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Abstract

U

The process of ageing is associated with negative effeatsutdtions acting late in life
which range from those affecting cells to those affecting th@evorganism. In many animal
taxa, the deterioration of the phenotype with age also affects traits suclea’spmanary ang
secondary sexual characteristics. In three-spined stickleb@a&®r(osteus aculeatus), males
usually reproduce at one or two years of age. To see whetkeal sselection has the
potential to differ between young and old males, full-sib brothers ftdreint age classes
were compared, which were bred and raised under standardised labooattitipns. During
two simulated, successive breeding seasons males were atloweadd their nest in single
tanks either in the first (“young males”) or in the second (folles”) breeding season.|A
comparison of reproductively active brothers of the first and secaadling season showgd
that older males produce more but smaller sperm, which might loevef quality. The fact
that older males stored more sperm is size dependent as the shewl that larger males
possess a greater absolute testis mass, which is inextritakgéd to sperm number.
However, independent of body size, old males had a lower intensigdfrange and UY
breeding coloration as well as a reduced testis melanisatioch wight have consequenges
in female mate choice and sperm competition.
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Background

More than 300 different theories on the proximate and ultimate causgeiofy (Medvedev
1990) have been proposed over the past six decades (for reviews see &hegRe/nolds
2005; Rose et al. 2008; Milewski 2010; Johnson and Gemmel 2012). Ultimadesca
investigate the tension between longevity and reproduction. For péxarMedawar
(“mutation accumulation theory”: Medawar 1952) postulates that duetiaral selection
(e.g. predation) individuals within a population do not live long enough tanadate
deleterious mutations that would reduce fitness late in life. &umibre, Williams
(“antagonistic pleiotropy”: Williams 1957) reveals that some gewhich are responsible for



an increased reproductive investment when being young, contribute toea date of
investment in maintenance and reproduction later in life. Researcherested in proximate
causes focus on mechanisms such as the accumulation of damade émctaell function
over time caused by free radicals produced during cellular mesab@loxidative stress™
Harman 1956). To date there is no universal theory of ageingbpobsicause the process
itself is multicausal (see Holliday 2006).

Theoretical considerations aside, there has recently been considetatastiin the effects of
ageing on sexually selected traits. For example, two indicatarsale sexual attractiveness,
tail length in barn swallowdHjrundo rustica) (Balbontin et al. 2011) and foot colour in blue-
footed boobiesSula nebouxii) (Velando et al. 2011) were shown to decrease with age. In
many animal taxa, ageing has effects on reproductive sucdeis, may be negative (e.g.
Dean et al. 2010) as well as positive (e.g. DuVal 2012). In some, caales of intermediate
age were most successful (e.g. Raveh et al. 2010). Also in hukheme $apiens), testicular
volume was significantly different among age classes, with between 30-60 years
showing the greatest testicular volume (Yang et al. 2011). If oldsnzaie of lower quality,
females will discriminate against them (Beck and Promislow 200¥$ exactly happened in
the house mous@/ius musculus domesticus); old males and their scent were less attractive to
females (Garratt et al. 2011). Similarly, in the field cricketyllus bimaculatus), females
had a strong preference for the songs of young males (Verbuagt2011). On the other
hand, inDrosophila bipectinata females preferred to mate with older males, presumably due
to the fact that old males mated faster, copulated longer andimaedhmore (Somashekar
and Krishna 2011). In guppiePdecilia reticulata) old males produced longer but slower
sperm and they had larger reserves of strippable sperm @drepared to young males
(Gasparini et al. 2010). However, artificial insemination did not teaewa effect of age on
sperm competition success (Gasparini et al. 2010). Overall, a nomseidies investigated
the influence of ageing on reproductive traits resulting in contaglifindings, which might
partly be explained by the different breeding systems ofttldy animals (see Johnson and
Gemmel 2012 for an overview).

The three-spined sticklebackdsterosteus aculeatus) is a good model system to study the
influences of male age on reproductive traits for several reaBapending upon location,
sticklebacks breed from April to August. Individuals normally reapiaguctive age in their
second (one-year-old) or third summer (two-year-old) and die afteror two breeding
seasons (but see Gambling and Reimchen 2012 for a report of someipogputawhich
individuals live for six years or more). During the breedingssa males establish territories
in the shallow shore region and build a nest composed of filamentous Rlgdermore,
males usually develop a conspicuous red/orange coloration in the eugek, rcourt many
females and provide all of the parental care (Wootton 1976). The igtensnale breeding
coloration is one of the key determinants of female mate-choidsialex (e.g. McLennan
and McPhail 1990; Bakker and Milinski 1993). Once a female has madehbiee, she
pushes her way into the male’s nest, deposits her eggs and thes dsathe territorial male
enters the nest behind her to fertilise the clutch. Femaleelwain be circumvented to an
extent by sneaking behaviour, in which an intruding male dashes thiteeigiest to deposit
sperm immediately before or after the territory holder. This is a comni@vioeral tactic of
territorial males in many populations (e.g. Largiadér et al. 20@t)cating that sperm
competition is an important part of the stickleback breeding sygtemcent study revealed
that competitive males, which had succeeded in establishingitarfeand attracting ripe
females, performed most of the sneak attempts (Candolin and Vlieger 2013).



In the three-spined stickleback spermatogenesis only occurs dhenghort photoperiods
preceding the breeding season (Borg 1982), resulting in a larger nofng@erm stored in
testes of virgin males (e.g. early spring) compared to thibsailtiply mated males (e.g. late
summer) (Zbinden et al. 2001). As stickleback males are sperm limited owentise of one
breeding season, careful sperm allocation is a critical fitcesiponent (Zbinden et al. 2003,
2004). Overall then, both the intensity of males’ breeding coloratiokk@Baand Milinski
1993) and gonadal investment (Cubillos and Guderley 2000) have a pasiliance on
reproductive success. Hence, on the basis of stickleback mateslilg behaviour and the
different theories of ageing it was investigated whether ageahaegative influence on
sexually selected reproductive traits (breeding colorationstastl sperm traits) by using
full-sib brothers of different age classes.

Results

Statistical analyses

The R 2.9.1 statistical package was used for analyses. All givatups are based on two-
tailed tests. For analyses different linear mixed effect tsdtene”) were constructed using
males’ reproductive traits (breeding coloration, testis and spaits) as dependent variables
and male age (young or old) as explanatory variable (Table dtheffmore, young and old
males originated from the same family (see Methods) implshat they are not independent
from each other on a genetic basis. Thus, in all models famihtitylavas included as
random factor and never removed to control for possible ancestralnicdlsie Tests of
significance were based on likelihood-ratio tests (“LRT"). Tise of “Ime” requires that the
dependent variable is normally distributed. To achieve normal distributions obitleais of
the best explaining models according to Kolmogorov-Smirnov tesisie sdata were
logarithmically transformed (body mass, absolute and relatisgstmass, sperm number,
total brightness (dorsal region) and sperm tail length), squardremsformed (relative red
area of the breeding coloration in the cheek region), exponertatigformed (red/orange
hue testis melanisation (L)) or reciprocally transformed (total brightness (cheek region))
For a detailed description of all measured reproductive traits see Methods.



Table 1Listing of all conducted linear mixed effect models “Ime”

sample size (N)

explanatory variable male age explanatory variable body size

AIC male age AIC body size

dependent variables ~ ~
p-value x p-value young old
body size [cm] 47.842 <0.001 / / 61.707 / 60 101
body mass [g] 39.942 <0.001 / -90.424 / 60 101
body condition 0.448 0.503 / / -315.952 / 60 101
red area [%0] 0.192 0.662 5.245 0.022 607.296 602.243 59 101
carotenoid chroma (A) 5.312 0.021 4.447 0.035 -59.083 -58.218 59 99
UV chroma (A) 11.091 <0.001 0.855 0.355 -538.148 -527.912 59 99
red/orange hue (A) [nm] 3.985 0.046 1.269 0.260 43316.630 43319.350 59 99
total brightness (A) 8.210 0.004 6.903 0.009 -1240.811 -1239.504 59 99
total brightness (R) 16.374 <0.001 1.595 0.207 262.555 277.334 59 101
absolute testis mass [g] 54.517 <0.001 76.359 <0.001 -452.293 -474.135 60 96
relative testis mass (GSI) 20.887 <0.001 3.304 0.069 45.989 63.572 60 96
testis melanisation (L) 64.591 <0.001 19.391 <0.001 1955.718 2008.869 60 96
sperm number 4.268 0.039 11.441 <0.001 223.120 207.984 59 99
head lengthym] 73.952 <0.001 15.977 <0.001 -277.861 —-219.886 60 22
tail length um] 11.816 <0.001 6.773 0.009 -163.597 -158.555 60 22
head width jum] 53.729 <0.001 9.646 0.002 -303.683 -259.599 60 22
mid-piece width jim] 4.298 0.039 0.676 0.411 —-271.444 -267.852 60 22
mid-piece volumelm?] 9.003 0.003 3.934 0.047 —-298.985 -293.916 60 22
mid-piece lengthm] 2.537 0.111 2.369 0.124 -225.356 -225.187 60 22
head to tail length ratio 0.052 0.819 0.036 0.849 -540.046 -540.030 60 22

(A) colour measurements were made directly below the eye (breedargtamt).
(R): measurements were taken at the dorsum below the first dorsal spine.
(GSI) gonadosomatic index after de Vlaming et al. (1982).

(L* 1ota)) testis is brightness (see Mehlis et al. 2012 for details).



In all models family identity was included as random factorraer removed to control for possible ancestral influences. The mabehe
lowest AIC (Akaike's information criterion) value represents the best dppaiing model.



Body traits

Young (Noung = 60) and old males gN = 101) differed significantly in body size (“Imej?

= 47.842, P < 0.001) and mass (“Img® = 39.942, P < 0.001), showing that older males
were on average larger and heavier than younger ones (Table 2), iwaetieer age or size
affected the observed results (see below) is hard to distinguisto dboe fact that age and
body size are not statistically independent from each other.rdiogly, one has to mention
that body size of the used individuals was determined by agehagréie/ throughout their
life time. It should be valid to use the base of differences) (agie statistical analyses in
order to find differences in reproductive traits and discuss thesn ievolutionary context.
Nevertheless, all models (Table 1) were run again but insteadirgf male age body size
was included as explanatory variable. The results of these nargetdso listed in Table 1.
Akaike’s information criterion (AIC) was used for model compari@oale age or body size
as explanatory variable); the model with the lowest AIC valugresents the best
approximating model (Symonds and Moussalli 2011). The results showgedpadtfrom the
relative red area of males’ breeding coloration, absolute tesiss and sperm number, male
age is more appropriate in explaining the observed results than ized{Table 1). Thus,
only the statistically relevant results concerning male bory aie described in detail and
discussed later on. Moreover, young and old males did not differ seymtify in physical
conditions (“Ime”,y* = 0.448, P = 0.503), indicating that they had the same pre-condition
during life time (Table 2).



Table 2 Descriptive statistics (median, first and third quartile) of body taits, breeding coloration variables and testis and sperm traits of

young and old males used in the analyses

young old
median 1. quatrtile 3. quartile median 1. quatrtile 3. quartile
body size [cm] 4.90 4.70 5.10 5.20 4.95 5.40
body mass [g] 1.562 1.372 1.712 1.812 1.617 2.031
body condition 1.30 1.25 1.36 1.29 1.24 1.35
red area [%0] 14.84 6.22 27.21 13.74 6.29 21.94
carotenoid chroma (A) 0.450 0.287 0.538 0.392 0.189 0.501
UV chroma (A) 0.271 0.244 0.291 0.245 0.209 0.273
red/orange hue (A) [nm] 506.0 502.0 509.5 505.0 501.0 508.5
total brightness (A) 2701.70 2072.17 3719.65 3267.38 2489.20 4939.09
total brightness (R) 3075.86 2374.82 4326.12 1963.18 1402.66 3114.35
absolute testis mass [g] 0.0107 0.0084 0.0140 0.0165 0.0135 0.0202
relative testis mass (GSI) 0.697 0.585 0.862 0.951 0.731 1.103
testis melanisation (Lz) 39.00 26.88 47.13 60.50 49.38 67.50
sperm number 9:30° 6.010° 12.210° 10.%10° 7.910° 14.410°
head lengthym] 1.106 1.067 1.128 0.991 0.958 1.011
tail length pum] 18.033 16.946 19.280 17.017 16.036 17.600
head width jum] 1.076 1.048 1.104 0.999 0.979 1.018
mid-piece width im] 0.782 0.761 0.813 0.766 0.731 0.792
mid-piece volumem?] 0.284 0.268 0.311 0.256 0.239 0.281
mid-piece lengthym] 0.587 0.548 0.614 0.583 0.515 0.621
head to tail length ratio 0.094 0.089 0.099 0.091 0.087 0.098

(A) colour measurements were made directly below the eye (breedorgtomnt).
(R) measurements were taken at the dorsum below the first dorsal spine.
(GSI) gonadosomatic index after de Vlaming et al. (1982).
(L* 1ota)) testis brightness (see Mehlis et al. 2012 for details).



Breeding coloration

The relative area of red breeding coloration in the cheek regibndidiffer significantly
between young and old malesy Mg = 59, Nyg = 101, “Ime”,x =0.192, P = 0.662; Table 2)
but it was significantly explained by body size (“Img® = 5.245, P = 0.022), with larger
males showing a significantly greater relative area ofédebreeding coloration. However,
young and old males differed significantly in carotenoid chromgugiN= 59, Ny = 99
“Ime”, ¥* = 5.312, P = 0.021) as well as in UV chromgo(N, = 59, Nog = 99; “Ime”, 7
11.091, P < 0.001), with larger chroma values for young males in both (fagere 1, Table
2). Thus, young males had a significantly more saturated coloratibe red/orange spectral
reglon In addltlon the red/orange hue was significantly lowerdmlles (Noung= 59, Nig

= 99; “Ime”, ¥* = 3.985, P = 0.046), indicating a more red-shifted hue of the breeding
coloration in young males compared to old males (Figure 1; Tablsl&gover, younger
males showed a significantly lower total brightness in thekchegion (Noung = 59, Nig =
99; “Ime”, x* = 8.210, P = 0.004; Table 2) and a significantly higher total brightnese
dorsal region (BNbung= 59, Nug = 101; “Ime”, " = 16.374, P < 0.001; Figure 1; Table 2).

Figure 1 Representative reflectance spectrum of the carotenoid-based bdieg

coloration of three-spined stickleback malesMean reflectance + standard error (%)
between 300 and 700 nm of the red/orange breeding coloration in the cheek region of
reproductively active young (black line) and old (grey line) males. Refleetaas measured
relative to a 98 % Spectralon white standard.

Testis traits

Young (N,oung= 60) and old males N = 96) differed significantly in absolute (“Im ey’ =
54.517, P < 0.001) and relative testis mass (“Imes 20.887, P < 0.001) as well as |n total
testis brightness (“lme”y*> = 64.591, P < 0.001), which is a measure of testicular
melanisation (see Mehlls et al. 2012). While absolute and relastes tmass were both
significantly higher in older males, the results show thatstesélanisation was significantly
lower in young males meaning that the testes of old males legs pigmented (Figure 2a-b;
Table 2). However, it has to be mentioned that differences in absedtie mass were better
explained by differences in body size (lower AIC) than by ragke alone, with larger males
having significantly heavier testes (“lme? = 76.359, P < 0.001).

Figure 2 Representative testis of a young (a) and an old (b) three-spined stickdedi

male and on the right side the corresponding L*value for testis brightnesss a measure

of testis melanisation (see Mehlis et al. 2012). (c) Representative thepered

stickleback sperm.Sperm head, mid-piece, and tail can be distinguished on the SEM image.
The black lines indicate head length and width as well as mid-piece lengthdihdtiae

dotted white line indicates the boundary between head and mid-piece.

Sperm traits

Stored sperm number differed significantly between young and old ifiigng = 59, N =

99; “Ime”, X = 4.256, P = 0.039), with older males having significantly more speafléT
2). However, the statistical analysis revealed that sperm nwwvdserexplained in a more
appropriate way by male body size (lower AIC) than by mgke with larger males having
significantly more sperm (“lme’%? = 11.441, P < 0.001). Young {®hg = 60) and old males



(Noig = 22) differed significantly in sperm morphology traitsg(dégure 2c), such as head
length (“Ime”,5* = 73.952, P < 0.001), tail length (“Ime® = 11.816, P < 0.001), head width
(“lme”, ¥* = 53.729, P < 0.001), mid-piece width (“/me? = 4.268, P = 0.039) and mid-
piece volume (“lme”y” = 9.003, P = 0.003), with young males showing higher values in all
of these measures (Table 2). However, sperm of young and old didlesot differ
significantly in mid-piece length (“lme™? = 2.537, P = 0.111; Table 2) and head to tail
length ratio (“Ime”* = 0.052, P = 0.819; Table 2).

Discussion

By comparing reproductive traits of lab-reared full-sib brotl¢mifferent ages in their first
reproductive season (i.e. first nest building), the present savealed that an advanced age
can have considerable consequences on the expression of reproductive tinaés-spined
sticklebacks, which might have an influence in inter- as well as intralsexataxts.

In three-spined sticklebacks sperm competition occurs in many populationsqlelgchnidt
et al. 1992; Jamieson and Colgan 1992; Rico et al. 1992; Largiader2€01; Vlieger and
Candolin 2009). Furthermore, it is generally accepted that sperm d¢bompista widespread
and powerful selective force affecting sperm quantity and/or speatity in such a way to
maximise competitive fertilisation success (e.g. Rowe andtRloeés 2011). In a situation
in which the risk of sperm competition is high, males should hargel testes and/or a
higher number of sperm per ejaculation (Harcourt et al. 1981; Stoekbdy 1997) assuming
that fertilisation success follows a raffle-principle, so tnates with more sperm will have
an advantage (see Parker 1990). In the American horseshoelLarabug polyphemus)
young males ejaculated more total sperm and had a signifi¢agtigr sperm concentration
than old males (Sasson et al. 2012). In contrast, in the gimegil{a reticulata) and in
zebrafish Danio rerio), the number of extractable sperm was higher in old males (fd@spa
et al. 2010; Kanuga et al. 2011). In the zebrafish study the authorsl dingiti¢his might be a
consequence of fewer successful breeding attempts of old zebrafleh. In three-spined
sticklebacks, the number of stored sperm is significantly positivelylatedewith testis mass
(Zbinden et al. 2001), and gonad mass is related to reproductive syCrdsllos and
Guderley 2000) as is body size (Kraak et al. 1999), showing the\adapportance of these
variables. In the present study, larger (older) sticklebacksvad$® had significantly more
stored sperm as well as a higher absolute testis massaltdgo distinguish whether size or
age affected the observed results, due to the fact that age andizsdyesnot statistically
independent from each other and especially in fish they are webdirilinked. However, all
stickleback males used here were virgin as they had no opportunélesse sperm during
their entire life span under laboratory conditions. In the rainbout {Oncorhynchus mykiss)

it is known that unused sperm are reabsorbed during the post-spawnoty juesti before the
next cycle of spermatogenesis begins (Billard and Takashima 19BR); would also be
assumed for sticklebacks as in this species sperm production oeslexg annual cycle
(Borg 1982). Furthermore, in a previous study it was stated ttiaeand of the breeding
season sticklebacks testes were drastically reorganiskddiier 1969), which is supported
by the fact that testis mass declines after the breedagpr (e.g. Hoffmann et al. 2012).
Hence, it is likely that the sperm, which were found in the twar-péd males, were solely
produced during the second winter period, leading to the interpretatiolariter old males
produced both absolutely and relatively more sperm.

If a male produces more gametes, these sperm will be propostisnaller, assuming that a
fixed “resource budget” is available (Parker 1982) and in the miresgly sperm dimensions



were indeed larger in young males. Sperm morphology traith, asisperm size, are known

to be good proxies of reproductive performance in several animalkesp@omendio and
Roldan 1991). For example, some studies have shown that sperm swilniihg was
positively correlated with either head length, tail length ordhen of both (Pitcher et al.
2007; Gomendio and Roldan 2008; Fitzpatrick et al. 2010). However, this topic is
controversial (see Snook 2005 for an overview) and many studies founelationship
between sperm morphology traits and sperm swimming performances@ge et al. 2002;
Locatello et al. 2007). Nevertheless, there is evidence that gpetifity is associated with
mid-piece volume (Anderson and Dixson 2002) and the evolution of sperm mid-piece volume
has been affected by selection pressures resulting from gpenpetition (Anderson et al.
2005); the higher the mid-piece volume the higher the mitochondrial loadithgthas
flagellum beating frequency (Cardullo and Baltz 1991). The resutteegiresent study show
that sperm size and mid-piece volume were significantly targgoung males, suggesting
higher quality sperm, as in sticklebacks fertilisation sucisegeedicted by longer tail length,
greater mid-piece volume and smaller head to tail length r&@MB et al. unpublished
data). Young and old males did however not differ significantly in hedihgellum length
ratio, another proxy for sperm motility (Humphries et al. 2008), hepthis issue open for
further investigations.

Sperm are known to be highly prone to oxidative stress (e.g.Aidkel Baker 2006).
Helfenstein et al. (2010) reported the first experimental evidehat development of
carotenoid-based ornaments and sperm quality may be linked throughivexig@ess.
Carotenoid-based conspicuous yellow, orange and red colour pattermgdaspread in
many vertebrate species (e.g. Hill et al. 2002). The colouablas for the stickleback cheek
region that were measured in the present study indicate a staeesition of carotenoids
in terms of a more chromatic and darker breeding coloration in yonmgles (Gomez et al.
2011) as an indicator of higher individual quality compared to older malesicklebacks,
the intensity of the red/orange breeding coloration is one dfdheleterminants of female
mate-choice decisions (e.g. McLennan and McPhail 1990; Bakker and kilif93). If
carotenoid availability is limited, these pigments will be tchdeff between fitness
components such as sexual ornamentation and immunoresponsive capauziie® (1994),
thereby maintaining the honesty of carotenoid-based signalsBlewgt et al. 2003; but see
Navara and Hill 2003). In the laboratory, both young and old males feé€hironomus
spec. larvae that contain a.o. lutein (Czeczuga 1970), a majornzadoter the development
of males’ breeding coloration (Wedekind et al. 1998). Since aninaisot synthesise
carotenoidsie novo (Goodwin 1984), the given food supply was the only carotenoid source
for the males. The less developed breeding coloration of older majbs imply that old
males’ ability to cope with oxidative stress may be reduced, ghpporting the oxidative
stress ageing theory as suggested by Harman (1956).

Testis melanisation occurs in many animal taxa, for exammpliéshh (Louiz et al. 2009),

amphibians (Zieri et al. 2007), reptiles (Guillette et al. 1983), lfitddvan et al. 2011), and
mammals (Poole and Lawton 2009). In birds, for example, testiculanisalion has been
evolved in species with high rates of accumulated mitochondrial wngatind has been
supposed to be an adaptive response related to the protective capan#ianin against

oxidative stress (Galvan et al. 2011). The current study showédhinaestes of older
stickleback males were less pigmented, indicating that youndes méght be able to handle
oxidative stress better than their older brothers (but see Andzik 2006). At the same
time younger males were less pigmented in the dorsal regionmEyisndicate a trade-off
between the deposition of melanin pigments in skin and testis tissab. &correlation



between the proportion of plumage coloured by melanin and occurentesticular
melanisation has not been found in birds (Galvan et al. 2011). Howevergettise function
and relevance of testis melanisation in sticklebacks is unknown emres further
investigation.

Older males were significantly larger and heavier than thminger brothers. This is not
surprising due to the fact that fish have indeterminate growtlalaondn sticklebacks age is
largely confounded with body size (Allen and Wootton 1982). Furthermotarae-spined
sticklebacks, larger males are more aggressive (Mehlit @080), have an advantage in
dominance fights (Rowland 1989), and females find larger males more aétaasisibly due
to their higher paternal quality and/or territorial quality (Kraak et al. 139@wever, females
also prefer more intensely red-coloured stickleback males (BakkeMilinski 1993; Kraak
et al. 1999; Kinzler and Bakker 2001) and the results of the presentsstoaythat the
relative area of red breeding coloration was greater ge larales. It remains unclear how the
attractiveness in terms of breeding coloration (higher satu@aioration and hue in the
red/orange spectral region in young males but greater ared bfeeding coloration in large
old males) is traded off against body size, and thus whether yoorajes have the edge
over their older brothers.

Conclusions

To conclude, the results revealed that advanced age can have blemefictd as detrimental
effects on an individual male stickleback’s reproductive traitgleOimales were larger
(dominance advantage) and had more sperm than their younger brothersnigheype,
however, at a disadvantage in terms of mate acquisition (lessséentnuptial signal) and
fertilisation ability (lower quality sperm). The less deyed nuptial colour, testis
melanisation and sperm quality could be the result of oxidativessteecells and tissues
accumulating over time (Harman 1956). However, one has to mentionfuhher
investigations are needed to confirm that the results of thisameqory study are really
important under natural conditions, especially when stickleback raadesonfronted with
sperm competition and whether this influences males’ fertdisatbilities and reproductive
success. Furthermore, given the damaging effects of progresgueg, it is interesting to
note that most males from the study population do not live long enougladb a second
reproductive phase in the field. Taken together, these observations sulfiptate ageing
theories suggesting that an age-related decrease in fitness selght for an increased
reproductive investment early in life (Medawar 1952; Williams 1957).

Methods

Experimental subjects

About 500 three-spined sticklebacks from an anadromous, geneticallyodesteous
population (Heckel et al. 2002) were caught during their spring tiagran April 2008 on
the island of Texel, the Netherlands. Sticklebacks were purchased a commercial
fisherman, who has the permission to catch the fish. Within 5—6 hounsdightransported
in large boxes (half filled with sea- and tap-water) toltistitute for Evolutionary Biology
and Ecology in Bonn, Germany, where they were kept together ige daitside-tank (750
1), with air ventilation and a constant supply of tap-water dow fate of 3| mif and fed
with red mosquito larvaeChironomus spec.). The probability that individuals from the used



study population die after their first breeding season seerbe togh due to two reasons.
First, the frequency distribution of standard lengths of the sampddd diuring spring
migration was single-peaked (MM personal observation). Second, a pretalysdid not
find any large individuals during autumn migration from the breedirgsp $d the sea (van
Mullem and van der Viugt 1964). Nevertheless, under laboratory conditichs£ommon
that these fish live 30 months or even longer and still reproduceMeldis et al. 2008;
Mehlis et al. 2012).

To achieve different family groups, a randomly chosen male wasealldav spawn with a
randomly chosen female, which were transferred to the laboraitinysimulated summer
conditions (day length 16L:8D, temperature 17 = 1 °C) for reprodudhencby 40 clutches
were produced in June 2008. Parents were only used once to avoid pselatmeplitus,
males used in this study originated from the F1 generation of randwodged wild-caught
sticklebacks. To exclude paternal effects clutches were renfomedthe males’ tanks 2 h
after fertilisation and split into two full-sib groups. Hatcheglvirere fed daily withArtemia
nauplii during the first month of age and juveniles/adults were féd ned mosquito larvae
(Chironomus spec.) inexcess later on. At an age of three weeks group size was reduced to 50
individuals, which were kept in holding tanks measuring 30 cm x 20 cmoxn2@ength x
width x height). Twenty weeks later, fish were transferred tdihgltanks measuring 50 cm
x 30 cm x 30 cm. Groups that consisted of more than 20 individuals wéragsph (eleven
groups originating from eight families) and families that sisted of fewer than 20
individuals were fused again (15 families). At this time poihhalding tanks were placed in
an air-conditioned room under standardised winter light-regime (8L:16 + 1 °C). In
sticklebacks, sexual maturation is stimulated by long photoperiodg @@l. 2004). Hence,
to start the breeding season the light regime was changesntmer conditions in May 2009
(16L:8D, 17 £ 1 °C), which lasted five months and followed by a sesondlated winter
period. At an age of 20 months fish were put under summer conditions again.

During both simulated breeding seasons randomly chosen males that shgmgeof nuptial
coloration in their holding tanks were individually isolated in sepaiatks (30 cm x 20 cm
x 20 cm) for nest building. It was ensured that all males usad virgin, because they had
no possibility to build a nest in their holding tank and they were noeég# any female in
their nesting tank. Collecting data such as total testis arasperm count (see below) is
invasive; hence it was not possible to measure these traitméomale through time. In
addition, only males that had built a nest were used, which ensuresh#ya were
reproductively active. In total, 161 males originating from 32 fasibuilt a nest. This
included 60 males from 32 families, which were allowed to build nmestseir first summer
(“young males”) and 101 males from 22 families, which were oivald to build nests until
the following summer (“old males”). During both simulated breedigsons, data collection
for young and old males followed the same pattern, which is subsequently expladiedaili

Measurement of body traits

Males’ body size (S) and mass (M) were determined andwaftds their body condition
(BC) was calculated following Bolger and Connolly (1989; BC = 100 ¥ I&). Body
measures were taken before isolating the males and shortlye baititanising them (see
below). Hence, for each male both values were averaged for furthereanalys



Measurement of breeding coloration

To determine the red area of male breeding coloration standardgstad slill photographs
were taken inside a black photo box using a camera (Nikon D70s witkkar Mnicro lens)

connected to two flashes (Metz 20 BC6). This is a method frequestlg in sticklebacks
(e.g. Bakker and Mundwiler 1994; Frommen et al. 2008). A black curtaintiglstened

around the photo box to prevent any stray light from entering the box.

Males that had a nest for two days were stimulated withegptige female (swollen abdomen
filled with eggs) for 15 min. Afterwards, the male was put intcaasparent plastic box (9.5
cm x 7 cm x 7 cm) containing some water and the left latdd, visible through high
quality glass (Hoya HMC UV filter), was photographed with anosxpe time of 1/125 s and
focal aperture of 16. Images were processed using Adobe Photoshop G&ie Munsell
card (N10) visible on each picture served as white balancesHdpe of the fish head (from
snout to gills) was marked using the magnetic-lasso-tool andcgidrgly saved on a white
background (1400 x 1000 pixel). To finish the quantification of the red eneges of the
fish head were uploaded in Sigma Scan Pro 5.0 and the percentadeacda (threshold hue:
0—40; threshold saturation: 20—100) was determined in relation to the redabfathe fish
head and the white background.

The expression of male breeding coloration was quantified by usafigctance
measurements of the skin, which were taken on average two daysthat photograph
(median and quartiles: 2, 2, 4). Shortly before reflectance measisgnmales were
stimulated with a receptive female for 15 min. Reflectana@nscwere taken with a
spectrophotometer (Avantes AVS-USB2000) connected to a deuterium+haigigtesource
(Avantes DH-2000) for illumination (see Rick et al. 2011 for a detadescription).
Measurements were made directly below the eye (A-regioedimg coloration) and at the
dorsum below the first dorsal spine (R-region). Data were regasitbout changing probe
contact using Spectrawin 5.1 (Avantes) and imported into Microsoftl.EAbeut twenty
measurements were taken in succession and averaged for the Atnegtban and quartiles:
20, 17, 27) and the R-region (median and quartiles: 18, 16, 19).

The reflectance spectrum of the carotenoid-based breeding amforati three-spined
stickleback males is double-peaked with one peak in the UV-regmmam extended plateau
at longer wavelengths (Rick and Bakker 2008; Figure 1). HencehdoAtregion the UV
chroma (GQv = Rsoo-400/ Rsoo-706 R = reflectance at a given wavelength) and, as a meafure
carotenoid pigmentation (e.g. Blount and Pike 2012), carotenoid chrame=( (R0 - Rus0)

| Rzo0) were calculated. ThesRvalue for the A-region was determined, defined as the
wavelength at the halfway reflectance point between the ramimeflectance (400 to 500
nm) and the maximum reflectance (500 to 700 nm). Higkgv&ues indicate a more red-
shifted hue of the measured region (Rick and Bakker 2008; Pike et al. 2011). Finatialthe t
brightness (Bo-709 was measured for both regions.

Measurement of testis traits

Directly after reflectance measurements were taken, ma@e euthanised quickly by
decapitation, both testes were removed, placed separately aue pisper and weighed to
the nearest milligram (OHAUS, Explorer, E11140) so that the ivelatestis mass

(gonadosomatic index, GSI,) could be calculated after de Vlamialg (@1982; GSI = (TMta

/ M) * 100, where TMy is the sum of the absolute mass of both testes).



As the testes of three-spined stickleback males are cowatieanelanophores and there is
striking between-male variation in testicular melanisation taedL*value (brightness) is a
good indicator of melanophore density (see Figure 2a-b; Mehlis 202), the intensity of
melanophore pigmentation was quantified using the same method abeatést Mehlis et
al. (2012). Melanophores are generally thought to protect the testesiéleterious UV light
due to their strong light absorbance (Kaidbey et al. 1979; Plonka2&0&l) and/or to protect
males’ germ cells from oxidative stress (Galvan et al. 20T&ktis brightness was
determined for each male’s testis gk*and L*ign) and finally averaged (Lia)-

Measurements of sperm traits

The measurement of sperm number was solely conducted on thesteftiiecause sperm
number of left and right testes are highly correlated in stiiddks (Bakker et al. 2006).
Right testes were used for later SEM-preparation (see bélemge they were stored in an
Eppendorf tube containing 504 % formalin. The left testis was pestled in 200f a non-
activating medium (for mixture see Fauvel et al. 1999). Ten afittes of the sperm
suspension were diluted in 190 of tap water in order to reduce sperm density. Twelve
microlitres of this dilution were filled into an improved Neubaceunting chamber (Labor
Optik, 0.0025 mrfy depth 0.1 mm). Sperm were counted in 32 equally distributed cells and
averaged, so that the total number of sperm was calculated (see Mehlis et al. 2012).

Sperm morphology was determined by scanning electron microsceM; (Bgure 2c). The
preparation of sperm followed Mortimer (1994) and was adapted foretiatéks providing
highly repeatable measurements of sperm traits (see Msthht 2012). Sperm variables
were measured using 3000-6000 magnified SEM-images (Leitz AMR 100@h wiere
digitised using DISS (Digital Image Scanning System, PointtiEleic GmbH, Halle,
Germany) and DIPS (Digital Image Processing System V 2.5.8ifit Blectronic GmbH,
Halle, Germany). Sperm morphology variables (head length (hi, Wetth (hw), mid-piece
length (ml), mid-piece width (mw) and tail length (tl)) weneasured only on images that
showed intact sperm (with a well visible head and a compldtes&e® Figure 2c) using
ImageJ. On average 20 sperm were measured per male (median and quartiles: 20, 19, 22).

Unfortunately, it was not possible to measure sperm motility tthrbecause after dissection
testes were stored in 4 % formalin. However, in stickleback’s fertdisaticcess is predicted
by tail length, mid-piece volume and head to tail length ratiaMB@t al. unpublished data).

Thus, the head to tail length ratio ((hl + ml) / tl) and mid-pigolume £ * (mw / 2 * ml)
were calculated as a proxy of sperm motility being an indicator of spealiyqu
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