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Ecological Competition Between Algae: Experimental

Confirmation of Resource-Based Competition Theory

Abstract. All possible outcomes of ecological competition, including stable co-
existence, were observed in laboratory studies of two species of freshwater diatoms
potentially limited by phosphate and silicate. The relative abundance of these nutri-
ents determined the outcome of competition. The observed conditions of coexistence
and competitive displacement agree with those predicted solely from the abilities
of each species to acquire and utilize limiting nutrients. Coexistence occurred only
when the growth rate of each species was limited by a different resource. These
results may help explain the regional coexistence in nature of an otherwise

paradoxically high number of algal species.

All planktonic algae require essentially
the same nutrients, which they obtain
from a commonly held resource pool.
Classical ecological competition theory
predicts that, under idealized conditions
(1), the one species best able to acquire
and use the limiting resource should dis-
place all other competing species. If this
prediction is correct, lakes and oceans
should contain few species of algae. Ma-
rine and fresh waters usually contain
more than 30 species of phytoplankton in
apparent competitive coexistence within
any small parcel of water (2, 3). Hutchin-
son termed this discrepancy between na-
ture and theoretical prediction the ‘‘para-
dox of the plankton” (2). Many theories
have been proposed to explain this. One
class of explanations emphasizes that the
spatial complexity and temporal variabili-
ty of nature are a violation of the ideal-
ized conditions assumed in classical theo-
ry 2-4). A second stresses the possi-
bility that differing mortality rates, from
differential grazing and settling, may min-
imize interspecific competition (5). An-
other hypothesizes that, even under
idealized conditions, coexistence should
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be possible if species differ in their abili-
ty to acquire and utilize resources (6, 7).
Although such differences have been
demonstrated (8), experimental con-
firmation of a resource-based theory of

Growth rate (doublings per day)

0 5 1o
PO4 or SiOy concentration (uM)

Fig. 1. The calculated Michaelis-Menten func-
tions for Asterionella formosa under PO, limi-
tation (thick solid line) and under SiO, limita-
tion (thin solid line); the calculated functions
for Cyclotella meneghiniana under PO, limita-
tion (dotted line) and under SiO, limitation
(dashed line). Details are given in the text and
(14).

competition has been lacking. The re-
sults reported here show that the steady-
state outcome of nutrient competition
between two species can be predicted
solely from the ability of each species to
obtain and use nutrients for growth.

The freshwater diatoms studied, As-
terionella formosa and Cyclotella men-
eghiniana, occur together in mid-latitude
lakes. Both species were bacteria-free
clonal isolates (9). All experiments were
performed in controlled-culture laborato-
ry conditions (/0). The two potentially
limiting nutrients for the competition ex-
periments, phosphate (PO,) and silicate
(SiO,), often limit growth rate in lakes
(11, 12). The first experiments deter-
mined the abilities of each species to use
limiting concentrations of PO, or SiOs.
Competition experiments between both
species, grown together in flow-through
(semicontinuous) culture, were then per-
formed.

If the growth rate of a species is limit-
ed by a nutrient, its growth rate will
depend on the amount of that nutrient
available. At low concentrations of the
nutrient, growth rate is almost directly
proportional to concentration. As con-
centration increases, a maximal rate of
growth is approached. The Michaelis-
Menten equation is commonly used to
describe the relationship between
growth rate and concentration 8, 13):

M= Umax[S/(S + K)]

where w is the growth rate, pmax is the
maximal growth rate, S is the concentra-
tion of the limiting nutrient, and K the
concentration which leads to half-maxi-
mal growth rate, called the half-satura-
tion constant.

The growth response of each species,
cultured singly, to limiting concentra-
tions of PO, and SiO, was determined
experimentally (/4). The results were fit
to the Michaelis-Menten equation (Fig.
1). The maximal growth rates of the two
species do not differ significantly
(P > .95) (15). Asterionella formosa has
a K for phosphate-limited growth of 0.04
uM POy, significantly lower (P > .95)
than the K of 0.25 uM PO, for PO, limited
growth of C. meneghiniana. If both spe-
cies were grown together under PO, limi-
tation, A. formosa should be the com-
petitive dominant (/6). Under SiO,-limit-
ed growth conditions (Fig. 1), K = 1.4
uM SiO, for C. meneghiniana and
K =3.9 uM SiO, for A. formosa. The
half-saturation constants are significant-
ly different (P > .95). If both species
were limited by SiO,, C. meneghiniana
should be the superior competitor (17).

If a single species is potentially limited
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by two nutrients, its growth rate is deter-
mined by the concentration of that nutri-
ent which leads to the lower growth rate
(18). The boundary between growth rate
limitation by SiO, or by PO, should oc-
cur when the concentrations of SiO, and
PO, cause equal growth rates. From the
Michaelis-Menten  equation, growth
rates are equal when

S8y + Ky) = 8y/(S2 + K»)
S./S. = K./K,

where S, and S, are the concentrations of
nutrients 1 and 2, and K, and K, are the
half-saturation constants for growth of
this single species limited by nutrients 1
and 2.

From the results reported here, the
boundary between PO, and SiO, limita-
tion (19) for A. formosa should occur
when [Si0,]/[PO,] = 3.9/0.04 = 97. For
ratios of SiO, to PO, greater than 97, A.
formosa should be limited by POy; below
97, it should be limited by SiO,. The
boundary for C. meneghiniana is [SiO,]/
[PO,] = 1.4/0.25 = 5.6. For ratios great-
er than this, C. meneghiniana should be
limited by PO,; below this ratio, it should
be limited by SiO,. These boundaries are
shown as vertical lines (Fig. 2).

This resource utilization information
can be used to predict the results of
nutrient-dependent competition between
these two species (20). For [SiO,]/
[PO,] > 97, both species are limited by
PO,. Under these conditions, A. formo-
sa, the better competitor as predicted
from PO, kinetics (Fig. 1), should domi-
nate in mixed species culture. For [SiO;]/
[PO,] < 5.6, both species are limited by
SiO,. In this case, C. meneghiniana
should be the competitive dominant (Fig.
1). For nutrient ratios between 97 and
5.6, the growth rate of each species is
limited by a different nutrient: A. for-
mosa by SiO; and C. meneghiniana by
PO,. Under these conditions both spe-
cies should coexist indefinitely in mixed
species culture because an individual of
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one species will have a greater effect on
members of its own species than on mem-
bers of the other species. These are the
conditions needed for coexistence as pre-
dicted by classical theory.

The results of 73 competition studies
conducted at various ratios of SiO, to
PO, and at various flow (dilution) rates
(21) are in general agreement with these
predictions (Fig. 2). Two single-species
control cultures tested at each nutrient
ratio and flow rate showed that each
species was able to exist by itself under
all conditions tested. Any competitive
displacement observed in mixed species
cultures must be the result of inter-
actions between the two species. The
competitive displacement of C. men-
eghiniana by A. formosa when both spe-
cies are limited by PO, (ratio greater than
97) agrees with the predicted results. The
displacement of A. formosa by C. men-
eghiniana under SiO, limitation is also as
predicted. Competitive displacement of-
ten required 10 to 25 days even under
conditions of rapid turnover (22). Stable
coexistence was observed in the predict-
ed range of nutrient ratios (23). The ac-
tual boundary between dominance by A.
formosa and stable coexistence of both
species has an apparent curvature to-
ward lower ratios at both high and low
flow rates (Fig. 2). There are not suf-
ficient data near the other boundary to
determine if it is also curved.

Long-term coexistence of competing
species was observed only when the
growth rate of each species was limited
by a different nutrient. This supports the
ecological concept that as many com-
peting species can coexist as there are
limiting resources (6, 7, 24). This experi-
mentally demonstrates the plausibility of
one hypothesis (7) used to explain the
paradox. It has not been demonstrated
that there are enough limiting resources
for this mechanism to explain the coexis-
tence of so many species in nature (25).

An alternative theory which helps ex-
plain the paradox states that many patch-

Fig. 2. Results of competition experiments at different
nutrient ratios. Vertical lines at [SiO.]/[PO4] of 97 and 5.6 are
¢l the competitive boundaries as predicted from the abilities of
each species to utilize limiting phosphate and silicate. For
[Si0,)/[PO,] > 97, A. formosa should be competitively dom-
inant because both species are limited by phosphate. For
97 > [Si0,)/[PO,] > 5.6, both species should coexist be-
cause the growth rate of each species is limited by a different
*l  resource. For [SiO.)/[PO4] < 5.6, both species are limited
by SiO. and C. meneghiniana should be the competitive
dominant. Symbols: stars, A. formosa dominant; diamonds,
C. meneghiniana dominant; circles, stable coexistence of
both species.

es of water that differ in the species they
favor exist contemporaneously. Coexis-
tence is thought to be due to the contin-
ual development of patches that “‘decay”
before competitive displacement can
fully occur (3). If these patches have a
lifetime less than the 10 to 25 days re-
quired for competitive displacement in
vitro, numerous species may be able to
exist together in a nonequilibrium state.
The results reported indicate that each
patch might tend not toward dominance
by a single species but toward a multi-
species assemblage. The species compo-
sition of an assemblage would be deter-
mined by which nutrients were poten-
tially limiting in each patch. Perhaps
Hutchinson was correct in suggesting
that there is insufficient time for com-
petitive exclusion to occur during the
summer in temperate lakes because of
the slowness of competitive exclusion
and the nonequilibrium conditions in
lakes.

The results reported confirm the abili-
ty of resource utilization information to
predict the steady-state outcome of com-
petition. If similar cases can be found,
it would indicate that theories of com-
petition based on the abilities of species
to utilize resources could be a powerful
tool in understanding the structure and
dynamics of natural communities (12, 13,
26).

DaviD TITMAN
Department of Ecology and
Evolutionary Biology, Division of
Biological Sciences, University of
Michigan, Ann Arbor 48109
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Potassium-Argon Ages from the Galapagos Islands

Abstract. Potassium-argon ages of eight volcanic rocks from some of the geologi-
cally oldest flows exposed in the Galdpagos Archipelago indicate that the Galapagos
Islands have a probable maximum age of 3 million years. Rocks from six islands
were dated; the oldest are from Espanola (3.2 =0.2), Sante Fe (2.7 *0.1), and
Plazas (4.2 * 1.8 million years). The new data suggest that the Galdpagos Islands

are younger than previously supposed on

the basis of marine magnetic anomaly

dating, but they are older than most previously dated rocks from the Galapagos.

The Galdpagos Islands have been of
interest to biologists since 1835, when
Darwin (1) noted their relative isolation
from any major land mass, their geologic

youthfulness, and the differentiation of
species on and within the island archi-
pelago. The age of the islands is impor-
tant to any biological, evolutionary, geo-
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Fig. 1. Galdpagos Islands. Sample sites are indicated by numbers (see Table 1). The inset shows
schematically the major tectonic features that surround the Galdpagos Islands (15).
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