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Abstract

Organisms differ in the proportions of major elements that they contain, in-
cluding N and P, which are known to be highly dynamic and potentially
limiting to production of aquatic ecosystems. Such contrasting elemental com-
position between, for example, algae and herbivores, or between different
herbivores, generates a suite of ecological predictions and opens up new
dynamical possibilities. Here we review studies relating to the nutritional
physiology of aquatic herbivores, especially freshwater pelagic species, and
we relate element content to secondary production and nutrient recycling. A
variety of evidence from many types of studies—physiological modelling,
whole-ecosystem surveys, laboratory growth studies, etc—is assembled into
an internally consistent picture of mineral limitation of aquatic herbivores.
Herbivores with high nutrient demands (the best example is probably Daphnia
and phosphorus) appear frequently to be limited not by the food quantity or
energy available to them but by the quantity of mineral elements in their food.
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INTRODUCTION

Production of consumer biomass out of resources is similar to a complex
chemical reaction in which resources are reactants and consumer biomass and
wastes are products. Evolution favors organisms that perform this manufac-
turing process efficiently, optimizing the yield of the product, biomass, relative
to the amount of reactant, resources, consumed in the reaction. However, as
in all chemical reactions, ecological yields are dependent on the proportions
of all reactants. Thus, stoichiometry can be an important rate-determining
factor in ecological production dynamics.

All organisms have a set of nutritional requirements for metabolism and
growth. When these required substances are balanced in optimal proportion,
production efficiencies (production + ingestion) for bulk food and all essential
substances, including carbon or energy, will be equal. Imbalanced diets, on
the other hand, result in less efficient use of substances that are overabundant,
and highly efficient use of substances in short supply.

Diets are more likely to be balanced when their composition is close to the
composition of the consuming organism. Thus, carnivores generally consume
balanced diets while herbivores and especially detritivores may not. Accord-
ingly, there are distinct differences in the assimilation efficiency of organisms
with these three basic feeding modes (Figure 1). Assimilation efficiency of
detritivores is low (mode = 0-20%), while that of carnivores is high (mode
80-100%). Assimilation efficiency for herbivores is intermediate (mode
60-80%), but it spans a wide range. Figure 1 argues that aquatic herbivores
have a food base that is highly variable in quality.

The study of herbivore nutrition is well developed in several systems, for
example, vertebrates and agriculturally important insects. About other systems
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Figure 1 Frequencies of assimilation efficiencies for a wide variety of marine animals of three
basic feeding modes. Redrawn from (167).
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much less is known. Our goal in this contribution is to consider the nutrition
of pelagic herbivores, which is not as well understood as that of some more
economically important species. Some recently described features of the pe-
lagic system add considerably to the integration of nutritional ecology with
other branches of ecology, including biogeochemistry. Thus, our review fo-
cuses on those points. In addition, our review focuses on freshwater pelagic
crustaceans, the group we know best; we have, however, sought to include
representations of other habitats and groups as well.

OVERVIEW

In pelagic environments, unicellular or colonial autotrophs (“algae,” which
include cyanobacteria) are consumed by a variety of herbivores. Additionally,
herbivore diets may include nonalgal components such as protozoans, detritus,
and bacteria. Collectively, all such particles, which are caught on standard
filters, are referred to as “seston.” In freshwaters, the taxonomic diversity of
herbivores is low; protozoans, rotifers, and two classes of crustaceans, cope-
pods and cladocerans, account for virtually all herbivory. In lakes at most
times, 5-10 species may account for 90% of the grazing pressure on the algal
community; in contrast, marine systems are highly diverse.

Aquatic herbivores must obtain at least a very large fraction of their essential
nutritive substances exclusively from their food. Some evidence suggests that
soft-bodied marine herbivores may obtain quantitatively significant amounts
of amino acids directly from the surrounding water (175), but the more im-
pervious integument necessary for osmotic balance of freshwater organisms
probably precludes such direct uptake. In Daphnia, for instance, direct uptake
of orthophosphate can be demonstrated at high concentrations; at naturally
occurring concentrations, however, direct uptake is negligible (108).

As in all animals, absolute dietary requirements of aquatic herbivores in-
clude not just energy, but also a wide variety of substances needed for structural
growth. All animals require the macroelements H, C, N, O, Na, Mg, P, S, Cl,
K, and Ca. In addition, approximately 14—-19 essential trace elements have
been described to date (141); some are essential only to certain species. Finally,
requirements for biomolecules such as vitamins, amino acids, and fatty acids
have been described for many animals, including pelagic herbivores (e.g. 15).

The biochemical discontinuity at the plant-animal interface is profound.
Algal biomass consists mainly of common biomolecules such as carbohydrates,
proteins, lipids, etc, and it can contain all the elements essential for herbivore

_nutrition. However, the concentrations of these substances may be very dif-
ferent in algal biomass compared to the concentrations optimal for the herbi-
vores. In addition, these essential substances may occur in algal biomass within
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a matrix consisting of large amounts of nondigestible—or even digestion-im-
pairing—material.

Our attention is concentrated on elements first examined by the oceanogra-
pher AC Redfield (112). Redfield found that samples of particulate matter
from the offshore ocean consistently exhibited the ratio C;gs:N;4:Py, which is
referred to as the “Redfield ratio” in his honor. (All ratios here will be atomic,
not mass.) Redfield’s early measurements have been confirmed by modern
measurements (16, 41, 42, 45, 149). However, in spite of some claims to the
contrary, not all organisms have identical composition. Thus, although from
some analyses it is natural to wonder, “Why are the chemical compositions of
living organisms so similar?” (86), we are more concerned here with their
differences.

A major distinction between autotrophs and heterotrophs is in the degree to
which cellular composition is held homeostatically constant despite different
nutritional supplies (141). In autotrophs like algae, biochemical and elemental
composition is very plastic. For instance, the elements N and P typically vary
10X relative to carbon in individual algal taxa variously limited by N and P.
Interspecific variation among algae also is large (57, 152). Thus, the compo-
sition of herbivore diets is clearly a function of the species composition and
growth conditions of its food. Animals, on the other hand, regulate their
elemental content much more strictly. This difference in regulation between
the trophic levels opens up a large set of interesting ecologically dynamic
possibilities and feedbacks that this review describes.

The stoichiometric approach described in this review complements the much
better developed “energetics” approach to animal growth. In energetics, the
single currency, energy, is charted through acquisition, assimilation, physio-
logical partitioning (e.g. growth vs reproduction), and outflow (e.g. respira-
tion). Zooplankton were among the first organisms examined bioenergetically
(117, 131), and the energetics of the freshwater cladoceran herbivore Daphnia
has been extensively studied (37, 76-80, 82, 106). Provocative links between
the energy (or carbon) balance of Daphnia and its life history characteristics
have been identified. For example, the partitioning of assimilated energy as a
function of body size (89, 91) indicates that the proportion of assimilate
allocated to reproduction increases monotonically with body size and is inde-
pendent of food quantity (90). Also, the energetic cost of producing molts may
determine the largest attainable body size (90). Important links between phys-
iology and life history evolution are now being uncovered.

The pros and cons of dealing with energy as a single “master” variable in
ecological systems have been much debated (10, 23, 93). As we show in this
review, a serious weakness of the energetics approach is its reliance on a single
currency, for the growth of aquatic herbivores can be more sensitive to other
aspects of their food, including minerals, than to the bulk food (carbon) or
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energy. We believe it proper to refer to such animals as being limited by
minerals. Because somatic tissue, eggs, resting eggs, and molts have differing
composition, their relative costs will likely vary with the identity of the most
limiting currency in the animal’s food. Eventually, we hope for an expansion
of energetics studies to include other important dietary substances; this review
lays the groundwork for integrating a physiology of multiple currencies into
more traditional ecological views.

ALGAL NUTRIENT LIMITATION

Algal morphology and biochemistry are highly plastic. Due to this variability,
good phycological practice is to subject an algal strain to many growth con-
ditions by varying temperature, pH, nutrient level, etc, so the full phenotypic
expression is seen. Likewise, algae in nature are subjected to a wide range of
growth conditions; hence, planktonic herbivores must subsist on a resource
base varying widely in terms of morphology and chemistry.

We focus on different levels of nutrient limitation of growth. Theoretical
maximum growth rate under nutrient saturated conditions is termed pax-
Realized, nutrient-limited growth rate is termed pt. The ratio W/, is a relative
growth rate (RGR). The nutrient content of algal cells is referred to as the cell
quota, symbolized by Q (units: moles/cell).

Physiology of Nutrient Content

Droop (27) first drew attention to the link between nutrient content and growth
rate. Growth of cells limited by a chemical nutrient has reduced Q. Using the
marine flagellate Monochrysis lutheri limited either by vitamin B, or P, Droop
showed that 1 and Q of the limiting nutrient were related by

p=p' = (1 -1/ Qkq),

where 1" is at infinite Q and kg is the minimum cell quota found at zero p.
Thus, Droop found that the reciprocal of the cell quota was linearly related to
growth rate. In some algae, this linear Droop relationship also holds when Q
is substituted by the nutrient:carbon atomic ratio within the cells (134, 135,
141).

The Droop relationship is a special case in that it refers to a single substance
within a single producer species limited by that element. More complexities
are required to understand elemental content of mixed species in natural
communities. For one, the parameters (" and Q are species-specific and can
be expected to vary for differing conditions of pH, light, etc. Also, the Droop
relationship does not describe the content of nonlimiting elements (29). Rhee
(116) examined both N and P contents of the chlorophyte Scenedesmus at a
fixed growth rate in chemostats with an N:P supply ratio from 5 to 80.



