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Abstract
Fitness is a product of survival and fecundity, which arise from a host of individual traits that vary among individuals. 
Estimating fitness is central to many research programs in ecology and evolution. Yet, because researchers are rarely able 
to track individuals through a complete lifetime, they typically rely on proxies of reproductive success. Because it can be 
readily measured, the number of offspring produced at first reproduction has been used as a proxy for fitness in some studies, 
including some on the marine copepod Tigriopus californicus. However, to date, no validation of the accuracy of this metric 
has been completed. We tracked the lifetime reproductive success of T. californicus mothers to test whether the number of 
offspring in a mother’s first clutch is a reliable indicator of lifetime reproductive success. We used a repeated measures design 
to quantify variation in reproductive metrics among individual mothers and within each mother across her lifetime. We found 
positive associations between first clutch size, adult lifespan, and lifetime reproductive success. We detected negative effects 
on clutch size, offspring body size and offspring survival due to aging and the increase in reproductive bouts over time. 
Finally, we observed a trade-off between clutch size and offspring body size. These results indicate that first clutch size is a 
good predictor of lifetime reproductive success and may serve as a suitable fitness proxy in T. californicus copepods. The 
observed decline in female reproductive traits over time may underscore an emphasis on early reproduction due to the vari-
able conditions this species endures in the wild or, alternatively, may result from resource limitations imparted on females 
that must mate only once per lifetime.

Introduction

Many studies in ecology and evolution require research-
ers to estimate fitness. However, even with comprehensive 
data on survival and reproduction, estimating fitness of an 
individual is challenging (Arnold 1983; Lande and Arnold 
1983; Barker 2009). In many study systems, researchers 

have incomplete information on the survival and fecundity 
of individuals, so they are forced to rely on proxies that are 
hypothesized to co-vary with lifetime reproductive success. 
In studies where proxies are used, researchers assume that 
specific events in a life history sequence reliably predict 
overall reproductive success. This assumption is based on 
the prediction that natural selection promotes life history 
strategies that maximize reproductive success across life his-
tory stages (Reznick et al. 2002). The proxies that authors 
choose to approximate lifetime reproductive success are 
variable; some are single measures, while others require 
repeated measurement of traits over time (van de Pol and 
Wright 2009). As a consequence, a recurring theme in life 
history research involves exploring relationships among sin-
gly or repeatedly measured proxies for reproductive success 
in order to quantify trait variation among individuals or over 
an individual’s lifetime (Hamel et al. 2009; van de Pol and 
Wright 2009; Careau and Wilson 2017b).

Zooplanktonic copepods have been proposed as models 
for studying variation in life history traits and relationships 
among reproductive variables because of their relatively 
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short generation times and suitability to lab environments 
(Allan 1976). Similarly, the benthic marine copepod Tigrio-
pus californicus has been the focus of studies that measured 
life history traits to better understand speciation (Edmands 
and Harrison 2003; Burton et al. 2013) and physiological 
responses to stress (O’Brien et al. 1988; Dybdahl 1995; 
Heine et al. 2019). T. californicus copepods are ideal for 
quantitative experiments (Edmands and Harrison 2003), 
because this species has a relatively short lifespan (Vittor 
1971), females engage in multiple bouts of reproduction 
(Burton 1985), and both sexes are amenable to direct experi-
mental manipulation (Powers et al. 2019). These character-
istics enable researchers to record simultaneously repeated 
measures of life history traits on multiple individuals.

T. californicus has a variable average lifespan from as low 
as 50 days to as high as 125 days depending on environmen-
tal temperatures (Vittor 1971; Foley et al. 2019). This rela-
tively short lifespan allows for observing life history traits of 
multiple generations within a reasonable experimental time 
period. Although males of this species are free to mate mul-
tiple times, females mate only once (Burton 1985). Female 
T. californicus receive a spermatophore from a single mate 
that is the exclusive source of sperm (Blades-Eckelbrager 
1991; Titelman et al. 2007). From this single transfer of 
sperm, females can produce, carry, and hatch more than a 
dozen clutches of eggs (Egloff 1966; Burton 1985). A range 
of traits linked to reproduction and survival including body 
size, clutch size, number of clutches, lifespan, offspring 
survival, and development time have been measured in 
Tigriopus copepods either at discrete life history stages or 
ideally, over the entire lifetime of reproducing females (Vit-
tor 1971; McAllen and Brennan 2009; Han et al. 2016). In 
some studies, first clutch size has been used as a proxy of 
lifetime reproductive success, because total lifetime repro-
duction could not be measured either due to time constraints 
or the need to perform terminal measures on study animals 
(Barreto and Burton 2013; Heine et al. 2019). First clutch 
size has been used as a fitness proxy, alongside oxidative 
damage, to measure the effects of mitonuclear incompatibili-
ties in T. californicus hybrids (Barreto and Burton 2013). 
Similarly, first clutch size was used to approximate reproduc-
tive success in T. californicus females exposed to hormetic 
effects of UV-radiation (Heine et al. 2019). This metric has 
also been employed in vertebrate studies (Slagsvold 1982; 
Dhondt et al. 1992). In collared flycatchers, first clutch size 
has been experimentally manipulated to learn how maternal 
characteristics affect future offspring (Schluter and Gustaf-
sson 1993). First clutch size was also used as a proxy for 
fecundity in Parus tits to observe the simultaneous effects of 
population density and habitat heterogeneity (Dhondt et al. 
1992). Slagsvold (1982) consider variation in first clutch size 
in their models to estimate avian reproductive investment 
in the face of nest predation, habitat selection and seasonal 

variation. The modeling revealed that variation in clutch size 
is not easily explained by a single source of selective pres-
sure (Slagsvold 1982). However, to our knowledge, whether 
first clutch size is positively related to other measures of 
reproductive success has not been explicitly described.

Here, we tracked reproductive life history traits over the 
adult lifespan of T. californicus females from sexual matu-
rity until death. We measured several life history traits for 
each reproductive event in a mother’s lifetime using both 
repeated measures and single measures, depending on the 
trait. A primary goal of this study was to determine how 
first clutch size is related to lifetime reproductive success by 
measuring many lifetime reproductive traits. We analyzed 
relationships between these traits and first clutch size pro-
duced by T. californicus mothers using generalized linear 
models. Next, we analyzed the effect of aging and increas-
ing reproductive bouts among and within female copepods 
to assess variation in life history traits over time. Finally, 
we analyzed several life history traits to identify potential 
tradeoffs among reproductive traits.

Materials and methods

Copepod culture

We have maintained large outbred populations of Tigriopus 
californicus copepods in continuous cultures in 35 psu arti-
ficial seawater at room temperature in a temperature con-
trolled lab room (set to 21 °C; range 20–22 °C) on a 12:12 h 
light:dark cycle and fed live microalgae (Isochrysis galbana 
and Tetraselmis sp.). All cultures used in this study came 
from a stock culture of admixed T. californicus copepods 
from multiple populations. Therefore, individuals in this 
study do not represent any single-sourced population.

Data collection

T. californicus copepods have generation times that are typi-
cally 21–28 days (Powlik 1996). They develop through six 
naupliar instars and five juvenile copepodid stages, molting 
at each transition, before reaching maturity (Fig. S1). Mature 
male copepods clasp and guard juvenile females (i.e., virgin) 
until the female’s final molt into the adult stage, at which 
point copulation occurs immediately (Vittor 1971; Burton 
1985; Powlik 1996). To track female lifetime reproduction, 
we isolated clasped male–female pairs in a single well of a 
24-well plate. We monitored the clasped pair daily until the 
male released the female, at which point we removed the 
male and recorded the date as the start of the female’s adult 
lifespan. Here, we note that the measure of adult lifespan of 
female T. californicus does not account for variation in the 
development time of the female naupliar and juvenile life 
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stages. This variation could have affected variation in female 
reproductive traits and should be noted as a potential limi-
tation to conclusions regarding effects on female lifespan. 
However, Vittor (1971) reported that of all life history traits 
measured, development time had the least amount of varia-
tion across external conditions.

We recorded reproduction metrics (Table S1) from Sep-
tember to December 2017. Assays were started at the same 
time and monitored together until the end of the experiment. 
Females were monitored daily for the growth of eggs. Egg 
gestation was quantified as the difference between egg hatch-
ing date and the day eggs were first extruded. Once the eggs 
hatched, we moved the female to the adjacent well of the 
24-well plate and again monitored her daily for subsequent 
clutches. This process was repeated until the mother’s death, 
at which point the date was recorded as the end of her adult 
lifespan.

For every clutch that a mother produced, we recorded 
how many offspring (nauplii) hatched, the clutch number 
for that mother, and the adult age (in days since reaching 
maturity) of the mother. Nauplii were monitored in the well 
in which they hatched. After 14 days, we recorded survival 
and the ratio of nauplii to juvenile copepodids as a measure 
of development rate. From here forward, we refer to these 
two measures as clutch “survival ratio” and “development 
ratio”, respectively. Finally, we measured body size of 2–3 
nauplii from each clutch by photographing them under a dis-
secting microscope on a glass, calibrated measurement slide 
(Fig. S1). We multiplied their length and width to obtain 
the approximate body area of each nauplii  (mm2, converted 
to µm2). Photos were taken in triplicate and measurements 
from each photo were averaged into a single value for each 
offspring.

Repeated measures of life history traits can reveal impor-
tant intra-individual variation in trait expression that may 
be missed when only comparing single measures (Bland 
and Altman 1995a, b; Hamel et al. 2009; Roche et al. 2016; 
Careau and Wilson 2017a). Moreover, repeated measures on 
individuals can be useful for testing for tradeoffs between 
reproductive traits and aging (Cam et al. 2002), and repeated 
measures can reveal predicted relationships among traits 
(Stearns 1989) that single observations at the population 
level may mask. However, repeated measures of the same 
individuals violate the assumption of independent samples 
and must be accounted for in statistical model (van de Pol 
and Wright 2009; Bakdash and Marusich 2017). Thus, we 
incorporated mother ID as a random effect in our analyses.

The traits recorded at the level of each clutch (clutch 
size, clutch number, mother age at hatch, survival ratio, 
development ratio) and of individual nauplii (body size) 
represent repeated measures of life history traits within 
a single mother. We also recorded summary statistics for 
every mother: the total number of clutches, first clutch size, 

average clutch size, largest clutch size, total offspring, aver-
age egg gestation time (in days), average clutch survival 
ratio, average clutch development ratio, average nauplii body 
size, and total lifespan. Because each of these variables rep-
resents a single measure, statistical analyses of these data 
only represent variation among copepod mothers.

Data analyses

We performed three sets of statistical analyses using linear 
modeling. All models were run in R v 3.6.1 (The R Core 
Team 2019); random effects models were fit using the lme4 
package v 1.1.21 (Bates et al. 2015) and the MCMCglmm 
package (Hadfield 2010). In the first set of analyses, we 
assessed whether the size of a mother’s first clutch was posi-
tively related to other measures of her reproductive success 
(Table S1; Fig. S2). Using linear models, we tested for an 
effect of increasing first clutch size on the following vari-
ables: total offspring, average clutch size, largest clutch size, 
total number of clutches, average offspring survival ratio, 
average offspring development ratio, average offspring size, 
average egg gestation time, and mother adult lifespan.

When testing for a significant relationship between first 
clutch size and total offspring, it is important to consider 
that the number of offspring in the first clutch contributes 
to the total offspring count. Therefore, to validate the rela-
tionship between first clutch size and total offspring, we 
ran a simulation in R using the ‘rpois’ function to generate 
first clutch and total offspring variables using the means 
from the observed data under the assumption that the only 
relationship between the two was due to first clutch size 
being a part of the offspring total. This represented a null 
model, (fit with the same negative binomial parameters as 
the actual model) for which we simulated 1000 effect size 
estimates between first clutch size and total offspring. We 
compared and plotted the effect size from the original data 
against the distribution of 1000 null model effect sizes and 
performed a significance test (using a cutoff of α = 0.05) 
for the probability that the observed effect size fell within 
the distribution of the null model effect sizes. If the 
observed effect size from the original data fell outside the 
range of values from the null model, this would indicate 
that the observed effect was not simply due to the addi-
tion of the first clutch into the total number of offspring. 
Figure S2 shows the final distribution of simulated effect 
sizes plotted with the observed effect. See the R script 
in the supplement for a step-by-step walk-through of the 
comparison of the effect size from the original data with 
that from null model. Briefly, we first defined our simu-
lation function using the means from the observed first 
clutch data (denoted FCF in script), total clutch data (F in 
script), and the difference between the two (Diff in script; 
this represented all offspring in the total not attributed to 
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the first clutch). We then randomly generated a new set of 
first clutch size values  (FCFsim) of the same length as the 
original data set using the observed mean. Similarly, we 
generated a new set of random difference values  (Diffsim) 
using the mean of the difference between the observed first 
clutch and total offspring data described above. We added 
the simulated first clutch sizes and differences together 
 (FCFsim + Diffsim) to get a new set of total offspring values 
(Fsim). These new values represent a randomly generated 
offspring total in which the only relationship between first 
clutch size and total offspring is due to the first clutch 
size being added directly to the total (i.e., the relation-
ship is only mathematical and not driven by any biologi-
cal relationship). We then ran a linear model testing the 
relationship between the randomly generated first clutch 
data and the randomly generated total (Fsim − FCFsim) and 
extracted the effect size. We repeated this simulation pro-
cess 1000 times and plotted the distribution of effect sizes 
against the observed effect size from the observed data 
model (Fig. S2). We also tested for a significant difference 
between the simulated effect sizes and the observed effect 
size using a likelihood ratio test.

In the second set of analyses, we modeled the effect 
of aging and increasing reproductive bouts over time on 
the following set of variables: clutch size, offspring size 
per clutch, clutch survival ratio, clutch development ratio, 
and egg gestation time per clutch. Since these traits were 
recorded multiple times over a mother’s lifetime, we mod-
eled their relationships using a generalized linear mixed-
effects model (negative binomial or Poisson for count data, 
logistic for proportions). We also included mother ID as 
a random effect to capture among-individual variation in 
quality in measured traits and to control for variation due 
to any traits that we did not measure. Thus, effect sizes 
from the model incorporated both variation among and 
within individual females over time. We separately parti-
tioned trait covariation into covariation among and within 
copepod mothers (Table S2) using a bivariate model fit 
using MCMCglmm following the recommendations of Car-
eau and Wilson (2017a, b) and the methods of Roche et al. 
(2016) (see R script in supplement for details on prior 
specification and model parameters).

In the third set of analyses, we quantified relationships 
between clutch-related variables, while controlling the effect 
of mother age, to look for potential trade-offs between life 
history traits (Tables S3, S4). In these analyses, we used a 
generalized linear mixed effects model for all response vari-
ables except offspring body size, which was continuous with 
normally distributed residuals. To model the effect of body 
size on survival and development, we scaled body size (µm2) 
to reduce model eigenvalues and improve model resolution. 
This was necessary whether we modeled body size in µm2 
or in  mm2. As in the second set of analyses, we quantified 

among and within individual trait covariation with a bivari-
ate model fit using MCMCglmm.

For all analyses, we report model results as an effect 
size estimate (β). This is written as a regression coefficient 
(slope) for linear models and an odds ratio converted to a 
percent increase/decrease for generalized linear models 
(denoted by % after the β value). We assessed statistical sig-
nificance using confidence intervals. Confidence intervals 
that include a value of 0 are equivalent to a p value of > 0.05. 
We report covariances between traits with the results on the 
effect of aging on life history traits (Table S2) and the results 
on the relationships among clutch-level traits (Table S4). All 
figures were built in R using ‘ggpubr’ (Kassambara 2019).

Results

We tracked lifetime reproductive success and life history 
metrics of 23 females that produced 178 clutches during 
the study period. From these clutches, we recorded body 
size measurements on 227 offspring. On average, females 
lived 45 days past their final molts (ranging between 17 and 
74 days). In total, females produced 4400 offspring, 1462 of 
which survived (33%); of those that survived, 1120 reached 
their juvenile molt at the time of the 2-week checkpoint 
(77%).

Effect of first clutch size on other life history traits 
among mothers

We found that first clutch size is significantly and positively 
associated with other life history traits (Figs. 1, S2 and 
S3; Table 1). We found that as first clutch size increased, 
mother adult lifespan increased as well (β = 2.79%; 95% CI 
0.28–5.37) (Table 1; Fig. 1). We also found that mothers 
that had larger first clutches also had more total offspring 
(β = 4.05%; 95% CI 0.56–7.68) and each of their clutches 
tended to be larger on average (β = 0.22; 95% CI 0.01–0.42) 
(Table 1; Fig. 1).

When we simulated the relationship between first clutch 
size and total reproductive output under a null model 
(wherein the only relationship between the two variables 
was due to the addition of first clutch size into the total num-
ber of offspring), we found that the observed effect from 
the original data shown above (β = 4.05%) was significantly 
different (p < 0.001) than the distribution of effects under 
the null model (range = approx. − 0.01 to 0.03%) (Fig. S2). 
This indicated that the observed effect estimated from the 
original data was not simply due to the addition of the first 
clutch into the total offspring count.

We found that first clutch size was an unreliable predictor 
of other life history and reproductive measures even though 
several modeled relationships fell just short of statistical 
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significance (Table 1; Fig. S3). These include a mother’s 
largest clutch size, total number of clutches, average clutch 
survival ratio, average clutch development ratio, average off-
spring body size, and average egg gestation time.

Effect of aging and increasing reproductive bouts 
on clutch‑level traits

Most of the traits analyzed using the MCMCglmm model 
showed greater intra-individual covariance than inter-indi-
vidual covariance (Table S2). The majority of the T. califor-
nicus mothers showed similar variation in life history traits 
over their lifetime (Figs. 2, S4). In some cases, trait covari-
ance among mothers was positive, while trait covariance 
within mothers was negative (Table S2). This observation 
is not uncommon in life history data (van Noordwijk and de 
Jong 1986). The covariance among and within individuals 
combines (along with unmeasured variation and error) to 
give the effect sizes (β) described below.

We observed that for every additional day a mother aged, 
there was a decrease in clutch size (β = − 1.85%; 95% CI 
− 2.70 to − 1.01) and offspring body size (β = − 36.64 µm2; 
95% CI − 61.65 to − 9.46 µm2) (Fig. 2; Table 2). For every 
additional day added to a mother’s age, there was an increase 
in egg gestation time (β = 0.78%; 95% CI 0.27 to 1.28) 
(Fig. 2; Table 2). While we did not find that aging had a sig-
nificant effect on clutch survival ratio and development ratio, 
these traits did decrease overall as mothers aged (Fig. S4; 
Table 2).

For every additional clutch that a mother produced, there 
was a decrease in clutch size (β = − 5.18%; 95% CI − 9.04 
to − 1.23) and offspring body size (β = − 131.69; 95% CI 
− 230.01 to − 22.35) (Fig. 2; Table 2). However, there was 
not a reliable predictive relationship between increasing 
reproductive bouts and egg gestation time, clutch survival 
ratio, and clutch development ratio (Fig. S4; Table 2).

Fig. 1  The relationship between first clutch size of Tigriopus califor-
nicus females and adult lifespan (a), total offspring (b), and average 
clutch size (c). Small circles represent individual samples. Model-
predicted regression coefficients and 95% confidence intervals are 
shown by the line and shaded area

Table 1  Results from 
generalized linear models 
analyzing the relationship 
between first clutch size and 
other reproductive traits

Bold values represent statistically significant results

Predictor Response Sample size Effect size β Lower CI Upper CI p value

1st clutch size Total offspring 23 Odds ratio 4.05 0.56 7.68 0.020
Average clutch size 23 Reg. Coef. 0.22 0.01 0.42 0.039
Largest clutch size 23 Odds ratio 1.67 − 0.12 3.49 0.072
Mother adult lifespan 23 Odds ratio 2.79 0.28 5.37 0.020
Tot. # of clutches 23 Odds ratio 2.20 − 0.38 4.87 0.092
Survival ratio average 23 Odds ratio 1.71 − 9.51 14.81 0.774
Development ratio avg. 23 Odds ratio 1.84 − 9.36 14.94 0.757
Offspring size average 23 Reg. Coef. 13.25 − 68.08 94.58 0.738
Egg gestation average 23 Reg. Coef. 0.03 − 0.01 0.07 0.166
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Fig. 2  The relationship between 
increasing mother age (in days) 
and increasing number of repro-
ductive bouts on clutch size (a, 
b), offspring size (c, d), and egg 
gestation time (e, f). The black 
line represents the population 
mean and the grey lines repre-
sent individual mothers

Table 2  Results from 
generalized linear models 
analyzing the relationship 
between mother age, clutch 
number, and other reproductive 
traits

Bold values represent statistically significant results

Predictor Response Sample size Effect size β Lower CI Upper CI p value

Mother age Clutch size 178 Odds ratio − 1.85 − 2.70 − 1.01 < 0.001
Offspring size 227 Reg. Coef. − 36.64 − 61.65 − 9.46 0.004
Survival ratio 168 Odds ratio − 2.01 − 4.35 0.31 0.091
Dev. ratio 168 Odds ratio − 2.24 − 4.63 0.09 0.062
Egg gest. 178 Odds ratio 0.78 0.20 1.36 0.007

Clutch number Clutch size 178 Odds ratio − 5.18 − 9.04 − 1.23 0.011
Offspring size 227 Reg. Coef. − 131.69 − 230.01 − 22.35 0.007
Survival ratio 168 Odds ratio − 3.01 − 13.31 8.15 0.586
Dev. ratio 168 Odds ratio − 5.15 − 15.05 5.48 0.331
Egg gest. 178 Odds ratio 1.47 − 0.88 4.03 0.244
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Effects of increasing clutch size, offspring body size 
and egg gestation time

Most of the relationships between clutch size, offspring 
body size, egg gestation time and other reproductive traits 
show greater within-individual covariance than among-
individual covariance (Table S4). We observed similar 
relationships between these variables in most females 
(Figs. 3, S5, S6). We found a trade-off between the num-
ber of offspring in a given clutch and the offspring body 
size in that clutch; as body size increased, clutch size 
decreased (β = − 9.73%; 95% CI − 16.63 to − 2.24; Fig. 3; 
Table S3). However, we did not find any reliable associa-
tion between offspring body size and clutch survival ratio 
or clutch development ratio (Fig. S5; Table S3). Further, 
we did not find a reliable predictive relationship between 
clutch size and clutch survival ratio or clutch development 
ratio (Fig. S5; Table S3).

Egg gestation time reliably predicted clutch size, clutch 
survival ratio, and offspring body size (Fig. S6; Table S3). 
For every additional day that a mother spent carrying her 
eggs, we observed a decrease in clutch size (β = − 10.57%; 
95% CI − 16.96 to − 3.70) and clutch survival ratio 
(β = − 26.63%; 95% CI − 44.08 to − 3.73). For every extra 
day in egg gestation time, there was an increase in off-
spring body size (β = 316.59; 95% CI 127.29–500.46). We 
did not find a significant association between egg gestation 
time and clutch development ratio (Fig. S6; Table S3).

Discussion

Theory predicts that organisms will adopt life history 
strategies that maximize lifetime reproductive success in 
a given environment. Nevertheless, in most populations of 
plants and animals, there is variation among individuals 
in life history traits (van Noordwijk and de Jong 1986; Le 
Galliard et al. 2004; Hamel et al. 2009). Understanding the 
variation in life history traits among individuals in a popu-
lation is key to understanding potential tradeoffs among 
investments and payoffs in terms of lifetime reproductive 
success and establishing the best proxies for total repro-
ductive success. In T. californicus copepods, we observed 
that first clutch size was positively associated with other 
life history traits considered to be components of repro-
ductive success (Figs. 1, S2, S3) and thus may be a use-
ful, fairly easily measured proxy for fitness. However, we 
acknowledge that many of our results include effects with 
large confidence intervals indicating large variation in the 
data (see Tables 1, 2, and S3 for exact values). Therefore, 
caution should be taken to interpret these results in the 
context of both statistical and biological significance. To 
this end, it is helpful to interpret the relationships between 
traits based not only on p values and confidence inter-
vals, but the strength of effects (effect sizes are listed in 
Tables 1, 2, S3 and on Figs. 1, 2, 3 and S3, S4, S5, S6).

A foundational prediction in life history theory is that 
investment in early reproduction comes at the cost of a 
decrease in lifespan or in the capacity to invest in later 
reproduction (Stearns 1989). Contrary to this prediction, 
however, many studies find positive relationships between 
investment in early reproduction and investment in subse-
quent reproductive bouts or survival (van Noordwijk and 
de Jong 1986; Hamel et al. 2009). The observation that 
some individuals are able to afford investment in two or 
more traits predicted to trade-off with one another has been 
dubbed the “Big Houses, Big Cars” phenomenon (Reznick 
et al. 2000). We observed that with T. californicus copep-
ods, individuals that produced larger first clutches (early 
investment in reproduction) also lived longer, produced 
more offspring in total, and produced more offspring per 
clutch on average. Importantly, our observed effect size 
of the relationship between first clutch size and total off-
spring fell well outside the distribution of simulated null 
model effect sizes, and this suggests an underlying biologi-
cal connection between first clutch size and total offspring 
in T. californicus. Based on these observations, it appears 
that, at least in laboratory cultures, because first clutch size 
positively covaries with other life history traits among T. 
californicus copepods (Table 1), it may be a good proxy 
for lifetime reproductive success. However, the conclu-
sions from this study pertain to captive animals maintained 

Fig. 3  The significant negative relationship between clutch size and 
offspring size. The black line represents the population mean and the 
grey shading represents the 95% confidence interval around the slope
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with unlimited food, and stable temperature. It is possible 
that tradeoffs between early reproduction and investment 
in survival or later reproduction could emerge if copepod 
mothers were exposed to external stressors (Stearns 1989; 
Garnier et al. 2016).

We observed a general decrease in reproduction with age 
in T. californicus mothers. This is also observed in other 
organisms, although the decline usually comes after a period 
of priming to reach a peak in reproductive success (Clutton-
Brock 1984; Sæther 1990; Komdeur 1996; Cam et al. 2002). 
In the case of T. californicus copepods, we observed that 
older females had smaller clutch size, smaller offspring, and 
tended to have slightly lower offspring survival, and slower 
offspring development (Figs. 2, S4; Table 1; although the 
decreases in survival and development were not statistically 
significant). Moreover, this decrease in life history traits was 
fairly uniform across all T. californicus mothers in this study 
(Figs. 3, S5, S6; Table S2).

It is possible that strong selection from external condi-
tions may be responsible for shaping a consistent response 
to aging among mothers. T. californicus inhabits splash 
pools that present highly variable environments in which 
populations are prone to rapid extinction (Vittor 1971; Dyb-
dahl 1994). T. californicus escape predators by inhabiting 
pools far above the high tide line (Dethier 1980), but such 
pools are prone to large variations in salinity. Moreover, 
many of these splash-pools are partly or fully exposed to 
the sun, exposing animals to fluctuating temperatures and 
variable UV-radiation. Fluctuating salinity (Dybdahl 1995), 
temperature (Tangwancharoen and Burton 2014), and UV-
radiation (Heine et al. 2019) can significantly affect harpac-
ticoid copepod reproduction and offspring development. In 
a highly variable environment, selection should favor short 
generation times and the early production of many offspring 
enabling populations to grow rapidly (Reznick et al. 2002; 
Engen and Sæther 2017). It is possible that T. californicus 
exhibits patterns reminiscent of an r-selected species (Vittor 
1971), because these copepods are minimally restricted by 
population growth due to the presence of a continuous food 
supply from organic run-off into their splash pools (p. 15 of 
Vittor 1971) and a low risk of juvenile mortality (Tangwan-
charoen and Burton 2014). A decrease in reproductive suc-
cess over time may be observed when risk of adult mortality 
is low and the opportunity to reproduce in great (Godfray 
et al. 1991). However, it has been suggested that T. cali-
fornicus does not fit traditional definitions of an r-selected 
species (Vittor 1971). Instead, T. californicus may exhibit 
slower declines in reproductive traits, at least near the end of 
their lives, relative to other iteroparous organisms (Schaffer 
1974; Clutton-Brock 1984; Evans et al. 2011) to maintain a 
strategy of opportunistic breeding (Vittor 1971). This may 
be due to the need to establish (or re-establish) colonies after 
displacement or local extinction in splash pools.

Natural populations of T. californicus show cohort-spe-
cific and sex-specific responses to environmental stressors 
such as increased temperature, hypersaline or hyposaline 
conditions, copper toxicity and pollutant endocrine dis-
ruptors (Foley et al. 2019). Current evidence suggests that 
female T. californicus show increased resilience to these 
many of these stressors compared to males (Foley et al. 
2019). Moreover, some wild populations show higher resil-
ience to stressors than others, likely due to the influence of 
local adaptation. For example, southern T. californicus pop-
ulations show greater resilience against heat stress compared 
to northern populations that inhabit cooler climates (Foley 
et al. 2019). Because we did not sample from specific T. cali-
fornicus populations, in favor of using admixed cultures, it is 
unclear whether the relationships among early reproduction, 
other life history traits, and aging that we observed would be 
ubiquitous across geographical space. It is possible that the 
reproductive patterns we observed also vary with changes 
to the environment.

In T. californicus, we observed a significant negative rela-
tionship between the size of offspring upon hatching and the 
number of offspring per clutch. This agrees with studies in 
other copepods (Cooney and Gehrs 1980; Guisande et al. 
1996) and in other taxa (Christians 2000; Brown 2003). One 
often-cited explanation for this negative relationship is that 
there is a physiological constraint on the total mass of off-
spring that can be developed in a given physical space, such 
that offspring size trades off with the quantity of offspring 
(Reiss 1991). However, it is also possible that mothers that 
are larger can carry larger clutches on average and may be 
able to allocate more resources to lifetime reproductive 
success than smaller mothers (i.e., mobilize more nutri-
ent stores more efficiently) (Sakai and Harada 2001). Body 
size is often used as a key measure of individual quality 
in higher taxa (Clutton-Brock 1984; Jakob et al. 1996) and 
in copepods (Timi et al. 2005). When analyzing trade-offs 
in the parasitic copepod Lernanthropus cynoscicola, Timi 
et al. (2005) found that the negative relationship between 
offspring size and clutch size disappeared when controlling 
for variation due to the body size of the mother. Yet, the 
relationship between body size of the mother and reproduc-
tive success in other invertebrates remains equivocal (Bosch 
and Vicens 2006). In this study, we did not record the body 
size of mothers. However, by including mother ID as a ran-
dom effect in the model we did account for broad variation 
among T. californicus females that would have included 
variation due to body size (and any other unmeasured differ-
ence among them). Indeed, not all traits related to individual 
quality can be measured directly (Wilson and Nussey 2009).

We detected a negative relationship between gesta-
tion duration and the resulting hatching success (clutch 
size, see Heine et al. 2019) and the survival of offspring 
(Fig. S6). This may be driven by the fact that the longest 
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gestation times were tied to older mothers. We controlled 
for mother age in our statistical models examining the rela-
tionship between egg gestation and clutch size or offspring 
survival; in the clutch size model the effect of the mother 
age covariate was statistically significant (β = − 1.58%; 
95% CI − 2.43 to − 0.73), but in the offspring survival 
model the mother age effect was not (β = − 1.27%; 95% 
CI − 3.67 to 1.19). It may be possible that gestation time 
is a good indicator of aging in T. californicus, because 
the longer that a mother carried her eggs, the less likely 
her offspring were to survive and the fewer offspring she 
produced. In species such as T. californicus, mothers 
carry their eggs until hatching. During this time, mothers 
deposit nutrients essential to offspring growth and survival 
(Hirst and López-Urrutia 2006). As T. californicus moth-
ers age, they may be less able to allocate resources to eggs 
in a timely manner, increasing their gestation times and 
resulting in lower quality clutches.

It is also possible that the increased egg gestation times 
and decreased reproductive output in older females (Fig. 2) 
were due to a decline in spermatophore material or in a 
mother’s ability to efficiently utilize proteins and nutri-
ents from the spermatophore. Since T. californicus females 
must use the same male spermatophore to produce all of 
their offspring (Burton 1985), it is possible that proteins 
and nutrients in the spermatophore—or the ability to effi-
ciently utilize these proteins and nutrients—lasts only to 
a certain extent (Iwasa et al. 1984; Godfray et al. 1991). 
However, more research on the usage and allocation of 
spermatophore material is needed to determine if this is 
true (Titelman et al. 2007). Regardless, the evolutionary 
constraint imparted by the need to produce a lifetime of 
offspring from a single fertilization event highlights a key 
difference between females of singly mating species (such 
as T. californicus), and females of other iteroparous spe-
cies that pool multiple spermatophores to create a large 
resource pool or that replenish sperm through multiple 
matings (Arnqvist and Nilsson 2000; Titelman et al. 2007).

We also observed that increased egg gestation times 
were associated with increased offspring body size 
(Fig. S6). We would expect that if longer egg gestation 
times were associated with decreased survival, that off-
spring body size should be smaller in longer developing 
eggs as well (i.e., body size and survival are usually posi-
tively correlated) (Smith and Fretwell 1974; Warner and 
Shine 2007). The fact that offspring body size was not sig-
nificantly correlated with offspring survival could simply 
be due to the fact that the largest offspring were associated 
with the longest developing clutches, which in turn were 
produced by the oldest mothers. We did observe that the 
relationship between offspring body size and offspring sur-
vival was indeed a positive one when controlling for the 
age of the mother (Table S3).

Conclusion

The results we present in this study may highlight impor-
tant differences between females of iteroparous species 
that mate once, like the T. californicus copepod, and those 
that must mate multiple times to replenish reproductive 
material from new sperm. Female T. californicus copepods 
must use the same spermatophore over an entire lifetime 
of producing new offspring. Moreover, the life cycle and 
the evolutionary pressures imparted by the environment on 
T. californicus may provide explanations for the patterns 
in reproduction over time that we observed. Indeed, the 
highly variable environment in T. californicus-inhabited 
splash pools, as well as the relatively short life span of the 
species, may drive an early emphasis on initial reproduc-
tive bouts.
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