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Summary

1. Life-history theory predicts a trade-off between early-life fitness and life span. While the

focus traditionally has been on the fecundity-life span trade-off, there are strong reasons to

expect trade-offs with growth rate and/or development time.

2. We investigated the roles of growth rate and development time in the evolution of life span

in two independent selection experiments in the outcrossing nematode Caenorhabditis remanei.

3. First, we found that selection under heat-shock leads to the evolution of increased life span

without fecundity costs, but at the cost of slower development.

4. Thereafter, the putative evolutionary links between development time, growth rate, fecun-

dity, heat-shock resistance and life span were independently assessed in the second experiment

by directly selecting for fast or slow development. This experiment confirmed our initial find-

ings, since selection for slow development resulted in the evolution of long life span and

increased heat-shock resistance.

5. Because there were no consistent trade-offs with growth rate or fecundity, our results high-

light the key role of development rate – differentiation of the somatic cells per unit of time – in

the evolution of life span.

6. Since development time is under strong selection in nature, reduced somatic maintenance

resulting in shorter life span may be a widespread cost of rapid development.

Key-words: antagonistic pleiotropy, development time, growth, life span, stress resistance,

trade-off

Introduction

Ageing, or senescence, is a multifaceted physiological dete-

rioration of organismal function, which increases the prob-

ability of death with age and ultimately limits life span

(Finch 1994; Gems & Partridge 2013). Ageing has long

been at the forefront of fundamental and applied research,

but despite tremendous progress in recent years we are still

far from fully understanding why and how ageing evolves

(Williams et al. 2006; Gems & Partridge 2013; Jones et al.

2014). Because of extrinsic mortality caused by a variety of

biotic and abiotic factors, mutations that cause the loss of

vitality in late-life are shadowed from natural selection and

can accumulate in the population, which forms the basis

of the mutation accumulation theory of ageing (Medawar

1952; Charlesworth 1994). Importantly, since ageing is

considered maladaptive under mutation accumulation, this

theory does not predict a trade-off between early and late

function (reviewed in Maklakov, Rowe & Friberg 2015).

In 1957, George Williams (Williams 1957) developed the

antagonistic pleiotropy theory by reasoning that an allele

that contributes to increased performance in early-life can

spread in the population even at the cost of late-life perfor-

mance. Thus, ageing can be seen as an adaptation under

antagonistic pleiotropy, and a physiological account of this

theory, the disposable soma theory of ageing (Kirkwood

1977), suggests that such early-life benefits can include

increased fecundity, increased growth rate and rapid devel-

opment (Kirkwood & Austad 2000; Stearns et al. 2000),

traded-off against somatic maintenance and, therefore, life

span (Kirkwood 1977; Labbadia & Morimoto 2015a).

The relationship between fecundity and several proxies

of somatic maintenance is well studied, and increased

reproductive effort is often associated with decreased life

span (Flatt 2011; Boonekamp et al. 2014) and reduced

stress resistance (Labbadia & Morimoto 2015b). However,

in recent decades, a number of studies have failed to sup-

port the trade-off between fecundity and life span (re-

viewed in: Edward & Chapman 2011; Flatt 2011;

Maklakov & Immler 2016). When life span extension does

not reduce fecundity, it is likely that the cost of long-life is

offset by other life-history traits that affect fitness, such as*Correspondence author. E-mail: martin.i.lind@gmail.com
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growth and development (Ricklefs 2006). The connection

between growth and proxies for somatic maintenance has

been recognized for quite some time and increased growth

is often associated with reduced longevity (Olsson & Shine

2002; Lee, Monaghan & Metcalfe 2013) and reduced stress

tolerance (Sørensen, Kristensen & Loeschcke 2003). How-

ever, the causal relationship between growth and life span

is more difficult to establish because of the confounding

differences in body size. Nevertheless, recent experimental

work suggests that increased growth rate results in reduced

life span when body size is controlled for (Lee, Monaghan

& Metcalfe 2013).

It is possible, however, that some of the effects associ-

ated with growth rate may result from differences in devel-

opment time. Since development is the differentiation of

the soma, while growth is the increase in mass over time,

these processes are fundamentally different on the cellular

level (van der Have & de Jong 1996). Theory (Stearns

1992; Blanckenhorn & Demont 2004) and experimental

work (Johansson & Rowe 1999; Lind et al. 2011) show

that short development time is beneficial in time-con-

strained environments. Furthermore, development time is

often under sexual selection during scramble competition

(Andersson 1994). Despite development time being a com-

ponent of the calculation of growth rate, these traits can

be adjusted independently (Ball & Baker 1996; Lind &

Johansson 2011). However, the relationship between devel-

opment time and life span is rarely investigated. In a land-

mark study, Stearns et al. (2000) selected Drosophila

melanogaster flies for different random mortality rates and

found that high mortality was associated with short life

span, high early fecundity, small size and fast development

(growth was not calculated), suggesting that both repro-

duction, development and possibly growth can all be

involved in trade-offs with life span. However, since most

organisms continue to develop (have cell divisions)

throughout the growth phase, the effects of growth and

development are notoriously difficult to separate.

We set out to investigate the effects of reproduction,

growth rate and development time on the evolution of life

span in the dioecious nematode Caenorhabditis remanei.

Because its reliance on temporary food sources such as rot-

ten fruit, which is the natural habitat of C. remanei (Fitch

2005; F�elix & Braendle 2010), development time is

expected to be under strong selection in this species. More-

over, Caenorhabditis nematodes have a fixed number of

cells and do not continue cell division after maturation,

making it possible to partly separate the effects of develop-

ment time and growth rate, since all post-maturation

growth (which is the majority of growth) is caused by the

increase in cell volume (Lambie 2002). Before maturation,

development and growth cannot be fully separated.

Here we use two independent selection experiments to

show a trade-off between adult survival and juvenile devel-

opment. First, using previously established selection lines,

we tested the hypothesis that life span extension can be off-

set by trade-offs with development time or growth rate.

Previously published work on these lines has demonstrated

that while selection under random increased mortality

results in lowered life span in favour of increased fecun-

dity, selection under increased mortality due to heat-shock

results in increases in both fecundity and life span (Chen &

Maklakov 2012; replotted in Fig. 1d–e). We examined

development time and juvenile growth, and found that

longer adult life span in the heat-shock lines does come at

a cost of longer juvenile development. To explore the link

between these traits, we established a second selection

experiment where we directly selected on fast and slow

development time, and investigated the correlated

responses in growth, fecundity, heat-shock stress resistance

and life span of both sexes. We found that lines selected

for slow development invested in somatic maintenance

because they were more stress resistant and longer lived

than their fast-developing counterparts, while fecundity

was not affected and no consistent pattern was found for

growth rate. We discuss these results in the light of the

disposable soma theory of ageing and suggest that

development time emerges as an important trait involved

in trade-off with stress resistance and life span.

Materials and methods

EXPERIMENTAL PROCEDURES

Larval development of mortality-selected lines

We used experimental lines, created by artificial selection from

the wild-type SP8 strain of C. remanei. For a full description of

the selection procedure, see Chen & Maklakov (2012). Briefly, the

lines were subjected to two crossed selection regimes: mortality

source [random (R) or condition-dependent (C-d)] and mortality

rate [high (H) or low (L)], resulting in four selection regimes (HR,

LR, HC-d, LC-d). Condition-dependent mortality was imposed

using heat-shock at 40 °C for either 110 (HC-d) or 70 (LC-d) min-

utes, while random mortality was imposed by random removal of

an equal number of worms as were killed by heat-shock in the

condition-dependent mortality treatment. Four replicate lines were

subjected to each selection regime, resulting in a total of 16 lines.

The lines evolved under these conditions for 12 generations, and

were subsequently kept for two generations under relaxed selec-

tion and frozen for future use.

In this experiment, we assayed development time to and size at

sexual maturity of females from these lines. Sexual maturity was

determined by the presence of a mating plug; already as L4 larvae

females were constantly subjected to mating attempts by males and

we therefore considered successful mating as a good indicator of

sexual maturity. Females are mated shortly after sexual maturity.

Before each assay, worms were recovered from freezing and cul-

tivated for two generations under standard laboratory conditions

(Stiernagle 2006). Worms fed on standard Escherichia coli OP50

during the first two blocks, while the antibiotics streptomycin and

nystatin were added to agar for the last two blocks to combat bac-

terial infections, and these worms were therefore feeding on the

streptomycin-resistant strain OP50-1. The assays were conducted

in four blocks, each containing one replicate line of each selection

treatment, with the exception of the lines LR2 and HR2, which

were replicated in two blocks for logistical reasons. For each line,

10 mated females (second day of adulthood) were allowed to lay

eggs on a seeded plate for 1 h. After 54 h, when the offspring were

© 2017 The Authors. Functional Ecology © 2017 British Ecological Society, Functional Ecology, 31, 1252–1261

Slow development as a cost of long life 1253



in the L4 larval stage, male larvae were removed and replaced by

the same number of sexually mature males (second day of adult-

hood) from the wild-type SP8 strain. From 59 h after egg laying,

plates were monitored hourly, and mated females were scored for

development time from egg to sexual maturity and photographed

using a Lumenera Infinity2-5C digital microscope camera

mounted on a Leica M165C stereo microscope (Heerbrugg,

Switzerland). Size was measured as the cross-sectional area using

ImageJ 1.46r (http://imagej.nih.gov/ij/).

Selection for fast and slow development time

As for mortality selection, the wild-type SP8 population was used

as the founder population for the selection experiment on develop-

ment time. We created 12 replicate lines split equally between fast-

development and low-development selection. For each replicate

line, 25 females (day two of adulthood) were allowed to lay eggs

for 2 h on a seeded plate, which results in 200–300 eggs laid. A

short egg-laying period was necessary to synchronize egg-laying to

increase the precision in estimating the development time. 61 h

later, the plates were monitored hourly for the presence of mated

females. In fast-development lines, the first 25 mated females

(identified by the presence of a mating plug) from each line were

transferred to the next generation, together with 25 randomly

selected males from the same line. In slow-development lines,

mated females present on the plate were continuously discarded

until 25 females were left unmated; these late-maturing females

were transferred to the next generation, together with 25 randomly

selected males from the same line. Synchronous egg laying for 2 h

on a new plate was performed the following day (day two of

adulthood), which marks the beginning of the next generation of

selection. The selection procedure was repeated for six

generations, after which the selected lines were expanded under

relaxed selection for two generations and frozen at �80 °C for

future assays (Stiernagle 2006).

Larval development and body size in development-
selected lines

To investigate the response to selection on development time, we

assayed larval development and size at maturity in females and

males from all development-selected lines. The female assay was per-

formed in the same way as described above for the mortality-selected

lines, with a fewminor changes. To combat bacterial contamination,

the antibiotics streptomycin, kanamycin and nystatin were added to

agar and bacterial LB. Moreover, the females were kept with similar

aged males from the same line. The assay of female development

time corresponds exactly to the selection procedure and was run in

two blocks, each block containing three replicate lines of each of the

two treatments. Males can be accurately scored as adults by the

presence of the cuticularized fan (Emmons & Sternberg 1997), and

were photographed and removed from the plates once they became

adult. The male assay was run in three blocks, each block containing

two replicate lines of each of the two treatments.

Life span assays in development-selected lines

Life span assays were established using 10 age-synchronized worms

of the same sex in the L4 stage (54 h old) as focal worms with 10

worms of the opposite sex from the ancestral SP8 population as

standard background worms. Worms were transferred daily to new

plates and sex ratio was adjusted to the focal sex throughout the

assay. The life span assay was run using five replicate plates for

66
67

68
69

70
71

F
em

al
e 

de
ve

lo
pm

en
t t

im
e 

(h
)

H
R LR

LC
d

H
C

d 0·
03

2
0·

03
6

0·
04

0
0·

04
4

F
em

al
e 

si
ze

 a
t m

at
ur

ity
 (

m
m

2 )

H
R LR

LC
d

H
C

d 0·
01

6
0·

01
8

0·
02

0
0·

02
2

F
em

al
e 

ju
ve

ni
le

 g
ro

w
th

 r
at

e 
(lo

g(
m

m
2 ) 

h
1 )

H
R LR

LC
d

H
C

d

Selection treatment

18
0

20
0

22
0

24
0

26
0

28
0

30
0

To
ta

l f
ec

un
di

ty

H
R LR

LC
d

H
C

d

Selection treatment

11
12

13
14

15

A
du

lt 
lif

es
pa

n 
(d

ay
s)

H
R LR

LC
d

H
C

d

Selection treatment

(a) (b) (c)

(d) (e)

Fig. 1. Juvenile development time, size at

sexual maturity, growth rate, total fecun-

dity and life span of females from random

(white) or condition dependent mortality

regime (red). High mortality rate is desig-

nated by circles and low rate by triangles.

Symbols represent line means, controlled

for block effects. d–e are reproduced from

Chen & Maklakov (2012).
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each line and sex combination, resulting in 120 plates and 1200

focal worms. Worms were considered dead if they did not respond

to gentle prodding by the picker. Missing worms were censored, as

were females dying from matricide (bagging, caused by internal

hatching of eggs).

Adult size and growth rate assays in development-
selected lines

Body size measurements were conducted using age-synchronized

worms in the L4 stage. To estimate growth, individual worms were

kept with two worms of opposite sex, and photographs were taken

on days 2, 4 and 6 (corresponding to adult age 0, 2 and 4); adult

age 4 being the day of the maximal size of females and nearly maxi-

mal size of males (Lind et al. 2016). Size was measured as the cross-

sectional area. Individuals of the non-target sex were replaced when

lost. The experiment was run in a separate block for each sex, con-

sisting of seven replicate individuals per line and block for females,

and 10 replicate individuals for males (because of male-biased dis-

persal from plates, the male replicate number was higher).

Reproduction of development-selected lines

The same individuals were used for the reproduction and growth

assays. Individual females with access to two males were allowed

to lay eggs on a plate for c. 24 h; the hatched offspring were killed

using chloroform 2 days later and counted. The number of off-

spring on a plate was divided by the exact time each female had

been present on the plate, and multiplied by 24 h, to get a daily

reproduction estimate. Reproduction was scored daily until the

death of each female.

As for females, the same males were used in the growth and

reproduction assays. However, because male reproduction is lim-

ited by access to females, male age-specific reproduction was

assayed by placing a single male together with eight virgin females

(second day of adulthood) for 3 h; afterwards, the male was

removed and the females were allowed to lay eggs for another 3 h.

The developing offspring were killed and counted 2 days later.

This assay was performed every third day, starting at day one,

until the death of each male.

Heat-shock resistance of development-selected lines

The heat-shock resistance assay was performed in the same way as

for the mortality-selected lines (Chen & Maklakov 2012). Mixed-

sex populations consisting of 25 females and 25 males were set up

as L4 larvae and assayed for heat-shock resistance at day 3 of

adulthood. Heat-shock was induced by exposing the worms to

40 °C for 110 min. Vigour was inspected the next day, and highly

mobile individuals, class A following Herndon et al. (2002), were

considered resistant to heat-shock. The assay was run in three

blocks, the first set up with two replicate plates per line, the sec-

ond and third block with six replicate plates per line.

STAT IST ICAL ANALYSES

We analysed development time, size at maturity and juvenile

growth rate of mortality- and development-selected lines in sepa-

rate linear mixed effect models, with block and line as random

effects. For mortality-selected lines, mortality source (R or C-d)

and mortality rate (H or L) were modelled as crossed fixed factors.

For growth rate, the size at maturity was multiplied by a constant

(100) to avoid negative numbers, and growth rate calculated as

log(size at maturity)/development time (mm2 h�1). For develop-

ment-selected lines, selection regime was the only fixed effect.

Since males and females were scored in different experiments run

at different times, they were analysed separately. Response vari-

ables were log-transformed before analyses. The models were fit-

ted using the LME4 package (Bates et al. 2015) in the statistical

software R 3.2.2 (R Core Team 2015), and chi-square-tests of fixed

effects were performed using the CAR package.

Heat-shock resistance of the development-selected lines was

scored as the number of resistant and non-resistant worms

on each replicate plate, and this response variable was anal-

ysed in a generalized linear mixed model with a binomial

error structure, with selection regime and sex as fixed factors

and line and block as a random factors using the LME4

package.

Survival of development-selected lines was analysed in Cox pro-

portional hazard models with Gaussian random effects using the

COXME package for R. Selection regime and sex were fitted as fixed

factors, and line and plate as nested random factors.

Adult size of development-selected lines was analysed in linear

mixed models with age and age2 as covariates to estimate the

direction and curvature of the growth curve. Selection treatment

was fitted as a fixed effect, crossed with age and age2, while line

was treated as a random effect. Males and females were analysed

in different models, as they were scored in different experiments.

Adult growth rate was analysed both in a nonlinear model and

in the linear models of growth between adult age 0 and 2, and

adult age 0 and 4. The nonlinear model was a three-parameter

asymptotic exponential function of the form: Size (t) = a�be�kt,

which describes nematode adult growth (Lind et al. 2016), where

the coefficient a denotes the asymptote, b the initial size and k

the growth rate. Because of only three data-points per individ-

ual, it was not possible to fit the three-parameter model on the

individual level; therefore the model was fitted on the selection

line level and the coefficients extracted per line. The significances

of the coefficients were thereafter tested in separate linear models

(ANOVAs), with selection regime fitted as a fixed factor. Only

individuals that survived until day 4 were used for adult growth

rate analyses.

Reproduction was analysed as rate-sensitive individual fitness

kind (Brommer, Meril€a & Kokko 2002) as well as total repro-

duction. kind encompasses the timing and number of offspring

and is thus analogous to the intrinsic growth rate of a popula-

tion (Stearns 1992). It is estimated by solving the Euler-Lotka

equation for each individual. Selection treatment was treated as

a fixed factor, and line as a random factor. The sexes were

analysed separately, since they were scored in different

experiments.

Results

MORTAL ITY -SELECTED L INES

We found that females from lines evolving under

heat shock (C-d lines) had longer development time

than lines evolving under random mortality (mortality

source: v2 = 11�93, d.f. = 1, P = 0�001; mortality rate:

v2 = 1�38, d.f. = 1, P = 0�241; mortality source 9 rate:

v2 = 0�14, d.f. = 1, P = 0�705). HC-d lines had highest

absolute values for development time (Fig. 1a), but

there was no interaction between mortality rate and

source.

In contrast, we found no difference in size at maturity

(mortality source: v2 = 1�42, d.f. = 1, P = 0�234; mortality

rate: v2 = 0�80, d.f. = 1, P = 0�373; mortality source 9 rate:

v2 = 2�32, d.f. = 1, P = 0�128), despite the smallest absolute
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size of individuals from the HC-d lines (Fig. 1b). The same

was true for growth rate (mortality source: v2 = 2�75,
d.f. = 1, P = 0�098; mortality rate: v2 = 1�16, d.f. = 1,

P = 0�281; mortality source 9 rate: v2 = 1�98, d.f. = 1,

P = 0�159, Fig. 1c).

DEVELOPMENT-SELECTED L INES

The lines had responded to selection, since females from

fast-development lines matured earlier than their counter-

parts from slow-development lines (v2 = 9�77, d.f. = 1,

P = 0�002, Fig. 2a). The same was also true for the corre-

lated response to selection in males (v2 = 81�30, d.f. = 1,

P < 0�001, Fig. 2d). No difference in size at maturity was

found for females (v2 = 3�35, d.f. = 1, P = 0�067, Fig. 2b)
or males (v2 = 1�80, d.f. = 1, P = 0�180, Fig. 2e). Never-

theless, for both sexes, the fast-development lines had

higher growth rate until maturity, driven by their faster

development time (females: v2 = 7�31, d.f. = 1, P = 0�007,
Fig. 2c; males: v2 = 14:34, d.f. = 1, P < 0�001, Fig. 2f).

Females took longer to develop than males, but were lar-

ger at maturity and had higher growth rate.

Size was also measured at days 0, 2 and 4 of adulthood

in an independent experiment using different individuals.

Because size was measured at fixed times, it directly corre-

sponds to overall growth rate (juvenile and adult) but can-

not be compared to size at maturation, which was

measured at different times (when they matured). For

females, the size (and, therefore, overall growth rate) did

not differ between the selection regimes (Selection:

v2 = 0�21, d.f. = 1, P = 0�650; Age: v2 = 749�65, d.f. = 1,

P < 0�001; Age2: v2 = 297�03, d.f. = 1, P < 0�001; Selection
9 Age: v2 = 0�008, d.f. = 1, P = 0�929; Selection 9 Age2:

v2 = 0�009, d.f. = 1, P = 0�924, Figs 3 and S1, Supporting

Information), which contrasts with the difference in

pre-adult growth rate. However, the pre-adult difference in

growth rate in males was still present, as fast-development

males were larger (and, therefore, had higher overall

growth rate) (Selection: v2 = 8�46, d.f. = 1, P = 0�004;
Age: v2 = 371�46, d.f. = 1, P < 0�001; Age2: v2 = 465�47,
d.f. = 1, P < 0�001; Selection 9 Age: v2 = 0�49, d.f. = 1,

P = 0�484; Selection 9 Age2: v2 = 0�0002, d.f. = 1,

P = 0�989, Figs 3 and S1).

We analysed adult growth rate as the linear growth

between adult days 0 and 2, adult days 0 and 4 and as

nonlinear growth using a three-parameter asymptotic

model. For days 0 to 2, we found no difference in adult

growth neither in females (Selection: v2 = 0�007, d.f. = 1,

P = 0�934) nor in males (Selection: v2 = 1�202, d.f. = 1,

P = 0�273). For days 0 and 4, we also found no differ-

ence in adult growth neither in females (Selection:

v2 = 0�031, d.f. = 1, P = 0�861) nor in males (Selection:

v2 = 1�494, d.f. = 1, P = 0�222). The trend was, however,

stronger in males. When analysing nonlinear adult

growth on pooled line-data, we again found no difference

in females (parameter a: F = 0�032, d.f. = 1, 10, P =

67
68

69
70

71

F
em

al
e 

de
ve

lo
pm

en
t t

im
e 

(h
)

Fast
Slow

0·
02

9
0·

03
1

0·
03

3
0·

03
5

F
em

al
e 

si
ze

 a
t m

at
ur

ity
 (

m
m

2 )

0·
01

50
0·

01
60

0·
01

70

F
em

al
e 

ju
ve

ni
le

 g
ro

w
th

 r
at

e 
(lo

g(
m

m
2 ) 

h
1 )

61
62

63
64

65
66

Selection treatment

M
al

e 
de

ve
lo

pm
en

t t
im

e 
(h

)

Fast Slow

0·
02

20
0·

02
30

0·
02

40

Selection treatment

M
al

e 
si

ze
 a

t m
at

ur
ity

 (
m

m
2 )

Fast Slow

0·
01

20
0·

01
30

0·
01

40

Selection treatment

M
al

e 
ju

ve
ni

le
 g

ro
w

th
 r

at
e 

(lo
g(

m
m

2 ) 
h

1 )

Fast Slow

(a) (b) (c)

(d) (e) (f)

Fig. 2. Juvenile development time (a, d),

size at maturity (b, e) and growth rate (c, f)

of females (a–c) and males (d–f) from devel-

opment-selected lines. Symbols represent

line means, controlled for block effects.
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0�862; parameter b: F < 0�001, d.f. = 1, 10, P = 0�990; pa-
rameter k: F = 0�065, d.f. = 1, 10, P = 0�805) nor in

males (parameter a: F = 4�098, d.f. = 1, 10, P = 0�051; pa-
rameter b: F = 1�456, d.f. = 1, 10, P = 0�225; parameter k:

F = 0�475, d.f. = 1, 10, P = 0�506) and although the

growth rate (parameter k) differed more between selection

treatments for males than for females, it was again far

from significance.

Reproduction was measured daily, starting at adult age

0. We found no difference in individual fitness (measured

as kind) in any sex (females: v2 = 0�12, d.f. = 1, P = 0�722;
males: v2 = 1�72, d.f. = 1, P = 0�190); the same was also

true for lifetime reproductive success (females: v2 = 0�03,
d.f. = 1, P = 0�872; males: v2 = 0�26, d.f. = 1, P = 0�612)
(for daily reproduction, see Figs 4, S2 and S3).

In both sexes, fast-development lines were less resistant

to heat-shock (v2 = 6�46, d.f. = 1, P = 0�011, Fig. 5).

Females were less resistant to heat-shock than males

(v2 = 449�90, d.f. = 1, P < 0�001), and the difference

between fast-development and slow-development lines was

larger for males, as shown by the interaction between

selection regime and sex (v2 = 10�59, d.f. = 1, P = 0�001).
No overdispersion was present in the model (v2 = 969�58,
ratio = 0�973, d.f.residual = 997, P = 0�727).
Fast-development lines had lower survival under stan-

dard laboratory conditions than slow-development lines

(z = �2�76, P = 0�0058) (Fig. 6). Males lived longer than

females (z = �6�70, P < 0�001), but the effect of selection

regime on life span was the same in both sexes, as no inter-

action was found between selection regime and sex

(v2 = 0�02, d.f. = 1, P = 0�880). Similar results were found

when females dying of matricide were scored as dead

instead of censored (selection regime: z = �3�19, P =
0�001; sex: z = �11�50, P < 0�001; selection regime 9 sex:

v2 = 0�33, d.f. = 1, P = 0�565).

Discussion

The antagonistic pleiotropy and disposable soma theories

suggest that ageing evolves because of the trade-offs

between early-life and late-life function (Williams 1957),

where reduced investment in somatic maintenance results

in shorter life span (Kirkwood 1977). The reproduction-life

span and growth-life span trade-offs are commonly investi-

gated in this regard. Increased reproductive effort is often

associated with decreased life span (Flatt 2011; Boone-

kamp et al. 2014), but a number of recent studies have

failed to support this view (reviewed in Flatt 2011; Edward

& Chapman 2011; Maklakov & Immler 2016). When no

cost of reproduction is observed, the trade-offs with

growth and development are likely (Metcalfe & Monaghan

2003; Ricklefs 2006; Gems & Partridge 2013; Maklakov &

Immler 2016). In line with this approach, the life span cost

of fast growth has been repeatedly observed (Eklund &

Bradford 1977; Lints & Soliman 1977; Olsson & Shine

2002), also when controlling for body size (Lee, Monaghan

& Metcalfe 2013). However, the potential cost of fast

development has not received much attention (but see

Stearns et al. 2000). Since development time is an inte-

grated part of the calculation of growth rate this is hardly

surprising, but development (the differentiation of soma) is

fundamentally different from growth (the accumulation of

mass) (van der Have & de Jong 1996). Moreover, growth

and development can be subject to different selection pres-

sures and can be adjusted independently (Ball & Baker

1996; Lind & Johansson 2011). The experimental difficul-

ties in separating growth from development can be partly

resolved in organisms showing post-mitotic growth, i.e.

where cellular development stops at maturation when the

majority of growth remains to be completed. Caenorhabdi-

tis nematodes offer such a possibility because most of the

growth in these organisms occurs after the completion of

development and sexual maturation (Lambie 2002). We

capitalized on this to investigate the life span cost of

growth and development in C. remanei in two independent
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selection experiments, focusing on both juvenile (pre-

maturation) and adult (post-maturation) growth; the latter

can be totally separated from development and constitutes

the majority of mass increase, especially for females

(Fig. 3).

We found that females from high heat-shock mortality

(HC-d) lines of C. remanei that exhibit high fecundity and

long life (Chen & Maklakov 2012) had evolved increased

development time, while juvenile growth was not signifi-

cantly affected (Fig. 1a,c). We then confirmed that slow

development is an evolutionary cost of long life and high

stress resistance in another selection experiment targeting

female development time. Worms from lines selected for

long female development time had increased tolerance to

heat stress (Fig. 5) and longer life span than worms

selected for short female development time (Fig. 6), and

this effect was present in both sexes. Thus, across two inde-

pendent selection experiments focusing on different traits,

we found that high heat-shock resistance and long life

span are traded-off against development time. The recipro-

cal effect resulting in both selection experiments strongly

argues for a realized genetic correlation between develop-

ment time and somatic maintenance according to

quantitative genetic theory (Roff 1997). This result is

broadly in line with antagonistic pleiotropy and disposable

soma theories of ageing that emphasize the trade-off

between early-life function and investment in somatic

maintenance (Kirkwood 1977).

The co-evolution of long life and resistance to heat-

stress in both experiments, combined with the finding that

males are both longer lived and more stress resistant than

females, suggests that investment in somatic maintenance

prolongs life span (Kirkwood 1977). Heat-shock resistance

is associated with long life and immunity in nematodes

(Amrit, Boehnisch & May 2010) and up-regulation of

heat-shock proteins have a protective effect against a wide

variety of environmental and genetic stressors (Sørensen,

Kristensen & Loeschcke 2003). Moreover, there is gener-

ally a positive relationship between stress resistance and

long life (Rose et al. 1992; Holzenberger et al. 2003),

which confirms both traits usefulness as proxies for

somatic maintenance (Labbadia & Morimoto 2015a, b).

We show that these traits are strongly genetically corre-

lated in C. remanei, in both selection experiments.

In contrast to the clear relationship between develop-

ment time, heat-shock tolerance and life span in both

selection experiments, the results for body size and growth

rate were mixed. Size at maturity did not significantly dif-

fer between any treatments (Figs 1b and 2b,e). Because of

the pronounced differences in development time, both

males and females from fast-developing lines from the

development-selection experiment showed higher growth

rate until maturity, which was, however, not found in the

mortality-selection experiment. The effect of juvenile

growth could perhaps be shown with greater statistical

power in some comparisons but not in others, and the

overall picture is that we had stronger and clearer response

in development time, even though these traits covary prior

to sexual maturation.

After sexual maturation, where the major part of growth

takes place, growth and development are no longer con-

founded, because of the postmitotic growth in C. remanei

(i.e. cell size growth without additional cell divisions). No

difference in adult growth rate between fast-development

and slow-development lines was found for females or

males, in any growth rate calculation (linear or nonlinear

adult growth). Males from fast-developing lines were,
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however, larger, but this difference in total growth (juve-

nile and adult) was attributed to differences in juvenile

growth. Total growth did not differ in females, despite a

difference in juvenile growth, and the females had equal

adult size. The mortality-selected lines were not scored for

adult growth rate, but did not significantly differ in juve-

nile growth. Thus, we found a trade-off between develop-

ment time and life span in all experiments and sexes, but

despite the fact that most growth (especially for females)

occurs after maturation, adult growth did not contribute

to the differences in life span. Therefore, development and

juvenile growth are responsible for the differences in life

span. While development and growth naturally covary

prior to maturation, development showed the strongest

response to selection. We cannot rule out that growth

before maturation is fundamentally different from growth

after maturation. However, because long development

time, rather than slow growth rate, was consistently associ-

ated with increased life span and stress resistance across

both experiments, we suggest it is more parsimonious to

assume that development plays an important role in long-

evity in this system.

It could be argued that our selection criterion in the

development-selection experiment, the presence of a mat-

ing plug, reflects female resistance to mating rather than

development time. However, mating takes place shortly

after sexual maturation. The symmetrical response in the

mortality-selected lines and the correlated evolution of

development time of males, the non-selected sex in the

development-selection experiment, confirm that our crite-

rion of choice reflects development time in both sexes

rather than a female-specific behavioural trait. Direct selec-

tion on age at reproduction does not result in a response

in development time in D. melanogaster, further demon-

strating the independence of these traits (Partridge, Prowse

& Pignatelli 1999).

Development time has seldom been investigated in rela-

tion to ageing, but when scored in selection lines of D. me-

lanogaster, some stress resistant lines had slower

development (Bubliy & Loeschcke 2005). Moreover, a

trade-off was also found between fast development, small

size, high early fecundity and short life span in D. me-

lanogaster evolving under high random mortality (Stearns

et al. 2000). Since development is the differentiation of

cells and tissues by cell division and DNA replication,

while growth is the increase in mass over time by protein

synthesis (van der Have & de Jong 1996), they can result

in fundamentally different costs. The cost of fast growth is

normally explained in terms of reduced maintenance

(Kirkwood 1977; Metcalfe & Monaghan 2003) and

increased damage, such as increased oxidative stress (Rollo

2002), while costs of fast development may also lie in com-

promised DNA synthesis and cell/tissue differentiation. In

the life-history literature, it has long been recognized that

development rate is under direct selection in time-con-

strained environments (Johansson & Rowe 1999; Lind

et al. 2011), that selection for protandry is taxonomically

widespread (Andersson 1994) and that organisms are able

to adjust development independent of growth (Ball &

Baker 1996; Lind & Johansson 2011). Given the boom-

and-bust reproductive biology of Caenorhabditis nema-

todes that often inhabit such ephemeral habitats as rotten

fruits (Fitch 2005; F�elix & Braendle 2010), slow develop-

ment time is likely to be costly. Although food shortage

can speed up development in some organisms (Blancken-

horn 1999), Caenorhabditis nematodes respond to reduced

food by longer development time (Klass 1977). Future

work should focus on disentangling the roles of these dif-

ferent processes in the evolution of ageing.

We found mixed evidence for the trade-off between

fecundity and life span. In the mortality-selected lines, pre-

viously published work has shown that increased random

mortality did result in increased fecundity and reduced life

span, but when mortality was increased by heat-shock,

fecundity was also increased along with life span and heat-

shock resistance (Chen & Maklakov 2012), but at the cost

of slow development. The lines selected for fast or slow

development time did not differ in fecundity, implying that

the increased fecundity observed in the previous mortality-

selection experiment was genetically correlated with other

traits than development. Importantly, because selection for

development time affected neither total fecundity nor rate-

sensitive individual fitness, the reciprocal effect on develop-

ment and somatic maintenance in both experiments argues

for a genetic correlation between these traits. While the

existence of life span-reproduction trade-offs is well sup-

ported (Flatt 2011; Boonekamp et al. 2014) and also pre-

sent in our random mortality lines (Chen & Maklakov

2012), an increased number of studies have failed to find

this trade-off (see Edward & Chapman 2011; Maklakov &

Immler 2016), and this study adds to that number. Our

results do not imply that fecundity-longevity trade-offs are

absent in nematodes, since (i) it is present in the random

mortality lines; and (ii) down-regulation of the nutrient-

sensing TOR pathway, which plays a key role as a regula-

tor of life span across different taxa (Johnson, Rabinovitch

& Kaeberlein 2013), results in increased life span at the

cost of reduced growth and female fecundity in C. remanei

(Lind et al. 2016). Large females often produce more eggs

and the fact that female adult size was not affected by

selection on development time may explain the lack of a

fecundity cost. Nevertheless, these results, together with

previously published work, suggest that the lack of the

fecundity cost of life span extension can be explained by

trade-offs with other key life-history traits, such as devel-

opment time.

Our main finding is that development time emerges as a

key trait in the evolution of life span. This result was

obtained in two independent selection experiments. In both

experiments, we found evidence for genetic trade-off

between fast development and somatic maintenance, mea-

sured as heat-shock resistance and life span. In contrast,

we found mixed evidence for fecundity-life span and

growth-life span trade-offs. Because development time is

© 2017 The Authors. Functional Ecology © 2017 British Ecological Society, Functional Ecology, 31, 1252–1261
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often under strong selection in natural time-constrained

environments (Johansson & Rowe 1999; Lind et al. 2011),

our results suggest that development-life span trade-off

may play an important role in the evolution of life span in

natural populations, in addition to trade-offs with repro-

duction and growth. We suggest that facultative life-his-

tory shifts, where development is adjusted independent of

growth rate (Ball & Baker 1996; Lind & Johansson 2011)

offers an experimental approach to decouple these factors

and their role for investment in somatic maintenance in

organisms with continuous cell divisions.

Authors’ contributions

M.I.L. and A.A.M. conceived the ideas and designed methodology; M.I.L.,

H-.y.C., S.M., A.C.G.G., H.C., M.K.Z., J.A. and T.L. collected the data;

M.I.L. analysed the data; M.I.L. and A.A.M. led the writing of the manu-

script. All authors contributed critically to the drafts and gave final

approval for publication.

Acknowledgements

M.I.L. was supported by the Swedish Research Council (623-2012-6366)

and by EBC, Uppsala University. A.A.M. was supported by the European

Research Council Starting Grant-2010 (AGINGSEXDIFF) and by the

Swedish Research Council.

Data accessibility

Data available from the Dryad Digital Repository https://doi.org/10.5061/

dryad.45dn8 (Lind et al. 2017).

References

Amrit, F.R.G., Boehnisch, C.M.L. & May, R.C. (2010) Phenotypic covari-

ance of longevity, immunity and stress resistance in the Caenorhabditis

nematodes. PLoS ONE, 5, e9978.

Andersson, M. (1994) Sexual Selection. Princeton University Press, Prince-

ton, NJ, USA.

Ball, S.L. & Baker, R.L. (1996) Predator-induced life history changes:

antipredator behavior costs or facultative life history shifts? Ecology, 77,

1116–1124.
Bates, D., M€achler, M., Bolker, B.M. & Walker, S.C. (2015) Fitting linear

mixed-effects models using lme4. Journal of Statistical Software, 67,

1–48.
Blanckenhorn, W.U. (1999) Different growth responses to temperature and

resource limitation in three fly species with similar life histories. Evolu-

tionary Ecology, 13, 395–409.
Blanckenhorn, W.U. & Demont, M. (2004) Bergmann and converse Berg-

mann latitudinal clines in Arthropods: two ends of a continuum? Inte-

grative and Comparative Biology, 44, 413–424.
Boonekamp, J.J., Salomons, M., Bouwhuis, S., Dijkstra, C. & Verhulst, S.

(2014) Reproductive effort accelerates actuarial senescence in wild birds:

an experimental study. Ecology Letters, 17, 599–605.
Brommer, J.E., Meril€a, J. & Kokko, H. (2002) Reproductive timing and

individual fitness. Ecology Letters, 5, 802–810.
Bubliy, O.A. & Loeschcke, V. (2005) Correlated responses to selection for

stress resistance and longevity in a laboratory population of Drosophila

melanogaster. Journal of Evolutionary Biology, 18, 789–803.
Charlesworth, B. (1994) Evolution in Age-Structured Populations, 2nd edn.

Cambridge University Press, New York, NY, USA.

Chen, H. & Maklakov, A.A. (2012) Longer life span evolves under high

rates of condition-dependent mortality. Current Biology, 22, 2140–2143.
Edward, D.A. & Chapman, T. (2011) Mechanisms underlying reproductive

trade-offs: costs of reproduction. Mechanisms of Life History Evolution

(eds T. Flatt & A. Heyland), pp. 137–152. Oxford University Press, New

York, NY, USA.

Eklund, J. & Bradford, G.E. (1977) Longevity and lifetime body weight in

mice selected for rapid growth. Nature, 265, 48–49.
Emmons, S.W. & Sternberg, P.W. (1997) Male development and mating

behavior. C. elegans II, 2nd ed (eds D.L. Riddle, T. Blumenthal, B.J.

Meyer & J.R. Priess), pp. 295–334. Cold Spring Harbor Laboratory

Press, Cold Spring Harbor, NY, USA.

F�elix, M.-A. & Braendle, C. (2010) The natural history of Caenorhabditis

elegans. Current Biology, 20, R965–R969.

Finch, C.E. (1994) Longevity, Senescence, and the Genome. University of

Chicago Press, Chicago, IL, USA.

Fitch, D.H.A. (2005) Evolution: an ecological context for C. elegans. Cur-

rent Biology, 15, R655–R658.

Flatt, T. (2011) Survival costs of reproduction in Drosophila. Experimental

Gerontology, 46, 369–375.
Gems, D. & Partridge, L. (2013) Genetics of longevity in model organ-

isms: debates and paradigm shifts. Annual Review of Physiology, 75,

621–644.
van der Have, T.M. & de Jong, G. (1996) Adult size in ectotherms: temper-

ature effects on growth and differentiation. Journal of Theoretical Biol-

ogy, 183, 329–340.
Herndon, L.A., Schmeissner, P.J., Dudaronek, J.M., Brown, P.A., Listner,

K.M., Sakano, Y., Paupard, M.C., Hall, D.H. & Driscoll, M. (2002)

Stochastic and genetic factors influence tissue-specific decline in ageing

C. elegans. Nature, 419, 808–814.
Holzenberger, M., Dupont, J., Ducos, B., Leneuve, P., G�elo€en, A., Even,

P.C., Cervera, P. & Le Bouc, Y. (2003) IGF-1 receptor regulates lifespan

and resistance to oxidative stress in mice. Nature, 421, 182–187.
Johansson, F. & Rowe, L. (1999) Life history and behavioral responses to

time constraints in a damselfly. Ecology, 80, 1242–1252.
Johnson, S.C., Rabinovitch, P.S. & Kaeberlein, M. (2013) mTOR is a key

modulator of ageing and age-related disease. Nature, 493, 338–345.
Jones, O.R., Scheuerlein, A., Salguero-G�omez, R. et al. (2014) Diversity of

ageing across the tree of life. Nature, 505, 169–173.
Kirkwood, T.B.L. (1977) Evolution of ageing. Nature, 270, 301–304.
Kirkwood, T.B.L. & Austad, S.N. (2000) Why do we age? Nature, 408,

233–238.
Klass, M.R. (1977) Aging in the nematode Caenorhabditis elegans: major

biological and environmental factors influencing life span. Mechanisms

of Ageing and Development, 6, 413–429.
Labbadia, J. & Morimoto, R.I. (2015a) The biology of proteostasis in aging

and disease. Annual Review of Biochemistry, 84, 435–464.
Labbadia, J. & Morimoto, R.I. (2015b) Repression of the heat shock

response is a programmed event at the onset of reproduction. Molecular

Cell, 59, 639–650.
Lambie, E.J. (2002) Cell proliferation and growth in C. elegans. BioEssays,

24, 38–53.
Lee, W.-S., Monaghan, P. & Metcalfe, N.B. (2013) Experimental demon-

stration of the growth rate–lifespan trade-off. Proceedings of the Royal

Society B: Biological Sciences, 280, 20122370.

Lind, M.I. & Johansson, F. (2011) Testing the role of phenotypic plastic-

ity for local adaptation: growth and development in time-constrained

Rana temporaria populations. Journal of Evolutionary Biology, 24,

2696–2704.
Lind, M.I., Ingvarsson, P.K., Johansson, H., Hall, D. & Johansson, F.

(2011) Gene flow and selection on phenotypic plasticity in an island sys-

tem of Rana temporaria. Evolution, 65, 684–697.
Lind, M.I., Zwoinska, M.K., Meurling, S., Carlsson, H. & Maklakov, A.A.

(2016) Sex-specific trade-offs with growth and fitness following lifespan

extension by rapamycin in an outcrossing nematode, Caenorhabditis

remanei. Journals of Gerontology Series A: Biological Sciences and Medi-

cal Sciences, 71, 882–890.
Lind, M.I., Chen, H.-Y., Meurling, S., Guevara Gil, A.C., Carlsson, H.,

Zwoinska, M.K., Andersson, J., Larva, T. & Maklakov, A.A. (2017)

Data from: Slow development as an evolutionary cost of long life. Dryad

Digital Repository, https://doi.org/10.5061/dryad.45dn8

Lints, F.A. & Soliman, M.H. (1977) Growth rate and longevity in Droso-

phila melanogaster and Tribolium castaneum. Nature, 266, 624–625.
Maklakov, A.A. & Immler, S. (2016) The expensive germline and the evolu-

tion of ageing. Current Biology, 26, R577–R586.

Maklakov, A.A., Rowe, L. & Friberg, U. (2015) Why organisms age: evo-

lution of senescence under positive pleiotropy? BioEssays, 37, 802–807.
Medawar, P.B. (1952) An Unresolved Problem in Biology. Lewis, London,

UK.

Metcalfe, N.B. & Monaghan, P. (2003) Growth versus lifespan: perspectives

from evolutionary ecology. Experimental Gerontology, 38, 935–940.

© 2017 The Authors. Functional Ecology © 2017 British Ecological Society, Functional Ecology, 31, 1252–1261

1260 M. I. Lind et al.

https://doi.org/10.5061/dryad.45dn8
https://doi.org/10.5061/dryad.45dn8
https://doi.org/10.5061/dryad.45dn8


Olsson, M. & Shine, R. (2002) Growth to death in lizards. Evolution, 56,

1867–1870.
Partridge, L., Prowse, N. & Pignatelli, P. (1999) Another set of responses

and correlated responses to selection on age at reproduction in Droso-

phila melanogaster. Proceedings of the Royal Society of London Series B:

Biological Sciences, 266, 255–261.
R Core Team (2015) R: A Language and Environment for Statistical Com-

puting. R Foundation for Statistical Computing, Vienna, Austria.

Ricklefs, R.E. (2006) Embryo development and ageing in birds and mam-

mals. Proceedings of the Royal Society of London B: Biological Sciences,

273, 2077–2082.
Roff, D.A. (1997) Evolutionary Quantitative Genetics. Chapman & Hall,

New York, NY, USA.

Rollo, C.D. (2002) Growth negatively impacts the life span of mammals.

Evolution & Development, 4, 55–61.
Rose, M.R., Vu, L.N., Park, S.U. & Graves, J.L. (1992) Selection on stress

resistance increases longevity in Drosophila melanogaster. Experimental

Gerontology, 27, 241–250.
Sørensen, J.G., Kristensen, T.N. & Loeschcke, V. (2003) The evolutionary

and ecological role of heat shock proteins. Ecology Letters, 6, 1025–1037.
Stearns, S.C. (1992) The Evolution of Life Histories. Oxford University

Press, New York, NY, USA.

Stearns, S.C., Ackermann, M., Doebeli, M. & Kaiser, M. (2000) Experi-

mental evolution of aging, growth, and reproduction in fruitflies. Pro-

ceedings of the National Academy of Sciences, 97, 3309–3313.

Stiernagle, T. (2006) Maintenance of C. elegans. The C. elegans Research

Community (ed. WormBook). WormBook, Available at: http://www.

wormbook.org (accessed 31 October 2014).

Williams, G.C. (1957) Pleiotropy, natural selection, and the evolution of

senescence. Evolution, 11, 398–411.
Williams, P.D., Day, T., Fletcher, Q. & Rowe, L. (2006) The shaping of

senescence in the wild. Trends in Ecology & Evolution, 21, 458–463.

Received 15 July 2016; accepted 31 January 2017

Handling Editor: Wolf Blanckenhorn

Supporting Information

Details of electronic Supporting Information are provided below.

Fig. S1. Adult size at age 0, 2 and 4 days of adulthood for females
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Fig. S2. Daily reproduction of females from development-selected

fast (violet) and slow (blue) lines.

Fig. S3. Three hours reproduction of males from development-

selected fast (violet) and slow (blue) lines.
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