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Volterra (1926) (see also Volterra, 1928) demonstrated that
competition for a single, limiting resource regulates biodiversity by what now is known as the R∗ rule: the competitor that
suppresses the resource to the lowest equilibrium density excludes all other competitors. This empirically supported simple
rule (Wilson et al., 2007) helped knight competition as a key
determinant of community structure and initiated an ongoing
quest to identify mechanisms permitting species coexistence.
Fifty years after Volterra’s paper, Holt (1977) turned things
upside down by studying non-competing prey species who share
a common predator. For such communities, increasing the density of one prey species increases the common predator density,
which exerts a negative effect on the other prey species and viceversa. Thus, to the uninformed observer, the prey appear to be
competing despite only interacting indirectly through the shared
predator. Holt termed this novel mechanism apparent competition. With increasing levels of productivity, Holt demonstrated
that prey species would be continually lost until only one was left
standing: the prey species that can support the highest predator
equilibrium density (P ∗ ). Like its competitive counterpart, the R∗
rule, empirical support for the P ∗ rule and, more generally, for
apparent competition, has been mounting (Chaneton and Bonsall,
2000; Holt and Bonsall, 2017). Consequently, the implications of
apparent competition for conservation biology are being seriously
considered (Gibson, 2006).
Beyond introducing apparent competition, Holt (1977) is a
cornucopia of ideas. Holt demonstrated the robustness of his
conclusions (under equilibrium conditions) to including predator functional responses that account for predator saturation or
predator switching behavior, and to alternative forms of prey
dynamics. He also demonstrated that (i) including refuges from
predation for one prey species can reverse the P ∗ -rule: the prey
species supporting the lower density of predators leads to the exclusion of the other prey species, (ii) positive density-dependence
in the prey growth rate can generate alternative stable states
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supporting a single prey species, and (iii) switching or saturating
predators can produce ‘‘short time periods...[of apparent] mutualism’’, where increasing density of one prey species leads to
a reduced predation rate on the other prey species. This shortterm apparent mutualism can become long-term if the predator is
regulated by a top predator. Following an extensive discussion of
the potential role of trait evolution on apparent competition, Holt
(1977, pg. 23) concluded ‘‘that if we are to develop a deep understanding of the relation between coevolution and community
ecology, we must develop our evolutionary arguments in the context of explicit population dynamic models’’. Although apparent
competition is an indirect effect between two species mediated
by one other species, Holt (1977) extensively discussed indirect
effects in more complex foodwebs and suggested that ‘‘Levins’
technique of ‘loop analysis’...may prove to be a useful tool for the
elucidation of indirect interactions in complex communities’’.
Four decades after its publication, it is remarkable how many
of these ideas have blossomed in anticipated and unanticipated
ways. Holt’s suggestion about the utility of Levins’ loop analysis
was realized by Bender et al. (1984), who developed methods related to Levins’ loop analysis to identify all indirect effects of increasing one species equilibrium density on all other
species’ equilibrium densities in communities of arbitrary complexity. Abrams et al. (1998) showed that saturating predators
could turn short-term apparent mutualism into long-term mutualism by destabilizing predator–prey interactions. New mechanisms for generating alternative stable states have been found,
including prey simultaneously sharing a predator and a resource
(Holt et al., 1994), predators exhibiting complex life cycles
(Schreiber and Rudolf, 2008), and prey providing refuges to predators (Orrock et al., 2010). As suggested by Holt (1977), the role of
eco-evolutionary feedbacks on community dynamics by explicitly coupling evolutionary and ecological dynamics became and
continues to be an area of active research (Schoener, 2011) with
a significant presence in Theoretical Population Biology (see e.g.,
Abrams, 1986; Matsuda and Abrams, 1994; Dieckmann and Metz,
2006; Mougi, 2012; Engen and Sæther, 2019).
By highlighting a diversity of ways that mathematical thinking
can inform biology, reading (Holt, 1977) played a pivotal role in

18

S.J. Schreiber and V. Křivan / Theoretical Population Biology 133 (2020) 17–18

transition of both of us from pure mathematicians to theoretical
population biologists. Holt’s statement that (Holt, 1977, pg. 215):
‘‘the above remarks apply to point equilibria; I do not know what
happens when the system exhibits more complex behavior’’, motivated one of us to prove (Schreiber, 2004) that Holt’s conditions
for equilibrium coexistence also guarantee permanence (i.e. all
species densities remaining bounded away from extinction for
all positive initial conditions (Jansen and Sigmund, 1998)) when
predator saturation generates oscillatory dynamics, while also
showing that oscillatory coexistence without any coexistence
equilibrium is possible. Furthermore, Holt’s comments on ecoevolutionary feedbacks inspired us to study the effects of predator
trait evolution on the community dynamics. We found that like
a slowly switching predator, trait evolution can select for shortand long-term apparent mutualism (Schreiber et al., 2011), but,
unexpectedly, prey coexistence depends on the underlying genetic architecture of the predator’s attack rates (Schreiber et al.,
2018). When predators’ switching is adaptive so that predators
instantaneously maximize their per capita population growth rate
(i.e., a proxy for fitness), dependence of predators’ preference
for a prey is a discontinuous function of prey abundances. The
resulting population dynamics are then described by differential
equations with a discontinuous right-hand side, for which solutions are defined in the Filippov sense (because solutions in
the usual sense do not exist for control systems with a bang–
bang control, e.g., van Baalen et al., 2001; Křivan, 2003, 2006).
More broadly, Holt (1977) continues to inspire both of us to dig
deep into mathematical models of intermediate complexity while
keeping the full complexity in view. We are sure that it will keep
inspiring theoretical population biologists for years to come.
References
Abrams, P., 1986. Character displacement and niche shift analyzed using
consumer-resource models of competition. Theor. Popul. Biol. 29 (1),
107–160.
Abrams, P.A., Holt, R.D., Roth, J.D., 1998. Apparent competition or apparent
mutualism? Shared predation when populations cycle. Ecology 79, 201–212.
Bender, E.A., Case, T.J., Gilpin, M.E., 1984. Perturbation experiments in
community ecology: Theory and practice. Ecology 65, 1–13.
Chaneton, E.J., Bonsall, M.B., 2000. Enemy-mediated apparent competition:
empirical patterns and the evidence. Oikos 88.
Dieckmann, U., Metz, J., 2006. Surprising evolutionary predictions from enhanced
ecological realism. Theor. Popul. Biol. 69, 263–281.

Engen, S., Sæther, B., 2019. Ecological dynamics and large scale phenotypic
differentiation in density-dependent populations. Theor. Popul. Biol. 127,
133–143.
Gibson, L., 2006. The role of lethal control in managing the effects of apparent
competition on endangered prey species. Wildl. Soc. Bull. 34, 1220–1224.
Holt, R.D., 1977. Predation, apparent competition, and the structure of prey
communities. Theor. Popul. Biol. 12, 197–229.
Holt, R.D., Bonsall, M.B., 2017. Apparent competition. Annu. Rev. Ecol. Evol. Syst.
48, 447–471.
Holt, R.D., Grover, J., Tilman, D., 1994. Simple rules for the interspecific dominance in systems with exploitative and apparent competition. Am. Nat. 144,
741–771.
Jansen, V.A., Sigmund, K., 1998. Shaken not stirred: On permanence in ecological
communities. Theor. Popul. Biol. 54, 195–201.
Křivan, V., 2003. Ideal free distributions when resources undergo population
dynamics. Theor. Popul. Biol. 64, 25–38.
Křivan, V., 2006. The ideal free distribution and bacterial growth on two
substrates. Theor. Popul. Biol. 69, 181–191.
Matsuda, H., Abrams, P.A., 1994. Timid consumers: self-extinction due to adaptive change in foraging and anti-predator effort. Theor. Popul. Biol. 45 (1),
76–91.
Mougi, A., 2012. Predator–prey coevolution driven by size selective predation
can cause anti-synchronized and cryptic population dynamics. Theor. Popul.
Biol. 81 (2), 113–118.
Orrock, J.L., Holt, R.D., Baskett, M.L., 2010. Refuge-mediated apparent competition
in plant–consumer interactions refuge-mediated apparent competition in
plant-consumer interactions. Ecol. Lett. 13, 11–20.
Schoener, T.W., 2011. The newest synthesis: Understanding the interplay of
evolutionary and ecological dynamics. Science 331, 426.
Schreiber, S.J., 2004. Coexistence for species sharing a predator. J. Differential
Equations 196, 209–225.
Schreiber, S.J., Bürger, R., Bolnick, D.I., 2011. The community effects of phenotypic
and genetic variation within a predator population. Ecology 92, 1582–1593.
Schreiber, S.J., Patel, S., terHorst, C., 2018. Evolution as a coexistence mechanism:
Does genetic architecture matter? Amer. Nat. 191, 407–420.
Schreiber, S., Rudolf, V.H.W., 2008. Crossing habitat boundaries: coupling
dynamics of ecosystems through complex life cycles. Ecol. Lett. 11, 576–587.
van Baalen, M., Křivan, V., van Rijn, P.C.J., Sabelis, M., 2001. Alternative food,
switching predators, and the persistence of predator-prey systems. Am. Nat.
157, 512–524.
Volterra, V., 1926. Fluctuations in the abundance of a species considered
mathematically. Nature 118, 558–560.
Volterra, V., 1928. Variations and fluctuations of the number of individuals in
animal species living together. Nature 1–51.
Wilson, J.B., Spijkerman, E., Huisman, J., 2007. Is there really insufficient support
for Tilman’s R∗ concept? A comment on Miller et al. Amer. Nat. 169,
700–706.

