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RESOURCE COMPETITION DURING
SEASONAL SUCCESSION TOWARD
DOMINANCE BY CYANOBACTERIA'

ROBERT W. STERNER?

Department of Ecology and Behavioral Biology, University of Minnesota, Minneapolis, Minnesota 55455 USA

Abstract. An annual replacement of eucaryotic algae by nostocalean cyanobacteria was
studied by monitoring the algal and zooplankton communities as well as various nutrient
components during three growing seasons in Pleasant Pond, Minnesota. Short-term factorial
experiments consisting of nitrogen and phosphorus enrichments and macrograzer removal
were performed, and algal population growth was observed to determine whether nitrogen,
phosphorus, or both were potentially limiting to different phytoplankton taxa. The algal
taxa that were consumed by the dominant grazer, Daphnia pulex, were also determined.

Competition for nitrogen together with grazing on the inferior competitors occurred.
Several other potential mechanisms—a changing nitrogen-to-phosphorus supply ratio, in-
creasing grazing pressure, and competition for silicon—did not appear to be important.

Nitrogen was more limiting than phosphorus. At least some nonheterocystous species
were nitrogen limited in every experiment. During the transition to dominance by Nos-
tocales, Nostocales did not usually respond to nitrogen additions, whereas many other
species did. This taxonomic difference in nutrient limitation suggests that some of the
species unable to produce heterocysts were being outcompeted for nitrogen.

Daphnia grazers consumed Anabaena flos-aquae, Fragilaria sp., gelatinous greens, pen-
nate diatoms, and Scenedesmus spp. Algal responses to added nitrogen and to grazers were
often interdependent. A behavioral indirect effect via the grazers’ functional response could

explain this dependence.
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INTRODUCTION

A common seasonal succession in temperate fresh-
water phytoplankton is a shift in dominance from eu-
caryotic species to procaryotic cyanobacteria. The
mechanisms that cause this succession have not yet
been identified, even though many factors are thought
to promote cyanobacterial dominance, including:
buoyancy (Reynolds 1972, Walsby and Klemer 1974),
allelopathy (Keating 1977) including secretion of metal
chelators (Murphy et al. 1976, McKnight and Morel
1980), grazing (Hrbacek 1964, Porter 1977), patchy
phosphorus supply (Lehman and Sandgren 1982), and
competition for nitrogen (references below).

This paper reports tests of several potential reasons
why cyanobacteria annually succeed eucaryotes in the
small and shallow, and eutrophic, Pleasant Pond, Min-
nesota. The cyanobacteria that dominated Pleasant
Pond late in the season (Aphanizomenon flos-aquae
and Anabaena flos-aquae) belong to the taxonomic or-
der Nostocales, members of which are distinguished
by their unbranched trichomes and production of het-
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erocysts. Oscillatoria and Microcystis, which do not
produce heterocysts, were also present, but were not
as abundant. The hypotheses under consideration here
are framed using the resource-isocline approach (Til-
man 1980, 1982), because it makes the interrelation-
ships among resource supply, resource concentration,
and mortality rate explicit.

Mechanism 1: competition for nitrogen. —Many
species of cyanobacteria fix N (Carpenter and Price
1976, Bothe 1982, Paerl 1985), but members of the
Nostocales are often associated with rapid N-fixation
because heterocysts provide the necessary anaerobic
microenvironment (Fay et al. 1968, Dierberg and
Schienkman 1987). Fixation of N often occurs most
rapidly when heterocysts are most abundant (Horne
and Goldman 1972, Horne and Galat 1985, Levine
and Lewis 1985). For this reason as well as those below,
Nostocales are treated here as superior N competitors,
meaning that they can maintain their population on
lower concentrations of reduced N than all other species.

One way to test this mechanism is to see if the dy-
namics of seasonal succession resemble the replace-
ment of inferior competitors by superior ones during
competition for a single resource (e.g., Tilman 1982:
Fig. 11). An initial phase of resource-saturated growth
by all species would be followed by a phase when in-
ferior competitors become subordinate in dominance
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FiG. 1. The Daphnia grazing hypothesis. The isocline of

an inedible species (— ——) does not vary with grazing pressure,
but the isocline of an edible species (——) moves away from
the axes as grazing pressure increases. Where isoclines do not
intersect, the species with its isocline closest to the axes will
be the superior competitor and will dominate. Suecession
would result from a shift from low grazing rates to high grazing
rates (arrows). Axes are nutrient concentrations.

because of resource limitation. According to this mech-
anism, eucaryotes should be N limited as they are being
displaced from the community, whereas Nostocales
should be less affected, and may not be N limited at
all.

Dominance by eucaryotes early in the season would
occur if these species have higher resource-saturated
growth rates than Nostocales, or if their overwintering
density is relatively high. Reynolds (1984a) and Som-
mer (1981, 1985) suggest the former is a likely expla-
nation of other seasonal successions. According to this
explanation, the early season species dominate only
because the community has not approached equilib-
rium.

Mechanism 2: Daphnia grazing. — Grazing by Daph-
nia sometimes strongly affects algal successional tra-
jectories (Sterner, in press). Nostocalean cyanobacteria
are relatively inedible to Daphnia grazers, so mortality
from Daphnia grazing, being lower for Nostocales, could
cause succession without resource limitation. Different
loss rates for different species must always affect succes-
sion to some degree, but an obvious test of the ultimate
importance of Daphnia grazing is to see if Nostocales
achieve late season dominance even in the absence of
Daphnia.

Grazing alone could not, however, explain why edi-
ble eucaryotes dominate early in the season; edible
algae must be favored then for some other reason. One
possibility is that they are superior competitors at low
loss rates. When grazing pressure is high, the resource
level necessary for the edible species to overcome its
higher mortality rate may surpass the level necessary
for the inedible species (Fig. 1). This hypothesis re-
quires grazing pressure to be relatively low early in the
season when edible species dominate and higher later
when inedible species dominate. A related hypothesis,
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Fi1G. 2. The changing nitrogen-to-phosphorus supply ratio
hypothesis. Axes represent nutrient concentrations. Supply
clouds (dashed circles) are plotted at points representing total
resource concentrations in the absence of uptake; supply rates
are presumed to be proportional (see Tilman 1982). When
supply rates change from high nitrogen but low phosphorus
(supply cloud on bottom right) to low nitrogen but high phos-
phorus (top left), the community should shift from dominance
by the superior phosphorus but inferior nitrogen competitor
(isocline A) to coexistence between the competitors, to dom-
inance by the superior nitrogen but inferior phosphorus com-
petitor (isocline B). The points 1-7 represent different times
during the season. During 1-3 the superior phosphorus com-
petitor dominates. at 4 the competitors coexist, and during
5-7 the superior nitrogen competitor dominates.

using cell size as a predictor of both edibility and com-
petitive ability, was considered by Sommer (1985) but
rejected.

Mechanism 3: changing nitrogen-to-phosphorus sup-
ply ratio.— A negatively correlated change in the supply
rates of any two limiting resources could result in a
succession, providing the species have trade-offs (sensu
Tilman and Kiesling 1984) in their competitive abil-
ities (Tilman et al. 1982, Tilman 1985, Sommer, in
press). If phytoplankton growth is limited primarily by
N and P, and if the superior N competitors are also
inferior P competitors, a seasonal change in the supply
rates of these two resources should result in succession
(Fig. 2).

The trade-off in N and P competitive abilities re-
quired for this hypothesis has many diverse lines of
support. First is the obvious importance of N fixation.
Second. cyanobacteria tend to dominate lakes with low
total N : total P ratios (Smith 1983, Harris 1986). Third,
experiments where phytoplankton compete for N and
P show that cyanobacteria dominate only when the
N : P supply ratio is low (Elder and Parker 1984, Til-
man et al. 1986, Seale et al. 1987). Fourth, whole-lake
fertilization experiments show that the relative abun-
dance of cyanobacteria decreases following N addition
(Barica et al. 1980) and increases following P addition
(Schindler 1977). It would seem likely that a changing
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TABLE 1.

PHOTOPLANKTON SUCCESSION
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The seasonal patterns of nutrient limitation predicted by a changing nitrogen-to-phosphorus supply ratio. P:

phosphorus limitation, N: nitrogen limitation, P&N: phosphorus and nitrogen limitation.

Time during season (1 is early, 7 is late: Fig. 2)

1 2 3 4 5 6 7
Nostocales: p* p* p* P P P&N N
Non-Nostocales: P P&N N N N* N* N*

* The taxon is predicted to be displaced by competition for the nutrient indicated.

N : P supply ratio might cause succession towards cy-
anobacteria.

Methodology to measure nutrient supply rates in situ
is sorely needed. Lacking this ability, I resorted to a
more indirect test. If supply ratios shift, so too should
taxonomic patterns of nutrient limitation (Table 1).
The Nostocales should be outcompeted early in the
season because of P limitation, and should become
limited by N only late in the season when and if the
supply ratio shifts to extreme N limitation. Eucaryotes
should be either P, or Pand N, or N limited, depending
on the initial supply rates, but they should be com-
petitively displaced later in the season by N limitation.

Mechanism 4: silicon.— Although it would not ex-
plain why cyanobacteria might outcompete all eucary-
otic species, a decreasing availability of silicon may
explain why species with a high silicon requirement
are displaced (Jorgensen 1957, Lund 1965, Kilham
1971, Paasche 1980). This hypothesis requires that a
decline in the importance of silicon-requiring taxa oc-
curs when concentrations of silicate are below those
required to maintain reproduction rates equal to loss
rates.

METHODS
The study site

Pleasant Pond (45°7'N, 93°6'W), a highly eutrophic
pond with no surface outflow or inflow, is small (0.25
ha) and shallow (mean depth = 1.0 m, maximum depth
= 2.5 m). Although occasionally the bottom 0.25 m
became anoxic for several days, the stratification was
not stable over longer periods.

Field samples and laboratory analysis

Sampling was conducted at a single central location
between 1000 and 1500. For nutrient determinations,
water was immediately filtered (single samples in 1983
and triplicates thereafter) with 0.45-um nitrocellulose
membranes and stored in the dark at 0°C until analysis,
which occurred within 24 h of collection for dissolved
nutrients. Filters were rinsed before use with 20 mL
of distilled water, and the first 35 mL of filtrate was
discarded. Soluble reactive phosphorus (SRP), dis-
solved reactive silicate, and dissolved nitrate plus ni-
trite were determined using methods in Strickland and
Parsons (1972). Dissolved ammonia was determined
using methods in Solarzano (1969). Total P samples
were oxidized by acidic persulphate digestion in an

autoclave followed by pH neutralization and analysis
for SRP. Total N samples were subjected to an alkaline
persulphate digestion and analysis for nitrate using a
Technicon autoanalyzer.

The congruence between nutrients determined spec-
trophotometrically and the fractions actually utilized
by phytoplankton is problematic. Phosphorus has re-
ceived most scrutiny. Only orthophosphate (PO,) is
taken directly through the algal membrane (Raven
1980), but SRP is known to include some organic phos-
phate as well. However, flux between these pools may
be rapid enough for SRP to indicate the P available on
time scales relevant to algal growth (Rigler 1968,
Chamberlain and Shapiro 1973). Indeed, Lovstad and
Wold (1984) found nearly equivalent growth rates for
pennate diatoms offered K.HPO, or the same concen-
tration of SRP from natural samples over a broad range
of algal growth rates. This result is especially striking
because the growth of pennate diatoms is very sensitive
to small differences in low concentrations of P (Tilman
et al. 1982). I presume that spectrophotometric meth-
ods measure biologically available resources, but ac-
knowledge the inherent uncertainties.

Phytoplankton were identified and enumerated from
250-mL samples preserved with Formalin-Lugols.
Counts of 1983 samples were performed with 1-mL
Sedgwick-Rafter slides and bright field optics at 250 x
and 430 x. The 1984 and 1985 samples were counted
using 5-mL cylindrical settling chambers and phase
contrast optics at 250 x and 630 x. In each sample at
least 75, but usually > 200 individual cells or colonies
were counted either with diameter transects or hap-
hazardly chosen fields, depending upon the density.
For colonial species, only cells falling within the sam-
pled area were tallied, and separate counts of colonies
were made to ensure an adequate sampling. Linear
dimensions of 10-20 cells of each taxon (including co-
lonial species) were measured at 630 x, and biovol-
umes were calculated using geometric formulae. Zoo-
plankton were collected with 10 vertical hauls of a
Wisconsin-style zooplankton net of 80-um mesh and
preserved in Formalin sucrose (Haney and Hall 1973).
To calculate Daphnia densities, a net efficiency of 100%
was assumed, but ultimate conclusions rest only on the
assumption that the net efficiency was relatively con-
stant.

In each sample, at least 50 individual Daphnia pulex
were counted and measured (+0.06 mm) from the an-



