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Abstract

Within and among populations, alkaloid defenses of the strawberry poison frog (Oophaga pumilio) vary spatially, temporally,
and with life history stage. Natural variation in defense has been implicated as a critical factor in determining the level of
protection afforded against predators and pathogens. Oophaga pumilio tadpoles sequester alkaloids from nutritive eggs and
are, thus, entirely dependent on their mothers for their defense. However, it remains unclear how tadpole alkaloid composition
relates to that of its mother and how variation in maternally provisioned defenses might result in varying levels of protection
against predators. Here, we demonstrate that natural variation in the alkaloid composition of a mother frog is reflected as
variation in her tadpole’s alkaloid composition. Tadpoles, like mother frogs, varied in their alkaloid composition but always
contained the identical alkaloids found in their mother. Alkaloid quantity in tadpoles was highly correlated with alkaloid
quantity in their mothers. Additionally, alkaloid quantity was the best predictor of tadpole palatability, wherein tadpoles with
higher alkaloid quantities were less palatable. Mother frogs with greater quantities of alkaloids are, thus, providing better

protection for their offspring by provisioning chemical defenses during one of the most vulnerable periods of life.
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Introduction

The use of chemical defenses against predators, pathogens,
and parasites is widespread in nature. Most chemically
defended organisms are able to biosynthesize defensive
compounds, whereas others must obtain them secondarily
through a specialized diet of chemically defended prey items
(Nishida 2002; Saporito et al. 2012). The uptake, accumula-
tion, and storage of secondarily derived defenses from diet is
generally referred to as sequestration (Mebs 2001; Savitzky
et al. 2012; Jeckel et al. 2022) and is a well-studied phenom-
enon among phytophagous arthropods (reviewed in Opitz
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and Miiller 2009). However, sequestration has also evolved
independently in several lineages of vertebrates (reviewed
in Savitzky et al. 2012) including snakes (Hutchinson et al.
2007), amphibians (Daly et al. 1994; Saporito et al. 2009),
and likely birds (Dumbacher et al. 2004, 2009).

Sequestered defensive chemicals can vary widely in
their chemical composition, and this variability has multi-
ple points of origin (Speed et al. 2012). Among vertebrates,
spatiotemporal variation in the abundance and availability
of prey appears to directly affect a predator’s own chemical
defenses (Saporito et al. 2007a; Hutchinson et al. 2013).
For example, macrogeographic variation in prey defense,
such as variation in availability of chemically defended prey
across a species’ range, can result in large-scale variation in
the sequestered defenses of predators (Saporito et al. 2007a;
Triponez et al. 2007; Inoue et al. 2021). Furthermore, micro-
geographic variation in prey defenses may result in small-
scale variation in the sequestered defenses of predators
within and among neighboring populations (Pasteels et al.
1995; Moranz and Brower 1998). Variation in sequestered
chemical defenses may also originate from seasonal or long-
term heterogeneity in prey availability (Malcolm & Brower
1989; Pasteels et al. 1995).

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00442-023-05314-z&domain=pdf
http://orcid.org/0000-0003-4762-2774

386

Oecologia (2023) 201:385-396

Chemical defenses within a species may vary with sex,
age, and body size (Nishida and Fukami 1989; Alonso-Mejia
and Brower 1994; Speed et al. 2012). In many species, the
presence of chemical defenses is dynamic with regard to
life history stage. Some organisms can sequester defenses
throughout their life cycle (Nishida and Fukami 1989; Eisner
et al. 2000) whereas, in other organisms, defenses are tem-
porary (Fordyce et al. 2005). The presence of defenses may
be limited to one or a few life stages where compounds are
sequestered, which can be early in development (Malcolm
and Rothschild 1983) or as adults (Brown 1987). In many
lepidopterans, defenses sequestered during larval stages
are retained through metamorphosis and into adulthood
(Malcolm and Brower 1989; Bowers and Williams 1995;
Nishida 2002); however, the presence or effectiveness of
these defenses may decrease with age (Alonso-Mejia and
Brower 1994). Some organisms are able to provision their
offspring with chemical defenses prior to hatching or birth,
though the effectiveness of these defenses can decrease with
offspring growth and development (Hutchinson et al. 2008;
Hayes et al. 2009; however, see Williams et al. 2011).

The provisioning of defensive chemicals to offspring is
thought to serve as an antipredator (and possibly antimicro-
bial) mechanism during one of the most vulnerable periods
of life (Gunzburger and Travis 2005; Stynoski and Porras-
Brenes 2022). For example, female ornate bella moths (Ute-
thesia ornatrix) provision egg clutches with pyrrolizidine
alkaloids, which in turn act as a deterrent to their primary
predator, the larvae of green lacewings (Ceraeochrysa
cubana) (Eisner et al. 2000). In some organisms, developing
embryos absorb maternally provisioned chemical defenses
and newly hatched offspring retain these defenses until they
begin sequestering their own. In the Asian snake (Rhab-
dophis tigrinus), bufadienolides sequestered from a diet
of toads are provisioned to embryos by gestating females.
Neonates retain these chemical defenses post-hatching until
they begin independently feeding on toads and sequestering
bufadienolides themselves (Hutchinson et al. 2008). Simi-
lar examples occur in diverse lineages, including fireflies in
the genus Photuris (Gonzélez et al. 1999), harlequin toads
(Atelopus chiriquiensis) (Pavelka et al. 1977), and the rough-
skinned newt (Taricha granulosa) (Hanifin et al. 2003). The
chemical defenses acquired by offspring via maternal pro-
visioning are highly variable (Eisner et al. 2000; Hanifin
et al. 2003) and several studies have suggested a positive
correlation between mother and offspring defense quanti-
ties (Hanifin et al. 2003; Hutchinson et al. 2008; Williams
etal. 2011).

Poison frogs, a well-studied group of chemically defended
vertebrates, comprise approximately 150 species with mem-
bers in several families worldwide (reviewed in Saporito
et al. 2012). Members of this group sequester their defen-
sive chemicals entirely from a diet of alkaloid-containing
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arthropods, which is composed primarily of mites and ants
(Saporito et al. 2004, 2007b, 2015). As a result, some poi-
son frogs are reported to be unpalatable to certain preda-
tors (Hantak et al. 2016; Murray et al. 2016; Lawrence et al.
2019) and protected from microbial infection (Mina et al.
2015; Hovey et al. 2018). Alkaloid type, number, and quan-
tity are highly variable within and among poison frog spe-
cies, and populations of a single species may differ from one
another across geographic space and over time (Saporito
et al. 2007a; Basham et al. 2020). Within and among popu-
lations, alkaloid profiles can differ between sexes (Saporito
et al. 2010), across life history stages (Stynoski et al. 2014a),
and typically show an increase with age and body size
(Jeckel et al. 2015). Variability in alkaloid defenses within
and among poison frogs appears to play an important role
in their effectiveness as deterrents against predators (Bolton
et al. 2017; Lawrence et al. 2019) and pathogens (Hovey
et al. 2018).

In the strawberry poison frog (Dendrobatidae: Oophaga
pumilio), both sexes are chemically defended and invest in
parental care. Males moisten terrestrial egg clutches for 7 to
10 days and upon hatching, tadpoles are singly transported
by mothers to water-filled leaf axils of plants (Dugas et al.
2018). Mothers then return every 1 to 2 days for a period of 6
to 8 weeks to provision the obligatorily oophagous tadpoles
with unfertilized (nutritive) eggs that contain alkaloids—
providing both nutrition and defense to developing tadpoles
(Stynoski et al. 2014a, b). Maternal alkaloid provisioning
is particularly important, given that tadpoles are not able to
feed on the alkaloid-containing arthropods normally nec-
essary for frogs to obtain chemical defenses. Although a
described phenomenon (Stynoski et al. 2014a; Fisher et al.
2019; Villanueva et al. 2022), the provisioning of alkaloid-
laden, nutritive eggs to free-living tadpoles is the first known
example of a vertebrate provisioning chemical defenses fol-
lowing birth (or hatching). Since its discovery, maternal
alkaloid provisioning has been experimentally established
in O. pumilio, and has also been described in other species
of egg-feeding poison frogs (Fischer et al. 2019; Saporito
et al. 2019; Villanueva et al. 2022).

Although provisioned alkaloids appear to provide tad-
poles defense from predators, this has only been demon-
strated in late-stage tadpoles (Stynoski et al. 2014a, b). Alka-
loid quantity is positively associated with tadpole mass and
developmental stage (Stynoski et al. 2014a; Saporito et al.
2019), suggesting that alkaloid defenses increase over the
course of tadpole development. Furthermore, alkaloids vary
among females within and among populations, and previ-
ous work with O. pumilio have found overlap in the types
of alkaloids shared between females and tadpoles (Stynoski
et al. 2014a). More recently, similar findings of overlap have
been identified in Oophaga sylvatica and Oophaga granulif-
era (Fischer et al. 2019; Villanueva et al. 2022). Collectively,
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these findings suggest that differences in alkaloid composi-
tion of female O. pumilio (and other members of Oophaga)
may be passed on to offspring—a potentially ecologically
important transgenerational effect (Saporito et al. 2007a,
2010).

In the present paper, we worked to further understand
some of the fundamental ecological factors involved in
maternally provisioned chemical defenses—in particu-
lar, testing the prediction that variation in a mother frog’s
chemical defenses is expressed as variation in her tadpole’s
defenses. We also tested the prediction that variation in these
defenses is associated with the efficacy of offspring defense.
More specifically, we tested the predictions that (1) variation
in alkaloid number and type within a population of adult O.
pumilio translates to variation in the alkaloid number and
type of her tadpoles via maternal provisioning, (2) tadpole
alkaloid quantity is correlated with mother alkaloid quan-
tity, and (3) variation in tadpole alkaloid quantity results
in differences in tadpole palatability to a model arthropod
predator.

Materials and methods
Study site and frog collection

We conducted this study at La Selva Research Station
(10°25°52.33”N, 84° 0’12.74”W)—a private reserve located
in Heredia Province, Costa Rica and managed by the Organi-
zation for Tropical Studies (OTS) from March through July
2019. The majority of the reserve comprises primary rain-
forest, but also includes selectively logged primary forest,
pasture, and abandoned cacao plantations (McDade et al.
1994; Whitfield et al. 2007).

To test the prediction that alkaloid profiles are similar
between mothers and their tadpoles, we used behavioral
observations to identify mother/tadpole pairs within the
Huertos Plots at La Selva (10°26° N, 84° 0°46.38” W). The
Huertos Plots are the site of an abandoned cacao planta-
tion and provide an ideal location to observe parental care
and egg provisioning because O. pumilio are abundant and
reproductively active (Donnelly 1989a; Gade et al. 2016;
DeMarchi et al. 2018). Mother O. pumilio deposit tadpoles
into naturally occurring water-filled leaf axils of plants
such as Heliconia, bromeliads, and bananas (Musa) (Don-
nelly 1989b; Haase and Prohl 2002); however, mothers
will also deposit tadpoles into cups (referred to as artifi-
cial tadpole-rearing sites), which mimic naturally occur-
ring phytotelmata and allow for greater ease of access to
tadpoles (Stynoski 2009; Stynoski et al. 2014a). We con-
structed tadpole-rearing cups from 30 mL plastic polypro-
pylene beakers each affixed to a single plastic knife with a
zip-tie (Fig. 1). We drilled two small holes in each cup to

prevent excess rainwater from flushing tadpoles out of the
top of the cup. In March 2019, we deployed a total of 786
cups along transects in the Huertos Plots with each set of
cups affixed to a tree approximately 1.5 m off the ground.

We surveyed tadpole-rearing cups daily in July 2019
(30 survey days) to identify cups that contained tadpoles
(presence/absence) and to record the developmental stage
of each tadpole using Gosner staging (Gosner 1960). We
targeted cups containing tadpoles for behavioral observa-
tions to identify mother/tadpole pairs, and observations
took place daily between the hours of 0500-1130, when
mother frogs provision their young (Haase and Prohl
2002). We selected tadpoles for observation based on
estimated mass and stage to ensure that tadpoles repre-
senting a wide range of development were collected. We
observed targeted cups containing tadpoles from a dis-
tance of ~3 m until a female frog returned to provision her
offspring. Mother O. pumilio do not recognize their own
offspring and instead use spatial cues to recognize and
relocate where they left their tadpole(s) (Stynoski 2009).
Therefore, when a mother is provisioning a tadpole, it can
be assumed that it is her offspring.

We observed mother frogs until they had climbed fully
into the tadpole-containing cup and had at least partially
submerged their body in the water (similar to Fisher et al.
2019). This partial submersion behavior precedes mater-
nal feeding (Stynoski 2009; Dugas et al. 2017; Dugas et al.
2018), further reinforcing that the visiting frog was that
tadpole’s mother. Once a mother frog climbed fully into a
tadpole-containing cup, we captured her with an aquarium
net, placed her in a one-gallon Ziploc™" bag, and transported
her back to an ambient laboratory. We collected tadpoles
using disposable polyethylene transfer pipets and stored indi-
viduals in 20 mL glass vials with water from that tadpole’s
cup. We collected a total of 14 mother/tadpole pairs follow-
ing this method. We collected an additional five tadpoles of
varying developmental stages from cups solely for use in
palatability assays (see below). All tadpoles were collected
from cups except for one tadpole that was collected directly
from a mother’s back and was subsequently placed in a vial
of rainwater collected from a nearby cup that did not contain
a tadpole.

Following collection in the field, we weighed all mother
frogs to the nearest 0.1 mg using a Pesola PPS200 digital
pocket scale and measured for snout-to-vent length (adults;
SVL 19-22 mm) (Donnelly 1989a) to the nearest 0.1 mm
using Traceable® Digital Calipers. We euthanized mother
frogs via freezing (Jeckel et al. 2019, 2022), following which
their skins were removed and stored in separate 4 mL glass
vials with Teflon-lined caps containing 2 mL of > 99% meth-
anol (GC Resolv™). We weighed tadpoles to the nearest
0.1 mg using a Pesola PPS200 digital pocket scale, eutha-
nized them via freezing, and stored them wholly in separate
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Fig. 1 a Tadpole rearing cups. Two cups were affixed to each tree; b tadpole deposited into a cup by a mother O. pumilio

4 mL glass vials with Teflon-lined caps containing 2 mL
of > 99% methanol (GC Resolv™).

Palatability assays

To test the prediction that variation in maternally provi-
sioned alkaloid defenses results in varying levels of protec-
tion from predators, we conducted ant palatability assays
with Ectatomma ruidum, following the methods of Bolton
et al. (2017). We collected ants from the lab clearings and
arboretum at La Selva using Jolly Ranchers™ as bait. We
collected individual E. ruidum with pressure sensitive for-
ceps between 1300 and 1700 h, stored ants in small plastic
containers (~ 10 individuals per container) in an ambient
laboratory, and food deprived them for a period of 48 h
prior to trials (Bolton et al. 2017). All ants collected within
a 2-meter radius of each other were assumed to be from
the same nest (Lachaud 1990), and we did not sample nests
more than three times throughout the study.

We performed palatability assays using the methanol
extracts from tadpoles selected to represent a range of devel-
opmental stages (stages 25-43) and masses (0.6-190 mg).
To ensure a range of tadpole ages and masses were repre-
sented, tadpoles used in palatability assays were sourced
from mother/tadpole pairs (n=9) and directly from cups
(n=35) for a total of 14 tadpoles. Palatability assays consisted
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of feeding trials wherein we placed ants individually into
the center of a small, glass petri dish (~6 cm diameter) and
ants were then allowed to choose between two sugar solu-
tions: one with alkaloids and one without alkaloids. To cre-
ate the alkaloid sucrose solution, we transferred 1 mL of the
original 2 mL methanol/tadpole solution to a separate vial
and evaporated to dryness. Following evaporation, we added
250 pL of a sucrose solution (50% ethanol, 20% sucrose)
to the vial to create an alkaloid/ethanol/sucrose solution.
Each petri dish contained two coverslips, one with 10uL
of an alkaloid/ethanol/sucrose solution and one with 10 pL
of a control solution (50% ethanol, 20% sucrose). We ran-
domized the location of the solutions within the petri dish
for each trial and selected ants randomly with respect to
nest location. Ants were allowed a 5-min period to detect
and sample either solution, but we only considered ants to
have successfully fed on a solution when the ant submerged
its mandibles in a solution for more than 3 s (Bolton et al.
2017). If an ant did not feed on either solution within a
5-min period, we removed the ant and replaced it with a sec-
ond ant. If the second ant also did not feed on either solution
within a 5-min period, we replaced the solutions, cleaned the
arenas with a 10% ethanol solution, and initiated a new trial
with a new ant. We conducted 15 trials per tadpole (n=14
tadpoles) for a total of 210 trials. We quantified individual
tadpole palatability by assigning each tadpole a palatability
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score based on a palatability index that ranged from -1 to 1.
The palatability index was calculated as follows: (# ants that
fed on the alkaloid solution)—(# ants that fed on the control
solution) + total number of ants. We consider all palatability
scores of 0 or greater to represent a palatable prey source,
and therefore individuals scoring closer to -1 were consid-
ered more unpalatable than individuals scoring closer to 0
(Bolton et al. 2017; Dyer et al. 2003).

Alkaloid fractionation

We extracted alkaloids from each of the 14 mother frog skins
and 19 whole tadpoles (14 used in mother/tadpole pairs;
5 used in the palatability assays) using an acid—base tech-
nique (Saporito et al. 2010; Jeckel et al. 2015; Hovey et al.
2018). For each sample, we added 50pL of 1 N HCL and an
internal standard of nicotine to 1 mL of the original metha-
nol extract. This solution was then concentrated to 100pL
using nitrogen gas, followed by the addition of 200pL of
deionized water. We then performed four extractions, each
time using 300pL of hexane and discarded the hexane layer
each time. We added NaHCOj to the remaining solution and
then extracted three times, each time using 300pL of ethyl
acetate. The ethyl acetate layer was dried using anhydrous
Na,SO,, evaporated to dryness with nitrogen, and reconsti-
tuted with 100pL of methanol.

Alkaloid analysis

We used gas chromatography—mass spectrometry (GC-MS)
to identify, characterize, and quantify alkaloids (Saporito
et al. 2010; Jeckel et al. 2015; Hovey et al. 2018). The
GC-MS was a Varian 3900 GC coupled with a Varian Sat-
urn 2100 T ion trap MS using a 30 m X 0.25 mm ID Varian
Factor Four VF-5 ms fused silica column. A temperature
program ran from 100 to 280 °C at a rate of 10 °C per minute
using helium as a carrier gas (1 mL/min). We analyzed each
alkaloid fraction in triplicate using electron impact-mass
spectrometry (EI-MS) and once using chemical ionization-
mass spectrometry (CI-MS). We identified alkaloids by com-
paring GC retention times and mass spectral properties to
already established dendrobatid alkaloid data (Daly et al.
2005; additional citations in Hovey et al. 2018; Saporito
et al. unpub. data). We quantified alkaloids with a nicotine
internal standard using a Varian MS Workstation v.6.9 SPI.
For comparisons of alkaloid number and type between a
mother frog and her tadpole, we excluded any alkaloids
detected in quantities below 0.01 pg. For comparisons of
alkaloid quantity between mother frogs and tadpoles, we
excluded alkaloids detected in quantities below 0.5 ug in
mother frogs and 0.01 pg in tadpoles (Lawrence et al. 2019).
Quantity thresholds were selected to represent a balance
between the biological relevance of the alkaloids’ quantity

against predators and pathogens (Weldon et al. 2006), and an
attempt to encompass the full range of alkaloid types present
in mothers and their tadpoles.

Statistical analyses

We began by assessing how tadpole mass and developmen-
tal stage related to both alkaloid number and quantity. We
used linear regressions to test for relationship between ‘tad-
pole mass’ and ‘alkaloid quantity (ug/tadpole)’ as well as
the relationship between ‘tadpole developmental stage’ and
‘alkaloid quantity’. We used generalized linear models with
a negative binomial distribution to test for the relationship
between ‘tadpole mass’ and ‘number of alkaloids per tad-
pole’ as well as the relationship between ‘tadpole develop-
mental stage’ and ‘number of alkaloids per tadpole’.

To test the prediction that tadpoles are unpalatable to
predators, we ran a binomial general linear model with the
response variable of ‘sugar solution consumption by ants
(consumed or not consumed)’ over ‘total number of trials
per tadpole’ (n=15), and the fixed effects of ‘tadpole alka-
loid quantity’ and ‘tadpole mass’. We chose to include only
‘tadpole mass’ in the model to avoid issues with collinear-
ity between ‘tadpole mass’ and ‘developmental stage’ as
both of these factors are highly correlated (r=0.93, n=19,
p<0.001). To further test the prediction that differences in
maternally derived alkaloids provide varying levels of tad-
pole defense, we compared the relationship between ‘pal-
atability scores’ (derived from the palatability index) and
‘tadpole mass,” ‘developmental stage,” ‘alkaloid quantity,’
and ‘alkaloid number’ using linear regressions.

To test the prediction that a tadpole’s alkaloid quantity
relates to that of its mother, we used two general linear
models: one with ‘tadpole mass’ and one with ‘tadpole
developmental stage’ as covariates. All tadpoles below
stage 30 did not contain any alkaloids; therefore, we lim-
ited our analyses to only tadpoles that contained alka-
loids (Fig. 2; stages 30—43). For both models, we included
‘tadpole alkaloid quantity’ as the response variable and
‘mother frog alkaloid quantity’ as our predictor. We then
ran one model that included ‘tadpole mass’ as a covariate
and one model that included ‘tadpole developmental stage’
as a covariate. For the model with ‘tadpole developmental
stage’, we initially included ‘mother frog alkaloid quantity’,
‘tadpole developmental stage’, ‘a quadratic effect of tad-
pole developmental stage’, ‘a mother frog alkaloid quan-
tity’ X ‘developmental stage interaction’, and a ‘mother frog
alkaloid quantity’ X ‘developmental stage’ X ‘developmental
stage interaction’ as predictors of ‘tadpole alkaloid quan-
tity’. We sequentially removed the non-significant inter-
actions of ‘mother frog alkaloid quantity’ X ‘developmen-
tal stage’ X ‘developmental stage’ (F, 4=0.12, p=0.75),
‘mother frog alkaloid quantity’ X ‘developmental stage’
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«Fig.2 Relative abundances of the top five major alkaloids present in
mother frogs and their tadpoles. Fourteen mother/tadpole pairs were
examined in the present study, but only nine alkaloid-containing tad-
poles and their respective mothers are included in the figure above.
Each plot represents a unique mother/tadpole pair. Alkaloids not pre-
sent as one of the top five in a tadpole are marked as zero relative
abundance. An asterisk indicates an isomer of that alkaloid. Abbre-
viations for alkaloid structural classes are as follows. 5,8-1 5,8-disub-
stituted indolizidines, HTX histrionicotoxins, 3,5-P 3,5-disubstituted
pyrrolizidines, Unclass unclassified alkaloids and their molecular
weight, Pyr pyrrolidines, DHQ decahydroquinolines, SpiroP spiro-
pyrrolizidines, Lehm lehmizidines, Pip piperidines, NEW Unclass
311 is a new alkaloid with a molecular weight of 311 that could not
be assigned to a structural class—additional characterization will be
published in forthcoming articles

(F19=0.01, p=0.93), and ‘the quadratic of tadpole devel-
opmental stage’ (F; ¢=0.81, p=0.40).

Alkaloids are present in tadpoles as young as stage 30
(Saporito et al. 2019), which approximately coincides with
the early stages of granular (poison) gland development in O.
pumilio (stages 32-33, Stynoski and O’Connell 2017). Indi-
viduals appear to experience an increase in alkaloid quantity
in the stages shortly thereafter (ca. stages 30-35, Stynoski
et al. 2014a; Saporito et al. 2019), suggesting that the pro-
cess of gland development observed during this develop-
mental period influences the capacity for alkaloid uptake.
For the purposes of describing tadpole alkaloid composition
with respect to development of granular glands, tadpoles
were placed into one of three developmental age groups:
early stage (pre-gland development; 25-29), middle stage
(beginning of gland development; 30-32), and late stage
(fully developed glands; 41-44). We corrected all mother
frog/tadpole comparative analyses with both ‘mother skin
mass’ and ‘tadpole total mass’ (Stynoski et al. 2014a). We
conducted analyses in R (v.4.0.4) and using the PROC GLM
and PROC GLIMMIX statements in SAS (version 9.4).

Results
Mother frog and tadpole alkaloid composition

Of the 14 mother/tadpole pairs, we identified alkaloids
in all 14 mother frogs and 10 tadpoles. Four tadpoles did
not contain any alkaloids, all of which were below stage
30. We identified a total of 134 alkaloid types (including
isomers) across all mother frogs and alkaloid-containing
tadpoles. On average (mean + SE), mother frogs contained
597 + 125 pg per frog skin of alkaloids (range: 180-1,693 g
per frog skin) and alkaloid-containing tadpoles had on aver-
age 12 + 3 ug per tadpole (range: 1-24 pg per tadpole). The
tadpole that was collected directly from the mother’s dorsum
did not contain any alkaloids, providing additional evidence
that tadpoles exclusively sequester alkaloids from nutritive

eggs; however, see Fischer et al. (2019) for a discussion
on the possibility that tadpoles absorb maternal alkaloids
secreted into nursery water during feeding visits.

Relationship between mother frog and tadpole
alkaloids

Alkaloid-containing tadpoles, regardless of developmental
stage, contained all the same alkaloid types present in their
mothers, even if only in trace amounts (< 10 ng). Individual
tadpoles also tended to share the top five most abundant
alkaloids (by alkaloid quantity) present in their mother frogs
(Fig. 2). Major alkaloid structural classes shared between
mother frogs and tadpoles included 5,8-disubstituted
indolizidines, 5,6,8-trisubstituted indolizidines, piperidines,
and pyrrolidines. Mother frog alkaloid quantity (F; g=12.48,
p<0.01) and tadpole developmental stage (F; y=26.16,
p <0.01) both predicted tadpole alkaloid quantity. Mother
frog alkaloid quantity (F; g=13.13, p<0.01) and tadpole
mass (F; g=24.99, p <0.01) also predicted tadpole alkaloid
quantity. Tadpole alkaloid quantity increased with tadpole
developmental stage and mass (Fig. 3), and mother frogs
with greater alkaloid quantities also had tadpoles with
greater alkaloid quantities. This was especially true for late-
stage tadpoles (Fig. 4).

Tadpole alkaloid composition and palatability

Alkaloid quantity and number of alkaloids per tadpole
significantly increased with tadpole mass and develop-
mental stage (p <0.001 for all). Tadpole alkaloid quan-
tity was a significant predictor of tadpole palatability
(F111=7.90, p=0.02), even after accounting for tadpole
mass (F; ;; =2.30, p=0.16). Tadpoles with higher alka-
loid quantities were less palatable than tadpoles with lower
alkaloid quantities (R2=0.41, n=14, p=0.01; Fig. 5), and
the total number of alkaloids per tadpole, tadpole mass, and
tadpole developmental stage were not significant predictors
of palatability (p >0.05 for all).

Discussion

Previous studies have demonstrated that O. pumilio tadpoles
sequester alkaloid defenses from nutritive eggs (Stynoski
et al. 2014a; Saporito et al. 2019), and that tadpoles and
mothers of O. pumilio and other provisioning poison frogs
share similar alkaloids (Fischer et al. 2019; Villanueva et al.
2022). However, it has remained unclear how tadpole alka-
loid profiles directly relate to their mothers’ profiles and how
maternally provided alkaloids influence tadpole protection
from predators. In the present study, tadpoles were found to
share very similar alkaloid profiles to their mothers based
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Fig.4 The relationship between mother O. pumilio alkaloid quantity
and her tadpole’s alkaloid quantity. The mother/tadpole pairs selected
for this comparison comprise seven late-stage tadpoles (stages 41-43)
and their respective mothers

on relative quantity, and there was 100% overlap in the type
of alkaloids present in a mother and its tadpole. Together,
these findings support the prediction that tadpole defenses in
O. pumilio are largely a reflection of their mother’s defenses.
In a similar study with O. sylvatica, Fischer et al. (2019)
reported only 54% overlap in alkaloid types between tad-
poles and mothers, suggesting that complete overlap might
not be common to all members of Oophaga. However,
alkaloid profiles in Fischer et al. (2019) were not compared
directly between tadpoles and mothers, and their analysis
was restricted only to alkaloids shared by all mother frogs,
limiting our ability for comparison. Finally, in the present
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study, mother O. pumilio with greater alkaloid quantities
reared tadpoles with greater alkaloid quantities supporting
our prediction that the quantity of alkaloid defenses in a tad-
pole are directly related to the amount of alkaloid in moth-
ers. Collectively, these findings suggest that both the type
and quantity of alkaloid defenses in mother O. pumilio are
passed on directly to their offspring.

The high degree of similarity in alkaloid profiles sug-
gests that mother frogs are passively provisioning alkaloid
defenses to nutritive eggs, rather than actively modulating
what is provisioned. In a similar system, mother Asian tiger
snakes (Rhabdophis tigrinus) also appear to provision bufa-
dienolide defenses to their offspring, although some modifi-
cation of defensive compounds appears to occur (Hutchinson
et al. 2008). Older and more developed O. pumilio tadpoles
contained more alkaloids, which appears partly due to accu-
mulation of alkaloids over time (Fig. 3). However, mother O.
pumilio are also known to vary in their provisioning behav-
ior (Maple 2002; Dugas et al. 2016), and are more likely to
provide larger meals to their older and more developed off-
spring (Dugas et al. 2016, 2017), suggesting that increases
in alkaloid defenses in older tadpoles may also be attributed
to differences in behavioral provisioning. Finally, adult O.
pumilio are known to vary significantly in alkaloid defenses
among populations (Saporito et al. 2007a), suggesting that
the alkaloid composition of tadpoles might also vary in a
similar manner. Future studies should examine how natural
variation in alkaloid composition as well as differences in
provisioning behavior among mothers from different popu-
lations of O. pumilio influence the alkaloid composition of
tadpoles and its implications for tadpole defense.

Provisioned alkaloid defenses are presumed to act as
an effective deterrent against certain tadpole predators
(Stynoski et al. 2014a, b) and possibly microbes (Hovey
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et al. 2018), and variation in these defenses likely plays an
important role in determining a tadpole’s level of protec-
tion. In the present study, tadpole alkaloid quantity was the
best predictor of palatability. Tadpoles with greater alkaloid
quantities were less palatable to a model arthropod predator
supporting our prediction that tadpole alkaloid profiles are
important in providing protection against predators. Tad-
pole palatability was not solely related to tadpole mass, but
was instead a reflection of the alkaloid quantity provisioned
by mothers. Previous work has suggested that tadpole size
and age are the most important factors driving protection
against predators (Stynoski et al. 2014a, b). For example,
experimental studies have demonstrated that late-stage O.
pumilio tadpoles are chemically defended against bullet ants
(Paraponera clavata) and ctenid spiders (Cupiennius spp.)
(Stynoski et al. 2014a, b). By decoupling the effects of alka-
loid quantity and tadpole size/age, our work demonstrates
that variation in maternally derived defenses is critical for
determining how well protected a tadpole is from predators.

Relatively little is known about natural poison frog tad-
pole predators in the wild (reviewed in Santos and Can-
natella 2011). Anecdotal and experimental records of O.
pumilio tadpole predation events suggest that tadpoles of
all sizes and developmental stages are preyed upon by snakes
and spiders (Maple 2002; Stynoski et al. 2014a, b; Sellmeijer
and van den Burg 2020), but none of these reports include
a measure of tadpole alkaloid quantity. In the present study,
11% (8 of 70) of the tadpoles being reared by mothers in
cups—ranging from approximately stage 25-43—were
preyed upon. Previous work at the same study site found that
26% of O. pumilio tadpoles reared in cups were preyed upon
(Stynoski 2009). While a specific predator was not identi-
fied, these findings suggest that predation risk is not based
solely on the presence or absence of alkaloids. Although
tadpoles with greater alkaloid quantities appear to be less
palatable to an arthropod predator, the likelihood of a poten-
tial predator attacking and consuming an O. pumilio tadpole
is also dependent on the specific predator and its physiology.
Certainly, there is evidence of snakes that are immune to
the alkaloid defenses of adult O. pumilio (and other alka-
loid-defended poison frogs), which likely provides them
similar immunity from defended tadpoles (Saporito et al.
2007c; Jovanovic et al. 2009; Lenger et al. 2014; Solano
et al. 2017). Indeed, snakes have been reported consuming
O. pumilio tadpoles with no apparent ill side effects and
appear to be the most common predators of O. pumilio tad-
poles within our study area (Stynoski et al. 2014b). Future
research should explore predators of O. pumilio tadpoles
in the wild, and the role maternally provisioned chemical
defenses play in protecting tadpoles from a variety of preda-
tors. Additional work should address how and if predators
are able to determine if tadpoles contain alkaloids (e.g., size,
chemical cues, etc.), similar to research with juveniles and

adults (Murray et al. 2016; Stuckert and Summers 2022) and
if predators target young tadpoles that have not yet begun
sequestering alkaloids.

In the present study, very small alkaloid quantities were
detected in tadpoles as young as stage 28 (20 mg), yet
tadpoles did not consistently demonstrate a capacity for
sequestering alkaloids until reaching stages 30-32 (ca.
80 mg). Poison glands in O. pumilio tadpoles begin their
development around stages 32-33, which approximately
coincides with the detection of maternally provisioned
alkaloids in tadpoles (Stynoski et al. 2014a; Stynoski
and O’Connell 2017; Saporito et al. 2019). The variable
presence of alkaloids in early-stage tadpoles (< stage 30)
suggests that gland development largely controls when
tadpoles are physiologically able to sequester (i.e., store)
maternally derived alkaloid defenses. Therefore, the detec-
tion of alkaloids in tadpoles that have presumably not yet
developed glands, in the present study and Saporito et al.
(2019), may not be the result of sequestration by those
individuals, but may instead represent the presence of
alkaloid-laden nutritive eggs passing through the digestive
tract of these tadpoles. Further implicating the importance
of gland development on the sequestration of alkaloids in
tadpoles is the observation that tadpoles just beginning
to develop glands only possessed minute quantities of
alkaloids, whereas late-stage tadpoles (stages 41-44) pos-
sessed much larger quantities. Although tadpoles begin to
develop glands as young as stage 32, glands do not begin
to mature until much later in development (ca. stage 40),
suggesting that tadpoles are not physiologically capable
of fully sequestering alkaloids until glands are more fully
developed (Stynoski and O’Connell 2017). Furthermore,
nothing is known about the location of alkaloids in nutri-
tive eggs, which could also influence when tadpoles are
able to begin accumulating alkaloids. Young tadpoles are
known only to eat the inner yolk of nutritive eggs, and do
not consume the entire nutritive eggs (yolk and outer jelly
capsule) until later in development (Dugas et al. 2016).
It is possible that maternally provided alkaloids are pre-
sent entirely (or partly) in the jelly capsule of nutritive
eggs, which could prevent (or reduce) access of alkaloids
to younger tadpoles until they are able to consume eggs in
their entirety; however, poison frog alkaloids are largely
lipophilic, and it is more likely they are found in the
lipid-filled yolk tissue of eggs. Further, other organisms
that maternally provision are known to deposit defensive
chemicals primarily into egg yolks (Hanifin et al. 2003;
Hutchinson et al. 2008). Additional research is needed to
identify the location of alkaloid defenses in provisioned
eggs and to determine if mother frogs deposit alkaloids
equally into clutches throughout the provisioning period.
Independent of alkaloid location within eggs, the devel-
opment and maturation of poison glands in O. pumilio
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tadpoles appear to be particularly important to alkaloid
sequestration, which likely has consequences for how
well protected a tadpole is from predators (and possibly
microbes) throughout the course of its development.

Maternal provisioning of nutritive eggs is not unique to
Oophaga pumilio. All members of the genus Oophaga are
obligate egg eaters, and maternal alkaloid provisioning has
recently been described in Oophaga sylvatica (Fischer et al.
2019) and Oophaga granulifera (Villanueva et al. 2022).
Furthermore, the mantellid poison frog, Mantella laevigata,
also provision their offspring with alkaloid-laden eggs sug-
gesting the convergent evolution of maternal alkaloid provi-
sioning within poison frogs (Fischer et al. 2019). However,
not all poison frogs that provision nutritive eggs also pro-
vision alkaloids. Tadpoles in the dendrobatid poison frog
genus Ranitomeya are facultative egg eaters, and mother
frogs only provide nutritive eggs when food resources within
a nursery are low (Brown et al. 2010). Villanueva et al. 2022
recently described the absence of alkaloids in natural eggs
and tadpoles of Ranitomeya variabilis and Ranitomeya imi-
tator. Future research should explore the extent to which
maternal provisioning of alkaloids is present among egg-eat-
ing poison frogs, and further examine how natural alkaloid
variation within and among species contributes to tadpole
protection from local predators and pathogens.

In summary, Oophaga pumilio is the first known organ-
ism to maternally provision chemical defenses to offspring
post-hatching or birth. Tadpoles sequester maternally
derived alkaloid defenses from nutritive eggs and as a
result, share a similar alkaloid profile to their mother. All
alkaloid types found in a mother frog were also found in
her tadpole. Mother frogs with high alkaloid quantities
also had tadpoles with high alkaloid quantities—a quality
in tadpoles that was associated with a decrease in palat-
ability. Individual mother frogs varied in their alkaloid
composition and because tadpoles depend solely on their
mother for their alkaloid defenses, tadpoles also varied
in their alkaloid composition. Variation in adult alkaloid
composition has important implications not only for adult
protection against predators and pathogens, but also how
well-protected tadpoles are from similar threats.
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