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Exploitative competition for food among consumer species is considered to have a substantial impact on their spatial
and seasonal dynamics. In the competition, threshold food concentration (TFC) is one of the important traits
determining competitive superiority among consumer species. TFC represents a food level at which growth rate of
consumers equals zero, and thus a minimum food level to sustain the population. A number of studies have shown
that competition outcomes among heterotrophic organisms such as zooplankton can be predicted by TFC. However,
it has been shown that TFC of consumers can vary according to relative contents of nutritionally important elements
such as phosphorus (P) in the food. The fact suggests that competitive superiority of an organism for food resource
is not fixed, but changes with elemental composition of the food. Because relative demands for nutritionally
important elements is likely taxon-specific and depends on their life histories, quantitative response of growth rate
and TFC to changes in elemental composition of food would differ among consumer species. Thus, dominant
species may change if elemental composition of the food is changed. However, such stoichiometric effects of food
resource on competitive interactions have not yet been studied well.

In this thesis, therefore, I examined the effect of algal C to P ratio on the competition among herbivorous
zooplankton to test the hypothesis that food stoichiometry can change competition outcomes. Algae, the primary
food for herbivorous zooplankton is known to greatly change the elemental composition depending on relative
supplies of light and nutrient. Among zooplankton, Daphnia are one of key organisms in freshwater habitats.
Because they are filter feeders and are poor in ability of food selection, Daphnia are one of zooplankton vulnerable
to changes in elemental composition of algae. Thus, algae-Daphnia system is ideal for examining the effects of
changes in elemental contents of food (algal C:P ratio) on competitive superiority among consumer animals.

In Chapter 2, I examined the mechanism behind the competition between large (Daphnia pulex) and small
zooplankton (Ceriodaphnia quadrangula). According to the size efficiency hypothesis, larger species have lower
TFC because they are more efficient in food collection with lower expenditures for metabolism. Contrary to an
expectation from the size-efficiency hypothesis, Ceriodaphnia often competitively predominate against Daphnia.
However, little is known about critical feeding conditions favoring Ceriodaphnia over Daphnia. To elucidate these
conditions, a series of growth experiments was performed with various types of foods in terms of phosphorus (P)
contents and composition (algae and bacteria). An experiment with P-rich algae showed that TFC was not
significantly different between the two species. However, the food P:C ratio, at which the growth rate becomes zero,
was lower for Daphnia than for Ceriodaphnia, suggesting that the latter species is rather disfavored by P-poor algae.
Ceriodaphnia showed a higher growth rate than Daphnia only when a substantial amount of bacteria was supplied

together with a low amount of P-poor algae as food. These results suggest that an abundance of bacteria relative to



algae plays a crucial role in favoring Ceriodaphnia over Daphnia because these are an important food resource for the
former species but not for the latter.

In Chapter 3, I performed experiments to clarify (1) how TFC of Daphnia species varies according to
changes in P content of food relative to C, and (2) how the rank order of TFC among the species would change
according to food P content and mortality rate. Using the simple diagrams with the different assumptions, I first
theoretically examined how growth rates of Daphnia responded to changes in relative P content of food. Then, we
experimentally examined the growth response using seven Daphnia species with different body sizes. The results
showed that when food P content was low, Daphnia decreased the slopes of growth regression against food
abundances and subsequently increased the TFC. These results support the assumption theoretically considered that
metabolic loss for P has a substantial impact on the response of Daphnia to change in P content of food. In addition,
the experiments showed that Daphnia species having the lowest TFC under high P food exhibited the highest TFC
under low P food. The result suggests that competitively superiority of the species can vary according to P content of
food. T also examined if the effects of food elemental composition on competition would differ according to
mortality rates, because TFC sustaining the population should change with a mortality rate. The experiments showed
that when mortality rate was high, much less species were significantly different in TFC at high mortality rate
especially when relative P content of food was low. The result suggests that the intensity of competition is somewhat
relaxed when low P food is supplied and the mortality rate is high. Finally, I estimated the threshold food
concentrations in terms of P (TFP) for Daphnia fed LOP algae as TFC for nutritionally rich food. TFP and TFC
represent the threshold food levels and illustrate that species-specific “resource” space by TFP and TFC is useful to
predict competitive superiority or inferiority among species under given food conditions in terms of abundance and
relative P content.

In Chapter 4, I performed the competition experiments to verify the prediction from Chapter 3 using three
Daphnia species (D. tanakai, D. galeata, and D. pulicaria). According to their TFCs, I predicted that when fed high
P food, D. tanakai and D. pulicaria would be competitively equal to each other but superior to D. galeata. By
contrast, based on their TFP, it was predicted that when fed low P food, D. pulicaria would outcompete D. tanakai
and D. galeata, while neither of the latter two would be competitively superior to the other. The results showed that
a competitively superior species reduced the food abundance as low level as its own TFC, which was lower than
TFC of the other inferior species and that the biomass of the former was much less affected by the competition.
Likewise, my experiment showed that when the two competing species were competitively equal, the competition

effect decreased their biomass at the same magnitude. These results confirmed the prediction on changes in



competitive outcomes among D. tanakai, D. galeata, and D. pulicaria due to changes in relative content of C and P
in food.

The resource ratio theory states that when there are two or more limiting resources, a supply ratio of these
resources determines an outcome of resource competition. This theory has been successfully substantiated especially
in the chemostat studies with phytoplankton. Although the theory had been tested even on higher plants and
microorganisms, however, it has been not examined using animals except the study showing that the competitive
outcomes between two rotifer species were predictably determined by supply rates and ratios of two algal food that
were substitutable to each other. Chapter 2 suggested that under P-deficient conditions, competition outcomes
between Daphnia and Ceriodaphnia change depending on supply rate and ratio of algae and bacteria, which were
substitutable to each other in some degree. In Chapter 3 and 4, I focused on the two essential elements (C and P) that
are not substitutable to each other. This study is the first test examining if the theory can be applied to competition
among animals for food differing in element composition. We clearly demonstrated that competition outcome
among Daphnia species could stoichiometrically change depending on relative element contents of algae, which is
changed by relative supply rates of light and nutrients. The fact implies that competition outcomes con change
depending on environmental conditions even if players in prey-consumer systems are the same.

My study points that considering food as a package of multiple nutrients or elements, even a single food
resource can induce different outcomes in competition by the same two consumer species. Thus, one should not
understate the effect of elemental composition in the food resource when examining prey-consumer interactions are
examined as in algae-nutrient interactions. The resource ratio hypothesis indicates that in the competition among
algae, they can stably coexist depending on rate and ratio of resource supplies. However in the case of my study in
Chapter 4, Daphnia species would not exhibit stable coexistence because relative content of C and P in the food did
not change, as long as TFC and/or TFP are not the same between the species. However, stable coexistence of the
species may be possible if nutrient recycling driven by consumers greatly influence relative content of C and P in

algae. Further studies are necessary to test this expectation.
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