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Zooplankton-mediated transitions between N- and P-limited algal growth!

James J. Elser,> Monica M. Elser,® Neil A. MacKay, and Stephen R. Carpenter*
Department of Biological Sciences, University of Notre Dame, Notre Dame, Indiana 46556

Abstract

Limitation of algal growth by nitrogen and phosphorus was assessed in three north-temperate
lakes with physiological bioassays and nutrient enrichment experiments. In addition, mesocosm
experiments were performed in the three lakes to examine the effects of nutrient enrichment and
zooplankton biomass and size on algal nutrient status. In situ indicators of N and P availability
were inversely related in magnitude and transitions between N and P limitation were abrupt.
Physiological bioassay results did not indicate simultaneous limitation by N and P. However,
limited responses to single-nutrient enrichment and pronounced responses to simultaneous N and
P addition in enrichment experiments suggested that potential limitation by the secondary nutrient
was usually in close proximity to limitation by the primary nutrient. Transitions between N and
P limitation closely accompanied major shifts in the zooplankton community. The importance of
the zooplankton community in regulating the relative degree of N or P limitation was confirmed
by the mesocosm experiments, which demonstrated that transitions between algal N or P limitation
could be induced by manipulations of zooplankton biomass or size. This result supports a hier-
archical view of the function of planktonic systems, in which biotic interactions structure the

response of the algal community to a given nutrient load.

Phosphorus and nitrogen commonly lim-
it algal growth in lakes and oceans. In fresh-
waters, phosphorus is the most frequent
limiting factor (Schindler 1977), although
transitions between phosphorus and nitro-
gen limitation often occur seasonally and in
anthropogenically eutrophic lakes (Wetzel
1983). Further evidence for the importance
of nitrogen as a growth-limiting factor in
freshwater is provided by both experimen-
tal and correlational studies (Goldman 1972;
White et al. 1982; Canfield 1983; Vincent
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et al. 1984; and others) and by synergistic
effects of simultaneous N and P enrichment
on algal growth in nutrient bioassays (Fuhs
et al. 1972; Gerhart 1975; Elser and Kim-
mel 1985; and others). Transitions between
P and N limitation can determine the out-
come of interspecific competition (Rhee and
Gotham 1980; Tilman 1982) and, in single-
species culture experiments, conform to
Liebig’s law of the minimum (Rhee 1978).

Less is known about how mixed com-
munities undergo shifts in P and N limi-
tation in lakes poor in both nutrients. We
used two approaches to evaluate N and P
limitation in three nutrient-poor lakes:
physiological bioassays (for P limitation, al-
kaline phosphatase activity: Pettersson
1980; for N limitation, NH,* enhancement
of dark carbon uptake: Yentsch et al. 1977)
and laboratory nutrient enrichment exper-



