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The origin, incidence, and consequences of reproductive senescence vary
greatly across the tree of life. In vertebrates, research on reproductive
senescence has been mainly focused on mammals and birds, demonstrating
that its variation is largely linked to critical life history traits, such as
growth patterns, juvenile, and adult mortality, and reproductive strategy.
Fishes represent half of the vertebrate taxonomic diversity and display
remarkable variation in life history. Based on a thorough literature review,
we summarize current evidence on reproductive senescence in ray-finned
fishes (Actinopterygii). While survival and physiological senescence are
acknowledged in fish, their potential age-related reproductive decline has
often been disregarded due to the prevalence of indeterminate growth. We
demonstrate that age-related reproductive decline is reported across fish
phylogeny, environments, and traits. An important point of our review is that
the incidence of reproductive senescence in a species depends on both the
number of studies for that species and the coverage of its maximum lifespan
by the study. Reproductive senescence was documented for one-third of
the studied fish species, with females suffering an age-related decline in
reproductive traits less often than males or both parents combined. Neither
parental care nor migratory strategy corresponded with the occurrence of
reproductive senescence in fish. The traits that were affected by reproductive
senescence most often were sex-specific, with pre-mating and mating
categories of traits declining in females and sperm quality and quantity in
males. We also demonstrate that reproductive senescence can be buffered by
indeterminate growth. We provide rich evidence of reproductive senescence
across ray-finned fishes, but we highlight the need for better data on age-
related reproduction in fishes.

reproductive aging, fish, Actinopterygii, indeterminate growth, lifespan, fecundity,
life-history evolution, negligible senescence
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1 Introduction

Individual survival and offspring recruitment are two
fundamental parameters of population dynamics. It is therefore
important to understand age-related changes in mortality and
in reproductive success, especially in exploited populations
and populations facing environmental changes (Venturelli
et al, 2012). At the individual level, it is the physiological
decline that affects the prospect of survival and the potential
decrease in the quality and quantity of offspring, which leads
to senescence (Shefferson et al, 2017). The onset and rate
of reproductive senescence clearly affect individual fitness
(Bouwhuis et al,, 2012; Austad and Finch, 2022), although,
they are traditionally considered secondary aspects of overall
senescence (Comfort, 1954). The organismal diversity in the
rate of actuarial (demographic) senescence received particular
attention (Jones et al,, 2014), but a robust framework for
specific analyses of the pace and shape of reproductive
parameters has only recently been developed (Baudisch and
Stott, 2019). The most comprehensive data on organismal
age-related reproductive decline have so far come from avian
and mammalian studies (Ricklefs et al., 2003; Lemaitre and
Gaillard, 2017; Lemaitre et al., 2020; Vagasi et al., 2021). The
understanding of reproductive senescence across major clades
of vertebrates is largely incomplete (Finch and Holmes, 2010;
Nussey et al., 2013; Jones et al., 2014; Ivimey-Cook and Moorad,
2020), and existing gaps prevent the identification of potential
ecological and evolutionary covariates and factors associated
with reproductive senescence. This is a pressing problem as
some lineages show a markedly higher rate of senescence than
others (Ricklefs, 2010).

In this study, we address reproductive senescence in fishes,
a group characterized by indeterminate growth and fecundity
tightly related to body size (similar to non-avian reptiles;
Hoekstra et al,, 2020). Fishes are therefore an attractive target
to search for evolutionary correlates of negligible senescence
(Vaupel et al., 2004; Roper et al,, 2021). As older fish become
even larger, their reproductive output increases (Woodhead,
1998; Reznick et al.,, 2002), often disproportionately to their
body size (Barneche et al, 2018). Indeed, the importance of
large old females is well recognized in fish-stock assessments
(Green, 2008). Ray-finned fishes (Actinopterygii) represent half
of all vertebrate species (34,800 out of 70,000; [UCN, 2021;
Froese and Pauly, 2022), which is reflected in their incredible
life history and ecological diversity (Helfman et al., 2009). Fishes
exhibit almost any mode of reproduction expressed across
vertebrates (Wootton and Smith, 2015). Post-reproductive
lifespan, typical for certain mammalian species (Cohen, 2004),
is unexpectedly also reported in live-bearing fishes (Poeciliidae;
Krumholz, 1948; Reznick et al, 2006). On the other hand,
Pacific salmons (Oncorhynchus spp.; Crespi and Teo, 2002;
Morbey et al,, 2005) are an emblematic group known for a
“big bang” reproduction, semelparity. The semelparous fish
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reproduce only once in a lifetime after which they die, and
they are not restricted to salmonids (e.g., a galaxiid Galaxiella
pusilla; Pen et al, 1993). Fishes contain both one of the
earliest reproducing (Nothobranchius furzeri) and the longest
reproductively active vertebrate species (Sebastes aleutianus;
Vrtilek et al.,, 2018; Kolora et al,, 2021). Overall, ray-finned
fishes offer an opportunity to study multiple perspectives of
life-history evolution and reproductive senescence, in particular.

Reproduction imposes a physiological cost that intensifies
with age [hypothesized by Orton (1929) in Kelley (1962) and
empirically studied by Craig (1977)]. This leads to a lowered
allocation to reproduction, including skipping spawning in
some years, to mitigate the costs that might increase the risk
of mortality. Several studies on captive individuals indicated
that reproductive senescence is prevalent in fish (Krumholz,
1948; Rasquin and Hafter, 1951; Woodhead, 1974a,b). The
pathophysiological changes are in many aspects similar to
mammals (Rasquin and Hafter, 1951; Patnaik et al., 1994).
Reproductive senescence may express through various traits
linked to offspring production, from mating behavior through
gonad malfunction to offspring viability (Lemaitre and Gaillard,
2017; Monaghan and Metcalfe, 2019). Our current knowledge
of reproductive senescence from fish is, however, limited and
fragmented (Finch and Holmes, 2010). The existing reviews on
fish senescence (Craig, 1985; Patnaik et al.,, 1994; Woodhead,
1998; Reznick et al., 2002) are already outdated as the evidence
that fish experience reproductive senescence is accumulating
both from captive (Gasparini et al., 2019; 74k and Reichard,
2021) and wild populations (Karjalainen et al., 2016; Benoit
et al, 2018). In this review, we aim to investigate published
literature records for data on reproductive senescence across fish
species with the overarching question “What evidence do we
currently have for an age-related reproductive decline in ray-
finned fishes?” We further explored three hypotheses on the
occurrence of senescence in fish.

While fish were often considered immortal (thanks to their
indeterminate growth) in the first half of the 20th century
(Bidder, 1932), Comfort (1961), and Woodhead (1974a,b)
demonstrated senescence in small ornamental fish. Given our
growing understanding of the effect of indeterminate growth on
reproductive senescence across vertebrates (Reinke et al., 2022),
we hypothesized that, with more recent research, we will observe
an increase in the proportion of studies reporting reproductive
senescence in fishes.

Migration requires additional resources and increases the
risks, and migratory birds and mammals show a faster pace of
life than non-migratory species (Soriano-Redondo et al., 2020).
We predicted that migrating strategy of a population will incur
a higher probability of finding senescence in fish reproductive
traits.

In addition, we consider an association between parental
care and the occurrence of reproductive senescence. Parental
care extends contact between the offspring and its parent(s)
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and exerts significant costs on the caring parent (Clutton-Brock
et al, 1989). It, therefore, has the potential to increase the
negative impacts of senescence on the next generation. We
predicted that species providing parental care will therefore be
more likely to show reproductive senescence.

2 Methods

The present literature review is focused on examining
evidence for reproductive senescence in fish. We defined three
selection criteria for assessing an article to be suitable for our
review. The article should be on ray-finned fish (Actinopterygii),
which implies that we should exclude studies on sharks,
rays, lampreys, etc. The second criteria was that the age
of the fish should be determined by reading growth rings
from otoliths, scales, fin rays, or bones, or through a known
identity of the individuals (e.g., by marking or rearing them
in captivity). We, therefore, excluded studies that assigned age
using population body size distribution, for example, because
variation in individual growth trajectory may bias correct age
identification. The last criterion was that the study should look
at a reproductive trait in relationship with the age of the fish.
Overall, we aimed at an expanded selection of articles, including
those that do not directly focus on reproductive senescence, to
obtain a wider perspective on the relationship of reproduction
with age and body size across fishes. A reproductive trait was
any trait associated with offspring production, that is, related
to mating ability, gonads, egg, or sperm amount and quality,
fertilization, number and performance of the offspring, and
parental care (see below for details). Only studies on adult fish
were thus included in our database for review. We preregistered
the review at Open Science Forum.!

On 28 September 2021, we performed two searches for
literature on fish reproductive senescence, one on the Web of
Science (WOS)? and the other on Scopus.> We used string
representing our three criteria related to reproduction, age
effect, and fish:

(reproduc™ OR fertil* OR fecund* OR egg* OR breed* OR
“offspring” OR hatch™ OR parent®) AND (senesc* OR “ageing”
OR “aging” OR “age” OR old*) AND (fish OR teleost® OR
actinopteryg™ OR pisc*).

We obtained 12,617 and 16,685 results from WOS
and Scopus, respectively (29,302 in total). We downloaded
bibliographical data for the articles, including the title and
abstract, and merged the two datasets into a single xls file.
We screened the collected articles in two steps: to identify
suitable studies and then to extract relevant data for age-related
reproductive traits from these studies.

1 https://osf.io/m5rwa
2  www.webofscience.com

3 www.scopus.com
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In the first step, we screened titles and abstracts of the
articles and only kept those that were on Actinopterygii
and measured the effect of age on some reproductive traits.
The excluded studies were labeled as “off-topic” (not on
fish biology), “not age” (age not properly determined or on
subadult stages), or “repage missing” (age was recorded but
no reproductive trait was followed). For the original collection
of articles, see the doi: 10.6084/m9.figshare.20200337. We
provide an overview of the screening steps and the number
of articles in a PRISMA flowchart (Moher et al, 2009),
as given in Supplementary File 1.

We performed a second, thorough search in full-texts of
the pre-selected articles (1,249 after duplicates were removed),
particularly their Sections “Methods” and “Results.” At this
stage, reviews were searched for an additional primary source
of data (we screened 17 additional primary articles detected in
reviews, which made the total number of articles 29,319). We
were not able to recover the full text for six articles, and these
were eventually removed from the final database. In the second
screening, we aimed to confirm that our three selection criteria
were indeed met and we extracted study-, species-, and trait-
specific information from each article. In addition to the already
obtained bibliographical data, we searched for details on the
study environment and setup, species, age, and sex of the fish,
and most importantly for information on the reproductive trait
and its relationship with age and body size. Full annotation of
our final database is available in Supplementary File 2, so we
provide only a brief overview here.

The environmental factors extracted were climate (category
according to general climate zones-tropical, subtropical,
temperate, or polar) and type of aquatic habitat (freshwater,
brackish, or marine). We noted the study setup as whether it was
captive or wild and whether authors targeted specific age classes
(targeted study) or investigated the available age distribution
(observational study). We assigned the currently accepted Latin
name to the study species (according to FishBase, Froese and
Pauly, 2022) with its taxonomic position (according to Fish
Tree of Life, Rabosky et al., 2018). We also searched for species
with the maximum known lifespan and mode of parental care
(viviparous, biparental, maternal or paternal guarding, and no
care or unknown) in FishBase (Froese and Pauly, 2022). We
then noted using the age-determination method from the study,
the minimum and maximum age of the fish, their sex (female,
male, or both for parental traits), whether they were sampled
alive or dead, and whether the study population was migratory
or not. For each record of reproductive trait, we included its
general description and grouped traits into trait types given the
reproduction sequence with “pre-mating and mating,” “gamete
quality,” “gamete number;” “gonads,” “pre-hatching,” or “post-
hatching” categories. We assessed the direction of the age effect
in relation to reproductive success (i.e., positive or negative age
effect rather than positive or negative correlations), whether age
was continuous or categorical variable, what test was used, and
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whether the effect size was measured. We similarly proceeded
to the relationship between the reproductive trait and body size.
In addition to that, we noted body size variable (e.g., somatic
weight or standard length) and its goodness-of-fit relative to
age (typically r or R?). At the end, we had to drop one article
where the effect of age on reproductive traits was tested, but
the direction was unknown. The final dataset can be found by
following the doi: 10.6084/m9.figshare.20200337.

We identified indications of reproductive senescence
based on a negative or bell-shaped relationship between age
and a reproductive trait. Not all studies statistically tested
the relationship between age and reproductive traits. Some
contained only verbal statements about the relationship. In
others, we had to infer the direction from mean values for
age classes or plotted data. The direction of the relationship
between age and a reproductive trait was therefore based on
our interpretation of the study results, be it a statistical test,
figure, or a plain verbal claim. We interpret the evidence for
reproductive senescence across a combination of parameters
mainly using pivot tables. We summarize the proportion of the
records with reproductive senescence together with the overall
number of records of the age-reproduction relationship. The
general patterns are similar between studies from the subset
containing statistically analyzed data and the entire collection.
We, therefore, present the results from all studies collected. For
the results with only the records that were statistically tested in
the primary literature, refer to Supplementary File 3.

We tested the effect of publication year on the occurrence of
reproductive senescence in a study-specific manner. All studies
that contained at least one record of a negative or bell-shaped
relationship between a reproductive trait and age were taken
as positive cases (1, reproductive senescence present) and those
without any evidence for negative or bell-shaped relationship
were scored as negative (0). For species, we tested the effect
of research attention and the presence of parental care on the
probability of reporting reproductive senescence in a similar
manner. Reproductive senescence in a species was a binomial
response variable (0, if no study found reproductive senescence
in that species or 1 for species with a record of reproductive
senescence). The number of studies per species or the presence
of parental care (“yes” for viviparity or parental guarding
and “no” for no care, species with unavailable information
were removed) were the explanatory variables. We tested
the effect of the publication year, the effect of the number
of studies in a species, and the species’ parental care on
finding reproductive senescence using three different binomial
generalized linear models (GLM).

We further analyzed the coverage of species-specific lifespan
by maximum age in studies from our database. For each
record, we calculated the lifespan index as a ratio between the
study’s maximum age and the documented species’ lifespan from
FishBase (Froese and Pauly, 2022). We then tested the effect of
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the study setup (captive vs. wild) on lifespan index distribution
using a t-test. In addition to that, we tested the relationship
between lifespan index and the occurrence of reproductive
senescence using a binomial generalized mixed-effects model
(GLMM) from package Ime4’ v.1.1-27 by Bates et al. (2015).
Reproductive senescence in a record was a response variable
(coded 0 or 1 as above), lifespan index was an explanatory
variable, and we included study ID as a random effect (there
were multiple records from some studies). Statistical analyses
were performed in R v.4.0.5 (R Development Core Team, 2021).

3 Results

3.1 Overview of records of fish
age-reproduction relationships

The initial search yielded 29,319 articles. After screening and
removing the duplicates, 409 studies conformed with our three-
selection criteria, namely being ray-finned fish (Actinopterygii),
measuring age, and recording at least one reproductive trait. We
extracted 1,078 individual records of reproductive traits related
to age across 258 fish species belonging to at least 35 taxonomic
orders (Figure 1). The species with the most commonly
retrieved relationship between age and a reproductive trait were
rainbow trout (Oncorhynchus mykiss), common carp (Cyprinus
carpio), zebrafish (Danio rerio), and vendace (Coregonus
albula), all with approximately 4% share of the entire dataset.
The most represented taxonomic orders were Cypriniformes,
Salmoniformes, and Perciformes with 24, 16, and 16% shares,
respectively.

With respect to the environment, records on age-related
reproduction came mostly from temperate freshwaters (38%),
followed by subtropical freshwaters (22%), and temperate
marine environments (17%) (Table 1). Our database of
reproductive parameters demonstrated a strong sex-biased
distribution in data on the relationships between age and a
reproductive trait (i.e., irrespective of a reproductive senescence
pattern). Most (74%) of the age-related reproductive traits
were measured in females, 20% were from males, and 5%
were from both sexes. Most records (65%) were from wild
populations and 35% were obtained in captivity. The most-
recorded reproductive trait was female gamete quantity (34%),
followed by female gamete quality (14%) (Table 2).

3.2 Evidence for reproductive
senescence

A negative or bell-shaped relationship between age and a
reproductive trait was considered to be a sign of reproductive

senescence. In general, we found reproductive senescence in
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Records of reproductive senescence across the phylogeny of ray-finned fish (Actinopterygii). More intense black at the tip square points
illustrates a higher proportion of negative or bell-shaped relationships between a reproductive trait and age among all the age-reproduction
relationships (proportion of reproductive senescence records). The numbers in brackets show the total number of studies for each fish order.

Fish silhouettes come from phylopic.org and fishualize R package (https

orders with a record of age effect on reproduction are presented.

26% of the suitable studies (106 of 409 studies) and a total of
19% of age-reproductive trait records (205 of all 1,078 records).
In the section below, we detail individual factors that might have

an effect on the incidence of reproductive senescence in fish.

3.2.1 The year when the study was published
During the 20th century, the existence of reproductive
senescence in fish gradually gained recognition. We tested
whether the number of articles reporting reproductive
the effect of

senescence increased over time. However,

publication year on the proportion of studies with a record
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//CRAN.R-project.org/package=fishualize). Please note that only the

of reproductive senescence was not apparent (binomial GLM:
df =407,z=1.01, P =0.313).

3.2.2 Study environment and age manipulation
The type of climate and the aquatic environment were
not associated with the incidence of reproductive senescence,
with approximately 20% of the records in each category
(Table 1). The only exception was tropical freshwaters, where
the incidence of reproductive senescence was particularly high
(56%) (Table 1). This is most likely due to the tropical freshwater
species, such as D. rerio, Poecilia reticulata, or N. furzeri,
being often studied specifically for senescence in the laboratory.
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TABLE 1 Distribution of the reproductive senescence records across
different climatic and aquatic environments.

Climate Aquatic environment

Freshwater ~ Brackish  Marine Total
Polar - - 0.18 (22) 0.18 (22)
Temperate 0.15 (409) 0.17 (18) 0.13 (178) 0.15 (605)
Subtropical 0.19 (237) 0.00 (1) 0.10 (110) 0.16 (348)
Tropical 0.56 (98) - 0.20 (5) 0.54 (103)
Total 0.22 (744) 0.16 (19) 0.13(315)  0.19(1,078)

The decimal numbers provide the proportion of negative or bell-shaped relationships
between a reproductive trait and age (reproductive senescence). The numbers
in brackets show the total number of records for each combination (all age-
reproduction relationships).

The records from captive studies were more likely to report
reproductive senescence than studies from the wild populations
(31 vs. 13%). This was more important for the separation of the
records than the contrast between observational and targeted
studies. A total of 26% of the records from targeted studies
(that manipulated age distribution) demonstrated reproductive
senescence, while 16% of age-reproductive trait records showed
signs of senescence in observational studies. This suggests that
wild fish populations are much less likely to exhibit measurable
reproductive senescence compared to captive populations,
without much influence of age distribution manipulation.

3.2.3 Migration

We predicted that migratory strategy is more likely to
be associated with a negative age effect on reproductive
performance than non-migratory. Only 16% of the records
of reproductive traits, however, showed a decline with
age in migratory populations compared with 20% in non-
migratory populations.

3.2.4 Parental care

The presence of viviparity or parental guarding did not
explain variation in the occurrence of reproductive senescence
among fish species (binomial GLM: df = 242, z = 0.52,
P = 0.601). The mode of parental care (viviparity, parental
guarding, or no care) does not increase the proportion of
senescence in records related to fish mating or post-fertilization
traits (pre- or post-hatching) in either sex (Supplementary File
4). The same pattern was apparent for gamete quality, quantity,
and gonad-related traits (data not shown).

3.2.5 Type of reproductive trait

In females, the highest proportion of records with
reproductive senescence belongs to the “pre-mating and
mating” category (51%), such as breeding frequency or
proportion of reproductively active females. In males, the
quality and quantity of sperm are the main traits indicating
reproductive senescence (41 and 39%, respectively). Where the
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TABLE 2 Senescence in different reproductive traits separated for
male and female fish.

Trait type Female Male Both Total
Pre- and mating 0.51 (41) 0.23 (47) - 0.39 (88)
Gonads 0.21 (112) 0.29 (62) - 0.24 (175)
Gamete number 0.12 (355) 0.39 (33) - 0.14 (388)
Gamete quality 0.11 (154) 0.41 (46) - 0.18 (201)
Pre-hatching 0.24 (50) 0.24 (21) 0.32 (28) 0.26 (99)
Post-hatching 0.05 (87) 0.09 (11) 0.34 (29) 0.12 (127)
Total 0.15 (801) 0.30 (220) 0.33 (57) 0.19 (1,078)

The decimal numbers provide the proportion of negative or bell-shaped relationship
between a reproductive trait and age (reproductive senescence records) and the numbers
in brackets show the total number of records (all age-reproduction relationships)
in that category.

age of both parents was recorded, both pre- and post-hatching
categories of offspring traits demonstrated a relatively high
proportion of senescence effects as well (i.e., one-third of the
records, refer to Table 2). Senescence thus seems to affect
different types of reproductive traits between sexes.

3.2.6 Maximum age coverage (lifespan index)

To analyze species-specific lifespan coverage by the
maximum age in our database, we collected data on species
lifespan for 745 of all age-reproduction records (69%). The
lifespan index (ratio between the study’s maximum age and
species’ lifespan) was higher in studies of wild populations
compared to captive studies (study-specific t-test: t5; = 2.70,
P = 0.009; Figure 2A). Records with higher lifespan indexes
were more likely to report reproductive senescence (binomial
GLMM test: N = 745, z = 2.04, P = 0.042; Figure 2B). This means
that records from the wild populations and with reproductive
senescence were collected from individuals of older age (closer
to the known species’ maximum age).

3.2.7 Body size confounding the effect of age

Older fish individuals are also larger due to their
indeterminate growth. This may bias the analysis of the age
effect on reproductive traits if this relationship is not properly
accounted for (e.g., with ANCOVA). As the ANCOVA and
models combining age and size were relatively uncommon in
the collected studies (158 records, 15% of all), we decided to
directly compare the effects of these two variables in the records
of reproductive traits. The effect of body size on a reproductive
trait was measured along with age for 527 records (49% of our
dataset). In 48 records of reproductive senescence, 31% of body
size effects were negative or bell-shaped. For the records without
reproductive senescence (479), 96% had either no or a positive
effect of body size on the reproductive trait.

In addition to this, we retrieved goodness-of-fit measures
of both age and body size for 304 records. Only 21 of those
were for records of reproductive senescence, where the body size
variable was a superior fit compared to the age for 16 records of
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reproductive traits (76%) and an inferior fit for 5 records (24%).
For the records without clear signs of reproductive senescence,
body size was generally (74%) a better fit to the reproductive
traits data than age. Overall, the two subset analyses suggest that
body size has indeed often a stronger explanatory power in fish
reproductive trait variation than the age effect.

3.3 Species focus

We found signs of reproductive senescence in at least one
study for 31% of species from our article collection. Relatively,
more studied species had a higher probability to provide
evidence of reproductive senescence because the likelihood to
find a record of reproductive senescence for the particular
species increased with the number of studies (binomial GLM:
df =256,z =3.87, P < 0.001).

3.3.1 Frequent species

In the four most frequently studied species (together 16% of
all records of age-reproductive trait relationships), reproductive
senescence appeared more often (30%) than in the remaining,
less commonly studied species (17%; the overall average being
19%). Among these four most-represented species, there was
no consistent pattern in reproductive senescence in the trait
categories that yielded at least 5 age-reproduction records.
The reproductive traits that showed sufficient representation
were mainly related to female ovaries, egg number, and egg
quality (together 47% of all age-reproduction records in the
four species). Rainbow trout (O. mykiss) females showed
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reproductive senescence of 20% in gamete number and 14% in
post-hatching records, but none in the gamete quality. Vendace
(C. albula) females exhibited reproductive senescence of 40%
in gonad-related traits, 38% in egg number, and 19% in egg
quality records. In contrast, females of common carp (C. carpio)
did not show any signs of reproductive senescence in gonad-
related traits, egg number, or egg quality. Zebrafish (D. rerio)
was represented mainly by male traits and showed a larger
prevalence of reproductive senescence with 83% in pre-mating
and mating, 57% in sperm number, 67% in sperm quality, and
29% in pre-hatching traits records. The pre-hatching traits (such
as fertilization rate or embryo survival) were also recorded for
both parents in zebrafish and they showed a higher incidence of
reproductive senescence compared to males-only records (50%
of the pre-hatching trait records).

4 Discussion

We assembled studies providing evidence for reproductive
senescence in fishes across various phylogenetic lineages,
contexts, and traits. The collected records span from
demographic aspects of reproduction in wild populations
(Carter et al,, 2014; Benoit et al,, 2018) to laboratory studies
directly focused on reproductive senescence (Woodhead, 1974a;
74k and Reichard, 2021). Different fish species represent a
particularly diverse evolutionary clade that includes some
exceptionally long-lived species. They can thus provide insights
into the evolution of aging (Kolora et al, 2021) and perhaps
contribute to the understanding of how to curb its negative

frontiersin.org


https://doi.org/10.3389/fevo.2022.982915
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Vrtilek et al.

effects on our own species (Woodhead, 1998). Being a long-
lived species does not necessarily imply escaping senescence, at
least not at the physiological or reproductive level. Although
there are indeed examples of long-lived fish species reproducing
relatively more successfully when growing older (Berkeley et al,,
2004), our review demonstrates this is not a universal rule
across ray-finned fish.

4.1 Comparative context of
reproductive senescence in ray-finned
fish

We found that reproductive senescence in fish is
taxonomically widespread. We considered either a bell-shaped
or a negative relationship with age as a sign of reproductive
senescence. More than 30% of the fish species exhibited some
form of reproductive senescence, and the variation across
the phylogeny was large. Senescence has been recorded in all
age-related reproductive traits observed in labyrinth fishes
[Anabantiformes, two studies by Woodhead, 1974a,b] and was
also relatively common in tooth carps (Cyprinodontiformes).
On the other hand, the frequency of reproductive senescence
was very low in cods (Gadiformes) and catfishes (Siluriformes),
despite them being well-represented in the collection of
age-related reproductive traits. Within taxonomic orders, the
variation was also high. In Cypriniformes, zebrafish display a
high incidence of reproductive senescence, while reproductive
senescence was reported at a very low frequency in the common
carp. Across fish species, parental care, and migratory strategy
did not increase the occurrence of reproductive senescence.

In mammals or birds, reproductive senescence is much more
prevalent. Similar reviews focusing on female reproduction
found that 68% of mammalian and 61% of avian species
exhibited some form of age-related decline (Lemaitre et al,
20205 Vagasi et al, 2021). Although there are rare studies on
reproductive senescence from reptile females (Hoekstra et al,
2020), a broader overview of the occurrence of reproductive
senescence across vertebrates is not available. The lower
prevalence of reproductive senescence in fish compared to
mammals or birds is not surprising given the indeterminate
growth and body size-dependent fecundity in fish. Mammalian
females invest relatively more energy in reproduction for an
extended period of time compared to a typical female fish.
Mammalian offspring depend completely on milk provision
from their mothers with lactation being the most energy-
demanding phase of raising the offspring (Clutton-Brock et al,,
1989; Speakman, 2008). The high allocation that mammals
and birds put into parental care likely increases the potential
for age-related reproductive decline, and behavioral and bodily
deterioration also reduces their ability to gather sufficient
nutrition toward older ages. The parental care hypothesis was
not, however, supported by our analysis. We did not find a
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relationship between fish viviparity or parental guarding and
the occurrence of reproductive senescence. Another important
aspect of mammalian reproduction is that females possess a
fixed pool of oocytes that deteriorate throughout their lives,
unlike fish species which produce new eggs continuously
(Lubzens et al, 2010). This may also increase the likelihood
of a reproductive decline in mammals compared to fish. We
would like to emphasize that reproductive senescence is much
more widespread across fish than generally assumed, and we
found cases of reproductive senescence in species that serve
as textbook examples of non-senescent lineages (e.g., Sebastes
alutus, de Bruin et al,, 2004). In addition to that, the absence of
reproductive senescence in certain lineages may stem from data
deficiency rather than being a genuine aspect of their life history,
and we elaborate on that in the below section.

4.2 Sex-related aspect of fish
reproductive senescence

The distribution of records on age-related reproductive
traits was markedly skewed toward females in our database. It is
a common problem across studies on age-related reproduction
in vertebrates that data from males are under-represented
(Nussey et al., 2013; Lemaitre and Gaillard, 2017; Archer et al,,
2022). Reproductive senescence was, however, more frequently
recorded for males or both parents combined rather than for
females (30 and 33% compared to 15%). This is perhaps because
most female-related studies focused on fecundity (Table 2), a
trait tightly associated with body size in fish (Wootton and
Smith, 2015). Female fish usually employ different life-history
strategies compared to males. For example, females mature
later and at a larger size, they grow slower but for a longer
period of time, and they live longer than males (Woodhead,
1998; Wootton and Smith, 2015). The sexes also differ in their
strategy of energy allocation into reproduction (Wootton and
Smith, 2015). It is, therefore, reasonable to expect sex-specific
differences in age-related reproductive decline as reported, for
example, in red deer (Cervus elaphus), where males suffer from
a steeper decline in annual fecundity than females (Nussey et al.,
2009).

Female and male reproductive senescence also differed in
the most frequently affected traits, a finding corroborating
previous data across vertebrates (Tompkins and Anderson,
2019). In females, pre-mating and mating traits, such as inter-
brood interval or regular reproduction, were most prone to
age-related decline. This is likely a consequence of energetic or
physiological limitations toward the end of life, where females
reduce the number of reproductive events (instead of, for
example, the number of eggs). Inter-brood interval extends in
older mammalian females as well (see Karniski et al., 2018).
While females may generally prefer to lay more of smaller eggs
(Einum and Fleming, 2000), the selection should favor offspring
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quality over quantity with increasing female age (Moorad and
Nussey, 2016). Both egg-related traits (quantity and quality)
exhibited very low occurrence of reproductive senescence in our
database. While they did not analyze any data for fish, Ivimey-
Cook and Moorad (2020) found a negative effect of maternal
age on offspring survival in wild mammals, but positive in wild
birds. Our analyses do not provide any support for the role of
parental care in reproductive senescence, as neither viviparity
nor guarding of the offspring was associated with the increase in
its incidence.

In male fish, the amount and quality of sperm declined
with age more often than other reproductive traits. Sperm-
related senescence also occurs in birds (sperm motility: Moller
et al,, 2009; DNA damage: Velando et al., 2011; sperm number:
Cornwallis et al, 2014) and some mammals (Lemaitre and
Gaillard, 2017). These patterns can be surprising because the
amount and quality of sperm directly affect male reproductive
success (Stoltz and Neff, 2006). Although some general patterns
for senescence in the types of reproductive traits emerged from
our database, the high diversity of traits (more than 260 different
reproductive traits collected) prevented us from performing
a thorough quantitative analysis of the collected records on
age-related reproduction.

4.3 Reproductive senescence in
free-living and captive fish

Studies that were designed in captivity showed a markedly
higher proportion of reproductive senescence records compared
with those performed on fish populations in the wild. There
is no overall concordance across animal studies comparing
senescence between captivity and the wild. Some taxa, such as
mammals or squamates, survive better in captivity (Scharfet al,
2015; Tidiere et al., 2016) and also have lower rates of senescence
(Lemaitre et al., 2013), while others, such as turtles or antler flies,
show mixed results (Kawasaki et al., 2008; da Silva et al., 2022).
Captive mammal males often show signs of age-related decline
in sperm traits (Lemaitre and Gaillard, 2017), but comparative
data from the wild are very rare (but see Curren et al,, 2013).
In fish, studies on age-related reproduction from the wild had
unexpectedly better coverage of species-specific maximum age
than studies from captivity. This may be because some of the
captive studies were performed on commercial stocks, where
keeping individuals for an extended period (until reproductive
decline) is unlikely desirable (Green, 2008). A captive setting,
on the other hand, offers better control over multiple factors
compared to research conducted in the field. Captive stocks
are also protected from natural stressors that may result in
the selective disappearance of senescent individuals from the
population. Assuming a strong link between physiological and
reproductive senescence, as reported in birds and mammals
(Ricklefs et al., 2003), senescent individuals are more likely to
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succumb to predation or disease in the wild (Martin and Festa-
Bianchet, 2011; Bouwhuis et al., 2012; Himaildinen et al., 2014).
This makes them considerably under-represented in older age
cohorts, and selective disappearance consequently masks the
negative relationship between physiological or reproductive
conditions and age at the population level (Maklakov et al,
2015). A higher survival rate and ability to track individual fish
thus probably increased the probability of captive studies to
record reproductive decline as the fish aged.

4.4 Under-represented old cohorts

It is obvious that some fish species maintain high
reproductive performance until advanced age (at least compared
to human lifespan), but may display signs of reproductive
senescence. The fecundity of the oldest (48 years old) examined
giant grenadiers (Albatrossia pectoralis) was superior to younger
females (Rodgveller et al,, 2010). Similarly to that, females
of rougheye rockfish (S. aleutianus) possess fully functional
ovaries with no signs of atresia until the age of at least
80 years. Their ovary mass, however, declines at an advanced
age (de Bruin et al,, 2004). Among shorter-lived species, captive
male platyfish (Xiphophorus maculatus) kept their reproductive
potential and the levels of reproductive hormones to the oldest
ages recorded (5 years), but high fibrosis in their testes was
apparent (Schreibman et al., 1983). This suggests that focusing
on a single trait may ignore the age-related decline in others
and underappreciate reproductive senescence. According to our
database, there is no record of reproductive senescence for
70% of the studied fish species. The patchiness of evidence
for reproductive senescence may have arisen from the lack of
high-quality demographic data. In particular, poor coverage
of maximum lifespan in age-reproduction investigations is
obvious for fishes. Few studies from our database actually
sampled fish populations toward the maximum known lifespan.
The studies considerably under-represented older age cohorts
because three-quarters of the records were from individuals
that did not even reach 75% of the known species’ maximum
lifespan. This especially applies to long-lived species, such as the
giant grenadier or the rougheye rockfish mentioned above with
a maximum lifespan of 56 and 205 years, respectively (data on
maximum age comes from Froese and Pauly, 2022). Across the
studies from our database, a higher lifespan index (ratio between
the study’s maximum age and species’ known lifespan) was
associated with a higher likelihood of recording reproductive
senescence. Sampling toward the maximum lifespan is a
natural requirement for the proper estimation of the impact of
reproductive senescence. This is, however, complicated for the
long-lived fish species by data availability in the first place and
the ability to accurately determine their age in the wild (Craig,
1985). The insufficiency of high-quality demographic data thus
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prevents us from making a more robust general conclusion
about reproductive senescence in ray-finned fish.

4.5 Role of indeterminate growth in
fish reproductive senescence

Ray-finned fish species are characterized by continuous
growth throughout their lives (Bidder, 1932; Charnov et al,
2001). This makes them candidates for negligible and negative
senescence because large (and hence old) individuals are
generally favored by natural selection (Bidder, 1932; Vaupel
et al,, 2004; Jones and Vaupel, 2017). This is because mortality
(actuarial senescence) increases as a function of age but declines
with body size (Caswell and Salguero-Goémez, 2013; Colchero
and Schaible, 2014; Jones and Vaupel, 2017). In fact, body
size explained variations in fish reproductive traits better than
age in 75% of cases in our database. On the other hand, for
records with an age-related reproductive decline in a trait,
only one-third of the body size effects were negative or bell-
shaped. This may be a consequence of variation in growth
strategy across fish species. For example, turquoise killifish
(N. furzeri) or Trinidadian guppy (P. reticulata) reaches body
size limits long after maturity, and reproductive senescence
occurs after cessation of their growth (Reznick et al., 2006;
74k and Reichard, 2021). Indeterminately growing fish, such
as cods (Gadiformes) (Woodhead, 1998), demonstrate a very
low incidence of reproductive senescence. This suggests that the
negligible senescence can indeed be characteristic of some fish
lineages. In reptiles, for example, it often arises that even after
body size correction, the reproductive trait does not decline with
age (Warner et al,, 2016; Tully et al,, 2020; but see Sparkman
et al, 2007). Among indeterminately growing invertebrates,
common woodlouse (Armadillidium vulgare) females of older
ages also produce a higher number of larger offspring. Yet, the
offspring of older female woodlouse have lower fitness, offsetting
the increase in maternal fertility arising from the indeterminate
growth (Depeux et al, 2020). The current datasets indicate
that indeterminate growth itself is not sufficient to escape
reproductive senescence. To provide any solid conclusion on the
effect of indeterminate growth on reproductive senescence, we
need that future studies on age-related reproduction properly
account for the confounding effect of body size, that is, by using
body size as a covariate.

4.6 Conclusion

Reproductive senescence is present and diverse across ray-
finned fish species. The indeterminate growth may indeed, to
some extent, buffer against the age-related reproductive decline,
but growing larger is often not sufficient. The understanding of
the evolution of fish reproductive senescence would definitely
benefit from more empirical life-history studies with the effort
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put into covering the species’ lifespan and accounting for the
size-related fecundity. It is important to state that our review
inevitably suffers from attention bias. The studies focused
on one or a few traits, and the set of focal traits varied
notably among studies. The overall insight into what actually
occurs during the aging of particular species is therefore still
incomplete. Interspersed records of age-related reproductive
decline across the fish phylogeny and the identified sampling
bias indicate that reproductive senescence is prevalent in fishes.
The present overview of the up-to-date published records thus
offers a new, more elaborate perspective on fish life history, and
we hope that our review will stimulate further research in the
most neglected directions.
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