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The  discovery  of  a trait  in  a new  lineage,  especially  one  distantly  related  to those  already  known  to  express
the  trait, affords  the  opportunity  to test and  refine  existing  hypotheses  for that  trait’s  evolution  and  to
develop  new  ideas.  Peter  Weygoldt  made  such  a  discovery,  reporting  the  first  instance  of a  frog  that  feeds
its young  and,  even  more  remarkably,  the  first instance  of  dependent  tadpoles  that  perform  solicitation
displays  before  being  fed  (1980.  Behav.  Ecol.  Sociobiol.  7, 329–332).  This  discovery  has  featured  prominently
in  taxonomic  surveys  of parental  care  and  offspring-parent  communication,  but  more  importantly  has
expanded  the  questions  that  are  and  can  be asked  about  these  topics.  I review  the  advances  in  knowledge
of  the  natural  history  of  the  frog  Weygoldt  studied  as well  as the  theoretical  frameworks  that  inform  and
are informed  by these  advances.  I  highlight  ideas  and  information  about  parental  care  in O.  pumilio  that  are
central to broadly  understanding  the  evolution  of  parental  care. Our understanding  of the  evolution  of  sex
roles will,  for  example,  improve  by  following  Weygoldt’s  finding  that  male  O. pumilio  care  for clutches
with  detailed  accounting  of  the  costs  and  benefits  mothers  and  fathers  might  pay  for  performing  this
task.  When  a parent  transports  tadpoles  from  a  terrestrial  clutch  to an aquatic  nursery,  it sets the  stage
for sibling  competition  for  this  resource  (transport),  and  proximate  and  ultimate  tests  for  such  conflict

will  inform  more  general  ideas  about  how  conflict  and  cooperation  shape  nuclear  families.  That  the
begging  displays  of tadpole  O.  pumilio  are  performed  in solitary  nurseries  makes  this  species  uniquely
suited  to  test  honest-signaling  models  for the  evolution  of offspring-parent  communication.  By detailing
the  implications  and  possibilities  stemming  from  Weygoldt’s  work,  I  hope  to  inspire  readers  to follow
Weygoldt’s  lead  and his  example  of careful  and  detailed  observation.

©  2017  Elsevier  GmbH.  All  rights  reserved.
. Introduction

The first report of a behavior or phenomenon in a species (or
roup of species) often arrives to much fanfare and excitement, in
articular when the phenomenon was thought to be the exclusive
urview of “higher” organisms (e.g., Caldwell, 1997; Strassmann
t al., 2000; Pepperberg, 2002). Novel findings in new organisms are
mportant and interesting for at least two reasons. First, the inde-
endent evolution of similar traits in multiple lineages offers the
pportunity to rigorously test adaptive hypotheses for the trait’s
Please cite this article in press as: Dugas, M.B., Simple observations w
about parental care from a frog that feeds its young. Zool. Anz. (2017)

volution (Losos, 2011; McGee, 2011). Beyond confirming or refin-
ng any one particular theory, the discovery of a new instance of

 well-studied phenomenon offers a test of the general hypothesis

E-mail address: matthew.b.dugas@gmail.com

ttps://doi.org/10.1016/j.jcz.2017.11.012
044-5231/© 2017 Elsevier GmbH. All rights reserved.
that evolution is predictable. Second, unusual or unique natural his-
tory features of this newly discovered model system might happen
to fit well a body of theory awaiting empirical test and/or allow an
empiricist a way  around some constraint inherent to already well-
studied lineages (e.g., if two traits are always or never expressed
together).

Peter Weygoldt (1980) discovered that a small terrestrial frog
provides elaborate care to its tadpoles, detailing the reproductive
behavior of the first frog known to feed its young. Observing and
working with strawberry poison frogs (Oophaga pumilio,  formerly
Dendrobates pumilio) purchased at a nearby pet store (this frog is
native to the Caribbean slope of Central America), Weygoldt (1980)
also discovered that O. pumilio belongs to the even more exclusive
ith complex implications: What we have learned and can learn
, https://doi.org/10.1016/j.jcz.2017.11.012

set of animals in which parental feedings are preceded by offspring
solicitation displays (commonly called ‘begging’ in birds). As one
of few examples of elaborate parental care in amphibians, and one

https://doi.org/10.1016/j.jcz.2017.11.012
https://doi.org/10.1016/j.jcz.2017.11.012
http://www.sciencedirect.com/science/journal/00445231
http://www.elsevier.com/locate/jcz
mailto:matthew.b.dugas@gmail.com
https://doi.org/10.1016/j.jcz.2017.11.012
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f even fewer potential begging analogs outside birds, Weygoldt’s
1980) description of the O. pumilio nuclear family became a stan-
ard citation in reviews of parental care and offspring-parent
ommunication (Clutton-Brock, 1991; Kilner and Johnstone, 1997;
ock and Parker, 1997; Royle et al., 2012).

In the nearly 40 years since Weygoldt (1980) first reported
arental care and offspring-parent communication in the straw-
erry poison frog, the number and diversity (i.e., independent
volutionary events) of frogs known to provide post-zygotic care to
heir young have grown, an expansion in knowledge in which Wey-
oldt himself played no small part (Weygoldt, 1987; Jungfer et al.,
996; Jungfer and Weygoldt, 1999). I refer readers interested in the
iversity of parental care in frogs to authoritative reviews available
lsewhere (Crump, 1996; Beck, 1998; Summers and McKeon, 2004;
ummers et al., 2006; Wells, 2007; Brown et al., 2010; Gomez-
estre et al., 2012; Summers and Tumulty, 2014). Here, my  focus

s on reviewing the empirical and theoretical progress made via
ollow-ups to each of Weygoldt’s (1980) many findings. I empha-
ize aspects of parental care in frogs that are especially appropriate
or testing existing theory in behavioral and evolutionary ecol-
gy and/or puzzling given what is currently known. This review

s centered around the progress made in O. pumilio,  but findings
f other ecologically similar frogs are incorporated when espe-
ially relevant (there is thus much excellent empirical work that

 do not review here). I encourage others to follow Weygoldt’s
1980, 1987) example, highlighting still incompletely understood
eatures of natural history and evolution that remain of particular
mportance to answering questions about the evolution of sex roles,
arental care, and offspring-parent communication. Before closing
he review, I consider one notable way in which Weygoldt’s (1980)
ndings have motivated work and progress outside the immediate
cope of parental care.

. Parental care

It may  be useful to broadly summarize a reproductive cycle in O.
umilio before exploring the details (especially the uncertain ones)
nd placing each in a comparative and hypothesis-driven frame-
ork. Like other toxic and conspicuously colored frogs, O. pumilio is

iurnal and terrestrial. In the wild, both male and female O. pumilio
re territorial, and the larger home ranges of females overlap the
maller territories of multiple males (McVey et al., 1981; Pröhl and
erke, 2001; Meuche et al., 2011). Both sexes mate multiply (Pröhl
nd Hödl, 1999). Following successful courtship (Fig. 1, mate choice
s discussed further in Section 4), a female lays a clutch of ∼5 eggs
n the leaf litter (Pröhl and Hödl, 1999). Weygoldt (1980) described
hree phases of parental care that follow oviposition. The clutch
s attended by males until tadpoles hatch (Fig. 1). Females then
ransport each tadpole to a nursery, a small body of water usually
ontained within plant tissue (e.g., leaf axil, tree hole; Fig. 2). Then,
or about six weeks, mothers return to these rearing sites periodi-
ally (Fig. 2) to lay the unfertilized eggs upon which tadpoles feed
supplemental video S1).

.1. Caring for eggs

Weygoldt (1980) observed the development of clutches laid by
aptive females. While he suggested that neither sex guards eggs,
e did note that males called from near the clutch. Weygoldt (1980)
otably reported that males tend the clutch, moistening it daily, a
eport that has been confirmed with observations in the wild (Pröhl
Please cite this article in press as: Dugas, M.B., Simple observations w
about parental care from a frog that feeds its young. Zool. Anz. (2017)

nd Hödl, 1999). It is this attendance and daily warding off of dehy-
ration that seems to entirely comprise O. pumilio male behaviors
hat are uniquely paternal. Although egg tending has been treated
s a relatively minor contribution compared with female care (e.g.,
 PRESS
iger xxx (2017) xxx–xxx

Summers et al., 1997, 1999a), the questions that remain about
how and why  this behavior evolved are central to testing broader
hypotheses about the evolutionary causes and consequences of
sex-specific parental care in animals.

2.1.1. Why  do males, and not females, care for eggs?
Exclusive male care is the most common mode of parental care

in O. pumilio’s close relatives (Weygoldt, 1987; Summers et al.,
1999a, 2006), common in frogs overall (Wells, 2007), and the dom-
inant form of care in fishes that, like O. pumilio and other frogs,
have external fertilization (Gross and Sargent, 1985). Numerous
hypotheses explain why one parent or the other may end up caring
for young. One well known hypothesis is that the parent with the
best opportunity to desert does, placing the other in a ‘cruel bind’,
forced to chose between abandoning the new zygotes (presum-
ably to poor fitness prospects) or caring for them alone (Trivers,
1972). In fish, it is typically the male that releases gametes last
(Gross and Sargent, 1985), a potential explanation for why  exclu-
sive male care is so common in this group (Dawkins and Carlisle,
1976). Weygoldt (1980) reported that just the opposite seems to
be the case in O. pumilio,  with males depositing gametes on some
substrate (e.g., a leaf) before the female oviposits (also reported in
the wild: Limerick, 1980). Females in egg feeding species, includ-
ing O. pumilio, do not abandon offspring entirely (Summers et al.,
1999a; Wells, 2007; Brown et al., 2010), and so provide an imper-
fect analog to other external fertilizers like fish. However, female
desertion (male-only care) is common in related frogs (Weygoldt,
1987; Wells, 2007), and comparing the order and timing of gamete
release among those that divide sex roles differently may  shed light
on how this aspect of breeding reflects and shapes the evolution of
each sex’s contribution to parental care.

Most hypothesized explanations for division of labor among
parents rests on sex differences in the costs and benefits of pro-
viding care. One commonly predicted cost of care is reduced access
to alternative mating opportunities (Maynard Smith, 1977; Wade
and Schuster, 2002; Kokko and Jennions, 2003). Exclusive male
care of clutches in O. pumilio may  have evolved because these
costs are particularly low for males (Magrath and Komdeur, 2003;
Royle et al., 2016). Males are already present in close proximity
to the clutch because they are territorial, and since once daily
attendance requires little time (Pröhl and Hödl, 1999), males are
unlikely to miss out on other mating opportunities by providing
clutch care (Magrath and Komdeur, 2003). Could the potential
loss of alternative mating opportunities explain why  female O.
pumilio do not tend clutches? Weygoldt (1980) observed that
eggs took 10–12 days to hatch. What a female does during this
time is unknown, but she could produce 2–3 additional clutches
(Pröhl, 2005). Given that most clutches fail (Limerick, 1980; Pröhl,
2005; Dugas et al., 2016a), it seems unlikely that mating once and
then optimistically awaiting that clutch’s successful hatching is the
strategy by which females maximize reproductive success. Laying
overlapping clutches seems a better route to producing tadpoles,
a prediction that parallels the ‘fertility assurance hypothesis’ for
why female animals mate multiply (Birkhead et al., 1987). Stay-
ing in close proximity to any one clutch would require staying in
close proximity to one male, which would in turn likely limit mat-
ing opportunities with other males. Behavioral observations in the
wild (perhaps along with molecular work: Ursprung et al., 2011;
Richards-Zawacki et al., 2012) will be required to reveal the extent
to which females mate multiply during reproductive bouts (e.g.,
Pröhl, 2002; Pröhl,2005). Observational and experimental work can
ith complex implications: What we have learned and can learn
, https://doi.org/10.1016/j.jcz.2017.11.012

reveal whether female O. pumilio benefit from mating with multiple
males vs multiply with the same male (Evans and Magurran, 2000;
Jennions and Petrie, 2000; House et al., 2009) and thus whether
the costs of forgoing these opportunities can explain why  females

https://doi.org/10.1016/j.jcz.2017.11.012
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Fig. 1. Reproductive behavior.
Male O. pumilio call as a component of courtship (A). After successful courtship, a female lays a clutch within the male’s territory (B,C), and this clutch hatches within 12 days.
Male  territorial defense may  offer some protection to developing clutches, and males are reported to regularly moisten clutches. Photo credits: Simone Blomenkamp.
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ig. 2. Tadpole transport and extended care.
emale O. pumilio transport tadpoles to a nursery, usually a bromeliad leaf axil (A
hich  tadpoles feed. Frogs may  visit leaf axils even when not caring for tadpoles, an

o not care for clutches in this anuran manifestation of bi-parental
are.

.1.2. Why  and how is clutch care valuable?
One sex might also specialize in providing care (or a particular

orm of care) because that sex derives more benefits from doing
o than does the other; in other words, one sex might specialize
n the tasks at which it is particularly efficient. A potential parallel
o clutch care in O. pumilio and other frogs is incubation in birds;
emales are often more efficient at transferring heat to eggs than are

ales, and this difference in performance can drive the evolution
f specialization (Parker et al., 2014). The efficiency-specialization
ypothesis is testable with among- and within- species compar-

sons (Summers et al., 1999a; Pröhl, 2005). Currently, however,
uch tests are limited by a lack of information about i) the extent
o which clutch care actually improves the fitness prospects of
mbryos, and ii) the proximate mechanisms by which any such
alue arises.

In the wild, the vast majority of O. pumilio clutches (∼90%) fail
o produce viable tadpoles (Limerick, 1980; Pröhl, 2005); the same
s true in captivity (Dugas et al., 2013; Dugas et al., 2016a). The rate
f clutch failure can vary temporally (Pröhl, 2005), but remaining
nknown is whether variation in the care males provide explains
ariation in clutch failure. In captivity (under standardized condi-
ions), male population-of-origin explains variation in the success
f clutches (Dugas and Richards-Zawacki, 2015), a pattern con-
istent with differences in the quality of care provided (but also
onsistent with numerous other hypotheses). If males can influ-
nce the fate of clutches in a meaningful way, within-population
ariation in the extent and the quality of care males are able or
illing to offer seems likely. Variation in egg care should be impor-

ant to female reproductive success (Pröhl, 2005), but as of yet, the
Please cite this article in press as: Dugas, M.B., Simple observations w
about parental care from a frog that feeds its young. Zool. Anz. (2017)

mportance of a male’s potential as an egg tender in female choice
emain unexplored in O. pumilio. Learning whether and how males
mprove the fitness prospects of their young through egg care will
eveal the relationships between the environmental challenges and
then visit the tadpole regularly for about 6 weeks (B), laying the tropic eggs upon
ltiple females deposit tadpoles in different axils of the same bromeliad (C).

an animal’s proximate ability to ameliorate them in driving the evo-
lution of parental care. The current gap in knowledge about egg
care is straightforward to address, in part by following Weygoldt’s
(1980) example of careful observation (e.g., Pröhl and Hödl, 1999;
Pröhl,2005).

The question of whether and why male attendance is neces-
sary for the successful development of eggs is one that can be
addressed observationally by comparing the success of clutches
that receive different quantities of care, and experimentally by lim-
iting a male’s access to the clutch (e.g., via total removal sensu Delia
et al., 2013a, or by preventing direct contact with a physical bar-
rier). Both observational and experimental studies can be guided
by a priori considerations of potential mechanisms of male care.
Weygoldt’s (1980) interpretation of male tending as a means to
prevent desiccation, for example, could be tested by comparing the
relationship between male attendance and hatching success across
circumstances, seasons, or populations that differ in desiccation
risk (Pröhl, 2005; Delia et al., 2013a, 2013b; Schulte and Lötters,
2013). Another possible source of mortality identified by Weygoldt
(1980) is “spoiling”. Weygoldt (1980) points out that males might
limit the impact of microbial growth on the clutch as a whole by
consuming spoiled eggs. The alkaloids that give poison frogs their
toxicity also prevent both bacterial and fungal growth; females pro-
vision eggs with alkaloids (Stynoski et al., 2014a,b) and alkaloid
delivery via male “moistening” seems at least plausible. Frequent
male-clutch contact might also aid in the transfer of beneficial
microbial communities (Hughey et al., 2017). Any hypothesis that
males do more than simply prevent desiccation could be tested by
rearing clutches away from males and manually providing moisture
(but not other benefits) to the clutch. Egg predation is also a likely
source of mortality, and it is probably the case that the extensive
egg consumption by males that Weygoldt (1980) observed in cap-
tivity is prevented by territorial behavior in the wild (Ringler et al.,
ith complex implications: What we have learned and can learn
, https://doi.org/10.1016/j.jcz.2017.11.012

2017). Whether wild males are able or willing to deter predators
that do approach the clutch, conspecific or otherwise (e.g., leeches:
Pröhl, 2005), remains to be seen.

https://doi.org/10.1016/j.jcz.2017.11.012
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.2. Tadpole transport

Weygoldt (1987) hypothesized that the primary adaptive value
f regular clutch attendance in dendrobatid frogs (all of which lay
errestrial eggs) might come from the commensurate high proba-
ility that a parent will be present when the terrestrial eggs hatch
nd the tadpoles are ready for transfer to an aquatic nursery. Phys-
cal proximity between the members of a newly-hatched clutch
nd their parent is no doubt of critical importance, but is only the
pening scene of a drama that has yet to be fully explored. Refer-
ing to the process by which a tadpole leaves the leaf litter and
eaches its nursey as “tadpole deposition” (Fig. 2) is convenient, but
his phrasing ignores compelling natural history that ties nicely to

 rich body of theoretical and empirical literature. A parent does
ot simply “pick up” a tadpole, a tadpole climbs onto a parent’s
ack (Weygoldt, 1980; Brust, 1990), accepting the ride that the
dult offers. A parent does not simply “deposit” a tadpole; a tad-
ole retains control over whether it accepts the parent’s offer of

 nursery by disembarking. Proximate challenges and opportuni-
ies are offered by asking which sex transports tadpoles (2.2.1),

 question that can be separated from more general ones about
ex roles addressed earlier (Section 2.1.1). Numerous outstanding
uestions about tadpole transport are largely independent of which
arent carries out this task (2.2.2–2.2.4), and this offspring-parent

nteraction can be viewed through the lenses of family members’
ncompletely overlapping fitness interests.

.2.1. Sex roles, plasticity, and the challenges associated with
iparental care

Weygoldt (1980) observed individuals of both O. pumilio sexes
ransporting tadpoles on their back, the method of transport in den-
robatid and other poison frogs (Weygoldt, 1987; Wells, 2007), but
lso noted that male-transported tadpoles never received mater-
al provisioning. Males have since been observed carrying tadpoles
ccasionally (Cossio, 2008; Killus and Dugas, 2015). While there
as been no quantitative estimate of how frequent male-transport
ight be (sensu Ringler et al., 2015) and no answer to whether it

s always a dead-end for tadpoles (Killius and Dugas, 2014), it now
eems nearly certain that females perform the bulk of tadpole trans-
ort in O. pumilio (Brust, 1990, 1993; Maple, 2002; Stynoski, 2012).
emaining entirely unclear is how a female happens to be present
hen transport is timely. If an adult is near enough to a clutch that

 tadpole can climb on to its back, this tadpole attachment itself is
nough to elicit transport behavior in one poison frog (even devoid
f any natural context: Pašukonis et al., 2017). Perhaps females can
void visiting clutches too early (before tadpoles hatch) or too late
well after tadpoles hatch) simply by beginning to visit the clutch
everal days after laying (the fact that tadpole attachment can,
n another frog, elicit transport behavior may  explain Weygoldt’s
1980) observation that adult O. pumilio avoid new tadpoles from
nfamiliar clutches).

The male transport that Weygoldt (1980) observed is not a crit-
cal component of parental care in O. pumilio, but this fortuitous
eport offered important hints toward research directions only now
eing pursued. The starvation of male-transported O. pumilio tad-
oles (Weygoldt, 1980; Killius and Dugas, 2014) illustrates a puzzle
hat must have been solved during the evolution of female egg-
eeding from an ancestor with maletadpole transport (Summers
t al., 1999a, 2006): females need to know where the tadpoles
re if they are to feed them. In an apparently independent evolu-
ion of egg-feeding in poison frogs (Summers et al., 1999a), males
re responsible for leading females to the tadpoles, and perhaps
Please cite this article in press as: Dugas, M.B., Simple observations w
about parental care from a frog that feeds its young. Zool. Anz. (2017)

ncouraging trophic egg laying through courtship (Caldwell, 1997;
aldwell and de Oliviera, 1999; Brown et al., 2010). How this prob-

em was solved during the transition to female tadpole transport in
. pumilio and its congeners is unknown (Summers et al., 1999a).
 PRESS
iger xxx (2017) xxx–xxx

The discovery of probably non-functional male tadpole trans-
port in O. pumilio also complements more recent discoveries in
other poison frogs suggesting that even when one sex is responsi-
ble for this task in nature, the necessary neural and motor patterns
are present in both (Ringler et al., 2015; Pašukonis et al., 2017).
This finding in turn offers an important tool for understanding
the proximate mechanisms underlying parental care (Roland and
O’Connell 2015). It may  even be the case that care can be faculta-
tively expressed in the wild (Ringler et al., 2015, 2017; Pašukonis
et al., 2017), a finding that must be incorporated into attempts to
re-construct the evolution of parental care (Beck, 1998; Summers
et al., 2006; Gomez-Mestre et al., 2012).

2.2.2. Escaping from the leaf litter– potential for within-family
conflict

Weygoldt’s (1980) observation that O. pumilio adults (usually
females) transport tadpoles on their backs was  not itself surpris-
ing, as this behavior was  known in several dendrobatids (Weygoldt,
1987). The observation that tadpoles were typically transported
singly (Weygoldt, 1980) was, however, far more remarkable than
appreciated at the time, or since. In species with male transport
and no female egg-feeding, many, most, or all of the siblings result-
ing from a clutch are typically transported simultaneously, likely
the ancestral state for these lineages (Summers et al., 1999a, 2006;
Summers and Tumulty, 2014). One question is why single transport
might be adaptive in egg-feeders; presumably the answer to this
question is related to the selective advantages of single occupancy
of nurseries (Section 2.2.4; Weygoldt, 1980, 1987; Summers and
McKeon, 2004; Brown et al., 2010). A separate but related question
is how single transport is effected, in other words what proximate
differences there are between families with single and multiple
tadpole transport. Beyond the proximate level, remaining to be
explored is that this evolutionary shift has almost certainly been
accompanied by an intensification of conflicts-of-interest within
families (Mock and Parker, 1997).

When parents transport tadpoles singly, only one tadpole can
receive the first trip away from the clutch. Transport is a valuable
and perhaps limited resource, and siblings usually compete over
valuable resources (Mock and Parker, 1997), so it stands to reason
that tadpoles would compete for transport. To what extent is tad-
pole transport a limited resource? Parents often, perhaps typically,
initially produce more offspring than they can or will provide with
the investment required to reach independence (Mock and Forbes,
1995). Consistent with this general pattern in animals, clutches laid
by female O. pumilio are often larger than the broods that females
rear (Weygoldt, 1980; Brust, 1990; Dugas et al., 2016a), and it would
not be surprising if a single female occasionally had more than one
clutch that overlapped (Dugas et al., 2016a; Section 2.1.1). Female
O. pumilio make several trips to their clutch to retrieve tadpoles
(Brust, 1990), but whether females always transport all the tadpoles
from each clutch is unknown (depositing “extra” tadpoles could be
a good strategy given that tadpoles often fall victim to predators:
Maple, 2002; Stynoski et al., 2014a). Regardless, the probability of
transport unavoidably declines each time a female leaves with one
tadpole on her back, just as unavoidably setting the stage for com-
petition among brood members to be the first to earn a trip. Females
occasionally transport more than one tadpole (Fig. 3), perhaps the
result of tadpole competition for primacy. Currently, the potential
scope of evolutionary conflict over transport, its proximate mani-
ith complex implications: What we have learned and can learn
, https://doi.org/10.1016/j.jcz.2017.11.012

festations, and whether it has reached a stable resolution, remain
unanswered (and largely unasked) questions (Schulte and Mayer,
2017), but are critical to new tests of inclusive fitness theory (Mock
and Parker, 1997)

https://doi.org/10.1016/j.jcz.2017.11.012
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ig. 3. Variation in tadpole transport behavior.
emale O. pumilio typically transport tadpoles singly (A), but occasionally are obs
eninsula of Panama (A, B), where these frogs are often blue in body coloration. Pho

.2.3. Choosing a nursery: limited choice and asymmetric
nformation

For each tadpole, the value of reaching a parent’s back is accrued
ia the newly gained possibility of reaching a nursery in which
evelopment, and eventually metamorphosis, will be possible. A
arent is presumably entirely in control of which nurseries it visits
ith tadpole in tow, but a tadpole may  maintain some proximate

ontrol over whether and when it leaves its parent’s back. There
s probably considerable overlap between how parents and off-
pring assess the quality of a potential nursery; factors like size,
esiccation risk, and the presence of potential predators should be
f interest to both parents and offspring (Maple, 2002; Lehtinen,
004; Ryan and Barry, 2011; Schulte et al., 2011; Poelman et al.,
013; but see Rojas, 2014). However, parents and offspring may
ot agree on whether a particular nursery is “good enough”, with
ffspring selected to have higher standards than parents (Trivers,
974; Mock and Parker, 1997). Perhaps exacerbating the potential
or conflict is an information asymmetry. A tadpole has consider-
bly less information about the availability of and costs of exploring
lternative options than does its parent (Kilner and Hinde, 2008).

When an O. pumilio female bearing a tadpole enters a poten-
ial nursery, it can take upwards of an hour for the tadpole to
etach (Pröhl, 2005; personal observations), perhaps a surpris-

ngly long time given the potential costs a tadpole might pay if it
isses its only opportunity. This duration might reflect proximate

arent-offspring negotiation over nursery quality, but could also
e explained by other selective pressures (e.g., a tadpole might be
elected to hold on tightly during transit, and that may  come at the
ost of not being able to detach quickly). Behavioral observations,
n the field or captivity, will be useful for distinguishing explana-
ions for variation in tadpole detachment, specifically via testing
he prediction that tadpoles reject some offered nurseries (or accept
ome with more hesitation). The potential for parent-offspring con-
ict over a tadpole’s acceptance of a nursery is perhaps never as
pparent as when a candidate nursery is occupied by an older,
nd potentially cannibalistic, family member. The circumstances
nder which a parent’s fitness interests are served by feeding a
ew offspring to an older one are considerably broader than those
nder which a new offspring is best off sacrificing itself (Trivers,
974; Mock and Parker, 1997). Cannibalism is probably absent in
. pumilio (Dugas et al., 2016b, Section 2.2.2), but this best-of-a-
Please cite this article in press as: Dugas, M.B., Simple observations w
about parental care from a frog that feeds its young. Zool. Anz. (2017)

ad-job tadpole feeding strategy is hypothesized in other frogs that
se small plant-bound nurseries (Poelman and Dicke, 2007), and
bservations in those species may  offer a particularly useful starting
lace.
 carrying multiple tadpoles (B) in all known populations, including the Aguacate
dit: Yusan Yang (B).

2.2.4. Occasionally overcrowded nurseries
While O. pumilio typically transport tadpoles singly, typically

deposit them one-at-a-time, and typically do not use occupied
nurseries (Weygoldt, 1980; Brust, 1990, 1993; Maple, 2002), there
is of course variation (Fig. 3). Although Weygoldt (1980) never
observed more than one tadpole in a single nursery (leaf axil of
a bromeiliad), it is not uncommon to find such cases in the wild
(Brust 1990; 4–24% in monitored plots in Costa Rica and Panama;
M.B. Dugas and E.M. Khazan unpublished data) or in captivity (Dugas
et al., 2016a). A central question about the placement of tadpoles in
occupied nurseries mirrors the one Weygoldt (1980) asked about
the placement of eggs in occupied nurseries: is this an adaptive
strategy, or is it a non-adaptive mistake?

How nurseries come to be occupied by multiple tadpoles is
unclear: a single female could deliver two offspring simultane-
ously (Fig. 3) or in different trips, or multiple females could use the
same nursery. One possibility is that these secondary depositions
are non-adaptive (Rojas, 2014), the unavoidable consequence of a
strategy that is on average best (Section 2.2.3). While cannibalism is
absent in O. pumilio, fatal aggression between nurserymates is not
(Brust, 1990; Dugas et al., 2016b), and so adaptive explanations
for multiple occupancy (e.g., offering tadpoles as meals to sib-
lings: Poelman and Dicke, 2007) are difficult to imagine, regardless
of relatedness between co-occupants. Nonetheless, experimental
evidence indicates that mothers experimentally forced to choose
among occupied nurseries are more likely to place siblings together
(Brust, 1990). Although common, fatal nurserymate aggression is
not universal (Dugas et al., 2016b), and so perhaps an already occu-
pied nursery, especially one occupied by a sibling, is sometimes a
better option than the others available. In the wild, molecular work
is needed to reveal how often nursery co-occupants are siblings
(Richards-Zawacki et al., 2012; Muralidhar et al., 2014), as this will
shape the fitness outcomes of all players.

2.3. Feeding tadpoles

Weygoldt (1980) motivated his work by noting that O. pumilio
tadpoles, unlike those of other poison frogs, had proven notori-
ously difficult to rear in captivity, a challenge that has continued to
be of interest with conservation goals in mind (Dugas et al., 2013).
The solution to this husbandry problem was  the discovery of egg-
ith complex implications: What we have learned and can learn
, https://doi.org/10.1016/j.jcz.2017.11.012

feeding by mothers. The fact that O. pumilio tadpoles could be raised
through metamorphosis on frog eggs was known, but Weygoldt
(1980) demonstrated that egg feeding is a natural and essential fea-
ture of O. pumilio reproduction by showing that i) tadpoles starved

https://doi.org/10.1016/j.jcz.2017.11.012
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hen removed from the presence of mothers, ii) tropic eggs were
aid only in leaf axils (rearing sites) with tadpole occupants (and
nly by the female that deposited those tadpoles), and iii) tadpoles
hat he manually placed in axils (i.e., not transported by parents)
ere not fed.

.3.1. Tadpoles require maternally provisioned eggs
Weygoldt (1980) noted that when removed from tanks in which

dults are present, captive O. pumilio tadpoles starve. A similar
xperiment in the wild, where alternative food sources (e.g., detri-
us, invertebrates) are available at natural levels, yielded a similar
esult, confirming the interpretation that oophagy is obligate in
. pumilio (Brust, 1993). Egg-feeding is not just necessary for tad-
ole survival: the more, and more frequently, a tadpole is fed, the
ore rapidly it increases in mass (Brust, 1993; Maple, 2002) and the

eavier it is at metamorphosis (Dugas et al., 2016a,c). Probably via
his effect on metamorphic mass, maternal feeding enhances post-

etamorphic offspring survival as well, even in captivity when food
rovided ad libitum (Dugas et al., 2016c). Calories is not all mothers
rovide via trophic eggs. In captivity, supplementing adults’ diet
ith carotenoids increases the probability of successful metamor-

hosis by their offspring (Dugas et al., 2013). In the wild, maternally
rovisioned eggs supply tadpoles with alkaloids, the diet-derived
hemicals that give adult O. pumilio their toxicity (Stynoski et al.,
014b), and these toxins serve to deter some predators from con-
uming tadpoles (Stynoski et al., 2014a).

While O. pumilio tadpoles starve when they do not receive
aternally provisioned trophic eggs (Weygoldt, 1980; Brust, 1993),

adpoles in another poison frog lineage with elaborate parental
are only rely on maternal care in small (nutrient-poor) nurseries
Brown et al., 2010). Larval O. pumilio will grow when offered
ther frog eggs as food (Weygoldt, 1980; Stynoski et al., 2014a,
014b; Dugas et al., 2017), but seemingly not on other potential
ood items. This finding raises a number of proximate and evolu-
ionary questions, principally regarding what selective pressures
nd/or constraints have resulted in the evolutionary loss of the abil-
ty to eat and/or thrive on food available in their nurseries. It may  be
nformative to explore the extent to which O. pumilio tadpoles reject
on-egg food items vs. fail to gain nutrition from them; O. pumilio
adpoles do not cannibalize nurserymates they kill, demonstrating
hat some potential food items are rejected (Dugas et al., 2016b).

hile the costs of such specialization are apparent, the benefits of
he traits underlying it have yet to be explored. One possibility is
hat egg-feeding requires specialized mouth morphology (Wells,
007), but the ability of O. pumilio to kill other tadpoles (Dugas
t al., 2016b) and the ability of other tadpoles to eat both eggs and
ther resources in the nursery (Brown et al., 2010) suggest such
pecialization is incomplete.

.3.2. Developmental plasticity and the potential for
arent-offspring conflict

Compared with that of other vertebrates in which parental feed-
ng is common (mammals and birds), the growth of amphibian
arvae is remarkable for its plasticity. Within species, the dura-
ion of the larval period and size at which larvae metamorphose
s enormously variable, with larvae generally predicted to delay

etamorphosis when resources are abundant in the larval environ-
ent (Wilbur and Collins, 1973; Morey and Reznick, 2000; Altwegg

nd Reyer, 2003). This plasticity could generate an unusually large
ange of parental care between the minimum level required for
ffspring viability and the level at which either a parent or off-
pring’s fitness is best served by the parent shifting investment
Please cite this article in press as: Dugas, M.B., Simple observations w
about parental care from a frog that feeds its young. Zool. Anz. (2017)

o new offspring (Trivers, 1972; Mock and Parker, 1997; Section
.4). However, an experiment in captivity suggests little poten-
ial for parent-offspring conflict over the duration of care. The
xtent to which a trophic egg increases the probability a tadpole
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will survive through metamorphosis and to adult size increases
as tadpoles develop; in other words, the benefits of feeding tad-
poles increases as the tadpoles develop (Dugas et al., 2016c). If
the marginal benefits of care eventually plateau, they would do so
beyond the point at which transitioning to independence (meta-
morphosis) is a tadpole’s optimal strategy (Trivers, 1972). The
difference in value between old tadpoles, young tadpoles, and new
reproductive opportunities (Section 2.4) is likely to vary predictably
across habitats that, among other things, vary in the risks clutches
and tadpoles face (Maple, 2002; Pröhl, 2005). Comparative studies
among these populations (and species) may  be particularly useful
to testing life-history theory (Dugas and Richards-Zawacki, 2016).

2.4. The costs of parental care

Parents are selected to optimally allocate parental investment,
defined as care that comes at the expense of a parent’s ability to
care for (invest in) other offspring (Trivers, 1972). In dendrobatid
and other poison frogs, the extent to which male care comes at
the expense of investing in other offspring has, understandably,
received the most attention in species where the male provides all
the post-zygotic care (Summers and Tumulty, 2014), leaving males
of species like O. pumilio understudied (Sections 2.1.1 and 2.1.2). In
captivity, O. pumilio males held in pairs that reproduce successfully
more often die earlier (Dugas et al., 2015a), suggesting that males
do invest in care. Females pay similar longevity costs of frequent
breeding (Dugas et al., 2015a), and several other lines of evidence
also suggest that parental care is costly for females. In captivity,
females successfully rear a smaller proportion of their brood to
metamorphosis in later reproductive events, an effect independent
of maternal age (Dugas et al., 2015b) and one that mirrors repro-
ductive “burn out” sometimes described by hobbyists. In the wild,
females have not been observed courting, mating, or transport-
ing tadpoles while caring for a brood (Brust, 1990; Pröhl and Hödl
1999; Pröhl, 2002). Weygoldt (1980) noted similar patterns in cap-
tivity, increasing clutch production by experimentally removing a
female’s brood. More recent studies in a captive breeding colony
showed that reproductive attempts decline, but do not cease, while
females are feeding tadpoles, and broods often overlap (Dugas et al.,
2016a). Although these differing reports suggest opportunities to
study female behavior more closely, both support the hypothesis
that tadpole feeding is costly for female O. pumilio. Finally, there
is evidence that females are limited in the number of tadpoles
they can feed simultaneously, with meal size (and tadpole survival)
declining in larger broods (Dugas et al., 2016a). Understanding the
extent to which resource limitations shape wild families will be
particularly valuable, especially to efforts to marry poison frog nat-
ural history to life-history theory (Dugas and Richards-Zawacki,
2016).

3. Offspring-parent communication

Perhaps chief among Weygoldt’s (1980) many exciting obser-
vations of his captive frogs was  that when an adult O. pumilio
approached an occupied nursery, “the tadpoles stiffened their tails
and rapidly vibrated (p. 330),” in a manner distinct from swim-
ming (supplemental video S1, S2). This tadpole behavior was later
interpreted as the first reported (and probably best) potential ana-
log of avian begging in another vertebrate class (Mock and Parker,
1997; Kilner and Johnstone, 1997). Bolstering the interpretation of
this behavior as offspring-parent communication were Weygoldt’s
ith complex implications: What we have learned and can learn
, https://doi.org/10.1016/j.jcz.2017.11.012

(1980) reports that he did not observe tadpoles performing this
behavior in response to non-adult stimuli (rather they hid), and
that females did not lay eggs in nurseries from which he removed
tadpoles or in which tadpoles had died (i.e., those without a rapidly

https://doi.org/10.1016/j.jcz.2017.11.012
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ibrating tadpole). Both tadpole suppression of activity at inappro-
riate stimuli (Stynoski and Noble, 2012) and a strong relationship
etween tadpole vibration and maternal feeding (Stynoski, 2012;
ugas et al., 2017) have been subsequently confirmed in the wild.

Perhaps no relevant literature has expanded more since
eygoldt’s (1980) report than that regarding the function and

volution of offspring-parent communication (i.e., begging). This
opic integrates life-history theory, inclusive fitness theory, and
ypotheses for how communication evolves, and has grown from
dvances in each area (Kilner and Johnstone 1997; Wright and
eonard, 2002; Mock et al., 2011). Matters remaining of consid-
rable debate include the extent to which parents and offspring
ontrol the allocation of food, the extent to which it is offspring
ignals per se (rather than correlated traits) that influence parental
ehaviors, and what information is contained in offspring signals
i.e., to what type of information parents have been selected to
ttend) (Kilner and Johnstone, 1997; Parker et al., 2002; Royle et al.,
002; Mock et al., 2011). Frogs like O. pumilio not only offer the
pportunity to test this well-developed theory in a new system, but
re also especially tractable model organisms with natural history
hat allows empirical approaches unavailable in other vertebrates.

.1. The information content of tadpole displays

Weygoldt’s (1980) argument that rapid tadpole vibration prob-
bly serves in offspring-parent communication has been, despite a
ack of any empirical follow-ups, prominently cited in reviews on
he topic of begging (e.g., Kilner and Johnstone, 1997). Only recently
ave attempts been made to quantify variation in the expression of
his putative signal and to use any such variation to test hypothe-
es for the evolution and function of begging. The most popular
uite of hypotheses for why offspring signal is built on the cen-
ral premise that offspring solicitations evolve because they contain
nformation (Kilner and Johnstone, 1997; Parker et al., 2002; Royle
t al., 2002; Mock et al., 2011; but see Section 3.3). Two  exclusive
ypotheses assume that solicitation intensity reflects current off-
pring fitness prospects, differing in the direction of the predicted
elationship: i) a positive relationship would suggest that intensely
ibrating tadpoles advertise high quality, and thus that this sig-
al co-evolved with parents that benefit from diverting resources
o offspring progressing best (Section 2.3.2), while ii) a negative
elationship would support the hypothesis that tadpoles vibrating
apidly instead advertise their low current fitness prospects (high
need’) and that this signal co-evolved with parents that benefit
rom correcting such deficits (reviewed by Mock et al., 2011). A
on-exclusive hypothesis is that intense tadpole vibration reflects

mmediate hunger (i.e., an empty gut: Mock et al., 2011).
In O. pumilio tadpoles, high intensity begging seems most likely

o signal high quality. Several metrics of solicitation intensity are
ositively associated with tadpole size, developmental stage, and
xperimentally manipulated body condition (Dugas et al., 2017).
he evolution of such a signal is easily explained in O. pumilio,
s maternal feedings pay higher fitness returns when allocated
o more developed offspring (Dugas et al., 2016c). Unlike nearly
very other animal reported on (Mock et al., 2011), O. pumilio tad-
oles display less intensely following food deprivation (Dugas et al.,
017). This result brings focus to the taxonomic limitations to the
eaningful use of the term ‘hunger’. In birds and mammals, starva-

ion is a constant and immediate risk for developing young reliant
n parental care, and experimental short-term food deprivation is
biquitous in studies of the information content of avian begging
Mock et al., 2011). Tadpole O. pumilio, on the other hand, face no
Please cite this article in press as: Dugas, M.B., Simple observations w
about parental care from a frog that feeds its young. Zool. Anz. (2017)

uch risk, surviving weeks without food (Brust, 1993; Killius and
ugas, 2014). It remains to be seen how deeply the biases asso-
iated with studying ectotherms has limited the generality of our
nderstanding about why offspring and parents communicate.
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While O. pumilio tadpoles decrease the intensity of begging fol-
lowing a period of food deprivation approximating the natural
interval between maternal visits (Dugas et al., 2017), they nearly
cease begging immediately after eating (Stynoski, 2012). This strat-
egy may  help tadpoles avoid predators or at least avoid begging
with no chance of reward (Weygoldt, 1980; Stynoski and Noble,
2012). This behavior has parallels in other systems and may  prove
valuable to testing hypothesized explanations for it. Nestling birds
often beg when parents are absent, a behavior hypothesized to be
adaptive because it decreases the probability a nestling will miss
opportunities to eat (Dor et al., 2007). Missing a potential feed-
ing opportunity might be especially costly for a dependent tadpole
given that maternal visits are infrequent (Maple, 2002) and that
some tadpoles, including O. pumilio,  eat nothing else. The costs are
even higher assuming that a female that fails to perceive a tad-
pole’s presence eventually stops visiting that nursery (Stynoski,
2009; Section 3.3). Given that the risk of missing meals and/or
falling victim to a predator certainly varies among species (e.g.,
with the extent to which tadpoles depend on trophic eggs) and
likely varies among populations (Brown et al., 2010; Dugas and
Richards-Zawacki, 2016), comparative studies will be a good way
to test whether and why  tadpole decisions about when to (not) beg
are adaptive.

Some components of O. pumilio tadpole vibration displays con-
tain information (Dugas et al., 2017). Future empirical work can
help identify the proximate reasons for such relationships, guided
by a well-developed theoretical and empirical literature about the
evolution of animal signals (Maynard Smith and Harper, 2003). Crit-
ical to quantifying variation in the begging displays of tadpoles will
also be information about the sensory abilities of adult frogs, for
example the extent to which females can discriminate between
tadpoles vibrating at different speeds and the sensory systems they
use to do so (e.g., while tactile effects of tadpole vibration seems
likely to be important, Weygoldt (1980) also reported that females
looked into nurseries before entering and feeding, or not feeding,
tadpoles). Filling these gaps in system-specific information will
help unlock the potential of these frogs to help reveal how and
why offspring-parent communication evolves (Section 3.4).

3.2. Maternal favoritism and response to begging

The empirical potential of Weygoldt’s (1980) finding that
mother O. pumilio feed tadpoles while visiting them grew substan-
tially when Brust (1993) observed that, in the wild, mothers that
visit their tadpoles do not always feed them. This finding suggests
that females are choosy; they might sometimes assess something
about a tadpole and use that information to decide not to provide
a meal. Weygoldt (1980) never saw females feed multiple tadpoles
in quick succession, and assumed that this meant a female always
laid all her mature eggs when feeding (i.e., females were limited
to yes/no decisions). Weygoldt’s (1980) interpretation is, however,
perhaps inconsistent with small meal size in the wild and the fact
that inter-feeding interval is shorter than the time between repro-
ductive clutch production (Brust, 1990, 1993; Maple, 2002; Pröhl,
2005). If females make yes/no or graded decisions, there is good rea-
son for female O. pumilio to favor their more developed offspring
(Dugas et al., 2016c; Section 2.3.2), and mothers in captivity (Dugas
et al., 2016a) and in the wild (Dugas et al., 2017) have been found
to feed larger meals to their older and larger tadpoles. While one
observational study in the wild found no such increase in meal size
with tadpole development (Brust, 1990), that study included fewer
potential predictors of meal size (e.g., begging behavior, brood size),
ith complex implications: What we have learned and can learn
, https://doi.org/10.1016/j.jcz.2017.11.012

and so it is as of yet unclear whether favoritism towards large
offspring is a maternal trait that varies among populations.

Key to testing the hypothesis that O. pumilio tadpole displays
evolved in the context of communication is demonstrating a link

https://doi.org/10.1016/j.jcz.2017.11.012
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etween the expression of the putative signal (tadpole vibration)
nd the response of the intended receiver (maternal favoritism).

eygoldt (1980) provided the first piece of evidence suggesting
ommunication when he noted that the mothers he observed never
aid trophic eggs in axils from which he had removed tadpoles or
n which the tadpole died. An extensive monitoring effort in the

ild also suggests that only tadpoles that display are fed by moth-
rs (Stynoski, 2012). However, this signal may  not be absolutely
ecessary to elicit maternal feeding: experimentally cross-fostered
on-begging tadpoles are occasionally fed by wild mothers (Dugas
t al., 2017). On a finer scale, correlative evidence in the wild sug-
ests that mothers reward particularly rapid vibration with larger
eals (Dugas et al., 2017). All the evidence that is currently avail-

ble suggests that the rapid vibration of O. pumilio tadpoles is
nalogous to the complex begging displays so familiar from birds
Wright and Leonard, 2002), with the signal reliably associated
ith individual fitness prospects and with mothers responding in

 graded fashion to signal intensity (Dugas et al., 2017). However,
he only conclusive test of this hypothesis will come from experi-

ental manipulations of tadpole begging effort, ideally in concert
ith information about other potential constraints on maternal

esponse (e.g., brood size: Dugas et al., 2016a).

.3. Future directions: unusual natural history and unusual
mpirical opportunities

When post-zygotic feeding is present, frog families provide
xcellent opportunities to test hypotheses for how and why
ffspring-parent communication evolves. Quantifying how much
are a free-living offspring receives and comparing this intake to
hat of others is unusually easy, as care comes only in integer
orm (Brust, 1993). A connection between the care a parent pro-
ides and a loss of other reproductive opportunities (Trivers, 1972)
an be made with little ambiguity because tadpoles (sometimes
xclusively) eat their mothers’ other reproductive opportunities
eggs). The current fitness prospects of tadpoles are relatively eas-
ly estimated, as the number of trophic eggs a tadpole has already
onsumed is straightforward to observe (Maple, 2002; Dugas et al.,
016a) and manipulate (Brust, 1993; Dugas et al., 2016c, 2017). The
umber of trophic eggs required for a tadpole to reach viability (i.e.,
mount of further parental investment ‘needed’) is also readily esti-
ated (Dugas et al., 2016c). Patterns of parental favoritism are more

lso easily interpreted than they are in other taxa. In endotherms
birds, mammals), resting metabolic demands increase as offspring
row, leaving any evidence that parents favor their larger offspring
ubject to the criticism that these larger offspring “need” more food.
n frogs, there is no such potential for parental preferences for large
ffspring to be interpreted (fairly or unfairly) as consistent with
avoritism for needy individuals: O. pumilio tadpoles, for example,
an survive weeks without food (Weygoldt, 1980; Brust, 1993).

The natural history of dendrobatids and other poison frogs is
xceptionally well-suited to testing hypotheses for the evolution
f offspring solicitation displays because mothers rear contempo-
aneous offspring (i.e., broodmates) in separate nurseries. Animals
lmost always rear broods of more than one offspring in a single
hysically confined space (Mock and Parker, 1997), and in these
roups assessing the role of signals in resource allocation is diffi-
ult. While the bulk of empirical work tends to focus on honest
ignalling models of begging evolution (Mock et al., 2011; Sec-
ions 3.1 and 3.2), honest signalling is not the only way  offspring
ompete for parental investment. Physical competition among off-
pring, for example, is common in animals (Mock and Parker, 1997),
Please cite this article in press as: Dugas, M.B., Simple observations w
about parental care from a frog that feeds its young. Zool. Anz. (2017)

ut absent in tadpoles in separate nurseries (the occasional multi-
adpole O. pumilio nursery will be valuable to testing for such
ompetition in what is perhaps an intermediate stage in the evolu-
ion of elaborate care in poison frogs: Dugas et al., 2016b). Signals
 PRESS
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themselves can also evolve through mechanisms other than the
more-or-less honest transfer of information (Maynard Smith and
Harper, 2003), complicating efforts to test alternative hypotheses
for the relationship between information and offspring signal evo-
lution. In a way parallel to physical competition, offspring signals
can evolve in a ‘signalling scramble’ in which offspring produce
signals and parents simply allocate resources in proportion to
the relative intensity of stimuli offered (Parker et al., 2002; Royle
et al., 2002). The distinction between information-driven evolu-
tion of offspring displays and these alternatives is non-trivial; only
a parent that exerts control over resource allocation can adjust
its investment strategy to changing circumstances (Parker et al.,
2002; Royle et al., 2002; Mock et al., 2011). Particularly problematic
is that information-driven and signalling scramble models often
predict identical parental allocation patterns, usually making it dif-
ficult to use observations of families to draw conclusions about
the selective pressures that shaped offspring signals and parental
responses (Parker et al., 2002; Royle et al., 2002). In frogs that rear
offspring in individual nurseries, however, these constraints are
relaxed substantially, as parents maintain complete proximate con-
trol of allocation and interact with (perceive the signals of) only one
offspring at a time.

Debates over why offspring solicitations have evolved have
begun to give way  to comparative efforts allowing for the possibility
that offspring solicitations evolved for different reasons in different
species (Caro et al., 2016a). Parental feeding and offspring solicita-
tion has evolved in taxonomically diverse frogs (Weygoldt, 1980;
Brust, 1993; Jungfer and Weygoldt, 1999; Kam and Yang, 2002;
Wells, 2007; Brown et al., 2010). It is entirely plausible that the
information content of begging (Yoshioka et al., 2016) varies among
systems, perhaps along with the mating system of the frog (related-
ness among families: Caro et al., 2016b) or perhaps with the extent
to which offspring are dependent on parental care (Smiseth et al.,
2003; Brown et al., 2010). Studies in captivity will remain important
because of the opportunities they present to comprehensively cat-
alog the reproductive behaviors and outcomes of individuals, but
understanding the evolution of parental investment, parental care,
and offspring-parent communication will require similar efforts in
nature, where families face the same realistic constraints in which
their life-history strategies evolved.

4. Parental care, sexual selection, and phenotypic diversity

The strawberry poison frog may  be familiar to readers not
only for its elaborate parental care, but also for the remark-
able phenotypic diversity it displays in and around the Bocas del
Toro archipelago of Panama (Daly and Myers, 1967; Wang and
Shaffer, 2008; Fig. 4). One popular potential explanation of how
this extreme polytypism evolved can trace its roots to Weygoldt’s
(1980) conclusion that, in O. pumilio, “parental investment of the
female far exceeds that of the male (p. 331).” In Bocas del Toro,
the same region where O. pumilio is so diverse, phenotypic and
genetic differentiation has not arisen in ecologically similar poison
frogs, and it happens that, in those frogs, offspring feeding is absent
and males provide tadpole transport (i.e., male and female parental
investment are more similar in magnitude: Summers et al., 1997).
This among-species difference led Summers et al. (1997) to sug-
gest that the magnitude of female to male investment difference
in O. pumilio drives stronger sexual selection on male ornamen-
tation than emerges in species with male care, and thus could be
responsible for driving color divergence among populations. This
ith complex implications: What we have learned and can learn
, https://doi.org/10.1016/j.jcz.2017.11.012

hypothesis was  particularly timely, as the potential role of sexual
selection in driving reproductive isolation was  gaining appreciation
(Panhuis et al., 2001; Ritchie, 2007). This connection was imme-
diately buoyed by reports that female O. pumilio attend to male

https://doi.org/10.1016/j.jcz.2017.11.012
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Fig. 4. Phenotypic diversity.
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hile O. pumilio is typically red with blue or black legs throughout most of its Cen
isplay  diverse coloration and patterning, some of which is shown here. This rapid 

s  in turn hypothesized to be tied to the elaborate parental care that has evolved in 

oloration in laboratory preference assays (Summers et al., 1999b;
eynolds and Fitzpatrick, 2007; Maan and Cummings, 2008), and
ttempts to link this laboratory phenomenon to mate choice and
eproductive isolation in the wild continue (Richards-Zawacki et al.,
012; Meuche et al., 2013; Dreher and Pröhl, 2014; Gade et al.,
016; Yang et al., 2016; Dreher et al., 2017).

The hypothesis that the elaborate parental care provided by
emale O. pumilio was the ultimate driver of especially intense
exual selection in this frog (Summers et al., 1997), however, has
emained essentially untested. The argument that O. pumilio natu-
al history, in particular parental care, should lead to the evolution
f females that are choosier than those of other species is one that
an only be tested in a comparative framework. The hypothesis that
henotypic divergence (in color or a sexually dimorphic trait like
all: Pröhl et al., 2007) is associated with parental care can easily be
ested. Remarkable color polytypism has also evolved elsewhere in
pecies with diverse forms of care, including uniparental male care
Noonan and Comeault, 2009; Yeager et al., 2012; Rojas and Endler,
013; Rojas, 2016), suggesting that this hypothesis may  need to be
e-visited.

Interrogating the assumptions underlying a hypothetical link
etween parental care and sexual selection in frogs is also impor-
ant. The costs of care, be they physiologically (Section 2.4) or
ocially (Section 2.1) mediated, can be quantified (Dugas et al.,
015a,b; Dugas et al., 2016a,c), and these costs used to test the
ssumptions that i) females invest more than males, and ii) female
. pumilio invest more in each reproductive event than do females
f other species. Although substantially higher female than male

nvestment is intuitive in O. pumilio, the scant empirical evidence
urrently available suggests that male investment is non-trivial
Dugas et al., 2015a). The assumption that female O. pumilio invest
Please cite this article in press as: Dugas, M.B., Simple observations w
about parental care from a frog that feeds its young. Zool. Anz. (2017)

ubstantially more than non egg-feeding females, in particular,
arrants empirical attention. If a female lays a clutch of 10 eggs,

arries each resulting tadpole to a nursery, and provides no further
are, it is not necessarily the case that she has invested less than a
erican range, populations in and around the Bocas del Toro archipelago, Panama,
typic diversification is hypothesized to have arisen in part via sexual selection that
og. Photo credit: Justin Yeager.

female that lays 1 egg, carries that tadpole to a nursery, and then
feeds it 9 eggs. Trophic egg feeding is common in animals, but it is
not commonly assumed that this strategy is equivalent to an over-
all increase in maternal investment per reproductive event (Perry
and Roitberg, 2006). Finally, the parental care, sexual selection, and
phenotypic diversity hypothesis likely needs revision in light of
subsequent theoretical advances in our understanding of the rela-
tionship between parental investment and sexual selection. The
assumption that sex differences in care cause intense sexual selec-
tion is no longer a consensus (Wade and Schuster, 2002; Kokko and
Jennions, 2003; Klug et al., 2013; Royle et al., 2016). Regardless of
whether phenotypic diversification is related to elaborate parental
care, Weygoldt’s (1980) findings underpinned a burst of empirical
work that has addressed questions important to our understanding
of the generation and maintenance of phenotypic diversity.

5. Conclusions and perspectives

With detailed descriptions of parental behavior in captive indi-
viduals, Weygoldt (1980) offered insights into both the biology of
a charismatic poison frog and the evolution of parental care. These
observations, viewed in the context of an ever-expanding empirical
and theoretical literature, highlight the potential for O. pumilio to
serve in independent tests of hypotheses developed primarily with
birds in mind (Mock et al., 2011), and to address questions that
may  be difficult, if not impossible, to address in more extensively
studied animals (Dugas et al., 2016c; Dugas et al., 2017).

There is value to pooling the resources of the scientific commu-
nity to learn as much as possible about the proximate and ultimate
explanations underlying the phenotype (behavioral and otherwise)
of common model organisms. Species, however, do not begin as
ith complex implications: What we have learned and can learn
, https://doi.org/10.1016/j.jcz.2017.11.012

well-studied models, and there is considerable value in describ-
ing the basic biology and natural history across as much biological
diversity as possible. If existing theory were not consistent with
the observations we  have, it would presumably not have been

https://doi.org/10.1016/j.jcz.2017.11.012
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enerated in the first place. The literature has shifted away from
escribing behavior as an end unto itself (Bee et al., 2013), but
areful observation, especially in the wild, can be just as useful for
ypothesis-testing as laboratory experiments. It was  my  intention
ere to illustrate the novel, exciting, and often untrodden paths that
ould be taken if one were to set out from Weygoldt’s (1980, 1987)
bservations, straightforward experiments, and ideas. I hope that
eaders will not only be encouraged to follow the signposts laid out
y Weygoldt’s efforts, but will be also inspired to make their own
iscoveries. Surely more findings as surprising (and charming) as

 frog that feeds its young await those who take the time to watch
or them.
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