, Daphnia, which
have a higher P content than other zooplankton taxa
(Andersen and Hessen 1991, Sterner et al. 1992a), were
better correlated with particulate P than were other
zooplankton groups. Copepods, with a higher N con-
tent than other taxa, were better correlated with par-
ticulate N than were other zooplankton groups.

In a physiological analysis, Urabe and Watanabe
(1992) calculated the C:P and C:N ratios of algal food
that would separate C limitation from P or N limitation
of the growth of Daphnia and Bosmina. Their analysis
suggested that natural seston frequently has a com-
position where mineral element limitation is expected.
In another laboratory study, Sterner et al. (1993) showed
that identical quantities of Scenedesmus varying in the
nature and degree of nutrient limitation yielded very
different rates of growth of Daphnia obtusa. Scenedes-
mus cultured under P limitation were very poor in
quality, consistent with a transition from C or energy
limitation to P limitation of Daphnia growth. N-lim-
ited cells were higher in quality than P-limited cells,
but lesser in quality than cells of rapid growth rate. In
addition, Sterner et al. (1992b) showed, similar to the
results of Groeger et al. (1991), that Daphnia fed poor-
quality food had higher lipid levels than animals fed
high-quality food, suggesting that it was not the energy
balance of the animal that was compromised on low-
quality foods. Mitchell et al. (1992) found similar re-
sults to Sterner et al. (1993) using Daphnia magna and
Chlamydomonas; P-limited algae were poorest in qual-
ity, N-limited algae were intermediate, and log-phase
cells were highest in quality. These authors also found
no evidence for toxicity in comparisons with animals
completely lacking food.



