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Abstract.   Offspring size determines offspring survival rates; thus, understanding factors influencing 
offspring size variability could elucidate variation in population dynamics. Offspring size variation is 
 influenced through multigenerational adaptation to local environments and within- lifetime plastic re-
sponses to environmental variability and maternal effects among individuals. Moreover, offspring size 
variation may represent trade- offs in energy allocation within individuals that influence lifetime repro-
ductive success. However, the mechanisms whereby environmental conditions influence offspring size, 
e.g., via inducing adaptive and plastic variation in population- scale maternal effects, remain poorly un-
derstood. We evaluated intra- specific variation in maternal effects, egg size, and intra- individual egg size 
variation in six populations of walleye (Sander vitreus) and related among-  and within- population patterns 
to thermal conditions. Egg size was conserved within populations and negatively related to long- term 
thermal conditions among populations, while maternal effect strengths were positively related to ther-
mal conditions, suggesting that populations inhabiting warmer environments adapted to produce smaller 
eggs but stronger maternal effects. Within a population, egg size was positively related to colder winters, 
suggesting cold winters may alter egg size through effects on maternal condition or as an adaptive mater-
nal effect to improve offspring survival. Intra- individual egg size variation varied little among populations 
or with female size, but declined with increasing summer and decreasing winter temperatures. Our result 
suggests that environmental conditions could impact not only short- term offspring production but also 
spur adaptive changes in offspring phenotypes. Thus, it is necessary to account for adaptive responses to 
predict population dynamics under environmental changes.
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IntroductIon

Both theoretical models (Smith and Fretwell 
1974) and empirical data (Einum and Fleming 
2000) indicate that the size of offspring produced 
by an individual female reflects a trade- off be-
tween offspring size and number that interacts 
with environmental effects on ensuing mater-
nal and offspring fitness. These trade- offs may 
lead to adaptive differences in offspring size 
among populations experiencing different envi-
ronments (Parichy and Kaplan 1992, Wang et al. 
2012). However, all females exposed to the same 
environment do not produce offspring of similar 
phenotypes. Maternal effects (i.e., correlations 
between maternal and offspring phenotypes) 
have been observed in a wide range of taxa (e.g., 
Parichy and Kaplan 1992, Johnston and Leg-
gett 2002, Badyaev et al. 2006, Allen et al. 2008), 
where larger females often produce larger or bet-
ter provisioned offspring that exhibit improved 
fitness (Berkeley et al. 2004, Badyaev et al. 2006, 
Bestion et al. 2014). These effects may represent 
adaptive, transgenerational phenotypic plastici-
ty, where the environment experienced by the 
mother causes her to produce offspring with 
phenotypes better suited to that environment 
(Allen et al. 2008), or reflect adaptive changes 
in offspring size as increases in maternal size or 
age shift the balance between offspring size and 
number (Einum and Fleming 2000). Hence, the 
strength and direction of maternal effects within 
and among populations are likely shaped by an 
interaction of environmental and evolutionary 
dynamics, meaning investigations attempting to 
quantify levels of adaptive or plastic variation in 
maternal effects are warranted.

While a large amount of literature exists on 
the strength, direction, and potential signifi-
cance of variation in offspring size among and 
within populations (e.g., Johnston and Leggett 
2002), much less research has evaluated off-
spring size variation within individuals (i.e., 
mothers producing eggs of varying sizes with-
in the same clutch), which can have important 
implications for offspring survival and fitness 
(Koops et al. 2003, Einum and Fleming 2004, 
Allen et al. 2008). Such variation may be due to 
imprecise ability of females, especially those in 
poor condition or with high fecundity, to equal-
ly allocate energy across hundreds or thousands 

of eggs (Einum and Fleming 2004). Alternatively, 
intra- individual offspring size variation may be 
a bet- hedging strategy for females facing highly 
unpredictable environments, where the produc-
tion of a large range of offspring sizes increases 
the probability that at least some will have high 
fitness in the future environment, thus increas-
ing the female’s overall fitness (Dziminski et al. 
2009). However, little research has been conduct-
ed to elucidate which of these mechanisms is a 
more likely explanation for much of the variation 
observed in empirical studies.

Offspring size variation must also be placed 
in the context of interannual environmental 
variation. For example, growth and energy al-
location in fish are largely determined by the 
 thermal  environment and availability of resourc-
es throughout the year, and therefore, changes in 
energy allocation to gonads due to variable envi-
ronmental conditions may influence the size and 
number of eggs and larvae produced by females 
(Moodie et al. 1989, Moles et al. 2008). Because 
larval size is one of the most important determi-
nants of offspring survival in many fish species, 
variation in egg size due to local adaptation and 
maternal and environmental effects could have 
significant ramifications for recruitment and pop-
ulation dynamics (Berkeley et al. 2004, O’Farrell 
and Botsford 2006). Thus, intra- specific egg size 
variation could be partitioned into components 
including adaptive among- population differenc-
es influenced by long- term selection regimes im-
parted by local environments (Wang et al. 2012), 
within- population variation among individuals 
through age-  or size- related maternal effects (Ei-
num and Fleming 2000) and variable interannual 
environmental conditions (Atkinson et al. 2001), 
and within- individual variation potentially 
linked to bet- hedging strategies in unpredictable 
environments (Einum and Fleming 2004).

In this study, we attempt to disentangle the 
relative importance of local adaptation, mater-
nal effects, and environmental variation by ex-
amining spatial and temporal variability in both 
mean egg size and intra- individual egg size 
variation in six populations of an iteroparous 
freshwater teleost, walleye (Sander vitreus), from 
the Laurentian Great Lakes region of the United 
States. Walleye is an economically and ecologi-
cally important piscivore (Ivan et al. 2011, Fein-
er and Höök 2015) that follow a determinate, 
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capital spawning strategy, allocating energy to 
gonad and egg development for several months 
prior to spawning in late March or early April 
(Malison et al. 1994). Importantly, walleye repro-
ductive success appears to be regulated by ma-
ternal temperature and resource abundance, in 
addition to abiotic influences on egg and larval 
survival (Hokanson 1977, Madenjian et al. 1996, 
Hansen et al. 2015). Egg size in walleye varies 
significantly among distinct populations and 
with maternal size within populations (Mood-
ie et al. 1989, Johnston and Leggett 2002, Wang 
et al. 2012). Larger walleye eggs also contain 
more lipids and hatch larger larvae that exhib-
it higher survival and growth rates when com-
pared with smaller eggs (Moodie et al. 1989). The 
specific objectives of this study were to (1) as-
certain the relative extent of among- population 
and within- population differences in egg size, 
intra- individual egg size variation, and the mag-
nitude of maternal effects, and (2) evaluate the 
importance of both long- term and interannual 
thermal conditions to patterns in egg traits and 
maternal effects among six walleye populations 

in the Great Lakes region sampled over up to 7 
years of study.

Methods

Walleye populations
From 2007 to 2013, walleye eggs were col-

lected from six walleye populations from the 
Great Lakes region: Little Bay de Noc, Green 
Bay, Lake Michigan; Tittabawassee River, 
Saginaw Bay, Lake Huron; Muskegon River, 
Lake Michigan; the Maumee River and Sandusky 
River, western basin of Lake Erie; Oneida Lake, 
New York; and Van Buren Bay, eastern basin 
of Lake Erie (Fig. 1). The systems these pop-
ulations inhabit vary considerably in latitude, 
productivity, and temperature (Fig. 1, Appendix 
S1: Table S1). Moreover, all six populations are 
spatially distinct, and natural dispersal among 
populations is limited (Strange and Stepien 2007, 
Stepien et al. 2009). Walleye from the Maumee 
and Sandusky rivers both inhabit western Lake 
Erie, and their egg traits did not significantly 
differ in this and another study (Wang et al. 

Fig. 1. Locations of sites sampled for walleye (Sander vitreus) eggs in springs of 2007–2013. Black points 
denote locations where estimated or observed epilimnetic water temperatures were used to calculate growing 
and cooling degree days with a base of 5°C. White point west of Muskegon Lake denotes location where Lake 
Michigan daily water temperature data were used to predict Muskegon Lake daily water temperatures 
(Appendix S2).
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2012), so these populations were combined for 
further analyses. 

Egg collection and measurement
In each population, we stripped eggs from 

ripe, running females collected over 1–2 days 
during their respective spawning runs in late 
March to early April (for more details on fish 
collections, see Wang et al. 2012 and Appendix 
S1). Because eggs were stripped directly from 
gravid females and immediately preserved in 
10% formalin, we assumed that all eggs were 
collected at the same developmental stage 
(Malison et al. 1994). Each female was measured 
for total length (mm TL) following egg collec-
tion. All applicable institutional and national 
guidelines for the care and use of animals were 
followed. A subsample of 10 random eggs was 
measured to estimate mean egg diameter for 
each fish. In addition, for each female, we cal-
culated the coefficient of variation of egg di-
ameter (CV; standard deviation of the 10 egg 
diameters/mean egg diameter × 100) as a mea-
sure of intra- female egg size variation to control 
for the positive relationship between mean and 
standard deviation. Egg diameter CV was 
natural- log transformed to more closely approx-
imate a normal distribution.

Analysis of among- population variation
Our first objective was to disentangle the 

relative importance of among- population vs. 
within- population variation in egg size and egg 
size CV attributable to maternal length. 
Evidence of among- population variation in egg 
size, egg size CV, or their relative maternal 
effects could be suggestive of adaptation of 
these traits due to differences in local envi-
ronmental conditions. We used a random effects 
model including a group- centering design (Van 
De Pol and Wright 2009, Dingemanse et al. 
2010) to examine the influence of adaptive 
variation in mean egg size and egg size CV 
among and within walleye populations. In this 
case, we were interested not only in how dif-
ferent walleye populations varied in their av-
erage egg size or egg size CV (i.e. their intercept) 
but also how the strength and direction of their 
respective maternal influences varied (i.e., their 
slope with maternal length). Examining pop-
ulations exposed to different environments that 

may differ in both their intercept (i.e., among- 
population variation) and slope (i.e., within- 
population variation) could then allow us to 
evaluate potential mechanisms driving those 
observed differences.

Our analyses used a generalized mixed effects 
model in a Bayesian framework. Because we 
were interested in analyzing average levels of 
trait expression of each population, we pooled 
data over all years where fish were collected in 
each population. The mean egg diameter or egg 
diameter CV of each individual fish was then 
modeled with a random intercept for each pop-
ulation, random slopes for within- population 
effects of maternal length, and a fixed slope rep-
resenting the among- population effect of mean 
maternal length:

 (1)

where yij represents mean egg diameter or egg di-
ameter CV for each fish i from population j, β0 the 
intercept, u0j the random intercept effect for each 
population j, βW and uWj the within- population 
slope and respective random effects, xij the total 
length of each female i from population j, x̄j the 
mean length of females from population j (thus 
xij − x̄j represents total lengths centered within 
each population), βB the between- populations 
effect of maternal length, and e0ij the residual er-
rors. The random intercepts, slopes, and errors 
were modeled as normal distributions with vari-
ances σ2

u
0j
, σ2

uWj
, and σ2

e
0ij

, respectively. Using this 
model, variation in the random intercepts (u0j) 
could represent differences in mean egg size or 
egg size CV among populations, while variation 
in the random slopes (uwj) represent differences 
in the relative strength of their maternal effects. 
In addition, evidence for a between- population 
effect of mean maternal length (βB) would sug-
gest that at least some variation in trait expres-
sion among populations could be accounted 
for by differences in mean maternal size among 
populations. We also calculated the difference 
ΔβB-W = βB – βW to quantify whether the average 
within- population maternal effect differed from 
the between- population maternal effect (Van De 
Pol and Wright 2009), where this difference could 
demonstrate whether increases in the average 
size of females play a different role in egg size 

yij =(β
0
+u

0j)+(βW +uWj)(xij − x̄j)+βBx̄j +e
0ij
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determination than differences in size among fe-
males of the same population.

Models were estimated using JAGS in R 
through the package “rjags” (Plummer 2013, 
R Core Team 2014), with uninformative priors 
for all parameters and random initial values. A 
10 000 step burn- in was used to eliminate any in-
fluence of initial values, and estimates of the pos-
terior distribution were retained from every 10th 
sample of the subsequent 1 000 000 steps. We 
confirmed convergence of the models using vi-
sual inspection of history plots and estimation of 
the Brooks- Gelman- Rubin statistics (Brooks and 
Gelman 1998). We determined the importance of 
effects via the estimation of 95% credible inter-
vals (CI) as the 2.5th and 97.5th percentiles of the 
retained posterior estimates and as the one- tailed 
probability that the effect was not different from 
zero, i.e., 1 -  P(β > 0) for positive coefficients and 
1 -  P(β < 0) for negative coefficients, where lower 
probabilities indicate more likely evidence of an 
effect (e.g., P = 0.05 for a positive β indicates only 
5% of posterior draws were less than zero, sug-
gesting a highly probable positive coefficient). 
The proportions of variance explained by pop-
ulation (β0j) and maternal effects (βWj) were de-
termined as the value of the respective variance 
component divided by the sum of all variance 
components (σ2

u
0j
, σ2

uWj
, and σ2

e
0ij

).

Analysis of interannual within- population variation
Our second objective was to determine the 

level of interannual variation in egg size, egg 
size CV, and maternal effects within a single 
population. For this analysis, we focused on 
the Tittabawassee River population, which was 
sampled for a sufficiently long timespan (7 
years from 2007 to 2013) to allow for good 
model convergence and sufficient certainty in 
parameter estimation. Year and total length 
were included as random variables in Eq. 1, 
where j represented year instead of population, 
and total length was centered within each year 
j for the estimation of within- group random 
effects. Importance of effects was evaluated 
using the methods above. In this case, variation 
in the u0j or uwj terms could indicate relative 
levels of plasticity in these traits, as this par-
ticular population is resident in the Saginaw 
Bay, Lake Huron system, and walleye spawn 
annually and exhibit sufficient spawning- site 

fidelity to maintain genetic distinctness among 
spawning groups (Strange and Stepien 2007), 
meaning individuals collected during spawning 
are likely representatives of a single genetic 
population.

Climate data
To further investigate whether among- 

population variation in the long- term thermal 
environment or interannual variation in tem-
perature within a population explained addi-
tional variation in mean egg size, egg size CV, 
or their within- population maternal effects, we 
first collected daily epilimnetic water tempera-
tures from the National Oceanic and Atmospheric 
Administration (NOAA) Great Lakes Coastal 
Forecasting System (GLCFS) or in- lake tempera-
ture loggers at sites representing habitats walleye 
inhabit during the year prior to spawning (Fig. 1; 
Appendix S2). To index long- term thermal en-
vironments among our sampled populations, we 
calculated cumulative growing degree days 
above 5°C (GDDannual; Venturelli et al. 2010) 
for the 12 months prior to spawning (May to 
April) from 2007 to 2012 in each population 
(Appendix S2: Table S2). The average GDDannual 
over these 6 years was calculated for each site 
as an index of the thermal environment fish 
experienced. To better capture interannual and 
seasonal thermal effects on egg size variation 
at the Tittabawasee site, we divided the year 
leading up to spawning into two periods based 
on patterns of gonadal  development previously 
observed in walleye (Malison et al. 1994). First, 
cumulative growing degree days above 5°C were 
calculated during a growing season and energy 
acquisition period defined as May through 
September (GDDsummer). Second, overwinter 
temperatures and winter duration may influence 
reproductive success in percids (Hokanson 
1977, Farmer et al. 2015), so we indexed the 
winter thermal  environment as the cumulative 
cooling degree days below 5°C during a period 
of gonad  development from October to April 
(CDDwinter), where more CDDwinter is indicative 
of colder, longer winters (Appendix S2: Table 
S3). GDDsummer and CDDwinter were only weakly 
correlated among years (r = 0.21), meaning warm 
summers were not necessarily preceded or 
 followed by warm or cold winters. Our use of 
GDDsummer and CDDwinter allowed us to 
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potentially capture the importance of both sum-
mer energy acquisition and thermal suitability 
of winters for gonad development and egg size.

Effect of temperature on egg size variation
To examine the importance of among-  and 

within- population variation in the thermal en-
vironment to egg size and egg size variation, 
we used a modified version of reaction norm 
analysis often used with best linear unbiased 
predictors (BLUPs) (Hadfield et al. 2010), regress-
ing estimates of each random intercept or random 
slope from the random effects models above (i.e., 
Eq. 1) against respective estimates of cumulative 
growing or cooling degree days. Because we 
used Bayesian inference, we were able to sample 
the posterior distributions of each random in-
tercept or slope in a given random effects model, 
thereby incorporating the uncertainty in each 
estimate and avoiding potential biases in BLUPs 
that often arise from frequentist point estimates 
of these parameters (Hadfield et al. 2010).

When evaluating among- population patterns 
in the thermal environment, 10 000 posterior 
 estimates of each random slope or intercept for 
each population were obtained from the among- 
population random effects model and regressed 
against the 6- year average GDDannual for each pop-
ulation, and we examined the effects of each regres-
sion coefficient using credible intervals and one- 
tailed probabilities as above. To evaluate whether 
the interannual and seasonal variation in the ther-
mal environment explained further variation in the 
plasticity of egg size, egg size CV, or the strength of 
the maternal effect among years in the Tittabawas-
see population, we regressed our estimates of u0j 
or uwj against estimates of both GDDsummer and 
CDDwinter using the methods above. This informa-
tion allowed us to make inferences about how egg 
size and egg size CV vary across different levels 
of organization, as well as determine whether dif-
ferences in these traits varied with environmental 
 conditions, which could indicate plastic responses 
to maternal environments.

results

Among- population variation in egg size
Mean egg diameter varied not only among 

Great Lakes walleye populations but also with 
differences in maternal length within and among 

populations. The population effect explained on 
average 50% of variance in egg diameter, with 
the Maumee- Sandusky population producing 
smaller eggs than any other population (Fig. 2a, 
Table 1). Mean egg size among populations 
ranged roughly 0.2 mm, which corresponds to 
changes in egg volume of roughly 40% (and 
the difference between the largest and smallest 
mean egg sizes for individuals was nearly 
0.5 mm or an increase of 300% in volume). 
Within- population maternal effects on egg di-
ameter explained another 8% of the variation 
and were consistently positive with a high 
probability, but also varied significantly in 

Fig. 2. Between (βB; dashed black line) and within 
(βW;  solid black line) population variation in egg 
diameter (a) or egg diameter CV (b; note natural- log scale 
on y- axis) as related to maternal length. Colored lines 
represent relationships for each individual population 
(LBDN = Little Bay de Noc, MAU = Maumee- Sandusky 
rivers, MUSK = Muskegon Lake, ONE = Oneida Lake, 
TIB = Tittabawassee River, VBB = Van Buren Bay) from 
data pooled across years, where the slopes of these lines 
correspond to estimated βWj.
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strength among populations—for example, the 
maternal effect coefficient for the Maumee- 
Sandusky population (0.034) was strongly dif-
ferent from zero (P < 0.005) and three times 
the magnitude of the coefficient for the 
Muskegon population (0.011, P = 0.03). These 
within- population effects were only marginally 
weaker than the between- population effect of 
maternal length (P = 0.22). The 6- year average 
thermal conditions experienced by each popu-
lation also appeared to play a role in determining 
egg size. Specifically, there was a negative as-
sociation between mean GDDannual and mean 
egg size (as indicated by the population- specific 
random intercepts; Fig. 3a; Appendix S3: Table 
S1), and a positive association between mean 
GDDannual and the strength of the maternal 
effect (as indicated by the population- specific 
random slopes; Fig. 3c; Appendix S3: Table S1). 

Among- population variation in intra- female egg size CV
Among- population variation in intra- individual 

egg size CV exhibited a contrasting pattern to 

egg diameter. The population effect explained 
much less variation in egg size CV, roughly 
equaling the explanatory power of within- 
population maternal effects (~9% and 10%, re-
spectively; Table 1). Interestingly, between-  and 
within- population effects of maternal length op-
erated in opposite directions (Fig. 2b). Populations 
with larger mean maternal sizes tended to pro-
duce more variable clutches than those with 
smaller females. However, within populations, 
larger individuals produced less variable clutches. 
Similar to egg diameter, there was significant 
variation in the strength of the maternal effect 
among populations, ranging from virtually zero 
effect in the Tittabawassee River to strong neg-
ative effects in Oneida Lake and the Muskegon 
River. There were no apparent effects of mean 
GDDannual on egg size CV or its respective ma-
ternal effect (Fig. 3b,d; Appendix S3: Table S1).

Within- population variation in mean egg size
Egg diameter varied both among years and 

with maternal length among females in the 

Table 1. Estimates of the mean, 2.5th and 97.5th percentiles, and one- tailed probability of not being different 
from zero (P) for random intercepts (β0), random slopes (βW), between- group slope (βB) and variance compo-
nents (σ2

u
) of random effects models for among- lakes variation in egg diameter and egg size CV in walleye 

(Sander vitreus). Lake- specific mean effects are denoted as LBDN (Little Bay de Noc), MAU (Maumee- 
Sandusky rivers), MUSK (Muskegon River), ONE (Oneida Lake), TIB (Tittabawassee River), and VBB (Van 
Buren Bay).

Parameter
Among- lakes egg diameter Among- lakes egg size CV

Mean 2.5% 97.5% P Mean 2.5% 97.5% P

β0,LBDN 1.708 1.629 1.785 0.000 −3.561 −3.617 −3.483 0.000
β0,MAU 1.593 1.584 1.602 0.000 −3.570 −3.605 −3.529 0.000
β0,MUSK 1.731 1.655 1.807 0.000 −3.610 −3.688 −3.552 0.000
β0,ONE 1.709 1.625 1.793 0.000 −3.584 −3.649 −3.517 0.000
β0,TIB 1.715 1.710 1.720 0.000 −3.581 −3.608 −3.555 0.000
β0,VBB 1.676 1.645 1.707 0.000 −3.608 −3.678 −3.558 0.000
βB 0.044 −0.039 0.126 0.104 0.028 −0.038 0.095 0.134
βW,LBDN 0.011 0.002 0.020 0.011 −0.033 −0.081 0.013 0.078
βW,MAU 0.034 0.025 0.042 0.000 −0.021 −0.062 0.023 0.151
βW,MUSK 0.011 0.000 0.023 0.029 −0.076 −0.153 −0.013 0.006
βW,ONE 0.015 0.006 0.024 0.001 −0.045 −0.095 −0.001 0.022
βW,TIB 0.021 0.014 0.027 0.000 −0.004 −0.042 0.036 0.410
βW,VBB 0.023 0.012 0.036 0.000 −0.059 −0.135 0.000 0.028
βW 0.019 0.006 0.032 0.008 −0.040 −0.100 0.012 0.048
ΔβB-W 0.024 −0.059 0.109 0.215 0.067 −0.017 0.158 0.046
β0 1.688 1.614 1.764 0.000 −3.586 −3.639 −3.538 0.000
σ

2

uWj

0.013 0.005 0.032 0.000 0.049 0.004 0.141 0.000
σ

2

u
0j

0.080 0.036 0.195 0.000 0.044 0.003 0.144 0.000
σ

2

e
0ij

0.068 0.066 0.070 0.000 0.386 0.374 0.397 0.000
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Tittabawassee River. However, compared with 
across- population effects, mean egg diameter 
varied little among years (by <0.1 mm between 
2007 and 2013) and year effects explained rel-
atively limited amount of variation (34%). 
Within- year maternal effects explained an ad-
ditional 15% of variation in egg size and were 
always positive, but varied considerably from 
year to year, with much larger coefficients in 
2007, 2011, and 2013 than in any other year 
(Table 2; Fig. 4a). As in the among- population 
model, the between- year effect of maternal 
length was marginally stronger than the within- 
years effects. Mean egg diameter was positively 
related to CDDwinter in the Tittabawassee River 

(Fig. 5a; Appendix S3: Table S2). The relation-
ships between the maternal effect and both 
CDDwinter and GDDsummer were also positive, 
but the credible intervals for both slopes over-
lapped zero (Fig. 5c; Appendix S3: Table S2).

Within- population variation in intra- individual egg 
size CV

Intra- individual egg size variation in the 
Tittabawassee River population differed strongly 
among years but was not related to maternal 
length either within or between years (Table 2, 
Fig. 4b). This variation was largely related to 
thermal environment during the growing sea-
son, as annual egg size CV was negatively 

Fig. 3. Top two panels demonstrate relationships of average egg diameter (a) or egg diameter CV (b) (i.e. the 
population- specific random intercepts) to the 6- year average annual growing degree days above 5°C (GDDannual) 
experienced by each population (Little Bay de Noc, LBDN; Maumee- Sandusky Rivers, MAU; Muskegon River, 
MUSK; Oneida Lake, ONE; Tittabawassee River, TIB; Van Buren Bay, VBB) after accounting for among- 
population variation due to maternal length. Lower two panels demonstrate the population- specific random 
slopes (i.e., the strength of the maternal effect in each population) on mean egg diameter (d) and egg diameter 
CV (d) and their relationship to mean GDDannual. Error bars are 95% credible intervals for each intercept or slope 
measurement, dashed line denotes 0 (i.e., no maternal effect), and solid line displays mean linear regression 
estimate for relationships where P ≤ 0.05.
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related to CDDwinter and GDDsummer—in years 
with warmer summers or colder winters, fe-
males produced more consistently sized clutches 
(Fig. 5b; Appendix S3: Table S2). Maternal effects 
on egg size CV were unrelated to both 
GDDsummer and CDDwinter in the Tittabawassee 
River (Fig. 5d; Appendix S3: Table S2).

dIscussIon

Egg size appeared to be governed by a com-
plex interplay of among- population differences, 
maternal influences, and annual plasticity. 
Moreover, maternal effects on egg size and 
intra- individual egg size CV differed consider-
ably among and within populations. These 
results shed new light into levels of plasticity 
in egg size and maternal effects and suggest 
that egg size expression is at least partially 
linked to the thermal environment experienced 
by the respective mothers, both over long- term 
(adaptation) and shorter, annual (plasticity) time 
scales.

Among- population differences in egg size
A negative relationship between offspring size 

and environmental quality has been observed 
in many taxa (e.g., Parichy and Kaplan 1992, 
Einum and Fleming 2004, Allen et al. 2008). 
Walleye populations that inhabited cooler sys-
tems produced larger eggs than those located 
in warmer environments in this study. The wall-
eye populations studied here are separated spa-
tially and genetically (Strange and Stepien 2007, 
Stepien et al. 2009). Energetic trade- offs among 
growth, metabolic costs, and reproductive in-
vestment also appear to vary significantly among 
walleye populations (Galarowicz and Wahl 2003), 
further supporting adaptation of important vital 
rates to local conditions. These results contrast 
the findings of Johnston and Leggett (2002), 
however, who found decreasing egg size with 
decreasing GDD. They suggested that high lat-
itude populations may exhibit generally lower 
reproductive investment, and therefore smaller 
egg sizes. As we sampled lower latitudes than 
their study, egg size in our populations may 

Table 2. Estimates of the mean, 2.5th and 97.5th percentiles, and one- tailed probability of not being different 
from zero (P) for random intercepts (β0), random slopes (βW), between- group slope (βB), and variance compo-
nents (σ2

u
) of random effects models for among- year variation in egg diameter and egg size CV in Tittabawassee 

River walleye. Year- specific mean effects are denoted as 2007, 2008, 2009, 2010, 2011, 2012, and 2013.

Parameter
Feiner et al. Among- year egg size CV

Mean 2.5% 97.5% P Mean 2.5% 97.5% P

β0,2007 1.667 1.641 1.691 0.000 −3.454 −3.571 −3.334 0.000
β0,2008 1.694 1.673 1.717 0.000 −3.758 −3.856 −3.666 0.000
β0,2009 1.711 1.682 1.745 0.000 −3.398 −3.533 −3.257 0.000
β0,2010 1.710 1.647 1.768 0.000 −3.469 −3.716 −3.211 0.000
β0,2011 1.717 1.656 1.771 0.000 −3.627 −3.862 −3.384 0.000
β0,2012 1.724 1.706 1.742 0.000 −3.544 −3.633 −3.456 0.000
β0,2013 1.751 1.716 1.792 0.000 −3.573 −3.737 −3.415 0.000
βB 0.076 −0.124 0.257 0.151 −0.024 −0.808 0.780 0.466
βW,2007 0.021 0.005 0.036 0.003 0.020 −0.022 0.082 0.206
βW,2008 0.008 0.000 0.016 0.026 0.005 −0.031 0.040 0.383
βW,2009 0.005 −0.008 0.017 0.240 0.007 −0.040 0.050 0.357
βW,2010 0.006 −0.008 0.019 0.192 0.016 −0.025 0.071 0.243
βW,2011 0.016 0.004 0.027 0.003 0.003 −0.042 0.041 0.420
βW,2012 0.006 −0.014 0.024 0.266 0.004 −0.052 0.051 0.392
βW,2013 0.039 0.021 0.056 0.000 0.005 −0.045 0.047 0.384
βW 0.014 −0.003 0.032 0.048 0.009 −0.026 0.044 0.301
ΔβB-W 0.062 −0.138 0.243 0.194 −0.033 −0.817 0.776 0.457
β0 1.711 1.672 1.749 0.000 −3.547 −3.717 −3.376 0.000
σ

2

uWj

0.020 0.007 0.045 0.000 0.022 0.001 0.077 0.000
σ

2

u
0j

0.065 0.061 0.068 0.000 0.338 0.321 0.357 0.000
σ

2

e
0ij

0.045 0.019 0.110 0.000 0.199 0.091 0.454 0.000
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instead be driven by environmental effects on 
offspring survival, rather than female energetic 
investment. In addition, dynamics controlling 
larval and survival may differ between smaller 
inland lakes, as Johnston and Leggett (2002) 
sampled, and large Great Lakes systems we 
sampled (Pritt et al. 2014), which could influence 
differences in how egg size responds to the 
thermal environment between these types of 
systems. These results suggest that latitudinal 
clines in egg size may be nonlinear and that 
population- level differences in egg size we ob-
served represent local adaptation to environmen-
tal conditions influencing variation in both female 
reproductive investment and offspring survival 
rates among walleye populations.

Differences in demography and other system 
characteristics that we did not explicitly consider, 

such as trophic status, may have accounted for ad-
ditional variation in egg size we were unable to ex-
plain. Age data were unavailable for all fish in this 
study, but other research suggests that the popu-
lations that produced the largest eggs, Little Bay 
de Noc and Muskegon Lake, are composed of fish 
up to 20 yr of age (Hanchin et al. 2007, Wang et al. 
2012), while the other populations ranged from 2 
to 15 yr old (Wang et al. 2012). Egg size has been 
positively related to maternal age in fish (Berke-
ley et al. 2004, Wang et al. 2012); thus, these dif-
ferences could further influence egg size variation 
among populations. Variation in the trophic status 
and available food resources to both larvae (in the 
form of zooplankton) and adults (in the form of 
forage fish) may also influence egg size beyond 
what we were able to observe using only popu-
lation and thermal effects. However, differences 
in egg size do meet previous expectations that, in 
general, populations inhabiting less productive, 
cooler systems tend to also produce the largest 
offspring sizes, supporting our assertion that at 
least some of the among- population variation we 
observed is due to local adaptive processes.

In all populations, the slope of the maternal 
length- egg size relationship was positive and dif-
ferent from zero, indicating that maternal effects 
are indeed prevalent in walleye (Johnston and 
Leggett 2002, Wang et al. 2012). We also observed 
a strong relationship between maternal effects 
and mean GDDannual. Populations in relatively 
cold habitats may have adapted to produce eggs 
very near a physiological upper limit for the spe-
cies (~2.0 mm; Moodie et al. 1989), thus reducing 
potential maternal effects. Species- specific phys-
iological upper limits to egg size were observed 
across several marine and freshwater species 
(Duarte and Alcaraz 1989) and likely limit poten-
tial egg size plasticity. Again, our results contrast 
those of Johnston and Leggett (2002) in walleye, 
who reported that maternal effects were stronger 
at both environmental extremes of the species’ 
range. This, however, could simply be due to the 
fact that they sampled more northerly popula-
tions and captured a greater amount of variation 
in GDD (ranging from 1000 to nearly 5000; pop-
ulations in this study ranged from 1900 to 3000).

We should caution that the differences 
in among- population egg size and among- 
population  maternal effects we observed may 
result from populations with small random 

Fig. 4. Between (βB; dashed black line) and within 
(βW; solid black line) population variation in egg diameter 
(a) or egg diameter CV (b; note natural- log scale on y- 
axis) as related to scaled maternal length. Colored lines 
represent relationships for each year, where the slopes of 
these lines correspond to estimated βWj.
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 intercepts (i.e., small eggs) by default exhibiting 
large random slopes (i.e., strong maternal effects) 
due to the statistical correlation between slopes 
and intercepts. There is good support for our ob-
servation that populations inhabiting favorable 
environments tend to produce smaller offspring, 
but further examination of maternal effects across 
a gradient of environmental conditions may be 
warranted to verify whether populations in more 
favorable environments do in fact produce stron-
ger maternal effects as well. Nevertheless, we 
suggest that adaptive differences driven by local 
environmental conditions and differences in en-
ergy allocation may influence the expression of 
not only egg size but also the relative influence 
of maternal size.

Differences in intra- individual egg size CV 
among populations

Among- population variation in intra- indivi dual 
egg size CV offered a striking contrast to the 
trends observed in mean egg diameter. Specifi-
cally, the patterns of among-  and within- 
population maternal effects on egg size CV 
operated in opposing directions—populations 
with larger mean female size exhibited increased 
CV, but within populations, larger females 
tended to exhibit decreased CV. The mecha-
nism driving these opposing patterns remains 
unclear. Potentially, within a single population, 
larger females experience reduced mass- specific 
 metabolic costs (Cai and Summerfelt 1992), leav-
ing more energy available to allocate toward 

Fig. 5. Relationships of average egg diameter (a) or egg diameter CV (b) exhibited in each year (i.e., the year- 
specific random intercepts) to the seasonal growing degree days above 5°C (GDDsummrer; black points) or cooling 
degree days below 5°C (CDDwinter; white points) in each year after accounting for among- year variation due to 
maternal length. Lower two panels demonstrate the year- specific random slopes (i.e., the strength of the maternal 
effect in each year) on mean egg diameter (c) and egg diameter CV (d) and their relationship to seasonal 
GDDsummer and CDDsummer. Error bars are 95% credible intervals for each intercept or slope measurement, 
dashed line denotes 0 (i.e., no maternal effect), and solid lines display mean linear regression estimate for 
relationships where P ≤ 0.05.
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reproduction and a more even allocation of en-
ergy among eggs. This may also drive a cor-
relation between egg size and intra- individual 
egg size variation. We observed positive maternal 
effects on egg size across populations, suggesting 
large females produced large eggs in addition 
to consistently sized clutches. Brook trout 
(Salvelinus fontinalis) exhibited a similar trend, 
where females producing large eggs also pro-
duced relatively less variable clutches than fe-
males producing small eggs in the same 
population (Koops et al. 2003). Energetic trade- 
offs between allocation toward growth or re-
production may be more significant in smaller 
or younger females, where their smaller, less 
developed ovaries may preclude complete energy 
absorption by oocytes (Kozlowski and Ziólko 
1988) thereby increasing intra- clutch egg size 
variation in small individuals.

Among populations, the highest levels of 
intra- individual variation were observed in the 
generally cooler systems, which also produced 
larger females—potentially, the quality of larval 
habitats in these systems may be less predictable 
from year to year, which could drive relatively in-
creased variability in egg size within individuals 
as a bet- hedging mechanism (Koops et al. 2003, 
Einum and Fleming 2004). Alternatively, shorter 
growing seasons in these habitats may lead to 
reduced female energy acquisition and increase 
egg size variability among all females. Lake 
trout (Salvelinus namaycush) that were raised in 
captivity or exploiting relatively poorer- quality 
prey fish assemblages in the Great Lakes (in the 
form of alewife Alosa pseudoharengus, resulting 
in thiamine- deficient female trout) expressed 
increased intra- female egg size variation com-
pared with other inland populations, potential-
ly  because higher stress levels interrupted com-
pensatory oocyte development in smaller eggs 
 before spawning (Jastrebski and Morbey 2009). 
As these systems also tended to produce the 
largest eggs, increased egg size variation with-
in the ovary may also represent an egg- packing 
strategy to maximize potential fecundity (e.g., 
particle packing; Yu and Standish 1993, Kurita 
and Kjesbu 2009). Unfortunately, relatively few 
studies have examined intra- individual egg size 
variation in fish. Our ability to partition among-  
and within- population variation allowed us to 
observe these trends and speculate on potential 

causes, and could be used to further address 
hypotheses directed at the mechanisms driving 
these patterns. Studies limited to variation either 
in single populations (Dziminski et al. 2009) or 
among populations using few observations per 
population (Johnston and Leggett 2002) may 
miss important higher level processes that play a 
role in determining trait expression.

Within- population plasticity in egg size
There was relatively little interannual variation 

in egg size (mean egg diameter ranged 
< 0.1 mm) in the Tittabawassee River population. 
This, in conjunction with the strong  differences 
in egg size observed among populations, would 
seem to offer further evidence that egg size is 
an adapted trait in this species. However, we 
did detect a positive relationship between egg 
size and CDDwinter. Walleye and other percid 
species exposed to long or cold winters exhibit 
increased rates of maturation, egg provisioning, 
and spawning success, suggesting that egg size 
and quality improves with colder winters and 
supporting our findings (Hokanson 1977, Hansen 
et al. 2015). In addition, increased egg size in 
response to cold temperatures is a common 
response to variation in the thermal environment 
across several ectothermic taxa (Atkinson et al. 
2001). In this population, larger eggs contained 
more lipids (Z.S. Feiner, unpublished data), and 
in walleye and other species, larger larvae are 
better able to withstand starvation and escape 
predators (Rice et al. 1987, Moodie et al. 1989) 
thereby potentially mitigating the deleterious 
effects of poor spring habitats.

Unexpectedly, maternal effects were highly 
variable among years in this population, varying 
in mean slope by a factor of eight from the weak-
est year (2009, βW,2009 = 0.005) to the strongest 
(2013, βW,2013 = 0.039). The variation in maternal 
effects was largely driven by larger females in-
creasing egg size in some years; mean egg diam-
eters for females in the 25th percentile of length 
(mean = 510 mm, range = 430–570 mm) were 
highly similar among years (mean = 1.70 mm, 
range = 0.04 mm), while mean egg diameters 
of females in the 75th percentile of body length 
(mean = 666 mm, range = 593–774 mm) ranged 
more than three times as much (mean = 1.73 mm, 
range = 0.14 mm). A similar phenomenon has 
been observed in pike (Esox lucius), where 
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 increasing maternal effects on egg size were 
linked to  increased resource availability to large 
females following a decline in population densi-
ty (Kotakorpi et al. 2013). Variation in food avail-
ability for females may also influence recruitment 
in walleye (Madenjian et al. 1996), suggesting 
some impact of maternal condition on egg size. 
Migrations of walleye from Saginaw Bay may 
also vary among years from little dispersal to em-
igration rates up to 55% (Hayden et al. 2014). An-
nual variation in emigration rates could expose 
Tittabawassee River walleye to very different 
conditions between Saginaw Bay and the main 
basin of Lake Huron (Pothoven et al. 2012) and 
 potentially influence egg provisioning and size.

Evidence of environmental mediation of ma-
ternal effects within a single population is abun-
dant in the literature; however, most studies tend 
to focus on individual responses. For example, 
several experiments in different taxa have docu-
mented changes in egg size or offspring dispersal 
of individual females in response to maternal ex-
posure to predator cues, environmental quality, 
or other stresses (Dziminski et al. 2009, Bestion 
et al. 2014). However, interannual shifts in the 
population- scale relationship between offspring 
size and maternal phenotype as found herein are 
less studied even though they have now been ob-
served in at least two fish species. It is apparent 
that individual studies of maternal effects are not 
sufficient to estimate population- scale processes 
and that the influence of maternal effects on off-
spring size likely varies interannually in many 
species.

Plasticity of intra- individual egg size CV within a 
population

Energy allocation to eggs in fish has been 
suggested to be limited at the scale of the in-
dividual egg independent of fecundity or ma-
ternal size (Sakai and Harada 2001a,b). 
Differences in the rate of energy allocation 
among individual eggs in the ovary, due either 
to ova positioning, initial composition, or vas-
cularization of the ovary during development, 
could therefore produce variation in egg size. 
In this study, mean levels of intra- individual 
variation differed among years and were neg-
atively related to both GDDsummer and 
CDDwinter—in years with warmer summers or 
colder winters, both thought to indicate 

improved growth and reproductive conditions 
in walleye (Hokanson 1977), individuals pro-
duced more consistently sized clutches of eggs. 
Declines in maternal condition or energy allo-
cation to gonads due to suboptimal summer 
or winter temperatures could exacerbate vari-
ation in the energy allocation process regardless 
of the size of the mother, leading to the patterns 
observed here.

Examinations of relationships between mater-
nal traits and within- clutch variation in offspring 
size are rare in the literature. Similar to this study, 
variance in offspring length was negatively cor-
related with maternal age and clutch number in 
Daphnia magna (Ebert 1993). Other examinations 
of intra- individual offspring size variation in fish 
(Einum and Fleming 2004) have found general-
ly low amounts of variation and little evidence 
for environmental correlates, instead suggest-
ing that observed variance within clutches may 
be simply due to a lack of precise control of egg 
size by individual females (Jastrebski and Mor-
bey 2009). However, the relationship of egg size 
CV to maternal length among populations and 
seasonal thermal conditions within populations 
suggests that such variation is not simply ran-
dom variance and merits further examination, as 
variation in offspring size has important poten-
tial implications for offspring fitness, especially 
in unpredictable environments or where intra-
specific competition is prevalent (Parichy and 
Kaplan 1992, Koops et al. 2003, Allen et al. 2008).

conclusIons

Variation in egg size has the potential to dra-
matically influence the future fitness of offspring 
and individual reproductive success. Therefore, 
predictions of population- level dynamics such 
as recruitment (e.g., O’Farrell and Botsford 2006) 
may be improved through elucidation of im-
portant drivers of egg size variation among and 
within populations and individuals. We have 
shown that egg size determination in walleye, 
a capital spawning, iteroparous fish, is composed 
of plastic variation in maternal effects and intra- 
individual variation superimposed on broader 
scale adaptive patterns among populations. The 
prevalence of positive maternal effects on egg 
size in this species, in concert with similar re-
lationships between egg size and maternal size 
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in other species such as yellow perch (Perca 
flavescens; Andree et al. 2015), lake trout 
(Jastrebski and Morbey 2009), and Atlantic cod 
(Gadus morhua; Marteinsdottir and Steinarsson 
1998), suggests that management practices pro-
tecting large, old females could indeed improve 
stock stability and productivity (Hixon et al. 
2013). Our method of parsing among-  and 
within- group variation in egg size and egg CV 
also allowed us to examine heretofore poorly 
understood influences of the thermal environ-
ment on egg characteristics at all levels of or-
ganization (among populations, within 
populations, and within individuals), further 
indicating the potential sensitivity of egg size 
to future changes in climate conditions. For 
instance, warming temperatures may induce 
changes to egg size and the importance of ma-
ternal effects, altering not only spawning phe-
nology but the distribution of larval phenotypes. 
On broader timescales, long- term perturbations 
could result in evolutionary shifts in egg size 
and variation among populations. Therefore, 
changes to either offspring size or the impor-
tance of maternal phenotype could be difficult 
to predict and result in dramatic shifts in re-
productive success of species in which recruit-
ment is determined via similar mechanisms in 
early life.
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