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Abstract
Vertebrate	colonization	of	land	has	occurred	multiple	times,	including	over	50	origins	
of	 terrestrial	 eggs	 in	 frogs.	Some	environmental	 factors	and	phenotypic	 responses	
that	facilitated	these	transitions	are	known,	but	responses	to	water	constraints	and	
risk	of	ammonia	toxicity	during	early	development	are	poorly	understood.	We	tested	
if	ammonia	accumulation	and	dehydration	risk	induce	a	shift	from	ammonia	to	urea	
excretion	during	early	stages	of	four	anurans,	from	three	origins	of	terrestrial	devel-
opment.	We	quantified	ammonia	and	urea	concentrations	during	early	development	
on	 land,	 under	well-	hydrated	 and	dry	 conditions.	Where	we	 found	urea	excretion,	
we	tested	for	a	plastic	 increase	under	dry	conditions	and	with	ammonia	accumula-
tion	in	developmental	environments.	We	assessed	the	potential	adaptive	role	of	urea	
excretion	by	comparing	ammonia	tolerance	measured	in	96h-	LC50	tests	with	ammo-
nia	levels	in	developmental	environments.	Ammonia	accumulated	in	foam	nests	and	
perivitelline	 fluid,	 increasing	over	development	and	 reaching	higher	 concentrations	
under	dry	conditions.	All	four	species	showed	high	ammonia	tolerance,	compared	to	
fishes	and	aquatic-	breeding	frogs.	Both	nest-	dwelling	larvae	of	Leptodactylus fragilis 
and	late	embryos	of	Hyalinobatrachium fleischmanni	excreted	urea,	showing	a	plastic	
increase	under	dry	conditions.	These	two	species	can	develop	the	longest	on	land	and	
urea	excretion	appears	adaptive,	preventing	their	exposure	to	potentially	lethal	levels	
of	ammonia.	Neither	late	embryos	of	Agalychnis callidryas	nor	nest-	dwelling	larvae	of	
Engystomops pustulosus	experienced	toxic	ammonia	levels	under	dry	conditions,	and	
neither	excreted	urea.	Our	results	suggest	that	an	early	onset	of	urea	excretion,	its	
increase	under	dry	conditions,	and	elevated	ammonia	tolerance	can	all	help	prevent	
ammonia	toxicity	during	terrestrial	development.	High	ammonia	represents	a	general	
risk	for	development	which	may	be	exacerbated	as	climate	change	increases	dehydra-
tion	risk	for	terrestrial-	breeding	frogs.	It	may	also	be	a	cue	that	elicits	adaptive	physi-
ological	responses	during	early	development.
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1  |  INTRODUC TION

Vertebrate	colonization	of	land	was	a	major	evolutionary	event	that	
exposed	 animals	 to	 new	 ecological	 and	 physiological	 challenges	
(Bray,	1985).	Most	aquatic	vertebrates	excrete	nitrogen	in	the	form	
of	cheap,	water-	soluble	ammonia	(Cragg	et	al.,	1961;	Wright	&	Fyhn,	
2001).	 However,	 living	 on	 land	 increases	 the	 risk	 of	 dehydration	
and	 the	 need	 to	 conserve	 water	 creates	 a	 waste-	disposal	 prob-
lem	 (Jørgensen,	 1997;	 Shoemaker	 et	 al.,	 1969),	 increasing	 the	 risk	
of	ammonia	toxicity	(Chew	&	Ip,	2014;	Ip	&	Chew,	2010).	The	shift	
from	excreting	ammonia	to	the	less	toxic	urea	is	hypothesized	to	be	
a	 key	adaptation	 that	 facilitated	 the	 transition	 from	water	 to	 land	
(Amemiya	et	al.,	2013;	Mommsen	&	Walsh,	1989).	One	successful	
approach	to	understand	the	environmental	challenges	and	pheno-
typic	responses	 involved	 in	colonizing	 land	focuses	on	extant	spe-
cies	whose	lives	cross	the	water–	land	interface	(Ashley-	Ross	et	al.,	
2013;	Graham	&	Lee,	2004;	Martin	&	Carter,	2013;	Wright	&	Turko,	
2016).	Although	urea	synthesis	occurs	in	several	vertebrate	lineages	
and	 evolved	 in	multiple	 environmental	 contexts	 (Anderson,	 2001;	
Chew	et	al.,	2004;	Costanzo	&	Lee,	2005;	Jørgensen,	1997;	Randall	
et	al.,	1989;	Saha	&	Ratha,	1989;	Shoemaker	&	Nagy,	1977;	Wright	
et	al.,	2004),	 its	regulation	during	early	development	has	not	been	
addressed	in	the	context	of	the	colonization	of	land.

Developmental	plasticity	 is	hypothesized	 to	 facilitate	coloniza-
tion	events	and	evolutionary	change	(Ghalambor	et	al.,	2007;	Lande,	
2015;	West-	Eberhard,	2003)	and	may	have	played	a	role	 in	transi-
tions	 from	 aquatic	 to	 terrestrial	 environments.	 Environmentally	
induced	 traits	 may	 allow	 survival	 in	 altered	 developmental	 envi-
ronments	 (Gomez-	Mestre	&	Buchholz,	2006;	Kulkarni	et	al.,	2017;	
Lande,	2009,	2014),	including	early	colonization	of	land	by	tetrapods	
(Standen	 et	 al.,	 2014).	 Assessing	 plasticity	 in	 physiological	 regula-
tory	 systems	 may	 help	 to	 clarify	 key	 developmental	 mechanisms	
that	allow	persistence	 in	changing	environments	 (Rundle	&	Spicer,	
2016;	Spicer	&	Burggren,	2003).	Few	studies	have	examined	envi-
ronmental	regulation	of	the	physiological	mechanisms	of	urea	excre-
tion	 in	vertebrates,	but	some	attempts	have	been	made	in	aquatic	
organisms	 (Chadwick	&	Wright,	1999;	Gomez-	Mestre	et	al.,	2004;	
Janssens,	1972;	Wright	et	al.,	1995;	Wright	&	Wright,	1996).

Studies	 of	 reproductive	 biology	 in	 amphibians	 have	 helped	
to	 identify	 key	 ecological	 and	 environmental	 conditions	 that	 may	
have	 allowed	 evolutionary	 colonization	 of	 land	 (Haddad	 &	 Prado,	
2005;	Liedtke	et	al.,	2017;	Méndez-	Narváez	et	al.,	2015;	Touchon	
&	Worley,	2015;	Zamudio	et	al.,	2016).	In	frogs,	evolutionary	transi-
tions	from	aquatic	to	terrestrial	breeding	have	occurred	many	times,	
with	at	least	56	independent	origins	of	terrestrial	eggs	(Goin,	1960;	
Gomez-	Mestre	et	al.,	2012).	Moving	anamniotic	eggs	to	land	creates	
a	high	risk	of	desiccation	(Eads	et	al.,	2012;	Mitchell,	2002;	Rudin-	
Bitterli	et	al.,	2020).	It	also	creates	a	potential	problem	of	ammonia	

disposal;	since	the	ammonia	produced	as	embryos	metabolize	yolk	
proteins	(Jorgensen	et	al.,	2009)	may	not	easily	diffuse	into	the	sur-
rounding	 environment	 (Dhiyebi	 et	 al.,	 2013).	 Plastic	 extensions	 of	
terrestrial	development,	either	in ovo	after	hatching	competence	or	
as	terrestrial	larvae,	have	also	evolved	in	several	lineages,	sometimes	
facilitated	by	parental	care	(Delia	et	al.,	2019;	Warkentin,	2011),	fa-
vored	by	enhanced	survival	in	the	water	(Warkentin,	1995;	Willink	
et	al.,	2014),	or	enforced	by	the	need	for	flooding	to	access	or	create	
an	aquatic	habitat	(Bradford	&	Seymour,	1985;	Downie,	1984,	1994).

In	frogs,	embryonic	and	larval	adaptations,	 including	plastic	re-
sponses	during	early	development,	have	been	described	in	response	
to	 biotic	 and	 abiotic	 environmental	 challenges	 on	 land	 (Alcocer	
et	al.,	1992;	Bradford	&	Seymour,	1985;	Delia	et	al.,	2014;	Downie,	
1984;	Seymour	&	Bradford,	1995;	Warkentin,	1995,	2007).	Plastic	
responses	 to	 common	 environmental	 threats	 during	 development	
may	 help	 explain	 repeated	 evolution	 of	 traits	 among	 distantly	 re-
lated	 taxa,	 via	 changes	 in	 shared	underlying	mechanisms	 (Gomez-	
Mestre	 &	 Buchholz,	 2006;	 Ledón-	Rettig	 et	 al.,	 2010;	 Warkentin,	
2011).	In	most	frogs,	a	high	capacity	for	urea	synthesis	seems	to	be	
acquired	at	metamorphosis,	congruent	with	the	developmental	and	
physiological	 transition	 from	water	 to	 land	 (Cohen,	 1970;	Munro,	
1953).	Urea	excretion	has	been	reported	during	 terrestrial	embry-
onic	and	larval	development	(Alcocer	et	al.,	1992;	Grafe	et	al.,	2005;	
Martin	&	Cooper,	1972;	Schindelmeiser	&	Greven,	1981;	Shoemaker	
&	McClanahan,	1973);	 however,	when	urea	has	been	measured	 in	
parentally	constructed	developmental	environments	(Alcocer	et	al.,	
1992;	 Shoemaker	 &	 McClanahan,	 1973),	 studies	 have	 not	 distin-
guished	urea	produced	by	parents	versus	that	produced	by	the	off-
spring.	 In	addition,	few	studies	have	examined	how	environmental	
conditions	during	development,	such	as	dehydration	risk	and	ammo-
nia	toxicity,	may	directly	induce	or	selectively	favor	urea	excretion	
(Gomez-	Mestre	et	 al.,	2004;	Wright	&	Wright,	1996),	which	could	
elucidate	its	potential	role	in	the	repeated	reproductive	colonization	
of	land	by	amphibians.

Here,	 we	 take	 advantage	 of	 the	 repeated	 evolution	 of	 terres-
trial	 development	 in	 frogs	 to	 test	 the	 hypothesis	 that	 facultative	
urea	excretion	during	early	development	occurs	in	response	to	dry	
conditions,	 preventing	 ammonia	 accumulation	 to	 toxic	 levels.	We	
further	hypothesize	 that	 species	with	 longer	periods	of	 terrestrial	
development—	whether	 enforced	 or	 opportunistic—	are	more	 likely	
to	exhibit	 urea	excretion.	To	 test	 these	hypotheses,	we	measured	
the	concentrations	of	ammonia	and	urea	within	developmental	en-
vironments	 (i.e.,	eggs	and	 foam	nests)	across	embryonic	and	early	
larval	stages	under	ecologically	relevant	wet	(well-	hydrated)	and	dry	
conditions	for	four	species.	We	estimated	the	amount	of	ammonia	
and	urea	per	individual	that	was	present	at	late	terrestrial	stages	and	
tested	for	plasticity	 in	response	to	dry	conditions.	Finally,	we	esti-
mated	LC50	values	for	late	embryos	and	early	larvae	and	compared	
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them	with	ammonia	concentrations	measured	in	developmental	en-
vironments	and	predicted	(potential)	to	occur	in	the	absence	of	urea	
excretion.

1.1  |  Study species

We	 studied	 four	 frog	 species,	 from	 three	 lineages	 that	 indepen-
dently	evolved	 terrestrial	development,	where	variable	extensions	
of	 development	 on	 land	 occur	 and	 dehydration	 risk	 is	 a	 common	
source	of	mortality	(Delia	et	al.,	2013;	Méndez-	Narváez	et	al.,	2015;	
Salica	 et	 al.,	 2017;	 Zina,	 2006).	 These	 included	 two	 species	 from	
the	 family	Leptodactylidae,	 in	which	parents	create	 foam	nests—	a	
non-	aquatic	environment	for	eggs—	with	variable	degrees	of	terres-
triality	(Heyer,	1969;	de	Sá	et	al.,	2014).	In	Engystomops pustulosus,	
embryos	 develop	 in	 foam	 nests	 floating	 on	 ephemeral	 pools	 and	
nest-	dwelling	hatchlings	can	tolerate	a	short	period	of	extended	ter-
restrial	developmental	 if	pools	dry	and	refill	 (Dalgetty	&	Kennedy,	
2010).	In	Leptodactylus fragilis,	eggs	and	hatchlings	develop	in	nests	
within	 subterranean	 chambers	 and	 require	 rainfall	 to	 flood	 their	
chamber	before	moving	into	an	ephemeral	pond.	These	larvae	can	
arrest	development	and	survive	for	extended	periods	on	land,	within	
larval-	created	foam	nests	(Méndez-	Narváez,	2022).	In	both	of	these	
leptodactylids,	extended	terrestrial	development	is	enforced	by	lack	
of	access	to	an	aquatic	habitat.

We	also	studied	two	species	whose	embryos	develop	in	arbo-
real	gelatinous	clutches	that	are	parentally	provisioned	with	water,	
with	larvae	that	drop	into	water	upon	hatching.	In	Agalychnis cal-
lidryas	 (Phyllomedusidae),	 females	 hydrate	 their	 clutches	 at	 ovi-
position	 (Pyburn,	 1970).	 Their	 embryos	 can	 extend	 terrestrial	
development	 in ovo	 by	 about	 80%	 after	 reaching	 hatching	 com-
petence,	 if	 rainfall	 and	 humidity	 maintain	 adequate	 egg	 hydra-
tion	 (Warkentin	 et	 al.,	 2017).	 In	 Hyalinobatrachium fleischmanni 
(Centrolenidae),	males	hydrate	clutches	throughout	development	
(Delia	et	al.,	2013),	and	hatching-	competent	embryos	can	extend	
their	 development	 in ovo	 by	 almost	 200%	under	 continued	 care	
(Delia	 et	 al.,	 2013).	 In	 both	 species,	 extended	 terrestrial	 devel-
opment	 is	 opportunistic;	 under	 safe	 conditions,	 embryos	 delay	
hatching	to	increase	growth	and	development	 in ovo,	which	ben-
efits	the	larvae	(Delia	et	al.,	2019;	Warkentin,	1995;	Willink	et	al.,	
2014),	 while	 adverse	 conditions	 induce	 earlier	 hatching	 (Delia	
et	al.,	2014;	Salica	et	al.,	2017;	Warkentin,	1995).

2  |  METHODS

2.1  |  Study site

We	 conducted	 field	 work	 in	 Gamboa	 Panamá,	 at	 and	 near	 the	
Experimental	Pond	(9°07′14.8″N,	79°42′15.4″W)	and	along	streams	
crossing	 Pipeline	 Road	 in	 Soberanía	 National	 Park	 (9°04′33.7″N,	
79°39′33.2″W).	We	 collected	 foam	nests	 and	 gelatinous	 clutches	
from	 breeding	 sites	 during	 the	 2016–	2019	 rainy	 seasons	 with	

permission	 from	 the	 Panamanian	 Ministry	 of	 the	 Environment	
(MiAmbiente	 permits	 SC/A-	26-	16,	 SE/A-	56-	17,	 SC/A-	51-	18,	 SE/A-	
25-	19).	We	conducted	experiments	in	an	open-	air	laboratory,	at	am-
bient	temperature	and	humidity	(~26.5°C,	~85%),	at	the	Smithsonian	
Tropical	 Research	 Institute	 (STRI)	 in	 Gamboa,	 with	 approval	 from	
the	 STRI	 Animal	 Care	 and	 Use	 Committee	 (IACUC	 protocol	 #	
2016-	0520-	2019A1–	A3).	We	performed	laboratory	analysis	at	STRI	
facilities	in	Gamboa	and	Panama	City.

2.2  |  Experimental manipulation of hydration

We	exposed	egg	clutches	to	ecologically	 relevant,	species-	specific	
wet	and	dry	conditions	in	the	laboratory,	based	on	their	natural	his-
tory.	We	collected	foam	nests	of	E. pustulosus	from	ephemeral	pools	
in	the	field	or	by	keeping	amplectant	pairs	overnight	 in	small	con-
tainers	with	water-	filled	Petri	dishes.	We	kept	wet	nests	on	water	in	
dishes	and,	to	simulate	a	dry	pool	for	the	dry	treatment,	we	removed	
the	water	from	dishes	with	a	pipette	the	morning	following	oviposi-
tion	(Figure	1a).

For	L. fragilis,	we	monitored	territories	for	mating	activity	and	ex-
cavated	their	burrows	to	collect	nests	the	morning	after	oviposition.	
We	also	measured	soil	water	content	near	nests	using	a	soil-	moisture	
smart	sensor	(S-	SMC-	M005,	HOBO®).	In	the	laboratory,	we	buried	
foam	nests	in	soil	collected	from	breeding	sites	(Figure	1b).	For	wet	
nests,	we	matched	soil	water	content	to	that	measured	near	burrows	
(field	conditions,	mean	±	SD:	0.386	±	0.05	m3/m3,	N =	30),	spray-
ing	the	soil	with	water	daily	to	maintain	hydration	(control	lab	con-
ditions:	0.35–	0.40	m3/m3).	For	 the	dry	 treatment,	we	reduced	soil	
water	content	to	simulate	an	extended	period	without	rain	(dry	lab	
conditions:	0.25–	0.30	m3/m3).

We	collected	A. callidryas	egg	clutches	the	morning	after	ovi-
position	 and	 transported	 them	 to	 the	 laboratory	 on	 the	 leaves	
where	they	were	 laid.	We	mounted	the	clutches	(leaves)	on	plas-
tic	cards,	set	them	over	water	in	cups,	and	housed	them	in	plastic	
containers	with	partly	 screened	 lids.	 To	 simulate	 ideal	 field	 con-
ditions	 for	 the	wet	 treatment,	we	 used	 an	 automated	 system	 to	
mist	clutches	hourly	with	rainwater,	removing	excess	water	twice	
daily	to	avoid	submerging	eggs.	For	the	dry	treatment,	we	manu-
ally	misted	clutches	daily,	providing	just	enough	hydration	to	avoid	
mortality	while	exposing	embryos	to	sublethal	dehydration	(Salica	
et	al.,	2017,	Figure	1c).

Because	H. fleischmanni	deposit	egg	clutches	on	the	underside	
of	 leaves,	 embryos	 are	 protected	 from	 rain	 and	depend	on	pater-
nal	care	for	hydration	(Delia	et	al.,	2013,	2020).	Males	deliver	water	
via	 brooding	 eggs	with	 their	 pelvic	 patch;	 this	 is	 required	 for	 em-
bryo	survival	during	early	development	and	not	effectively	replaced	
by	misting.	 Therefore,	we	 allowed	 all	 clutches	 to	 receive	 parental	
care	in	the	field	for	5	days.	We	then	collected	clutches	for	the	dry	
treatment	and	maintained	them	in	the	laboratory	for	5	more	days,	
providing	minimal	manual	misting	as	above.	We	left	wet	clutches	in	
the	field	with	their	fathers	for	an	additional	5	days	of	care,	then	col-
lected	them	(Figure	1d).
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2.3  |  N- waste concentrations over early 
development in wet and dry environments

2.3.1  |  Sampling	foam,	jelly,	and	perivitelline	fluid

We	 sampled	 ammonia	 and	urea	 concentrations	 (mmol-	N/L)	 in	 de-
velopmental	 environments	 at	 multiple	 times	 to	 assess	 changes	
over	development	and	the	effect	of	wet	versus	dry	conditions.	For	
a	baseline	before	embryonic	excretion,	we	collected	foam	(N = 12 
E. pustulosus	and	11	L. fragilis	nests)	or	egg	jelly	(N =	9	A. callidryas 
and	6	H. fleischmanni	clutches)	the	morning	after	oviposition;	at	this	
age,	these	foam	nesters	are	in	gastrulation	and	the	arboreal	embryos	
still	in	cleavage	stages.	Subsequently,	we	collected	samples	of	foam	
and	perivitelline	fluid	(PVF)	at	species-	specific	ages	(Figure	2)	based	
on	key	ecological	and	behavioral	events.	Our	last	sample	was	timed	
just	 before	 the	 dry-	treatment	 constraint	 of	 dehydration-	induced	
mortality	in	foam	nests	and	hatching	in	gelatinous	clutches.

We	used	3-	ml	plastic	transfer	pipettes	to	collect	foam	samples	
from	57	E. pustulosus	and	87	L. fragilis	nests,	across	multiple	ages	
and	experimental	conditions.	Near-	hatching	samples	(2.5	days	for	
E. pustulosus,	4.5	days	 for	L. fragilis,	Figure	2a,b)	 included	embry-
onic	 wastes	 released	 into	 the	 foam	 at	 hatching	 plus	 some	 early	
larval	wastes,	while	samples	later	during	the	extended	time	in	the	
foam	included	additional	larval	wastes.	We	did	not	directly	assess	
N-	waste	 loss	from	nests,	nor	the	stability	of	wastes	within	them.	
We	collected	foam	samples	from	multiple	parts	of	each	large	foam	

nest	of	E. pustulosus	and	most	or,	at	the	latest	age,	all	of	the	foam	
from	 the	 smaller	 nests	 of	L. fragilis.	Nests	 of	E. pustulosus	 and	L. 
fragilis	contained	303	±	76	(N =	11)	and	84	±	24	(N =	83)	 larvae,	
respectively.

We	collected	PVF	samples	from	59	A. callidryas	and	34	H. fleis-
chmanni	clutches	with	0.3	ml	insulin	syringes,	pooling	PVF	extracted	
from	sibling	eggs	within	a	clutch.	The	first	PVF	samples	(2.5	days	and	
5.5.	days	for	A. callidryas	and	H. fleischmanni,	respectively)	included	
early	embryonic	wastes,	before	hatching	competence.	Subsequent	
samples	during	 the	extended	time	 in	 the	egg	 (Figure	2c,d)	also	 in-
cluded	late	embryonic	wastes.	Clutches	of	A. callidryas	and	H. fleis-
chmanni	contained	34	±	10	(N =	12)	and	25	±	7	(N =	15)	embryos,	
respectively.

2.3.2  |  N-	waste	measurements	from	samples

We	froze	foam,	jelly,	and	PVF	samples	at	−18°C	in	microcentrifuge	
tubes	and	measured	ammonia	 (total	 ammonia)	 and	urea	concen-
tration	within	 2	months.	We	 quantified	 ammonia	 and	 urea	 con-
centrations	using	a	colorimetric	approach	(Fawcett	&	Scott,	1960)	
with	a	commercial	enzymatic	kit	 (Boehringer	Mannheim	Cat.	No.	
10542946035)	previously	used	to	quantify	 these	N-	wastes	from	
foam	 nests	 (Shoemaker	 &	 McClanahan,	 1973)	 and	 perivitelline	
fluid	 (del	 Pino	 et	 al.,	 1994).	We	did	 not	 assess	 percent	 recovery	
of	ammonia	and	urea	from	these	substances;	thus,	the	values	we	

F I G U R E  1 Study	species	represent	four	reproductive	modes	and	three	origins	of	terrestrial	eggs,	and	all	commonly	face	the	risk	of	
dehydration.	We	exposed	aquatic	foam	nests	of	Engystomops pustulosus	(a),	terrestrial	foam	nests	of	Leptodactylus fragilis	(b),	terrestrial	
gelatinous	clutches	of	Agalychnis callidryas	that	lack	parental	care	(c)	and	terrestrial	gelatinous	clutches	of	Hyalinobatrachium fleischmanni 
that	require	parental	care	(d)	to	well-	hydrated	(wet)	and	dry	conditions

(a)

(c)

(b)

(d)
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report,	 like	 those	 reported	 in	earlier	work	 (del	Pino	et	 al.,	 1994;	
Shoemaker	 &	McClanahan,	 1973),	 could	 be	 underestimates.	We	
thawed	samples	and	centrifuged	them	for	5	min	at	16,260	rcf	to	
obtain	 the	 liquid	 portion,	 measured	 its	 volume,	 and	 used	 it	 for	
analysis.	 We	 assessed	 ammonia	 and	 urea	 concentrations	 simul-
taneously,	 using	 0.2	ml	 of	 stock	 in	 two	 quartz	 cuvettes	 (0.1	ml	
each)	 and	measuring	 changes	 in	 absorbance	 at	 340	 nm	 at	 room	
temperature	 with	 a	 UV–	Visible	 Spectrophotometer	 (Thermo-	
Scientific	Evolution	60S).	We	ran	controls	without	samples	to	as-
sess	 background	 absorbance	 of	 kit	 reagents	 for	 both	 tests.	 For	
double	determinations	using	sample	volumes	of	0.1	ml,	Boehringer	
Mannheim	 reports	 differences	 of	 0.4–	1	mg/L	 for	 ammonia,	 and	
0.7–	2	mg/L	for	urea	(Cat.	No.	10542946035).	We	measured	a	sub-
set	of	our	samples	two	or	three	times	to	assess	measurement	pre-
cision	(ammonia:	mean	CV	=	7.3%,	N =	21;	urea:	mean	CV	=	8.6%,	
N =	9).	We	report	urea-	N	and	ammonia	as	molar	concentrations	
(mmol-	N/L),	where	 urea-	N	= 2×	 urea,	 since	 each	 urea	molecule	
has	two	nitrogen	atoms.

For	precise	measurements	with	this	kit	 (ΔAbs	0.1–	1),	test	solu-
tions	should	be	in	the	range	of	0.47–	4.79	mmol/L	(0.008–	0.08	g/L)	
ammonia	and	0.23–	2.33	mmol/L	(0.014–	0.14	g/L)	urea	(Boehringer	
Mannheim	 Cat.	 No.	 10542946035).	 If	 measured	 ΔAbs	 was	 out-
side	this	range	and	sufficient	sample	remained,	we	increased	sam-
ple	volume	 in	test	solutions	or	diluted	 it	with	deionized	water	and	
repeated	the	analysis.	Because	 larger	samples	enable	detection	of	
lower	concentrations,	when	sample	volume	was	 insufficient	 to	 re-
peat	the	analysis,	we	used	a	less	conservative	approach,	calculating	

concentrations	based	on	ΔAbs	as	low	as	0.05	(0.23	mmol/L	ammo-
nia	or	 urea-	N).	When	ΔAbs	was	<0.05	 concentration	was	 consid-
ered	zero.	If	ΔAbs	was	too	high	to	measure	ammonia	concentration,	
we	 could	 not	 calculate	 urea	 concentration	 either,	 and	 the	 pair	 of	
measurements	were	discarded.	If	ΔAbs	was	too	high	for	urea	only,	
we	considered	it	unmeasurable	(NA)	although	urea	may	have	been	
present;	thus,	some	samples	have	ammonia	measurements	without	
matched	urea	and	total	N	measurements.

2.4  |  Assessing plasticity in excretion: amounts of 
N- wastes at the last sampling age

As	an	 initial	approach	 to	 test	 if	dry	conditions	experienced	during	
development	may	induce	a	plastic	shift	from	ammonia	toward	urea	
excretion,	we	estimated	the	amount	of	ammonia-	N	and	urea-	N	per	
individual	 that	was	present	 in	developmental	environments	at	 the	
latest	sampling	age	for	 the	two	species	 in	which	early	urea	excre-
tion	was	evident.	Assessing	amount,	not	concentration,	is	necessary	
to	distinguish	 a	 change	 in	 excretion	pattern	 from	 simple	 evapora-
tive	concentration	of	wastes.	Testing	at	the	last	sampling	age	allows	
more	time	for	embryos	or	larvae	to	express	a	response	to	their	en-
vironment;	however,	wastes	may	also	be	lost	from	nests	or	clutches	
over	this	time.

For	L. fragilis,	we	collected	all	foam	and	counted	larvae	in	each	
nest,	 then	 centrifuged	 the	 foam	 to	 separate	 liquid	 from	 air	 and	
measured	 the	 volume	 of	 liquid.	 There	 was	 always	 less	 parental	

F I G U R E  2 Species-	specific	sampling	ages	(vertical	dashed	lines)	for	nitrogen	excretion	measurements	in	four	frog	species,	each	with	
a	different	reproductive	mode.	After	the	final	N-	waste	sample,	we	conducted	96-	h	LC50	tests	(dashed	red	box)	for	ammonia	tolerance	of	
tadpoles	(image	scale	=	1	mm)	removed	from	the	nest	(a,	b)	or	induced	to	hatch	(c,	d).	All	four	species	have	an	obligate	embryonic	period	
(orange	bars)	and	can	extend	development	on	land	(gray	bars)	as	nest-	dwelling	larvae	(a,	b)	or	hatching-	competent	embryos	(c,	d).	Larvae	
must	await	(re)flooding	to	leave	foam	nests	(a,	b),	while	embryos	(c,	d)	fall	into	the	water	below	upon	hatching.	Because	neither	embryos	
nor	nest-	dwelling	larvae	feed,	growth	through	this	period	occurs	only	via	water	absorption	and	developmental	reorganization	of	maternally	
provided	materials.	Growth	based	on	ingestion	that	increases	dry	mass	begins	sometime	after	tadpoles	enter	the	water
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foam	at	12.5	days	than	earlier,	especially	in	dry	nests;	however,	in	
6	of	18	wet	and	5	of	14	dry	nests,	there	was	no	parental	foam	vis-
ible	and	larvae	had	constructed	their	own	nest	(Méndez-	Narváez,	
2022).	These	larval	nests	were	too	small	to	pipette	foam	directly	
without	loss,	so	we	collected	the	entire	nest	with	a	clean	spoon,	
taking	care	to	not	collect	soil	particles,	added	0.5	ml	of	deionized	
water	 to	dissolve	 the	 foam,	 and	collected	 this	 fluid	 for	 analysis.	
We	 could	 not	 accurately	measure	 foam	 fluid	 volumes	 for	 these	
samples	 so,	 conservatively,	 used	 the	 average	 fluid	 volume	 from	
dry	 nests	 (0.02	 ml)	 to	 estimate	 the	 dilution	 factor	 to	 calculate	
N-	waste	 concentration.	Overestimating	 volume	would	 yield	 un-
derestimates	 of	 concentration	 but	 not	 change	 estimates	 of	 the	
amount	of	N-	wastes	present.	For	H. fleischmanni,	we	recorded	the	
number	of	eggs	per	clutch	that	we	sampled,	extracted	all	of	their	
PVF,	 and	measured	 its	 pooled	 volume.	 For	 each	 sample,	we	 es-
timated	the	total	amount	of	N-	waste	 (ammonia-	N	+	urea-	N)	per	
individual	accumulated	in	developmental	environments	to	test	 if	
it	was	affected	by	dry	conditions.	We	also	estimated	the	potential	
concentration	of	ammonia-	N	that	could	have	accumulated	with-
out	urea	excretion,	assuming	that	all	urea	present	was	produced	
from	ammonia.

2.5  |  Ammonia toxicity in early larval stages

To	 assess	 if	 urea	 synthesis	 prevents	 ammonia	 toxicity,	 we	 con-
ducted	 standard	 96-	h	 LC50	 tests	 for	 ammonia	 in	 all	 the	 study	
species	 (Figure	 2).	We	 selected	 our	 initial	 range	 of	 total	 ammo-
nia	 nitrogen	 (TAN)	 concentrations	 based	 on	 the	 ammonia	 levels	
detected	 for	each	 species	 at	our	 latest	 sampling	point	 in	 the	dry	
treatment,	where	we	observed	no	mortality	that	we	could	attrib-
ute	 to	ammonia	 toxicity,	but	ammonia	 reached	 the	highest	 levels	
(Table	 A1).	 We	 ran	 pilot	 toxicity	 trials	 to	 adjust	 concentrations	
across	 test	 solutions	 for	each	 species	 in	 an	attempt	 to	 cover	 the	
full	 range	of	mortality	 (0–	100%).	 For	 each	 trial,	we	 randomly	 as-
signed	10	tadpoles	per	concentration	into	eight	experimental	TAN	
concentrations,	except	in	five	trials	we	had	fewer	concentrations	or	
tadpoles	per	concentration.	We	also	ran	controls	in	aged	(dechlo-
rinated)	 tap	water,	 for	all	but	 three	trials,	and	we	never	detected	
mortality.	For	each	TAN	concentration,	we	filled	small	plastic	cups	
with	15	ml	of	an	experimental	solution	made	from	ammonium	chlo-
ride	(NH4Cl)	in	aged	tap	water.

We	 tested	 individuals	 from	our	 latest	 sampling	 age,	 after	 ex-
tended	 development	 on	 land,	 after	 removing	 them	 from	 foam	
nests	or	inducing	them	to	hatch	from	egg	clutches.	We	placed	sib-
lings	 together	 in	 aged	 tap	water	 for	 2–	6	 h	 to	 eliminate	 nitrogen	
wastes	accumulated	in	the	body	before	the	onset	of	each	trial.	All	
E. pustulosus	and	all	but	two	L. fragilis	trials	used	individuals	from	
a	single	foam	nest.	For	H. fleischmanni	and	all	but	one	A. callidryas 
trial,	we	pooled	hatchlings	from	2	to	3	developmentally	matched	
clutches.	To	account	for	intraspecific	variation,	we	ran	multiple	tri-
als,	using	tadpoles	that	came	from	both	wet	and	dry	treatments.	In	
total,	we	performed	12	trials	for	E. pustulosus,	14	for	L. fragilis,	13	

for	A. callidryas,	and	5	for	H. fleischmanni,	some	with	different	TAN	
concentration	ranges	(Table	A2).	Every	24	h,	we	recorded	mortal-
ity,	removed	motionless	subjects	to	a	cup	with	aged	tap	water	to	
confirm	death,	 and	 replaced	experimental	 solutions	 in	 test	 cups.	
Because	 embryos	 and	 foam-	dwelling	 larvae	 subsist	 on	 yolk,	 test	
subjects	were	unfed.	After	96	h,	survivors	were	moved	to	aged	tap	
water	and	fed	ad libitum	for	at	 least	1	day	before	release	at	their	
collection	site.

2.6  |  Statistical analysis

We	 conducted	 statistical	 analyses	 using	 R	 v	 3.6.1	 (R	 Core	 Team,	
2019).	Because	N-	waste	values	in	several	samples	fell	below	detec-
tion	 limits	 (Table	 A1)	 and	were	 considered	 informative	 (Douma	&	
Weedon,	2019),	we	rank-	transformed	N-	waste	concentrations	and	
amounts	to	avoid	a	potential	zero-	inflation	problem.	We	accounted	
for	zeros	 in	proportional	data	with	a	standard	data	transformation	
bounding	 all	 values	 between	 0	 and	 1	 (Douma	 &	Weedon,	 2019;	
Smithson	&	Verkuilen,	2006).

We	 tested	 for	 changes	 in	 ammonia	 and	 urea	 concentrations	
with	 development	 (age),	 treatment	 (wet	 and	 dry	 conditions),	 and	
their	interaction,	using	a	permutation	approach	to	obtain	p-	values	
(5000	 iterations).	 For	 E. pustulosus,	 we	 used	 linear	 mixed	 effect	
models	 (LMEM),	 including	 nest	 identity	 (ID)	 as	 a	 random	 effect	
to	 account	 for	 some	 repeated	measurements	 (Bates	 et	 al.,	 2015;	
lme4	package)	and	calculated	permutated	p-	values	for	fixed	factors	
(Luo	et	al.,	2018;	predictmeans).	For	L. fragilis	and	A. callidryas,	we	
tested	fixed	effects	with	a	permutated	ANOVA	(Frossard	&	Renaud,	
2019;	permuco).	For	H. fleischmanni,	we	tested	for	an	effect	of	age	
across	 sampling	periods	 and	 for	 treatment	only	 at	 the	 last	 stage.	
We	also	performed	permutated	pairwise	comparisons	(fdr	method),	
using	 the	 corresponding	 model	 structure	 in	 each	 case	 (predict-
means).	Estimated	parametric	statistics	and	p-	values	are	available	in	
Appendix	1	(Tables	A3–	A6).

We	tested	for	a	difference	across	treatments	 in	the	amount	of	
ammonia	and	urea	present	 in	 final	 samples,	per	 individual,	using	a	
permutated	t-	test	(Hervé,	2020;	RVAideMemoire).	We	also	tested	if	
the	accumulated	ammonia	concentration	(actual	or	potential)	in	de-
velopmental	 environments	 at	 the	 last	 sampling	age	 contributes	or	
interacts	with	treatment	to	predict	urea	excretion	amount,	using	an	
AIC	approach	(Ripley,	2011;	MASS);	if	so,	we	calculated	permutated	
p-	values	of	a	LM	(permuco).	Finally,	we	tested	if	urea	represented	a	
higher	proportion	of	total	nitrogen	wastes	(ammonia-	N+	urea-	N)	in	
dry	conditions,	using	a	generalized	linear	mixed	model	(GLMMs)	with	
an	underlying	Beta	error	distribution	(Brooks	et	al.,	2017;	glmmTMB)	
and	ratio	test	(LRT)	to	obtain	p-	values	and	confirmation	with	a	per-
mutated	t-	test	(Table	A7).

We	estimated	LC50	values	for	each	species	by	fitting	generalized	
linear	models	(GLM)	using	a	binomial	distribution	with	a	probit-	link	
function	(lme4)	with	TAN	concentrations	as	a	fixed	effect	and	used	
the	model	to	calculate	LC50	values	at	24,	48,	72	h,	and	96-	h	LC50	and	
their	95%	confidence	intervals	(Hlina,	2020;	ecotox).
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3  |  RESULTS

3.1  |  Ammonia and urea concentrations in 
terrestrial developmental environments

3.1.1  |  Foam	nesting	species

Ammonia	was	below	the	detection	limit	in	newly	laid	E. pustulosus 
nests,	with	one	exception,	and	all	foam	nests	later	accumulated	am-
monia	(Figure	3a,	Table	A1).	Ammonia	concentration	changed	with	
age	(p =	.0002),	and	treatment	(p =	.01),	with	no	interaction	effect	
(p =	 .76).	 Its	 concentration	 increased	 in	 foam	nests	 from	oviposi-
tion	 to	 2.5	 days	 (near	 hatching)	 and,	 again	 to	 4.5	 days	 (extended	
development)	in	both	wet	and	dry	treatments	(Figure	3a,	Table	A3).	
Ammonia	concentration	was	higher	in	dry	foam	nests	at	both	ages	
(Figure	3a,	Table	A3).	We	found	urea	 in	all	newly	 laid	 foam	nests.	
Urea	 concentration	 changed	with	 age	 (p =	 .0002)	 and	 treatment	
(p =	.03),	with	no	interaction	effect	(p =	.59).	Its	concentration	de-
creased	after	oviposition	with	more	nests	falling	below	the	urea	de-
tection	limit	over	time,	but	with	a	marginally	higher	concentration	in	
dry	conditions	(Figure	3b,	Table	A3).

Ammonia	was	 undetectable	 in	 newly	 laid	 L. fragilis	 nests	 and	
present	 in	all	older	nests	(Figure	3c,	Table	A1).	Ammonia	concen-
tration	changed	with	age	(p =	.0002),	treatment	(p =	.02),	and	their	
interaction	 (p =	 .002,	 Table	 A4).	 Its	 concentration	 increased	 in	
both	treatments	 from	oviposition	to	4.5	days	 (near	hatching)	and	
again	 to	8.5	days	 (first	extended	development	sample).	However,	
it	 only	 continued	 to	 increase	 from	 8.5	 to	 12.5	 days	 (second	 ex-
tended	development	sample)	in	dry	nests.	Ammonia	concentration	
was	higher	in	dry	conditions	at	the	latest	age	(12.5	days,	Figure	3c,	
Table	A4).	We	found	urea	in	all	recently	laid	foam	nests	(Figure	3d,	
Table	A1).	Urea	concentration	changed	with	age	 (p =	 .0002),	but	
not	with	treatment	(p =	.07)	or	their	interaction	(p =	.28).	First,	its	
concentration	decreased,	 falling	below	 the	detection	 limit	by	 the	
first	 extended	 development	 sample	 (8.5	 days).	 Then,	 its	 concen-
tration	increased,	especially	in	dry	nests,	by	the	second	extended	
development	sample	(Figure	3d,	Table	A4).	Urea	concentration	was	
significantly	higher	in	dry	conditions	only	near	hatching	(4.5	days,	
Figure	3d,	Table	A4).

3.1.2  |  Arboreal	gelatinous	clutches

Ammonia	 was	 undetectable	 in	 the	 jelly	 of	 newly	 laid	 A. callidryas 
clutches	and	the	PVF	at	2.5	days,	except	for	one	dry	clutch	(Figure	3e,	
Table	 A1).	 Ammonia	 concentration	 in	 the	 PVF	 changed	 with	 age,	
treatment,	and	their	interaction	(all	p =	.0002,	Table	A5).	Its	concen-
tration	 increased	more	rapidly	 in	dry	clutches,	 from	2.5	days	 (early	
development)	 to	4.5	 days	 (hatching	 competence),	 but	we	detected	
no	change	from	4.5	to	5.5	days.	However,	ammonia	concentrations	
remained	higher	in	dry	clutches	(Figure	3e,	Table	A5).	We	found	urea	
in	the	jelly	of	all	newly	laid	clutches	(Figure	3f,	Table	A1).	Its	concen-
tration	changed	in	the	PVF	with	age	(p =	.0002),	treatment	(p =	.001),	

and	their	interaction	(p =	.02).	Urea	concentration	decreased	over	de-
velopment	and	fell	below	detection	limits	by	4.5	days	in	wet	clutches,	
when	it	still	remained	detectable	in	the	dry	treatment.	In	both	treat-
ments,	 it	was	undetectable	by	5.5	days	(extended	terrestrial	devel-
opment),	with	one	exception	in	each	condition	(Figure	3f,	Table	A5).	
Urea	concentration	was	higher	in	dry	conditions	at	2.5	and	4.5	days	
(Figure	3f,	Table	A5).

Ammonia	 was	 detected	 in	 the	 jelly	 of	 some,	 but	 not	 all,	 re-
cently	 laid	H. fleischmanni	clutches	(Figure	3g,	Table	A1).	Ammonia	
concentration	 in	 the	PVF	differed	among	age	and	treatment	cate-
gories	(p =	0.0002).	 It	was	undetectable	after	5.5	days	of	paternal	
care	 in	 the	 field	 (1.5	days	before	hatching	competence).	Ammonia	
concentration	 then	 increased	 as	 development	 continued	 in	 both	
treatments,	 but	 concentrations	were	 greater	 in	 the	 dry	 treatment	
without	fathers	(Figure	3g,	Table	A6).	Urea	was	undetectable	in	the	
jelly	of	newly	laid	clutches	(Figure	3h,	Table	A1).	Urea	concentration	
in	the	PVF	differed	among	age	and	treatment	categories	(p =	.002).	
At	5.5	days	 (before	hatching	competence),	 urea	was	detectable	 in	
the	PVF	of	only	one	clutch.	However,	by	10.5	days	(3.5	days	into	ex-
tended	terrestrial	development)	urea	was	detected	in	more	clutches	
and	significantly	higher	in	the	dry	treatment	(Figure	3h,	Table	A6).

3.2  |  Amount of urea in relation to dehydration and 
potential ammonia concentration

We	 found	evidence	of	 embryonic/larval	 urea	 excretion	 in	L. fragi-
lis	 and	H. fleischmanni	 that	 we	 could	 separate	 from	 baseline	 urea	
(Figure	3).	We	also	found	that	dry	foam	nests	and	jelly	clutches	con-
tained	 less	 fluid	 than	 those	 in	 the	wet	 treatment	 (L. fragilis	 nests:	
0.02 ±	0.01	ml,	N = 8 vs. 0.11 ±	0.06	ml,	N = 13; t16.4 =	3.91,	p = .001; 
H. fleischmanni	 clutches:	 0.29	±	 0.1	ml,	N =	 14	 vs.	 0.61	±	 0.2	ml,	
N =	6;	t6.18 =	3.32,	p =	.0152).	Fluid	volume	was	negatively	correlated	
with	 ammonia	 and	 urea	 concentrations	 in	 foam	nests	 of	 L. fragilis 
(ammonia:	S	=	2638,	p =	.0003;	urea:	S	=	1757,	p =	.0167)	and	with	
ammonia	but	not	urea	concentration	 in	the	PVF	of	H. fleischmanni 
(ammonia:	 S	=	 2175.5,	 p =	 .0026;	 urea:	 S	=	 1633.7,	 p =	 .3329).	
Therefore,	we	calculated	the	amount	of	ammonia	and	urea	present	
per	individual	in	our	latest	samples	of	these	two	species,	to	assess	
the	possibility	of	plastic	changes	(Figure	4).

In	L. fragilis,	the	amount	of	ammonia	present	per	individual	differed	
between	 treatments	 (p =	 .008;	 Table	A7,	 Figure	 4a),	 and	 urea	was	
higher	in	the	dry	treatment	(p =	.049,	Table	A7,	Figure	4a).	However,	
the	proportion	of	total	nitrogen	waste	present	as	urea	did	not	differ	
between	wet	and	dry	 foam	nests	 (Table	A7,	Figure	4b).	 In	analyses	
including	 actual	 ammonia	 concentration,	 there	was	no	 ammonia	 or	
interaction	effect	on	urea	per	individual	(Table	A8).	However,	higher	
potential	ammonia	concentration	(p =	.015;	Table	A8,	Figure	5a)	and	
dry	conditions	(p =	.049)	both	increased	the	per-	individual	amount	of	
urea	present,	with	a	significant	 interaction	 (p =	 .037).	Furthermore,	
we	found	that	dry	foam	nests	had	a	higher	total	amount	of	N-	waste	
present	per	 individual	than	did	wet	nests	(dry:	23.01	± 18.52 μmol,	
N =	13	vs.	wet:	6.45	±	3.76	μmol,	N = 13; p =	.005,	Table	A7).
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In	 H. fleischmanni,	 the	 per-	individual	 ammonia	 present	 did	 not	
differ	between	treatments	(Table	A7,	Figure	4c),	but	urea	was	higher	
in	the	dry	treatment	(p =	.022).	Moreover,	the	proportion	of	total	ni-
trogen	wastes	as	urea	was	higher	in	dry	clutches	(p =	.006,	Table	A7,	
Figure	4d).	Higher	potential	ammonia	concentration	and	dry	conditions	
both	increased	urea	amounts,	with	a	significant	interaction	(ammonia	

p =	.002,	treatment	p =	.007,	interaction,	p =	.009;	Table	A8,	Figure	5b).	
Actual	 ammonia	 concentration	did	not	 explain	urea	 amounts	 in	 this	
species,	 neither	 as	 a	main	 effect	 nor	 an	 interaction	with	 treatment	
(Table	A8).	Furthermore,	 total	N-	wastes	per	 individual	did	not	differ	
between	wet	and	dry	conditions	(dry:	41.49	±	16.11	μmol,	N = 13 vs. 
wet:	38.67	±	9.99	μmol,	N =	16,	t =	−1.21	p =	.669,	Table	A7).

F I G U R E  3 Ammonia	and	urea-	N	
concentrations	in	foam	nests,	egg	jelly,	
and	perivitelline	fluid	across	development	
for	four	frog	species:	(a,	b)	Engystomops 
pustulosus;	(c,	d)	Leptodactylus fragilis; 
(e,	f)	Agalychnis callidryas;	(g,	h)	
Hyalinobatrachium fleischmanni.	Baseline	
measurements	of	N-	wastes	(likely	of	
parental	origin)	were	made	shortly	after	
oviposition	(0	days;	black	points)	from	
foam	and	egg	jelly.	Concentrations	over	
development	were	measured	from	foam	
and	PVF	under	species-	specific	wet	(blue)	
and	dry	(brown)	conditions.	Box	plots	
show	median,	first	and	third	quartiles,	and	
extent	of	data	to	1.5	×	IQR;	data	points	
are	also	shown.	Sample	sizes	(green)	are	
listed	at	the	bottom	of	each	panel.	We	
obtained	p-	values	by	permutation	tests	
for	pairwise	comparisons	(FDR	correction),	
after	fitting	LMEM	(a,	b)	and	LM	(c–	h)	
for	ammonia	and	urea	concentrations:	
*p <	.05,	**p <	.01,	***p <	.001	(Tables	
A3–	A6).	Significant	differences	between	
treatments	are	indicated	with	solid	black	
lines	and	changes	across	consecutive	
ages	with	dotted	blue	(wet)	or	brown	
(dry)	lines.	Note	the	log	scale	of	Y-	axes;	
for	values	below	the	detection	threshold	
of	0.23	mmol/L	for	ammonia	and	urea-	N,	
we	assigned	the	arbitrary	sub-	threshold	
value	of	0.2	mmol/L.	See	Table	A1	for	
descriptive	analysis	including	zeros	and	
total-	N

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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3.3  |  Ammonia tolerance (LC50) in early life stages 
during terrestrial development

Early	 larvae	of	L. fragilis	had	the	highest	LC50	 level	at	24	and	96	h	
(120	and	110	mmol/L,	 respectively;	Table	1),	while	H. fleischmanni 

had	the	lowest	LC50	value	at	24	and	96	h	(39	and	18	mmol/L,	respec-
tively;	Table	1).	In	general,	LC50	decreased	over	time	from	24	to	96	h	
in	all	study	species	(Table	1,	Figure	6).

In	all	four	species,	even	under	dry	conditions,	the	mean	ammonia	
concentration	 in	 developmental	 environments	 (foam	 nests	 or	 PVF;	

F I G U R E  4 Amounts	of	ammonia-	N	
and	urea-	N	present	in	developmental	
environments	per	individual	for	(a)	
early	larvae	of	Leptodactylus fragilis	and	
(c)	late	embryos	of	Hyalinobatrachium 
fleischmanni,	and	the	proportion	of	total	
nitrogen	waste	(ammonia	+urea-	N)	
present	as	urea	for	both	species	(b,	d)	
after	development	in	wet	(blue)	and	
dry	(brown)	conditions	to	the	latest	
sampling	age	(12.5	days	and	10.5	days,	
respectively).	p-	Values	were	obtained	
from	permutation	tests	*p <	.05,	**p <	.01,	
***p <	.001	(Table	A7).	Sample	sizes	are	
included	at	the	bottom	of	each	panel,	in	
green.	The	lowest	plotted	urea-	N	amounts	
(a,	c)	are	arbitrary	sub-	threshold	values	
indicating	urea	was	undetectable

(a) (b)

(c) (d)

F I G U R E  5 Amount	of	urea-	N	present	
per	individual	Leptodactylus fragilis	larva	
(a)	and	Hyalinobatrachium fleischmanni 
embryo	(b)	in	relation	to	the	potential	
ammonia	concentration	that	could	
be	present	in	their	developmental	
environments	without	the	urea	cycle,	
under	wet	(blue)	and	dry	(brown)	
conditions,	at	the	latest	sampling	age	
(12.5	days	and	10.5	days,	respectively).	
Calculations	of	potential	ammonia	assume	
that	all	urea	was	produced	from	ammonia.	
p-	Values	were	obtained	from	permutation	
tests	from	a	LM	in	both	species	(Table	A8)
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Figure	3,	Table	A1)	at	the	latest	sampling	age	was	below	the	95%	CI	of	
LC50	values	 (Table	1)	and	below	the	concentration	range	that	caused	
mortality	(Figure	6).	However,	several	dry	L. fragilis	nests	and	one	dry	
H. fleischmanni	 clutch	had	ammonia	 concentrations	 in	 the	 range	 that	
could	cause	mortality	(Figure	6b,d),	and	levels	in	a	few	dry	A. callidryas 
clutches	reached	the	onset	of	mortality	(Figure	6c).	For	the	two	species	
where	urea	excretion	was	evident,	we	calculated	the	potential	ammonia	
concentrations	that	could	occur	if	all	urea-	N	present	were	in	the	form	of	
ammonia.	In	dry	L. fragilis	nests,	the	mean	potential	ammonia	level	was	
slightly	below	the	LC50,	with	the	95%	CI	extending	to	near	100%	mor-
tality	(Figure	6b).	In	dry	H. fleischmanni	clutches,	the	95%	CI	for	potential	
ammonia	overlapped	with	the	onset	of	mortality	at	96	h	(Figure	6d).

4  |  DISCUSSION

In	 frogs	 from	 two	 lineages	 that	 independently	 colonized	 land	 for	
reproduction,	 urea	 accumulates	 around	early	 stages	during	 terres-
trial	 development,	 revealing	 an	embryonic/larval	 capacity	 for	 urea	
excretion.	Ammonia	 also	 accumulates	over	development	 in	 terres-
trial	environments,	reaching	a	higher	concentration	under	dry	condi-
tions	 in	all	 four	species	 tested	 (Figure	3,	Table	A1).	Urea	excretion	
was	evident	in	species	whose	early	stages	spend	longer	on	land,	in	
nest-	dwelling	early	 larvae	of	L. fragilis	and	 late	embryos	of	H. fleis-
chmanni.	In	both,	we	found	greater	amounts	of	urea	per	individual	in	
drier	developmental	environments,	in	foam	nests	in	dry	versus	wet	
soil	 (Figure	4a)	and	egg	clutches	without	versus	with	parental	care	
(Figure	4b),	suggesting	N-	excretion	plasticity.	This	may	be	mediated	
by	waste	concentration,	since	the	amount	of	urea	increases	as	total	
N-	waste,	and	thus	potential	ammonia	concentration	rises	(Figure	5).	
Urea	excretion	appears	to	prevent	the	accumulation	of	toxic	ammo-
nia	concentrations	during	extended	development	on	land,	especially	

under	dry	conditions	where	potential	ammonia	levels	are	more	likely	
to	enter	the	lethal	range	(Table	1;	Figure	6b,d).	For	all	species,	meas-
ured	ammonia	concentrations	in	developmental	environments	(Table	
A1)	 remained	below	the	 lethal	 range	 (Table	1,	Figure	6);	 this	could	
explain	 the	apparent	 lack	of	urea	excretion	by	E. pustulosus	and	A. 
callidryas.	The	variation	in	urea	accumulation	among	and	within	spe-
cies,	and	likely	congruent	variation	in	urea	excretion,	suggests	that	
it	is	not	simply	terrestrial	development	but	more	specifically	the	risk	
of	ammonia	toxicity	on	land	(Figure	6)	that	regulates	urea	synthesis.	
Our	results	also	suggest	that	plasticity	in	urea	excretion	may	facili-
tate	extended	terrestrial	development	in	some	contexts,	by	prevent-
ing	toxic	levels	of	ammonia	under	the	common	risk	of	dehydration.

4.1  |  Ammonia accumulation in developmental 
environments

As	 expected,	 our	 data	 support	 that	 terrestrial	 development,	 par-
ticularly	when	prolonged,	 can	 generate	 a	waste-	disposal	 problem,	
as	ammonia	accumulates	in	developmental	environments	(Figure	3).	
This	ammonia	is	presumably	the	product	of	protein	breakdown	from	
yolk	reserves	used	in	embryonic	and	early	larval	differentiation,	as	
reported	in	fishes	(Dworkin	&	Dworkin-	Rastl,	1991;	Finn	et	al.,	1995)	
and	Xenopus	(Jorgensen	et	al.,	2009).	We	detected	ammonia	levels	
up	to	8.51,	7.40,	and	5.20	mmol/L	in	A. callidryas,	E. pustulosus,	and	H. 
fleischmanni,	respectively	(Figure	3),	and	above	155	mmol/L	in	L. fra-
gilis,	with	higher	concentrations	under	dry	conditions.	These	values	
of	ammonia	exceed	both	assessed	tolerances	(i.e.,	LC50)	reported	for	
tadpoles	of	aquatic-	breeding	species	(Figure	7,	Table	A9)	and	levels	
considered	safe	to	avoid	toxicity	in	freshwater	environments	(acute,	
1.0	mmol/L	TAN;	chronic,	0.11	mmol/L	TAN;	EPA,	2013).	Our	results	
reveal	 that,	 even	 in	 a	 rainforest	 context,	 terrestrial	 development	

TA B L E  1 Ammonia	LC50	values	(mmol/L)	for	early	larvae	of	Engystomops pustulosus,	Leptodactylus fragilis,	Agalychnis callidryas,	and	
Hyalinobatrachium fleischmanni

Exposure 24 h 48 h 72 h 96 h

E. pustulosus:	N	wet	=	9,	dry	= 3

LC50 99	(86–	141) 71	(63–	79) 60	(53–	68) 53	(43–	60)

χ2 =	249.61	p < .0001 χ2 = 341.71 p < .0001 χ2 =	351.99	p < .0001 χ2 =	304.46	p < .0001

L. fragilis:	N	wet	=	11,	dry	= 3

LC50 120	(113–	132) 114	(108–	122) 110	(105–	123) 110	(105–	116)

χ2 =	233.91	p < .0001 χ2 =	263.74	p < .0001 χ2 =	306.2	p < .0001 χ2 = 314.01 p < 0.0001

A. callidryas:	N	wet	=	8,	dry	= 5

LC50 62	(57–	393) 94	(59–	58318) 63	(48–	142) 36	(31–	42)

χ2 = 144.88 p < .0001 χ2 =	85.99,	p < .0001 χ2 =	129.4,	p < .0001 χ2 =	246.01	p < .0001

H. fleischmanni:	N	lab	=	5,	field	=	2	(all	wet)

LC50 39	(31–	136) 33	(27–	62) 26	(22–	36) 18	(15–	24)

χ2 =	42.02,	p < .0001 χ2 =	74.64,	p < .0001 χ2 =	108.29	p < .0001 χ2 =	152.22,	p < .0001

Note: Ammonia	LC50	was	estimated	at	24-	h	intervals	until	96	h	after	water	entry.	LC50	values	and	their	95%	confidence	intervals	(CI)	were	estimated	
for	the	best	model	using	the	ecotox	package;	model	fit	is	below.	Trials	included	individuals	from	both	wet	and	dry	nest/clutch	treatments,	except	for	
H. fleischmanni	where	all	clutches	had	experienced	high	hydration,	in	the	field	and	laboratory;	sample	sizes	of	trials	from	each	rearing	treatment	are	
indicated.
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exposes	early	life	stages	of	anurans	to	ammonia	levels	that	can	pro-
duce	toxic	effects	in	many	species.	The	drier	conditions	that	occur	
during	short	periods	without	rainfall	during	the	reproductive	(rainy)	
season,	which	 are	 increasingly	 frequent	with	 climate	 change,	may	
exacerbate	this	(Lowe	et	al.,	2021;	Touchon	&	Warkentin,	2009).

4.2  |  Early onset of urea excretion during 
terrestrial development –  context matters

The	higher	 risk	 of	 ammonia	 toxicity	 is	 considered	 a	 key	 factor	 that	
selects	for	urea	excretion	when	vertebrates	move	onto	land	(Wright,	
1995;	Wright	&	Turko,	2016),	 and	 transitions	 to	 terrestrial	develop-
ment	 are	 widespread	 in	 frogs,	 particularly	 in	 wet	 tropical	 environ-
ments	 (Gomez-	Mestre	 et	 al.,	 2012).	 Amphibians	 that	move	 to	 land	
at	metamorphosis	are	able	to	shift	 from	ammonia	to	urea	excretion	
at	 that	stage	 (Cohen,	1970;	Munro,	1953).	Finding	urea	 in	perivitel-
line	 fluid	and	 foam	nests,	 as	we	did	 in	all	 four	of	our	 study	species	
(Figure	3),	suggests	its	excretion	by	early	life	stages	but,	alone,	is	not	
definitive	evidence.	Although	urea	was	undetectable	in	newly	laid	H. 
fleischmanni	clutches,	it	was	present	in	A. callidryas	clutches	and	foam	
nests	of	both	Leptodactylus	species	long	before	the	onset	of	embryonic	

F I G U R E  6   Relationship	between	
ammonia	tolerance	and	the	actual	
and	potential	ammonia	levels	in	
developmental	environments	for	four	
frog	species	(a–	d).	LC50	curves	represent	
mortality	as	a	function	of	ammonia	
(TAN)	concentration	for	four	exposure	
durations	(color	coded).	Curves	(solid)	for	
each	exposure	duration	were	fit	using	
adjusted	binomial	functions	(probit	link);	
their	95%	confidence	intervals	are	shaded.	
Ammonia	concentrations	in	foam	nests	
and	perivitelline	fluid	at	the	last	sampling	
age,	under	dry	conditions,	are	plotted	in	
brown.	Data	points	represent	individual	
nests	or	clutches;	means	are	shown	with	
open	circles	and	vertical	dashed	lines,	
error	bars	are	95%	CI.	For	species	where	
urea	was	present	(b,	d)	the	corresponding	
data	for	potential	ammonia	concentration,	
if	all	urea-	N	were	present	as	ammonia,	are	
shown	in	red.	Note	that	the	X-	axis	range	
differs	among	species
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F I G U R E  7 96-	h	LC50	values	for	early	life	stages	of	foam-	
nesting	and	arboreal-	breeding	frogs,	from	this	study	(terrestrial)	
compared	to	96-	h	and	chronic	LC50	values	reported	for	embryos	
and	larvae	of	aquatic-	breeding	frogs	(aquatic).	Only	Bufo bufo	(Xu	
&	Oldham,	1997)	is	more	ammonia	tolerant	than	Hyalinobatrachium 
fleischmanni,	the	most	sensitive	of	the	four	we	studied.	See	Table	
A9	for	references	and	species
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ammonia	excretion.	The	urea	present	in	newly	laid	clutches	and	nests	
was	presumably	deposited	by	the	ureotelic	adult	frogs,	perhaps	with	
fluid	 from	the	 female's	bladder	used	 to	hydrate	clutches	at	oviposi-
tion	(Pyburn,	1970).	This	urea	gradually	disappeared	from	nests	and	
clutches	as	embryos	developed	(Figure	3);	it	may	have	entered	the	sur-
rounding	environment	with	water	movement,	as	suggested	for	L. bu-
fonius	(Shoemaker	&	McClanahan,	1973).	Importantly,	measurements	
at	a	 single	 later	 stage	cannot	distinguish	parental	versus	embryonic	
sources	of	urea.	This	is	relevant	for	at	least	some	studies	that	reported	
urea	in	PVF	and	foam	nests	during	terrestrial	development	(Alcocer	
et	al.,	1992;	del	Pino	et	al.,	1994;	Shoemaker	&	McClanahan,	1973).	
Other	 studies	 reported	 an	 early	 capacity	 for	 urea	 excretion	 based	
on	 indirect	measurements,	 after	 initially	 terrestrial	 individuals	were	
moved	to	water	(Grafe	et	al.,	2005;	Martin	&	Cooper,	1972;	Shoemaker	
&	McClanahan,	 1982),	 or	 arginase	 activity	was	 detected	 in	 embry-
onic	 tissues	 (Alcocer	et	al.,	1992;	Shoemaker	&	McClanahan,	1982).	
Nonetheless,	arginase	can	be	involved	in	other	biochemical	pathways	
during	early	development,	so	activity	of	rate-	limiting	enzymes	such	as	
CPS1	is	necessary	to	confirm	urea	cycle	activity	(Srivastava	&	Ratha,	
2010).	Our	finding	that	urea	is	present	in	terrestrial	nests	and	clutches	
of	some	anurans	without,	or	before,	embryonic	or	larval	excretion	sug-
gests	that,	beyond	detection,	measures	of	changes	in	urea	concentra-
tion	over	development	will	be	necessary	to	clarify	the	distribution	and	
prevalence	of	 the	capacity	 for	urea	excretion	at	early	 life	stages,	as	
well	as	its	potential	environmental	regulation.

Our	results	support	urea	synthesis	by	embryos	of	H. fleischmanni,	
where	urea	was	absent	in	early	development	and	higher	amounts	ac-
cumulated	in	clutches	removed	from	parental	care.	We	also	found	urea	
synthesis	by	early	larvae	of	L. fragilis	during	extended	development	in	
foam	nests	(8–	12	days),	after	parental	urea	disappeared.	At	this	stage,	
these	 larvae,	 like	 those	 of	 L. fuscus,	 can	 produce	 their	 own	 foam	 if	
needed	(Downie,	1984;	Méndez-	Narváez,	2022);	our	measurements	of	
urea	in	new	larval	foam,	produced	in	a	urea-	free	environment,	provide	
further	 evidence	 for	 larval	 urea	 excretion	 (Méndez-	Narváez,	 2022).	
Embryos	of	H. fleischmanni	can	remain	in ovo	up	to	19	days	with	reliable	
paternal	care	(Delia	et	al.,	2019),	while	early	larvae	of	L. fragilis	can	slow	
development	after	8	days	and	survive	for	an	extended	period	on	land	
(2	or	3	weeks;	Méndez-	Narváez,	2022).	In	both	cases,	the	ability	to	ex-
crete	urea	may	reduce	the	risk	of	ammonia	accumulation	to	toxic	levels	
during	this	extended	terrestrial	period.	We	found	no	evidence	for	urea	
synthesis	in	A. callidryas or E. pustulosus,	which	have	shorter	total	and	
facultative	periods	of	terrestrial	development	(Figure	2).	Thus,	urea	ex-
cretion	may	occur	and	improve	survival	in	certain	terrestrial	develop-
ment	contexts	and	be	disfavored	in	others	where	its	costs	exceed	any	
benefits	(Shambaugh,	1977;	Wright	&	Wright,	1996).

Embryos	of	A. callidryas	hatch	early	in	response	to	drying	(Salica	
et	al.,	2017).	The	specific	cue	mediating	this	response	remains	unknown,	
but	 our	 results	 suggest	 that	 ammonia	 is	 a	 candidate	worth	 testing.	
Early	hatching	has	been	suggested	to	occur	in	fish	embryos	in	response	
to	 high	 ammonia	 accumulation	 in	 the	 PVF	 (Wright	 &	 Fyhn,	 2001).	
Experiments,	 to	 date,	 do	 not	 support	 this	 (Steele	 et	 al.,	 2001),	 but	
combinations	of	 cues	 such	 as	 ammonia	 and	hypoxia	 should	 also	be	
considered	 (Dhiyebi	et	al.,	2013;	Ortiz-	Santaliestra	et	al.,	2010).	We	

obtained	samples	of	A. callidryas	PVF	from	moderately	dry	eggs,	but	
embryos	can	experience—	and	survive—	more	extreme	egg	drying	(au-
thors,	personal	observation).	Moreover,	ammonia	 levels	 in	drying	A. 
callidryas	clutches	approached	lethal	levels	more	closely	than	they	did	
for	E. pustulosus	foam	nests.	Thus,	we	cannot	reject	the	possibility	that	
urea	synthesis	may	occur	under	more	extreme	dehydration;	in	other	
work,	we	 found	urea	 in	embryonic	 tissues	of	A. callidryas	 (Méndez-	
Narváez,	2022).	These	embryos	could	also	employ	alternative	physi-
ological	mechanisms	to	limit	toxic	ammonia	accumulation	in	the	PVF.	
For	instance,	some	fish	embryos	under	high	environmental	ammonia	
sequester	ammonia	in	the	yolk	(Braun	et	al.,	2009;	Steele	et	al.,	2001)	
and	others	 remove	 it	by	synthesizing	glutamine	 (Essex-	Fraser	et	al.,	
2005;	He	et	 al.,	 2010;	 Sanderson	et	 al.,	 2010;	Wright	 et	 al.,	 2007).	
Some	adults	may	even	avoid	ammonia	toxicity	by	using	partial	amino	
acid	catabolism	to	produce	alanine	for	an	energy	source	during	peri-
ods	of	terrestrial	exposure	(Ip	&	Chew,	2010).	Nonetheless,	the	more	
limited	capacity	of	A. callidryas	 to	extend	development	 in ovo,	 com-
pared	to	H. fleischmanni	and	other	glass	frogs	(Delia	et	al.,	2019),	may	
limit	 the	 benefits	 these	 embryos	 could	 gain	 by	 urea	 excretion	 and	
other	ammonia	detoxification	strategies.

4.3  |  Urea excretion plasticity in response to dry 
conditions and risk of ammonia toxicity

At	late	terrestrial	stages	of	both	L. fragilis	and	H. fleischmanni,	we	found	
higher	amounts	of	urea	per	individual	under	dry	conditions	(Figure	4).	
Since	both	foam	nests	of	Leptodactylus	and	gelatinous	clutches	of	A. 
callidryas	lose	the	presumably	parental	urea	that	was	present	at	early	
stages	(Figure	3),	it	is	unlikely	that	our	late	samples	capture	all	of	the	
urea	produced	by	developing	young,	and	we	cannot	rule	out	a	role	for	
differential	loss	rates	in	contributing	to	final	amounts.	Nonetheless,	
our	results	suggest	that	these	embryos	and	nest-	dwelling	larvae	in-
crease	urea	excretion	in	response	to	dry	conditions.

Embryos	of	H. fleischmanni	can	remain	in ovo	up	to	19	days	with	
care	(Delia	et	al.,	2013)	or	hatch	as	early	as	7	days	after	parental	deser-
tion	(Delia	et	al.,	2014).	Our	results	show	that	parental	egg	brooding,	
which	provides	hydration,	prevents	the	accumulation	of	high	ammo-
nia	concentrations	within	eggs.	They	also	suggest	that	embryos’	abil-
ity	to	shift	from	ammonia	to	urea	excretion	may	help	them	to	cope	
with	the	dehydration	that	can	occur	without	brooding,	facilitating	a	
several-	day	plastic	delay	in	hatching	even	without	care	(Delia	et	al.,	
2013,	2020).	Embryos	of	L. fragilis	may	 reach	water	and	survive	as	
early	as	3	days	if	flooded	or	hatch	at	3.5	days	and	remain	in	the	foam	
for	weeks.	While	late	embryos	of	H. fleischmanni	can	hatch	to	escape	
a	deteriorating	clutch	environment,	falling	into	the	stream	below,	lar-
vae	of	L. fragilis	cannot	leave	their	burrow	until	it	floods;	instead,	they	
arrest	development	and	produce	new	foam	to	prolong	their	survival	
on	 land	 (Downie,	1984;	Méndez-	Narváez,	2022).	The	 inability	of	L. 
fragilis	 larvae	 to	control	when	 they	 leave	 the	nest,	 thus	higher	po-
tential	N-	waste	accumulation	(Figure	3c,g),	may	explain	their	greater	
ureotelism	even	in	wet	conditions	(on	average,	almost	40%	N-	waste	
excreted	 as	 urea;	 Figure	 4a,b).	 In	 contrast,	H. fleischmanni	 show	 a	
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strong	increase	in	urea	production	under	dry	conditions	(Figure	4c,d).	
Urea	was	detectable	in	most	of	the	wet	L. fragilis	nests	(61%	vs.	23%	
of	wet	H. fleischmanni	 clutches;	Figure	4).	A	 subset	of	 these	nests,	
like	some	dry	treatment	nests,	appeared	to	have	completely	lost	their	
parental	foam	by	the	last	sampling	age	(JMN,	personal	observation)	
and	had	amounts	of	urea	and	potential	ammonia	concentrations	re-
sembling	the	dry	ones	(Figure	5a);	even	so,	differences	between	urea	
in	wet	and	dry	nests	were	still	evident	(Figure	4).

Our	results	support	a	role	for	ammonia	accumulation,	and	its	po-
tential	toxicity,	in	mediating	a	plastic	increase	in	urea	excretion	under	
dry	 conditions.	 In	 both	 L. fragilis	 and	H. fleischmanni,	 the	 ammonia	
concentration	that	could	have	occurred	if	all	N-	waste	were	present	in	
that	form	predicted	the	amount	of	urea	we	found	(Figure	5;	Table	A8).	
Because	N-	wastes	concentrate	as	water	 is	 lost,	 if	all	waste	remains	
as	ammonia	drying	increases	risk	of	toxicity.	Experimentally	increas-
ing	environmental	ammonia	increases	urea	synthesis	in	ureotelic	fish	
species,	via	upregulation	of	the	activity	of	urea	cycle	enzymes	(Barimo	
et	al.,	2004;	Barimo	&	Walsh,	2005;	Chew	et	al.,	2005;	Ip,	Leong,	et	al.,	
2005;	Ip,	Peh,	et	al.,	2005).	In	aquatic	bullfrog	tadpoles,	urea	excretion	
increases	with	environmental	ammonia,	apparently	without	upregu-
lating	urea	cycle	enzymes	(Wright	&	Wright,	1996).	However,	preco-
cious	activation	of	urea	cycle	enzymes	has	been	reported	in	embryos	
of	some	fishes	(Chadwick	&	Wright,	1999;	Kharbuli	et	al.,	2006;	Wright	
et	al.,	1995),	where	it	is	hypothesized	to	have	evolved	to	prevent	high	
perivitelline	ammonia	levels	where	the	chorion	and	water	chemistry	
limit	ammonia	diffusion	(Dhiyebi	et	al.,	2013;	Rahaman-	Noronha	et	al.,	
1996).	Although	urea	can	be	produced	by	other	pathways,	such	as	pu-
rine	degradation	(Balinsky,	1972)	and	arginolysis	(Srivastava	&	Ratha,	
2010),	we	have	 found	 that	CPSase	1,	 a	 rate-	limiting	enzyme	 in	 the	
urea	cycle,	is	active	in	tissues	of	terrestrial	L. fragilis	larvae	and	H. fleis-
chmanni	embryos	(Méndez-	Narváez,	2022).	In	L. fragilis,	exposure	of	
early	larvae	to	sublethal	ammonia	levels	in	water	increases	urea	accu-
mulation	in	tissues	and	activity	of	two	urea	cycle	enzymes,	compared	
to	siblings	in	water	(Méndez-	Narváez,	2022).	This	is	consistent	with	
an	ammonia-	induced	plastic	increase	in	urea	excretion	as	risk	of	am-
monia	toxicity	increases	in	terrestrial	developmental	environments.

We	also	detected	a	higher	total	amount	of	N-	waste	in	dry	versus	
wet	nests	of	L. fragilis,	but	not	in	dry	versus	wet	clutches	of	H. fleis-
chmanni.	Development	rates	are	the	same	in	wet	and	dry	nests	of	L. 
fragilis	(Méndez-	Narváez,	2022).	However,	adaptations	that	improve	
survival	 on	 land,	 enabling	 extended	 terrestrial	 development,	 may	
involve	 specific	metabolic	 demands	 that	 vary	with	 hydration.	We	
hypothesize	 that	N-	waste	production	may	 increase	 as	 larval	 foam	
production	increases	in	the	dry	treatment.	Larval	foam	making	is	a	
key	behavior	facilitating	extended	survival	on	 land	(Downie,	1984;	
Kokubum	&	Giaretta,	 2005)	 and	may	 require	 considerable	 energy	
for	bubble	blowing,	as	well	as	glycoprotein	for	mucus	production.

Moreover,	interspecific	variation	in	ammonia	tolerance,	combined	
with	risk	of	ammonia	accumulation	to	toxic	levels	in	terrestrial	devel-
opmental	environments,	may	explain	variation	in	urea	synthesis.	For	
A. callidryas	and	E. pustulosus,	we	found	no	evidence	for	urea	excre-
tion,	and	ammonia	levels	in	their	PVF	and	foam	nests	did	not	enter	the	
lethal	range	(Figure	6a,c).	We	cannot,	however,	rule	out	urea	synthesis	

under	more	extreme	dehydration.	These	embryos	and	 larvae	had	a	
substantial	margin	of	safety	under	wet	conditions	and	for	E. pustulo-
sus	even	in	dry	conditions,	but	some	A. callidryas clutches were close 
to	the	onset	of	mortality	in	our	dry	treatment.	In	contrast,	for	both	
L. fragilis	 and	H. fleischmanni,	 the	potential	 ammonia	 concentration,	
if	 all	N-	waste	was	ammonia,	 entered	 the	 lethal	 range	 (Figure	6b,d),	
reaching	as	high	as	100%	predicted	mortality	 in	L. fragilis.	Although	
L. fragilis	larvae	can	tolerate	high	ammonia	levels,	without	urea	excre-
tion	during	extended	development	on	land	they	could	face	lethal	tox-
icity;	thus,	we	consider	their	high	prevalence	of	urea	excretion	and	its	
increase	in	dry	conditions	to	be	adaptive.	Embryos	of	H. fleischmanni,	
which	 require	 parental	 care,	 show	much	 lower	 ammonia	 tolerance.	
Without	care,	potential	ammonia	levels	can	reach	the	onset	of	mor-
tality	in	their	toxicity	curve	(Figure	6d)	and,	in	many	clutches,	embryos	
excrete	urea.	If	parental	care	is	intermittent,	urea	excretion	may	en-
able	embryos	 to	 survive	a	period	of	neglect	and	 then	benefit	 from	
further	care,	rather	than	simply	hatching	to	escape	a	deteriorating	egg	
environment;	this	plastic	increase	in	urea	excretion	also	appears	to	be	
adaptive.	Overall,	these	results	support	the	hypothesis	that	a	plastic	
increase	in	urea	excretion	is	associated	with	the	risk	of	ammonia	tox-
icity	under	water	constraints	on	land,	likely	improving	survival	and	fa-
cilitating	extended	development	of	embryos	and	early	larvae	on	land.

4.4  |  High ammonia tolerance also prevents 
ammonia toxicity with development on land

Our	 results	 suggest	 that	 terrestrial	 frog	 embryos/early	 larvae	 have	
evolved	substantially	higher	ammonia	tolerance	than	early	life	stages	
of	aquatic-	breeding	frogs	and	fishes	(Figure	7,	Table	A9).	Like	ammo-
nia	levels	in	developmental	environments,	ammonia	tolerance	varied	
among	 our	 study	 species	 (Table	 1),	 but	 even	 the	most	 sensitive,	H. 
fleischmanni,	showed	greater	tolerance	than	reported	for	most	other	
anuran	larvae,	with	the	sole	exception	of	Bufo bufo	(Figure	7,	Table	A9;	
Xu	&	Oldham,	1997).	Comparable	ammonia	tolerances	at	early	stages	
are	also	reported	for	ureotelic	embryos	of	some	fishes,	 in	particular	
the	toad	fish	Opsanus beta	(Barimo	&	Walsh,	2005)	and	Oncorhynchus 
mykiss	 (Rice	 &	 Stokes,	 1975).	 Some	 adult	 fishes	 that	 live	 with	 high	
environmental	ammonia	or	low	water	availability	also	show	high	am-
monia	 tolerance	 and	 synthesize	 urea,	 including	 the	African	 lungfish	
Protopterus dolloi	 that	can	survive	for	prolonged	time	on	 land	during	
estivation	(Chew	et	al.,	2004.	Table	A9),	the	facultative	air-	breathing	
teleost Heteropneustes fossilis	(Saha	&	Ratha,	1994;	Table	A9)	and	the	
swamp	 eel	Monopterus albus	 (Ip,	 Leong,	 et	 al.,	 2005;	 Ip,	 Peh,	 et	 al.,	
2005;	Table	A9).	Urea	excretion	was	suggested	to	prevent	toxicity	dur-
ing	 terrestrial	 development	 in	 two	 frogs,	 Leptodactylus bufonius	 and	
Gastrotheca riobambae	(del	Pino	et	al.,	1994;	Shoemaker	&	McClanahan,	
1973).	However,	toxicity	tests	found	low	ammonia	tolerance	in	these	
tadpoles,	with	lethal	ammonia	levels	orders	of	magnitude	lower	than	
the	 levels	 reported	 in	 their	developmental	environments	 (Table	A9).	
This	mismatch	and	potential	methodological	 limitations	of	 the	 stud-
ies	 (e.g.,	 chronic	ammonia	exposure	and	high	pH)	suggest	a	need	to	
re-	examine	these	species	(Brinkman	et	al.,	2009;	Thurston	et	al.,	1981)	
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and	limit	comparisons	with	other	research.	A	pattern	similar	to	our	re-
sults	occurs	in	O. beta	and	Oncorhynchus mykiss,	where	ammonia	levels	
in	their	developmental	environments	(nests	and	PVF;	Table	A9)	do	not	
reach	toxic	levels,	most	likely	due	to	their	early	urea	excretion	(Barimo	
&	Walsh,	2005;	Dhiyebi	et	al.,	2013;	Rice	&	Stokes,	1975).

4.5  |  Evolutionary implications of early onset of 
urea excretion in vertebrates

The	transition	from	aquatic	to	terrestrial	life	at	metamorphosis	in	anu-
rans	(Wilbur	&	Collins,	1973),	and	concurrent	shift	from	ammonotelism	
to	ureotelism	 (Munro,	1953),	 has	been	a	 strong	 focus	of	 ecological,	
physiological,	 and	evolutionary	 research	 (Laudet,	2011;	 Lowe	et	 al.,	
2021;	Wassersug,	1975).	However,	 frogs	have	evolved	a	wide	array	
of	life-	history	traits	and	parental	strategies	that	allow	them	to	repro-
duce	and	develop	out	of	water	(Gomez-	Mestre	et	al.,	2012;	Haddad	
&	Prado,	2005).	Our	results	suggest	that	reproductive	colonization	of	
land	by	frogs	was	enabled	not	only	by	parental	adaptations,	such	as	
water	provisioning	and	thermal	buffering	of	eggs	(Delia	et	al.,	2020;	
Méndez-	Narváez	et	al.,	2015;	Pyburn,	1970),	but	also	by	embryonic	
and	 larval	physiological	adaptations.	These	 include	physiological	 re-
sponses	 to	 terrestrial	 conditions,	 such	as	an	early	onset	of	urea	ex-
cretion,	its	upregulation	under	dry	conditions,	and	elevated	ammonia	
tolerance,	 all	 of	which	 can	 help	 to	 prevent	 ammonia	 toxicity	 under	
water	 constraints.	 Such	 physiological	 traits	 and	 plastic	 responses	
seem	most	likely	to	evolve	in	terrestrial	embryos	and	larvae	that	must,	
or	 are	 able	 to,	 spend	more	extended	periods	on	 land;	 indeed,	 such	
mechanisms	may	be	a	key	component	of	this	ability.	The	benefits	of	
urea	excretion	for	early	life	stages	should	be	balanced	against	the	met-
abolic	cost	of	urea	synthesis	(Shambaugh,	1977;	Wright	&	Fyhn,	2001)	
in	analyses	of	overall	cost-	benefit	trade-	offs	across	ecological	and	de-
velopmental	transitions,	including	from	terrestrial	to	aquatic	environ-
ments	in	early	development	(Delia	et	al.,	2019;	Touchon	&	Warkentin,	
2010;	Warkentin,	1995)	as	well	as	from	aquatic	to	terrestrial	develop-
ment	at	metamorphosis	(Bouchard	et	al.,	2016;	Gomez-	Mestre	et	al.,	
2010;	Touchon	et	al.,	2013;	Vonesh	&	Bolker,	2005).

Enzymatic	mechanisms	and	genetic	regulation	of	urea	excretion	
have	been	 studied	 in	 lungfishes	 under	 high	 risk	 of	 ammonia	 toxic-
ity	 during	 terrestrial	 emersion	 (Chew	 et	 al.,	 2003,	 2004;	 Loong	
et	 al.,	 2005,	 2012)	 and	 in	 aquatic	 embryonic	 development	of	 tele-
osts	(Barimo	et	al.,	2004;	LeMoine	&	Walsh,	2013,	2015;	Steele	et	al.,	
2001;	Wright	et	al.,	1995).	However,	few	studies	have	explored	such	
mechanisms	 in	 tetrapod	 lineages	 in	 the	 context	 of	 ammonia	 toxic-
ity	(Ip	et	al.,	2012;	Janssens,	1972;	Wright	&	Wright,	1996)	and	the	
transition	 to	 terrestrial	 life	 (Brown	et	al.,	1959;	Weng	et	al.,	2004).	
Understanding	physiological	mechanisms	of	plasticity	may	be	import-
ant	 to	 understand	 evolutionary	 change	 (Ledón-	Rettig	 &	 Ragsdale,	
2021;	 Suzuki	 &	 Nijhout,	 2006).	 For	 labile	 traits	 that	 may	 change	
during	 individual	 lives	 (Rundle	 &	 Spicer,	 2016),	 changes	 in	 physio-
logical	tolerance	across	environments	in	response	to	diverse	abiotic	
factors	(Braun	et	al.,	2009;	Hopkins	et	al.,	2016;	Mendez-	Sanchez	&	
Burggren,	2017;	Peña-	Villalobos	et	 al.,	 2016)	might	 also	 contribute	

to	colonization	of	and	survival	in	new	environments	(Kulkarni	et	al.,	
2017;	Lande,	2015;	Velotta	&	Cheviron,	2018).	We	suggest	that	re-
peated	independent	evolution	of	terrestrial	development	in	frogs	of-
fers	an	excellent	opportunity	to	study	developmental	mechanisms	of	
physiological	plasticity	and	their	role	in	the	reproductive	colonization	
of	 land,	 considering	 ammonia	 toxicity	 as	 a	 common	environmental	
threat	and	potential	cue	during	early	development.

ACKNOWLEDG MENTS
Funding	 was	 provided	 by	 the	 Colombian	 Ministerio	 de	 Ciencia,	
Tecnología	 e	 Innovación	 (Colciencias)	 and	 Fulbright	 (PhD	 grant	 ob-
tained	 in	 2015),	 the	 Smithsonian	 Tropical	 Research	 Institute,	 the	
Chicago	Herpetological	Society,	Boston	University,	and	the	National	
Science	 Foundation	 (IOS-	1354072).	We	 thank	 Jesse	Delia	 for	 help	
with H. fleischmanni	 clutches	 and	 methods,	 Astrid	 Lisondro	 and	
Lauriane	Bégué	for	field	assistance,	and	the	Gamboa	frog	group	and	
allies	for	their	intellectual	support.	We	thank	Rachel	Page	and	Roberto	
Ibañez	for	enabling	this	research	in	Panamá.	Nitrogen	quantifications	
were	conducted	in	the	STRI	Biogeochemistry	laboratory,	which	was	
led	at	 the	 time	by	Ben	Turner.	We	 thank	 Javier's	PhD	committee—	
Chris	 Schneider,	 Jennifer	 Bhatnagar,	 Sean	 Mullen,	 Ivan	 Gomez-	
Mestre,	Peter	Buston—	for	their	intellectual	support,	especially	advice	
on	research	design	and	analysis.	We	thank	Team	Treefrog	2021	and	
J.	Delia	for	comments	on	the	manuscript.	Special	thanks	to	Carolina	
Amorocho	for	intellectual	and	field	support.	This	paper	is	dedicated	to	
Gloria	Narváez	Tulandy	in	memory	of	her	love	and	life	lessons.

CONFLIC T OF INTERE S T
Authors	acknowledge	that	there	are	no	conflicts	of	interest.

AUTHOR CONTRIBUTIONS
Javier Méndez- Narváez:	 Conceptualization	 (lead);	 Formal	 analysis	
(lead);	Funding	acquisition	(lead);	Investigation	(lead);	Methodology	
(lead);	 Writing	 –		 original	 draft	 (lead);	 Writing	 –		 review	 &	 editing	
(equal).	Karen M. Warkentin:	Conceptualization	(supporting);	Formal	
analysis	 (supporting);	 Investigation	 (supporting);	Writing	–		 original	
draft	(supporting);	Writing	–		review	&	editing	(equal).

DATA AVAIL ABILIT Y S TATEMENT
Data	 available	 from	 the	 Dryad	 Digital	 Repository:	 https://doi.
org/10.5061/dryad.866t1	g1r2.

ORCID
Javier Méndez- Narváez  https://orcid.org/0000-0001-6127-3377 
Karen M. Warkentin  https://orcid.org/0000-0002-7804-800X 

R E FE R E N C E S
Adelman,	 I.	 R.,	 Kusilek,	 L.	 I.,	 Koehle,	 J.,	 &	 Hess,	 J.	 (2009).	 Acute	 and	

chronic	toxicity	of	ammonia,	nitrite,	and	nitrate	to	the	endangered	
Topeka	shiner	 (Notropis topeka)	and	fathead	minnows	 (Pimephales 
promelas).	 Environmental Toxicology and Chemistry,	 28(10),	 2216–	
2223.	https://doi.org/10.1897/08-	619.1

Alcocer,	I.,	Santacruz,	X.,	Steinbeisser,	H.,	Thierauch,	K.	H.,	&	del	Pino,	E.	
M.	(1992).	Ureotelism	as	the	prevailing	mode	of	nitrogen	excretion	in	

https://doi.org/10.5061/dryad.866t1g1r2
https://doi.org/10.5061/dryad.866t1g1r2
https://orcid.org/0000-0001-6127-3377
https://orcid.org/0000-0001-6127-3377
https://orcid.org/0000-0002-7804-800X
https://orcid.org/0000-0002-7804-800X
https://doi.org/10.1897/08-619.1


    |  15 of 26MÉNDEZ- NARVÁEZ AND WARKENTIN

larvae	of	the	marsupial	frog	Gastrotheca riobambae	(Fowler)	(Anura,	
Hylidae).	Comparative Biochemistry and Physiology Part A: Physiology,	
101(2),	229–	231.	https://doi.org/10.1016/0300-	9629(92)90527	-	W

Amemiya,	C.	T.,	Alföldi,	 J.,	 Lee,	A.	P.,	 Fan,	S.,	Philippe,	H.,	MacCallum,	
I.,	 Braasch,	 I.,	Manousaki,	 T.,	 Schneider,	 I.,	 Rohner,	N.,	Organ,	C.,	
Chalopin,	D.,	Smith,	J.	J.,	Robinson,	M.,	Dorrington,	R.	A.,	Gerdol,	
M.,	Aken,	B.,	Biscotti,	M.	A.,	Barucca,	M.,	…	Lindblad-	Toh,	K.	(2013).	
The	 African	 coelacanth	 genome	 provides	 insights	 into	 tetrapod	
evolution.	 Nature,	 496(7445),	 311–	316.	 https://doi.org/10.1038/
natur	e12027

Anderson,	P.	(2001).	Urea	and	glutamine	synthesis:	Environmental	influ-
ences	on	nitrogen	excretion.	In	P.	A.	Wright	&	P.	Anderson	(Eds.),	
Fish physiology series: Nitrogen excretion	 (pp.	 239–	277).	 Academic	
Press.

Ashley-	Ross,	 M.	 A.,	 Hsieh,	 S.	 T.,	 Gibb,	 A.	 C.,	 &	 Blob,	 R.	 W.	 (2013).	
Vertebrate	 land	 invasions-	past,	 present,	 and	 future:	An	 introduc-
tion	 to	 the	symposium.	 Integrative and Comparative Biology,	53(2),	
192–	196.	https://doi.org/10.1093/icb/ict048

Balinsky,	J.	B.	(1972).	Phylogenetic	aspects	of	purine	metabolism.	South 
African Medical Journal,	46,	993–	997.

Barimo,	J.	F.,	Steele,	S.	L.,	Wright,	P.	A.,	&	Walsh,	P.	J.	(2004).	Dogmas	and	
controversies	in	the	handling	of	nitrogenous	wastes:	Ureotely	and	
ammonia	tolerance	in	early	life	stages	of	the	gulf	toadfish,	Opsanus 
beta. Journal of Experimental Biology,	207(12),	2011–	2020.	https://
doi.org/10.1242/jeb.00956

Barimo,	J.	F.,	&	Walsh,	P.	J.	(2005).	The	effects	of	acute	and	chronic	am-
monia	exposure	during	early	life	stages	of	the	gulf	toadfish,	Opsanus 
beta. Aquatic Toxicology,	75(3),	225–	237.	https://doi.org/10.1016/j.
aquat	ox.2005.08.005

Bates,	 D.,	 Mächler,	 M.,	 Bolker,	 B.,	 &	 Walker,	 S.	 (2015).	 Fitting	 linear	
mixed-	effects	 models	 using	 lme4.	 Journal of Statistical Software,	
67(1),	1–	48.	https://doi.org/10.18637/	jss.v067.i01

Bibi,	R.,	Rais,	M.,	Saeed,	M.,	Akram,	A.,	Mahmood,	T.,	&	Anwar,	M.	(2016).	
Impacts	of	ammonium	nitrate	on	survival	of	tadpoles	of	the	com-
mon	 skittering	 frog	 (Euphlyctis cyanophlyctis).	 Basic and Applied 
Herpetology,	30,	39–	46.	https://doi.org/10.11160/	bah.15007

Bouchard,	 S.	 S.,	 O’Leary,	 C.	 J.,	 Wargelin,	 L.	 J.,	 Charbonnier,	 J.	 F.,	 &	
Warkentin,	 K.	 M.	 (2016).	 Post-	metamorphic	 carry-	over	 effects	
of	 larval	 digestive	 plasticity.	 Functional Ecology,	 30(3),	 379–	388.	
https://doi.org/10.1111/1365-	2435.12501

Bradford,	 D.	 F.,	 &	 Seymour,	 R.	 S.	 (1985).	 Energy	 conservation	 during	
the	 delayed-	hatching	 period	 in	 the	 frog	 Pseudophryne bibroni. 
Physiological Zoology,	 58(5),	 491–	496.	 https://doi.org/10.1086/
physz	ool.58.5.30158576

Braun,	 M.	 H.,	 Steele,	 S.	 L.,	 Ekker,	 M.,	 &	 Perry,	 S.	 F.	 (2009).	 Nitrogen	
excretion	 in	developing	zebrafish	 (Danio rerio):	A	 role	 for	Rh	pro-
teins	 and	 urea	 transporters.	American Journal of Physiology- Renal 
Physiology,	 296(5),	 F994–	F1005.	 https://doi.org/10.1152/ajpre	
nal.90656.2008

Bray,	A.	A.	(1985).	The	evolution	of	the	terrestrial	vertebrates:	Environmental	
and	 physiological	 considerations.	 Philosophical Transactions of the 
Royal Society of London. Series B: Biological Sciences,	309(1138),	289–	
322.	https://doi.org/10.1098/rstb.1985.0088

Brinkman,	 S.	 F.,	Woodling,	 J.	 D.,	 Vajda,	 A.	M.,	 &	Norris,	D.	O.	 (2009).	
Chronic	 toxicity	 of	 ammonia	 to	 early	 life	 stage	 rainbow	 trout.	
Transactions of the American Fisheries Society,	 138(2),	 433–	440.	
https://doi.org/10.1577/T07-	224.1

Brooks,	M.	E.,	Kristensen,	K.,	Van	Benthem,	K.	J.,	Magnusson,	A.,	Berg,	
C.	W.,	Nielsen,	A.,	Skaug,	H.	J.,	Machler,	M.,	&	Bolker,	B.	M.	(2017).	
glmmTMB	balances	speed	and	flexibility	among	packages	for	zero-	
inflated	 generalized	 linear	 mixed	 modeling.	 The R Journal,	 9(2),	
378–	400.

Brown,	G.	W.,	Brown,	W.	R.,	&	Cohen,	P.	P.	(1959).	Comparative	biochem-
istry	of	 urea	 synthesis.	 II.	 Levels	of	 urea	 cycle	 enzymes	 in	meta-
morphosing	 Rana catesbeiana	 tadpoles.	 The Journal of Biological 
Chemistry,	234(7),	1775–	1780.

Burgett,	A.	A.,	Wright,	C.	D.,	Smith,	G.	R.,	Fortune,	D.	T.,	&	Johnson,	S.	L.	
(2007).	Impact	of	ammonium	nitrate	on	wood	frog	(Rana Sylvatica)	
tadpoles:	 Effects	 on	 survivorship	 and	 behavior.	 Herpetological 
Conservation and Biology,	2(1),	29–	34.

Chadwick,	T.	D.,	&	Wright,	P.	A.	(1999).	Nitrogen	excretion	and	expres-
sion	of	urea	cycle	enzymes	in	the	Atlantic	cod	(Gadus morhua l.):	A	
comparison	of	early	life	stages	with	adults.	Journal of Experimental 
Biology,	202(19),	2653–	2662.

Chew,	S.	F.,	Chan,	N.	K.,	Loong,	A.	M.,	Hiong,	K.	C.,	Tam,	W.	L.,	&	Ip,	Y.	
K.	(2004).	Nitrogen	metabolism	in	the	African	lungfish	(Protopterus 
dolloi)	aestivating	in	a	mucus	cocoon	on	land.	Journal of Experimental 
Biology,	207(5),	777–	786.	https://doi.org/10.1242/jeb.00813

Chew,	S.	F.,	Ho,	L.,	Ong,	T.	F.,	Wong,	W.	P.,	&	Ip,	Y.	K.	(2005).	The	African	
lungfish,	 Protopterus dolloi,	 detoxifies	 ammonia	 to	 urea	 during	
environmental	 ammonia	 exposure.	 Physiological and Biochemical 
Zoology,	78(1),	31–	39.	https://doi.org/10.1086/422771

Chew,	S.	F.,	&	 Ip,	Y.	K.	 (2014).	Excretory	nitrogen	metabolism	and	de-
fence	 against	 ammonia	 toxicity	 in	 air-	breathing	 fishes.	 Journal of 
Fish Biology,	84(3),	603–	638.	https://doi.org/10.1111/jfb.12279

Chew,	 S.	 F.,	Ong,	 T.	 F.,	Ho,	 L.,	 Tam,	W.	 L.,	 Loong,	A.	M.,	Hiong,	K.	C.,	
Wong,	W.	P.,	&	Ip,	Y.	K.	(2003).	Urea	synthesis	in	the	African	lung-
fish	Protopterus dolloi—	Hepatic	carbamoyl	phosphate	synthetase	III	
and	glutamine	synthetase	are	upregulated	by	6	days	of	aerial	expo-
sure. Journal of Experimental Biology,	206(20),	3615–	3624.	https://
doi.org/10.1242/jeb.00619

Chew,	S.	F.,	Tan,	S.	Z.	L.,	Ip,	S.	C.	Y.,	Pang,	C.	Z.,	Hiong,	K.	C.,	&	Ip,	Y.	K.	
(2020).	The	non-	ureogenic	stinging	catfish,	Heteropneustes fossilis,	
actively	excretes	ammonia	with	the	help	of	Na+/K+-	ATPase	when	
exposed	 to	 environmental	 ammonia.	 Frontiers in Physiology,	 10,	
1615.	https://doi.org/10.3389/fphys.2019.01615

Cohen,	P.	P.	(1970).	Biochemical	differentiation	during	amphibian	meta-
morphosis.	Science,	168(3931),	533–	543.

Costanzo,	J.	P.,	&	Lee,	R.	E.	(2005).	Cryoprotection	by	urea	in	a	terres-
trially	 hibernating	 frog.	 Journal of Experimental Biology,	 208(21),	
4079–	4089.	https://doi.org/10.1242/jeb.01859

Cragg,	 M.	 M.,	 Balinsky,	 J.	 B.,	 &	 Baldwin,	 E.	 (1961).	 A	 comparative	
study	 of	 nitrogen	 excretion	 in	 some	 amphibia	 and	 reptiles.	
Comparative Biochemistry and Physiology,	3(4),	227–	235.	https://doi.
org/10.1016/0010-	406X(61)90008	-	1

Dalgetty,	 L.,	 &	 Kennedy,	M.	W.	 (2010).	 Building	 a	 home	 from	 foam—	
Túngara	frog	foam	nest	architecture	and	three-	phase	construction	
process. Biology Letters,	 6(3),	 293–	296.	 https://doi.org/10.1098/
rsbl.2009.0934

de	Kokubum,	M.	N.	C.,	&	Giaretta,	A.	A.	 (2005).	Reproductive	ecology	
and	behaviour	of	a	species	of	Adenomera	(Anura,	Leptodactylinae)	
with	 endotrophic	 tadpoles:	 Systematic	 implications.	 Journal of 
Natural History,	39(20),	1745–	1758.	https://doi.org/10.1080/00222	
93040	0021515

de	Sá,	R.	O.,	Grant,	T.,	Camargo,	A.,	Heyer,	W.	R.,	Ponssa,	M.	L.,	&	Stanley,	
E.	 (2014).	 Systematics	 of	 the	 neotropical	 genus	 Leptodactylus 
Fitzinger,	1826	(Anura:	Leptodactylidae):	Phylogeny,	the	relevance	
of	non-	molecular	evidence,	and	species	accounts.	South American 
Journal of Herpetology,	 9(S1),	 1–	128.	 https://doi.org/10.2994/
SAJH-	D-	13-	00022.1

de	Solbé,	J.	F.	L.	G.,	&	Shurben,	D.	G.	(1989).	Toxicity	of	ammonia	to	early	
life	stages	of	rainbow	trout	(Salmo gairdneri).	Water Research,	23(1),	
127–	129.	https://doi.org/10.1016/0043-	1354(89)90071	-	7

del	Pino,	E.	M.,	Alcocer,	I.,	&	Grunz,	H.	(1994).	Urea	is	necessary	for	the	
culture	 of	 embryos	 of	 the	marsupial	 frog	Gastrotheca riobambae,	
and	 is	 tolerated	 by	 embryos	 of	 the	 aquatic	 frog	 Xenopus laevis. 
Development, Growth & Differentiation,	 36(1),	 73–	80.	 https://doi.
org/10.1111/j.1440-	169X.1994.00073.x

Delia,	 J.,	Bravo-	Valencia,	 L.,	&	Warkentin,	K.	M.	 (2020).	The	evolution	
of	extended	parental	care	in	glassfrogs:	Do	egg-	clutch	phenotypes	
mediate	 coevolution	 between	 the	 sexes?	 Ecological Monographs,	
90(3),	e01411.	https://doi.org/10.1002/ecm.1411

https://doi.org/10.1016/0300-9629(92)90527-W
https://doi.org/10.1038/nature12027
https://doi.org/10.1038/nature12027
https://doi.org/10.1093/icb/ict048
https://doi.org/10.1242/jeb.00956
https://doi.org/10.1242/jeb.00956
https://doi.org/10.1016/j.aquatox.2005.08.005
https://doi.org/10.1016/j.aquatox.2005.08.005
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.11160/bah.15007
https://doi.org/10.1111/1365-2435.12501
https://doi.org/10.1086/physzool.58.5.30158576
https://doi.org/10.1086/physzool.58.5.30158576
https://doi.org/10.1152/ajprenal.90656.2008
https://doi.org/10.1152/ajprenal.90656.2008
https://doi.org/10.1098/rstb.1985.0088
https://doi.org/10.1577/T07-224.1
https://doi.org/10.1242/jeb.00813
https://doi.org/10.1086/422771
https://doi.org/10.1111/jfb.12279
https://doi.org/10.1242/jeb.00619
https://doi.org/10.1242/jeb.00619
https://doi.org/10.3389/fphys.2019.01615
https://doi.org/10.1242/jeb.01859
https://doi.org/10.1016/0010-406X(61)90008-1
https://doi.org/10.1016/0010-406X(61)90008-1
https://doi.org/10.1098/rsbl.2009.0934
https://doi.org/10.1098/rsbl.2009.0934
https://doi.org/10.1080/00222930400021515
https://doi.org/10.1080/00222930400021515
https://doi.org/10.2994/SAJH-D-13-00022.1
https://doi.org/10.2994/SAJH-D-13-00022.1
https://doi.org/10.1016/0043-1354(89)90071-7
https://doi.org/10.1111/j.1440-169X.1994.00073.x
https://doi.org/10.1111/j.1440-169X.1994.00073.x
https://doi.org/10.1002/ecm.1411


16 of 26  |     MÉNDEZ- NARVÁEZ AND WARKENTIN

Delia,	 J.,	 Ramírez-	Bautista,	 A.,	 &	 Summers,	 K.	 (2013).	 Parents	 adjust	
care	 in	 response	 to	weather	conditions	and	egg	dehydration	 in	a	
Neotropical	 glassfrog.	 Behavioral Ecology and Sociobiology,	 67(4),	
557–	569.	https://doi.org/10.1007/s0026	5-	013-	1475-	z

Delia,	 J.,	 Ramírez-	Bautista,	 A.,	 &	 Summers,	 K.	 (2014).	 Glassfrog	 em-
bryos	hatch	early	after	parental	desertion.	Proceedings of the Royal 
Society B: Biological Sciences,	 281(1785),	 20133237.	 https://doi.
org/10.1098/rspb.2013.3237

Delia,	 J.,	 Rivera-	Ordonez,	 J.	 M.,	 Salazar-	Nicholls,	 M.	 J.,	 &	Warkentin,	
K.	M.	 (2019).	Hatching	plasticity	and	the	adaptive	benefits	of	ex-
tended	embryonic	development	in	glassfrogs.	Evolutionary Ecology,	
33(1),	37–	53.	https://doi.org/10.1007/s1068	2-	018-	9963-	2

Dhiyebi,	H.	 A.,	O’Donnell,	M.	 J.,	 &	Wright,	 P.	 A.	 (2013).	Water	 chem-
istry	 in	 the	 microenvironment	 of	 rainbow	 trout	 Oncorhynchus 
mykiss	embryos	 is	affected	by	development,	 the	egg	capsule	and	
crowding.	 Journal of Fish Biology,	 82(2),	 444–	457.	 https://doi.
org/10.1111/j.1095-	8649.2012.03491.x

Douma,	J.	C.,	&	Weedon,	J.	T.	(2019).	Analysing	continuous	proportions	
in	 ecology	 and	 evolution:	 A	 practical	 introduction	 to	 beta	 and	
Dirichlet	regression.	Methods in Ecology and Evolution,	10(9),	1412–	
1430.	https://doi.org/10.1111/2041-	210X.13234

Downie,	J.	R.	(1984).	How	Leptodactylus fuscus	tadpoles	make	foam,	and	
why. Copeia,	1984(3),	778–	780.	https://doi.org/10.2307/1445168

Downie,	J.	R.	 (1994).	Developmental	arrest	 in	Leptodactylus fascus	 tad-
poles	(Anura Leptodactylidae)	II	Does	a	foam	borne	factor	block	de-
velopment.	The Herpetological Journal,	4(2),	39–	45.

Dworkin,	M.	B.,	&	Dworkin-	Rastl,	E.	(1991).	Carbon	metabolism	in	early	
amphibian	 embryos.	 Trends in Biochemical Sciences,	16,	 229–	234.	
https://doi.org/10.1016/0968-	0004(91)90091	-	9

Eads,	A.	R.,	Mitchell,	N.	J.,	&	Evans,	J.	P.	(2012).	Patterns	of	genetic	varia-
tion	in	desiccation	tolerance	in	embryos	of	the	terrestrial-	breeding	
frog,	Pseudophryne guentheri. Evolution,	66(9),	2865–	2877.	https://
doi.org/10.1111/j.1558-	5646.2012.01616.x

EPA	 (Environmental	 Protection	 Agency).	 (2013).	 Aquatic life ambient 
water quality criteria for ammonia –  freshwater.	EPA	website:	https://
www.epa.gov/wqc/aquat	ic-	life-	crite	ria-	ammonia

Essex-	Fraser,	P.	A.,	Steele,	S.	L.,	Bernier,	N.	 J.,	Murray,	B.	W.,	Stevens,	
E.	 D.,	 &	Wright,	 P.	 A.	 (2005).	 Expression	 of	 four	 glutamine	 syn-
thetase	 genes	 in	 the	 early	 stages	 of	 development	 of	 rainbow	
trout	 (Oncorhynchus mykiss)	 in	 relationship	 to	 nitrogen	 excretion.	
Journal of Biological Chemistry,	280(21),	20268–	20273.	https://doi.
org/10.1074/jbc.M4123	38200

Fawcett,	J.	K.,	&	Scott,	J.	E.	(1960).	A	rapid	and	precise	method	for	the	de-
termination	of	urea.	Journal of Clinical Pathology,	13(2),	156.	https://
doi.org/10.1136/jcp.13.2.156

Finn,	R.	N.,	Fyhn,	H.	 J.,	&	Evjen,	M.	S.	 (1995).	Physiological	energetics	
of	developing	embryos	and	yolk-	sac	larvae	of	Atlantic	cod	(Gadus 
morhua).	 I.	 Respiration	 and	 nitrogen	 metabolism.	Marine Biology,	
124(3),	355–	369.	https://doi.org/10.1007/BF003	63909

Frossard,	J.,	&	Renaud,	O.	 (2019).	permuco: Permutation tests for regres-
sion, (repeated measures) ANOVA/ANCOVA and comparison of signals. 
R	package	version	1.1.0.	https://cran.r-	proje	ct.org/web/packa	ges/
permu	co/index.html

García-	Muñoz,	E.,	Guerrero,	F.,	Bicho,	R.	C.,	&	Parra,	G.	(2011).	Effects	
of	ammonium	nitrate	on	larval	survival	and	growth	of	four	Iberian	
amphibians.	Bulletin of Environmental Contamination and Toxicology,	
87(1),	16–	20.	https://doi.org/10.1007/s0012	8-	011-	0289-	9

Ghalambor,	C.,	Mckay,	J.,	Carroll,	S.,	&	Reznick,	D.	(2007).	Adaptive	ver-
sus	non-	adaptive	phenotypic	plasticity	and	the	potential	 for	con-
temporary	adaptation	in	new	environments.	Functional Ecology,	21,	
394–	407.	https://doi.org/10.1111/j.1365-	2435.2007.01283.x

Goin,	C.	 J.	 (1960).	Amphibians,	 pioneers	of	 terrestrial	 breeding	habits.	
Annual Reports of Smithsonian Institution,	1959,	427–	455.

Gomez-	Mestre,	 I.,	 &	 Buchholz,	 D.	 R.	 (2006).	 Developmental	 plasticity	
mirrors	 differences	 among	 taxa	 in	 spadefoot	 toads	 linking	 plas-
ticity	and	diversity.	Proceedings of the National Academy of Sciences 

of the United States of America,	103(50),	19021–	19026.	https://doi.
org/10.1073/pnas.06035	62103

Gomez-	Mestre,	 I.,	 Pyron,	 R.	 A.,	 &	 Wiens,	 J.	 J.	 (2012).	 Phylogenetic	
analyses	 reveal	 unexpected	 patterns	 in	 the	 evolution	 of	 repro-
ductive	modes	 in	frogs.	Evolution,	66(12),	3687–	3700.	https://doi.
org/10.1111/j.1558-	5646.2012.01715.x

Gomez-	Mestre,	I.,	Saccoccio,	V.	L.,	Iijima,	T.,	Collins,	E.	M.,	Rosenthal,	G.	
G.,	&	Warkentin,	K.	M.	(2010).	The	shape	of	things	to	come:	Linking	
developmental	plasticity	to	post-	metamorphic	morphology	in	anu-
rans.	Journal of Evolutionary Biology,	23(7),	1364–	1373.	https://doi.
org/10.1111/j.1420-	9101.2010.02016.x

Gomez-	Mestre,	 I.,	 Tejedo,	 M.,	 Ramayo,	 E.,	 &	 Estepa,	 J.	 (2004).	
Developmental	 alterations	 and	 osmoregulatory	 physiology	 of	 a	
larval	 anuran	 under	 osmotic	 stress.	 Physiological and Biochemical 
Zoology,	77(2),	267–	274.	https://doi.org/10.1086/378143

Grafe,	T.	U.,	Kaminsky,	S.	K.,	&	Linsenmair,	K.	E.	(2005).	Terrestrial	larval	de-
velopment	and	nitrogen	excretion	in	the	afro-	tropical	pig-	nosed	frog,	
Hemisus marmoratus. Journal of Tropical Ecology,	21(2),	219–	222.

Graham,	J.	B.,	&	Lee,	H.	J.	(2004).	Breathing	air	in	air:	In	what	ways	might	
extant	amphibious	fish	biology	relate	to	prevailing	concepts	about	
early	tetrapods,	the	evolution	of	vertebrate	air	breathing,	and	the	
vertebrate	 land	 transition?	 Physiological and Biochemical Zoology,	
77(5),	720–	731.	https://doi.org/10.1086/425184

Haddad,	 C.	 F.	 B.,	 &	 Prado,	 C.	 P.	 A.	 (2005).	 Reproductive	 modes	 in	
frogs	 and	 their	 unexpected	 diversity	 in	 the	 Atlantic	 forest	 of	
Brazil.	 BioScience,	 55(3),	 207–	217.	 https://doi.org/10.1641/0006-	
3568(2005)055[0207:RMIFA	T]2.0.CO;2

He,	Y.,	Hakvoort,	T.	B.	M.,	Köhler,	S.	E.,	Vermeulen,	J.	L.	M.,	de	Waart,	D.	
R.,	de	Theije,	C.,	ten	Have,	G.	A.	M.,	van	Eijk,	H.	M.	H.,	Kunne,	C.,	
Labruyere,	W.	T.,	Houten,	S.	M.,	Sokolovic,	M.,	Ruijter,	J.	M.,	Deutz,	
N.	E.	P.,	&	Lamers,	W.	H.	(2010).	Glutamine	synthetase	in	muscle	is	
required	for	glutamine	production	during	fasting	and	extrahepatic	
ammonia	detoxification.	The Journal of Biological Chemistry,	285(13),	
9516–	9524.	https://doi.org/10.1074/jbc.M109.092429

Hecnar,	S.	J.	(1995).	Acute	and	chronic	toxicity	of	ammonium	nitrate	fertil-
izer	to	amphibians	from	southern	Ontario.	Environmental Toxicology 
and Chemistry,	 14(12),	 2131–	2137.	 https://doi.org/10.1002/
etc.56201	41217

Hervé.	(2020).	RVAideMemoire: Testing and plotting procedures for biosta-
tistics.	 R	 package	 version,	 0.9-	79.	 https://cran.r-	proje	ct.org/web/
packa	ges/RVAid	eMemo	ire/index.html

Heyer,	W.	R.	(1969).	The	adaptive	ecology	of	the	species	groups	of	the	
genus	 Leptodactylus	 (amphibia,	 Leptodactylidae).	 Evolution,	 23(3),	
421–	428.	https://doi.org/10.1111/j.1558-	5646.1969.tb035	25.x

Hlina,	B.	L.	(2020).	Package ‘ecotox’: Analysis of ecotoxicology.	R	package	
version,	 1.4.2.	 https://cran.r-	proje	ct.org/web/packa	ges/ecoto	x/
index.html

Hopkins,	 G.	 R.,	 Brodie,	 E.	 D.,	 Jr.,	 Neuman-	Lee,	 L.	 A.,	Mohammadi,	 S.,	
Brusch,	G.	A.	IV,	Hopkins,	Z.	M.,	&	French,	S.	S.	(2016).	Physiological	
responses	to	salinity	vary	with	proximity	to	the	ocean	in	a	coastal	
amphibian.	Physiological and Biochemical Zoology,	89(4),	 322–	330.	
https://doi.org/10.1086/687292

Ilha,	P.,	&	Schiesari,	L.	(2014).	Lethal	and	sublethal	effects	of	inorganic	ni-
trogen	on	gladiator	frog	tadpoles	(Hypsiboas faber,	Hylidae).	Copeia,	
2014,	221–	230.	https://doi.org/10.1643/OT-	13-	117

Ip,	Y.	K.,	&	Chew,	S.	F.	(2010).	Ammonia	production,	excretion,	toxicity,	
and	defense	in	fish:	A	review.	Frontiers in Physiology,	1,	134.	https://
doi.org/10.3389/fphys.2010.00134

Ip,	Y.	K.,	Leong,	M.	W.	F.,	Sim,	M.	Y.,	Goh,	G.	S.,	Wong,	W.	P.,	&	Chew,	
S.	F.	 (2005).	Chronic	and	acute	ammonia	 toxicity	 in	mudskippers,	
Periophthalmodon schlosseri	 and	 Boleophthalmus boddaerti:	 Brain	
ammonia	and	glutamine	contents,	and	effects	of	methionine	sulf-
oximine	and	MK801.	Journal of Experimental Biology,	208(10),	1993–	
2004.	https://doi.org/10.1242/jeb.01586

Ip,	Y.	K.,	 Loong,	A.	M.,	Chng,	Y.	R.,	Hiong,	K.	C.,	&	Chew,	S.	F.	 (2012).	
Hepatic	carbamoyl	phosphate	synthetase	(CPS)	I	and	urea	contents	

https://doi.org/10.1007/s00265-013-1475-z
https://doi.org/10.1098/rspb.2013.3237
https://doi.org/10.1098/rspb.2013.3237
https://doi.org/10.1007/s10682-018-9963-2
https://doi.org/10.1111/j.1095-8649.2012.03491.x
https://doi.org/10.1111/j.1095-8649.2012.03491.x
https://doi.org/10.1111/2041-210X.13234
https://doi.org/10.2307/1445168
https://doi.org/10.1016/0968-0004(91)90091-9
https://doi.org/10.1111/j.1558-5646.2012.01616.x
https://doi.org/10.1111/j.1558-5646.2012.01616.x
https://www.epa.gov/wqc/aquatic-life-criteria-ammonia
https://www.epa.gov/wqc/aquatic-life-criteria-ammonia
https://doi.org/10.1074/jbc.M412338200
https://doi.org/10.1074/jbc.M412338200
https://doi.org/10.1136/jcp.13.2.156
https://doi.org/10.1136/jcp.13.2.156
https://doi.org/10.1007/BF00363909
https://cran.r-project.org/web/packages/permuco/index.html
https://cran.r-project.org/web/packages/permuco/index.html
https://doi.org/10.1007/s00128-011-0289-9
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1073/pnas.0603562103
https://doi.org/10.1073/pnas.0603562103
https://doi.org/10.1111/j.1558-5646.2012.01715.x
https://doi.org/10.1111/j.1558-5646.2012.01715.x
https://doi.org/10.1111/j.1420-9101.2010.02016.x
https://doi.org/10.1111/j.1420-9101.2010.02016.x
https://doi.org/10.1086/378143
https://doi.org/10.1086/425184
https://doi.org/10.1641/0006-3568(2005)055#;0207:RMIFAT#;2.0.CO;2
https://doi.org/10.1641/0006-3568(2005)055#;0207:RMIFAT#;2.0.CO;2
https://doi.org/10.1074/jbc.M109.092429
https://doi.org/10.1002/etc.5620141217
https://doi.org/10.1002/etc.5620141217
https://cran.r-project.org/web/packages/RVAideMemoire/index.html
https://cran.r-project.org/web/packages/RVAideMemoire/index.html
https://doi.org/10.1111/j.1558-5646.1969.tb03525.x
https://cran.r-project.org/web/packages/ecotox/index.html
https://cran.r-project.org/web/packages/ecotox/index.html
https://doi.org/10.1086/687292
https://doi.org/10.1643/OT-13-117
https://doi.org/10.3389/fphys.2010.00134
https://doi.org/10.3389/fphys.2010.00134
https://doi.org/10.1242/jeb.01586


    |  17 of 26MÉNDEZ- NARVÁEZ AND WARKENTIN

in	the	hylid	tree	frog,	Litoria caerulea:	Transition	from	CPS	III	to	CPS	
I.	Journal of Comparative Physiology B,	182(8),	1081–	1094.	https://
doi.org/10.1007/s0036	0-	012-	0682-	7

Ip,	Y.	K.,	Peh,	B.	K.,	Tam,	W.	L.,	Wong,	W.	P.,	&	Chew,	S.	F.	(2005).	Effects	
of	 intra-	peritoneal	 injection	 with	 NH4Cl,	 urea,	 or	 NH4Cl+urea	
on	 nitrogen	 excretion	 and	 metabolism	 in	 the	 African	 lung-
fish	 Protopterus dolloi. Journal of Experimental Zoology Part A: 
Comparative Experimental Biology,	 303A(4),	 272–	282.	 https://doi.
org/10.1002/jez.a.165

Ip,	 Y.	 K.,	 Tay,	 A.	 S.	 L.,	 Lee,	 K.	H.,	 &	 Chew,	 S.	 F.	 (2004).	 Strategies	 for	
surviving	 high	 concentrations	 of	 environmental	 ammonia	 in	 the	
Swamp	Eel	Monopterus albus. Physiological and Biochemical Zoology,	
77(3),	390–	405.	https://doi.org/10.1086/383510

Ip,	Y.	K.,	Zubaidah,	R.	M.,	Liew,	P.	C.,	Loong,	A.	M.,	Hiong,	K.	C.,	Wong,	W.	
P.,	&	Chew,	S.	F.	(2004).	African	sharptooth	catfish	Clarias gariepi-
nus	does	not	detoxify	ammonia	to	urea	or	amino	acids	but	actively	
excretes	 ammonia	 during	 exposure	 to	 environmental	 ammonia.	
Physiological and Biochemical Zoology,	77(2),	 242–	254.	 https://doi.
org/10.1086/383499

Janssens,	 P.	 A.	 (1972).	 The	 influence	 of	 ammonia	 on	 the	 transition	 to	
ureotelism	in	Xenopus laevis. Journal of Experimental Zoology,	182(3),	
357–	366.	https://doi.org/10.1002/jez.14018	20307

Jørgensen,	C.	B.	 (1997).	 200	years	 of	 amphibian	water	 economy	 from	
Robert	Townson	to	the	present.	Biological Reviews,	72(2),	153–	237.	
https://doi.org/10.1111/j.1469-	185X.1997.tb000	13.x

Jorgensen,	P.,	Steen,	J.	A.	J.,	Steen,	H.,	&	Kirschner,	M.	W.	(2009).	The	
mechanism	and	pattern	of	 yolk	 consumption	provide	 insight	 into	
embryonic	nutrition	in	Xenopus. Development,	136(9),	1539–	1548.

Kharbuli,	 Z.	 Y.,	 Datta,	 S.,	 Biswas,	 K.,	 Sarma,	 D.,	 &	 Saha,	 N.	 (2006).	
Expression	of	ornithine-	urea	cycle	enzymes	in	early	 life	stages	of	
air-	breathing	 walking	 catfish	 Clarias batrachus	 and	 induction	 of	
ureogenesis	under	hyper-	ammonia	stress.	Comparative Biochemistry 
and Physiology. Part B, Biochemistry & Molecular Biology,	143(1),	44–	
53.	https://doi.org/10.1016/j.cbpb.2005.09.014

Kulkarni,	S.	S.,	Denver,	R.	J.,	Gomez-	Mestre,	I.,	&	Buchholz,	D.	R.	(2017).	
Genetic	accommodation	via	modified	endocrine	signalling	explains	
phenotypic	 divergence	 among	 spadefoot	 toad	 species.	 Nature 
Communications,	 8(1),	 1–	7.	 https://doi.org/10.1038/s4146	7-	017-	
00996	-	5

Lande,	 R.	 (2009).	 Adaptation	 to	 an	 extraordinary	 environment	 by	
evolution	 of	 phenotypic	 plasticity	 and	 genetic	 assimilation.	
Journal of Evolutionary Biology,	 22(7),	 1435–	1446.	 https://doi.
org/10.1111/j.1420-	9101.2009.01754.x

Lande,	R.	 (2014).	Evolution	of	phenotypic	plasticity	and	environmental	
tolerance	of	a	labile	quantitative	character	in	a	fluctuating	environ-
ment.	 Journal of Evolutionary Biology,	27(5),	 866–	875.	 https://doi.
org/10.1111/jeb.12360

Lande,	 R.	 (2015).	 Evolution	 of	 phenotypic	 plasticity	 in	 colonizing	 spe-
cies. Molecular Ecology,	24(9),	2038–	2045.	https://doi.org/10.1111/
mec.13037

Laudet,	V.	(2011).	The	origins	and	evolution	of	vertebrate	metamorpho-
sis. Current Biology,	 21(18),	 R726–	737.	 https://doi.org/10.1016/j.
cub.2011.07.030

Ledón-	Rettig,	C.	C.,	Pfennig,	D.	W.,	&	Crespi,	E.	J.	(2010).	Diet	and	hor-
monal	manipulation	 reveal	 cryptic	 genetic	 variation:	 Implications	
for	 the	 evolution	 of	 novel	 feeding	 strategies.	 Proceedings of the 
Royal Society B: Biological Sciences,	277(1700),	3569–	3578.	https://
doi.org/10.1098/rspb.2010.0877

Ledón-	Rettig,	C.	C.,	&	Ragsdale,	E.	J.	 (2021).	Physiological	mechanisms	
and	 the	evolution	of	plasticity.	 In	D.	W.	Pfennig	 (Ed.),	Phenotypic 
plasticity & evolution: Causes, consequences, controversies	(pp.	113–	
137).	CRC	Press.

LeMoine,	 C.	 M.	 R.,	 &	 Walsh,	 P.	 J.	 (2013).	 Ontogeny	 of	 ornithine-	urea	
cycle	gene	expression	in	zebrafish	(Danio rerio).	American Journal of 
Physiology- Regulatory, Integrative and Comparative Physiology,	304(11),	
R991–	R1000.	https://doi.org/10.1152/ajpre	gu.00411.2012

LeMoine,	C.	M.	R.,	&	Walsh,	 P.	 J.	 (2015).	 Evolution	 of	 urea	 transport-
ers	 in	 vertebrates:	Adaptation	 to	 urea’s	multiple	 roles	 and	meta-
bolic	sources.	Journal of Experimental Biology,	218(12),	1936–	1945.	
https://doi.org/10.1242/jeb.114223

Liedtke,	H.	C.,	Müller,	H.,	Hafner,	 J.,	 Penner,	 J.,	Gower,	D.	 J.,	Mazuch,	
T.,	Rödel,	M.	O.,	&	Loader,	S.	P.	(2017).	Terrestrial	reproduction	as	
an	adaptation	to	steep	terrain	 in	African	toads.	Proceedings of the 
Royal Society B: Biological Sciences,	284(1851),	20162598.	https://
doi.org/10.1098/rspb.2016.2598

Loong,	A.	M.,	Chng,	Y.	R.,	Chew,	S.	F.,	Wong,	W.	P.,	&	 Ip,	Y.	K.	 (2012).	
Molecular	 characterization	 and	 mRNA	 expression	 of	 carbam-
oyl	 phosphate	 synthetase	 III	 in	 the	 liver	 of	 the	 African	 lungfish,	
Protopterus annectens,	during	aestivation	or	exposure	to	ammonia.	
Journal of Comparative Physiology B,	182(3),	 367–	379.	 https://doi.
org/10.1007/s0036	0-	011-	0626-	7

Loong,	A.	M.,	Hiong,	K.	C.,	Lee,	S.	M.	L.,	Wong,	W.	P.,	Chew,	S.	F.,	&	Ip,	Y.	
K.	(2005).	Ornithine-	urea	cycle	and	urea	synthesis	in	African	lung-
fishes,	Protopterus aethiopicus	and	Protopterus annectens,	exposed	
to	terrestrial	conditions	for	six	days.	Journal of Experimental Zoology. 
Part A: Comparative Experimental Biology,	303(5),	354–	365.	https://
doi.org/10.1002/jez.a.147

Lowe,	 W.	 H.,	 Martin,	 T.	 E.,	 Skelly,	 D.	 K.,	 &	 Woods,	 H.	 A.	 (2021).	
Metamorphosis	 in	 an	 era	 of	 increasing	 climate	 variability.	 Trends 
in Ecology & Evolution,	 36(4),	 360–	375.	 https://doi.org/10.1016/j.
tree.2020.11.012

Luo,	D.,	Ganesh,	 S.,	&	Koolaard,	 J.	 (2018).	predictmeans: Calculate pre-
dicted means for linear models.	 R	 package	 version,	 1.0.4.	 https://
cran.r-	proje	ct.org/web/packa	ges/predi	ctmea	ns/index.html

Martin,	A.	A.,	&	Cooper,	A.	K.	(1972).	The	ecology	of	terrestrial	anuran	
eggs,	 genus	 Crinia	 (Leptodactylidae).	 Copeia,	 1972(1),	 163–	168.	
https://doi.org/10.2307/1442793

Martin,	K.	L.,	&	Carter,	A.	L.	 (2013).	Brave	new	propagules:	Terrestrial	
embryos	 in	 anamniotic	 eggs.	 Integrative and Comparative Biology,	
53(2),	233–	247.	https://doi.org/10.1093/icb/ict018

McDowell,	 L.	 L.,	 &	McGregor,	 K.	 C.	 (1979).	 Nitrogen	 and	 phosphorus	
losses	in	runoff	from	no-	till	soybeans.	Transactions of the ASAE,	23,	
643–	648.	https://doi.org/10.13031/	2013.34638

Méndez-	Narváez,	J.	 (2022).	The role of phenotypic plasticity in reproduc-
tive colonization of land by frogs: Urea excretion and mechanisms 
to prevent ammonia toxicity during terrestrial development.	 Ph.D.	
Dissertation,	Boston	University,	Boston,	MA.

Méndez-	Narváez,	J.,	Flechas,	S.	V.,	&	Amézquita,	A.	(2015).	Foam	nests	
provide	context-	dependent	thermal	insulation	to	embryos	of	three	
leptodactylid	 frogs.	 Physiological and Biochemical Zoology,	 88(3),	
246–	253.	https://doi.org/10.1086/680383

Mendez-	Sanchez,	 J.	 F.,	 &	 Burggren,	 W.	 W.	 (2017).	 Cardiorespiratory	
physiological	 phenotypic	 plasticity	 in	 developing	 air-	breathing	
anabantid	 fishes	 (Betta splendens	 and	 Trichopodus trichopterus).	
Physiological Reports,	5(15),	e13359.

Miaud,	C.,	Oromí,	N.,	Guerrero,	S.,	Navarro,	S.,	&	Sanuy,	D.	(2011).	Intra-	
specific	variation	in	nitrate	tolerance	in	tadpoles	of	the	Natterjack	
toad.	 Ecotoxicology,	 20(6),	 1176–	1183.	 https://doi.org/10.1007/
s1064	6-	011-	0662-	9

Mitchell,	N.	J.	(2002).	Low	tolerance	of	embryonic	desiccation	in	the	ter-
restrial	nesting	frog	Bryobatrachus nimbus	(Anura:	Myobatrachinae).	
Copeia,	 2002(2),	 364–	373.	 https://doi.org/10.1643/0045-	
8511(2002)002[0364:LTOED	I]2.0.CO;2

Mommsen,	 T.	 P.,	 &	Walsh,	 P.	 J.	 (1989).	 Evolution	 of	 urea	 synthesis	 in	
vertebrates:	 The	 piscine	 connection.	 Science,	 243(4887),	 72–	75.	
https://doi.org/10.1126/scien	ce.2563172

Munro,	A.	F.	 (1953).	The	ammonia	and	urea	excretion	of	different	spe-
cies	 of	 Amphibia	 during	 their	 development	 and	 metamorphosis.	
Biochemical Journal,	 54(1),	 29–	36.	 https://doi.org/10.1042/bj054	
0029

Ortiz-	Santaliestra,	M.	E.,	Fernández-	Benéitez,	M.	J.,	Marco,	A.,	&	Lizana,	
M.	(2010).	Influence	of	ammonium	nitrate	on	larval	anti-	predatory	

https://doi.org/10.1007/s00360-012-0682-7
https://doi.org/10.1007/s00360-012-0682-7
https://doi.org/10.1002/jez.a.165
https://doi.org/10.1002/jez.a.165
https://doi.org/10.1086/383510
https://doi.org/10.1086/383499
https://doi.org/10.1086/383499
https://doi.org/10.1002/jez.1401820307
https://doi.org/10.1111/j.1469-185X.1997.tb00013.x
https://doi.org/10.1016/j.cbpb.2005.09.014
https://doi.org/10.1038/s41467-017-00996-5
https://doi.org/10.1038/s41467-017-00996-5
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1111/jeb.12360
https://doi.org/10.1111/jeb.12360
https://doi.org/10.1111/mec.13037
https://doi.org/10.1111/mec.13037
https://doi.org/10.1016/j.cub.2011.07.030
https://doi.org/10.1016/j.cub.2011.07.030
https://doi.org/10.1098/rspb.2010.0877
https://doi.org/10.1098/rspb.2010.0877
https://doi.org/10.1152/ajpregu.00411.2012
https://doi.org/10.1242/jeb.114223
https://doi.org/10.1098/rspb.2016.2598
https://doi.org/10.1098/rspb.2016.2598
https://doi.org/10.1007/s00360-011-0626-7
https://doi.org/10.1007/s00360-011-0626-7
https://doi.org/10.1002/jez.a.147
https://doi.org/10.1002/jez.a.147
https://doi.org/10.1016/j.tree.2020.11.012
https://doi.org/10.1016/j.tree.2020.11.012
https://cran.r-project.org/web/packages/predictmeans/index.html
https://cran.r-project.org/web/packages/predictmeans/index.html
https://doi.org/10.2307/1442793
https://doi.org/10.1093/icb/ict018
https://doi.org/10.13031/2013.34638
https://doi.org/10.1086/680383
https://doi.org/10.1007/s10646-011-0662-9
https://doi.org/10.1007/s10646-011-0662-9
https://doi.org/10.1643/0045-8511(2002)002#;0364:LTOEDI#;2.0.CO;2
https://doi.org/10.1643/0045-8511(2002)002#;0364:LTOEDI#;2.0.CO;2
https://doi.org/10.1126/science.2563172
https://doi.org/10.1042/bj0540029
https://doi.org/10.1042/bj0540029


18 of 26  |     MÉNDEZ- NARVÁEZ AND WARKENTIN

responses	of	two	amphibian	species.	Aquatic Toxicology,	99(2),	198–	
204.	https://doi.org/10.1016/j.aquat	ox.2010.04.020

Ortiz-	Santaliestra,	M.	E.,	&	Marco,	A.	(2015).	Influence	of	dissolved	oxy-
gen	conditions	on	toxicity	of	ammonium	nitrate	to	larval	natterjack	
toads.	Archives of Environmental Contamination and Toxicology,	69(1),	
95–	103.	https://doi.org/10.1007/s0024	4-	014-	0126-	3

Ortiz-	Santaliestra,	M.	E.,	Marco,	A.,	Fernández,	M.	J.,	&	Lizana,	M.	(2006).	
Influence	of	developmental	stage	on	sensitivity	to	ammonium	ni-
trate	of	aquatic	stages	of	amphibians.	Environmental Toxicology and 
Chemistry,	25(1),	105–	111.	https://doi.org/10.1897/05-	023R.1

Peña-	Villalobos,	I.,	Narváez,	C.,	&	Sabat,	P.	(2016).	Metabolic	cost	of	os-
moregulation	 in	a	hypertonic	environment	 in	the	 invasive	African	
clawed	frog	Xenopus laevis. Biology Open,	5(7),	955–	961.	https://doi.
org/10.1242/bio.016543

Peng,	K.	W.,	Chew,	S.	F.,	Lim,	C.	B.,	Kuah,	S.	S.	L.,	Kok,	W.	K.,	&	 Ip,	Y.	
K.	 (1998).	 The	 mudskippers	 Periophthalmodon schlosseri	 and	
Boleophthalmus boddaerti	 can	 tolerate	 environmental	 NH3	 con-
centrations	 of	 446	 and	 36µM,	 respectively.	 Fish Physiology and 
Biochemistry,	 19(1),	 59–	69.	 https://doi.org/10.1023/A:10077	
45003948

Pyburn,	W.	F.	 (1970).	Breeding	behavior	of	the	 leaf-	frogs	Phyllomedusa 
callidryas	 and	Phyllomedusa dacnicolor	 in	Mexico.	Copeia,	1970(2),	
209–	218.	https://doi.org/10.2307/1441643

R	Core	Team.	 (2019).	R: A language and environment for statistical com-
puting.	R	Foundation	for	Statistical	Computing.	http://www.R-	proje	
ct.org/

Rahaman-	Noronha,	 E.,	 Donnell,	 M.,	 Pilley,	 C.,	 &	 Wright,	 P.	 (1996).	
Excretion	and	distribution	of	ammonia	and	the	influence	of	bound-
ary	 layer	 acidification	 in	 embryonic	 rainbow	 trout	 (Oncorhynchus 
mykiss).	 Journal of Experimental Biology,	 199(12),	 2713–	2723.	
https://doi.org/10.1242/jeb.199.12.2713

Randall,	D.	J.,	Wood,	C.	M.,	Perry,	S.	F.,	Bergman,	H.	L.,	Maloiy,	G.	M.	O.,	
Mommsen,	T.	P.,	&	Wright,	P.	A.	(1989).	Urea	excretion	as	a	strategy	
for	survival	 in	a	fish	 living	 in	a	very	alkaline	environment.	Nature,	
337(6203),	165–	166.	https://doi.org/10.1038/337165a0

Rice,	 S.	D.,	&	 Stokes,	 R.	M.	 (1975).	 Acute	 toxicity	 of	 ammonia	 to	 sev-
eral	developmental	stages	of	rainbow	trout	Salmo gairdneri. Fishery 
Bulletin,	73(1),	207–	211.

Ripley,	B.	 (2011).	MASS: Support functions and datasets for Venables and 
Ripley’s MASS.	R	package	version,	7.3-	23.	http://www2.uaem.mx/r-	
mirro	r/web/packa	ges/MASS/

Rudin-	Bitterli,	T.	S.,	Evans,	J.	P.,	&	Mitchell,	N.	J.	(2020).	Geographic	vari-
ation	in	adult	and	embryonic	desiccation	tolerance	in	a	terrestrial-	
breeding	frog.	Evolution,	74(6),	1186–	1199.	https://doi.org/10.1111/
evo.13973

Rundle,	 S.	D.,	 &	 Spicer,	 J.	 I.	 (2016).	Heterokairy:	 A	 significant	 form	of	
developmental	plasticity?	Biology Letters,	12(9),	20160509.	https://
doi.org/10.1098/rsbl.2016.0509

Saha,	 N.,	 &	 Ratha,	 B.	 K.	 (1989).	 Comparative	 study	 of	 ureogenesis	 in	
freshwater,	air-	breathing	teleosts.	Journal of Experimental Zoology,	
252(1),	1–	8.	https://doi.org/10.1002/jez.14025	20102

Saha,	N.,	 &	 Ratha,	 B.	 K.	 (1994).	 Induction	 of	 ornithine-	urea	 cycle	 in	 a	
freshwater	 teleost,	 Heteropneustes fossilis,	 exposed	 to	 high	 con-
centrations	 of	 ammonium	 chloride.	Comparative Biochemistry and 
Physiology Part B: Comparative Biochemistry,	 108(3),	 315–	325.	
https://doi.org/10.1016/0305-	0491(94)90083	-	3

Salica,	M.	 J.,	Vonesh,	 J.	 R.,	&	Warkentin,	K.	M.	 (2017).	 Egg	 clutch	de-
hydration	induces	early	hatching	in	red-	eyed	treefrogs,	Agalychnis 
callidryas. PeerJ,	5,	e3549.	https://doi.org/10.7717/peerj.3549

Sanderson,	 L.	 A.,	 Wright,	 P.	 A.,	 Robinson,	 J.	 W.,	 Ballantyne,	 J.	 S.,	 &	
Bernier,	N.	J.	(2010).	Inhibition	of	glutamine	synthetase	during	am-
monia	exposure	in	rainbow	trout	indicates	a	high	reserve	capacity	
to	prevent	brain	ammonia	toxicity.	Journal of Experimental Biology,	
213(13),	2343–	2353.	https://doi.org/10.1242/jeb.039156

Schindelmeiser,	J.,	&	Greven,	H.	(1981).	Nitrogen	excretion	in	intra-		and	
extrauterine	 larvae	 of	 the	 ovoviviparous	 salamander,	 Salamandra 

salamandra	 (L.)	 (amphibia,	 urodela).	 Comparative Biochemistry 
and Physiology. Part A: Physiology,	 70(4),	 563–	565.	 https://doi.
org/10.1016/0300-	9629(81)92574	-	3

Schuytema,	G.	S.,	&	Nebeker,	A.	V.	(1999).	Effects	of	ammonium	nitrate,	
sodium	nitrate,	and	urea	on	red-	legged	frogs,	Pacific	treefrogs,	and	
African	clawed	Frogs.	Bulletin of Environmental Contamination and 
Toxicology,	63,	357–	364.	https://doi.org/10.1007/s0012	89900988

Schuytema,	G.	S.,	&	Nebeker,	A.	V.	(1999a).	Comparative	effects	of	am-
monium	 and	 nitrate	 compounds	 on	 Pacific	 treefrog	 and	 African	
clawed	 frog	 embryos.	 Archives of Environmental Contamination 
and Toxicology,	 36(2),	 200–	206.	 https://doi.org/10.1007/s0024	
49900461

Schuytema,	G.	S.,	&	Nebeker,	A.	V.	(1999b).	Effects	of	ammonium	nitrate,	
sodium	 nitrate,	 and	 urea	 on	 red-	legged	 frogs,	 Pacific	 treefrogs,	
and	African	clawed	Frogs.	Bulletin of Environmental Contamination 
and Toxicology,	 63(3),	 357–	364.	 https://doi.org/10.1007/s0012	
89900988

Seymour,	R.	S.,	&	Bradford,	D.	F.	(1995).	Respiration	of	amphibian	eggs.	
Physiological Zoology,	 68(1),	 1–	25.	 https://doi.org/10.1086/physz	
ool.68.1.30163915

Shambaugh,	 G.	 E.	 (1977).	 Urea	 biosynthesis	 I.	 The	 urea	 cycle	 and	
relationships	 to	 the	 citric	 acid	 cycle.	 The American Journal of 
Clinical Nutrition,	 30(12),	 2083–	2087.	 https://doi.org/10.1093/
ajcn/30.12.2083

Shoemaker,	V.	H.,	&	McClanahan,	L.	L.	(1973).	Nitrogen	excretion	in	the	
larvae	of	a	 land-	nesting	frog	(Leptodactylus bufonius).	Comparative 
Biochemistry and Physiology. Part A: Physiology,	44(4),	 1149–	1156.	
https://doi.org/10.1016/0300-	9629(73)90253	-	3

Shoemaker,	V.	H.,	&	McClanahan,	L.	L.	(1982).	Enzymatic	correlates	and	
ontogeny	 of	 uricotelism	 in	 tree	 frogs	 of	 the	 genus	Phyllomedusa. 
Journal of Experimental Zoology,	 220(2),	 163–	169.	 https://doi.
org/10.1002/jez.14022	00205

Shoemaker,	V.	H.,	McClanahan,	L.,	&	Ruibal,	R.	(1969).	Seasonal	changes	
in	 body	 fluids	 in	 a	 field	 population	 of	 spadefoot	 toads.	 Copeia,	
1969(3),	585–	591.	https://doi.org/10.2307/1441938

Shoemaker,	V.	H.,	&	Nagy,	K.	A.	 (1977).	Osmoregulation	 in	amphibians	
and	reptiles.	Annual Review of Physiology,	39(1),	449–	471.	https://
doi.org/10.1146/annur	ev.ph.39.030177.002313

Smithson,	 M.,	 &	 Verkuilen,	 J.	 (2006).	 A	 better	 lemon	 squeezer?	
Maximum-	likelihood	 regression	 with	 beta-	distributed	 depen-
dent	 variables.	 Psychological Methods,	 11(1),	 54–	71.	 https://doi.
org/10.1037/1082-	989X.11.1.54

Spicer,	 J.	 I.,	 &	 Burggren,	W.	W.	 (2003).	 Development	 of	 physiological	
regulatory	systems:	Altering	the	timing	of	crucial	events.	Zoology,	
106(2),	91–	99.	https://doi.org/10.1078/0944-	2006-	00103

Srivastava,	S.,	&	Ratha,	B.	K.	(2010).	Does	fish	represent	an	intermediate	
stage	in	the	evolution	of	ureotelic	cytosolic	arginase	I?	Biochemical 
and Biophysical Research Communications,	391(1),	 1–	5.	 https://doi.
org/10.1016/j.bbrc.2009.11.018

Standen,	E.	M.,	Du,	T.	Y.,	&	Larsson,	H.	C.	E.	(2014).	Developmental	plas-
ticity	and	the	origin	of	tetrapods.	Nature,	513(7516),	54–	58.	https://
doi.org/10.1038/natur	e13708

Steele,	S.	L.,	Chadwick,	T.	D.,	&	Wright,	P.	A.	(2001).	Ammonia	detoxifica-
tion	and	localization	of	urea	cycle	enzyme	activity	in	embryos	of	the	
rainbow	trout	(Oncorhynchus mykiss)	in	relation	to	early	tolerance	to	
high	environmental	ammonia	levels.	Journal of Experimental Biology,	
204(12),	2145–	2154.	https://doi.org/10.1242/jeb.204.12.2145

Suzuki,	 Y.,	 &	Nijhout,	H.	 F.	 (2006).	 Evolution	 of	 a	 polyphenism	 by	 ge-
netic	 accommodation.	 Science,	 311(5761),	 650–	652.	 https://doi.
org/10.1126/scien	ce.1118888

Thurston,	R.	V.,	Chakoumakos,	C.,	&	Russo,	R.	C.	(1981).	Effect	of	fluctu-
ating	exposures	on	the	acute	toxicity	of	ammonia	to	rainbow	trout	
(Salmo gairdneri)	 and	 cutthroat	 trout	 (S. clarki).	 Water Research,	
15(7),	911–	917.	https://doi.org/10.1016/0043-	1354(81)90147	-	0

Thurston,	 R.	 V.,	 Russo,	 R.	 C.,	 &	 Phillips,	 G.	 R.	 (1983).	 Acute	 toxicity	
of	 ammonia	 to	 fathead	 minnows.	 Transactions of the American 

https://doi.org/10.1016/j.aquatox.2010.04.020
https://doi.org/10.1007/s00244-014-0126-3
https://doi.org/10.1897/05-023R.1
https://doi.org/10.1242/bio.016543
https://doi.org/10.1242/bio.016543
https://doi.org/10.1023/A:1007745003948
https://doi.org/10.1023/A:1007745003948
https://doi.org/10.2307/1441643
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1242/jeb.199.12.2713
https://doi.org/10.1038/337165a0
http://www2.uaem.mx/r-mirror/web/packages/MASS/
http://www2.uaem.mx/r-mirror/web/packages/MASS/
https://doi.org/10.1111/evo.13973
https://doi.org/10.1111/evo.13973
https://doi.org/10.1098/rsbl.2016.0509
https://doi.org/10.1098/rsbl.2016.0509
https://doi.org/10.1002/jez.1402520102
https://doi.org/10.1016/0305-0491(94)90083-3
https://doi.org/10.7717/peerj.3549
https://doi.org/10.1242/jeb.039156
https://doi.org/10.1016/0300-9629(81)92574-3
https://doi.org/10.1016/0300-9629(81)92574-3
https://doi.org/10.1007/s001289900988
https://doi.org/10.1007/s002449900461
https://doi.org/10.1007/s002449900461
https://doi.org/10.1007/s001289900988
https://doi.org/10.1007/s001289900988
https://doi.org/10.1086/physzool.68.1.30163915
https://doi.org/10.1086/physzool.68.1.30163915
https://doi.org/10.1093/ajcn/30.12.2083
https://doi.org/10.1093/ajcn/30.12.2083
https://doi.org/10.1016/0300-9629(73)90253-3
https://doi.org/10.1002/jez.1402200205
https://doi.org/10.1002/jez.1402200205
https://doi.org/10.2307/1441938
https://doi.org/10.1146/annurev.ph.39.030177.002313
https://doi.org/10.1146/annurev.ph.39.030177.002313
https://doi.org/10.1037/1082-989X.11.1.54
https://doi.org/10.1037/1082-989X.11.1.54
https://doi.org/10.1078/0944-2006-00103
https://doi.org/10.1016/j.bbrc.2009.11.018
https://doi.org/10.1016/j.bbrc.2009.11.018
https://doi.org/10.1038/nature13708
https://doi.org/10.1038/nature13708
https://doi.org/10.1242/jeb.204.12.2145
https://doi.org/10.1126/science.1118888
https://doi.org/10.1126/science.1118888
https://doi.org/10.1016/0043-1354(81)90147-0


    |  19 of 26MÉNDEZ- NARVÁEZ AND WARKENTIN

Fisheries Society,	 112(5),	 705–	711.	 https://doi.org/10.1577/1548-	
8659(1983)112<705:ATOAT	F>2.0.CO;2

Touchon,	J.	C.,	McCoy,	M.	W.,	Vonesh,	J.	R.,	&	Warkentin,	K.	M.	(2013).	
Effects	 of	 plastic	 hatching	 timing	 carry	 over	 through	 metamor-
phosis	 in	red-	eyed	treefrogs.	Ecology,	94(4),	850–	860.	https://doi.
org/10.1890/12-	0194.1

Touchon,	 J.	 C.,	 &	 Warkentin,	 K.	 M.	 (2009).	 Negative	 synergism	
of	 rainfall	 patterns	 and	 predators	 affects	 frog	 egg	 survival.	
The Journal of Animal Ecology,	 78(4),	 715–	723.	 https://doi.
org/10.1111/j.1365-	2656.2009.01548.x

Touchon,	J.	C.,	&	Warkentin,	K.	M.	(2010).	Short-		and	long-	term	effects	of	
the	abiotic	egg	environment	on	viability,	development	and	vulnera-
bility	to	predators	of	a	Neotropical	anuran.	Functional Ecology,	24(3),	
566–	575.	https://doi.org/10.1111/j.1365-	2435.2009.01650.x

Touchon,	J.	C.,	&	Worley,	J.	L.	(2015).	Oviposition	site	choice	under	con-
flicting	risks	demonstrates	that	aquatic	predators	drive	terrestrial	
egg-	laying.	 Proceedings of the Royal Society B: Biological Sciences,	
282(1808),	20150376.	https://doi.org/10.1098/rspb.2015.0376

Velotta,	 J.	 P.,	 &	 Cheviron,	 Z.	 A.	 (2018).	 Remodeling	 ancestral	 pheno-
typic	 plasticity	 in	 local	 adaptation:	 A	 new	 framework	 to	 explore	
the	role	of	genetic	compensation	in	the	evolution	of	homeostasis.	
Integrative and Comparative Biology,	58(6),	1098–	1110.	https://doi.
org/10.1093/icb/icy117

Vonesh,	 J.	 R.,	 &	 Bolker,	 B.	M.	 (2005).	 Compensatory	 larval	 responses	
shift	 trade-	offs	 associated	 with	 predator-	induced	 hatching	 plas-
ticity. Ecology,	86(6),	1580–	1591.	https://doi.org/10.1890/04-	0535

Walsh,	P.	 J.,	Bergman,	H.	L.,	Narahara,	A.,	Wood,	C.	M.,	Wright,	P.	A.,	
Randall,	D.	J.,	Maina,	J.	N.,	&	Laurent,	P.	(1993).	Effects	of	ammo-
nia	 on	 survival,	 swimming	 and	 activities	 of	 enzymes	 of	 nitrogen	
metabolism	 in	 the	 lake	 Magadi	 tilapia	Oreochromis alcalicus gra-
hami. Journal of Experimental Biology,	180(1),	323–	327.	https://doi.
org/10.1242/jeb.180.1.323

Wang,	 Y.,	 &	Walsh,	 P.	 J.	 (2000).	 High	 ammonia	 tolerance	 in	 fishes	 of	
the	 family	 Batrachoididae	 (Toadfish	 and	 Midshipmen).	 Aquatic 
Toxicology,	 50(3),	 205–	219.	 https://doi.org/10.1016/S0166	
-	445X(99)00101	-	0

Warkentin,	K.	M.	(1995).	Adaptive	plasticity	in	hatching	age:	A	response	
to	predation	risk	trade-	offs.	Proceedings of the National Academy of 
Sciences of the United States of America,	92(8),	3507–	3510.	https://
doi.org/10.1073/pnas.92.8.3507

Warkentin,	K.	M.	(2007).	Oxygen,	gills,	and	embryo	behavior:	Mechanisms	
of	 adaptive	 plasticity	 in	 hatching.	 Comparative Biochemistry and 
Physiology. Part A: Molecular & Integrative Physiology,	148(4),	720–	
731.	https://doi.org/10.1016/j.cbpa.2007.02.009

Warkentin,	K.	M.	(2011).	Plasticity	of	hatching	in	amphibians:	Evolution,	
trade-	offs,	 cues	 and	 mechanisms.	 Integrative and Comparative 
Biology,	51(1),	111–	127.	https://doi.org/10.1093/icb/icr046

Warkentin,	K.	M.,	Cuccaro	Diaz,	J.,	Güell,	B.	A.,	Jung,	J.,	Kim,	S.	J.,	&	Cohen,	
K.	 L.	 (2017).	Developmental	 onset	 of	 escape-	hatching	 responses	
in	red-	eyed	treefrogs	depends	on	cue	type.	Animal Behaviour,	129,	
103–	112.	https://doi.org/10.1016/j.anbeh	av.2017.05.008

Wassersug,	R.	J.	 (1975).	The	adaptive	significance	of	the	tadpole	stage	
with	comments	on	the	maintenance	of	complex	life	cycles	in	anu-
rans.	American Zoologist,	15(2),	405–	417.	https://doi.org/10.1093/
icb/15.2.405

Weng,	L.,	Wong,	W.	P.,	Chew,	S.	F.,	&	Ip,	Y.	K.	 (2004).	Excretory	nitro-
gen	metabolism	in	the	Chinese	fire-	belly	newt	Cynops orientalis	in	
water,	on	land,	or	in	high	concentrations	of	environmental	ammo-
nia.	Journal of Comparative Physiology B: Biochemical, Systemic, and 
Environmental Physiology,	 174,	 113–	120.	 https://doi.org/10.1007/
s0036	0-	003-	0395-	z

West-	Eberhard,	 M.	 J.	 (2003).	 Developmental plasticity and evolution. 
Oxford	University	Press.

Wilbur,	 H.	M.,	 &	 Collins,	 J.	 P.	 (1973).	 Ecological	 aspects	 of	 amphibian	
metamorphosis:	Nonnormal	distributions	of	competitive	ability	re-
flect	 selection	 for	 facultative	metamorphosis.	Science,	182(4119),	
1305–	1314.	https://doi.org/10.1126/scien	ce.182.4119.1305

Willink,	B.,	 Palmer,	M.	 S.,	 Landberg,	T.,	Vonesh,	 J.	R.,	&	Warkentin,	K.	
M.	 (2014).	Environmental	context	 shapes	 immediate	and	cumula-
tive	costs	of	risk-	induced	early	hatching.	Evolutionary Ecology,	28(1),	
103–	116.	https://doi.org/10.1007/s1068	2-	013-	9661-	z

Wright,	P.	A.	(1995).	Nitrogen	excretion:	Three	end	products,	many	phys-
iological	 roles.	 Journal of Experimental Biology,	 198(2),	 273–	281.	
https://doi.org/10.1242/jeb.198.2.273

Wright,	P.	A.,	Anderson,	P.,	Weng,	L.,	Frick,	N.,	Wong,	W.	P.,	&	Ip,	Y.	K.	
(2004).	The	crab-	eating	frog,	Rana cancrivora,	up-	regulates	hepatic	
carbamoyl	phosphate	synthetase	I	activity	and	tissue	osmolyte	lev-
els	in	response	to	increased	salinity.	Journal of Experimental Zoology. 
Part A: Comparative. Experimental Biology,	301(7),	559–	568.	https://
doi.org/10.1002/jez.a.54

Wright,	P.	A.,	Felskie,	A.,	&	Anderson,	P.	(1995).	Induction	of	ornithine-	
urea	cycle	enzymes	and	nitrogen	metabolism	and	excretion	in	rain-
bow	 trout	 (Oncorhynchus mykiss)	 during	 early	 life	 stages.	 Journal 
of Experimental Biology,	198(1),	127–	135.	https://doi.org/10.1242/
jeb.198.1.127

Wright,	P.	A.,	&	Fyhn,	H.	J.	(2001).	Ontogeny	of	nitrogen	metabolism	and	
excretion.	In	P.	A.	Wright	&	P.	Anderson	(Eds.),	Fish physiology series: 
Nitrogen excretion	(pp.	149–	200).	Academic	Press.

Wright,	P.	A.,	Steele,	S.	L.,	Huitema,	A.,	&	Bernier,	N.	J.	(2007).	Induction	
of	 four	 glutamine	 synthetase	 genes	 in	 brain	 of	 rainbow	 trout	
in	 response	 to	 elevated	 environmental	 ammonia.	 The Journal 
of Experimental Biology,	 210(Pt	 16),	 2905–	2911.	 https://doi.
org/10.1242/jeb.003905

Wright,	P.	A.,	&	Turko,	A.	J.	(2016).	Amphibious	fishes:	Evolution	and	phe-
notypic	 plasticity.	 Journal of Experimental Biology,	219(15),	 2245–	
2259.	https://doi.org/10.1242/jeb.126649

Wright,	P.	M.,	&	Wright,	P.	A.	(1996).	Nitrogen	metabolism	and	excretion	
in	 bullfrog	 (Rana catesbeiana)	 tadpoles	 and	 adults	 exposed	 to	 el-
evated	environmental	ammonia	levels.	Physiological Zoology,	69(5),	
1057–	1078.

Xu,	Q.,	&	Oldham,	R.	S.	(1997).	Lethal	and	sublethal	effects	of	nitrogen	
fertilizer	ammonium	nitrate	on	common	toad	(Bufo bufo)	Tadpoles.	
Archives of Environmental Contamination and Toxicology,	32(3),	298–	
303.	https://doi.org/10.1007/s0024	49900188

Zamudio,	K.	R.,	Bell,	R.	C.,	Nali,	R.	C.,	Haddad,	C.	F.	B.,	&	Prado,	C.	P.	A.	
(2016).	Polyandry,	predation,	and	the	evolution	of	 frog	reproduc-
tive	modes.	The American Naturalist,	188(S1),	S41–	S61.	https://doi.
org/10.1086/687547

Zhang,	 L.,	 Xiong,	D.-	M.,	 Li,	 B.,	 Zhao,	 Z.-	G.,	 Fang,	W.,	 Yang,	 K.,	 &	 Fan,	
Q.	 X.	 (2012).	 Toxicity	 of	 ammonia	 and	 nitrite	 to	 yellow	 catfish	
(Pelteobagrus fulvidraco).	 Journal of Applied Ichthyology,	28(1),	 82–	
86.	https://doi.org/10.1111/j.1439-	0426.2011.01720.x

Zina,	 J.	 (2006).	 Communal	 nests	 in	Physalaemus pustulosus	 (Amphibia:	
Leptodactylidae):	 experimental	 evidence	 for	 female	 oviposition	
preferences	and	protection	against	desiccation.	Amphibia- Reptilia,	
27(1),	148–	150.	https://doi.org/10.1163/15685	38067	76052092

How to cite this article:	Méndez-	Narváez,	J.,	&	Warkentin,	K.	
M.	(2022).	Reproductive	colonization	of	land	by	frogs:	
Embryos	and	larvae	excrete	urea	to	avoid	ammonia	toxicity.	
Ecology and Evolution,	12,	e8570.	https://doi.org/10.1002/
ece3.8570

https://doi.org/10.1577/1548-8659(1983)112%3C705:ATOATF%3E2.0.CO;2
https://doi.org/10.1577/1548-8659(1983)112%3C705:ATOATF%3E2.0.CO;2
https://doi.org/10.1890/12-0194.1
https://doi.org/10.1890/12-0194.1
https://doi.org/10.1111/j.1365-2656.2009.01548.x
https://doi.org/10.1111/j.1365-2656.2009.01548.x
https://doi.org/10.1111/j.1365-2435.2009.01650.x
https://doi.org/10.1098/rspb.2015.0376
https://doi.org/10.1093/icb/icy117
https://doi.org/10.1093/icb/icy117
https://doi.org/10.1890/04-0535
https://doi.org/10.1242/jeb.180.1.323
https://doi.org/10.1242/jeb.180.1.323
https://doi.org/10.1016/S0166-445X(99)00101-0
https://doi.org/10.1016/S0166-445X(99)00101-0
https://doi.org/10.1073/pnas.92.8.3507
https://doi.org/10.1073/pnas.92.8.3507
https://doi.org/10.1016/j.cbpa.2007.02.009
https://doi.org/10.1093/icb/icr046
https://doi.org/10.1016/j.anbehav.2017.05.008
https://doi.org/10.1093/icb/15.2.405
https://doi.org/10.1093/icb/15.2.405
https://doi.org/10.1007/s00360-003-0395-z
https://doi.org/10.1007/s00360-003-0395-z
https://doi.org/10.1126/science.182.4119.1305
https://doi.org/10.1007/s10682-013-9661-z
https://doi.org/10.1242/jeb.198.2.273
https://doi.org/10.1002/jez.a.54
https://doi.org/10.1002/jez.a.54
https://doi.org/10.1242/jeb.198.1.127
https://doi.org/10.1242/jeb.198.1.127
https://doi.org/10.1242/jeb.003905
https://doi.org/10.1242/jeb.003905
https://doi.org/10.1242/jeb.126649
https://doi.org/10.1007/s002449900188
https://doi.org/10.1086/687547
https://doi.org/10.1086/687547
https://doi.org/10.1111/j.1439-0426.2011.01720.x
https://doi.org/10.1163/156853806776052092
https://doi.org/10.1002/ece3.8570
https://doi.org/10.1002/ece3.8570


20 of 26  |     MÉNDEZ- NARVÁEZ AND WARKENTIN

APPENDIX 1

TA B L E  A 1 Concentration	(mmol/L)	of	ammonia,	urea-	N,	and	total	N	(ammonia	+urea-	N)	measured	at	standardized	ages	(days)	under	wet	
and	dry	conditions	in	developmental	environments	of	four	frog	species:	aquatic	foam	nests	of	Engystomops pustulosus,	terrestrial	foam	nests	
of	Leptodactylus fragilis	and	terrestrial	jelly-	egg	clutches	of	Agalychnis callidryas	and	Hyalinobatrachium fleischmanni

Age 
(days)

Below/above 
detection 
limit

Ammonia (mmol/L)
Mean (SD), N

Urea- N (mmol/L)
Mean (SD), N

Total waste N (mmol/L)
Mean (SD), N

Wet Dry Wet Dry Wet Dry

E. pustulosus

0 B
A

0	(–	),	11
0.23	(–	),	1

–	
0.67	(0.26),	12

–	
0.69	(0.30),	12

2.5 B
A

–	
1.68	(0.85),	14

–	
2.23	(0.98),	15

0,	7
0.42	(0.14),	7

0,	5
0.49	(0.12),	10

–	
1.90	(0.81),	14

–	
2.56	(1.06),	15

4.5 B
A

–	
2.50	(1.05),	13

–	
3.40	(1.46),	15

0,	12
1.33	(–	),	1

0,	8
0.50	(0.17),	7

–	
2.60	(1.13),	14

–	
3.63	(1.46),	15

L. fragilis

0 B
A
NA

0,	11
–	
–	

–	
7.16	(4.09),	10
NA,	1

–	
7.16	(4.09),	10
NA,	1

4.5 B
A
NA

–	
2.16	(1.21),	18
–	

–	
1.75	(1.02),	22
NA,	1

0,	4
1.42	(0.60),	11
NA,	3

0,	1
2.81	(1.86),	16
NA,	5

–	
3.02	(1.16),	15
NA,	3

–	
4.02	(1.78),	17
NA,	5

8.5 B
A

–	
4.35	(1.53),	9

–	
7.50	(4.78),	6

0,	9
–	

0,	6
–	

–	
4.35	(1.53)

–	
7.50	(4.78),	6

12.5 B
A
NA

–	
6.76	(5.96),	18
–	

–	
53.45	(48.89),	14
–	

0,	5
9.37	(8.84),	8
NA,	5

0,	3
59.24	(71.04),	

10
NA,	1

–	
13.24	(13.89),	

13
NA,	5

–	
100.90	(97.35),	

13
NA,	1

A. callidryas

0 B
A

0,	9
–	

–	
0.70	(0.43),	9

–	
0.70	(0.43),	9

2.5 B
A

0,	4
–	

0,	7
0.53	(–	),	1

0,	2
0.27	(0.02),	2

–	
0.62	(0.25),	8

–	
0.13	(0.16),	4

–	
0.69	(0.20),	8

4.5 B
A
NA

–	
1.24	(0.38),	12
–	

–	
3.17	(0.75),	14
–	

0,	12
–	

0,	8
0.98	(0.60),	5
NA,	1

–	
1.24	(0.38),	12
–	

3.49	(1.02),	13
NA,	1

5.5 B
A

–	
1.18	(0.46),	10

–	
4.27	(2.37),	11

0,	9
0.37	(-	),	1

0,	10
4.44	(NA),	1

–	
1.22	(0.47),	10

–	
4.68	(2.99),	11

H. fleischmanni

0 B
A

0,	2
0.40	(0.10),	4

0,	6
–	

0,	2
0.40	(0.10),	4

5.5 B
A

0,	5
–	

–	
–	

0,	4
0.27	(–	),	1

–	
–	

0,	4
0.27	(–	),	1

10.5 B
A

–	
1.23	(0.21),	13

–	
2.66	(0.87),	16

0,	10
0.36	(0.08),	3

0,	5
1.17	(0.97),	11

–	
1.32	(0.33),	13

–	
3.47	(1.61),	16

Note: We	assessed	mean	and	standard	deviation	(SD)	for	concentrations	above	the	detection	limit	(A);	values	below	detection	limit	(B)	are	included	
only	as	the	number	of	zeros.	Where	no	samples	were	above	or	below	detection	limits,	or	SD	could	not	be	calculated,	we	indicate	“–	”.	In	some	samples,	
ammonia	was	detected	(A),	but	urea	could	not	be	quantified	and	is	indicated	as	NA.	Sample	size	(N)	is	indicated	in	bold.



    |  21 of 26MÉNDEZ- NARVÁEZ AND WARKENTIN

TA B L E  A 2 Experimental	concentrations	of	total	ammonia	nitrogen	(TAN,	mmol/L)	used	for	LC50	trials

Experimental concentrations

# Trials1 2 3 4 5 6 7 8

E. pustulosus

2.3 3.7 4.6 38.2 109.2 –	 –	 –	 N = 2

38.2 47.5 56.9 66.2 75.6 84.9 92.4 103.6 N = 10

L. fragilis

37.7 61.9 85.5 109.2 132.9 156.5 180.2 550.9 N = 2

61.9 71.1 80.4 89.7 99.0 108.3 117.5 126.8 N = 3

89.7 95.0 100.3 105.6 110.9 116.2 121.5 126.8 N =	9

A. callidryas

3.9 13.2 41.3 69.3 –	 –	 –	 –	 N = 1

3.9 10.6 17.3 23.9 30.7 37.3 44.0 50.7 N = 3

10.6 16.4 22.1 27.8 33.5 39.2 45.0 50.7 N = 3

22.1 26.2 30.3 34.4 38.5 42.6 46.7 50.8 N = 5

13.2 22.6 37.7 41.3 50.7 60.0 69.3 78.7 N = 1

H. fleischmanni

0.9 4.9 9.0 13.1 17.2 21.3 25.4 29.5 N = 5

Note: Each	trial	used	tadpoles	from	a	single	foam	nest	in	Engystomops pustulosus	and	Leptodactylus fragilis,	or	pooled	from	several	clutches	in	
Agalychnis callidryas	and	Hyalinobatrachium fleischmanni,	at	the	latest	sampled	age.	We	prepared	solutions	with	NH4Cl	covering	the	concentration	
range	across	species.

TA B L E  A 3 Linear	Mixed	Effects	Model	(LMEM)	in	Engystomops pustulosus	with	significance	levels	after	Likelihood	Ratio	Tests	(LRT)	of	
nested	models,	testing	effects	of	age,	treatment,	and	their	interaction	on	concentration	of	ammonia	and	urea-	N

Model
LMEM model and 
p- value Permutated p- value Post hoc p- value

Ammonia Age (days) Wet Dry

Age χ2
2 =	64,82,	p < .0001 .0002 0–	2.5 t =	−5.86,	p = .003 t =	−5.86	p = .003

Treatment χ2
1 =	6.93,	p = .008 .01 0–	4.5 t =	−9.75,	p = .003 t =	−9.75,	p = .0003

Interaction χ2
2 =	0.49,	p = .77 .76 2.5–	4.5 t =	−7.39,	p = .0003 t =	−7.39,	p = .0003

Treatment 2.5 days 4.5 days

Wet–	Dry t =	−2.62,	p = .02 t =	−2.62,	p = .02

Urea Age (days) Wet Dry

Age χ2
2 =	28.33,	p < .0001 .0002 0–	2.5 t =	4.06,	p = .002 t =	4.06,	p = .002

Treatment χ2
1 =	4.76,	p = .03 .03 0–	4.5 t =	5.73,	p = .001 t =	5.73,	p = .001

Interaction χ2
2 =	0.96,	p =	.61 .59 2.5–	4.5 t =	2.42,	p = .04 t =	2.42,	p = .04

Treatment 2.5 days 4.5 days

Wet–	Dry t =	−2.16,	p = .05 t =	−2.16,	p = .05

Note: Ammonia	and	urea	concentrations	were	rank-	transformed	and	permutated	p-	values	were	obtained	(5000	times)	for	fixed	effects	and	for	each	
pairwise	comparison	(adjusted	for	FDR),	using	the	LMEM	structure.
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TA B L E  A 4 Linear	Models	(LM)	in	Leptodactylus fragilis	with	significance	levels,	testing	the	effect	of	age,	treatment,	and	their	interaction	
on	concentration	of	ammonia	and	urea-	N

Model
LM model and 
p- value

Permutated 
p- value Post hoc p- value

Ammonia Age (days) Wet Dry

Age
Treatment
Interaction

F3,101 =	143.3,	
p < .0001

F1,101 =	5.87,	p = .03
F3,101 =	8.83,	

p < .0001

.0002

.01

.002

0–	4.5
0–	8.5
0–	12.5
4.5–	8.5
4.5–	12.5
8.5–	12.5

t =	−6.86,	p = .0003
t =	−9.70,	p = .0003
t =	−11.94,	p = .0003
t =	−4.25,	p = .0003
t =	−5.77,	p = .0003
t =	−0.40,	p = .73

t =	−5.78,	p = .0003
t =	−10.07,	p = .0003
t =	−15.68,	p = .0003
t =	−6.46,	p = .0003
t =	−12.26,	p = .0003
t =	−2.66,	p = .008

Treatment 4.5 days 8.5 days 12.5 days

Wet–	Dry t =	1.55,	p = .15 t =	−1.42,	p = .17 t =	−5.29,	p = .0003

Urea Age (days) Wet Dry

Age
Treatment
Interaction

F3,86 =	36.7,	
p < .0001

F1,86 =	5.7,	p =	.019
F3,86 =	1.1,	p = .35

.0002

.11

.35

0–	4.5
0–	8.5
0–	12.5
4.5–	8.5
4.5–	12.5
8.5–	12.5

t =	4.58,	p = .0004
t =	7.27,	p = .0004
t =	1.84,	p = .08
t =	3.70,	p = .0008
t =	−3.21,	p = .003
t =	−6.35,	p = .0004

t =	2.51,	p = .02
t =	6.44,	p = .0004
t =	0.40,	p = .74
t =	5.08,	p = .0004
t =	−2.18,	p = .05
t =	−6.29,	p = .0004

Treatment 4.5 days 8.5 days 12.5 days

Wet–	Dry t =	−2.60,	p = .02 t =	0,	p = 1 t =	−1.48,	p = .2

Note: Ammonia	and	urea	concentrations	were	rank-	transformed	and	permutated	p-	values	were	obtained	(5000	times)	for	fixed	effects	and	for	each	
pairwise	comparison	(adjusted	for	FDR),	using	the	LM	structure.

TA B L E  A 5 Linear	Models	(LM)	in	Agalychnis callidryas	with	significance	levels,	testing	the	effect	of	age,	treatment,	and	their	interaction	
on	concentration	of	ammonia	and	urea-	N

Model
LM model and 
p- value

Permutated 
p- value Post hoc p- value

Ammonia Age (days) Wet Dry

Age
Treatment
Interaction

F3,69 =	334.59,	
p < .0001

F1,69 =	84.83,	
p < .0001

F3,69 =	14.52,	
p < .0001

.0002

.0002

.0002

0–	2.5
0–	4.5
0–	5.5
2.5–	4.5
2.5–	5.5
4.5–	5.5

t =	0,	p = 1
t =	−13.15,	p = .0003
t =	−12.25,	p = .0003
t =	−10.05,	p = .0003
t =	−9.51,	p = .0003
t =	0.40,	p =	.76

t =	−1.09,	p = .35
t =	−20.90,	p = .0003
t =	−20.31,	p = .0003
t =	−18.95,	p = .0003
t =	−18.50,	p = .0003
t =	−0.49,	p = .73

Treatment 2.5 days 4.5 days 5.5 days

Wet–	Dry t =	−0.87,	p =	.49 t =	−7.95,	p = .0003 t =	−8.02,	p = .0003

Urea Age (days) Wet Dry

Age
Treatment
Interaction

F3,68 =	32.47,	
p < .0001

F1,68 =	10.15,	
p = .002

F3,68 =	3.32,	
p = .02

.0002

.0006

.03

0–	2.5
0–	4.5
0–	5.5
2.5–	4.5
2.5–	5.5
4.5–	5.5

t =	3.14,	p = .003
t =	6.89,	p = .005
t =	6.08,	p = .005
t =	1.98,	p = .08
t =	1.52,	p = .18
t =	−0.57,	p = .70

0–	2.5	days,	t =	−0.01,	p = 1
0–	4.5	days,	t =	4.02,	p = .0005
0–	5.5	days,	t =	5.95,	p = .0005
2.5–	4.5	days,	t =	3.89,	p = .005
2.5–	5.5	days,	t =	5.77,	p = .0005
4.5–	5.5	days,	t =	2.27,	p = .04

Treatment 2.5 days 4.5 days 5.5 days

Wet–	Dry t =	−3.09,	p = .003 t =	−3.23,	p = .002 t =	−0.27,	p =	.90

Note: Ammonia	and	urea	concentrations	were	rank-	transformed	and	permutated	p-	values	were	obtained	(5000	times)	for	fixed	effects	and	for	each	
pairwise	comparison	(adjusted	for	FDR),	using	the	LM	structure.
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TA B L E  A 6 Linear	Model	(LM)	in	Hyalinobatrachium fleischmanni	with	significance	levels,	testing	differences	in	concentration	of	ammonia	
and	urea-	N	across	ages	and,	after	hatching	competence,	across	treatments

Model LM model and p- value
Permutated 
p- value Post hoc p- value

Ammonia Age Wet Dry

Category F3,36 =	122.93,	
p < .0001

.0002 0–	5	days
0–	10.5	days
5.5–	10.5	days

t =	3.68,	p = .002
t =	6.82,	p = .0002
t =	10.63,	p = .0002

–	
t =	13.30,	p = .0002
t =16.78,	p = .0002

Treatment 10.5 days

Wet–	Dry t =	−8.04,	p = .0002

Urea Age Wet Dry

Category F3,36 =	6.59,	p = 0.001 0.002 0–	5	days
0–	10.5	days
5.5–	10.5	days

t =	−0.65,	p =	.62
t =	0.98,	p =	.49
t =	0.17,	p =	.86

–	
t =	3.64,	p = .008
t =	2.63,	p = .02

Treatment
Wet–	Dry

10.5 days
t =	−3.37,	p = .01

Note: Categories	were	shortly	after	oviposition	and	before	and	after	hatching	competence	in	the	field	under	paternal	care	(wet:	0,	5.5,	and	10.5	days),	
and	after	5	days	in	the	lab	under	dry	conditions	(10.5	days).	Ammonia	and	urea-	N	concentrations	were	rank-	transformed	and	permutated	p-	values	
were	obtained	(5000	times)	for	fixed	effects	and	for	each	pairwise	comparison	(adjusted	for	FDR),	using	the	LM	structure.

TA B L E  A 7 Effect	of	wet	and	dry	conditions	(treatments)	on	the	amount	of	ammonia,	urea-	N,	and	total	waste-	N	(ammonia	+urea-	N)	
present	per	individual,	and	urea-	N	as	a	proportion	of	total	waste-	N,	measured	at	the	latest	sampling	age	in	the	foam	nests	of	Leptodactylus 
fragilis	and	the	perivitelline	fluid	of	Hyalinobatrachium fleischmanni

Statistical model L. fragilis H. fleischmanni

Ammonia/individual	~	Treatment t26.4 =	−3.05,	p = .005; p = .008 t24.1 =	1.06,	p =	.296;	p = .325

Urea-	N/individual	~	Treatment W =	43.5,	p = .035; p =	.049 W =	52,	p =	.016;	p = .022

Total	waste-	N/individual	~	Treatment t23.0 =	−3.30,	p = .003; p = .005 t26.3 =	−0.45,	p =	.657;	p =	.669

Urea-	N/total	nitrogen	~	Treatment χ2 =	1.04,	p = .30; p =	.269 χ2 =	5.59,	p = .018; p =	.006

Note: We	transformed	all	data	to	account	for	zeros	and	obtained	permutated	p-	values	using	permutated	t-	tests	(5000	times).	We	also	obtained	
parametric	p-	values	using	t-	tests	or	Wilcoxon	Rank	Sum	Tests	(W)	for	amounts	of	excreted	nitrogen	wastes	and	a	generalized	linear	mixed	model	
(GLMM)	with	an	underlying	Beta	error	distribution	and	likelihood	ratio	test	(LRT)	for	the	proportion	data.
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TA B L E  A 8 Effect	of	treatment	(wet	and	dry	conditions)	and	ammonia	concentration	(actual:	Table	A1;	potential:	ammonia	+urea-	N)	on	
the	amount	of	ammonia	and	urea-	N	present	per	individual	in	Leptodactylus fragilis	and	Hyalinobatrachium fleischmanni

Statistical models L. fragilis
1Urea-	N/individual	~actual	ammonia	*	treatment:

Actual	ammonia F1,22 =	1.76,	p =	.198;	p = .208

Treatment F1,22 =	7.79,	p = .011; p = .010

Interaction F1,22 =	2.63,	p =	.119;	p = .118

Urea-	N/individual	~potential	ammonia	*	treatment:

Potential	ammonia F1,22 =	5.67,	p =	.026;	p = .015

Treatment F1,22 =	4.39,	p = .048; p =	.049

Interaction F1,22 =	4.76,	p = .040; p = .037

Statistical models H. fleischmanni
2	Urea-	N/individual	~actual	ammonia	*	treatment:

Actual	ammonia F1,25 =	3.09,	p =	.091;	p = .114

Treatment F1,25 =	5.09,	p = .032; p = .035

Interaction F1,25 =	3.23,	p = .084; p = .085

Urea-	N/individual	~potential	ammonia	*	Treatment

Potential	ammonia F1,25 =	10.23,	p = .004; p = .002

Treatment F1,25 =	8.82,	p =	.006;	p = .007

Interaction F1,25 =	8.15,	p = .008; p =	.009

Note: We	used	an	AIC	approach	to	determine	the	LM’s	that	best	explain	the	amount	urea	in	developmental	environments	from	two	sets	of	models	
including	only	treatment,	only	ammonia	(actual	or	potential)	or	both	fixed	factors	with	their	interaction,	followed	by	a	permutation	approach	to	
obtain	p-	values.	When	the	best	model	included	only	treatment,	we	used	results	from	Table	A7.	1,	2	best	models	(AIC)	had	treatment	as	the	only	
predictor,	but	R2	was	higher	for	full	model	with	interaction:	10.153	vs.	0.2673;	2	0.209	vs.	0.299.
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TA B L E  A 9 Ammonia	LC50	values	or	percent	mortality	at	given	concentrations	(mmol/L)	during	acute	(≤96	h)	or	chronic	(>96	h)	ammonia	
exposure	in	anurans	(embryos	and	tadpoles)	and	fishes	(embryo	to	adult	stages)

Species
Exposure 
time

LC50 (mmol/L) or 
% mortality

Environmental 
ammonia

Developmental 
environment

Development 
stage Reference

Anurans

Engystomops pustulosus 96	h 53 2.5–	3.4 Semi-	Terrestrial Tadpole:	early This study

Leptodactylus fragilis 96	h 110 6.76–	53.45 Terrestrial Tadpole:	early This study

Agalychnis callidryas 96	h 36 1.18–	4.27 Terrestrial Tadpole:	early This study

Hyalinobatrachium 
fleischmanni

96	h 18 1.23–	2.66 Terrestrial Tadpole:	early This study

Leptodactylus bufonius 24 h 5 =	100% 4–	40 Terrestrial Tadpole Shoemaker	and	
McClanahan	(1973)

Gastrotheca riobambae 24 h 0.1–	0.025	=	0%
100–	0.5	=	100%

5.2 Terrestrial Tadpole Alcocer	et	al.	(1992)

Xenopus laevis 5	days 4.03*
3.11

0.14–	1.49 Aquatic Embryos Schuytema	and	Nebeker	
(1999a),	McDowell	and	
McGregor	(1979)

Anaxyrus americanus 96	h 0.97–	2.81a Aquatic Tadpoles Hecnar	(1995)

Bufo bufo 96	h 6.43*	=70% Aquatic Tadpoles García-	Muñoz	et	al.	(2011)

96	h
7	days

27.45
26.37

Aquatic Tadpoles Xu	and	Oldham	(1997)

Bufo calamita 96	h 6.43	=	80% Aquatic Tadpoles García-	Muñoz	et	al.	(2011)

3.22 =	0% Aquatic Embryos Ortiz-	Santaliestra	and	
Marco	(2015)

7	days
12	days

3.22 = ~50%
3.22 = ~60%

Aquatic Tadpoles Ortiz-	Santaliestra	and	
Marco	(2015)

15	days 8.06*	=65.8% 0.004–	0.26 Aquatic Tadpoles Miaud	et	al.	(2011),	Ortiz-	
Santaliestra	et	al.	(2006)

Boana faber 21	days 0.09	= 0
0.35 =	11%

0.12–	0.30 Aquatic Tadpoles Ilha	and	Schiesari	(2014)

Discoglossus galganoi 15	days 3.22* =31% 0.004–	0.26 Aquatic Tadpoles Miaud	et	al.	(2011),	Ortiz-	
Santaliestra	et	al.	(2006)

Euphlyctis cyanophlycti 9	days 3.12 = >50% Aquatic Tadpoles Bibi	et	al.	(2016)

Pseudacris regilla 96	h 2.92*
4.29

0.14–	1.49 Aquatic Embryos Schuytema	and	Nebeker	
(1999a),	McDowell	and	
McGregor	(1979)10	days 1.77*

2.15
0.14–	1.49 Aquatic Tadpoles

Pseudacris triseriata 96	h 1.21* Aquatic Tadpoles Hecnar	(1995)

Pelobates cultripes 15	days 3.22* =49% 0.05–	3.6 Aquatic Tadpoles Miaud	et	al.	(2011),	Ortiz-	
Santaliestra	et	al.	(2006)

Pelodytes ibericus 96	h 6.43*	=90% Aquatic Tadpoles García-	Muñoz	et	al.	(2011)

Pelophylax perezi 96	h 6.43*	=0% Aquatic Tadpoles García-	Muñoz	et	al.	(2011)

Lithobates pipiens 96	h 1.60* Aquatic Tadpoles Hecnar	(1995)

Lithobates clamitans 96	h 2.30* Aquatic Tadpoles Hecnar	(1995)

Lithobates silvatica 7	days 0.62–	1.24b = 
~50%

0.16–	4.03 Aquatic Tadpoles Burgett	et	al.	(2007)

Rana aurora 16	days 5.11 Aquatic Tadpoles Schuytema	and	Nebeker	
(1999b)

(Continues)
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Species
Exposure 
time

LC50 (mmol/L) or 
% mortality

Environmental 
ammonia

Developmental 
environment

Development 
stage Reference

Fishes

Oncorhynchus mykiss 96	h 0.18–	11.50c Juveniles Thurston	et	al.	(1981)

38	days 1.19	=	2.5% Sac	Fry,	15	dph Brinkman	et	al.	(2009)

50	days 1.85 =	40% Embryos de	Solbé	and	Shurben	
(1989)

90	days 1.19	=	77.5% Fry,	52	dph Brinkman	et	al.	(2009)

Opsanus beta 96	h 63.6 0.008–	0.01	
(Nest)

Embryos Barimo	et	al.	(2004),	
Barimo	and	Walsh	
(2005)

5.45 Larvae Barimo	and	Walsh	(2005)

0.87 Juveniles Barimo	et	al.	(2004)

9.7 Adults Wang	and	Walsh	(2000)

Opsanus tau 96	h 19.7 Adults Wang	and	Walsh	(2000)

Opsanus notatus 96	h 6 Adults Wang	and	Walsh	(2000)

Pelteobagrus fulvidraco 96	h 1.77–	4.90e Adults Zhang	et	al.	(2012)

Monopterus albus 96	h 193.2 Adults Ip,	Tay,	et	al.	(2004)

Clarias gariepinus 5	days
96	h

100 =	0%
380

Adults Ip,	Zubaidah,	et	al.	(2004)

Protopterus dolloi 6	d 100 =	0% Adults Chew	et	al.	(2004)

Periophthalmodon 
schlosseri

Weeks
96	h

100 =	0%
120

Adults Peng	et	al.	(1998),	Ip,	
Leong,	et	al.	(2005),	Ip,	
Peh,	et	al.	(2005)

Heteropneustes fossilis Weeks
96	h

75 =	0%
100 =	100%

Adults Saha	and	Ratha	(1994);	
Chew	et	al.	(2020)

Alcolapia grahami 24 h 0.77
0.75

Juveniles
Adults

Walsh	et	al.	(1993)

Pimephales promelas 96	h 2.42–	7.70d

0.42–	18.15c
Adults Thurston	et	al.	(1983),	

Thurston	et	al.	(1981)

Notropis topeka 96	h 1.15
2.43

Juveniles
Adults

Adelman	et	al.	(2009)

Notropis spp. 96	h 1.19–	3.41f Adults Adelman	et	al.	(2009)

Note: Names	in	bold	indicates	species	where	urea	excretion	has	been	reported.	All	ammonia	concentrations	are	presented	based	on	total	ammonia	
nitrogen,	mostly	from	NH4Cl;	asterisks	indicate	values	from	NH4NO3.	Ammonia	level	or	ranges	measured	in	developmental	environments	are	
included	where	available.
aFor	different	populations
bFor	different	life	stages
cFor	different	pH	solutions
dFor	different	temperatures
eFor	different	adult	sizes
fFor	different	species,	cited	in	Adelman	et	al.	(2009).
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