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It is becoming ever clearer that the ecological interactions between herbivores
and their prey encompass a rich set of dynamic relations poorly described by the
classic plus-minus view of predators and prey. Herbivores from diverse habitats
are known to affect their plant prey in complex ways (Serengeti grasslands,
McNaughton 1985; freshwater zooplankton, Lehman and Sandgren 1985, Berg-
quist and Carpenter 1986, Sterner 1986; marine protozoans, Goldman et al. 1987a;
marine polychaetes, Bianchi and Rice 1988). Reasons for these more complex
dynamics include compensatory growth and nutrient recycling. Thus, the emerg-
ing view of herbivory features herbivores not only in their role as grazers per se—
that is, predators in the classic sense—but also in how they alter the competitive
arena of their prey.

By way of rapid, coupled cycling of nutrients among phytoplankton, zooplank-
ton, and the dissolved pools, zooplankton grazers influence the chemical environ-
ment experienced by phytoplankton. In one view, nutrient regeneration by zoo-
plankton is seen primarily as offsetting predator-prey interactions between
grazers and algae. For example, experimentally established gradients of herbivore
density have found net positive as well as net negative effects of grazer density on
the per capita growth of algal populations (Lehman and Sandgren 1985; Bergquist
and Carpenter 1986; Elser et al. 1987). Positive effects sometimes overwhelm
negative ones, particularly for relatively inedible algal taxa. An experimental
decomposition of these positive and negative effects of grazers on algae (Sterner
1986) and numerical modeling of the same (Sterner 1989b) have identified certain
general forms. An indirect mutualism occurs when grazers increase the per capita
availability of resources, which can occur in two distinct ways: (1) by regenerating
nutrients, and (2) by reducing algal population density (Sterner 19895).

A different way in which grazing zooplankton influence the algal competitive
arena is through the ratios of chemical resources resupplied to their algal food.
The various elements that are most critical to algal growth are not recycled by
grazers with the same efficiency (recycling efficiency is defined here as the
fraction of nutrient removed from the food pool that is again made available to the
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food). For example, one essential chemical element for diatoms and some chrys-
ophytes, silicon (Si), is recycled in a chemical form that is unavailable for algal
uptake. The recycling efficiency of Si is thus much lower than that of other
elements such as nitrogen (N) and phosphorus (P), which are regenerated primar-
ily in available forms. Unequal recycling efficiencies cause grazers to make some
elements more available than others to their algal prey. Studies of marine crusta-
cean zooplankton have long been concerned with the balance between N and P
release (E. Harris and Riley 1956; Butler et al. 1969; Corner et al. 1972, 1976;
review in Corner and Davies 1971), and recent work on marine protozoan grazers
continues in the same vein (Goldman et al. 1987a), but freshwater study has
concentrated on other issues.

Some discussion has occurred regarding the relative rates of recycling of differ-
ent elements in an apparent hope that an invariant ranking could be constructed.
Unfortunately, since recycling efficiencies vary, such an attempt is futile. When P
appears in the food in low concentration compared with an animal’s requirements,
less is recycled than when the food is rich in P (Lehman and Naumoski 1985;
Anderson et al. 1986; Olsen et al. 1986). This is similar to the way in which
bacteria recycle elements from their substrates at rates that are governed by the
difference between the elemental content of the substrate and the requirements of
the bacteria (Goldman et al. 1987b; Tezuka 1989). In addition, because nitrogen
serves as a substrate for respiratory, energy-releasing pathways as well as serving
as structural material (Bidigare 1983; Regnault 1987), the availability of lipid and
carbohydrate versus protein in the food may well influence the rate of N recycling
(Mayzaud and Conover 1988). These different arguments point to the role of
herbivore physiology in controlling the rates of recycling of N and P.

In this paper, the recycling of N and P by zooplankton grazers is examined in
three different physiological models. Possibly, the analysis is applicable for ratios
of other resources as well. In each of these alternatives, the ratio of recycled N to
recycled P is solved as a function of the ratio of N to P in the food pool.
(Hereafter, the ratio of N to P is expressed as N : P.) Some of the assumptions and
predictions of the models are then compared with data from a previously pub-
lished study (L.e Borgne 1982a). The results are discussed in the context of
resource-competition theory (Tilman 1980, 1982). Resource-competition theory
holds that a supply ratio helps determine which of a set of species will be
competitively dominant. Resource supply is the rate at which resources are made
available to competitors. A supply ratio is the quotient of such rates for two
resources, for example, moles N - liter ~! - h™!/moles P - liter ™! - h~!. Different
supply ratios can result in dominance by (or coexistence of) different species (see
reviews in Tilman et al. 1982; Kilham and Kilham 1984; Sommer 1989a). Thus, in
this study, theoretical relationships between the supply ratio of N to P and the
N :P in the algal pool are derived.

The N : P is thought to be particularly important in explaining the percentage of
nitrogen-fixing cyanobacteria in algal communities. An association between ratios
of total N-to-P concentration and the percentage of dominance by cyanobacteria
(Smith 1983) is a major piece of evidence implicating competition for N and P in
helping to explain when and where cyanobacteria can become dominant (Tilman
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et al. 1982). Empirical field studies have often relied on concentration ratios as
proxies for supply ratios. However, it has not yet been shown how the N-to-P
supply ratio relates to the N-to-P concentration ratio. G. Harris (1986, p. 148)
presented evidence that the ratio of N-to-P turnover is positively related to the
ratio of N-to-P concentration, but the method of calculating turnover was very
indirect, and the scatter of the relationship obtained was great. By solving for
theoretical relationships for how the ratio of N-to-P supply should vary with the
N:P in the food pool (which is often a large fraction of the total nutrient), the
present study could either buttress or weaken the current arguments about com-
petition relying on N-to-P concentration ratios.

In addition, these models contribute in a basic way to resource-competition
theory because realistic dynamics of resource supply are constructed. Thus far,
resource-competition theory has used simple constructs of resource supply. The
best-studied case is that of equable supply, which occurs when supply is propor-
tional to the numerical difference between the concentration found by summing all
pools of a resource and the concentration of only the available pool. When supply
is equable, one can plot a supply point on a resource-isocline diagram at the
coordinates for the concentrations of the two resources that would exist if con-
sumption were zero. However, supply ratios and concentration ratios need not be
so directly related. Another type of resource supply, termed *‘logistic,”” leads to a
different relationship between concentration and supply. After comparing the
equable and logistic models, Tilman stated that “‘it is only for the idealized case of
equable resources that the concept of the resource supply point may be used’’
(1982, p. 197). It should be noted that the predictions of competitive superiority
made by resource-competition theory are little affected by the precise dynamics of
supply (Tilman 1988). The important lesson here is that the manner in which
nutrient is supplied from the unavailable pool determines how closely concentra-
tion ratios reflect supply ratios. The equable and logistic modes of resource supply
are mathematically convenient, and perhaps reasonable as first approximations,
but neither is known to be a realistic mimic of the dynamics of resource supply in
nature. It is therefore important to consider resource-supply rates that are crafted
to be biologically realistic. Doing so should provide insight into competitive
dynamics.

THREE ALTERNATIVE MODELS

Three models posit a common framework with three pools of N and three pools
of P: phytoplankton, Py and Pp, zooplankton, Zy and Zp, and dissolved, Dy and
Dy (fig. 1; table 1). In nature, nutrients exchange among these pools by a variety of
processes. For present purposes, only fluxes in and out of the zooplankton pool
need be considered, and grazing on non-algal foods is treated as negligible. This
reduces the number of fluxes to three. In addition, for clarity, grazing falls equally
on all algae. Together, these simplifications allow analytical solutions for the N-to-
P supply ratio to be written in a way that makes the important results more
transparent.

The flux of N and P into the zooplankton pool (b, fig. 1) occurs at a rate (per
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Fic. 1.—Pools and fluxes of nitrogen and phosphorus in the lower-pelagic food web. The
three fluxes shown as solid arrows are considered here.

TABLE 1

SymBoLs USeD, THEIR MEANINGS AND DIMENSIONS

Symbols Meaning Dimensions
Py, Pp phytoplankton nitrogen (N) and phosphorus (P) pools moles per liter
Zn, Zp zooplankton N and P pools moles per liter
Dy, Dp dissolved N and P pools moles per liter
& grazing rate per hour
dons bop resupply rate of N and P moles per liter per hour
mn, Mmp basal metabolic release rates per hour
ay, ap accumulation efficiencies of N and P dimensionless
b3 loss rate from zooplankton pool per hour

ratio of N to P (N:P) in zooplankton food = Py:Pp dimensionless*
K N : P resupplied to dissolved pool dimensionless*
b N:P in zooplankton pool dimensionless*

* All ratios are atomic, that is, moles to moles.

hour) that equals the per capita mortality rate experienced by phytoplankton as a
result of grazing. The rate ¢, equals the clearance rate (volume cleared per animal
per time) times grazer density (animals per volume). This grazing rate, ¢, is equal
for N and P. Grazing rate is treated as a constant, which would be accurate for an
unchanging population of grazers when their functional response is not satiated.
The latter occurs when algal density is below the incipient limiting concentration
as defined by McMahon and Rigler (1965; see Sterner 19895). Short-term instanta-
neous dynamics will be derived; thus, an unchanging grazer population does not
limit the generality of the results.



