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Synopsis Ma ny a nura n a mphibia ns (frogs a nd toads) rely on aquatic hab i tats d uring their larval s ta ge. The qu alit y of this 
env ironment c an signific an tly im p act lifet ime fit n ess an d po p u lat ion dyn amics. Over 450 studies h ave been publi shed on en- 
vironmen tal im pacts on a nura n deve lopm enta l plast icity, y et w e lack a synthesis of these effects across different environments. 
We co nd ucte d a meta-ana lysis and use d a com para tive a pproac h t o under st and whet her development a l plast ici ty in respo nse 
to different larval environments produces predictable changes in m etam orp hic p h en otypes. We ana lyze d data from 124 studies 
spa nning 80 a nura n species a nd six la rval environments a n d s h owed tha t in t raspe cific variat ion in m a ss at m etam orph osis an d 

the d uratio n o f t he larval per iod is partly explained by the type of environment experienced during the larval p erio d. Chan g es in 

l arval env ironm ents ten de d to re duce m a ss at m etam orph osis re la tive to con trol co ndi tio ns, wi t h t he deg re e of chan g e depend- 
ing on the identity and s e verit y of env ironmental chan g e. Higher tem pera tures and lower water levels shortened the d uratio n 

of the larval p erio d, whereas less fo o d an d high er densities in cre ased t he d uratio n o f t he larval per iod. Phylogen etic re lation- 
s hips am ong species were not associated with int er spe cific variat ion in m a ss at m etam orph osi s pla stici ty o r d uratio n o f the 
larval p erio d plast icity. O ur resu l ts p rov ide a found atio n fo r fu t ure st udies o n develop menta l plast icity, espe cia l ly in response 
to glob a l chan g es. This study provides mot ivat io n fo r addi tio nal wo r k that links deve lopm enta l plast ici ty wi th fitness co nse- 
quences within and across life stages, as well as how the ou tco mes described here are a ltere d in compounding environments. 

Lay summary We co nd ucte d a meta-ana lysis to ident ify how six differ ent envir onments a ffect m a ss at m etam orph osis an d 

tim e to m etam orph osis in la rval a nura ns. We find that so me, bu t not a l l, environmenta l co ndi tio ns tr ig ger ed pr edicta ble chan g es 
in size and timing of m etam orph osis, an d phylogen etic re latedn ess rare l y exp lain s dev e lopm enta l plast icity variat io n amo ng 
species. 
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ntroduction 

omplex life cycles are the p redo mina nt lif e history
trategy on Earth and are c haract erized by life cycles
hat are seg mente d into distinct stages with unique
or ms, f un ctions, an d e colog ies ( Wi l bur 1980 ; Wern er
988 ; Mo ran 1994 ). Fo r taxa wi th co mplex life cy-
les, enviro nmental co ndi tio ns experienced d uring em-
 ryo nic and larval life s ta ges can shape phenotypes
 dvance A ccess pu blication Jun e 5, 2023 
C Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
nd survival ( West-E ber hard 2003 ), term ed deve lop-
enta l plast icity ( Pe cheni k 2006 ; Ea rl a nd Semlitsch

013 ; Collet an d Fe llous 2019 ). Environm entally in-
uced ph en otypic chan g es may include growth rates
e.g., cel l proliferat ion) and development (e.g., cell dif-
eren tia tion), which, in turn, ca n a ffect the size at
 etam orph osis an d th e timing of m etam orph osis

 Smith-Gi l l 1983 ; Rose 2005 ). Changes in growth,
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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deve lopm ent, an d th e d uratio n o f ea rly lif e s ta ges ca n a f-
fe ct fit nes s at s ubsequent life s ta ges, oft en t ermed carry-
over or la ten t effe cts ( Pe cheni k 2006 ). Thus, under-
stan ding h ow environm ental chan g es a ffect orga ni sm al
deve lopm ent is crit ica l for pre dict ing the future impact
of glob a l c limat e c han g e on po p u lat ions and spe cies. 

Anura ns (frogs a nd toads) a re th e m os t s pecious
c lade of vert ebrat es, have a complex life cyc le , and rank
am ong th e taxa m ost significa ntly a ffe cte d by c limat e
chan g e ( Hof et al. 2011 ; Li et al. 2013 ). Clim ate ch an g e
is expe cte d to a lter wetland tem pera tures ( Salimi et al.
2021 ), hydrop erio d or drought regimes (i .e ., the du-
ra tion tha t wa ter remain s in a w etland; Wa l ls et a l.
2013 ), sa linit ies ( Herbert et al. 2015 ), and co mmuni ty
st ructure ( Gi lman et a l. 2010 ). Deve lopm enta l plast ic-
ity h a s be en wel l documente d in response to chan g es
in isolated environmental variables such as tempera-
ture ( Rut hs atz et al . 2018 ; S inai et al . 2022 ), preda-
t or s ( Re lyea 2007 ), an d decreasin g water lev els ( Ric ht er-
Boix et al. 2011 ), but we lack comparisons of how dif-
fer ent envir onment al var iables affect growth and devel-
o pment (b ut se e Tej e do et a l. 2010 ; Ea rl a nd W hi teman
2015 ). Fo r instance, red uced tem pera tures a ffect la r-
val deve lopm en t ra te mor e than gr owth ( Blouin and
Br own 2000 ), wher eas r e duce d fo o d avai labi lity slows
growt h wit h limite d effe cts o n develop ment ( Emerso n
1986 ). How ev er, each of these studies was co nd ucted
on a single species, leaving the genera lizabi lity of the
resul ts unclear. Mo reover, i t is not known how differ-
en t environmen ts a ffe ct plast icity relat ive to one an-
ot her. While t he lit erature c le arly shows t hat fo o d limi-
tation and reduced tem pera tures a ffect growth and de-
ve lopm ent, we do n ot kn ow which h a s the stron g est ef-
fec t. Althoug h an uran am phibians are a c lassic vert e-
brate m ode l system for studyin g dev e lopm ental plas-
ticity and complex life cy cles, w e hav e limite d cap acity
to establish expe ctat ions acr oss differ ent envir onmental
co ndi tio ns. 

Identifyin g g eneral pattern s of dev e lopm ental plas-
tici ty in respo nse to enviro nmental chan g es is fur-
ther com plica te d by spe cies variat io n. Al though inter-
spe cific variat io n in develop menta l plast icity can de-
crease our ab ili ty to taxo no mica l ly genera lize, incorpo-
ratin g phylog en etic re latedn ess, an d clade-specific vari-
ation may allow us t o bett er predict clade-specific re-
sponses in growth and deve lopm en t ra t es t o environ-
mental chan g es. Species that ar e mor e closely related
ar e mor e likely to have similar life histo ry trai ts, such
as growth rates, deve lopm ent rates, an d size at meta-
m orph osis ( Ric ht er-Boix et al . 2011 ; Relyea et al . 2018 ),
which may a ffe ct the dire ct io n o r deg re e of develop-
menta l plast ici ty o f these trai ts. How ev er, the few stud-
ies th at h ave exp licitl y t est e d for phylogenet ic sig na l in
a nura n deve lopm enta l plast icity have found that phy-
logenet ic sig na l rar ely pr edict deve lopm enta l plast ic-
i ty in respo n se to differin g pre dat ion pres s ures ( Relyea
et al. 2018 ) or tem pera tures ( Sinai et al. 2022 ). More
com para tive studies o f develop menta l plast icity across
differ ent envir o nmental co ndi tio ns are needed to un-
derstan d wh en ph ylogen y can h e l p p redict develop-
menta l plast icity. 

We explored h ow deve lopm enta l plast icity a lt er s
m etam o rphic ou tco m es in amphi b ians in respo nse to
ab iotic and b iotic enviro nmental co ndi tio ns that are
likely to chan g e in the coming decades with glob a l
c limat e c han g e , suc h as tem pera ture, salinity, habitat
structure, co mmuni t y dy na mics, a nd f o o d avai labi lity.
Synt hesizing t he effects of mul ti ple enviro nmental co n-
di tio ns o n develop menta l plast icity wi l l g re at l y ad vance
our ab ili ty t o under sta nd a mphibia n biology and life
hi story, a s well a s predict t he f u ture impacts o f glob a l
c limat e c han g e on po p u lat ions and spe cies ( Urb an et al.
2014 ). 

Materials and methods 

Study selection 

We searched the Web of Science database for experi-
ment al studies t hat eva luate d m etam o rphic respo nses
acr oss differ ent l arval env iro nments. We co nd ucted
the init ia l search on Augu st 15, 2022. We u sed the
se arch str ing, “(str ess OR r esp on ∗ OR p o l yp hen ∗ OR
plastic ∗) AND (develop ∗ O R grow ∗ O R differen tia t ∗)
AND (a nura n ∗ O R frog O R toad) AND (tadpole ∗
O R la rva ∗) AND meta morph ∗) a nd sea rched ab-
st racts. Init ia l sear ches r eturne d 483 hits. Spe cific ex-
cl usio n cri ter ia are det ai le d in the P RISMA dia gram
( Fig. 1 ) 

Study meta-data 

After refining our data base, w e extracted met a-dat a
from t he text, t ables, and dat a reposi to ries, and used
WebPlotDig it izer ( h ttps://a utomeris.io/WebPlotDig it i
zer/ ) to extract data from figures. We col le cte d meta-
dat a on t he t axo no my o f study o r ganism s, which en-
vironmenta l p a ra met er s of int erest (e .g., t em pera ture,
pre dat ion, etc.) were manipu late d, as wel l as data on
t he exper iment al set up including tank size and/or vol-
ume, a ir a nd water tem pera tures, type and amount of
fo o d provided to tadpoles. We r ecor ded th e deve lop-
menta l t ime poin t a t which experimen ta l anima ls were
col le cte d, t he st age or time that the experiment was
start ed , an d h ow each study defin ed m etam orph osis.
We col le cte d sample size dat a t hat included t he num-
ber of r eplicates, tr eatm ents, an d tadpoles within each
exper iment a l unit. Fina l ly, we re corde d wh eth er auth ors
col le cte d ph en ot ypic d at a before met amo rphosis o r

https://automeris.io/WebPlotDigitizer/
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Fig. 1 A PRISMA workflow describing the identification, screening, and inclusion process for the studies included in the meta-analysis. 
After identifying the pool of studies, studies underwent two screenings: an initial screening that applied to all studies, and then another 
screening to identify whether the study fit within criteria unique to each environment. Final sample numbers are shown, though the 
samples for each of the six environmental conditions add up to more than the total number of studies because some studies exposed 
developing larvae to more than one environmental condition. 
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fter co mpletio n o f m etam orph osis (e.g., m easured
a rry-over effe cts), in addit ion to the phenot ypic d ata
ol le cte d at m etam orph osis. 

alculation of effect size 

nurans species dem onstrate in credi ble variation in the
ize at m etam orph osis an d th e tim e sp ent as tadp oles
i.e . , d uratio n o f larval p erio d). To sta nda rdize ph en o-
yp ic respo nses acros s s pe cies, we ca lcu late d the log
dds ratio (LO R) f or m a ss at m etam orph osis, length at
 etam orph osis, an d d uratio n o f larval p erio d ( Chang

 nd Hoaglin 2017 ; Ha mma n et al. 2018 ). LO R is calcu-
ated as: LOR = log(ph en otype t reat ment /ph en otype control )
n d descri bes th e magnitude an d dire ct io n o f ph en o-
ypic chan g e relativ e to the cont rol t reat ment. A LOR
f 0 is e quiva lent to an odds ratio of 1, which in-
icates n o differen ce betwe en t reat m ent an d control.
 r esponse gr e ater t ha n 0 indicates a n increase in

ength, m a ss, or larval duration relative to the con-
r ol, wher eas a r es ponse les s than 0 indicates a reduc-
ion in length, m a ss, or larval duration relative to the
ontrol. The f urt her t he LO R depa r ts f r om zer o, the
re ater t he magni tude o f the effect. Al though stud-
es reported length data as either snout-vent length or
ot al lengt h, we co mb ined two different measures of
ength into a single estimate of length because LORs
rovide an estimate of relative cha nge compa red to
ontrol. 

To sta nda rdize exper iment a l t reat ments for environ-
 ental con dition s across div erse studies, w e conv erted

ach co ndi tio n to a sta nda r dized measur e. We calcu-
ate d the deg re e of fo o d rest rict io n as the p ropo rtio n
f fo o d relative to th e high est fo o d amount wit hin t hat
 tudy. For ins t ance, if t h e n on-rest ricte d t reat ment re-
eive d 0.5 g rams o f rabb i t chow daily an d th e fo o d re-
t ricte d t reat ment re ceive d 0.25 g dai ly, the cont rol en-
ironm ent (n onrest ricte d) was assig ne d to 0, and the
o o d rest ricte d t reat ment was 0.5 (50% of what was of-
ered to the con trol). F o r salini ty expos ure s tudies, all
 alinity me asur es wer e convert ed t o parts per t hous and
p p t; or grams of disso l ve d sa lt per liter; g/L). Percent
eawater was converted to p p t by as s uming seawater to
e 35 parts per t hous and (e.g., 10% seawater is equiva-

ent to 3.5 p p t). Salini ty p resented as millimole (mMol)
as converted to g/L first by mu lt ip l ying by the molec-
lar weight of NaCl (58.44 g/mol) divided by 1000 (to
onvert to g/L). Sa linity presente d as mi l liosmoles per
i log ram (mOsm/kg) was converted to p p t by mu lt i-
 l ying the mOsm/kg value by the mole cu lar weight of
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sodi um chlo r ide and dividing t hat value by 2000 (1000
∗ the number of spe cies; NaC l is 2 spe cies). Tempera-
tur es wer e less variable in how they were report ed , and
we used Celsius scale. G iv en the ran g e of tem pera tures
acros s s tudies, w e use a relativ e me asure of war ming.
Spe cifica l ly, the lowest tem pera ture wa s a ssig ne d 0, and
t hen war ming wa s a ssig ne d as th e differen ce between
t reat m ents an d th e con trol. F or exam p le, a stud y that
exp osed tadp oles to 20, 25, and 30C t reat ments wou ld
hav e relativ e rise in tem pera ture ( � tem pera ture) listed
as 0, 5, and 10 deg re es. Densit ies were simi la rly va ri-
able acros s s tudies. To s ta nda rdize tadpole den sities, w e
fir st convert e d a l l densit ies to t he number of t adpoles
per li ter o f wa ter. F or instance , t en tadpoles h e ld in
500 mL water were convert ed t o 20 tad poles/li ter. We
th en assign ed treatm ents as differen ces in th e number
o f tad po les relati ve to the contro l. Using t he pr ior ex-
am ple, the con t rol wou ld again be assig ne d as 0, and
a 25 tad pole/li ter t reat ment wou ld be assig ne d a 5. We
g roupe d tadpoles into differ ent pr e dator t reat ments us-
in g g eneral tax o no mic descri ptio ns t o denot e preda-
t or type . For instance , Proca mba ru s acutu s (white river
crawfish) wa s cla ssified a s “crayfis h,” an d Anax ju ni us
larva (co mmo n g re en d arner) was cl a ssified a s “drag-
onfly nymp h.” Studies tha t lowered wa ter lev els w ere
sta nda rdized by ca lcu lat ing the p ropo rtio n al ch an g e in
water vol ume o r depth fro m t he st art to end of the ex-
perim ent. Non drying t reat ments were a lways assig ne d
0 (no drying) and ran g ed to 1 (total dry down). For
instance, if a control trea tmen t had 500mL of water,
an d th e drying t reat m ent contain ed 100mL at th e en d,
the cont rol wou ld e qua l 0, whi le the t reat ment wou ld
be 0.8. 

L og-o dds ratio effect sizes depend on the control, so
we defined specific contr ol tr ea tmen ts for each environ-
m ent. In gen eral, th e control was th e environm ent as-
sumed to be t he le as t s tres sf ul to t ad poles (wi th temper-
ature as an exception, in which the control was the low-
est tem pera tur e tr ea tmen t included in the experiment).
In most cases, t he me asure of the control was equal to
0 (or in the case of predator presen ce, n o preda tor). F or
s alinity exposure, t h e fres hwa ter trea tmen t (0 p p t) was
th e control. Th e co ntrol fo r a lower fo o d amount was
t he tre a tmen t with the greatest amount of fo o d pro-
v ided (e.g ., no restriction = 0). To investigate higher
tem pera ture effects, we considered the lowest temper-
ature within each t reat ment as the control (lowest tem-
perature = 0). We as s um e th e low est den si ty as the co n-
t rol t reat ment (low est den si ty per li ter = 0). Fo r p reda-
to r p resences, tanks wi thou t p redato rs were the control
fo r no n-lethal p redato r p resence. Tanks wi t h ste ady wa-
ter lev els w er e the contr ol for envir onmen ts with wa ter
lev els low ered (no chan g e in water lev el = 0). 
 

Statistical methods 

We co nd ucte d a l l ana lyses in R version 4.0.3 (R
Core Team 2018 ). Although we col le cte d data on
both m a ss and lengt h, t h ese two ph en otypes were
s h own to be tightly correlated (R 

2 = 0.89; Sup-
plemental Fig. 1). More studies reported data on
m a ss th an length, so we focused the analyses on
m a ss at m etam orph osis an d d uratio n o f larval
p erio d. 

To determin e wh eth er m a ss at m etam orph osis an d
d uratio n o f larval p erio d var ied across t he six differ-
en t environmen tal co ndi tio n s, w e u sed log-odd s ratio a s
the response for both m a ss at m etam orph osis an d du-
ratio n o f larval p erio d. We use d li keli ho o d ratio tests to
test wh eth er a m ode l that in cluded th e environm ental
co ndi tio n as a c ategoric al fixed effec t (e.g., “hig her tem-
peratur es,” “pr edato r p resence,” etc.) fit the data better
tha n a no-effect m ode l. We in cluded study as random
effects to account for the variation acros s s tudies (see
forest plots in Supplemental Figs. 2 and 3). We used
linea r mixed effects m ode ls (package lm e4 ( Bat es et al .
2014 ) with p ost-ho c p airwise comp arisons t o t est for
differences between environments using emmeans () in
emmean s packag e ( Lenth 2018 ). We use d fa l se di scov-
ery rate (fdr) to ad just P -val ues to account for mu lt iple
tests. 

The previous tests determined how the type of en-
viro nmental co ndi tio n (bu t not s e verity) a ffe cte d re-
spons es, s o t o under stan d h ow s e verit y w it hin e ach
co ndi tio n a ffected m a ss at m etam orph osis an d dura-
tio n o f larval p erio d, we ana lyze d respo nses wi thin
each environment separately. For these analyses, we
employed both ph ylogen y-b ase d appro aches (Bayesian
phylogenet ic mu lt i leve l m ode ls) an d n onph ylogen y-
b ase d m eth ods (lin ea r mixed effects m ode ls). Re-
sul ts fro m phylogenet ic-b ase d appro aches revea le d that
ph ylogen y did not account for any variab ili ty across
any of the models (Supp lemental Tab le 1), so we
c hose t o focus on the results obtained from the lin-
ea r mixed effects m ode ls, which provide d g reater flex-
ib ili ty in terms of the data that could be incor-
pora ted in to the an alysi s and faci litate d hypothesis
testing. 

To construct the linear mixed effects m ode ls, we re-
g resse d the m a ss at m etam orph osis or th e d uratio n o f
t he larval per iod a gains t each of th e environm ental con-
di tio ns. Higher tem pera tures, higher densities, lower
water leve ls, high er sa linit ies, a nd lower f o o d amounts
wer e tr ea ted as con tin uous fixed effec ts, w hile p redato r
pr esence was tr eated as a c ategoric al fixed effect with
p redato r type serving as the level for comparison (e.g.,
“crayfish,” “fish,” etc.). We again included study as ran-
dom effects in th ese m ode ls (Supplem ental Figs. 2 an d
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). Li keli ho o d ratio tests evaluated wh eth er th e m ode l
it h t h e environm ental con dition better fit the data rel-

tive to a no-effect m ode l. 
Fina l ly, to dire ctly as ses s the extent t hat var iation

n deve lopm enta l plast ici ty amo ng species could be
tt ribute d to phylogenetic relatedness, we est imate d
hylogenet ic sig na l in the dire ct ion and deg re e of phe-
ot ypic pl asticit y in response t o eac h environmental
han g e. For each study and t reat ment, we divide d the
O R effect sizes by the s e veri ty o f e ach tre a tmen t. Since
ot a l l spe cies were expose d to t he s ame s e veri ty o f envi-
onmental chan g e t reat ment, this a l lowe d us to examine
he av erag e deg re e of plast ici ty amo ng species while ac-
ounting for trea tmen t s e ver ity var iatio n amo ng stud-
es and species. For these analyses, we f urt her st an-
ardize d t reat ments f or f o o d and drying as p ropo r-
 iona l chan g es betw e en the cont rol an d experim ental
roups (same as a bov e), but tem pera ture, salinity, and
ensity, fo o d amount were adjusted from raw differ-
nces to p ropo rtio nal differences (D et ails can be found
n Supplemental Methods 1). For each of the six treat-
 ents an d th e two ph en otyp ic respo nses (larval d ura-

ion and metamorph m a s s), we then es t imate d phylo-
enet ic sig na l (as Blomberg’s K) using 1000 sim ula tions
n d con ducted a hypoth esis test f or significa nt phy-
ogenet ic sig na l with phylosig() in the p hytoo ls pack-
g e v ersion 1.2.0 ( Rev e ll 2012 ). K > 1 m e ans t hat t he
rait is evo l ving slower than expe cte d under Brow-
ian motion (BM), s o clos e ly re late d spe cies resem-
le e ach ot h er m ore than expe cte d under BM, whi le
 < 1 m eans close ly-re late d spe cies resemble each
t her less t han expe cte d under BM ( Blomberg et al.
003 ). We used an existing a nura n ph ylogen y inferred
rom mole cu l ar d ata v i a maximum li keli ho o d metho ds
 Pyron 2014 ) and pruned it to the species within our
tudy using the phyt ools pac kag e v ersion 1.2.0 ( Rev ell
012 ) and g eig er packag e v ersio n 2.0.10 ( Harmo n et
l. 2008 ; Penn e ll et al . 2014 ). S ix species within our
ataset were not present in this ph ylogen y: Hyper-
l i us spi nigula ris , Na nora n a vicin a , Phryn obatra chus
u i neensis , Pseu d o phryne aust r alis , Cer atophrys stolz-
an n i , an d All op a a h azarensis . Fi ve of those species
ere the only members of their genera within our study,

o we included them in the an alysi s by s ubs ti tu ting their
a mes f o r co n g eners p resent o n the ph ylogen y: Hy-
erol i u s phantasticu s , Na nora na pa rkeri , Phrynobatra-
hus nat alens is , Pseu d op hryne b ib ro nii , and Cerat op hrys
o rnut a . The fina l spe cies th at wa s not p resent o n the
h ylogen y did not have any congeners in the phyloge-
et ic t re e, but mu lt ip le mo le cu la r studies have f ound
viden ce for All op aa being nested within Na nora na
 Akram et al. 2021 ; Hofmann et al. 2021 ) so we sub-
ti tu ted A. hazarensis fo r Na nora na pleskei. We used
he p hytoo ls packag e v ersion 1.2.0 ( Rev ell 2012 ) for
lotting. 

esults 

 ur assemble d dataset include d data on m a ss and
engt h at met a morphosis a nd the d uratio n o f larval
 erio d from 124 s tudies acros s six different environ-
ents ( Fig. 1 ). We col le cte d met amorphic dat a from

7 studies that lowered water levels for dev elopin g tad-
o les (Supp lemental Fig. 4), 23 studies that lowered the
 mount of f o o d availa ble to the dev elopin g larvae (Sup-
lemental Fig. 5), 21 studies that in creased th e num-
er of con specific den sit ies (Supplementa l Fig. 6), 25
tudies that exposed larvae to th e n on letha l presence
 f a p redato r (Su pplement al Fig. 7), 33 studies t hat in-
re ased t he s alini ty (Su pplem ental Fig. 8), an d 20 stud-
es th at rai sed the tem pera ture of the wa ter (Supplemen-
al Fig. 9). These add up to more than 124 studies across
nv ironments bec aus e s ome studies exposed larvae to
ore than one env ironmental t ype. Funnel plots indi-

ate a slight asymmetry in mass at m etam orph osis in-
ica ting tha t sma l ler studies with nu l l or negat ive re-
ults may be missing in our dataset (Supplemental Fig.
) but the duration of the larval p erio d was fairly sym-
et rica l which s ugges ts that s tudies with nu l l or neg-

t ive resu l ts are p resen t in our da taset (Supplemen tal
ig. 3). 

oes plasticity in mass at metamorphosis and 

uration of larval period vary among different 
nvironments? 

ass at m etam orph osis an d th e d uratio n o f larval pe-
iod were a ffe cte d by environments (Mass: χ2 

5 = 44.6;
 < 0.0001; d uratio n: χ2 

5 = 92.01; P < 0.0001; Fig.
 ). Bro ad ly, each enviro nment, except p redato r p res-
n ce an d high er sa linit ies, a ffe cte d m a ss at m etam or-
h osis an d d uratio n o f larval p erio d ( Fig . 2 B). R el ative
o co ntrol co ndi tio ns, exposure to t he tre a tmen t condi-
 ion tende d to re duce the m a ss o f individ uals at meta-
 orph osis but had varied effects on the duration of the

arval p erio d ( Table 1 ). Pairwise co mpariso n s rev ea le d
 hat t he effect size differ ed accor ding to envir onment
 Fig. 2 ; Table 1 ). L ower fo o d a mounts a nd higher den-
i ties p rod uced smaller m etam orphs that experien ced
on g er larva l durat ions ( Fig. 2 ; Table 1 ). Warmer envi-
onm ents an d dry ing env iro nments p rod uce d sma l ler
 etam orphs that experien ced s h o rter larval d uratio ns.

altwater exposure and predator presence had variable,
on-significa nt effects on m a ss at m etam orph osis an d
 uratio n o f larval p erio d. 
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Fig. 2 Environmental effects on mass at metamorphosis and 
duration of larval period. The mean LOR describing metamorph 
mass and duration of larval period in different larval environments 
on based on a meta-analysis of 124 studies (A). Datapoints are 
pr edicted av erages f or diff erent genera encircled b y 95% 

confidence ellipses. In panel A, shape and color indicate each of the 
six environments. In panel B, the overall effect of each environment 
on mass at metamorphosis (circles) and duration of larval period 
(triangles) are shown. Panel B colors match panel A. Points to the 
right of the dashed line in panel B indicate larger size or longer 
duration r elativ e to the studies’ control conditions, wher eas points 
to the left of the dashed line indicate smaller mass or shorter 
duration r elativ e to the studies’ control conditions. Segments show 

95% confidence intervals. P -values w er e estimated using pairwise 
comparisons with FDR correction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icad059/7190628 by U

tah State U
niversity Libraries user on 12 July 2023
How does the severity of environmental 
change affect metamorphic size and timing? 

W hen co mparing acros s s tudies, the s e veri ty o f the
t reat ment often a ffe cte d the deg re e o f develop mental
pl asticit y (c alcul ated as LOR). Mass at m etam orph osis
had a negative relatio nshi p wi t h incre asing tempera-
tures (see Table 2 ; Fig. 3 A), decreasing water levels
( Fig. 3 B), lower fo o d amounts ( Fig. 3 C), and increasing
sa linit ies ( Fig. 3 E). Mass at m etam orph osis s h owed n o
re lations hip with in creasin g tadpole den sities ( Fig. 3 D)
o r acco rding to the p redato r identi t y ( Fig . 3 F). 

Larval p erio d d uratio n had a negative relation-
shi p wi t h incre asing tem pera tures ( Table 2 ; Fig. 4 A)
and decreasing water levels ( Fig. 4 B). Larval p erio d
d uratio n elo ngated wi th lower fo o d amounts ( Fig.
4 C) an d in cre asing s a linit ies ( Fig. 4 E). Larva l p erio d
d uratio n varied according to predator identit y, w it h t he



Anuran developmental plasticity meta-analysis 7 

Table 2 Model results for analyses testing whether the severity within each environment affected mass at metamorphosis or duration of 
larval period. Significant tests are bolded. 

Environment Mass at metamorphosis Duration of larval period 

Higher temperature χ2 
1 = 22.15 P < 0.0001 χ2 

1 = 58.47 P < 0.0001 

Lower water level χ2 
1 = 19.1 P < 0.001 χ2 

1 = 32.25 P < 0.0001 

Higher density χ2 
1 = 0.012 P = 0.91 χ2 

1 = 0.45 P = 0.5 

Pr edator pr esence χ2 
6 = 10.03 P = 0.12 χ2 

6 = 23.9 P = 0.0005 

Higher salinity χ2 
1 = 18.83 P < 0.0001 χ2 

1 = 23.23 P < 0.0001 

Lo wer f ood amount χ2 
1 = 92.8 P < 0.0001 χ2 

1 = 29.13 P < 0.0001 
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r eatest r ed uctio ns in d uratio n o f larval p erio d asso-
i ated w ith cray fis h an d turtle p redato rs ( Fig. 4 F). In-
reasin g den sities did not a ffect la rval p erio d d uratio n
 Fig. 4 D). 

oes developmental plasticity vary across the 

nuran phylo g eny? 

n t otal , our meta-an alysi s incl uded data fro m 80
pecies, 39 gen era, an d 17 families. How ev er, for any
 iven environmenta l chan g e and dev elopmental phe-
otype, only 11–26 species were available for compar-

son ( Table 3 ) and only one species, Buf o b uf o , had de-
e lopm enta l plast icit y d ata avail able for m a ss at meta-
 orph osis an d duration of larval p erio d for a l l six envi-

onmenta l t reat ments ( Fig. 5 ). Spe cies varie d in the de-
 re e and dire ct io n o f develop menta l plast icity in meta-
orph m a ss a nd la rval p erio d d uratio n ( Fig. 5 ). How-

v er, a significant phylog enetic sign al wa s only found
n larval p erio d d uratio n plastici ty in respo nse t o t em-
erature ( K = 0.419, P = 0.036) and p redato r p res-
nce ( K = 0.295, P = 0.044), as well as in m etam orph
 a ss pla stici ty in respo n se to low erin g water lev els

 K = 0.574, P = 0.037; Table 3 ). Even though these val-
es were sig nificant, K va lues less than on e in dicate a
 eak phylog enetic sign al. Thu s, of th e twe lve co mb i-
atio ns o f enviro nment al var iab les and p h en otypes ex-
min ed h ere, phylogen etic re latedn ess explain ed a small
m ount of deve lopm enta l plast icit y vari at ion in on ly
hree cases. 

iscussion 

 or an uran am phi bians, th e larval p erio d is an im-
ort ant st ag e of dev e lopm en t tha t ca n a ffect lif etime
tn ess an d po p u lat ion dynamics ( Wi l bur an d Collins
973 ; Smith-Gi l l and Berven 1979 ; Werner 1988 ). We
o nd ucte d a meta-ana lysis t o under st and whet her de-
e lopm enta l plast icity in response to different larval
nviro nments p rod uces p redicta ble chan g es in meta-
orp hic p henotypes. We anal yzed data from 124 stud-

es spanning 80 anuran species and six larval envi-
onm ents an d observed th at m a ss at m etam orph osis
n d th e d uratio n o f t he larval per iod depended on
he type of environm ent experien ced by la rvae a nd, in
 ome cas es, the s e veri ty o f enviro nmental co ndi tio ns.

e found only w eak phylog enetic pattern s within the
nt er spe cific variat ion in deve lopm enta l plast icity. Col-
e ct i vel y, our stud y is the lar g est synthesis of develop-

enta l plast icity in m etam orph m a ss a nd la rval dura-
ion to date (but see Tejedo et al. 2010 ), and our re-
ul ts co rrobo rate and provide addit iona l insights into
n dings from synth eses tha t investiga ted deve lopm en-
a l plast ici ty in respo nse to individ ual enviro nmen-
al co ndi tio ns: tem pera ture ( Rut hs atz et al . 2018 ; S inai
t al. 2022 ), hydrop erio d ( Richter-Boix et al. 2011 ),
alinity ( Hopkins and Brodie 2015 ), p redato r p resence
 Benard 2004 ; Relyea 2007 ), and fo o d r esour ces ( Tej e do
t a l. 2010 ). O ur resu lts and col late d met adat a pro-
ide a foundation for future invest igat ions of the en-
ironmenta l effe cts on ea rly a mphibia n lif e s ta ges to
ontextualize findings across species and exper iment al
esigns. 

ome, but not all, environmental changes 
rigger predictable changes to mass at 
etamorphosis and duration of larval period 

han g es in four of the six environmental condi-
 ions resu lte d in consistent dire ct iona l plast icity in
it her larval per iod d uratio n o r m etam orph m a ss,
ut the dire ct ion of plast icity differe d am ong th e
nviro nmental co ndi tio ns and phenotypes. Limi ting
o o d or increasing the density of conspecifics ex-
en ded th e larval p erio d and pro duce d sma l ler meta-
 orphs, wh ereas h eating th e environm ent or low-

ring water levels shortened t he lengt h of the lar-
al p erio d and pro duce d sma l ler m etam orphs. Ac-
e lerated deve lopm ent in response to lowered wa-
er levels is consistent with an active response to

inimize the risk of desiccation ( Schies ar i et al.
006 ; Ric ht er-Boix et al . 2011 ). How ev er, the out-
om es s h o wn b y dev elopin g la rvae at wa rmer tem-
 eratures, fo o d-rest ricte d enviro nments, o r at higher
ensities are consistent wit h t he passi ve, biop hysical
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Fig. 3 Mass at metamorphosis for each of the six environments included in the meta-analysis. LOR data are shown along with the model-fit 
trend line depicting the relationship between phenotype and treatment severity or type (dashed line). Shaded area around the trend line 
indicates the 95% confidence interval. The x-axis differs in each plot to show change in each environment of the treatment relative to the 
contr ol. P oints are colored according to family and because multiple studies often use the same species, any given species can have more 
than one point on the plot. Horizontal dashed lines indicate no difference from the control. Mass above zero indicates larger mass at 
metamorphosis than control treatments whereas mass below zero indicates smaller mass at metamorphosis than control treatments. 
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co nsequences o f the enviro nment ( G h a lambor et a l.
2007 ; W hi tma n a nd Agrawal 2009 ). For instan ce, high er
densities and lower fo o d amounts may have provided
ins ufficient acces s to r esour ces for both growth and
deve lopm ent, wh ere as t her mo dynamic pro cesses at
warmer tem pera tures m ay h ave acce lerated m etabolic
an d deve lopm enta l p at hways ( Smit h-Gi l l and Berven
1979 ). 

The resul ts o f this study lar g ely su ppo rt p rio r meta-
a nalyses, which f ound that la rva l durat ion and meta-
morph m a ss decrea sed wit h incre asing tem pera tures
( Rut hs atz et al . 2018 ; S inai et al . 2022 ). How ev er, our
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Fig. 4 Duration of larval period for each of the six environments included in the meta-analysis. LOR data are shown along with the 
model-fit trend line, depicting the relationship between phenotype and treatment severity or type (dashed line). Shaded area around the 
trend line indicates the 95% confidence interval. Points are colored according to family and because multiple studies often use the same 
species, an y giv en species can hav e mor e than one point on the plot. Horizontal dashed lines indicate no differ ence fr om the contr ol. 
Duration above zero indicates longer larval period than control treatments whereas below zero indicates shorter larval period than 
control treatments. 
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tudy and Rut hs atz et al. (2018) found that temperature
 ffects meta morph m a ss, wherea s Sin ai et a l. (2022) on ly
ound a sig nificant de crease in m etam orph sn out-vent
ength, b ut no t m a s s. Our s tudy also s u ppo rts p rio r find-
ngs t hat growt h rate is less pla stic th a n la rval d uratio n
n response to different constant temperatures ( Rut hs atz
t al . 2018 ; S inai et al . 2022 ). Several s tudies s ugges t
his could be because tadpoles must reach a minimal
ize to begin m etam orph osis ( Wil bur an d Collins 1973 ;
er ner 1986 ; Rut hs atz et al. 2018 ). How ev er, the fact
 hat met amorph m a ss i s a ffe cte d more tha n la rval dura-
ion b y lo w erin g water lev els, low erin g fo o d rations, and
ncreasin g den sities casts do ub t on thi s explan ation. 

Two meta-ana lyses ( Tej e do et a l . 2010 ; Ric ht er-Boix
t al. 2011 ) found that some species in drying habi-
 ats had decre ased b o dy m a ss at m etam orph osis an d,
o a lesser deg re e, increase d deve lopm en tal ra t es (e .g.,
 h orten ed th e duration of the larval p erio d). O ur resu lts
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are consistent with this finding and indicate a greater
effect of lower water levels on mass than on larval du-
ration ( Fig. 2 B). Import ant ly, Ric ht er-Boix et al. gen-
erate d pre dict ion s a b out exp e cte d outcomes given se-
le ct io n o n ei t her growt h o r develop ment. Spe cifica l ly, if
the size at metamorphosi s i s under stron g er sele ct ion,
increas es in de velopmen tal ra tes should be mat c hed or
exce e de d by increases in growth rates whereas if devel-
opmen tal ra tes are under stron g er sele ct ion, increases
in deve lopm en tal ra tes s h ould occur at th e expense of
growth ( Ric ht er-Boix et al . 2011 ). In our meta-an alysi s,
w e observ e d re duct ions in m a ss at m etam orph osis with
s h orten e d larva l durat ion in the lower water level and
higher tem pera tur e envir onments ( Fig. 2 ), s ugges ting
tha t accelera tin g dev e lopm ent was p rio ri t ize d at the ex-
pense of growth in these environments, which corrobo-
rates p rio r r esear ch ( Alfor d 1999 ). G iv en t hat war ming
tem pera tures a nd cha n g es in drought and hydrop erio ds
are expe cte d to accelerate in the co ming decades, i t may
b e that sp ecies that exhib i t t he gre atest deg re e of plas-
ticity in deve lopm en tal ra t es may fare bett er than less
plas tic s p ecies ( L evis a nd P f ennig 2019 ). 

Predato r p resence al tere d the t iming and size of
m etam orph osis in variable ways, which co rrobo rates
findings fro m p rev ious sy nt heses on t he effect o f p re-
datio n o n larval develop men t. Beca us e the pres ence of
a p redato r can sig na l an incre ase in t he r isk to t h e deve l-
oping larvae ( Orrock et al. 2008 ), tadpoles are expe cte d
to b a lan ce th e presum e d t rade-off betwe en av oidin g
co nsumptio n and acquiring r esour ces to grow to an op-
t ima l size at m etam orph osis ( Wern er 1986 ; Rich ard son
et a l. 2022 ). O ur findings co rrobo rate th e fin din gs of tw o
p revious p redato r-focus ed re vie ws that found, in con-
trast to the p redictio ns o f o p timization-based m ode ls,
t hat t h e presen ce of n on-letha l pre dat or s either had no
effect or a positive effect on m etam orph size or duration
of the larval p erio d ( Benard 2004 ; Relyea 2007 ). These
st udies noted im balances in the identi ty o f p redato rs
used , whic h we also observed with dragonfly nymp hs
a s the di sp ropo rtio nately rep resented p redato r (Su p-
plemen tal Fig. 7). Im portan tly, our findings indicate
that les s-s tudie d pre dat or s, suc h as crayfish and turtles,
could have a large impact on the size and timing of
m etam orph osi s, which h a s im portan t im plica tions for
determinin g how invasiv e s pecies, s uch a s ru st y cray fish
( O ronec tes ru sticu s ) and r ed-ear ed slider turtles ( Tra-
c hemys scrip ta e lega ns ), m ay influence n at ive e cosys-
tems through direct or indirect p redato r interactio ns. 

A pr evious r eview of a nura ns a nd saltwater sug-
gests that saltwater exposure during larval s ta ges slows
growth and disrup ts develo pment ( Ho pkin s and B rodie
2015 ). Our findings confir m t hat higher sa linit ies tend
to reduce m a ss at m etam orph osis ( Fig. 3 E) an d e lon-
gate the larval p erio d ( Fig. 4 E). These effects are likely
due to the ener g etic cost of ma inta ining homeosta si s
in osmot ica l ly st ressfu l environments. How ev er, giv en
t hat s a ltwater is high ly letha l to a mphibia n s ( Hopkin s
an d Brodie 2015 ; Al beck er a nd McCoy 2017 ), we ex-
pe cte d that higher sa linit ies wou ld generate st ron g er re-
sponses in deve lopm enta l plast icit y rel ative to other en-
vironments. How ev er, the effects of salinity on meta-
morph m a ss and d uratio n o f t he larval per iod were mild
comp are d to those in other environments (except for
p redato r p resence; Fig. 2 ). Co ntrary to our ini t ia l ex-
pe ctat ions, the lack of a response relative to other envi-
ronments may be due to the high lethali ty o f sal twater.
Spe cifica l ly, the number of da ta poin ts ra pid ly de cline d
as s alinity incre ased ( Fig . 3 E and Fig . 4 E). More indi-
v idu als surv ived m etam orph osis at lower sa linit ies, but
there was only a sma l l effe ct on the size and d uratio n o f
t he larval per iod at t hese s a linit ies. Thus, lower sa lini-
ties incur less mo rtali ty and may not be s tres sful enough
to drive strong changes in m etam orp hic p h en otypes. 

Previou s studies h ave s h ow n links bet ween the ef-
fec ts of hig h densities a nd low f o o d quant it ies on lar-
va l plast ici ty ( Emerso n 1986 ; Tej e do et a l. 2000 ; Relyea
a nd Hoverma n 2003 ; Ta rvin et al. 2015 ), a n d our fin d-
ings s h ow t hat t h ese environm ents in duce similar m eta-
mo rphic respo nses (e.g., a lo n g er larva l durat ion and
re duce d m a ss at m etam orph osis). How ev er, our results
co ntrast wi t h a met a-an alysi s th a t investiga ted the ef-
fects of r esour ces on the size and timing of m etam or-
phosis ( Tej e do et a l. 2010 ). Whi le Tej e do et a l. a lso ob-
served a larger m a ss at m etam orph osis in high er re-
sour ce envir onm ents, th ey reported s h orter larval dura-
tions in r esour ce-r estricted envir onm ents, wh ereas we
found lon g er larva l durat ions. Discrep ancies may derive
fr om differ en ces in th e criteria used to define “r esour ce
level” or in the number or identity of studies included
(th ey in cl ude data fro m 17 experim ents, wh ereas we in-
clude data from 23). This remains an open area of in-
quiry, al though effo rts are underwa y to unra ve l th e re-
latio nshi p b etween fo o d avai labi lity a nd a nura n devel-
opm ent, an d h ow loc al ad a pta t ion can me diate these re-
latio nshi ps ( Manenti et al. 2023 ). 

Phylo g eny is weakly linked to variation in 

developmental plasticity among species 

Our study is the first to phylogenet ica l ly examine
int er specific deve lopm enta l plast icity differences in
th e timing an d size of m etam orph osis un der various
enviro nmental co ndi tio n s. Ov erall, w e found limited
evidence that ph ylogen y influen ces th e deg re e and
dire ct io n o f develop menta l plast ici ty in respo nse to
environment al var iations. Thi s i s consi stent wit h t he
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Fig. 5 A phylogenetic heat map showing species’ averages in the degree and direction of developmental plasticity (cor rected f or treatment 
severity) of larval duration and metamorph mass in response to each of the six environmental treatments. Darker colored matrix cells 
r epr esent gr eater av erages in the degr ee of dev elopmental plasticity (corr ected for tr eatment sev erity), with blue colors indicating longer 
larval durations and larger metamorphs and red colors indicating shorter larval durations and smaller metamorphs. Black cells indicate 
that no data are available for that species and treatment. 
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Table 3 Estimates of phylogenetic signal and results from phylogenetic signal hypothesis test. Significant tests are bolded. 

Phenotype N (species) 
Phylo g enetic signal 

(Blomberg’s K) P -value 

Higher temperature Larval period duration 26 K = 0.419 P = 0.036 

Metamorph mass 22 K = 0.154 P = 0.564 

Lower water level Larval period duration 23 K = 0.358 P = 0.426 

Metamorph mass 22 K = 0.574 P = 0.037 

Higher salinity Larval period duration 23 K = 0.319 P = 0.373 

Metamorph mass 23 K = 0.423 P = 0.200 

Higher density Larval period duration 13 K = 0.328 P = 0.391 

Metamorph mass 11 K = 0.237 P = 0.842 

Lower food amount Larval period duration 19 K = 0.285 P = 0.559 

Metamorph mass 18 K = 0.517 P = 0.124 

Pr edator pr esence Larval period duration 25 K = 0.295 P = 0.044 

Metamorph mass 25 K = 0.141 P = 0.382 
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minima l phylogenet ic sig na l in numerous measures
of a nura n deve lopm enta l plast icity in response to
pre dat ion ( Relyea et al . 2018 ), t em pera ture ( Sinai et
al. 2022 ), an d deve lopm ental pl asticit y in Arabi d opsis
( Pol lard et a l. 2001 ; Pigliucci et al. 2003 ). We found
phylogenet ic sig na l o f develop menta l plast icity was
on ly sig nificant in thre e c ases: l arval p erio d d uratio n
pl asticit y in response t o t em pera ture and p redato r p res-
en ce, an d m etam orph m a ss pla s ticity in res ponse to
low erin g water lev els. O ur resu l ts co nt radict Sinai et a l.
(2022) , which found no evidence that phylogenetic re-
latedness a ffected pl asticit y response t o t em pera ture in
a mphibia n tadpoles (mostly a nura ns a n d som e c aud ate
species). How ev er, giv en that w e found a w eak but sig-
nificant phylogenet ic sig na l in th e ph en otyp ic respo nse
to only a few environmental conditions, our overa l l
results indicate that phylogenetic relatedness is p o orly
associ ated w ith a nura n deve lopm enta l plast icity, at
least for these species, phenotypes, and environments. 

Int er spe cific variat io n in life-histo ry trai ts may be
better than phylogenetic rela tedness a t explaining
spe cies variat io n in develop menta l plast icity ( Cayuela
et al. 2017 ). F or exam ple, s pecies as soci ated w ith
eph em eral hab i ta ts can accelera te developmen t more
than species associated wit h per m anent h abitats when
water levels are re duce d ( Ric ht er-Boix et al . 2011 ). Ad-
di tio nally, a red uced capaci ty fo r develop men tal ra te
pl asticit y in response to tem pera ture h a s be en observe d
in po p u lat io ns fro m warmer tem pera tures ( Rut hs atz et
al . 2018 ; Agudelo-Cant ero and Navas 2019 ; Pottier et
al. 2022 ) and latitude ( Sinai et al. 2022 ). Variations in
these or other traits that were not included in our study
may be im portan t predict or s of int er spe cific variat ions
in deve lopm enta l plast ici ty. Fu t ure st udies that exam-
in e deve lopm enta l plast icit y vari at ion whi le incorporat-
ing e colog ica l a nd lif e-history tra its in a phylogenetic
context cou ld dire c tly test w h eth er such tra its a r e mor e
clos ely ass oci ated w i th develop menta l plast icity. 

We offer a few im portan t cavea ts tha t tem per our in-
terp retatio n o f the limi te d phylogenet ic differences in
deve lopm enta l plast icity. First, a lthough we provide an
im portan t syn th esis of deve lopm enta l plast icit y vari a-
tion, t his met a-ana lysis include d on ly 1% of a l l 7566
a nura n species, 8.5% of a nura n genera (39 of 461),
and 31% of anuran families (17 of 54; A mphibiawe b,
2023 ). In most cases, the av erag e dev elopmental plas-
tici ty o f a species was ca lcu late d from a single study,
an d n ot a l l spe cies an d gen era were exposed to the
s ame exper iment al co ndi tio ns (e.g., indoo r labo rato ry
co ndi tio n s v er sus out do or meso cosms). Furt her more,
species chosen for exper iment al studies are usua l ly, by
desig n, cap ab le of to leratin g la bo rato ry co ndi tio ns, and
often share similar life-history traits (e.g ., l ar g e cl u tch
size). Thus, desp i te the notable coverage of genera and
fa milies a nalyzed her e, str o ng b iases (incl uding geo-
graphic) m ay exi s t in the s pecies r epr esent ed . For ex-
a mple, certa in species including Ra na tem pora ria , Ep-
i d al ea cal amita , an d R ana sy lv ati ca wer e r epr esented
mo re co mmo nly than other species (Supplemental Fig.
10). Ther efor e, we caution a gains t over-generalizing
these results to taxa with life histories, ge og raphic dis-
t ribut ions, or p hysio log ies dist in ct from th e species
wit hin t his met a-an alysi s. Desp i te these limi tatio ns to
t he interpret atio n o f our phylogenetic results, the col-
le ct io n o f exper iment al dat a pr esented her e serves as
a n importa nt springboa rd f o r fu ture wo rk int erest ed
in deve lopm enta l plast icity variat io n amo ng clades and
species. 



Anuran developmental plasticity meta-analysis 13 

F
d
o

D  

a  

i  

T  

b  

e  

c  

d  

a  

(  

2  

T  

2  

F  

s  

o  

d  

e  

p  

m  

o  

t  

d  

o  

b  

f  

a  

a  

v  

p  

p  

d  

g  

c  

c  

t  

2  

f  

f  

t  

s  

t  

fi  

t  

g  

s  

o  

p  

f  

i  

2
 

o  

b  

r  

m  

m  

o  

v  

p  

(  

m  

p  

c  

D  

a  

t  

f  

t  

a  

t  

o  

(  

g  

s  

(  

F

C
G  

i  

t  

a  

t  

t  

v  

t  

t  

t  

a  

a  

s  

e  

n  

a  

c  

s  

a  

i  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icad059/7190628 by U

tah State U
niversity Libraries user on 12 July 2023
urther research is needed to determine how 

evelopmental plasticity affects fitness 
utcomes 

eve lopm enta l plast icity m ay increa se fitness
n d be s haped by selec tion, in w hich case it
s considere d adapt ive ( G h a lambor et a l. 2007 ;
ouc hon et al . 2015 ). F or exam ple, the em-
 ryos o f so me t re e frog spe cies can hat c h
arly if a p redato r is dete cte d ( Wa rk entin 2005 ). In
ontra st, pla sticity in size at m etam orph osis or th e
 uratio n o f larval p erio d ca n have no effect or a neg-
t ive effe ct on a nura n juvenile a nd ad ul t life s ta ges
 Smi th 1987 ; Al twegg and Reyer 2003 ; Ch e lgren et al.
006 ; Van Allen et al. 2010 ; Earl and W hi teman 2015 ;
arvin et a l. 2015 ; Bre deweg et a l . 2019 ; S insc h et al.
020 ; Tho mpso n and Popescu 2021 ; Zeitler et al. 2021 ).
o r instance, Go me z-Mest re et a l. (2010) expose d two
pecies to different tem pera tures and fo o d am ounts an d
bserve d simi la r effects on meta morph size a nd la rval
 uratio n as repo rted here bu t foun d n o carry-over
ffects on post-m etam o rphic loco moto r ab ili ties o r
er for man ce. Identifying wh eth er plasticity in meta-
o rphic trai ts co nfers a fitn ess ben efit o r cost is an

n g oin g area of inquiry, as very few studies have inves-
 igate d t rai ts beyo n d m etam orph osi s. In our a ssembled
ataset, only 26 of the 124 studies (21%) reported data
n post-m etam orphic per for man ce, m orph ology, or
ehavior. How ev er, a 2015 meta-an alysi s col late d data
rom studies that invest igate d wh eth er m etam orph size
 nd la rva l durat ion pre dicte d fit n ess outcom es ( Ear l
nd W hi teman 2015 ). They reported that, in general,
ar iation in t h ese ph en otypes did n ot clear ly predict
ost-m etam o rphic fitness, bu t that size at m etam or-
hosi s wa s a better p redicto r o f fitness tha n la rval
 uratio n ( Earl and W hi teman 2015 ). Co m pensa tory
 rowth, in which g rowt h dur ing t he juvenile st ages can
om pensa te f or differences in size at m etam orph osi s, i s
o mmo n amo ng amphib ia ns a nd may expla in so me o f
 he var iat ion in overa l l fit ness ( Metca lf e a nd Mon agh an
001 ). When placed in the co ntext o f our own findings,
our of the six environments (higher den sity, low er
o o d amount, lower water leve l, an d high er tempera-
ur e) r e duce d m etam orph m a ss to some deg re e , whic h
 ugges ts that deve lopm enta l plast ici ty in respo nse to
h ese environm ents may reduce post-m etam orphic
tness. How ev er, thi s rem ains a conj e cture g iven
h e un clear role of post-m etam o rphic co m pensa tory
rowth and its link to overall fitness. Terminating
tudies at m etam orph osi s h ampers our ab ili ty to parse
u t the co ntribu tio ns o f adaptive an d n on-adaptive
rocesses and thus remains an im portan t tar g et for
ut ure st udies, espe cia l ly for th ose environm enta l qua l-
t ies that wi l l chan g e ov er the comin g century ( Li et al.
013 ). 

O ur meta-ana lysis s h owed that th e environm ent n ot
nly a ffected the size and timing of m etam orph osis,
ut also the relatio nshi p between size and larval du-
a tion. F or in stance, low er water lev el s cau s ed thes e
 etam orp hic p h en o types to deco uple , suc h t hat t he
 a ss wa s sm a l ler (re duce d g rowth), whi le the durat ion

f the larval p erio d was also s h orter (acce lerated de-
e lopm ent; Fig. 2 B). Ce l l different iat io n (develop ment)
 rod uces o p po rtuni ties fo r cell p roliferatio n (growth)
 Denver, 1997 , 2013 ). De coupling g rowth and develop-

ent can lead to differences in post-metamorphic mor-
 ho logy due to a l lomet ric differences in growth (also
a l le d het eroc hrony; ( Emer son 1986 ; Glenn em eier an d
enver 2002 ; Rose 2005 ; McCoy et a l. 2007 ; Tej e do et
 l. 2010 ; Fabre zi 2011 ; Goldberg et al. 2019 ); how ev er,
he ext ent t o whic h decoup ling these p henotypes af-
e cts adu lt fit n ess an d per for m ance i s uncertain. Fin a l ly,
h e differen ces in deve lopm ent may n o t be as obvio us
s those in metamorph size and larval p erio d dura-
io n. W h ereas m os t s tudies as ses s deve lopm ent re lying
n external whole-b o dy ma rk er s (e .g., Gosner s ta ges,
 Gosn er 1960 ), su bdermal differen ces in tis s ue and or-
an deve lopm ent, such a s gon adal o r p ro nephric tis-
ues, m ay likewi se a ffect post-meta mo rphic ou tco mes
 Glenn em eier an d Denver 2002 ; McCoy et al. 2007 ;
abrezi et al. 2010 ). 

onclusion 

lob a l c limat e c han g e is expe cte d to have a significant
m pact on an urans. The larval life s ta ge can affect life-
 ime fit ness and po p u lat ion dynamics; how ev er, desp i te
 n abunda nce of studies, we lack a col le ct ive, comp ara-
ive un derstan ding of h ow differ ent envir onments a ffect
he size and timing of metamorphosis. Our study pro-
ides a synthesis o f develop menta l plast icity in response
o numer ous envir o nmental co ndi tio n s, showin g varia-
ion in the degree and direction of deve lopm ental plas-
icity in relation to the type of environmental chan g e
 s well a s the s e veri ty o f enviro nmental chan g e. We
lso provide a first look at how phylogenetic relation-
hips a ffe ct developmenta l plast icity across a ran g e of
nviro nmental co ntexts; how ev er, increased phylog e-
etic r epr esen ta tion and intraspecific study replication
re ne e de d. Fut ure st udies s h ould focus on th e fitn ess
o nsequences o f plastici t y, both w ithin and across life
 ta ges, es pe cia l ly in response to environmental chan g es
ssoci ated w ith glob a l c limat e c han g e, as w e ll as h ow
nteract ive effe cts across mu lt iple environmenta l condi-
 ions a lter deve lopm enta l plast icity. 
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