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Since the phenomenon of mimicry was first described by Bates in 1862 it has become one of the foundational
examples of adaptive evolution. Numerous subcategories of mimicry and dozens of hypotheses pertaining to its
evolution and maintenance have been proposed. Many of these hypotheses, however, are difficult to test in
experimental settings, and data from natural observations are often inadequate. Here we use data from a long-term
survey of butterfly presence and abundance to test several hypotheses pertaining to Batesian and female-limited
polymorphic mimicry (FPM; a special case of Batesian mimicry). We found strong evidence that models outnumber
mimics in both mimicry systems, but no evidence for an increase in relative abundance of FPM mimics to their
Batesian counterparts. Tests of the early-emergence/model first hypothesis showed strong evidence that the
Batesian mimic routinely emerges after the model, while emergence timing in the FPM system was site specific,
suggesting that other ecological factors are at play. These results demonstrate the importance of long-term field
observations for testing evolutionary and ecological hypotheses. © 2015 The Linnean Society of London, Biological
Journal of the Linnean Society, 2015, 00, 000–000.

ADDITIONAL KEYWORDS: Adelpha – Batesianmimicry – Chlosyne – Euphydryas – female-limited
polymorphic mimicry – Limenitis – long-term ecological surveys.

BACKGROUND

Mimicry is one of the best-studied examples of adap-
tive evolution (Wickler, 1968). The phenomenon was
first described in, and is often associated with, Lepi-
doptera, although cases of mimicry have been
described across numerous taxa. Since Bates first
published an account of mimicry in 1862, numerous
categories of mimicry have been described (Bates,
1862; Wickler, 1968). Among the most common and
well recognized of these is Batesian mimicry, consist-
ing of an unpalatable model and a palatable mimic.
This category has led to numerous empirical studies
and theoretical predictions pertaining to the selective
pressures (e.g. predator community, strength of pen-
alty involved, predator learning ability) that shape
the natural history of Batesian mimicry systems

(Bates, 1862; Van Zandt, 1958, 1960; Mappes, Mar-
ples & Endler, 2005).

Female-limited polymorphic mimicry (FPM) is a
type of Batesian mimicry in which the mimetic phe-
notype only manifests in females (Wickler, 1968).
Hypotheses for the evolution and maintenance of
FPM invoke the role of selective forces such as fre-
quency dependence, phenology, predator guild com-
position, and interspecific competition. Sexual
selection has been hypothesized to play a role in
shaping FPM systems through inter- and intraspe-
cific competition, mate choice, relative abundance
and/or sex ratio perturbation (Wickler, 1968; Turner,
1978; Stamps & Gon, 1983; Estrada & Jiggins, 2008;
Kunte, 2009; Allen, Zwaan & Brakefield, 2011).

Although the amount of literature pertaining to
mimicry is quite large, it is often difficult to experi-
mentally test many of these different hypotheses
that the field has spawned. Mesocosms cannot*Corresponding author. E-mail: elong@nhm.org
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accurately reproduce the breadth of the predator
guild, nor can they sustain a large, climate-con-
trolled habitat to support experimental populations
of models and mimics for an extended period of time.
Most observational and experimental field trials are
only able to capture a short snapshot of time and
thus cannot account for demographic stochasticity
and the effects of short-term environmental fluctua-
tion (Carpenter, 1920; Ford, 1936; Brower & Van
Zandt, 1962; Pfennig, Harcombe & Pfennig, 2001;
Howarth, Edmunds & Gilbert, 2004; Kikuchi & Pfen-
nig, 2010). By incorporating biotic and abiotic inter-
actions in a natural setting over an extended time
period long-term ecological surveys represent an
ideal opportunity to address some of these founda-
tional questions regarding the adaptive pressures
that shape and maintain mimicry systems.

It has long been hypothesized that the relative
population size of Batesian model vs. mimic species
is crucial to the evolution and maintenance of this
type of mimicry system. Most models predict that, in
order for Batesian mimicry to evolve and be main-
tained, the predator must encounter the mimic less
often than it encounters the model, and this situa-
tion should typically result in a low mimic:model
ratio (Ford, 1936, 1965; Fisher, 1958; Van Zandt,
1960; Huheey, 1964, 1980a; Wickler, 1968; Turner,
1977, 1978; Holen & Johnstone, 2004). Many selec-
tive forces, e.g. strength of penalty, learning and
retention ability of predators, etc., are likely to have
an effect on this ratio, so it is difficult to predict that
ratio a priori (although it should always be < 1; Pru-
dic, Oliver & Sperling, 2007; Estrada & Jiggins,
2008; Nokelainen et al., 2012).

The constraint on mimic population size means
that the mimic is more susceptible than the model to
selective pressures associated with small population
size, e.g. demographic, environmental, and genetic
effects. Thus, there may be conflicting selective
forces acting to regulate individual survival of mim-
ics vs. the total size of the population. One evolution-
ary solution to this conflict is to restrict the mimetic
phenotype to a subset of the population, e.g. to only
one of the sexes, to one age class, etc. This solution
is in fact suggested as one possible reason for the
evolution and/or maintenance of FPM in butterflies
(Wickler, 1968; Turner, 1978; Kunte, 2009; Allen
et al., 2011). When only the female sex is mimetic,
the number of true mimics in the population is
reduced by one-half, assuming an equal sex ratio,
and thus the alleles that confer mimicry are more
easily established (Sheppard, 1962; Barrett, 1976;
Turner, 1978). Thus, according to this abundance
hypothesis of FPM evolution, a FPM species should
be able to maintain a higher relative population size
than a Batesian mimic.

Predators impose a large selective force on the
maintenance of mimicry systems. Predators do not
always retain prolonged memory of negative experi-
ence(s) with models and may require periodic
‘retraining’ (Van Zandt, 1958, 1960; Mallet & Joron,
1999; Lynn, 2005; Nelson, Crossland & Shine, 2011).
This situation has led to varying predictions pertain-
ing to the optimal timing of model and mimic emer-
gence relative to that of their predators, although
most models predict that both model and mimic ben-
efit from early model emergence (the model first
hypothesis; Bobisud, 1978; Huheey, 1980b). In spe-
cies that are not able to overcome constraints (cli-
mate, host plant phenology, etc.) and delay
emergence until after model abundance peaks, the
same effect could be achieved by restricting mimetic
phenotype to the female sex. Protandry, the phenom-
enon where the emergence of adult males precedes
that of adult females, is widespread in Lepidoptera
(Fagerstrom & Wiklund, 1982; Zonneveld, 1992).
Thus, in an FPM system where model and mimic
emergence times are synchronized, individuals show-
ing the mimetic phenotype (females) would still
emerge after the model.

Using data collected from an ecological survey of
butterflies at multiple sites across several decades,
we tested for evidence that supported these hypothe-
ses. Specifically, we looked for evidence that models
outnumber mimics in both Batesian and FPM sys-
tems; for an increased relative abundance of FPM
mimics to models compared with Batesian systems;
and for evidence of selection on phenology towards
model first emergence.

METHODS

SURVEYS

Data were collected by a single observer (A.M.S.)
using a modified Pollard Walk method designed to
reflect presence/absence, and at Gates Canyon, sea-
sonal cumulative species abundance, described at
http://butterfly.ucdavis.edu/ (Pollard, 1977; Casner
et al., 2014). Briefly, sites were surveyed approxi-
mately every 14 days and species presence was
recorded. Data were used to determine yearly first
flight date for each species at three sites as described
below, and total abundance of each species at Gates
Canyon. Full site descriptions can be found in Sup-
porting Information (Data S1) and are available at
http://butterfly.ucdavis.edu/.

Gates Canyon (Gates)
Located in the Vaca Hills in Solano County, CA, the
transect is approximately 9.6 km long and runs from
an elevation of 190–600 m. Gates contains limited
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agricultural areas and chaparral but is dominated by
riparian and foothill woodland oak canyon. It is sur-
veyed year round.

Washington (Wash)
This transect includes the town of Washington in
Nevada County, CA as well as a serpentine barren, a
riparian zone along Washington Creek, and a portion
of the South Yuba River. The ~13.5 km transect
ranges from 850 to 1200 m in height and is mostly
in mixed-mesic habitat in the Sierra Nevada foothills
(west slope). It is typically surveyed March–October.

Lang Crossing (Lang)
Lang is located at mid-elevation (1500–1700 m) on the
Sierra Nevada west slope. The South Yuba and Bear
River drainages converge here in Nevada and Placer
counties, CA. The 13.5 km transect consists of a vari-
ety of ecological habitat including xeric rock balds,
mesic mixed forest, and various successional habitats.
This site is typically surveyed March–October.

SPECIES

Both of the mimicry systems described here repre-
sent the only known butterfly mimicry systems pres-
ent at the study sites.

Batesian system
The Batesian mimic Limenitis lorquinii Boisduval
(Nymphalidae) and its model Adelpha californica
Butler (Nymphalidae) are resident at all three study
sites used in the analysis. Prudic, Shapiro & Clayton
(2002) demonstrated that, in laboratory experiments,
a generalized avian predator will reject L. lorquinii
after a negative experience with A. californica.

FPM system
The butterfly Euphydryas chalcedona [Doubleday]
(Nymphalidae) sequesters iridoid glycosides from its
host plant, making it unpalatable to birds (Bowers,
1981). In the portion of the range covered by the
study area, most females of the mimic species, Chlo-
syne palla Boisduval (Nymphalidae) closely resemble
E. chalcedona wing colour and pattern (black form),
while all males and some females are non-mimetic
(red form; Shapiro & Manolis, 2007). Palatability
experiments indicate that the black form of C. palla
is a FPM of the black form of E. chalcedona (Long,
Hahn & Shapiro, 2014).

TEST FOR DIFFERENCE IN ABUNDANCE BETWEEN

MODEL AND MIMIC

Using abundance data recorded during each visit at
Gates between the years 1999–2010, we tested

whether models consistently outnumber mimics.
Abundance counts from each site visit were summed
for each year in order to estimate the cumulative level
of predators’ exposure to the butterfly prey. We per-
formed a separate comparison of model and mimic for
each system, i.e. the Batesian model was compared
with Batesian mimic while the FPM model was com-
pared with the FPM mimic. (In the case of the FPM
mimic Chlosyne palla, numbers given refer to total
number of individuals present. Data on males verus
females or on colour morphs were not recorded.) The
yearly abundance of all butterfly fauna is expected to
be strongly influenced by abiotic factors and thus in-
terannual comparisons may not accurately character-
ize the questions under study (Weiss, Murphy &
White, 1988; Boggs & Inouye, 2012).

We used a linear mixed model in which log abun-
dance was the response variable. We included a fixed
effect for species, and a random effect for year to cap-
ture interannual variability shared between the two
species. There was no evidence that residual variation
within a species was autocorrelated over time. We
tested for a significant difference between species by
comparing the log likelihood of this model to the log
likelihood of a model with no fixed effect for species; a
parametric bootstrap using the simpler model was used
to generate a null distribution for the difference in log
likelihoods. All statistical analyses were performed
using R version 2.14.2 software (R Development Core
Team, 2012) and packages lme4 (Bates, Maechler &
Bolker, 2014) and pbkrtest (Halekoh, 2014).

TEST FOR DIFFERENCE IN RELATIVE ABUNDANCE

BETWEEN SYSTEMS

We addressed the question of whether FPM is associ-
ated with increased population size of mimics. We did
this by comparing relative abundance of Batesian
models and mimics to that of FPM models and mimics.
For both systems we divided the number of mimics by
the number of models in each year to calculate relative
abundance per year. Because there was no evidence
for temporal autocorrelation in the time series of rela-
tive abundances, we tested whether FPM mimics were
at a higher relative abundance by resampling each
time series with replacement 1000 times, each time
saving the mean relative abundance of FPM and
Batesian mimics, and finally calculating the propor-
tion of resamples in which FPM mimics were rela-
tively more abundant than Batesian mimics.

TEST FOR DIFFERENCE IN EMERGENCE PHENOLOGY

BETWEEN MODEL AND MIMIC

The first flight date (FFD) for each species is defined
as the earliest date during each calendar year that
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the observer recorded an adult of a given species.
This date was then converted to day number of the
year (i.e. 1–365, or ordinal date). FFD was recorded
at Gates from 1976 thru 2011, at Lang from 1977
thru 2011, and at Washington from 1989 thru 2011.
During some years, site visits were insufficient in
number and/or frequency to accurately gauge FFD,
and these years were excluded from the analyses.
Excluded years are as follows: Lang 1979–1981 and
1987; Washington 1988 and 1991; Gates none.

We tested the early-emergence hypothesis by look-
ing for differences between FFD in model and mimic
for each system. For each comparison we used a lin-
ear mixed model with a fixed effect for species and a
random effect for year. There was no evidence for
temporal autocorrelation of within-species residuals.
To test the significance of the species effect in each
model, we used the same parametric bootstrapping
approach described above.

RESULTS

ABUNDANCE

The mixed model test for differences in mimic and
model abundance showed that for both systems the
model is present in significantly greater numbers than
its mimic: Batesian model mean = 98.3 (SD = 41.7)
while mimic = 38.1 (SD = 13.6, P << 0.01); FPM
model mean = 81.3 (SD = 48.9) while mimic mean=
18.3 (SD = 3.5, P << 0.01; Fig. 1).

RELATIVE ABUNDANCE

The test for differences in mimic:model relative
abundance between Batesian (mean = 0.43,
SD = 0.18) and FPM (mean = 0.54, SD = 0.28) sys-
tems showed no evidence that the mimic species
were relatively less abundant in the FPM system
compared to the Batesian system, or vice versa (boot-
strap P = 0.89; Fig. 2).

FIRST FLIGHT DATE

The test for differences in flight dates between the
mimic and model of each system indicated that
trends varied by system and by site. (Table 1, Fig. 3).
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Figure 1. Mean annual abundance and standard error

for FPM (left) and Batesian (right) systems. Abundance

was significantly higher for models (closed circles) than

for mimics (open circles) in both the FPM system (left)

and the Batesian system (right).
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Figure 2. Comparison of relative abundance of mimic:

model from 1999 to 2010 between FPM (closed circles)

and Batesian (open circles) systems. No statistically sig-

nificant trend was evident.

Table 1. Difference (in days) between mean first flight

date of model and mimic at each site

System

and site Model FFD Mimic FFD

Difference in

days (P-value)

Batesian

Gates 105.94 (15.15) 109.53 (11.63) �3.59 (0.31)

Washington 138.27 (18.58) 142.85 (20.54) �4.58 (<< 0.01)

Lang 154.61 (17.56) 170.08 (20.79) �15.47 (<< 0.01)

FPM

Gates 118.36 (16.02) 111.19 (15.37) +7.17 (<< 0.01)

Washington 137.86 (16.22) 117.5 (17.14) +20.36 (<< 0.01)

Lang 138.32 (19.72) 144.32 (16.75) �6.0 (< 0.04)

Negative values indicate that the model emerged first,

while positive values indicate that the mimic emerged

first.

© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015, ��, ��–��

4 E. C. LONG ET AL.



In the case of the Batesian system, the model emerged
first at each of the sites, and the differences in FFD
were significant at Washington and Lang but not at
Gates. In the FPM system, the model emerged signifi-
cantly earlier than the mimic only at Lang; at Gates
and Washington, the mimic emerged significantly
before the model (Table 1).

DISCUSSION

Previous studies of mimicry have noted anecdotally
that models often outnumber their mimics and/or
have speculated on the FFD of models and mimics
(Prudic et al., 2002). Some previous studies have doc-
umented actual counts of model and mimic abun-
dance (Ford, 1936; Brower & Van Zandt, 1962;
Howarth et al., 2004; Penney et al., 2012); however,
this is the first study of which we are aware that has
addressed this question using long-term monitoring.
The value of this approach became apparent when
looking at yearly fluctuations in abundance and
FFD. For example, if taken singularly, observations
on relative abundance in 1999 (FPM = 0.28, Bates-
ian = 0.71) would be interpreted quite differently
than observations in 2000 (FPM = 0.59 and Bates-
ian = 0.18; Fig. 2).

Although we did see fluctuation in the magnitude
of difference from year to year, there was a constant
trend of higher model abundance compared with the
mimic in both Batesian and FPM systems. While
mimetic relations are certainly not the only factors
influencing population size, we found clear evidence
to support the idea that models significantly and con-
sistently outnumber their Batesian and FPM mimics
(Ford, 1936; Van Zandt, 1960; Huheey, 1964, 1980a).

The abundance hypothesis of FPM evolution spec-
ulates that the population size of the FPM species
can be higher relative to its model than can their
Batesian counterparts. By restricting the mimetic
phenotype to half of the population (or less in poly-
morphic species, e.g. Papilio dardanus, C. palla), the
number of true mimics in the population is lowered
and the entire population can be maintained at twice
the overall abundance than it could otherwise
(assuming equal sex ratios). The ability to maintain
a larger population size is beneficial as small popula-
tions are more susceptible than large populations to
negative effects of demographic and environmental
stochasticity (Harmon & Braude, 2010). However,
when we compared relative abundance for the two
systems we found no evidence that either the Bates-
ian or the FPM mimic was present in higher relative
abundance than the other, and therefore no support
for the abundance hypothesis of FPM evolution.
However, we caution against taking these results as
evidence refuting this hypothesis. It is possible, for
example, that other selective forces acting on this
FPM system would necessitate an even lower popula-
tion size were it not polymorphic. These observations
and questions warrant further study, both at addi-
tional sites and with additional species.

In addition to questions pertaining to abundance we
also investigated differences in adult emergence times
between species and systems. The model first hypoth-
esis predicts that the model should emerge prior to
the mimic so that predators’ initial encounter with the
aposematic phenotype is an honest encounter for
which they are penalized (Bobisud, 1978). In this way,
predators are more likely to quickly learn to avoid the
aposematic phenotype, and by the time that the mimic
emerges many individuals in the communities’
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Figure 3. A, Mean first flight date with standard error bars for FPM model Euphydryas chalcedona (closed circles) and

mimic Chlosyne palla (open circles). B, Mean first flight date with standard error bars for Batesian model Adelpha cali-

fornica (closed circles) and mimic Limenitis lorquinii (open circles). Y-axis indicates ordinal dates.
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predator guild may have learned to avoid the pheno-
type, thus conferring protection on both species. The
mimic directly benefits from this delayed emergence,
and the model may benefit as well, since the mimic
will not be present to dilute the learning ability of the
predator.

When we investigated the model first hypothesis,
the patterns that we found varied by system and by
site. In agreement with predictions, the Batesian
system showed consistent trends across all three
sites with the mimic emerging later than the model.
This trend was significant at Washington and Lang
but not at Gates, with the largest interval between
species occurring at Lang. We interpret this as sup-
port for the model first hypothesis in Batesian sys-
tems but acknowledge that data from additional sites
and additional species would be beneficial.

Our tests for variation in FFD in the FPM showed
different trends by site. At Lang Crossing we found
that the model emerges before the mimic, consistent
with the Batesian model first hypothesis. However,
despite a difference in magnitude, the two lowest-
elevation sites, Gates Canyon and Washington, both
showed a clear trend of mimics first.

Lepidoptera development is often highly canalized
and tightly regulated by environmental factors, so
mimicry-imposed selection may conflict with costs
associated with change in emergence times (exposure
to extreme temperatures, tolerance in daylight
length, host plant development, etc.; Dobkin, Olivieri
& Ehrlich, 1987; Nylin, Wickman & Wiklund, 1989;
Kingsolver & Nagle, 2007). However, this problem
could be avoided if FPM could evolve under a sce-
nario whereby mimics emerge later than non-
mimetic phenotypes. Because many butterflies,
including the subjects of this study, experience prot-
andry as a mechanism to reduce male–male competi-
tion for mates, FPM mimics may have evolved a
novel solution to conflicting pressures between devel-
opmental constraints and predation pressure. In the
case of C. palla, females emerge ~10 days after the
males on average (A.M.S. personal observation). As
the mimetic phenotype is limited to the female sex,
synchronized emergence between model and mimic
species means that the mimetic phenotype emerges
after the model and would thus still be consistent
with the model first hypothesis. Unfortunately data
on male verus female abundance/emergence was not
recorded for this study. However, if we estimate
female emergence to be ~10 days after the males,
then on average the mimetic form of C. palla would
emerge ~3 days after the model at Gates but
~10 days before the model at Washington. Under this
assumption, the model first hypothesis is supported
at Gates (admittedly by a small interval) but not at
Washington.

The trend of FPM mimic-first was reversed at the
highest-elevation site studied, Lang Crossing. This
site at ~1600 m in the Sierras experiences very dif-
ferent weather conditions than Gates or Washington.
The winters are colder, and snowpack lasting weeks
at a time is a regular occurrence late fall through
early spring. Differences in emergence time between
the Lang population and those at the other two sites
may simply be due to genetic drift, or may be due to
conflicting selection pressures. Despite the presence
of significant results for these FPM sites, the overall
pattern is inconclusive. Further study on factors gov-
erning emergence controls in both of the species in
the FPM system, as well as data from additional sys-
tems, would help to shed more light on this question.

CONCLUSIONS

This study shows the value of long-term ecological
monitoring in addressing fundamental questions per-
taining to ecology and evolution. Data on abundance in
both systems lend support to the Batesian mimicry
hypothesis that models typically outnumber mimics.
However, data do not show support for an abundance-
related role of FPM evolution. We also found that the
FFD data support the model first hypothesis in Bates-
ian mimicry systems but is inconclusive in FPM sys-
tems. This analysis lays the groundwork for additional
studies involving other species and localities, as well
as for experimental studies to investigate the role of
environmental cues in regulating life stage develop-
ment.
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