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Abstract
High reproductive performance is the key attribute of male fitness, especially due to the high reproductive skew among the males
of most animal species. Males of long-lived iteroparous species have opportunities to improve upon their previous reproductive
attempts with increasing age. We collected individual-specific reproductive behaviour and age data on a cyprinid fish, the asp
(Leuciscus aspius), from 2015 to 2019. We tested whether males changed their performance over time using a unique dataset
where individual performance was recorded yearly with passive telemetry. Individual fish behaviour was tracked from one to five
reproductive seasons at least a year after the tagging. Fish were scored by measures of quality (first arrival time, number of visits
and time spent in the reproductive grounds, and encountered proportion of males to all adult fish). In general, fish improved in the
first three metrics with age, suggesting a shift towards behaviours likely to enhance reproductive success as individuals aged. A
larger size at tagging was predictive of earlier fish arrival on the spawning ground in subsequent years. Our study therefore
demonstrates the importance of age as a factor when considering the potential reproductive success of long-lived fish species.

Significance statement
High reproductive performance is the key attribute of male fitness.Males of long-lived species reproducingmultiple times in their
life have opportunities to improve upon their previous reproductive performance with increasing age. In this 5-year study, we
tracked a large cyprinid fish with telemetry systems during their reproduction. We investigated the age-related behavioural
changes in males and demonstrated the improvement of male reproductive timing and length of stay with potential repercussions
for male’s reproductive output. We emphasize the importance of old and experienced individuals among the fish population,
which are often targeted and selectively removed from the human-managed waters.
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Introduction

Animals acquire experience during their lifetime, which pro-
vides them with an important baseline for their decisions and
behavioural changes through ontogeny (Chivers and Smith

1994; Hollen and Radford 2009; Roth and Krochmal 2015).
The onset of reproductive ability and choice of successful
reproductive strategy are crucial decisions affecting animal
fitness. The possibility of reproducing multiple times in a life-
time, known as iteroparity, provides individuals with the
chance to improve on their reproductive readiness (i.e. ability
to gain early matings), as well as the potential to learn more
efficient mating strategies (i.e. ability to achieve more matings
within a given reproductive season; Becker et al. 2008;
Arnaud et al. 2013). Hence, low initial reproductive success
in the first reproductive season may be compensated for by
relatively higher reproductive success later in life (Bowen
et al. 2006; Limmer and Becker 2010; Arnaud et al. 2013).

In polygynandrous mating systems with a balanced sex
ratio and female-limited reproductive rate, males are under
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stronger selective pressure than females due to higher variabil-
ity of reproductive success (Clutton-Brock and Vincent 1991;
Hasselquist 1998; Kruuk et al. 1999; Elgee et al. 2012). This
presumably drives selection for males that can learn based on
experience and adjust their performance accordingly for the
subsequent reproductive season, with the goal of maximizing
individual reproductive success. To maximize their reproduc-
tive output, males of many bird and fish species often arrive
earlier than females on average (a sex-biased arrival timing
termed protandry; reviewed in Morbey and Ydenberg 2001)
and leave the reproductive grounds later than females
(Morbey 2000; Canal et al. 2012; Briedis et al. 2019). The
advantage provided for males in territory-defending species
is early acquisition of high quality territories, and the early-
arriving males consequently have better access to females
(rank advantage hypothesis, Morbey and Ydenberg 2001;
Pärt 2001). In non-territorial species, this phenomenon can
be simply driven by the higher number of females encoun-
tered by early males compared to late-arriving males (mate
opportunity hypothesis, Morbey 2003; Kokko et al. 2006).

In terms of individual reproductive success, males that are
able to arrive early generally attain higher fitness compared to
late-arriving individuals (Møller et al. 2009; Gienapp and
Bregnballe 2012; Arnaud et al. 2013). In male territorial con-
tests, the arrival time and thus the potential residency status
acquisition is an important factor favouring the odds of win-
ning the dispute over the territory, such as in male-male con-
tests of cichlid fishOreochromis mossambicus (Turner 1994).
Prior residence effect favouring resident of a territory was
found to be an important determinant of contest outcome in
fish, amphibians, reptiles, birds and mammals (Koivula et al.
1993; Haley 1994; Turner 1994; Olsson and Shine 2000;
Yang et al. 2020). The earlier arrival may additionally allow
an individual to evaluate potential competitors ahead of the
main reproductive season and assess their competitive abilities
(Johnsson and Åkerman 1998; Oliveira et al. 1998).

Aside from the arrival time, body size is an important factor
that shapes contest outcomes among males on the reproduc-
tive grounds, with large body size providing a substantial ad-
vantage for winning the male-male contest (Turner 1994;
Arnott and Elwood 2009). As a consequence, large male size
provides opportunity to achieve high rank status and is gener-
ally a good predictor of male reproductive success (Quinn and
Foote 1994; Järvi 2010). Large male body size may also be
preferred by females, providing males better access to recep-
tive females (Dechaume-Moncharmont et al. 2011).

In many breeding systems, reproductive groups can be
formed on a daily basis, and individual males decide how
much time to allocate to reproductive effort not just across
the season as a whole but also on a given day (Trail and
Adams 1989; Šmejkal et al. 2017). In reproductive systems
where the environmental conditions at the reproductive
grounds are harsh and require high levels of energy

expenditure, animals may make temporary migrations to stag-
ing areas, returning to the main breeding grounds once their
energy reserves are restored (Šmejkal et al. 2017). The num-
ber of migrations performed and overall time allocation to
reproduction likely reflect individual condition and competing
abilities. Finally, in mating system in which both sexes arrive
to and depart from reproductive ground multiple times and
with various timing tactics, the operational sex ratio (number
of available males and females) is constantly changing, and
individuals experience various operational sex ratios based on
their time choices (Ancona et al. 2017; Clutton-Brock 2017).

Behavioural studies investigating the effect of age (and
therefore mating experience) on reproductive performance
have tended to focus on long-lived birds and mammals—
groups that are the most studied in behavioural sciences and
allow relatively easy tracking of their actual reproductive out-
put (Bowen et al. 2006; Limmer and Becker 2009, 2010;
Robinson et al. 2012; Rosenthal et al. 2017). However, among
fish, surprisingly little is known about the relationship be-
tween reproductive performance and age in wild populations
(but see Tibblin et al. 2016).

In this study, we analyzed the effects of age and male body
size (standard length) at the tagging on reproductive perfor-
mance in a long-lived cyprinid fish—the asp (Leuciscus
aspius). This fish has a simple mating system where adults
gather on an energy-intensive fluvial spawning ground in the
early spring and males compete for females in a month-long
reproductive period. During reproduction, males are distribut-
ed at approximately equal distances within the river and chase
away competitors if the spacing between them becomes too
small, which results in frequent shifts in their positions
(Šmejkal et al. 2017). Each male performance in a given year
was evaluated by telemetry tracking (first arrival time on the
spawning ground, number of visits to the spawning site from
staging ground per season, total time spent on the spawning
ground and the proportion of males to total fish encountered)
in relation to age and the initial size. We hypothesized that
males would improve in performance parameters with in-
creasing age; specifically, older males would (i) arrive earlier,
(ii) perform more spawning visits, (iii) spend more time in the
spawning grounds, and (iv) time their visits to encounter low-
er competition for females.

Materials and methods

Study site

The study was performed in the tributary of Želivka
Reservoir, which is located at 49° 34′ 42″ N and 15° 15′ 14″
E in the Czech Republic. The impoundment created by the
Želivka dam generated a 39.1 km long artificial water body,
with an area of 1602 ha at a maximum water level of 381.7 m
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above sea level. A weir located on the river just above the
reservoir blocks further upstream migration and restricts
spawning of the rheophilous asp to a well-defined spawning
ground less than 100 m long at a site that is 22 m wide on
average (Fig. 1; Šmejkal et al. 2017).

Studied species

The asp is a European fish species in the family Cyprinidae,
subfamily Leuciscinae, that inhabits lakes and rivers, but only
the latter habitat is suitable for asp reproduction (Kottelat and
Freyhof 2007). Fish living in a lacustrine environment, such
as in our study system, migrate in the early spring to a fluvial
spawning ground, where they spawn at low water tempera-
tures ranging between 5 and 14 °C (Křížek and Vostradovský
2002; Šmejkal et al. 2018).Males compete for ready-to-spawn
females, and during their encounters, males vigorously chase
females for several metres. Spawning events are terminated by
the release of batches of eggs by females near the water sur-
face and the simultaneous fertilization of eggs by one or mul-
tiple males (Šmejkal et al. 2018). Asp have no parental care;
therefore, males aim to maximize their fitness by maximizing
the number of encounters with females by having higher time
and activity allocations and earlier arrival times compared to

those of the females (Morbey and Ydenberg 2001). Both
sexes arrive at and depart from the spawning grounds multiple
times per reproductive season (Fig. 1), migrating downstream
1 to 3 km to the staging grounds (Šmejkal et al. 2017). The asp
is a capital breeder that obtains energy stores for breeding in
the previous growing season and does not feed during the
reproductive period (Stephens et al. 2009; Al-Saleh et al.
2012). The size of adult asp ranges usually from 40 to
80 cm in standard length (SL). They mature usually between
fourth and seventh year of life and may live up to approxi-
mately 15 years. The reproductive period is the only time
when asp sex can be visually determined with certainty using
morphological and physiological traits (see below).

Fish capture, tagging and migration recording

Spawners were captured at the staging grounds using an elec-
trofishing boat (electrofisher EL 65 II GL DC, Hans Grassel,
Schönau am Königsee, Germany; 13 kW, 300/600 V) in the
spawning seasons from 2014 to 2018. The fish were anaes-
thetized with MS-222, and their standard length (in mm), sex
and weight (in g) were recorded. The males were distin-
guished bymilt release, breeding tubercles and slender bodies,
while the females had no tubercles, robust bodies and released

Fig. 1 Schematic representation of the visits to the spawning grounds
(left panel), position of studied location in the Czech Republic (top
right panel) and detail of spawning ground with the antenna
deployment setup (bottom right panel). Spawning visits: after a certain
amount of time spent on the spawning ground, the asp departs
downstream to the standing water of the reservoir; the staging grounds
span from one to three kilometres downstream. White line depicts the

occurrence of depth 3 m or lower. Antenna deployment setup:
placement of antenna systems is indicated by solid black lines. Nets
guiding asps into passing through the antennas are indicated by dotted
lines. The migration further upstream (right side direction) is restricted by
a weir (solid grey line) and reproduction typically occurs in the most
fluvial part between the weir and the second antenna. We used QGIS
software for the graphical visualization (QGIS Development Team 2016)
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eggs if they were ready to spawn. During tagging, a passive
integrated transponder tag (PIT tag, Oregon RFID, Oregon,
USA; half-duplex; length: 32 mm; diameter: 3.65 mm;
weight: 0.8 g; ISO 11784/11785 compatible) was inserted into
the body cavity after removing 3–4 scales and performing a 4–
5 mm vertical incision 3 cm posterior to the pelvic fin.
Removed scales were stored for subsequent age estimation.
No sutures were used to close the incision (Skov et al. 2005;
Hulthén et al. 2014). The tag loss via scar wound is minimal
(less than 1%), but females expel their tags with approximate-
ly 11% probability (Šmejkal et al. 2019). The tagged individ-
uals were released immediately after recovery from anaesthe-
sia. The counts of tagged males in 2014 to 2018 were sequen-
tially 221, 209, 360, 283 and 162, for a total of 1235 individ-
uals (mean SL 471 mm ± 33 mm standard deviation (SD)).
Furthermore, 138, 182, 254, 301 and 202 females, respective-
ly, were tagged in these years, totalling 1077 fish (mean SL
494 mm± 46 mm SD). The tagged sample size represented a
substantial part of the mature asp population in the studied
reservoir; the population size of the adults based on the
mark-recapture estimate was 2000 individuals on average
and had an approximately balanced sex ratio (Šmejkal et al.
2017).

To minimize observer bias, blinded methods were use
when all behavioural data were recorded and analyzed. The
tagged individuals were monitored on the spawning grounds
by passive telemetry using Oregon RFID antenna systems (LF
HDXRFID readers). The electromagnetic field created within
the antenna loop energizes the PIT tag in a tagged individual
that passes by the antenna and then emits an individual fish
code that is recorded and stored along with the date and time
in the antenna reader. Two antennas in 2015 and three anten-
nas from 2016 to 2019 with synchronized time settings were
installed on the spawning grounds approximately 50 m apart
(Fig. 1). The asps were guided by barriers to swim through the
10-m wide antenna electromagnetic field (Šmejkal et al.
2017). The system scanning frequency was set to 10 energiz-
ing and reading cycles*s−1, and the systems were tested daily
to ensure that they were scanning their entire detection range.
Antenna monitoring in a given year began prior to the begin-
ning of asp spawning (no or few asp detected in first monitor-
ing days) and continued until the majority of the asp had
disappeared from the spawning grounds (Supplementary
Table 1).

Data analysis

Telemetry data treatment and processing

Fish that were tagged and detected by the passive telemetry
systems in the same year were excluded from the analysis due
to a possible influence of the tagging procedure on their be-
haviour and due to likely incomplete information acquisition

(e.g. missed first arrival time). Hence, only the fish that arrived
at least a year after tagging were analyzed. Each fish recorded
by any of the antennas was defined as a potential spawner and
counted as present. Due to possible PIT tag collisions and
missed detections caused by multiple tagged fish in the anten-
na field (Burnett et al. 2013), we defined fish departure as the
absence of detection of a given individual for more than 2 h
after the last detection. The minimum presence time at the
spawning grounds was defined as a 10-min visit. Following
this definition, single detection of individuals withmore than a
2-h gap from another detection was extended to a 10-min
spawning visit, which assumed that fish could participate to
some extent in reproduction with other fish at the site.

Age estimation

Scales collected during the tagging were cleaned and placed in
the microfiche reader (Indus 4601-01, World Micrographics
& Imaging, Columbus, USA) with magnification set at 24 and
number of fully developed annuli was assessed (Howland
et al. 2004). The scale with the best readability from each
individual was chosen for age estimation and this scale was
subjected to single reading by a single observer. Regenerated
scales were omitted from age determination.

Statistical analysis

The first arrival time, number of visits, total time spent on the
spawning grounds and encountered proportion of males to
overall number of asp were computed for the data analysis.
First arrival time was defined as first detection of an individual
in a season and the individual protandry degree was defined as
a difference between the individual arrival time and the aver-
age female arrival time. The total time spent on the spawning
grounds and number of visits were counted following the 2-h
departure definition rule described above. Data were proc-
essed using packages tidyverse, dplyr, data.table and lubridate
within R software version 4.0.1 (Dowle 2016; Spinu et al.
2017; Wickham et al. 2019a, b; R Development Core Team
2020).

Since there were many instances where males encountered
zero females within a given visit to the spawning ground, we
were unable to calculate encounter rates based on sex-ratio.
We therefore used just the proportion of males encountered as
our dependent variable. The final encountered proportion of
males (pm) for each individual was computed as the propor-
tion of males (pi, the number of males divided by the total
number of asps) during all visits of an individual per year
weighted by time allocations in visits (ti) using the formula:

pm ¼ ∑n
i¼1 pitið Þ
∑n

i¼1ti
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In order to evaluate whether data standardization is needed
before analyses, we tested the potential differences in levels of
investigated behavioural traits (first arrival time, number of
visits, total time spent, and encountered proportion of males)
across five monitored years (2015–2019) using a generalized
additive model (GAM) with a year as explanatory variable.
Fish ID was set as random effect. Furthermore, we evaluated
skewness of the raw data distribution using D’Agostino skew-
ness test (null hypothesis of symmetry (zero skewness) against
positive skew alternative) for all four behavioural traits (see
result section for test outputs). Based on the test results, we
used rank transformation for two reasons: (i) fish performance
difference among monitored years (and beyond our capacity
to explain via available covariate values), and (ii) non-
normality of original data. Ranking within a given year was
used as a form of year-specific normalization.

The individual performance was compared to those of oth-
er fish that were reproducing in the given season. Fish were
ranked by their performance relative to the order of best male
performance in each year separately (omitting newly tagged
individuals), i.e. the best rank (the lowest) meant that the in-
dividual had the first arrival in the given year, highest number
of visits, highest amount of time spent, and the lowest encoun-
tered proportion of males. Each male had therefore four sep-
arate scores in a given year, if it was detected by passive
telemetry systems. For visual representation, ranks were stan-
dardized on a 0 to 100 scale, with the lowest value indicating
the best performance in a given year. Since we did not obtain
good quality scales for all individuals, a subset of males (633)
of which scales with good age readability were obtained dur-
ing tagging and that arrived at least one reproductive season
following the tagging procedure was chosen for the analysis
of the effects of age and size at the tagging on reproductive
performance.

A flexible (semiparametric) GAM (Hastie and
Tibshirani 1990; Wood 2017) was used for each rank pa-
rameter (ranks in first arrival time, number of visits, total
time spent, and encountered proportion of males) to qual-
itatively assess how the various ranks as dependent vari-
ables were influenced by the explanatory variables of in-
terest (age and length at tagging). Fish ID was set as ran-
dom effect. For the analysis, ranks were rescaled to a lim-
ited range of 0 to 1 intervals, we use a beta distribution
(Johnson et al. 1995) for the response (employing logistic
link, (McCullagh and Nelder 1989)). Furthermore, since
the functional shape of the relationship between a given
response variable and explanatory was not known a priori,
we use penalized spline components (Eilers and Marx
1996) to account for potential nonlinearity between the
ranks and length at tagging. The p values for the tests of
the non-penalized effects (age and length) are based on
Wald tests using the Bayesian covariance matrix for the

estimated coefficients (Wood 2017). For the penalized
term, the p values are also computed via procedure
exploiting frequentist properties of Bayesian covariance
matrix of estimates (Wood 2013). To ensure that the spline
model is flexible enough to capture potential nonlinearity
in the response with respect to various terms, we started
with a rich enough basis (of dimension 9). Then we
checked whether the basis is rich enough via k-index and
a simulation-based test for the k-index (Wood 2017).

Spearman’s correlation matrix was used to estimate and
test the interdependences among the four ranks defined above.
For significant trends among ranks, a simple linear regression
was visualized to demonstrate the interdependence of ranks.
The statistical analyses were performed using R software ver-
sion 4.0.1 and package mgcv (Wood 2001; R Development
Core Team 2020) and data were visualized using ggplot2
(Wickham 2016).

Data availability

The datasets analyzed during the current study are available
from the corresponding author upon request.

Results

From 2015 to 2019, the counts of males that returned for at
least 1 year after tagging were 100, 167, 318, 390 and 456,
respectively. The average first arrival time of the females,
which was needed for protandry computation, was based on
the 51, 98, 228, 327 and 438 previously tagged females that
arrived in reproductive seasons 2015 to 2019, respectively.
The males arrived on average 5.2 days ± 3.4 SD before the
females, visited the spawning grounds 18.9 times ± 10.1 SD,
spent 29.5 h ± 29.6 SD on the spawning grounds and encoun-
tered a proportion of males of 0.78 ± 0.09 SD. The average
visit of the spawning ground performed by male lasted 1 h
41 min ± 3 h 55 min SD and interval between first and last
male visit was on average 10 days ± 5 SD. Arrival time (AT),
number of visits (NV), time spent (TS) and proportion of
males (PM) were significantly differed among years (AT -
F(4) = 21.8, p < 0.001; NV - F(4) = 68.0, p < 0.001; TS –
F(4) = 33.2, p < 0.001 and PM – F(4) = 159.3, p < 0.001). Data
were characterized by right hand skewness in first three vari-
ables (AT = 1.06, Z = 13.7, p < 0.001; NV = 0.76, Z = 10.5, p
< 0.001; TS = 2.45, Z = 23.2, p < 0.001; PM = −0.27, Z =
−4.1, p = 1; Fig. 2).

Due to frequent occurrence of regenerated scales in the
scale samples, total number of males in 2015–2019 with esti-
mated age that arrived on the spawning ground was 58, 149,
291, 359 and 419 with average male age of 6.5, 6.6, 6.9, 7.5
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and 8.2, respectively. The number of reproductive seasons
recorded for males with a known age varied from one to five
with 262, 176, 134, 45 and 16 occurrences, respectively.

Males arrived earlier in the season, visited the spawning
grounds more times and spent more time on the spawning
grounds with increasing age (Fig. 3, Supplementary Fig. 1,
Table 1). There was no apparent change with age in the pro-
portion of males encountered (Table 1). The GAM models
using the ranks arrival time (abbreviation for model: ArM),

number of visit (ViM), time spent (TiM) and proportion of
males (PrM) had adjusted R2 of 0.313 (ArM), 0.155 (VrM),
0.151 (TiM) and 0.111 (PrM) and explained 53.5 (ArM), 32.9
(ViM), 31.6 (TiM), and 24.8% (PrM) of the deviance, respec-
tively. Fish ID had significant influence on the fish rank in all
models. Length at tagging had a significant effect on arrival
time, with larger males arriving on average earlier, but no
effect on the three remaining traits (Table 1).

Individual ranks across the four variables were significant-
ly correlated. First arrival time was positively correlated with
the number of visits and total time spent on the spawning
ground, while early arrival also significantly indicated a rela-
tively higher competition for females on the spawning ground.
The number of visits was highly correlated with the total time
spent (Table 2, Fig. 4).

In general, the highest competition for females occurred at
the beginning of the spawning season (proportion of males
larger than 80% in all years) due to protandry. The late season
competition varied among years with high competition in
2015 and 2016 (proportion of males approximately 80%),
fluctuating between 50 and 70% in 2017 and female-
dominated trend in 2018 and 2019 (proportion of males 20–
40%; Fig. 5).

Discussion

Data obtained from telemetry tracking of male asp over five
annual spawning seasons showed that males improved their
performance with respect to three out of four reproductive
traits as they aged: earlier arrival to spawning grounds, longer
time spent and number of visits to the spawning ground. These

Fig. 2 Scaled density plots of the
absolute scores of the four
measured behavioural variables
for all males in 2015–2019

Table 1 GAM models with the dependent variables first arrival time
(ArM), number of visits (ViM), total time spent (TiM), and encountered
proportion of males (PrM), respectively, and the independent variables
tagging length and age. Effect of ID was set as a random effect in the
models. The models explained 53.5 (ArM), 32.9 (ViM), 31.6 (TiM), and
24.8% (PrM) of the deviance using the dependent variables first arrival
time, number of visits, total time spent, and encountered proportion of
males, respectively

GAM model edf χ2 p

ArM ID 263.80 535.32 < 0.001

age 1.00 11.07 < 0.001

length 1.00 6.92 < 0.001

ViM ID 153.04 228.49 < 0.001

age 1.81 2.27 <0.001

length 1.86 1.38 0.559

TiM ID 147.49 217.17 < 0.001

age 1.21 11.13 0.001

length 1.50 0.93 0.446

PrM ID 119.50 167.28 < 0.001

age 1.00 0.43 0.511

length 1.00 0.24 0.627
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improvements suggest an individual’s potential to improve
yearly reproductive success over time. While the three
abovementioned parameters improved on average with in-
creasing age, the fourth parameter—the proportion of males
to total fish encountered—did not seem to change with in-
creasing age. While this could be interpreted as a failure of
the strategy of the aged males, it could also suggest higher
competitive ability of the individuals that attempt to acquire
females early in the spawning season, when the competition is
the highest, as is the typical quality of mates (Morbey and
Ydenberg 2001; Morbey et al. 2012; Hau et al. 2017).
Moreover, when males stayed on the spawning grounds lon-
ger and generally arrived earlier in the season, it was impos-
sible to find a female-dominated time window, while late in
the reproductive season, such conditions were not unusual in
spawning seasons 2018 and 2019.

The female-dominated end of the spawning season also
occurs in other spawning systems, such as in salmon
spawning migration (Ueda et al. 2007). This may have several
reasons: the majority of males may become exhausted or
sperm-depleted before the arrival of the last females
(Jonsson et al. 1991; Smith et al. 2009). Alternatively, the late

laying date may be evaluated not optimal by males, since asp
times their reproduction in very early spring, which gives
offspring early-hatching advantage in comparison with later
spawning cyprinids competing for common food sources
(Mark et al. 1987; Hladík and Kubečka 2003). Finally, the
female size may be larger in the beginning of spawning season
such as in other reproductive systems (Cuadrado and Loman
1999; Slotte et al. 2000), favouring early male allocation of
spawning effort. The proportion of males on the spawning
ground did not have the same trend across years but main-
tained relatively high levels in 2015 and 2016. Reproduction
was slowed down by pronounced cold periods in these years.
This may have affected the male performance, but longer time
series would be needed to investigate the annual variation on
the sex ratio development on the spawning ground.

We chose four parameters to measure individual quality
over the years: first arrival time, number of visits, total time
spent and individually encountered proportion of males.
These parameters seemed to be indicative of individual quality
for several reasons. The ranking of the first arrival time
reflected the individual degree of protandry, which showed
how individual fish coped with harsh conditions just after

Fig. 3 The violin plots and
boxplots of changing patterns of
relative performance in relation to
age in four measured parameters:
first arrival time, number of visits,
total time spent and proportion of
males in the total number of adult
fish. The boxes represent the
boundaries of the upper and lower
quartiles, the thick lines represent
medians and the whiskers upper
and lower adjacent value. The
lowest value indicates the best
performance (i.e. 1—the first ar-
rival in the spawning season)

Table 2 Spearman’s correlationmatrix of the four ranks computed for the variables first arrival time, number of visits, total time spent, and encountered
proportion of males. Correlation coefficient is located in lower triangular and corresponding p-values in upper triangular of a correlation matrix

Arrival No. of visits Total time Proportion of males

Arrival – <0.001 <0.001 <0.001

No. of visits 0.31 – <0.001 0.728

Total time 0.15 0.69 – 0.046

Proportion of males −0.47 0.01 0.06 –
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the winter and entered the fluvial conditions of the spawning
ground. The overall time allocations were accompanied by the
potentially highest energy expenditures for all parameters,
since asps have to stay in a water current with a speed of
between 0.1 and 0.5 m.s−1 for many hours (top individuals
spend more than 100 h) (Šmejkal et al. 2017), and this

parameter indicates which one of them were the most persis-
tent. Similar to the total time allocations, the number of visits
was accompanied by energy expenditures due to the distance
swam between the spawning and resting grounds.

Fish ID had significant influence in all models, suggesting
important effect of individual personality upon the fish behav-
ioural parameters (Niemelä et al. 2015; Michelangeli et al.
2016). This shows importance of including ID random effect
in the models (without it, the non-negligible intra-individual
correlation would lead to false perception of larger than real
precision of the estimates).

We observed overall trends in the measures of male perfor-
mance, but actual male performance consists of many vari-
ables. First arrival time, number of visits and total time spent
are variables that generally indicate male quality in many taxa
(Morbey and Ydenberg 2001). In pink salmon (Oncorhynchus
gorbuscha), early arrival and long presence on the spawning
groundwas found a good indication of highmale reproductive
success (Dickerson et al. 2002, 2005). In our study, the num-
ber of eggs fertilized in the reproductive season or ideally the
number of sired offspring that survive until reproductive age
would be preferable variables (Kruuk et al. 1999; Thériault
et al. 2011). Since asps reach adulthood in their fourth to
seventh years of life, it is extremely time-demanding and cost-
ly to perform such studies. Therefore, we limited our research
to the behavioural parameters computed from individual de-
tections by the passive telemetry systems. Although observed

Fig. 4 Simple linear regressions
among the ranks of arrival time,
number of visits, total time spent
and proportion of males. Values
are given as ranks (0–100 scale),
with the lowest values indicating
the best observed performance
recorded in the season. The
identity line is visualized to
demonstrate a 1:1 ratio between
the two rank types. The red line
indicates a regression trend and
the shaded area 95% confidence
interval

Fig. 5 Fish density (top panel) and the proportion ofmales (bottom panel;
number of males to total number of adult asps) development on the
spawning grounds during the monitored seasons. Fish density was
standardized to the maximum number of fish present in the year. The
first day of the season was defined as the first day with at least five
tagged individuals on the spawning ground
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patterns likely indicate an increase in male resource-holding
potential (individual access to females) with age, more re-
search is needed to verify these expectations.

In the majority of animal species, males have skewed re-
productive success, where a relatively small portion of males
fertilize the majority of females (Ross et al. 2020). In studies,
male resource-holding potential is often assessed in studies
indirectly by individual size (Arnott and Elwood 2009). Our
study showed that in arrival time, size was indicative of the
position of the individuals relative to the others. Size in our
study was measured only at the beginning of the fish history
and changed over time. Therefore, if the size was known for
each year, its indicative value might be even higher. However,
since we focused mainly on the behavioural changes during
this period, we did not undergo extensive efforts to recapture
fish and measure their length increments. While this strategy
could shed some light on the effect of size on the ranking,
repeated electrofishing could also substantially reduce the
competitive ability of an individual and even lead to mortality
(Snyder 2003), especially in physically exhausted males.

In animals with indeterminate growth, large size strongly
correlates with age, and in many species, large individuals or
those in better condition precede small individuals in their
arrival (Rajasilta 2001; Vandeperre and Methven 2007), and
the same pattern was detected in our study. Noticeable excep-
tion of this general pattern represent study on the three-spined
stickleback (Gasterosteus aculeatus), where small males ar-
rive earlier on the spawning grounds, settle territories and
build nests despite high predation risk early in the season.
Larger males arrive later than small males and are able to take
over the territories of small males (Candolin and Voigt 2003).
However, in the majority of mating systems, the owner of the
territory usually has an advantage and a higher chance of
winning a dispute (Turner 1994; Arnott and Elwood 2009).

The asp reproductive system that is under scrutiny is very
unique since 2000 adult asps inhabiting a 39 km long reservoir
migrate to mate in the spatially limited spawning grounds with
a length of only 50–100 m (Šmejkal et al. 2017). Therefore,
there is quite strong competition among males for advanta-
geous positions in the stream. Studies relating reproductive
output to ageing in other species have shown an increase in
reproductive output until senescence lowers reproductive per-
formance (Bowen et al. 2006; Rebke et al. 2010; Robinson
et al. 2012). Senescence often does not influence all fitness-
related traits equally, but some traits may be more affected by
the ageing process than others, as was demonstrated in e.g.
superb fairy wrens (Malurus cyaneus) or common tern (Sterna
hirundo; Zhang et al. 2015; Cooper et al. 2020). Considering
age-specific performance, each individual has to balance max-
imizing mating success in the current season and the possibil-
ity of saving energy for reproduction in the following seasons
to maximize lifetime reproductive success (Fleming 1996;
Scharf et al. 2013). Trends in male traits indicated a slight

drop in rank of number of visits and time spent in the oldest
individuals. While it seems that the ageing process did not
affect all traits equally, longer time series with more numerous
aged individuals are needed to test this directly.

The tendency of older and more experienced individuals to
shift the arrival and activity to early in the spring may have
had several advantages for future male fitness. While off-
spring sired early in the spring could benefit from higher food
availability, (Reglero et al. 2018), predation by bleak on asp
eggs, which was described recently on the studied spawning
ground, predominantly targets the late spawning season
(Šmejkal et al. 2018), and it could be advantageous to avoid
it by early arrival. On the other hand, the higher water tem-
perature available for late mates might ultimately provide their
offspring with faster development and shorten the egg phase.
Furthermore, arriving too early in the season may have nega-
tive fitness consequences for individuals due to harsher envi-
ronmental conditions (Møller 1994; Olsson and Madsen
1996; Bêty et al. 2004).

Both male and female asps tend to leave spawning
grounds for some time and return to spawning, a behaviour
that we call a spawning visit performed on average twice a
day and lasting less than 2 h. Such behaviour may be re-
lated to the physiological state of fish. Competition and
courtship can be extremely demanding and are also accom-
panied by exercise-induced imbalance in metabolite levels
that accumulate in the fish body, and physiological recov-
ery may take up to 12 h (Kieffer 2000). Therefore, the
metabolite levels and their effect on a fish’s actual compet-
itive ability within the shoal may lead to a strategy of short
but frequent visits to the spawning ground. However, we
have to point out that the departure from and subsequent
arrival on the spawning grounds is also not cost-free, since
asp have to swim between three and six kilometres to get
on the staging grounds and back to the reproductive
ground. However, further research on the spawning visit
strategy should be performed to verify whether male ex-
haustion is behind the observed behaviour.

Competitive outcomes among males are usually studied in
the lab in relatively small-bodied and short-lived fish species
(Oliveira et al. 1998; Elgee et al. 2012; Johnson et al. 2018) or
in salmonids (Dickerson et al. 2002; Morbey 2003; Seamons
and Quinn 2010), which usually have short life spans and do
not experience as many reproductive seasons as long-lived
species. The notable exception for long-lived species is repre-
sented by a study on northern pike (Esox lucius) in the Baltic
region conducted by Tibblin et al. (2016), who sampled north-
ern pike with fyke nets. Contrary to our findings, larger males
arrived later than smaller males, suggesting that larger males
can compensate for late arrival by high competitive ability
(Tibblin et al. 2016). While in this study, the fish trapping
could influence the fish behaviour, we recorded fish behaviour
automatically by passive telemetry at least a year after tagging,
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trying to minimize the changes in the behaviour triggered by
the methodology.

One of the hypotheses for evaluating reproductive im-
provement with increasing age states that differential survival
of high- and low-quality individuals may disproportionally
lead to observed improvements in individual reproductive per-
formance due to higher mortality of low quality individuals
(Wooller et al. 1990; Rebke et al. 2010). However, this trend
seemed not to be the case in this study, since we observed on
average gradual improvement of individuals instead of the
disappearance of low-quality individuals. Furthermore, larger
individuals tended to have higher starting first arrival rank,
indicating that size was partly behind the variation in first
arrival rank. Length also provides better swimming capacity
fluvial environments, facilitating larger fish in good condition
to remain on the spawning grounds longer than smaller indi-
viduals (Kieffer 2000; Ojanguren and Braña 2003). On the
other hand, although size is correlated with age in fish, there
is variation in energy allocation between reproduction and
growth producing variation in body length at a given age
(Mittelbach et al. 2014); hence, both size and age should be
considered.

To conclude, our research showed age- and length-related
trends in the reproductive performance of long-lived fish. The
improvement was significant in three out of four measured
variables. Males tended to arrive early, invest more time and
performmore spawning visits with increasing age. The further
scientific focus on reproductive performance may shed light
upon the role of experienced individuals in population ecolo-
gy, which may be important, especially in populations that are
under human influence, where older and more experienced
individuals are selectively removed (Arlinghaus et al. 2010;
Ahrens et al. 2020).
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