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ABSTRACT: Periodical cicadas live 13 or 17 years underground as
nymphs, then emerge in synchrony as adults to reproduce. Devel-
opmentally synchronized populations called broods rarely coexist,
with one dominant brood locally excluding those that emerge in
off years. Twelve modern 17-year cicada broods are believed to have
descended from only three ancestral broods following the last gla-
ciation. The mechanisms by which these daughter broods overcame
exclusion by the ancestral brood to synchronously emerge in a dif-
ferent year, however, are elusive. Here, we demonstrate that tempo-
ral variation in the population density of generalist predators can
allow intermittent opportunities for new broods to invade, even
though a single brood remains dominant most of the time. We show
that this mechanism is consistent, in terms of the type and frequency
of brood replacements, with the distribution of periodical cicada broods
throughout North America today. Although we investigate one par-
ticularly charismatic case study, the mechanisms involved (competi-
tive exclusion, Allee effects, trait variation, predation, and temporal
variability) are ubiquitous and could contribute to patterns of species
diversity in a range of systems.

Keywords: periodical cicadas, generalist predation, variable preda-
tion, periodicity, Allee effect, Leslie matrix.

Introduction

Processes like resource competition and predation are
known to shape species abundances and distributions in
diverse taxa (e.g., von Ende 1979; Dayton and Fitzgerald
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2001; many others), yet determining causes and effects
can be difficult. For systems with many species and influ-
ences, understanding how these different factors interact
can be challenging. One way forward is to look for sys-
tems where the different processes are somewhat isolated,
so that their individual effects can be better understood,
and where boundaries between different populations are
sharp, so that the network of interactions is relatively sim-
ple. One of the most dramatic examples that fits these cri-
teria is the North American periodical cicada (Magicicada
spp.), for which one can isolate the processes that influence
brood sizes from those that determine brood boundaries
(Kye et al. 2021).

Periodical cicadas spend most of their life cycles under-
ground, feeding as nymphs before emerging en masse ev-
ery 13 or 17 years to mate, oviposit, and subsequently die
(Williams and Simon 1995). Local assemblages of three or
four sympatric periodical cicada species, collectively known
as broods, are nearly always developmentally synchronized
over large spatial areas (50,000-500,000 km?), with only a
very small proportion of individuals in these locations
emerging in other years (Cooley et al. 2018a; Simon et al.
2022). Modern-day periodical cicada broods are believed
to have descended from a single ancestral population, seg-
ments of which shifted to emerge 1 year early, 4 years early,
or 1 year late to form new locally dominant broods (Lloyd
and Dybas 1966; Kritsky 1987; Simon et al. 2022; fig. 1).
Much of this diversification has occurred relatively recently:
just three populations present at the end of the last glacial
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Figure 1: Modern brood map (redrawn from Liebhold et al. 2013; A) and Lloyd and Dybas’s (1966) proposed series of replacements for 17-year

cicada broods (B), consistent with Simon et al.’s (2022) updated scheme.

period are thought to be the ancestors of all modern 17-year served in periodical cicada broods suggests, and field stud-
and most modern 13-year cicada broods (Sota et al. 2013; ies indicate, that there is strong selection against emerging
Cooley et al. 2018a; Fujisawa et al. 2018; Du et al. 2019; Si- in off years (Karban 1982; Simon et al. 2022). How then
mon et al. 2022). The processes that allowed a few broods did so many new broods successfully invade and locally
to quickly diversify into more than a dozen are unclear be- displace the few established broods that were dominant

cause the very high level of developmental synchrony ob- when the North American glaciers retreated?
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Despite their unique life history, the intra- and interbrood
density dependence cicadas experience is not fundamentally
different from typical within- and among-population inter-
actions. Specifically, considerable density-dependent mor-
tality has been observed in the nymphal stage (Karban
1984), suggesting strong competition during development.
The survivors then emerge to face a suite of generalist pred-
ators, especially birds, that prey on cicadas during their
adult stage, creating a strong Allee effect in which preda-
tion will wipe out an emerging brood unless the popula-
tion constitutes a quorum (sensu Simon et al. 2022) dense
enough to satiate predators (Karban 1982; Williams et al.
1993; Sota et al. 2013). Synchronized emergence in large
numbers allows broods to overcome this Allee effect
(Blackwood et al. 2018; Machta et al. 2019), just as predator
satiation contributes to survival in other species subject
to similar Allee effects (Nagel et al. 2021).

It is curious, then, that low-density cohorts of periodi-
cal cicadas within a given brood have been observed to
emerge 1 year late, 1 year early, or 4 years early, out of syn-
chrony with the main brood (Kritsky 1987; Marshall 2001;
Blackwood et al. 2018). The term “stragglers” is commonly
applied to these off-year emergers, even though the phe-
nomenon includes developmental accelerations in addi-
tion to the delays that the term suggests. The magnitude
and frequency at which stragglers occur is not well under-
stood, nor is it known why only 1- or 4-year shifts in emer-
gence time occur (Blackwood et al. 2018; Cooley et al. 2018a).
The presences of stragglers outside the main brood is a
prerequisite for brood diversification, just as trait variance
is a necessary part of phenotypic evolution (Arnold 1992).
However, how a new brood, with synchronized emergence
in a different year from the larger ancestral brood, can per-
sist in the face of such strong selection against low densi-
ties remains unresolved (Simon et al. 2022).

Predators on cicadas are generalists, since they neces-
sarily rely on alternative food sources in nonemergence
years, but the impacts of dynamical feedbacks between
generalist predators and their prey are not widely studied
(Erbach et al. 2013). If predator densities happen to be high
during a cicada emergence—due, for example, to a run of
favorable weather or abundant alternative food sources—
we expect cicadas to suffer particularly high mortality.
The temporary increase in food availability during cicada
emergence events may itself influence predator population
densities. In particular, a handful of bird species has been
found to exhibit numerical responses in their populations
following cicada emergences (Koenig and Liebhold 2005).
Individual cicadas that straggle from the main brood’s
emergence year lose the benefit of overcoming the Allee
threshold through predator satiation, regardless of whether
they accelerate or delay emergence (i.e., whether they “lead”
or “lag” in the terminology of Lloyd and Dybas [1966]).

Those individuals that delay, however, could suffer further
consequences if predation pressure is elevated because of
the generalist predators’ numerical response to the previ-
ous mass emergence. On the other hand, despite the strong
Allee effect, individuals that accelerate emergence avoid
several years of nymphal mortality by spending fewer years
developing.

In this analysis, we focus on 17-year cicadas, since their
12 modern broods are believed to have descended from
just three since the end of the last glacial maximum
(Fujisawa et al. 2018), making them a good case study
of rapid brood diversification. We expand on a Leslie ma-
trix model built by Blackwood et al. (2018) to investigate
the problem of brood branching. Blackwood et al. (2018)
developed a model that incorporated density-dependent
nymphal mortality (modeled as competition), the preda-
tor’s functional response, and stragglers. They found that
the Allee effect imposed by the predator’s functional re-
sponse was often strong enough to prevent stragglers from
establishing new broods. If stragglers occur commonly
enough, however, they may successfully seed additional
broods, particularly when interbrood density-dependent
mortality is not too strong (Blackwood et al. 2018; Machta
et al. 2019). Blackwood et al.’s (2018) model assumed no
numerical response in predators following emergences
and thus could have underestimated the challenges faced
by late emergers. We build on this framework by explicitly
modeling a population of generalist avian predators, in-
cluding temporal fluctuations due to the numerical re-
sponse to the cicada emergences and other causes, in order
to ensure that barriers to new brood establishment are not
artificially low in our model.

Using numerical simulations, we analyze the condi-
tions under which a given location has a single dominant
brood, undergoes succession (sequential replacements of
the dominant brood), or shows brood coexistence. We find
that the avian predator population density is key in deter-
mining the ability of cicada broods to invade and replace
one another. In particular, temporal variation in the carry-
ing capacity of avian predators can allow intermittent
windows during which a new brood founded by stragglers
can replace its parent brood. Furthermore, we show that
our model can accurately replicate the number of replace-
ments needed to explain modern brood diversity as well as
the general pattern of brood replacement shown in figure 1.
Our work thereby suggests a novel mechanism for brood
diversification, which has remained elusive even as our
ability to describe the likely pattern and timing of this di-
versification has improved (Simon et al. 2022).

Despite cicadas’ unique life history, our model posits
that their population dynamics and patterns of diversifi-
cation are shaped by wholly ordinary mechanisms, in-
cluding positive and negative density dependence and



temporal variation in a key quantity (here, predator car-
rying capacity). The lessons learned from this case study
are therefore likely to translate to related questions in other
taxa as well. Specifically, intermittent brood replacements
are possible in our model, which typically exhibits compet-
itive exclusion of all but the locally dominant brood, be-
cause fluctuations in predator carrying capacity cause our
system to cross a bifurcation from a single-brood regime
to a regime in which broods replace one another in a suc-
cessional sequence (Blackwood et al. 2018). The possibility
of this type of bifurcation crossing is an extremely general
effect of temporal variability that has been studied in some
contexts (e.g., Nelson et al. 2013) and likely applies to many
more.

Methods
Model Formulation

We expand on the Leslie matrix model developed by
Blackwood et al. (2018) to model the interaction between
periodical cicadas and their avian predators. As in the
original model, nymphal competition and stragglers (i.e.,
individual cicadas accelerating or delaying development)
are two important components. As the specific mecha-
nisms behind these two phenomena are not fully under-

A Cicada maturation, predation,
and reproduction

Reproduction

Emergence
Background and and
competition-driven Predation
survival

v

Bird maturation, predation, and
reproduction
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stood, Blackwood et al. (2018) considered different forms
of straggler production and competition. Here, we build
on their model of all-to-all competition (equal and sym-
metric competition among all larvae regardless of age)
with a constant, low proportion of stragglers (a fixed, small
fraction of the brood that is reassigned each year to a de-
velopmental schedule with emergence year either 1 year
later or 1 or 4 years earlier than the main brood), as these
assumptions are parsimonious. Because many other ver-
sions of this model produced qualitatively similar results
(Blackwood et al. 2018), our central findings are robust
to deviations from these specific modeling choices, as
we explain below. With our model, we will examine the
strengths of competition and proportions of stragglers un-
der which brood replacement is possible and furthermore
determine how generalist predators influence when re-
placements can occur. The components of our model are
summarized in figure 2.

First, we define the cicada population density (per
square meter) of each age i, where i = 0,1,2,...,16, at
time t as x;,. Here, ¢ has units of years. Then the vector
X, = [x0,6X1,>-..»X16,]" (where T is the transpose oper-
ator, indicating that this is a column vector) corresponds
to the cicada population distribution at time ¢. For simplic-
ity, we will focus only on the 17-year periodical cicadas in

B Cicada stragglers

Reproduction

Stragglers

Figure 2: Schematic diagrams of the periodical cicada model with a generalist avian predator (A) and stragglers (B). In B, we illustrate the
three possible types of stragglers (1-year delay, 1-year acceleration, and 4-year acceleration) from an arbitrary age class, j. In implementing
the model, stragglers are modeled in this way for all age classes (although stragglers are not allowed to enter an age class younger than 0 or

older than 16).
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this analysis, although we expect the same principles to ap-
ply to 13-year cicadas.

Next, we define the survivorship s,(x;) of each age class i
at time ¢ based on density-independent factors and density-
dependent competition within and between broods. We
will assume equal competition between all broods (age clas-
ses; this is Blackwood et al.’s all-to-all competition model).
Thus,

si(x,) = sexp (— i ozxj,,) (1)

j=0

for every i, where o > 0 is the competition coefficient and s
is the empirically derived density-independent survivor-
ship (Karban 1997; see table 1).

It is useful to denote the surviving population of adult
cicadas that emerge after their final year of competition as

Xep = $16(X) X164 (2)

since these are the cicadas that interact with avian predators.

In addition to modeling the cicada population, we model
a generalist avian predator population. To begin, we assume
that the birds in question follow a 4-year age-structured
population model, which is consistent with the life spans
of the bird species that have been shown to exhibit a
statistically significant numerical response following peri-
odical cicada emergences (see the supplemental PDF,
sec. S1). We define b, = [bg, b1 s, bas, b3 )" as the bird
population density (per square meter) vector at time t.
Here, we assume that the final three age classes of birds
are reproductive and prey on cicadas, while the first is not
reproductive and does not prey on cicadas, which is again
consistent with the life history of the bird species of interest

Table 1: Summary of parameters

(see the supplemental PDF, sec. S1). As such, it is useful to
denote

ba,t = bl,t + bZ,t + b3,t (3)

to be the adult bird population at time ¢.

Now we can begin to model some of the interactions
between the periodical cicadas and their avian predators.
It has been shown that the number of cicadas eaten by
birds in a given year depends linearly on the number of
birds present (Karban 1982), so we model the number
of successful emerging cicadas that are killed by predation
fin a given year f as

f(ba,t: xe,t) = min[Pba,n xe,t]a (4)

where p > 0 is the average number of cicadas killed per
adult bird. The second term in the minimization results
from the fact that the birds may consume, at most, the to-
tal number of emergers available in a given year; hence, the
strong Allee effect.

Consequently, the proportion of emerging cicadas that
are killed by birds at time ¢ is given by

f(ba,ta xe,t) _ min[pba,t) xe,t]

xe,t xe,t

, ()

which we set to zero by default whenever there are no
emergers, and the number of emergers killed per adult bird
at time ¢ is given by

(ba,t’xe,t) min ba,t’xe,t
: b [l; : ©

Now we can construct the Leslie-style update matrix L,
for the cicadas, which updates at each time step. First, the

Parameter Definition Value
s Density-independent survivorship (cicadas) 915
A Offspring per surviving adult cicada 56.18
A Fecundity of the first bird age class 1.48
A=A Fecundities of the second and third bird age classes 2.21
o Survival rate of the zeroth bird age class 32
0, = 0, Survival rates of the first and second bird age classes .56

p Average number of cicadas killed per adult bird 3,962
c Average number of bird progeny per cicada attacked .0001
o Competition coefficient (cicadas) Varies
¢ Proportion of cicadas that are stragglers Varies
1) Density dependence (birds) Varies
K, Adult bird carrying capacity (function of 6, o;, A) Eq. (17)
K Mean adult bird carrying capacity in random walk (m™?) ~5.01 x 107*
oz Asymptotic variance in adult bird carrying capacity random walk Varies
p Temporal autocorrelation in adult bird carrying capacity random walk Varies

Note: See section S1 of the supplemental PDF for parameter estimation methods.



emergers undergo competition, then predation, and finally
they reproduce:

L =
0 0 0 se(x) (1 —fi(b“"’x“)) A,
Xet
$o(%,) 0 0 0
0 si(x) .. 0 0
0 0 o su(x) 0

(7)

Here, A, is the number of offspring per surviving adult ci-
cada, given empirically (table 1). We follow Blackwood et al.
(2018) in assuming A, to be density independent. This as-
sumption is partially consistent with Karban (1981), who
found that mating speed after eclosion was density inde-
pendent, while female follicle number appeared density in-
dependent in one sample but positively density dependent
in two others. We could account for the latter effect by mak-
ing A, an increasing function of x, ,, which would strengthen
the Allee effect imposed by predators and further disadvan-
tage stragglers. However, given the mixed evidence and the
fact that our model already includes an Allee effect acting
on emerging adults, we opt for the simpler, constant A, used
by Blackwood et al. (2018).

The model of the cicada population also requires the
straggler matrix, which we will call D, as in Blackwood
etal. (2018). Assuming that some fixed proportion ¢ enters
each of the possible off-year emergence classes (4 years early,
1 year early, or 1 year late), we define the entries of D, d;, as
follows:

do,o =1-20¢,
d,-,,-=l—3¢ for1 <i<12,
d,;,» =1-—2¢ for 13 <i <15,
d16,16 =1-0, (8)
d,-+4‘,- =0 for0<i<12,
diy;, = ¢ for0 <i< 15,
d, =¢ for1 <i<16.

Finally, we construct the Leslie-style update matrix for
the birds, which also updates at each time t. To begin with,
we introduce a general density dependence function (8 for
the bird population, to maintain a finite equilibrium in the
bird population in the absence of cicadas. We assume that
density dependence is a function of the number of adult
birds and has an effect on reproduction, as opposed to sur-
vival, which results in a sustained numerical response follow-
ing emergences that is consistent with empirical findings:

1

Bbw) = 15 ©)

Here, 6 is a density dependence parameter, where 1/6 is
the adult bird population at which the reproductive rates
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of each adult bird age class are half their respective max-
ima. Then our update matrix for the bird population M, is
given by

0, 0 0 0
M=10 o o ol (10)
0 0 0, 0

where m,; = NB(b.,) + ¢f (bay,%.4) /b, for i = 2,3,4.
Here, A; > 0 corresponds to the maximum reproduction
rate of the ith bird age class, and o; € [0, 1] refers to the
survival rate in similar fashion. In addition, ¢ > 0 is the av-
erage number of additional bird progeny produced per ci-
cada killed. Now we can write the equations that govern
this model of periodical cicadas in the presence of avian
predators:

x,+1 = DLx, (11)

b = Mb,. (12)

Bird Carrying Capacity

To anchor our analysis of this model to a quantity with a
clear biological interpretation, we derive the expression
for the carrying capacity of the birds in the absence of cica-
das. We can then study the effect of bird carrying capacity on
the formation of new developmentally synchronized broods
and how variation in this carrying capacity through time
might produce a sequence of brood replacements consistent
with figure 1. In the absence of cicadas, equation (12) reduces
to the following equation for the bird population:

b,.; = M,b,
[0 AB0b.)  AB(bey)  AsB(ba)T]
0, 0 0 0
= bt
0 0, 0 0
L O 0 0, 0 i (13)
i 0 Al Az A3 ]
1+0ob, 1+0ob, 1+ob,
= | 0o 0 0 0 b,
0 0, 0 0
L 0 0 0, 0 i

The carrying capacity of this system (the total bird popula-
tion at cicada-free equilibrium) is given by K = by + b, +
b, + b, = b, + b,, whereb, = [l_ﬂo’t, El)t, l_ﬂz,t,l;g,’t]T is the
nonzero solution to the following equation:
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A A As
_ 1+6b, 1+08b, 1+06b,|_
b= |0 0 0 b. (14)
0 o 0 0
0 0 o 0

In section S2 of the supplemental PDF, we calculate this
carrying capacity explicitly. The resulting carrying capacity
for the entire bird population is given by

_ 1+ -1 (15)
o0 ’

where 6 = 0, + 0,0, + 0,0,0, and A = Aoy + Ayo,0; +

A30,0,0,. Since only the adult birds prey on cicadas in this

model, it is more useful to consider the carrying capacity
of adult birds (ages 1, 2, and 3), which is

K

A—1
A 16
a 6 ( )

Carrying Capacity as a Mean-Reverting Random Walk

In addition to showing how changing the bird carrying
capacity deterministically alters cicada population dy-
namics, we will also explicitly model the bird carrying ca-
pacity as a mean-reverting random walk to reflect natural
variability in the birds’ environment. Koenig and Liebhold
(2013) show that bird predation pressure follows a predict-
able 17-year cycle in sync with cicada emergences. As such,
we model the adult bird carrying capacity at each cicada
generation »n (where 1 generation = 17 years), K,,, as

Kn+1 = Kn - (1 - p)(Kn - I_<) + 0. (1 - pz) Xm

(17)
where K is the average adult bird carrying capacity, o2 is
the asymptotic variance of K,,, p is its temporal autocorre-
lation, and X, ~ (0, 1).

After iterating equation (17), we take the absolute value
of the resulting series of K, values to avoid unrealistic neg-
ative carrying capacity values. The resulting process is a
random walk with a reflecting boundary at zero. Doing
so means that the actual variance and autocorrelation of
the carrying capacity time series no longer equals o2 and
p. Nevertheless, the actual autocorrelation scales linearly
with the o2 value used in equation (17), and the actual au-
tocorrelation scales linearly with p (see the supplemental
PDF, sec. S3). Thus, we are safe to interpret simulations
with higher 02 as more variable and those with higher p
as more strongly autocorrelated. Going forward, we report
02 and p values rather than the true variance and autocor-
relation, since these are the input parameters needed to
implement our model.

Although we lack empirical estimates for o.. and p, we
can use our model to ask whether any plausible values
can accurately replicate the series of replacements that
could have led to the spatial distribution of distinct cicada
broods observed throughout North America today.

Computational Methods

We ran each simulation for 12,002 years (706 generations),
long enough for the system to equilibrate and roughly the
time since the last glaciation in North America (Alexander
and Moore 1962). We begin with an initial cicada popula-
tion density of 100 cicadas per square meter in the first
nymphal stage (x,, = 100) and initialize the bird popula-
tion at its cicada-free equilibrium (solution to eq. [14],
which has total bird population size K and adult bird pop-
ulation size K,). This initial condition is tailored so that the
initial Allee effects or the nymphal competition do not wipe
out the cicada population within the first generation. If
the initial cicada population density were lower (e.g., x50 =
10), then Allee effects would wipe out the entire cicada
population before it can establish itself, and if it were larger
(e.g., x00 = 10,000), then a combination of strong nymphal
competition and predator numerical response would also
wipe out the entire cicada population before it establishes
itself. If we initialize the cicada population as being uniform
across all possible age classes (e.g., x = [10, 10, 10,...,
10]"), then again provided that the total population den-
sity is not too low or too high as to result in extinction
via Allee effects and nymphal competition, simulations with
identical parameters converge to a unique steady state
distribution.

For each simulation, we classify a brood as extinct if it is
unable to overcome the Allee effect once it emerges. That
is, although off-year broods will be continually repopu-
lated by stragglers, we do not consider these broods per-
sistent unless they have positive density after postemer-
gence predation.

Results

Bird Carrying Capacity Fluctuations and the
Establishment of New Cicada Broods

Although we were able to estimate many of the model
parameters from data (table 1; for further discussion, see
the supplemental PDF ), several parameters remain un-
known: o, the competition coefficient for the nymphal ci-
cadas; ¢, the cicadas’ annual straggler proportion; and 6,
the strength of density dependence in bird reproduction.
Thus, we take a similar approach to Blackwood et al. (2018)
to analyze the model’s behavior across possible values of
these unknown parameters so that our conclusions do



not rely on unsupported estimates. Blackwood et al. (2018)
ran simulations across the straggler-competition (¢ — o)
parameter space and explored how different types of steady
states arise in the cicada population. We elaborate on this
analysis here by exploring that same parameter space across
different values for the carrying capacity in the adult bird
population, K, (this is equivalent to looking across differ-
ent values of 6, since 6 is the only parameter in eq. [17] for
which we lack an estimate; we discuss the results in terms
of K,, since it has a more straightforward interpretation
than 6). The results are shown in figure 3. Figure 3A shows
the different steady states that arise in the cicada popula-
tion whenever we set the bird carrying capacity to some-
where within the range estimated from data (2.24 x 107*
to 7.78 x 107* m™?), while figure 3B illustrates the steady
states when there is a significant reduction in bird carry-
ing capacity (about two orders of magnitude). Comparing
these two panels gives us the first indication that fluctua-
tions in bird carrying capacities can have a large impact
on cicada dynamics and the possibility for replacements.

We see in figure 3A and 3B that extinction of all broods
occurs whenever competition, straggler proportion, or
both are sufficiently high. Otherwise, one of several extant
steady states is possible. In the parameter regions marked
C, one brood competitively excludes all other broods (see
figure 3C for an example of this single-brood steady state).
This occurs whenever production of stragglers is suffi-
ciently low and competition between broods is low enough
to avoid extinction but high enough to suppress additional
broods from establishing themselves within the same loca-
tion. This steady state mimics what is seen in nature, where
one brood dominates all other broods in a given location
(figure 1A). We also see that in this region, the bird popu-
lation experiences a sustained numerical response follow-
ing emergences, which contributions to the suppression
of late emergers and reinforces dominance of the main
brood (fig. 3D). In the parameter regions marked E, and il-
lustrated in figure 3E, we see the multibrood successional
steady state. In this scenario, stragglers are sufficiently
abundant and competition is low enough that new cohorts
overcome the Allee threshold and repeatedly replace the
formerly dominant brood (i.e., the identity of the brood with
the greatest number of emergers in a generation changes
through time). These replacements occur with a predict-
able frequency, which we show using green shading in fig-
ure 3A and 3B. The fourth and final steady state, depicted
in figure 3F, corresponds to all-brood coexistence, in which
competition is low enough and stragglers are common
enough such that all 17 possible broods can exist together
in the same location with a constant population size.

For a particular straggler proportion and competition
strength (e.g., the one marked with a black circle in fig. 3A),
reducing the bird carrying capacity results in a bifurcation

Variation in Predation on Cicada Broods E99

where cicada broods begin to replace one another. Thatis, a
system with straggler and competition parameters corre-
sponding to the circle will switch from being at the single-
brood steady state (fig. 34) to the multibrood successional
steady state (fig. 3B). This bifurcation suggests a possible
mechanism for brood replacements and diversification. Re-
peated and sustained instances of traversal across this bifur-
cation value, driven by the predator carrying capacity vary-
ing across space and time, could allow for replacements to
occur in different locations across the cicada range.
Simulations confirm that reducing the bird carrying ca-
pacity for a sufficiently long time and then returning the
bird carrying capacity to its original value can result in re-
placement of the dominant brood and, subsequently, a re-
turn to the single-brood steady state (fig. 4A). Through
repeated incidences of this same mechanism, allowing
the bird carrying capacity to vary in time can result in a
series of replacements (fig. 4B). This mechanism could ex-
plain how modern-day cicada broods branched off from
three developmentally synchronized postglacial ancestors.
Although we illustrate it with a specific example in figures 3
and 4, this key qualitative result is very general. Many alter-
native models of nymphal competition generate the same
bifurcation (Blackwood et al. 2018), and any straggling-
competition strength combination that lies in the single-
brood steady state regime for some plausible bird carrying
capacities and the successional regime for others would
give rise to the same possibility of intermittent brood re-
placements with variation in the carrying capacity.

Who Replaces Whom?

Lloyd and Dybas (1966) proposed a possible series of
replacements, still largely consistent with more recent
work (Simon et al. 2022), to explain how the current spa-
tial ranges of cicada broods originated (fig. 1B). This is by
no means the only possible series of replacements (Cooley
et al. 2018a), but it provides a starting point to answer
whether the model can accurately recreate which brood
has replaced which through time. Figure 1 shows 13 re-
placement events since divergence from the common an-
cestral brood, as many as 12 of which could have occurred
since the last glacial maximum (i.e,, the 12 replacements in
brood X’s lineage following the [putatively preglacial] split-
ting of parts of brood XIV to form X and XIII; fig. 1B).
Clearly, other replacement schemes could get from three
broods to 12 with fewer replacements per ancestral brood,
so we treat 12 replacements since glaciation as the likely
maximum of the range of realistic possibilities. We also
treat the distribution of replacement types (1-year versus
4-year shifts in emergence year) seen in figure 1 as repre-
sentative of the realistic possibilities, as it represents cur-
rent understanding (Simon et al. 2022).
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domly varying the bird carrying capacity according to a mean-reverting random walk (0., = 5x 1077, p = 0.9995) allows intermittent
windows in which the bird carrying capacity dips sufficiently to allow cicada brood replacements.

Figure 5 shows good correspondence between the re-
placement series invoked in Lloyd and Dybas’s (1966) hy-
pothesis (orange) and those seen in simulations of our model
under a variable (mean-reverting random walk) bird car-
rying capacity (black). Competition coefficients and strag-
gling rates are largely unknown, but because the single-
brood steady state is what we commonly observe in nature,
we considered parameter combinations in and around re-
gion C in figure 3A to be generally realistic. We thus ran
simulations across a 50 x 50 grid of values from ¢ = 0
to 2 x 107 and o = 0 to 4.2 x 107*. From these simula-
tions, we enumerated the broods and kept track of which
replaced which when in the multibrood successional steady
state.

The model accurately predicts several features of the
series of replacements. First, the replacements from our

simulations result only from developmental accelerations,
as opposed to developmental delays, which is consistent
with the series of replacements proposed by Lloyd and
Dybas (1966). This behavior is due to two factors. First,
cohorts that delay development will suffer from an in-
creased Allee threshold in the years following the main
emergence, due to growth in the bird population driven
by the main emergence event, while cohorts that accelerate
development evade the predator numerical response and
furthermore incite a predator numerical response that will
be detrimental to subsequently emerging broods. Second,
cohorts that delay development must undergo more years
of competition-driven mortality, while cohorts that accel-
erate development will reduce this risk.

On the other hand, the model overestimates the fre-
quency of 4-year accelerating replacements that occur
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Figure 5: Who replaces whom? Circles indicate each new brood that was observed to replace a previously dominant brood in simulations
(black) or Lloyd and Dybas’s (1966) hypothesis (orange), with the three possible types of stragglers marked by colored lines. The size of each
black circle scales with the number of times that particular replacement occurred in simulations (across a grid of (¢, «) values spanning
¢ = [0,2x107°], « = [0,4.2 x 107*]). Orange circles scale (using a different scale from the black circles, to be visible on the same plot)
with the frequency of each replacement in Lloyd and Dybas’s (1966) proposed series of replacements (fig. 1A).

compared to 1-year accelerating replacements. This result
likely has to do with the model’s assumption that the pro-
portion of cicadas that accelerate development by 4 years
is the same as the proportion of cicadas that accelerate (or
delay) development by 1 year. In reality, cicadas may be
more likely to accelerate development by 1 year than 4 years
(Marshall 2001), which could explain the discrepancy. Ad-
ditional simulations in which 1-year shifts were twice as
likely as 4-year shifts indeed showed a lower frequency of
4-year-ahead replacements (results not shown).

How Often Do Replacements Occur?

In addition to the question of whether our model can ac-
curately replicate which brood has replaced which through
time, we also wanted to compare how often replacement
events occur in the model to the real-world understanding
that up to 12 such replacements have occurred in the past
700 cicada generations. We have seen that the frequency of
replacements depends on the strength of competition be-
tween cicadas, the proportion of stragglers, and the adult

carrying capacity of the avian predators, which will in turn
depend on how the predator carrying capacity changes in
time. Again assuming that the competition and straggling
parameters lie somewhere in the single-brood steady state
region of figure 3A, we can then determine how the prop-
erties of the random walk (its asymptotic variance, 0%, and
autocorrelation, p) affect the frequency of replacements as
the bird carrying capacity changes through time.
Explicitly running simulations that include both the
bird and the cicada populations in the presence of vari-
able bird carrying capacity and finding the frequency of
replacements is computationally expensive when done
over a range of p — o2 parameter combinations. However,
for a given value of competition o and straggling ¢, we can
compute the replacements per generation as a function of
the bird carrying capacity (fig. S24; figs. S1, S2 are available
online). We therefore sampled realizations of the bird car-
rying capacity time series since the last glaciation and from
each time series approximated the frequency of replace-
ments (fig. S2). Although this approach is not guaranteed
to produce the exact number of replacements that would



be seen in a full model simulation, it allows us to efficiently
map the qualitative effects of bird carrying capacity vari-
ance and autocorrelation on brood replacement frequency
(fig. 6A) and to identify parameter values to use in a full
simulation that can serve as a proof of concept (fig. 6B).

Using this method, we obtained an approximate num-
ber of replacements since the last glaciation as a function of
the random walk parameters (o and o02) governing adult
bird carrying capacity, K,. In the brightest-yellow region in
figure 6A, an average of 12 replacements in the time since
the last glaciation is expected. One such high-replacement-
rate example is shown in figure 6B. The darker regions
of figure 6A further show that fewer per-ancestral-brood
replacements are possible, as might be predicted by alter-
nate replacement schemes.

Discussion

We have demonstrated that temporal variation in gener-
alist predator population densities (due, e.g., to a variable
carrying capacity and the numerical response) provides a
viable mechanistic explanation for how periodical cicada
broods have replaced one another and branched off from
few ancestral broods, despite the general tendency for de-
velopmental synchrony within, and local exclusion among,
different broods. An Allee effect and a sustained predator
numerical response reinforce single-brood dominance
most of the time, but a variable predator carrying capacity
also allows intermittent windows for replacements to oc-
cur. These brood replacements are consistent with the or-
der and frequency of replacements needed to create the dis-
tribution of cicada broods observed today.

Implications for Our Understanding
of Cicada Brood Diversity

We demonstrated our result assuming that the strength of
competition among nymphs is unaffected by their age
classes. However, the precise form of density-dependent
mortality in cicada nymphs is not clear (Karban 1984).
Blackwood et al. (2018) considered several other forms
of density dependence, ranging from competition mainly
during the first two instars (or the first 3 years of a cicada’s
life cycle), to competitive advantage proportional to body
size, to only intrabrood competition. For most forms of
density dependence, Blackwood et al. (2018) found that
dominant brood replacements could occur for sufficiently
low levels of competition and high levels of stragglers.
That is, versions of figure 3 for these other models look
qualitatively similar. Consequently, the mechanism out-
lined in our analysis should hold for these other forms
of competition provided variability in the predator’s car-
rying capacity can again shift the cicada population in and
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out of the regime where brood replacements occur (as
occurs for the circle marked in fig. 34, 3B). Thus, we ex-
pect that the mechanism outlined here is robust to the
form of nymphal competition and not specific to the all-
to-all form modeled here. More broadly, we contend that
our findings—although demonstrated through a specific
case study—are generally robust against uncertainties in
the model assumptions.

Despite the expansive range and unique spatial distri-
bution of North American periodical cicadas, we have
largely ignored spatial considerations in our modeling pro-
cess. Instead, the spatial aspects of recolonization are
treated implicitly by our model. The temporal variability
in bird carrying capacity that we model can be thought
of as both spatial and temporal variability, and the series
of replacements observed in a model realization can be
imagined as the collective set of local extinctions (Manter
1974) and replacements (Kritsky 1987) occurring through-
out the cicada range (as in fig. 1B). Kye et al. (2021) consid-
ered Blackwood et al.’s (2018) model in two spatially adja-
cent broods with dispersal between them and identified
dispersal and competition conditions under which brood
boundaries are maintained, versus when stable brood coex-
istence can occur. The combination of our model with a
generalist avian predator and Kye et al’s (2021) spatial
model could provide valuable insight into how dispersal,
predator numerical responses, competition between cicadas,
and stragglers have interacted to establish brood boundaries
among distinct cicada broods originating from a single an-
cestral brood.

Because stragglers are poorly understood, absent ade-
quate data from which to build a more detailed model,
our study has simplified the possible forms of straggling
by assuming that periodical cicadas are equally likely to
accelerate development by 1 or 4 years or delay by 1 year.
Our model has somewhat overestimated (with respect
to Lloyd and Dybas’s [1966] proposal) the frequency of
4-year accelerating replacements, a discrepancy that could
be explained by different likelihoods of altering develop-
ment by any of the three possibilities. Blackwood et al.
(2018) also investigated the patterns that arise following
isolated events that produce large numbers of stragglers.
Additionally, scenarios for the origins of extant broods be-
yond those posited by Lloyd and Dybas (1966) have been
proposed (Cooley et al. 20184; Simon et al. 2022). In par-
ticular, Cooley et al. (2018a) suggest that periodical cicada
4-year developmental decelerations could provide a more
geographically parsimonious explanation for the origins
of extant broods and propose that regional climatic condi-
tions could provide a mechanistic explanation for the vary-
ing life spans among cicada cohorts. Meanwhile, phyloge-
netic studies have indicated that extant cicada broods could
have polyphyletic origins (Du et al. 2019). Future empirical
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work should investigate the precise timing, frequency, and
magnitude of straggling, as well as what triggers plastic de-
velopmental responses in cicadas, for a deeper understand-
ing of stragglers than our model allows.

The interactions between broods considered here are
based on the same mechanisms as interactions between
competing species and their shared predators, so our
work suggests new insights into questions about intra-
and interspecific interactions in general. In particular,
few theoretical studies have considered the feedback be-
tween generalist predators and a focal prey species, as
done here (Erbach et al. 2013). Our study also supports
a recent suggestion that far-ranging generalist predators
can help to stabilize food webs (Brechtel et al. 2019). In
this case, the presence of a generalist predator maintains
single-brood (analogous to single-species) dominance,
preventing invasions by other broods. When the predator
population is reduced or removed, the system becomes
destabilized and invasions may occur.

Our model has, of course, excluded a plethora of other
species that could interact with and prey on cicadas by
modeling the periodical cicadas only in the presence of
a generalist avian predator. For example, the specialist
fungal pathogen Massospora cicadina likely imposes within-
brood density dependence that is quite different from the
generalist predator effects we model (Speare 1921; Cooley
et al. 2018b). Importantly, however, the model accurately
captures the dynamics of periodical cicadas in the pres-
ence of a sustained predator numerical response follow-
ing emergences. Although the life span, reproductive be-
havior, and nature of density dependence in the predator
population could be changed in the model to mimic a more
diverse array of natural enemies, we believe that this rela-
tively simple analysis sufficiently demonstrates the plausi-
bility of the proposed mechanism.

Ultimately, whether our hypothesis for brood branch-
ing is viable depends on the frequency and spatial scale of
variation in bird population densities. Future empirical
work to determine whether bird carrying capacities or
other demographic quantities indeed vary in such a way
that could explain the series of observed cicada brood
replacements would be valuable.

In addition, if differences in cicada life spans can in-
deed be attributed to environmental factors such as tem-
perature (Cooley et al. 20184), then since bird populations
may covary with these environmental factors, investigat-
ing the feedbacks between bird and cicada populations
and their environment may prove to be insightful. An al-
ternative, although closely related, scenario to the one pro-
posed here is that bird carrying capacities could have slowly
ramped up since the last glaciation because of increasing
temperatures. In such a scenario, there may have been a pe-
riod when continual brood replacements were the domi-
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nant regime, followed by the current regime, where no or
few replacements occur as predation has reached its current
level. The spatial pattern would then be determined by ex-
actly when different regions entered the single-brood steady
state and local replacements ceased.

Broader Implications

Despite their enigmatic life history, cicada broods are
subject to the same basic pressures as other populations:
specifically, negative density dependence, Allee effects,
and predation. Thus, although our model is cicada specific,
the mechanisms it was built to evaluate are transferable to
other systems. While tightly coupled specialist predator-
prey pairs are a centerpiece of ecological theory, generalist
predators have received far less attention. Generalist pred-
ators are typically assumed to exert relatively constant pre-
dation pressure through time (as in, e.g., Hanski et al. 1991),
due to an assumed lack of a numerical response to any par-
ticular prey. We are not the first to notice that, while valid
in some contexts, this is not a universally reasonable as-
sumption (Erbach et al. 2013), and our study contributes
to the small but growing catalog of examples showing
the dynamical role generalist predators can play.

The mechanism that allows replacement of the domi-
nant competitor in our model is that fluctuations in pred-
ator carrying capacity allow the cicada system to cross a
bifurcation point (i.e., the example circle in fig. 3A and 3B
can be in either the single-brood or the successional steady
state, depending on predator carrying capacity). The idea
that population dynamics can be attributed to repeated bi-
furcation crossing due to fluctuation in an external driver
is intriguing, likely common, but little appreciated (Nelson
et al. 2013; Clark et al. 2021). Virtually all ecological sys-
tems have bifurcation points that could be crossed in such
a manner, so the generality of the ultimate mechanism be-
hind brood turnover in our model would be interesting to
assess in future work.
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