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Abstract
Maternal effects occur when maternal environment or phenotype influence offspring phenotype, in addition to genetic
contribution of the mother. As maternal effects often influence phenotypes that are under natural selection, they hence
have evolutionary consequences. Further, the expression of both maternal effects and evolutionary potential has been
argued to depend on environmental conditions, but the evidence of this dependency for the process of adaptation has
been inconclusive. The main objective of this thesis was to investigate evolutionary consequences of maternal effects and
stressful or variable environmental conditions.

I started by performing a meta-analysis of quantitative genetic studies that investigated expression of additive genetic,
maternal, and residual variance under both stressful and benign environmental conditions (Paper I). Data spanning over
many animal taxa and stress types revealed that high levels of environmental stress correlated with increased expression
of genetic and residual variances. However, against our predictions, maternal effects were relatively unaffected by stress.

In Paper II and III, I explored the evolutionary divergences of traits previously shown to be under maternal control.
Specifically, in Paper II, I performed a second meta-analysis, that investigated if parents of common frogs (Rana
temporaria) influenced offspring development time to mediate the effects of time constraints, across a latitudinal cline.
I found that reproductive delay in the parental generation correlated with decreased development time in tadpoles of
northern R. temporaria populations, suggesting that parental effects may further decrease development time in populations
from time-constrained environments.

In Paper III, I used an annual killifish system, to explore if environmental unpredictability, measured by variation
in precipitation during rainy season, correlated with maternally mediated variation in embryo development time (bet-
hedging). Although I found significant among-species differences in variation in development time, there was no clear
linear relationship between variation in development time and precipitation. The results suggest that either bet-hedging
is not important for persistence in the unpredictable annual killifish habitats, or that other ecological factors, rather than
precipitation unpredictability, influenced evolution of variation in development times.

Lastly, I investigated if occurrence of placenta correlated with increased offspring brain size among poeciliid fish (Paper
IV). In contrast to our prediction, I did not find any consistent differences in relative brain size between the fry of placental
and non-placental species. It is possible that either the poeciliid placental structures do not have a sufficient capacity to
transfer resources necessary for increased brain development, or that other factors, such as sexual selection, or differences
in food abundance and competition, shaped brain evolution among poeciliids.

In conclusion, the results of this thesis suggest that environmental stress may influence evolutionary potential by
increasing genetic variation available for selection, that time-constrained habitats may be conducive to evolution of parental
effects on offspring development times, and that maternal influence on offspring traits may be difficult to detect, as many
ecological factors may potentially influence evolution of life-history and morphology traits.

Keywords: parental effects, meta-analysis, development time, bet-hedging, brain size, evolutionary potential,
unpredictable environments.
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INTRODUCTION 

Maternal effects

Modern evolutionary synthesis has mostly regarded environmental variation as a driver of natural selection

(Huxley 1942). However,  there  has been an increasing recognition that  it  may also generate phenotypic

variation (West-Eberhard 2003,  Pigliucci  and Müller  2010),  and that  phenotypic  plasticity  occurs  across

generations, in a form of parental effects (reviewed in Musseau and Fox 1998, Uller 2008). This recognition

has stimulated research on how phenotypic plasticity and parental effects influence evolutionary processes

(West-Eberhard  2003,  Pigliucci  and  Müller  2010). Parental effects  occur  when  parental environment

influence offspring phenotype,  independent of the parental genetic contribution (Bernardo 1996, Mousseau

and Fox 1998).  Parental  effects  on offspring  performance traits  are  often induced by the  environmental

conditions experienced by the parental generation  (Räsänen and Kruuk 2007). These parental effects may,

however, also have a genetic basis,  allowing for the evolution of adaptive parental effects  (Räsänen and

Kruuk 2007). Consequently, parental effects on offspring may vary in a population according to the parental

gene pool (Rossiter 1998). 

As the presence of parental effects allow for non-genetic inheritance, it bears substantial consequences for

evolutionary processes.  While parental  effects  may be inherited either  maternally  or paternally,  maternal

effects  have  been  considered  of  higher  evolutionary  importance,  as  eggs  contain  all  the  nutrients  and

machinery necessary to start the embryonic development, while sperm mainly is a transport unit for DNA.

Maternal effects may be mediated by mechanisms such as egg and juvenile nutrition provisioning, transfer of

hormones, mRNAs, chromatin marks, mitochondria or chloroplasts to the cytoplasm, choice of oviposition

site, maternal care,  and generally maternal behavior that influences offspring growth and survival (Wade

1998). Hence, maternal effects may be inherited  either socially, or via the gametes.  Maternal effects alter

offspring phenotype and may therefore influence offspring  fitness and variation available for (Kirkpatrick

and Lande 1989, Räsänen and Kruuk 2007), with adaptive maternal effects entailing fitness advantage for the

offspring. Maternal effects are now recognized as an influential part of evolutionary process (Kirkpatrick and

Lande 1989,  Hoyle  and Ezard  2012,  Kuijper  and  Hoyle  2015),  and have  been shown to be  ubiquitous

(Mousseau  and  Fox  1998). However,  experimental  evidence  for  adaptive  maternal  effects,  where

evolutionary origin is linked to function, and their evolutionary significance has been debated (Marshall and

Uller 2007, Uller et al. 2013). It has been argued that adaptive maternal effects may be very hard to detect, or

uncommon (Uller et al. 2013), so that perhaps most of the advantageous maternal effects did not evolve due

to their adaptive function, but are carry-over effects, a consequence of maternal resource allocation under

advantageous  environmental  conditions.  In  addition,  expression  of  maternal  effects  depends  on  many

environmental and genetic factors, such as: environmental conditions experienced by female and offspring,

female and offspring genetics, or environmental quality experienced by mother and offspring (Kaplan 1998). 

Environmental conditions may influence expression of maternal effects (reviewed in  Räsänen and Kruuk

2007),  and  hence  maternal  effects  are  likely  to  be  affected  by  stress  levels  experienced  by  mothers  or
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offspring (Kaplan 1998). I investigated how stress levels experienced by offspring influence expression of

maternal effects in  Paper I of this thesis.  Further,  Paper II and  III are on topics previously connected to

maternal effects and environmental variability, i.e. increased offspring developmental time as a response to

delayed breeding in parental generation (Richter-Boix et al. 2014, Paper II), and increased trait variance in

response to unpredictable environmental conditions (bet-hedging strategy; Marshall et al. 2008, Paper III).

Finally, it has been argued that maternal provisioning through a specialized organ – placenta, may influence

development of costly tissues, like brain (Elliot and Crespi 2008,  Weisbecker and Goswami 2010), a topic

that I investigated in Paper IV.

Stress

Environmental conditions may be considered as stressful, if fitness tends to decrease (Sibly and Calow 1989,

Hoffman and Hercus 2000). Although there may be many different stressors, the fitness consequences may be

similar,  with most  of  the  differences arising from different  levels  of stress  (Hoffman and Parsons 1991,

Badyaev 2005). Stress magnitude is important, since high levels of stress decrease individual fitness, while

moderate  stress  may  oftentimes  be  necessary  for  organism  development,  function,  and  for  population

persistence  (Badyaev  2005,  Radak  et  al  2008).  Knowledge  about  the  level  of  stress  experienced  by  a

population is important to predict evolutionary changes, because stressful conditions may induce adaptation

through natural selection, drive populations extinct, or force them to migrate (Endler 1986, Hoffman and

Hercus 2000, Hoffmann and  Sgrò 2011). Further, stressful conditions has been associated with changes in

phenotypic and genetic variation, which together with selection influences evolutionary response (Wilson et

al. 2006, Husby et al. 2011). Most of the previous studies used heritabilities as a measure of evolvability, and

together,  they  gave  inconclusive  results  as  to  how  stressful  conditions  influence  evolutionary  potential

(Hoffmann and Parsons 1991, Hoffmann and Merilä 1999; Merilä et al. 2001; Charmantier and Garant 2005).

It has been proposed that environmental stress may either increase or decrease genetic variation, by means of

changes in mutation and recombination rates (Hoffman and Parsons 1991, Badyaev 2005),  release of hidden

genetic  variation (Badyaev 2005),  erosion of  genetic  variation under  strong directional  selection  (Fisher

1930, Gustafsson 1986, Mousseau and Roff 1987), or constrained expression of genetic variation under poor

conditions (Hebhardt-Hendrich and Van Noordwijk 1991, Hoffman and Merilä 1999).  Although empirical

evidence is scarce (reviewed in Uller et al. 2013), maternal effects have a potential to circumvent effects of

environmental quality and stress in offspring, as maternal effects in general have a capacity to increase fitness

(Miller 1988, Hutchings 1991, Grindstaff et al. 2003, Bashey 2008, Segers and Taborsky 2010, Leips et al.

2013, Pick et al. 2016, Saporito et al. 2019).

Time-constrained habitats and development time

Climate-related heterogeneity may cause developmental time-constraints in environments of high latitudes,

altitudes, or low precipitation levels,  and may often cause differences in population- and species-specific

levels of life history traits (Berven 1982a, Laugen et al. 2003, Rogell et al. 2009, Eckerström-Liedholm et al.

2017). These differences in life history traits may be a case of local adaptation, phenotypic plasticity, or both

(Berven  1982b,  Laugen  et  al.  2002).  For  example,   climate-related  environmental  factors  such  as  low
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temperatures  decrease rates  of development  in  ectotherms (Zuo et al.  2012).  As ectotherms with slowly

developing phenotypes may fail to complete their life cycle or attain a size necessary to survive winter in

time-constrained environments,  this kind of plasticity will  incur costs and decrease fitness (Conover and

Present 1990). Therefore, natural selection often results in a counter-gradient variation, when genetic changes

counteract the disadvantageous plastic responses (Conover and Schultz 1995). In addition to counter-gradient

variation, maternal effects may further circumvent the time limitation by decreasing development time in the

offspring facing shortened growth season. For example, experimentally induced delay of breeding time by

exposing parents to a simulated prolonged winter results in decreased development times in the moor frogs

(Rana  arvalis,  Richter-Boix et al.  2014),  which is  presumably an adaptive response  to a shorter growth

period. Therefore, we would expect that in species and populations from time-constrained environments,

parental effects could mediate in decreasing offspring developmental times in case of delayed reproduction

under natural conditions.

Phenotypic plasticity and bet-hedging

Organisms may cope with changing environmental conditions by means of either phenotypic plasticity or bet-

hedging (Crean and Marshall 2009, Simons 2011, Furness et al. 2015a). Phenotypic plasticity occurs when

the same genotype will result in different phenotypes depending on the environmental conditions experienced

by the organism (Stearns 1989, Via et al. 1995, DeWitt et al. 2004), and may evolve as an adaptation in

response to predictable environmental changes (Ghalambor et al. 2007). Under bet-hedging strategy, mothers

increase within-clutch variation in  order  to spread the  risks associated with unpredictable  environmental

conditions (Crean and Marshall 2009), so that there is a high chance that at least some of the offspring

phenotypes will be fit to survive under the new environmental conditions (Marshall and Uller 2007, Crean

and Marshall  2009).  Bet-hedging is adaptive under unpredictable environmental conditions,  as it  ensures

constant reproductive success, and reduces among-generation variance in fitness (Crean and Marshall 2009).

Both phenotypic plasticity and bet-hedging may entail costs (Sheiner 1993, Kussell and Leibler 2005). Costs

of plasticity may concern trait expression and maintenance of genetic and cellular mechanisms that enable

switching of different developmental programs and sensing environmental changes, while under bet-hedging

scenario, a substantial part of offspring will  be lost due to a mismatch between offspring phenotype and

environment  (Sheiner 1993,  Kussell  and Leibler 2005). I  have  studied the  occurrence of bet-hedging in

annual killifishes (Paper III), that inhabit ephemeral water bodies in Africa and South/Central America that

dry out during dry season. Under such conditions, only embryos can survive until the next rainy season, and

arrival of the  rainy season is often unpredictable (Inglima et al. 1981, Genade et al. 2005,  Furness et al.

2015b). As precipitation stimulates annual killifish egg hatching, the match between embryo developmental

time and arrival  of  rainy season is  crucial  for  survival  (Watters  2009,  Polačik et  al.  2011,  Domínguez-

Castanedo et al. 2017). Therefore, annual killifish females produce eggs with high within-clutch variation in

development  times,  which  is  thought  to  constitute  an  adaptation  to  the  unpredictable  environmental

conditions   (bet-hedging).  If  the  annual  killifish  indeed  evolved  bet-hedging  in  order  to  cope  with

environmental unpredictability, we would expect that species that have evolved under more unpredictable

environmental  conditions display higher  variation in  development  time,  compared to  species  from more
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predictable conditions.

Maternal provisioning and brain size

Offspring provisioning is a widespread and evolutionary important maternal effect (Wourms 1981, Blackburn

1992, Goodwin et al. 2002, Furness et al. 2015c). Mothers invest in their fitness by transferring nutrition, hor-

mones, heat, and oxygen during prenatal stage to the egg or developing embryo, or providing nutrition, care,

and protection during postnatal stage, which may increase the chances of offspring survival (Wade 1998,

Goodwin et al. 2002). Maternal investment affects fitness by influencing a number of traits, such as offspring

size, growth rate, resistance to starvation, locomotion speeds, chemical defenses, and immunity, which in turn

correlate  with  increased competitive  ability,  and increased survival  rates  (Miller  1988,  Hutchings  1991,

Grindstaff et al. 2003, Bashey 2008, Seregs and Taborsky 2010, Leips et al. 2013, Pick et al. 2016, Saporito

et al. 2019, but see also Kaplan 1992). In addition, maternal investment  have been suggested to allow off-

spring to allocate resources into development of tissues that are costly to develop and maintain, such as brain

(Martin 1996, Barton and Capellini 2011). Increased brain size has been associated with increased cognitive

abilities (Sol 2009, Kotrschal et al. 2013, 2015, Heldstab et al. 2016). Among mammals and birds, species

that invest more into each individual offspring tend to produce large-brained individuals (Pagel and Harvey

1988, Iwaniuk and Nelson 2003, Weisbecker and Goswami 2010). In addition, there exist suggestive evi-

dence that the level of pre-natal maternal investment correlates with brain size in cartilaginous fishes (Mull et

al. 2011), and that egg size and care duration are positively correlated with brain size in Tanganyikan cichlids

(Tsuboi et al. 2015). Development of mammalian placenta in particular has been suggested to influence off -

spring brain size, with gestation period positively correlated with brain size (Isler and Van Schaik 2009,

Weisbecker and Goswami 2010). Therefore, while the effects of maternal investment on brain size are best

known from taxa with post-natal provisioning, less is known from animals with only pre-natal maternal in -

vestment. 

OBJECTIVES

The  main  aim  of  this  thesis  was  to  investigate  if,  and  how,  maternal  effects  and  stressful  or  variable

environmental conditions may influence  adaptation.  Paper I was a meta-analysis  of animal  species that

tested if the expression of additive genetic, maternal, and residual variation changes under stressful versus

benign offspring conditions.  Paper II was a meta-analysis  that  investigated if  parents  of common frogs

(Rana temporaria) influenced offspring development time to mediate the effects of time constraints, across a

latitudinal cline.  Paper  III  investigated  if  environmental  unpredictability  correlated  with  variation  in

offspring development time, among annual killifishes.  Paper IV  tested if evolution of placenta influence

brain size among poeciliid fish.
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METHODS

Meta-analysis

Paper  I  and II  used  a  meta-analytical  approach  in  order  to  synthesize  the  scientific  knowledge  on

evolutionary importance of maternal effects and stress. In  Paper I,  I searched for published quantitative

genetic studies that investigated additive genetic, maternal, and residual variances under both benign and

stressful  offspring  conditions.  I  gathered  data  from 39  studies,  encompassing  both  laboratory  and  field

studies,  life-history  and  morphology  traits,  low  and  high  stress  levels,  novel  and  non-novel  stressful

conditions, and a wide variety of animal groups (insects, molluscs, echinoderms, fish, amphibians, birds, and

mammals). To test if variances differed between the stressful and benign environments, we estimated lnCVR

for each study and each par-vise estimation of variance component (genetic, maternal or residual), which is

the  natural  logarithm  of  the  ratio  between  coefficients  of  variation  for  stressful  and  benign  conditions

(Nakagawa et al. 2015). As most of the previous assessments of evolutionary potential used estimates of

heritability, we also calculated narrow-sense heritabilities, in order to compare our results to the previous

studies.

In  Paper  II,  we  investigated  larval  development  times  of  R.  temporaria  populations  situated  across

latitudinal  cline  in  Sweden  and northern Finland,  raised  under  common garden,  standardized laboratory

conditions. In order to correlate offspring development time with environmental conditions experienced by

parents in nature, we collected  data on first day of spring for a given location (first of seven consecutive days

with average temperatures over 0°C, based on 1961-1990 average, SMHI 2017). This allowed us to calculate

a measure of reproductive delay, the period between the mean first day of spring for a given location and date

of  reproduction  in  the  parental  generation.  We  tested  if  reproductive  delay correlated  with  offspring

development time. In both,  Paper I and Paper II, we used Bayesian modeling that implemented sampling

error variance in order to account for the uncertainty of the estimates.

Multi-species experimental studies

We performed two multi-species studies (Paper III and Paper IV),  in order to correlate development time

variation with species-specific levels of environmental unpredictability (Paper III), and to test if evolution of

placenta is correlated with increased offspring brain size among poeciliid fish (Paper IV).

In Paper III, we used seven species of annual killifishes (Cyprinodontiformes, Aplocheiloidei), originating

from a gradient of environments with different  precipitation variability. We collected eggs from parental

generation, raised them in standardized laboratory conditions, and measured their development times. We

also included temperature treatments in order to asses if developmental times are congruent across different

thermal regimes. Further, we collected data on means and standard deviations in among-year precipitation in

natural conditions of each species (New_LocClim, FAO 2018,  average length of a series is 50 years). We

calculated species-, and temperature-specific coefficients of variation (CVs) in development times and tested

if they were correlated with species-specific precipitation CVs, e. 
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In  Paper IV,  we used eight species of live-bearing fish (Cyprinodontiformes, Poeciliidae) with different

levels  of  placental  development.  Three  species  used in  this  study were  matrotrophic,  meaning that  they

transfer nutrition to the embryos through placental structures during the whole developmental period, and

five  species  were  lecithotrophic,  meaning  that  they  only  transfer  nutrition  to  unfertilized  eggs.  As  a

consequence,  offspring  of  matrotrophic  species  gain  mass  during  development,  while  offspring  of

lecithotrophic species lose mass during development. We collected newly released fry and used non-invasive

brain size measurements, to test if species with placental nutrient transfer invest more resources into offspring

brain development than species with no placental structures.  In both,  Paper III  and Paper IV, we used

Bayesian modeling, that allowed to calculate posterior distributions of species-, and temperature-specific CVs

(Paper III), and to account for multiple measurements of the same individual (Paper IV).

RESULTS AND DISCUSSION

Paper I

In this study, we tested how stressful versus benign conditions affect mean-standardized variation in life

history and morphology traits. For life history traits, all mean-standardized variance components combined

together (additive, maternal,  and residual) were significantly higher under highly stressful condition than

under low stress conditions (β = 0.201, 95% CI = 0.0559–0.335), corresponding to a 22% increase. When

restricting the test to the high stress level only, life-history traits had higher levels of additive and residual

variation under high stress, than under benign conditions (additive: β = 0.223, 95% CI = 0.00182–0.433;

residual: β = 0.271, 95% CI = 0.0568–0.445; Fig. 1a). These results translated to 25% and 31% increase.

Under lower stress levels, life-history traits had higher levels of residual variance under low-stress conditions

than under benign conditions (β = 0.145, 95% CI = 0.0285–0.247, Fig. 1b), translating to a 16% increase.

There was no difference in narrow-sense heritabilities between stressful and benign conditions (β = -0.0387,

95% CI =  -0.4328 to 0.393).
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Figure 1. Posterior estimates of lnCVR with 95% credibility intervals estimated for two different trait classes (life

history and morphology) using observations incorporating: (a) high stress level conditions and (b) low stress level

conditions. The plots indicate lnCVR, and a positive value hence indicate higher CV under stressful than benign

conditions. No overlap with the dashed line is interpreted as a significant difference in variance between the

stressful and benign environment.

Previous studies that investigated heritabilities under stressful and benign conditions found mixed results as

to how stress influence evolutionary potential (Hoffmann and Parsons 1991, Hoffmann and Merilä 1999;

Merilä et al. 2001; Charmantier and Garant 2005). Similarly, our investigation of heritabilities did not show

any significant results. However, it has been argued that evolutionary potential if given by the amounts of

additive genetic variation,  and not  by heritabilities (Houle 1992). Hence, our results  suggest  that  highly

stressful  conditions  may  facilitate  adaptation,  by  increasing  genetic  variation  available  for  selection.

Moreover, our results may help explain the previous, inconclusive results as to how stressful conditions affect

heritabilities.  Namely,  as  residual  variation  increases  under  stressful  conditions  together  with  additive

variation,  there  should  be  no  expectation  on  the  direction  of  heritability  change.  While  stress  did  not

influence expression of maternal variation in this  study, we note that we had to exclude many maternal

variance estimates, as they were reported as zero in the original studies, and could not be used to estimate our

effect sizes. Therefore, while our data suggests that the expression of maternal effects does not depend on the

environmental  conditions  experienced  by  offspring,  there  is  a  need  for  further  studies  in  the  future,

incorporating more maternal variance components.

Paper II

In this study, we tested if reproductive delay in parental generation correlated with offspring development

time. We found that larval period decreased with increasing reproductive delay in the northern populations (β

= -2.46; 95% CI: -3.79, -1.32; Fig. 2b). This result suggests that parents may influence offspring phenotype to
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circumvent  time  constraints  on  offspring  development  time.  Interestingly,  offspring  development  time

increased with increasing reproductive delay in southern  R. temporaria populations   (β = 1.49; 95% CI:

0.051, 2.91; Fig. 2a). Previous studies have shown that high developmental speeds may increase mortality

due to lowered anti-predator defenses (Orizaola et al. 2013; 2016), and increased levels of foraging behavior

(Gotthard  et  al.  1994;  Gotthard  2000;  2008,  Laurila  et  al.  2006;  2008). Hence,  it  is  possible  that  in

environments that are not time constrained, tadpoles avoid predation by slower development.

Figure  2.  The  relationship  between  reproductive  delay  and  larval  period  in  a)  southern,  and  b)  northern

populations of  R. temporaria. The regression lines including 95% confidence interval range are based on non-

weighted, raw data. Area of the points corresponds to the precision of the estimates (1/SEMestimate).

Paper III

In Paper III, we tested if variation in precipitation correlates with species-specific variation in development

time (bet-hedging), and investigated if developmental times are congruent across different thermal regimes.

While we found that development time CVs differed significantly among species (Figure 3), we did not find

any clear linear relationship between development time CV and precipitation CV (β = 0.077; 95% CI: -0.56,

1.13;  Figure  3).  In  addition,  there  was no clear  relationship between development  time  CV and rearing

temperature (Figure 4).
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Figure 3. Medians of the posterior distributions of species-specific coefficients of variation in development time,

and their 95% credibility intervals (y-axis), against precipitation CV values (x-axis).

Bet-hedging has been proposed as a strategy increasing across-generation fitness under conditions of high

environmental unpredictability (Crean and Marshall 2009, Furness et al. 2015a), but strong evidence for its

adaptive value is scarce  (Simons 2011,  Polačik et al. 2014). Similarly, our results suggest that either bet-

hedging is not an important mechanism of adaptation in killifish, or that other environmental factors, apart

from precipitation predictability,  could have influenced the evolution of development times in the studied

species. While maternal age (Podrabsky et al. 2010) has been reported to influence variance in developmental

rates of the annual killifish offspring, we found no evidence for that such maternal factor influenced the

developmental times in this study. Moreover, as the eggs were raised in standardized laboratory conditions,

we  find  it  most  likely  that  the  studied  species  evolved  different  variation  in  development  time  due  to

differences in their natural environment causing among-species divergence. Finally, we note that species from

more temperate areas showed more pronounced plastic responses to temperature regimes. This result is in

congruence with the expectation that phenotypic plasticity evolves in response to predictable environmental

changes  (Ghalambor  et  al.  2007),  as  temperate  environments  are  characterized  by  predictable  seasonal

temperature changes.
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Figure 4. Medians of the posterior distributions of species- and temperature-specific coefficients of variation in

development time, and their 95% credibility intervals (y-axis). Species are ordered on a categorical x-axis scale,

according to precipitation  CV values, from the lowest (left) to the highest (right), for clarity of the results.  Star

symbols indicate significant within-species differences between the temperature treatment groups.

Paper IV

In this study, we investigated if females of placental poeciliid species invest more resources into offspring

brain development than females of non-placental  species.  We did not find any significant differences in

relative brain size between fry of placental and non-placental species (e.g. optic tectum width:  β = -0.022;

95% CI: -0.076, 0.025; Figure 5). The general contrasts between the placental and non-placental species were

negative in three out of four brain measurements,  indicating that the relative brain size was, if anything,

smaller in matrotrophic species (Figure 5).

10



Figure 5.  Species-specific allometric slopes of Log10-transformed optic tectum width to Log10-transformed body

length. Maternal provisioning strategies are represented by blue (non- placental) and red (placental) colors. 

Previous studies om mammals found that maternal investment into brain tissue is positively correlated with

placental nutrition transfer (Elliot and Crespi 2008, Weisbecker and Goswami 2010, Barton and Capellini

2011). In addition, a study on cartilaginous fishes found that pre-natal maternal investment correlates with

brain size (Mull et al. 2011). Our study hence suggests that the positive link between placental evolution and

brain size  is  not  a  general  pattern.  Several  reasons could explain these  results.  First,  it  is  possible  that

poeciliid placental structures are not sufficiently developed to transfer compounds that are essential for rapid

brain development, i.e. fatty acids (Elliot and Crespi 2008). Second, ecological factors, such as differences in

level of competition, food abundance, or the mode of sexual selection could have shaped among-species

brain size differences. Third, as brain growth in fish occurs more or less continuously throughout the lifespan,

rapid growth during gestation may be not as important as in mammals, where  brain grows rapidly in the

beginning of  life,  followed by a much shallower brain allometry after reaching adulthood (Tsuboi  et al.

2018).

CONCLUSIONS

In this thesis, I tested several hypotheses to investigate the role of maternal effects and stressful or variable

environmental conditions in adaptation. While a meta-analysis by Uller et al. (2013) found weak evidence for

adaptive significance of maternal effects,  they investigated anticipatory maternal effects,  i.e. cases where

maternal  environmental  conditions  can  provide  a  correct  cue  about  offspring  environmental  conditions,

which may result in adaptively altered offspring phenotype (“adaptive matching”; Uller et al. 2013). In this
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thesis,  however,  only  Paper II falls in this category. Therefore, this thesis expanded the investigation of

adaptive significance of maternal effects, by testing if maternal effects increase under stressful environmental

conditions (Paper I),  investigating  a  potential  existence  of  maternally  mediated bet-hedging  strategy  in

killifishes (Paper III), and investigating a relationship between placenta-mediated provisioning and offspring

brain size in poeciliid fishes (Paper IV). In addition, we tested how environmental stress affects evolutionary

potential (Paper I).

Despite employment of possibly broad investigations  (two meta-analyses and two multi-species studies), we

found only limited support for the importance of maternal influence on the investigated offspring phenotypes.

Specifically,  in  Paper  II, we  found  a  negative  correlation  between  the  reproductive  delay  in  parental

generation and offspring development time, which suggests that parents may adaptively match offspring trait

expression in  order  to  alleviate  negative  consequences of time constraints  in  northern populations of  R.

temporaria. However, we did not find any effects of stress on expression of maternal variance (Paper I), no

correlation of environmental unpredictability with variation in development time in killifishes (Paper III),

and no relationship of placenta-mediated provisioning with offspring brain size in poeciliid fish (Paper IV). 

As Paper I found that stressful conditions experienced by offspring do not influence maternal variance, this

thesis shows that without any cues about stress in parental generation, expression of maternal effects might

be  unaffected.  More  importantly  however,  we  found  that  stressful  conditions,  that  are  relevant  for  the

ongoing  global  climate  change,  may  increase  additive  genetic  variance,  and  hence  potentially  increase

evolutionary potential (Paper I).

Paper  III and  IV found  rather  large  among-species  differences  in  life-history  and  morphology  traits,

irrespectively  of  environmental  unpredictability  in  which  the  species  evolved  (Paper III),  or  maternal

provisioning mode (Paper IV). Uller et al. (2013) argued that anticipatory maternal effects may be difficult

to detect, as they may be subtle in comparison to environmental effects on offspring phenotype. Similarly,

based on results of Paper III and IV, we could argue that a variety of species-specific ecological conditions,

in which the species evolved, could have obscured the expected adaptive maternal influences on offspring

traits. Together, the results of this thesis suggest that, although maternal effects are ubiquitous and may be

important  for  adaptation  (Mousseau  and  Fox  1998),  general  predictions  about  their  evolutionary

consequences  are  difficult,  as  they  are  one  of  many  factors  influencing  evolution  of  life-history  and

morphology traits.
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SVENSK SAMMANFATTNING

En maternel effekt är en situation när fenotypen hos en individ inte enbart bestäms av individens gener och

vilken miljö den lever i, utan även genetiska eller miljöeffekter från sin moder. Maternella effekter kan därför

påverka hur avkommor utvecklas, deras morfologi, och hur de beter sig (deras fenotyp). Till exempel, honor

som  lever  i  miljöer  med  god  tillgång  på  föda  producerar  ofta  större  avkommor,  vilket  i  sin  tur  ger

konkurrenskraftiga  individer  med  hög  reproduktiv  förmåga,  dvs.  de  kommer  att  ha  högre  fitness.

Evolutionära förändringar är beroende på genetisk variation i egenskaper. Eftersom maternella effekter har en

direkt påverkan på individens fenotyp, vilken det naturliga urvalet verkar på, är de viktiga för evolutionära

förändringar.  De  kan  t.ex.  påverka  evolutionära  hastigheter,  genom  att  den  genetiska  variationen,  som

nedärvs till kommande generationer, kan vara negligerbar i förhållande till miljöberoende maternella effekter.

Maternella effekter kan även själva ha en genetisk, snarare än enbart miljömässig grund, och under sådana

förutsättningar kan evolution and t.ex. adaptiva maternella effekter förekomma. Förhållandet mellan variation

som har sig grund i genetiska eller i maternella effekter kompliceras ytterligare av att uttrycket av både den

genotypiska variationen samt uttrycket av maternella effekter ofta beror på miljöförhållanden. Men hittills är

man inte  ense om hur,  till  exempel,  stress  eller  miljövariation påverkar hur stor  del  av den fenotypiska

variationen  som  bestäms  av  genetiska  effekter.  I  den  här  avhandlingen,  undersöker  jag  evolutionära

konsekvenser av maternella effekter och stressiga samt varierande miljöförhållanden.

Jag började genom at utföra en meta-analys av kvantitativgenetiska studier,  som undersökte uttrycket av

genetisk,  maternell,  och residual variation i  både  gynnsamma och mindre  gynnsamma miljöförhållanden

(Artikel I). Studien omfattade 39 studier av flera olika djurgrupper, och med stor variation mellan studier i

vilken miljöfaktor som ansågs vara mindre gynnsam. Jag visade på att stressen som djuren var utsatta för

relaterade  till  förhöjda   nivåer  av  både  genetisk  och  residual  variationen.  Maternella  effekter  var  dock

opåverkade av stress. Dessa resultat betyder att stressen kan potentiellt snabba på den evolutionära responsen,

genom att ge det naturliga urvalet mer genetisk variation att verka på.

Artikel II och  III undersökte evolutionär divergens av egenskaper som har tidigare kopplats till maternel

effekter.  Artikel II är en meta-analys, som undersökte om vanlig grodor (Rana temporaria) kan påverka

utvecklingstiden av deras avkommor, så att de hinner metamofosera innan vinterns ankomst, över en gradient

i  latitud.  Resultatet  tyder  på  att  nordliga  populationer  av  vanlig  groda  populationer  kan  förkorta

utvecklingstiden av deras avkommor, i fall att reproduktionen blir försenad av sen vår ankomst. 

I  Artikel III undersökte jag bet-hedging hos annuella killifiskar. Bet-hedging är en livsstrategi där honor

producerar en stor variation av fenotyper hos sina avkomma. Teoretiska studier har visat att bet-hedgeing

kan vara fördelaktigt i oförutsägbara miljöer, och, eftersom det alltid finns någon individ som, av slumpen, är

anpassad till den oväntade miljön, och som överlever. Honor av killifiskar producerar avkommor med stor

variation  när  det  gäller  utvecklingstiden.  Jag  undersökte  om  det  finns  någon  korrelation  mellan

oförutsägbarhet av miljön I vilken arten evolverat, och variationen i utvecklingstiden hos deras avkommor,
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vilket skulle antyda på förekommande av bet-hedging strategi hos de annuella killifiskarna. Resultaten visade

att det inte finns någon sådan korrelation, vilket betyder att antingen bet-hedging är oviktig för de annuella

killifiskarnas  överlevnad,  eller  att  andra  ekologiska  faktorer  påverkade  evolution  av  variation  i

utvecklingstiden.

Slutligen, testade jag om evolution av placentan är kopplad till den relativa hjärnstorleken i yngel av poeciliid

fiskar (Artikel IV). Hos däggdjur, det finns ett positivt samband mellan utvecklingen av placenta, som för

över resurser till det utvecklande fostret, och deras hjärnstorlek (nyfödda ungar av icke placentala däggdjur

har mindre hjärnstorlek än hos placentala däggdjur). Jag fann inget samband mellan förekomsten av placenta

och relativ hjärnstorlek hos de levandefödande poeciliider. Flera olika faktorer kan förklara frånvaron av en

signifikant korrelation mellan hjärnstorlek och placental funktion. Dels kan det vara så att även poeciliider

som har en placenta, har placentor som inte är tillräckligt utvecklad för att föra över tillräckligt med resurser

för att påverka hjärnstorlek nämnvärt. Alternativt,  hos fiskar växer hjärnorna konstant över hela livslängden,

medan hos däggdjur växer hjärnorna snabbast under det neonatala stadiet. Den mer konstanta tillväxten av en

hjärna tyder på att en högre resurstillgång i det pre-natala stadiet ej nödvändigtvis behöver tyda på en lika

hög investering i hjärnstorlek. Jag kan inte utesluta att andra ekologiska fakturer kan påverka evolutionen av

hjärnstorlek, och att dessa faktorer minskar möjligheten att upptäcka det förväntade resultatet.

Sammanfattningsvis, den här avhandlingen visar på att miljöstress kan påverka den evolutionära responsen

genom  att  höja  nivåer  av  den  genetiska  variationen  som  är  tillgängliga  för  det  naturliga  urvalet,  att

tidsbegränsade miljöer kan bidra till evolutionen av maternella effekter som påverkar utvecklingstiden hos

avkommor,  och att  det  kan vara  svårt  att  upptäcka  maternell  verkan på  olika  drag,  eftersom maternella

effekter är en av flera faktorer som påverkar organismens fenotyp.
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