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Abstract

It is well established thatrculating maternal stress hormones (glucocorticoids, GCs) can alter
offspring phenotype. There is also a growing body of empirical work, within ecology and
evolution, indicating that maternal GCs link the environment experienced by the mothgr dur
gestation with"changes in offspring phenotyfplegese changes are considered to be adaptive if
the maternal"environment matchbe offspring’s environment, and maladaptive if it does not.
While these ideas are conceptually sound, we daelstable framework that che used to
investigatghesfitness costs and benefits of altered offspring phenotypes across relevant future
environments."Weresentrror Management Theogs the foundation fa frameworkthat can

be used to assess the adaptive potential of maternaltstressnes on offspring phenotype
across relevamostnatal scenarios. Tencourage rigorous testing of our framework, we provide
field-testable hypotheses regardihg potential adaptivele of maternal stresrossa divere
array of taxarand life historieas well as suggestions regarding how our framework might
provide insightintgast, present, and future reseaidhis perspective provides an informed lens
through which to desigand interpret experiments on the effects of maternal stress, provides a
framewaorksfor predicting and testing variation in maternal stress a@odwithin taxa, and

also highlights how rapid environmental chatiggg induces maternatress may lead to

evolutionary traps.

Keywor ds."Maternal stress effectsiaternal programmingmaternal effects, developmental
plasticity, signal detection theorgredictive adaptive responses
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I ntroduction
Changes in the parental phenotype can act as a signal to offspring about the future emvironme
that they will encounter and these parental cues can induce adaptivetplasttfspring

characteristics (adaptive transgenerational phenotypic plasticity or adaptive parental effects)

Recently, hissphenomenon has bei@ereasinglystudied in vertebrates in the context of

maternalstress effectdargely because the maternal phenotype or cue that may induce plasticity

in offspringtraits (maternal stressrhwne levels) is both measureable and amenable to
experimental'manipulationk vertebratesexposure to meterndly -derivedstresshormones
(glucocorticoidsj.e., ‘maternal stressi} increasingly recognized assignificantfactor
mediating sransgenerational phenotypic plasticity in offsp{fBaybazanges et al. 1996;
Gluckman‘et al. 2005; Meaney et al. 2007; Love et al. 20t#&consequences afaternal
stresshave longbeenonsidered to be maladaptivebiomedical fieldbecauseffspring
phenotypeshatcan occur in response to maternal stfess., smaller size, slower growth, lower
energetic demand, higher anxiety-like behar)i@ue assumed twonfer reduced fitnegSheriff
and Love 201¥3)However, researchers have recenplsoposedhat maternal stresmnplay
adaptive rolescross a wide variety of animal takatressinduced phenotypes better prepare
offspringfor.a stressful postatal environmenin mammalgSheriff et al. 2010; Dantzer et al.
2013; Bianwet al. 2015; Sheriff 201 birds (Love et al. 2005; Love Williams 2008; Chin et al.
2009; Coslovsky & Richner 201Tgptiles(de Fraipont et al. 2000; Meylan &obert 2005;
Bestion etal. 2015), arfish (Giesing et al. 2011 Despite this recent progresajnified
frameworksthabothexplairs the selective mechanisraadallowsfield-tesing of theadaptive
role of maternal stressas yet to beroposed.

Recent theoretical models and metalysis have been generated to examine the
evolution of parental and aternal effects general(g.g., Uller et al. 2013; Kuijper & Hoyle
2015; Leima& McNamara 2015)Using insightsrom these theoretical modefsaddition to
those fromError Management Theory (EMHAaselton& Buss 2000)we providea framework
for generatingdield-testablenypotheses regardintbe adaptive potential of maternal stress under
different scenari®. By providing a mechanistioasis forexamining the adaptive potential of
maternaistresseffects(defined aghe influence of maternatress on offspring phenotype), our
framework aims to i) describe how selection pressures can Stegeeadaptive responses, ii)
provide abasis fortesting new hypothesgand overall iii)catalyze the study of materrstress
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effectsacross a diversitpf specieslife histories and environments. A strength of our approach
is that it provides a means fexamining thegeneralmaternal stress offspring phenotype
relationshipyregardless of whethéhis relationship is primarilgontrolled by mothers, offspring,
or both. Further, it allows testing of the adaptive potential of maternal siwesshe mother’s
perspectivegtheffspring’s perspective, or both (i.e., does maternal stress increase maternal or
offspring fitness or both)//e begin by summarizingritical considerationt beappreciated
when examining the maternal stressffspring phenotype relationship. We then outline how
applyingEMTto transgenerationahaternalstresseffectsgenerateseveral novel hypotheses
and predictionghat informdiscussions pertaining to the evolution and variation in strerigth o
this relationship across taxa. We finish by udiMT-generated hypotheses to predict the
consequence of this relationshipaasmals face novel stressdrem anthropogenic sources.
Although we focus on the maternal stress — offspring phenotype relationship in vestedsate
this is the area where we feel current paradigms could use productive assessment, our work also
has implications for understanding the adaptive value of matfifeats more broadly; we
develop thissgamponent of our work in our concluding section.
Evaluatingthepotential adaptive value of maternal stressin vertebrates
Although'the ecology of maternsiress has been an active area of resetireliraditional
biomedicalview that maternal stress generates negative outcomes forabioginsnand offspring
(i.e., is maladaptive) often still preva(Sheriff & Love 2013). Indeed tressinduced offspring
phenotypesrecommonlyperceivedo have dower phenotypic qualityi.e., smaller size,
slower growthpaltered behaviour/physiologyc), generating assumptions that performance
naturewill likewise beimpaired and often leaving potential contesqtecific benefitaintested
and therefore underappreciated. This perspebageecently been challenged by ecological
hypotheses (e.g., the Environmental Matching Hypothesige & Williams 2008 and
supporting.evidencthat stressnduced phenotypesanimprove offspring performance in
stressful (but.not benign) post-natal or adult environments (e.g., Dantzer et al.r20iE3ved in
Sheriff& Love 2013).

To mave this field ahead in a productive mannersuggesthatthree citical points
must be considergatior to assigning any hypotheticdaptive or maladaptiwealue to
maternalstresseffects(sensu Love et al. 2013; Sheriff & Love 2013; Uller et al. 20 S®eriff et

al., 2017) First,we mustappreciate¢hat the value of any phenotype, whetsteessinduced or
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not, canonly be understood by examining performaacétnessin an ecologicallyrelevant
context (and not simply assuming the outcome based on the phenotype alone).\$eoursd,
consider the evolutionary and kfestory context of the organism befaeperiments can be
designed to test phenotype-performance relationships. For example, if pred#tisriire most
salient selection pressure in the evolution of a species’ stress response, testing phenotypic
performanee in a foodestricted environmensiunlikely to yield useful inference regarding the
fitnessvalue of stressnediatedffspringplasticity. Finally, we must appreciate that testing
phenotypic performance in a singular poatal environmentparticularly if the relative quality
of the post-natal environment does not match that of thegied-environmenis invalid for
determining the adaptive potentialmaternal stres$-orinstance, testing the performance of
stressinduced phenotypes relative to control phenotypes in a stressful post-nataher@rit
(and not simplyin a control environment) is an absolute requirement for correct inference
regarding the adaptive value of strasduced plasticity. Stated another wdyg fitness
outcomes of phenotypes induced by elevated maternal glucocorticoids need to be examined
across maorerbiologically and ecologically appropriate environments.

The'general undeappreciation for this latter phenotypeatching aspegin particular is
what makes thdevelopment o# testable framework to assess the gerelabtive potential of
maternal.streésso valuableln nature, animals interact witheir environments over dynamic
spatietemporal scalesAs suchthe quality of the maternal and offspring environment may be
temporally or spatially matcheduch as may occum species where there are overlapping
generations*(temporal matching) or where offspring disperse to areas that are sipaitantal
environments=Rernatively,past cues may not reliably predict faéure (such as in lontived
animals or those with londistance natal dispersaijicreasing or decreasinige likelihood that
the materpal and offspring environmentatch(Sheriff & Love 2013; Sheriff et al. 2017). Thus,
to correctly. asseshe potentil adaptiverole (if any) of maternal stressherelative offspring-
phenotypditness value acrodsologically relevanenvironmental scenariosust be examined
(Figure 1;Leve & Williams 2008; Uller et al. 20)3Importantly,thereare likely very different
costs/benefits,assmted with offspring phenotypic performance depending upon the match or
mismatch to future environments (Box And the costs of mismatches, not matches, are
expected to play a significardle inthe originandmaintenance of transgenerational maternal
stress effects.
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94

95  Error management theory and a cost-benefit per spective of vertebrate maternal stress

96 Error management theory, an evolutionary perspective based on signal detectiorBtvedny (

97  provides a formal theoretical framework for evaluating how organisms (including humans

98 should make.decisions amidst uncertainty (Swets 1992; Haselton & Buss 2000; Johnson et al.

99  2013).EMT has been successfullged to examinmanybiologicalphenomena, such as plant
100 defense'mechanisms against herbivf@asock et al. 2015)mateselection behavior (Haselton
101  and Buss'2000), deception in animal communicgditey 1994) optimal anti-predator
102 behaviouw (Bouskila & Blumstein 1992), and defenmechanisms in human health and disease
103  (Nesse 2005)Fhe broadapplicabilityof EMT is possiblebecausé compriseghe basic
104 components common tonostdecisions madeybmicrobes, plants, and animals: based on some
105 amount of information regarding the likelihood of an event, an organism chooses to f@spond
106  not to respond), and that respofeelack ofresponse) has some probability of being incorrect in
107  two distinct wayganalogous to type | and tyHeerrors in standard hypothesis testing)
108  ImportantlyyEMT posits thatwhen the two different types of error have different fithess costs
109  (or benefits) selection will favoiindividualsthat err towards making the lea&ststly error to
110  avoid making aostlierone.
111 Sinee the quality of the maternal environment can often be indicative of the conditions
112 experienced by her offspring, EMT may be a particularly tractable framework fadeong the
113  adaptive significance of materpstress effects giveimé framework’s ability to compare the
114  relative fitnessicosts and benefits of phenotypic changes within relevaet éattironments.
115  Specifically=EMT can be used to assess whether the effects of maternal glucocorticoids on
116  offspring phenotype generatelatively better (benefits) or worse (costs) fitness outcomes for
117  mothers or offspring depending on the relative match of that adjusted phenotype to e futur
118  environment (Figure 1). Because future conditions cannot be predicted with completenc
119  maternaistress. effects can be incorrect in two ways. First, exposure to elevated maternal stress
120 may inducesa'phenotypic response in offspring but the future environment that they encounter is
121 not stressful, a falspositive error expected to reduce offspring fithess compared to an unaltered
122  offspring in that benign environment. Second, elevated maternal stress does not induce a
123 phenotypic response in offspring and the future environment encountered by the offspring is
124  stressful, a falseegative error expected to reduce offspring fitness compared to an altered
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125  offspring in that stressful environmetffects of maternal stress offspring cann turnalso be
126  correct(i.e., with no associated error) in two distinct ways, collectively generating tmsibé
127  offspring phenotype-postnatal environmsognariogTable 1,Figure 1) i) unalteed offspring
128  phenotype irabenignpostnataknvironment (no erroy)i) altered offspring phenotype ia

129  benign envirenment (error of unnecessary offspring modificatinnunalteredoffspring

130  phenotype.ira stressfuenvironment (error of failing to modify offspring when necessary), and
131 iv) alteredoffspring phenotype ia stressfuenvironment (no error). Although EMT typically
132  focuses onthe'costs and benefits of errors in affecting optimal decision making,owit

133  framework, it isthe costs and benefits of the actdatisionghat are ultimatelymportant and
134  which influenee, the evolution ohaternalstresseffects(Box 1).Our framework islso cast in
135  terms of offspring that may inhabit a future environment that is either bengjressful.

136  Although this dichotomous classification may suffice to capture relevant differences in many
137  species (especially over the relatively short window earliyarnwhenenvironmental stressors
138  are likely the biggest agents of offspring mortality), we note that the main ciomsws our

139  work also apply in cases where offspring may inhabit environments that vary gnethgyr i

140  stresfulness (Nesse 2005)s auch, aur frameworkshows how the influence afaternal stress
141  can beadaptive even when the strésduced phenotype of the offspring is not a perfect match to
142  the envirenment (i.eit demonstrates how seemingly maladaptive offspring phenotypes are
143  actually adaptive when we incorporate the reality of an uncertain future and tite&kieof

144  different efror costever time;Box 2).

145

146 [Note to Editor: Consider inserting Box 1 here]

147

148  Predictingtherelative strength of vertebrate maternal-stress effects

149  Our frameworkprovides further predictive power enablirggearchers timrecast variation in
150 the influence of maternal stress on offspring pheno&gpess taxa and lifeistories Box 3).

151  First, EMT provides a means for predicting the threshold at which a developrdeatsibn will
152  be made within_a given species (Box 1herethe decision is thphenotypic responsd

153  offspring(more akin to a mechanistic reaction than a typical decisioththe threshold is the
154  level of maternal stregge., glucocorticoid hormones) at which thesponseccursin

155  offspring. For example, odrameworkpredicts thaspecieghat experiencenuchgreater costs
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156  to producing an unaltered offspring in the face of a stressful environmerd falsg-negative
157  error)should have a much lowaraternaktresshreshold at which offspring phenotypic

158  response occukompared to a species where the costs of-fadgmtive errors are lower (or the
159  costs of falsgositive errors are higherjlighly vulnerable prey, such as species with type Il
160  survivorship.eurves (i.e., very low offspring survivorship), should respond at a much lower
161  maternalstresghreshold compared to prey species that are not as vulnerable to predation, such
162  as those with'type | or Il survivorship curves (i.e., very high or moderately higher offspring
163  survivorship;respectively). This relationship may also be influencedhibye species fall along
164  the precociahltricial axisof life-history variation(precocial and altricial offspring differ in the
165  duration ofspaestnatal parental cardje would expect species producing mprecocial

166  offspring (requiring shorter periods of postilatare)to respondt a lowematernalstress

167  thresholdthan species producing matkricial offspring(requiring longer periods of postnatal
168  care). This Is becauskee greaterduration ofparental caré the morealtricial speciesnay offer
169  an opportunity to reduce the costs of a mismatch of offspring phenotype amdhjzbst-

170  environmen{ive., an errothatcan somewhat be correcte&pr examplein both laboratory

171  studies of ratandfield studies of birdsmaternal stress can alter offspriplgenotype; however,
172  posthatalmaternabarentalcare can reverse or enhance these effects or can modify an

173  unmodifiedneonate’s phenotype (Meaney et al. 2007; Love & Williams 2008). All of Wwagh
174  the potential taeduce the costs of mismatch errfrs., false negativipositiveerrors)in species
175 that exhibit high degrees parental carée.g., primates grasserine bird species

176 Ourframeworlkalsopredicts thamaternalstresseffectsshould be strongesh species
177  wheretherevissgenerally higbpatial and/or temporahriation instressoramong generations but
178  relative consistency in stressor magnitude and from the time of gestation throuipptiogf

179  experience (earHife); as these are situations where errors are most li&elgcur over

180  evolutionary.timeAs such in specieghat experience periodic and/or unpredictaEemes in
181  predator populations, food availability, or conspecific density among generations, butanhabit
182  relatively censistent environment from the time of gestation throuttetearly life ofoffspring
183  (e.g., Sheriffiet al. 2010; Dantzer et al. 2013; Kuijper et al. 2014), we would eXpara

184  maternalstresghreshold at which offspring phenotypic response occurs theperieswith

185 either high or lowbut chronicjnter-annualexposure to such stressdéxamples of suchpecies
186 include snowshoe harelsepus americanus) or North American red squirrel3gmiasciurus
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187  hudsonicus) in the Yukon, Canada that can experience extremeantaual fluctuations in the

188  abundance of predators, food, or conspecifics. These fluctuations in predation risk f&r@mow
189  hares occur in a regular 10 year cycle (Krebs et al., 1995) whereas the fluctumatimusand

190 density in red squirrels (Boutin et al., 2006; Dantzer et al., 2012, 2013) are episodigngccur
191  every 3-4 yeard-or both species, the environmefdced by offspring are qualitatively different
192  (i.e., either,benign or very stressful), and remain so for the course of offspring deseat¢pen,
193  for the purposes of offspring survival, the environments remain either benign diubtress

194 Our perspective may also provide insights ieberminingthe origin ofsexspecific

195  sensitivity to maternadr developmentadtresgBox 3; Love et al. 2005; Brunton & Russel 2010;
196 Bale& Epperson 2015)n species where there is disparity in the proximate or ultimate costs of
197 raising a givensexqur framework predictthat the more expensive sex would have a lower
198 threshold to reSpond toaternaktresgyiven that the costs of errors would be higher compared to
199 the less expensive séxove et al. 2005; Love &Villiams 2008) Likewise, in species with sex
200 Dbiased natal dispersalur frameworkwould predict that the dispersing sex should have a higher
201 threshold tesrespond to maternal stress compared to the philopatric sexthgivelmbility of

202 the information‘about the future environment is lower in the dispersin@ledxaipont et al.

203 2000; Meylan & Cbbert 2005)This idea can be expanded to species with natal dispersal in
204 general,.and interestingly, to natal habitat preference induction, where dispedsiduals will
205  select habitatthataremost similar to their natal habitéDavis& Stamps 2004). This

206 phenomenon woulthcrease the match between the maternal and offspring environment and
207  potentiallywreduce the cost of errors in offspring phenotype response.

208

209 Maladaptiveerrorsin responseto novel stressors

210  As outlined aboye,peciesspecific responses of offspring to maternal stress are likely to have
211 been optimized.by natal selection based on speciés history and environmenta&hriation

212 experiencedGluckman et al. 2005; Sheriff & Love 2013). Thus, as with any adaptive

213 phenotypicsesponse that has been shapguldujctablevariability in intrinsic or extrinsic

214  environmental quality, there are potentiagativeimplications with regards tbuman-induced

215  rapid environmental change (i.ellREC; Sih 2013) manynimalsnow face Two likely

216  scenariohave the potential to emerge animalsncreasinglyface novel stressors in their

217  environmentsFirst, these stressors will result in offspring phenotypesiibgitbe maladapted to
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218 the novel stressatue to the presence of falpesitive errorsThis circumstances analogous to a
219  situation where cues thahce induced adaptive phenotypic plasticity now become unreliable
220  (Trimmer et al. 2017)For example, considanimals such as common lizard@gtoca

221 vivipara) in which maternal stress increasdfspring propensity to disperses an adaptive

222 response to.dncreasing predation iisleylan& Clobert 2005; Bestion et al. 2015). If such

223  animalsnow face a novel anthropogenic stimulus (e.g., traffise) that also indusenaternal

224  stress, tte resultant offspring phenotypgay exhibit a falsepositive errof(sincethe stressor was
225 not predation'risk andthe cost of this error may now decrease (rather than increffsaing

226 fitness Secondanimalsmay not respond to a novel stressor if mothers do not peltase

227  stressful(i.e., asfalsenegativeerror). For example, mothemay be faced with novel introduced
228  predatorsbut fail to perceiveéhemas threatenin¢Sih et al. 201Q)resulting in unaltered

229  offspring phenotypeandlikely lowered fithess in the new high predation environmeMT

230 predicts that animalwill likely make maladaptive errgrs bothdirection andelative strength,

231  to novel stressorsincetheir decisiorbias (in our casmaternalstressffecty was shaped over

232 evolutionarygtime. This bias could then result ioletionary trapgSchlaepfer et al. 2002) given
233  presendayrenvironmental changthat may increase the degree of mismatch between the

234  maternaland offspring environments or decrease the reliability of cues that mothers generate that
235  offspring.inturn may use to forecast the environments they will encounter at independence
236

237  Futuredirections: extending model predictions and applicationsto other systems

238  While we foeus,on maternatress effects in vertebrates, maternal effects via other mechanisms
239  have beendecumented in a variety of systems, including plants (e.g., Schuler & Z0x3c

240 and arthropods (Mousseaul®ngle, 199) as well as reptiles, amphibians, birds, and mammals
241  (Mousseawk Fox, 1998; Uller, 2008). Several of the key predictions from our framework may
242  extend to these, groups as well, where they can be usafaherating both specispecific

243  predictions.and testing environmentally specific hypotheses in the field. For exanspheell

244  establishedsthat plants exhibit a multitude of transgenerational effects in response to a diverse
245  array of environmental stressors, including herbivory, temperature, and reszlated-stress

246 (Agrawal 2001; Crisp et al2016; Walter et al.2016).EMT could be used to broadly examine
247  the environmental and life-history conditions under which these transgeneratfectdare

248  adaptive More specifically, EMTwould predict thafor plants that produce small seeds (e.g.,

This article is protected by copyright. All rights reserved



249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279

11

often annual plantsjtransgenerational maternstress effects might be triggered at relatively
modest levels of environmental stress, siheecosts ofalsenegative errors may be very high
for smallseeded species whose seedlings do not have large energy or resource reserves for
tolerating stresOn the other hand, plant species producing larger seeds should pay lower costs
for falsenegative errorgpecause seedlings have greater reserves to help ameliorate the cost of a
falsenegative error)and EMT would predict a reduced response of seed phenotype to maternal
stress.

In manyplant species, as well as aquatic or terrestrial invertebrates and vertebrate
species, that produce numerous, low cost propagules in their lifetime, offspgrexpeience
very high mortality during development. As such, these species may adopt a bet-hedging, rather
than preparative, strategy with regards to future streddersn@n et aJ.2014), where current
stress signals are ignored even if they are predictive of future stress. An imhjfdriee
direction (Box 4) will be examining predictions generated with EMT in theseespeci

Overall, we have chosen to outline thdEframework focused primarily on vertebrate
taxa that experience fluctuating environments in which we expect parental/maternal effects to
have a large influence on offspring phenotype relative to other sources of variatinar(ke
McNamara;,2015) and compared to other mechanisms of dealing with fluctuating ennt®nme
such as beltiedging (Proulx & Teotdnio, 2017). Although we have focused on matstneak
effects in vertebrates, we expect that future studies in any organism could use the same
framewok;.substituting their own taxar speciespecific mechanism or signal of
environmentahguality that a parent can pass to their offspring. Studies expaigling th
framework'te.other organisms are both greatly needed and have the power to more robustly tes
EMT within this maternakffect framework.

Concluding.remarks

When viewed fronan EMT perspectiveghe adaptive nature of seemingly maladaptive maternal
stress effects’becomes more readily appdBon 1). The EMT framework outlined here
providesa means to reconcile the persistencthesometimeseemingly maladaptive role of
maternal stres@Box 2), an array of hypotheses (Box 3), gederates additional functional
guestions (Box 4do help us further characterize amgpreciatehe tremendous variation in
phenotypes and fitness outcomes thaoéien observed. It further allows us to better predict
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how animalsmay (or may not) respond tmvel stressrs. An important pragmatic benefit of our
EMT approach is that, unlike sortlfeeoretical mode|st can provide qualitative predictions that
can be readily tested by experimental manipulation of components known tcedidrate
maternal stress_amgliantifying how this alters offspring phenotyped the relative performance
andfitnessoutcomes. We expect that new studies adopting experimental manipulations of
maternal stress across related species that exhibit a diversity of life histories and across a
continuum of'environmental fluctuations will be particularly useful in testing #ndigirons of
EMT to explain‘theadaptive role of maternal stre§&xpanding the EMT framework to other
taxa is especially needed to test both the generality and the robustness of EM@ifximgr
transgenerational materpstress effects in a vaty of ecological and lifdrstory contexts.
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Box 1. Error'management theory and the adaptive role of maternal stress

Selectionshould favor individualsrhere maternal stre¢s.g.,levels ofglucocorticoid hormones

in vertebrate mode)saltersoffspring phenotype when the benefit of doing so owh®ihe costs

of not doing"se: Because environmental conditions often covary in time and space, current
conditions ‘experienced by the mother (i.e., the degree to which the current envirament i
stressful, represented by the level of maternal gtreag be indicative of conditions that will be
experienced by.a mother’s offsprinfthe maternal environment can be used to gauge the future
environment, offspring phenotype should be altered at somshtiicelevel (called the decision
threshold) where the level of currartvironmental stressors experienbgdhe mother has
sufficientreliability for predicting likely futureenvironmental stressofsr the offspring.The
reliability ofithe current environment to predict the future environment may kmatediby the
level of maternal stress hormon#sthe figure below, the frequency distributions of the two
possible future environments (unstressful or stressfuplateed against the level of current
maternal stress. The level of maternal stress at which offspring phenotype becomes modified
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determines the relative likelihood of a successful match between offspring yyieeaat the

type of environment the offspringill experience (i.e., a true positiv€P,or true negativeTN),

as well as influences the likelihood of an error, i.e., the false pgodtiRunnecessary
modificationof offspring phenotypeor a falsenegative errorKN, failing to modify offspring
phenotype when the future is stressf@iven trat thefitness costs of each of these types of error
differ (likely.sueh that Fn>Frp>Frp>F¢n; Table 3, and the background probability that the

future environment will be stressf(®(s)) or unstressful (P(nspffspring phenotype should be

(Frn—FFp).

;. an example
(Frp—FFnN) P

modified whenever the value of maternal stress is greate%(l?iém

threshold is,indicated in the figure below (the vertical line in the middle of the two distributions).
The red area to the right of the threshold represents the probabilities of titvepaesnd false

positives that would be realized at that particular decision threshold.

[NOTE TO EDITOR: Suggest inserting Fig. for Box 1 here]

Within the EMT perspective, the costs of TN and TP @ftenassumed to be identicals the
focus is typically on the evolutionary implications of errors. Howewéhin our framework
and as our-matrix show$able I} each of the four outcomes is likely to have a different fitness
value (indicated by fx, Frp, Fen, Frp), because each outcome has a different combination of the
two possibleserror costEalse positive errors of producing altered offspring that experienc
benign environments aexpectedo be much less costly (in terms of reduced offspring fitness in
the benign environment) than false negative errors of producing unaltered offspring that
experience very stressful environmetswever, quantitative asseaents of those predictions
are rare,as.few/studies perform full factorial experiments in wild animals and assessment of the
fithness consequences of false positive errors is rare.

In éurframeworkfitness values can be meadliesoffspring performance or fitness
(e.g., survivalland thusthe relative fitness value of that phenotype cambasuredavithin a
given environment. Importantly, our framework can also be expanded to measuwe relati
maternal performance or fitness (elgpye et al. 2008) to better understand the adaptive
potential of maternal stress for a mother’s fitness. This may also allow a comparison of the
relative fitness values to the mother and offspring, and expand our understanding of potential
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465  mothereoffspring conflict.

466

467 Tablel. Fitnessoutcome®f maternalstress effects shoulte compared across all scenarios

468  within a 2x 2 framework, representing the four possible outcomes when offspring phenotype

469  may (or may-not) be modified in a way that does (or does not) match the future envirdfonent

470  simplicity, we label the environment experienced by the mother or her offsprisgrassful”

471  (high levels'ef'glucocorticoids relative to the spedigseal levels) or “Unstressfulln general,

472  we anticipatefitnesrankings of Iy > Frp> Fep> Fey O Fry > Fep> Frp> Fey; which of these is

473  accurate depends upon the relative costs of false positive (FP) erromseapdsitive ()

474  outcomeslmportantly, regardless of the relative fithess valuesrpflRd Fp, wealways expect

475  Fgn to havertthe least fitness (and often by a substantial margin), such that error mahageme

476  would predict that mothers would produce offspring that are least likely to expettieneeror

477  (i.e., mothers should err towards producing altered offspring to reduce the likelihodohgftéa

478  produce altered offspring that later experience a highly stressful environieggperal, we

479  expect thatmany situations exist where offspring experience environments that-are well

480 approximated:by aimple dichotomy of stressful vs. benign environméatpecially over the

481  relatively*brief window early in life where offspring survival is typicallpshconstrained).

482  Howevergswe note thahe general predictions of the model still folkw cases wherefispring

483  may experience a range of stresses in the natal environment (so that the natal environment is not
484  well described by a simple stressful/unstressful classification). As long as the fitness costs of the
485  two types of‘error are asymmetrical and curiefarmation has some predictive utility for future

486  conditions;we‘expect selection to favor matestedss effects that lead to modified offspring

487  when the costs of making unnecessarily altered offspring are much lower than the costs of failing
488  to modify offspring then future stress is imminent (Nesse 2005).

489

Unaltered offspring in benign  Error of failing to modify
environment, no error offspring when necessary

True Negative (TN) False Negative (FN)
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Error of unnecessary Altered offspring in stressful
offspring alteration environment, no error
False Positive (FP) True Positive (TP)

490

491

492  Box 2. Errersmanagement helpsresolve the value of maternal stress

493  Empirical evidencérom ecological studies suppdhe idea thaimaternalstresseffects can be
494  adaptive if theguality of the mother’'s environment predicts (i.e., matches) that of its offspring
495 (i.e.,a truenegative or true-positive), but maladaptive if it does not {atsenegative or false
496  postive; Love and Williams 2008; Sheriff and Love 2013; Uller et al. 20IBg overall

497  outcomeis a dichotomous value of maternal stress. For exarapteyshoe haresxhibit a 10

498  year population cycle with their main predator, Canada lynx (Krebs et al., 1995). During the
499  decline phase of their population cycle (when their population size is decliningt$rpeak),

500 hares experience extreme predation fiskn lynx and exhibit inceasesn maternal

501 glucocorticeids/(Sheriff et al. 201I)jhese elevations in maternal glucocorticoesult in

502  smaller;lighter offspring that have elevated hormoegponsiveness to a stresdmrt whichare
503 assumed tosbadapted tahehigh predation environmentle offspring encountéEheriff et al.
504 2009, 2010). Althoughhesemodified offspring born during the decline phaseounter extreme
505 predationtwiskrom lynx, this is not the case for offspring tlaeborn at the end of the decline
506 phase or during the low phase of their population cycle (when population size is atrits nadi
507  Sheriff et al. 2011). Thus, exposurentaternal stressiay causeadaptivechanges in offspring
508 during the‘decline phase and yet seemimgdyadaptiveeffects in offspringluring the low phase
509 becauset seens to poorly match the environmental conditions the offspring will experignce
510 independence (a low predation environment). However, when considered in ourdSed -

511 framework the costs of the potential errors must be comparedih@ dithess value of a false
512  positivevs. afalsenegative). Given this perspectiveis likely thatmaternal stresis adaptive

513 throughoutlie hare cycleliving in a benign (low predation) environment as an altered offspring
514 is likely far less costly thaliving in a predator-rich environment as an unaltered offspriag

515 lower reproduction vs. quick death. In other words, the fitness costs of being ath lzdtere

516 during the low phase when predation riskow are likely outweighed by the fitness benefits of
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being an altered hare during the decline phase when predation risk is high. Thus, through the lens
of EMT, thecorrectassessment of the relative adapfivectionof maternalstresseffects can be
madesincethe EMT framework provideshe relative fithess outcomes across varioiisre

environmers.

Box 3. Predietionsfor variation in offspring response to maternal stressacrosslife

histories.

[NOTE TO EDITOR: Suggest inserting Fig. for Box 3 here]

Error management theory can help infayoalitativepredictions abouhe variation in the
strength of influence of maternal stress on offspring phendtgpternalstress effectd)oth
among and within species and populatigA$.Focusing on situations where successful matches
(i.e., true positive and true negative outcomes) have the same baeeétative cost of failing

to modify effspring phenotype when necessdajsenegativeerrors) compared to the cost of
unnecessary modification in a benign environment (fptsative errorsjnay drive the threshold
at which an,offspring’s phenotype respend maternal stress. (tyhen cost®f falsenegative
errors aressmall relative to costs of fafgesitive errors, we expect that offspring phenotype will
only be modified at relatively high levels of maternal strafiernatively, (2)when cost®f
false-negative errors are very large relative to costs of-fadsgtive errors (e.g., when highly
lethal stressers,are common in the offspring environment), we expect thatngffispenotype

will be modified at relatively low levels of maternal strd& We expectthat particular life
history traits as well as particular ecological situationd| influence theamount(or threshold)

of maternal stress required to initiate a change in offspring phendiyp®e expect relatively
weak maternastresseffects for those organisms whehereis i) a low risk of offspring

mortality (typed) or an equal risk of mortality across lifestages (type)lParental care to

buffer offspring’s exposure to the post-natal environnfelticial species)iii) a relatively
constant environment, and iv) a significant disconnect between maternal gmohgffs
environment (highdispersal or longived species)(2) while we expect éower threshold of
response ancklatively strongnaternalstresseffectsin organisms which display opposing traits.

Box 4. Outstanding questionsin integrating EM T into mater nal-stress effects
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548

549 1) Are the fitness benefits of maternal stress dependent upon the environment offspring
550 experience at independendef importantto quantify effects of stressduced phenotypes in
551  offspring in both stressful and non-stressful environmintslly characterize the costs and

552  benefits of offspring phenotypes modified by maternal stress.

553

554  2) Are the"effects of maternal stress onfifsg characteristics dependent upon the ecological
555 trigger inducing'maternal stres&RAvironmental stressors such aduced food availability or

556  high predation risk can both increase maternal glucocorticoids, Buiricleamwhether the

557 effects of elevated maternal glucocooids on offspring phenoty@ee the same for these

558 different ecological triggers of maternal stress.

559

560 3) Do offspring or mothers control the point at which elevated maternal glucomstatter

561  offspringtraits? Offspring and mothers can be in conflict with how maternal stress alters

562  offspring traitsycan offspring resist the effects of maternal glucocatti@nd, if so, how?

563

564  4) Whatrole do fathers play in this EMT view of matersiess effects? In spesiwith

565 biparental-care, fathers could buffer the effects of maternal stress on oftspnmadifying the
566  cost of falsenegative or fals@ositive errorsFathers may also buffer the environment

567 experienced by the mother, reducing her level of stress.

568

569  5) How doessanthropogenic environmental change modify the occurrence of false-negatives and
570 falsepositivesrelative to environments over a species’ evolutionary gastexample, the

571  mismatch between maternal and offspring environments is likely elevaged duman-induced
572  rapid environmental change, which should increase the frequeecsoo§ Moreover, different
573  kinds of human-induced rapid environmental change (i.e., HIREC, see Sih et al. 2013) could
574  generate mismatches that vary in type and magnitude. For instance, introduced pregators
575 increase fals@egative errors because they are not recognized as dangerous and do not cause
576  maternal stress. Resource subsidies from epheamtabpogenic habitats (e.g., agricultural
577 fields) might lead to in@ased fals@ositive errordecause food is plentiful for mothers, but
578  may not be for their offspring.
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6) How effectively does the EMT framework capture transgenerational mastress effects

for organisms (e.g., many plants, invertebrates, and vertebrates) that preduiegge numbers

of propagules/offspringAre transgenerational EMT effects, which would lead to directional
shifts in offspring phenotype (i.e., deterministic maternal effects, senslx Brd@eoténio)more
commonly.observed for such species than strategies based upon randomly increasigg the ra
of phenetypes exhibited by offspring (diversifying betdging via random maternal effects;
Proulx & Teoténio2017)?

7) If mothers bear substantial cosis innecessary modifications of offspring phenotype (false-
positives), how does this alter the predictions of our EMT framework? We focus priraffs
fitness but mothers may suffer substantial fitness costs for tutalsepositives and this could
affect the predicted fitness rankings of each scenario shown in Table 1.

Figure Captions.

Figure 1. (A) The environment experience by mothers during reproduction can either be
unstressful(leading to the dashed arrow pathway) or stressful values (leatiegabhiway
represented by solid arrows), with the latter occurring when her stress hormonarevels
increased beyond some threshold of normal baseline (i). This dichotomy leads toedhalte
offspring phenotypes or ‘altered’ offspring phenotypes in response to elevated nsttessl

(ii). Theseoffspring then have the potential to also encounter two different envirisniare
‘unstressful=environment, or, alternatively, a ‘stressful’ environment &nd their fitness value
will depend upon the interaction between their phenotype and the environment theynegperie
(iv). We suggest the adaptipetential of maternal stress thus needs to be considered as the
relative offspring fithess across these scenarios, in a 2x2 comparative framewark ((F
Frp)/(Frp—.Fry); Box 1). Additionally, the adaptive potential of maternal stress to maternal
(inclusive) fitness can also be evaluated within our framework if the end fitness outcomes (iv)
are that of the,mother (i.e., do mothers survive better and have greater fotadeicgon if they
raise altered offspring in a stressful environment as @uptwsattempting to raise unaltered

offspring?).
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