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Abstract
One way parents shape the fitness prospects of their offspring is by providing a nursery. When parents divide a brood across
several nurseries, they must assess not only the costs and benefits of multiple nurseries, but also the optimal proportion of the
brood to deposit in each. Here, we explored the factors shaping these decisions in the strawberry poison frog (Oophaga pumilio),
a species that typically, but not always, deposits its offspring singly in small phytotelmata. By monitoring occupancy and tadpole
success in an artificial phytotelm array used by a free-living population, we tested for preferences for nursery size and height,
asked whether multi-tadpole deposition was non-random with respect to these factors, and assessed the fitness consequences of
these decisions. Parents were equally likely to use all types of artificial phytotelmata, but multi-tadpole depositions occurred
almost exclusively in large nurseries. The probability that a tadpole would complete metamorphosis was unrelated to the physical
characteristics of the rearing site, and individual tadpole survival was equivalent regardless of whether the nursery held one, two,
or three tadpoles. Multi-tadpole nurseries were more likely, therefore, to have one occupant surviving to independence (metamorphosis). Although tadpoles are usually deposited alone, O. pumilio mothers may benefit from the insurance function played
by additional tadpoles in a nursery.
Significance statement
While most animals that care for their young provide a single nursery for their entire brood, a few separate and rear each brood
member in an individual nursery. In such cases, parents must decide not only which nurseries to use, but also how many young
they should deposit into each. Here, we explore the factors shaping these decisions in the strawberry poison frog (Oophaga
pumilio), a species that typically, but not always, rears its young individually in small water-filled leaf axils. While O. pumiliodo
not appear to choose nurseries based on size, parents were more likely to deposit multiple tadpoles into larger nurseries.
Additionally, because the number of tadpoles in a nursery did not influence likelihood of metamorphic success for each
individual, nurseries that contained multiple tadpoles were more likely to produce at least one offspring that completed metamorphosis. These results highlight the fitness effects of plasticity in reproductive strategies, and the possibility of divergent parent
and offspring fitness optima.
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Introduction
Among the myriad ways parents influence the fitness prospects of their offspring is the construction, location, and/or
choice of a nursery (Royle et al. 2012), loosely defined as a
confined, resource-limited, physical space in which offspring
develop (Mock and Parker 1997). Specialization on particular
nursery types can have broad correlates and consequences, including the evolution of mating systems (e.g., as a function of
the rarity of suitable nurseries: Emlen and Oring 1977; Cayuela
et al. 2016), parental care (e.g., as a function of nutrient availability in nurseries: Brown et al. 2010), and developmental
plasticity (e.g., as a function of nursery ephemerality: Morey
and Reznick 2000). Within populations, some nurseries are
better for offspring than others, offering more nutrients, fewer
parasites, and/or greater safety from would-be predators or
competitors (Barclay 1988; Brown et al. 2010; Schulte et al.
2011). For parents, the benefits of nursery quality to lifetime
fitness may trade off against the costs associated with searching
for, constructing, and/or acquiring this resource (Refsnider and
Janzen 2010; Buxton and Sperry 2017; Ringler et al. 2018).
Concurrent with nursery selection is the life-history decision to set brood size. For many organisms, these determinants
of reproductive success are dependent upon one another: resource availability in the nursery shapes the optimal number
and size of offspring that should be placed in it (Stearns 1992;
Refsnider and Janzen 2010; Buxton and Sperry 2017). When
parents provision their free-living offspring with exogenous
food, the link between the nursery and resource limitation
may be relaxed, but constraints on parents (e.g., the costs of
delivering food) remain, as do other costs of nursery crowding
(e.g., competition: Mock and Parker 1997; Refsnider and
Janzen 2010; Buxton and Sperry 2017). In diverse lineages,
parents separate single broods across multiple nurseries (Mock
and Parker 1997; Royle et al. 2012), forcing parents to optimize nursery choice and the commensurate allocation of brood
members multiple times in a single reproductive cycle.
Independent anuran lineages have departed from the ancestral
reliance on large water bodies for egg laying and tadpole development (Wells 2007; Gomez-Mestre et al. 2012) and instead deposit each brood across multiple phytotelmata, water
bodies contained within the tissue of a plant (Lehtinen 2004).
The transition to phytotelm use (and the transition from large
to small phytotelm use) is hypothesized to be driven by the
benefits of reduced competition and predation (including cannibalism) in these plant-bound nurseries, trading off against
the costs of reduced resource availability and increased desiccation risk (Resetaris and Wilbur 1989; Magnusson and Hero
1991; Summers and McKeon 2004; Brown et al. 2010). As
predicted, this shift to terrestrial breeding has often coevolved
with elaborate parental care, including offspring provisioning
(Summers and McKeon 2004; Brown et al. 2008, 2010;
Touchon and Warkentin 2008).
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We studied nursery selection and its consequences in a wild
population of the strawberry poison frog (Oophaga pumilio)
using regular censuses of an artificial phytotelm array. This
terrestrial frog rears its tadpoles in elevated water bodies (e.g.,
leaf axils) and regularly feeds each with unfertilized eggs
(reviewed in Dugas 2018). This frog, like others that feed their
young (Brown et al. 2008), is typically described as small
phytotelm specialist (Ryan and Barry 2011). Presumably this
specialization evolves because the extra nutrients available in
larger nurseries are immaterial to the survival of offspring, but
other large nursery risks (e.g., predation) remain. Here, we
tested the predictions that (i) small phytotelmata would be
preferentially used by O. pumilio, and (ii) this choice would
correspond to higher tadpole survival.
Our censuses also allowed us to evaluate the potential
causes and consequences to parents and offspring of the
relatively infrequent phenomenon of multiple tadpole occupancy of a nursery, observed in both wild and captive
O. pumilio (Brust 1990; Dugas et al. 2016a; MBD and
ESK personal observations). Whether and how this multiple occupancy affects the fitness of parents (or sets of
parents) and tadpoles remains unclear. Fatal aggression
is common (but not obligate) when multiple O. pumilio
tadpoles are deposited together (Brust 1990; Dugas et al.
2016b). If these multiple occupants were siblings, cannibalism might allow the mother (and victim) to recoup any
costs (aggression, production of the victim) via increased
fitness prospects of the cannibal (Mock and Forbes 1995;
Poelman and Dicke 2007). However, while aggression is
common among O. pumilio nurserymates, experimental
evidence suggests that cannibalism is exceedingly rare
(Dugas et al. 2016b). If nurserymates are unrelated, aggression should, all else being equal, make multiple occupancy less profitable than single occupancy. All else
might not be equal, and multiple depositions could instead
result from rearing site limitation, with mothers (and/or
tadpoles) pursuing a best-of-a-bad-job strategy and
accepting occupied nurseries they would otherwise reject
(Brust 1990). Evidence that nurseries are a limited resource for O. pumilio remains equivocal (Donnelly
1989; Meuche et al. 2011), but if this is the case in the
study population, we should observe multiple depositions
most often when unoccupied sites are lacking. Multiple
depositions might, on the other hand, simply be nonadaptive mistakes (Rojas 2014), in which case they
should occur randomly with respect to characteristics of
the phytotelmata and those of nearby alternatives.
Additionally, any costs associated with overloading a
nursery could be ameliorated for a mother if overloading
increases the chance that at least one of these offspring
will survive to independence (van Alphen and Visser
1990; Mock and Forbes 1995). We used census data to
test the possibility that crowded nurseries are more likely
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to produce at least one survivor. Finally, we asked how
variation in maternal brood allocation strategy might affect the fitness prospects of tadpoles, predicting that the
presumably more costly strategy for parents (single deposition) would be better for individual tadpoles.

Methods
Study species
Oophaga pumilio is a small terrestrial frog distributed in lowland forests and disturbed habitats (e.g., abandoned plantations) along the Caribbean from Nicaragua to Panama.
Females lay clutches in the leaf litter, and the female transports
each newly hatched tadpole to a small phytotelm, often a
bromeliad leaf axil (Pröhl and Hödl 1999). In Costa Rica
and Panama, we have most often seen females transporting a
single tadpole at a time, but have observed up to three tadpoles
on an adult’s back (Fig. 1, ESK and MBD personal observations). Successful clutches produce ~ 4 tadpoles (Brust 1990),
although brood size has not been quantified in the wild. A
female returns to the rearing site(s) regularly for ~ 6 weeks
to provision her tadpole(s) with the trophic eggs necessary
for successful development (Dugas 2018). Both male and female O. pumilio are territorial, but while phytotelm supplementation increases frog density (Donnelly 1989), neither sex
appears to actively defend these rearing sites (Pröhl and Berke
2001; Meuche et al. 2011). In both the wild and captivity,
more than one O. pumilio tadpole is occasionally found in
the same nursery (Brust 1990; Dugas et al. 2016a).

General methods
We studied O. pumilio tadpole deposition behavior at the
Caño Palma Biological Station (CPBS), Costa Rica, a field
station located in the southernmost part of the Barra del
Colorado Wildlife refuge, just north of Tortuguero National
Park. Typically classified as tropical wet forest (Holdridge
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1971), this historic floodplain is dominated by palms
(further details in Lewis et al. 2010; Khazan et al. 2016).
Although O. pumilio is most often observed using leafaxils,
we have observed O. pumilio tadpoles in treeholes at this site,
and have observed females visiting treeholes and carrying
tadpoles to them (Fig. 1, ESK personal observations). We
established artificial phytotelmata along three forest trails,
two on CPBS property, and one along the base of Cerro del
Tortuguero, a large hill opposite the canal that borders the
station. Along each trail, we created Breplicates^ (30 on each
CPBS trail, and 25 on the Cerro trail), each of which included
four artificial rearing sites attached to unique trees (total footprint of each replicate ~ 10 m2). We placed replicates ~ 50 m
apart along trails, a distance considerably larger than a typical
female home range (Donnelly 1989; Pröhl and Berke 2001;
Meuche et al. 2011). Each replicate contained 2 Blarge^ and
two Bsmall^ artificial phytotelmata, re-purposed plastic bottles
that held a maximum of 150 and 25 ml of water, respectively
(Brown et al. 2008, 2010). Small holes drilled in
each prevented overfilling (Maple 2002, Fig. 1). In every replicate, we placed one artificial phytotelm of each size at 0.5
and 1.7 m above ground (hereafter, low or high; Brown et al.
2010; Schulte 2010; Poelman et al. 2013).
We monitored tadpole deposition and survival with twiceweekly censuses from 3 March 2015 to 31 August 2015.
During each census, we re-filled each rearing site with aged
rainwater as needed. We photographed each tadpole on every
census, creating records that allowed us to distinguish between continued occupancy and the disappearance of an occupant followed by deposition of a new tadpole. In all cases,
in which more than one tadpole was deposited in a single
artificial phytotelm, we identified individuals by body size
(i.e., we assumed that size hierarchies were maintained between censuses). We operationally defined a tadpole as having
completed metamorphosis if at least one front limb had
erupted (stage 42; sensu Gosner 1960) on a census, and the
tadpole was missing on the next. We considered all other
tadpoles to have failed to reach independence; in one population, the majority of tadpoles fall victim to predators (Maple

Fig. 1 O. pumilio at the Caño Palma Biological Station, Costa Rica, visiting a tadpole reared in a natural treehole (a), visiting an artificial phytotelm (b),
and transporting two tadpoles simultaneously (c)
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2002), and when tadpoles die in cups (we recovered corpses in
~ 7% of tadpoles defined as Bdead^), they decompose too
rapidly to be detected days later (Dugas et al. 2016b). There
was no opportunity for blinded data collection given this design, as all treatments (e.g., size, height, presence/absence of a
tadpole) were readily apparent to observers at all times.

individual tadpole entered as an observation, adding the
random effect of event (all tadpoles that occupied an artificial phytotelm concurrently belonged to the same
event). The results of this model were similar if we
grouped observations into single- and multi-tadpole occupancy or treated tadpole number as a class variable.

Statistical analyses

Data availability

We began by exploring how phytotelm size and height influenced patterns of tadpole deposition. We first tested if
phytotelm size and height influenced the likelihood of at least
one tadpole being deposited in an artificial phytotelm. We
used a generalized linear mixed model (GLMM, PROC
GENMOD; SAS v9.2, SAS Institute, Cary, NC, USA) with
a binary response of whether or not the cup was occupied by at
least one tadpole during the course of the study, and included
artificial phytotelm size (small or large) and height (low or
high) as fixed effects, and trail and replicate nested within trail
as random effects. Next, from the subset of artificial phytotelm
that were occupied, we tested if phytotelm size and height
influenced the likelihood of multi-tadpole occupancy. In this
analysis, we used a GLMM with a binary response of whether
an occupied artificial phytotelm contained one (Bsingle^) or
more than one tadpole (Bmulti-tadpole^), and included the
same fixed and random effects as in the model described
above. A model including the artificial phytotelm size ×
height interaction did not converge for multi-tadpole occupancy, and this term was non-significant in the model of occupancy, and we do not present this in BResults^ for clarity.
We next considered how the number of tadpoles in a
phytotelm, as well as its size and height, influenced the
success of a deposition Bevent,^ which we define as the
deposition of one or more tadpoles in an artificial
phytotelm. We first analyzed the likelihood of at least
one tadpole successfully completing metamorphosis using
a GLMM with phytotelm size, height, Julian date, and the
number of tadpoles in the nursery (1, 2, or 3) as fixed
effects. No more than one tadpole ever completed metamorphosis from the same event, and we thus modeled the
success of an event as a binary response variable. We
could not model a tadpole number × phytotelm size interaction because only a single multi-tadpole event occurred
in a small artificial phytotelm. In addition to the random
effects of trail and replicate within trail, we added the
random effect of artificial phytotelm identity nested within replicate. Our results were similar if we grouped nurseries into single- and multi-tadpole occupancy (instead of
treating it as a continuous effect), and models in which we
treated nursery occupancy as a class variable (1, 2, or 3
tadpoles) did not converge. We then modeled survival
from the perspective of each individual tadpole. We used
a model identical to that described above, with each

All data generated and analyzed during this study are included
in this published article and its supplementary material.

Results
Tadpole deposition
In total, 74 of the 340 artificial phytotelm we established were
used as O. pumilio tadpole deposition sites. Nearly half (n =
30) of these were used more than once (mean ± SD: 1.8 ± 1.2
uses, range 1–6). Occupancy was not significantly predicted
by phytotelm size (βLarge vs. βSmall = 0.380 ± 0.277, F1,337 =
1.88, p = 0.171; Fig. 2a) or height (βHigh vs. βLow = − 0.304 ±
0.277, F1,337 = 1.21, p = 0.273). Sites were occupied on 133
unique events. In 14, 2 tadpoles occurred in a rearing site
concurrently. In seven of these cases, these tadpoles were first
detected on the same census date, and in the remaining seven,
we first detected the second tadpole 8.7 ± 6.3 days (~ 2 censuses) after the first (range 4–21 days). In three cases, three
tadpoles co-occurred in a rearing site. In one, we first detected
all three on the same census, in another, we detected two new
tadpoles 4 days after the first, and in the final case, the second
tadpole was detected 11 days after the first and the third
30 days later. Multi-tadpole depositions were more likely in
large artificial phytotelm (βLarge vs. βSmall = 2.726 ± 1.084,
F1,130 = 6.33, p = 0.013; Fig. 2b), but were not significantly
more or less likely in sites placed at different heights (βHigh vs.
βLow = − 1.019 ± 0.673, F1,130 = 2.29, p = 0.133). In all cases
of multi-tadpole occupancy, at least one other artificial
phytotelm in the replicate was vacant when a second (or third)
tadpole was deposited (2.5 ± 0.8 vacant sites); on all but five
occasions, one vacant site was large (the size non-significantly
preferred for depositions).

Tadpole survival
Of the 153 tadpoles (133 events) we observed, 30 survived
through metamorphosis. The probability of a deposition event
resulting in a metamorph was higher when more tadpoles
occupied the nursery simultaneously (β ± SE: 1.556 ± 0.580,
F1,105.8 = 7.20, p = 0.009; Fig. 3a), but was not significantly
related to artificial phytotelm size (βLarge vs. βSmall ± SE: −
0.690 ± 0.524, F1,94.9 = 1.73, p = 0.192), height (βHigh vs.
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Fig. 2 Estimated marginal means
± SE of the probability of
occupancy (a) by at least one
O. pumilio tadpole and (b) of
multi-tadpole occupation, in large
(150 ml) and small (25 ml)
artificial phytotelm
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βLow ± SE: − 0.302 ± 0.502, F1,63.2 = 0.36, p = 0.549), or Julian
date (β ± SE: − 0.011 ± 0.006, F1,128 = 2.67, p = 0.105). None
of the multi-tadpole events (n = 17) produced > 1 metamorph.
Nonetheless, from the perspective of an individual tadpole,
successful metamorphosis was no less likely in multi-tadpole
nurseries than it was for singletons: individual tadpole survival was not significantly predicted by the number of tadpoles
sharing the nursery (β ± SE: 0.3839 ± 0.418, F1,147 = 0.85, p =
0.359; Fig. 3b), artificial phytotelm size (βLarge vs. βSmall ± SE:
− 0.541 ± 0.485, F1,147 = 1.24, p = 0.267), height (βHigh vs.
βLow ± SE: − 0.318 ± 0.451, F1,147 = 0.50, p = 0.482), or Julian
date (β ± SE: − 0.011 ± 0.590, F1,147 = 3.25, p = 0.074).

Discussion
Specialization on nursery types is common (Lehtinen 2004;
Brown et al. 2010), as are proximate preferences among nursery environments that differ in abiotic and/or biotic parameters
(Poelman and Dicke 2007; Ryan and Barry 2011; Schulte
et al. 2011; Poelman et al. 2013; Rojas 2014). The parental
care that has evolved in O. pumilio should favor the use of
small nurseries, but we found no evidence to suggest that
O. pumilio attend to the size or height of artificial
phytotelmata when selecting a nursery. This apparent lack of
preference, in particular for phytotelm size, distinguishes
O. pumilio (see also Maple 2002) from closely related frogs
(Brown et al. 2008; McKeon and Summers 2013). This pattern is, however, perfectly explicable by the finding that tadpole survival was equal in all types of artificial rearing sites we
offered. Whether artificial sites capture all aspects of natural
phytotelm variation remains unclear; size, for example, may
be positively associated with predation risk in established natural sites but not recently established artificial ones (Maple
2002; Stynoski et al. 2014). However, it does seem clear that
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no intrinsic constraint prevents O. pumilio from successfully
rearing offspring in phytotelmata of diverse sizes. Rather than
evolving a preference for classes of rearing sites more likely to
be successful, O. pumilio parents might directly assess factors
like predation risk (Schulte 2010; Rojas 2014), with patterns
of occupancy reflecting constraints like competition with other phytotelm fauna (Fincke 1999; Khazan et al. 2015), including frogs with larger, predatory, tadpoles (e.g., Dendrobates
auratus: Ryan and Barry 2011). Just as preferences are not
always expressed as choice, biased choice may not reveal
preferences as much as constraints (Jennions and Petrie 1997).
Although O. pumilio tadpoles are usually deposited and
reared alone, multiple tadpoles were deposited together on
13% of nursery uses (24% of all tadpoles were in multitadpole nurseries). About half the time, these multiple depositions could have occurred on the same day, and in all cases,
unoccupied artificial phytotelmata were available in the immediate proximity. While there is some evidence that bromeliad availability (phytotelm availability) limits O. pumilio density (Donnelly 1989), it is also the case that most presumably
suitable rearing sites in a habitat remain unused (Maple 2002).
It thus seems unlikely that multiple depositions result primarily from rearing site limitation, a conclusion supported by their
occurrence when unoccupied artificial phyotelm were available (also the case in captivity: Dugas et al. 2016a; MBD
unpublished data). Multiple depositions in O. pumilio nurseries were not, however, random; they occurred almost exclusively in large artificial phytotelmata. That there is any pattern at
all suggests that multi-tadpole transport (Fig. 1) is also unlikely to explain all multi-occupancy events (Dugas 2018).
Aggression and cannibalism among nurserymates have been
hypothesized to drive the evolution of solitary rearing and
small phytotelm use in phytotelm-breeding frogs (Summers
and McKeon 2004; Brown et al. 2010; Dugas et al. 2016b).
Given this theoretical prediction, one proximate possibility is
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Fig. 3 Probability (± SE) of (a) at least one O. pumilio tadpole from a
nursery completing metamorphosis, and (b) an individual tadpole
completing metamorphosis in nurseries occupied by 1, 2, or 3 tadpoles.
All observations are shown as filled circles, with points jittered vertically
by 0.1

that current occupants are simply more difficult to detect in
large nurseries, resulting in a higher frequency of detection
errors by mothers and/or tadpoles. We never observed multiple metamorphs from a multi-tadpole nursery, a result on its
face consistent with the hypothesis that predation/competition
favors single occupancy, regardless of relatedness among
nurserymates. However, tadpole survival was equally low regardless of nursery density, and if anything, there was a nonsignificant trend towards higher survival in multi-occupancy
nurseries, suggesting that tadpole survival is not the key fitness parameter driving the evolution and expression of the
solitary rearing strategy most common in O. pumilio.
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While mistakes or constraints remain viable proximate explanations for multi-tadpole depositions, this phenomenon
could also offer benefits over single occupancy for at least
some mothers (van Alphen and Visser 1990; Mock and
Forbes 1995). Resources (e.g., trophic eggs) are limiting within O. pumilio families (Dugas et al. 2016a), and locating and
regularly visiting each nursery is a substantial time commitment for a caring mother (Pröhl and Hödl 1999; Ringler et al.
2018). A single female might, then, benefit from depositing
siblings together (especially if she has a large brood: Dugas
et al. 2016a), maximizing the fitness value of tadpoles and
mitigating the potential of total nursery failure (van Alphen
and Visser 1990). For a tadpole unrelated to the other occupant(s), the risk of falling victim to aggression seems to add
little to the already substantial risk of being an O. pumilio
tadpole in a phytotelm, a pattern that might emerge if already
occupied nurseries are especially good ones (Schulte et al.
2011). Experimental approaches will be needed to de-couple
the effect of nursery from differences in parental quality. The
application of molecular methods to establish relatedness
(Ringler et al. 2015), along with experimental manipulation
of phytotelm abundance and size (especially after initial deposition: Brust 1990), will clarify the extent to which these
parental behaviors reflect optimal strategies and/or constraints
for individual mothers.
In the diverse taxa that rear young across multiple nurseries, solitary rearing is a common strategy, and thought to maximize offspring, and parental, fitness by relaxing competition
and predation pressure in the nursery (Summers and McKeon
2004; Brown et al. 2010). However, in a frog that typically
rears offspring in solitary nurseries, we found no evidence that
departures from this strategy carried the predicted fitness
costs. Instead, our results suggest that parents would be equally well-off depositing multiple offspring in a single nursery.
Even if finding and routinely visiting an additional nursery
carried zero costs (almost certainly an unreasonable assumption: Pröhl and Hödl 1999; Ringler et al. 2018), insurance
against complete nursery failure may maximize the reproductive output of a female that, once caring for some offspring,
cannot easily and simultaneously create replacements when
one is lost (Mock and Forbes 1995; Pröhl and Hödl 1999;
Dugas et al. 2016a). Why parents do not, thus, routinely deposit multiple offspring in a nursery, and why variation persists within a population, remains of interest. The evolution of
solitary rearing, and its co-evolution with parental care
(Summers and McKeon 2004; Brown et al. 2008, 2010;
Touchon and Warkentin 2008), might also be explained by
as yet unconsidered benefits. Like birds that provision with
large prey items (Mock 1985), mother poison frogs have little
(or no) control over how nurserymates share trophic eggs in a
multi-tadpole nursery. Solitary rearing may afford a mother
greater control over the allocation of investment in concurrent
offspring, allowing her maximize reproductive success by
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investing non-randomly (Schwagmeyer and Mock 2008;
Dugas et al. 2016c), perhaps attending to offspring signals
(Dugas et al. 2017). Finally, it will be critical to determine
the role of both mothers and tadpoles in determining the rearing site eventually used, allowing for the possibility that the
optimal choice differs for each family member. Dendrobatid
tadpoles are quite unusual because they have some control
over the nursery in which they will be reared, deciding whether to leave a parent’s back or await a better option (Dugas
2018). Exploring how nurseries influence survival and success post-independence will help reveal the extent to which
cooperation, conflict, and trade-offs have shaped the evolution
of nursery choice.
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