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1 | INTRODUCTION

| Susan K. Lowerre-Barbieril2

Abstract

Understanding the processes that drive reproductive success in marine fish stocks is
critical to effective fisheries management. These processes can be difficult to inves-
tigate, especially in age-structured populations, because they occur at transgenera-
tional scales. Reproductive success is often attributed to a small portion of the adult
population (<0.01%) and thought to be driven primarily by random external factors,
consistent with the concept of sweepstake reproductive success (SRS). A competing
concept, the reproductive resilience paradigm, posits that fishes have evolved com-
plex spawner-recruit systems to achieve lifetime reproductive success and maintain
population stability within highly variable environments. Here, we examine these
two concepts. First, we analyse the popular sport fish red drum (Sciaenops ocellatus,
Sciaenidae), drawing on genetic and reproductive data to estimate a plausible range
for the ratio of effective population size (N,) to adult abundance (N,) and to infer vari-
ance in lifetime reproductive success (V;("). Then, we synthesize available data and infer
V, for two other fishes that have N, / N, ratios reportedly >0.10, the southern bluefin
tuna (Thunnus maccoyii, Scombridae) and the silver seabream (Chrysophrys auratus,
Sparidae). Although commonly regarded as an SRS species, red drum did not meet
the SRS criterion. Overdispersed V; values were inferred for all three species, with
those for red drum and silver seabream being dependent upon population-closure
assumptions. Results are presented within the conceptual framework of reproduc-
tive resilience, considering the roles of random extrinsic forces versus evolved traits
to achieve lifetime reproductive success and population stability in high and variable

mortality environments.

KEYWORDS
effective population size, environmental variability, life history, reproductive success variance,
spawning behaviour

strategies can be classified into two groups: (1) a fixed-ratio strat-

Reproductive success is defined as the production of offspring that
survive to reproductive age (Clutton-Brock, 1988). It is a biological
process that drives population persistence and growth, and its rela-
tionship to the heritability of traits is strong (Stearns, 1992). When
based on their adult to offspring size, marine species' life history

egy, where offspring size is a constant fraction of adult size, similar
to many terrestrial animals and associated with parental care, and (2)
a small-eggs strategy, where offspring size is independent of adult
size (Andersen et al., 2016). The fixed-ratio strategy is associated
with Type | and Il survivorships and the small-eggs strategy with
Type Il survivorship. Both strategies have resulted in healthy marine
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populations. Most marine fishes have the small-eggs strategy, which
is hypothesized to have evolved to overcome high and unpredict-
able mortality rates and/or patchiness of prey resources at relatively
large spatial scales (Stearns, 1992; Winemiller & Rose, 1992). The
closest terrestrial equivalent to the small-eggs strategy is plants,
which produce a large number of seeds, dispersed with the wind
(Allen et al., 2017; Lowerre-Barbieri et al., 2017), similar to sessile
invertebrates such as broadcasting oysters and coral.

The sweepstake reproductive success (SRS) hypothesis proposed
that lifetime reproductive success (LRS) in large marine popula-
tions operates like a lottery, with a small and largely random chance
of ‘winning’ due to stochastic external forces such as weather and
oceanic currents determining offspring survival. It was introduced
in 1994 (Hedgecock, 1994) and refined in 2011 (Hedgecock &
Pudovkin, 2011). Although not stated explicitly, the SRS hypothesis
draws an equivalency between ‘large marine populations’ and spe-
cies with a small-eggs strategy. SRS offered a convenient explana-
tion for several genetic patterns observed using the genetic tools of
the time; specifically, the very-low ratios of (generation) effective
population size, N,, to adult census abundances, N, in populations
of Pacific oyster (Crassostrea gigas, Ostreidae) and American oyster
(Crassostrea virginica, Ostreidae), and microgeographic heterogeneity
(chaotic patchiness) within populations of the barnacle (Balanus glan-
dula, Balanidae) and northern anchovy (Engraulis mordax, Engraulidae)
(Hedgecock, 1994; Hedgecock et al., 1994; Judge et al., 1988).

The SRS concept drew on a series of hypotheses associated
with conditions encountered by larvae at first feeding: Hjort's first
feeding hypothesis (Hjort, 1914), extended to the member-vagrant
hypothesis (lles & Sinclair, 1982), later incorporated into the match/
mismatch hypothesis (Cushing, 1990), and linked to oceanographic
concentration mechanisms by Lasker (1978) and Bakun (1996).
However, only through relatively new technological advances can
we now test those hypotheses at appropriate temporal scales, with
emerging knowledge that larval dispersal and survival can be greatly
affected by adult spawning site selection (Ciannelli et al., 2015;
Lowerre-Barbieri et al., 2019), larval behaviour (Leis et al., 2015), and
many other intrinsic factors, and that marine species often exhibit
metapopulation structure, with differing degrees of non-local and
natal recruitment among demes (Cadrin, 2020; Cowen et al., 2006;
Heath et al., 2008).

The reproductive resilience paradigm (RRP, Lowerre-Barbieri
et al., 2015, 2017) integrates this emerging knowledge into an eco-
evolutionary conceptual model, with a foundational assumption that
LRS in marine fish is neither statistically random nor driven primarily
by extrinsic factors. The RRP proposes that marine fish have evolved
complex, adaptable and, in many cases, phenotypically plastic
spawner-recruit systemsfor which thereare noterrestrial equivalents
(Lowerre-Barbieri, Brown-Peterson, et al., 2011; Young et al., 2006).
These systems have evolved to promote individual fitness (repro-
ductive success) and population persistence within an ecological
context that includes environmental heterogeneity and species in-
teractions (Lowerre-Barbieri et al., 2017) and under prevailing mor-
tality regimes (Garrod & Horwood, 1984; Lowerre-Barbieri, 2009;
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Mangel et al., 2013; Winemiller & Rose, 1992). Although most ma-
rine fishes have extreme fecundity, species differ in a host of other
traits that affect early survivorship and thus reproductive success,
including reproductive lifespan, number of lifetime breeding events,
gender and mating systems, spatiotemporal processes associated
with spawning and larval dispersal dynamics (Lowerre-Barbieri
et al., 2015, 2017; Lowerre-Barbieri, Ganias, et al., 2011; Ospina-
Alvarez et al., 2022). The RRP views recruitment variability—that is,
year-class strength as well as temporal periodicity between strong
year classes—as an adaptive component of spawner-recruit systems,
with trade-offs between the above traits and differing (but high) lev-
els of recruitment variability having evolved to provide the repro-
ductive resilience necessary for population stability in a stochastic
ocean environment.

1.1 | Reproductive success framework for
age-structured fishery stocks

Fisheries ecologists and stock assessment scientists recognize the
importance of biologically regulated changes in fecundity and sur-
vival, as well as movement and other spatial processes, to repro-
ductive success. Assessment models use ‘reproductive potential’
to quantify reproductive success within a stock. These models are
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traditionally based on female spawning stock biomass (SSB) and
assume that SSB is proportional to fecundity (Lowerre-Barbieri,
Ganias, et al., 2011). However, the ‘BOFFFF (big old fat fecund fe-
male fish) effect’ is increasingly accepted, that is, the importance of
old-growth age structure to reproductive success as older females
will be more fecund and typically produce eggs of greater qual-
ity (Berkeley et al., 2004; Fitzhugh et al., 2012; Hixon et al., 2014;
Marshall et al., 2010). Additional work has demonstrated the pat-
tern of hyperallometric scaling—that is, larger individuals tending
to produce more eggs by unit body weight than smaller individuals
(Barneche et al., 2018; Marshall et al., 2006).

To maintain dynamic population stability, adult females must
only produce an average of two offspring during their lifetime that
survive to reproductive age. Yet, for fishes with small-eggs strate-
gies, batch fecundity (i.e. fecundity within a given spawning event)
typically measures in the thousands of eggs, and often much
greater. Lifetime fecundity varies greatly across species, largely
as a function of the number of spawning events. Batches may be
released once in a lifetime, as in semelparous species (e.g. coho
salmon, Oncorhynchus kisutch, Salmonidae), or hundreds to thou-
sands of times in iteroparous species having extended spawning
seasons and long reproductive lifespans (e.g. red snapper, Lutjanus
campechanus, Lutjanidae) (Lowerre-Barbieri, Ganias, et al., 2011).
RRP predicts that both species can have healthy, stable popula-
tions due to tradeoffs between fecundity and evolved behaviours/
traits that decrease offspring mortality and/or increase lifetime
success.

Spatial processes are also being increasingly recognized as im-
portant drivers of reproductive success. Traditionally, stock assess-
ments assume large, well-mixed populations (Cadrin & Secor, 2009;
Hawkins et al., 2016). However, more recent studies suggest that
spatial structuring occurs at far smaller scales (Goethel et al., 2015;
Kerr et al., 2017), requiring that spatial dynamics be better inte-
grated into assessments and management actions to prevent local-
ized depletion or distributional shifts in productivity and resilience
(Berger, Goethel, & Lynch, 2017; Berger, Goethel, Lynch, Terrance Il,
et al., 2017; Ciannelli et al., 2013; Kerr et al., 2010). In terms of inves-
tigating LRS dynamics, both spatial and temporal scales are equally
important, as will be shown, because it must be assumed that mod-
elled values of N, are temporally and geographically aligned with
the estimate N, (Shpak, 2005; Waples & Englund, 2011; Palstra &
Fraser, 2012; Ryman et al., 2019).

For age-structured populations, important dynamics asso-
ciated with LRS have been mathematically defined as follows:
N, ~ 2E*N”T/ (V: +2), where k™ is the mean lifetime reproductive
success of breeders during a generation, N, is the number of newborn
individuals in a given sexually immature year class, T is the genera-
tion length in years (y) and V, applies to the N, newborns (Hill, 1972).
Consistent with the RRP, quantitative geneticists focus on the adap-
tive implications of LRS and gravitate to the metric V; when quanti-
fying population fitness and ‘opportunities for selection’ (Arnold &
Wade, 1984; Brodie et al., 1995; Clutton-Brock, 1988; Crow, 1958).
Population geneticists, on the other hand, have relied on N, and
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the N, /N, ratio as indicators of LRS dynamics due to the useful-
ness of this ratio in conservation management (Frankham, 1995)
and many other applications (Husemann et al., 2016; Ovenden
et al., 2016). Despite its broad utility, the N, /N, ratio can be sub-
ject to confounding properties when certain reproductive traits
are considered (Waples, 2016a). For example, mean fecundity at
age can be shown to affect N, /N, ratios in an offsetting manner:
[( 1 Ng/Ng) < (1 T)« (1 meanfecundity with age) - (tvy) - (1 N, /Na)}
Therefore, by modelling V; and T separately, we create a pathway to
tease apart their independent influences on LRS, establishing a more
direct linkage with relevant reproductive traits (e.g. maturity sched-
ules, egg and larval quality, timing/duration/location of spawning).
To demonstrate the usefulness of the RRP as a framework for
understanding recruitment processes in marine fisheries, we exam-
ined the spawner-recruit systems of three large marine populations
that possess reproductive traits commonly associated with SRS
(extreme fecundity, pelagic larvae and Type Il survival). Because
we have been studying red drum (Sciaenops ocellatus, Sciaenidae)
reproductive resilience for the past decade (Figure 1) and because
this species has often been cited as an example of SRS (Hauser &
Carvalho, 2008; Hedgecock & Pudovkin, 2011; Hedrick, 2005;
Hutchins & Reynolds, 2004; Laurent & Planes, 2007; Palstra &
Frasier, 2012; Turner et al., 2002), we utilize original data to esti-
mate N, /N4 and Vi for a spawning populations. Relying on published
data, we also modelled N, /N, and V; for the panmictic southern
bluefin tuna (Thunnus maccoyii, Scombridae) and silver seabream
(Chrysophrys auratus, Sparidae) from a reserve population in the
Hauraki Gulf of New Zealand. We use these three populations to
illustrate potential methodological biases in N, and N, estimation
and to highlight some of the intrinsic and extrinsic drivers of V; and
T in marine fishes having a small-eggs life history strategy. We re-
fute the null hypothesis that they conform to SRS expectations and
discuss how their observed LRS dynamics and evolved differences
in spawner-recruit systems are instead aligned with tenets of the
RRP, which we support as an underlying concept for biological, eco-
logical and evolutionary studies of reproductive success in marine

populations.

2 | MODEL AND METHODS

Parameter notations for the age-structured LRS model are summa-
rized in Table 1 and age-specific model parameters (s,, I, b,, b, B,
and N,) are defined as follows. The user-supplied parameter s, is the
probability of survival from age x to age x + 1. The parameter [, is
derived from s, and represents cumulative survival through age x,
wherel; = 1and |, =1,_4s,_,for x > 1. We define b, as the birth rates
for newborn offspring produced by breeders of age x and scale it
to a constant Z‘l' N,(i.e. where k" = 2), the scaled quantity becoming
b;. We define B, as the number of newborns produced by breeders
of age x, where B, = b/N, and noting that N; = }* B,. Finally, we
define N, as the expected number of individuals alive within a given
age class.
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FIGURE 1 Thered drum case study uses data from a long-term, multidisciplinary study on a red drum spawning population off Southwest
Florida (USA). Methodology includes: (a) aerial surveys (not shown), acoustic tracking, histological evaluation of spawning activity, genetics
and egg quality. Non-lethal sampling (b) includes a spotter plane identifying red drum aggregations and guiding a purse seine captain to set
on them, after which biologists board the boat and take samples from individuals for sex, reproductive state, size (lengths) and genetics,

and then release the fish. The area where purse seine samples occur (sets in 2019 are denoted by red markers) is monitored with acoustic
receivers represented by green markers (c) to track red drum from this population which have been acoustically tagged. This multi-method
approach is helping us to better understand life cycle space use in this species (d).

Building from the dynamic model framework of Waples
et al. (2011), N, is representative of adult cohort effective sizes over
their reproductive lifespans and their newborns survive to a given
time period. LRS variance can be measured using any immature age
class from y =1 to a (Waples, 2016a), depending on investigative
aims. The model workflow can be viewed in three steps (Figure 2).
First, a partial life table (s,|a, @) was scaled to identify values of Nl

that correspond to empirical estimates of N,, which in doing pro-
vides all values of N,, including N Second, a full life-table anal-
ysis (s, I, by, b! |N1, a, w) was performed to calculate the estimator
T. Values of b, were scaled to b] under the assumption of a stable
population abundance (Hill, 1979; Waples et al., 2011) and numbers
of newborns (B,) produced by breeders of age x were estimated as
xb,N,. Worksheets for an exemplar partial life table scaling and full
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TABLE 1 Parameter notations.
Parameter

Vi
&x

Description

Number of age x (age class) individuals alive at a given time

Number of potential breeders (adults) in a population, including skip spawners
Number of individuals in a newborn cohort measured at a given time period

Generation length: the expected age of a parent that produced a randomly
selected newborn; see mathematical formulation in text

Per-generation effective population size (for age-structured populations)
Number of unique genotypes sampled

Mean lifetime reproductive success of breeders during a generation
Lifetime variance in reproductive success among breeders in a population

Birth rates for newborn offspring produced by breeders of age x; for fish, mean
fecundities (at age x) may be used as proxies; b, is scaled to constant Z‘“
(where k* = 2), the scaled quantity becoming b/,

Number of newborns produced by breeders of age x; B, = b;N,; note that
=X, B

Probability of survival from age x to age x + 1

Cumulative survival through age x wherel; = 1and [, =[,_4s,_4forx> 1

Instantaneous natural mortality

Constant rate of annual mortality for adult ages

Age at maturity; the age at which breeders in a population became mature

Longevity (maximum age)

Reproductive lifespan (t = w — a + 1)

Annual/seasonal variance in the number of newborn births produced by age x

Overdispersion factor; ¢, = V, /bl,, where V, is annual variance

Note: In the text, ‘»" denotes estimated or inferred quantity from the model; " denotes a raw
(unadjusted) empirical estimate; ‘"’ denotes a bias-adjusted and/or finalized estimate.

FIGURE 2 Flow chart of procedures
used to estimate variance in lifetime
reproductive success. Parameter
notations are given in Table 1. In the

Objective: Calculate V; directly when
empirical estimates of N and N, 1 and life
table data are available

Use partial life table to estimate N
Table input: sy, w, @, Ny

partial life table, a can be inferred from

Use full life table to estimate T

the first non-zero b, and  from the last [ T [ ) N, Table input: sy, by, and w
non-zero s,. v
[Obtam robust empirical estimates of N, 1 ] \ ﬁ" /
A
N Solve Hill’s (1972) equation forVk
&r Required variables: N Ne,T' andT J
Vi

life-table analysis (with equations for the above parameters) are pro- 2.1 | Case study: Red drum
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vided in a Supplementary Excel file. Generation lengths were de-
termined using the scaled mean fecundities and Nl via the formula:

= (I xhb) /(T hb) =3 <BX/N1). Finally, we solved Hill's
(1972) equation with V,j as the dependent variable, using N, 7, and
an empirical estimate of N, to obtain a deterministic solution. V; was
measured at ages # = 1 and «. See Supporting Information for LRS

model assumptions.

Red drumisaniteroparous, highly fecund, broadcast spawner (Table 2)
that occurs in the US Atlantic Ocean from Massachusetts to Florida
and in the Gulf of Mexico (GOM) from Florida to northern Mexico.
Adults form large schools that aggregate along the coasts during the
fall spawning season (Beckman et al., 1988; Murphy & Taylor, 1990;
Pafford et al., 1990; Ross et al., 1995). They spawn pelagic eggs in
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Population/Traits
and measures

Spawning habitat/
location

Spawning season

Spawning type

Reproductive unit

Red drum
(Southwest Florida
Gulf of Mexico)

Predominantly
nearshore areas
adjacent to inlets
and passes

Mid-August through
mid-November;
peaking
September-
October

Batch, indeterminate
fecundity

Aggregate in large
schools, surface
broadcast in

TRINGALI and LOWERRE-BARBIERI

Southern bluefin
tuna (circumglobal
distribution; southern
hemisphere)

Open ocean; Indian
Ocean South of
Java

August through
May; peaking
September-
October and
February-March;
water temp. >23°C

Batch, indeterminate
fecundity

Aggregate in large
schools, surface
broadcast in

small groups small groups (one
female, multiple
males)
Pelagic larval ~20days ~20days
duration
Settlement Estuarine, sheltered Open ocean
habitat in sea grass,

adjacent to marsh
edge and oyster
reefs

nearshore waters off the mouths of estuaries (Figure 1d), where lar-
vae quickly recruit to nearby tidal creeks and rivers, albeit with high
mortality (Murphy & Crabtree, 2001; Peters & McMichael, 1987).
Red drum along the west coast of central Florida, including Florida's
largest estuary, Tampa Bay, support an important recreational fishery
for estuarine-dwelling juveniles and subadults (slot size: 457-686 mm
total length). As fish age, they leave the tidal creeks and estuaries
and move towards the mouth of Tampa Bay (Figure 1d). Maturing fish
recruit to full salinity habitat (Lowerre-Barbieri et al., 2016; Walters
Burnsed et al., 2020), with many individuals returning to spawn off
their natal estuaries (Lowerre-Barbieri et al., 2018).

The Tampa Bay red drum spawning population was sampled in
the late 1990s (Murphy & Crabtree, 2001) to evaluate recovery of
the adult age structure after the fishery was closed, with a second
similar study conducted in 2006-2008, which also collected fecun-
dity data (Winner et al., 2014). Research on the reproductive resil-
ience of this spawning population began in 2012. In 2012-2014 and
again in 2019-2021, fish were sampled by purse seine (like the pre-
vious studies). However, sampling was non-lethal providing a means
to collect data from thousands of fish on sex, size, reproductive state
and genetics (Lowerre-Barbieri et al., 2016, 2018; Walters Burnsed
et al., 2020; Figure 1). In addition to the biological samples, aerial sur-
veys were used to identify the location and number of spawning ag-
gregations (2012-2014; 2018-2022) and acoustic telemetry to track
recruitment to the spawning grounds, consequent behaviour of first-
time spawners and adult spawning site fidelity (2012-the present).

TABLE 2 Reproductive life history
traits and features for the modelled
populations. Literature citations for table
cell entries are provided in Table S1a.

Silver seabream
(Hauraki Gulf)

Within Hauraki Gulf
off estuaries and
harbours

October through
February; water
temp. >18°C

Batch, indeterminate
fecundity

Aggregate in large
schools; surface
broadcast in small
groups

17-33days

Majority estuarine,
sheltered in sea
grass, mussel
beds; nearshore
habitats

These data were used to estimate N, N, and fecundity (see
Supporting Information for detailed methods). Individual recap-
ture histories were generated as described in Lowerre-Barbieri
et al. (2018) using multilocus genotype profiles consisting of nine
highly variable microsatellite loci (Turner et al., 1998). These histo-
ries were used in a capture-mark-recapture (CMR) model analysis
to estimate annual abundance in 2013, 2014 and 2019 (h=12,078
fish sampled, Lowerre-Barbieri et al.,, 2018; Lowerre-Barbieri
et al., 2020). The same genotype data were also used to obtain
raw estimates of Ne, using the bias-corrected LD method within
the computer program NeEstimator V2.1 (Do et al., 2013). Given
known issues with Ne precision, the empirical CV was calculated,
and the effect of sample size was assessed through a random
subsampling of genotypes over progressively smaller subsets of
n, as described in Supporting Information. To screen for single-
locus effects on the estimate of Ne, a jackknifing procedure was
also performed, wherein information from each locus was omit-
ted in turn. A red drum life table was compiled using the above
data (N, was set as the mean of the above three CMR years) and
demographic information from the most recent stock assessment
(Addis, 2020). Acoustic tracking indicated low straying to the
nearest southern neighbour spawning site (6%-13%) and relatively
high repeat spawning between years (48%-91%, Lowerre-Barbieri
et al., 2018). However, given the red drum isolation by distance
(IBD) population structure and previously reported very low
N, /N4 ratios (Turner et al., 2002) we also estimated N, /N, ratios
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using NA values ~2-3 times larger than the mean (i.e., 400,000,
600,000), with the highest value providing the means to estimate
expected ratios at the other end of the extreme, that is, complete
mixing with nearest neighbour spawning populations. The pro-
gram AgeNe (Waples et al., 2011; Ecological Archives E092-126-51)
was used for the full life table calculation of T, which was com-
pared to a direct calculation of the average age of adults in the
2006-2008 sample (n = 702).

2.2 | Case studies: Southern bluefin tuna and
silver seabream

Selected life history traits and features for southern bluefin tuna and
silver seabream appear in Table 2. Requisite demographic measures
and model parameter values for these two species were synthesized
from published works of Waples et al. (2018) and Jones et al. (2019),
and from referenced works therein. Full descriptions of these data

syntheses are reported in Supporting Information.

3 | RESULTS

3.1 | Reddrum spawning and batch fecundity
Most acoustically tagged subadults (88%) from the estuary later
detected on the spawning grounds (n=16) recruited in the fall

after the core spawning season. Of these 16 fish, 11 returned

T 7
FISH and FISHERIES =~ ~=-EAVVj | LEYJ—

and were detected in the Tampa Bay spawning grounds during
consequent spawning seasons (Figure 3). Those detected within
the core spawning season were assumed to spawn that year. The
age of first-time female spawners agreed well with the reported
age at maturity: age 3 (n=1) and 4 (n=2) but was somewhat
younger for males: age 2 (n=1), age 3 (n=5) and age 4 (n=2) fish.
One of the 11 fish exhibited a potential skip spawning pattern,
as it was detected on the spawning grounds as a three-year-old
and a five-year-old but not detected anywhere in the array as a
four-year-old.

The studied red drum spawning population exhibited natal
homing and multi-year spawning site fidelity, with a highly variable
spawning fraction and minimal within-season skipped spawning.
Of the females assessed in the spawning aggregations from 2012 to
2014, 97% were spawning capable or actively spawning (n=2394),
indicating that only 3% of those fish that moved to the spawn-
ing site could potentially skip spawn. The spawning fraction (i.e.
proportion of sampled females that were active spawners) was
highly variable, ranging from 1% on 10 September 2012 (n=303)
to 100% on 10 July 2013 (n=155), highlighting difficulty in ob-
taining representative spawning fractions to estimate spawning
frequency for this species and many other species that aggregate
to spawn. Batch fecundity exhibited a weak positive relationship
with age (Figure S3). The best-fit line, as indicated by WLS, was
b, = 80,129(10,810)x + 1,531,445(138,924), where R?>= 0.2442
and the null hypothesis of homogeneity of variance for the rela-
tionship was rejected (Breusch-Pagan test; F-statistic: 47.48 on 1
and 166 DF, p-value: 1.101e7%°).
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FIGURE 3 Annual detections of subadult red drum on the Tampa Bay nearshore spawning grounds. Fish were originally captured and
tagged on the nursery grounds (n=20). Age and size at detection is shown on the y-axis and ranged from 1 to 3years old and from 695 to
842 mm TL. Reference lines indicated the core spawning season from 8 September to 22 October. Sixteen of these fish were detected on
the Tampa Bay spawning grounds, with 14 recruiting after the core spawning season in the year they were tagged (2012) and another two
fish recruiting the following year. Three females, which moved to adult habitat in 2012, were not detected in the 2013 spawning seasons

(*). They would have been age 4 (n=2) and 3 (n=1). Potential skip spawning (%) was observed in a fish which recruited during the 2013
spawning season as a 3years old, was not detected in the 2014 spawning season but returned again in 2015. First-time spawning males were
younger than the females: age 3 (n=>5) and age 2 (n=1). Sex is indicated by y-axis text colour, blue =male, orange =female.
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3.2 | Reddrum adult abundance, effective size, and
N, /N, ratio

Levels of genetic diversity did not differ among the four spawning
seasons sampled (Figure S1) and there was no evidence for tem-
poral genetic differentiation in these years (Figure S2). The esti-
mated mean spawning population abundance was NA =199,595
(range: 51,786-347,986). Depending on the sample groupings, bias-
adjusted effective population sizes for all loci ranged from 69,129
to 87,671 (Figure 4a; Table S3a). Estimates of Clyg, and Cligg were
relatively close to the mean value, and finite values for upper Cls
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FIGURE 4 (a) Point estimates and 95% parametric confidence
intervals (Clparm) f~or empirically determined per-generation effective
population size (N,) for red drum. Estimates are shown for each set
of sample groups; for a given set, those based on P ;; = 0.01 are
depicted in leftmost plots; those based on P;; = 0.005 in rightmost
plots. Black circles depict estimates including locus Soc204, which
deviated from the Hardy-Weinberg equilibrium expectations; linear
Cls correspond to those estimates. Orange boxes depict estimates
omitting locus Soc204. (b) Plot of sampling-bias-corrected
estimates of mean squared correlation of allele frequencies at
different gene loci, #2 based on replicated random subsampling

of the total genotype data set where n, (depicted on log scale for
easier viewing) equates to the number of genotypes selected and
analysed. The grey square depicts estimates based on the total

data set.

were observed in all analyses for P_;; of 0.01 and 0.005. The coef-
ficient of variation (CV = 0.303) for the raw estimate of Kle indicated
reasonable precision for the very large estimated effective sizes. The
inclusion of the 2019 sample group increased the range of mixed
ages in the pooled sample but caused no observable downward bias.
Locus Soc204 deviated with respect to HWE. Omitting it resulted
in larger confidence intervals but not consistently lower or higher
estimates (Table S3a). The bias-adjusted estimate of Ne =85,521
(Clparm =54,002-189,577), based on data from all loci and sampling
seasons, was thus considered the best estimate for modelling \7:‘ No
unexpected effects on NE were observed when individual loci were
omitted during estimation (Table S3b).

When red drum genotypes were randomly subsampled, esti-
mated values of Ne began to show the expected bimodal pattern
between 2,500 > ng > 1,000 with some point estimates becoming
increasingly small and others becoming infinite (Table 3). Negative
estimates of 7, which result in infinite Ne estimates and occur when
the overall value is less than would be expected from sampling error
alone, began to occur with increasing frequency at n, < 2,500, al-
though a single negative estimate also occurred at n, = 5,000
(Figure 4b). Precision was lost at ng < 7,500, below which nearly all

upper bounds of Cl,,.. became infinite (Table 3).

parm

The empirically derived estimate of NE yielded a ratio value
N, /N, = 0.43. The lower CI estimate of Ny, = 54,002 yielded
Ne(,owe,)/NA =0.27. The upper ClI was finite for red drum, but its
value was greater than half the empirically estimated NA and, as a
result, N, /N, exceeded the theoretical norm (0.50) for iteroparous
species with long generation times. Using the exploratory value
of N, =400,000,N, /N, = 0.21 (0.14 — 0.47). Using the exploratory
value of N, =600,000, N, /N, = 0.14 (0.09 — 0.32). Thus, the lower
to upper range of NE/NA for red drum over the plausible range of
N, was 0.09 — 0.50 and we posit a most likely N, /N, ratio value
of ~0.21, well above the threshold value considered indicative of
SRS (0.01).

3.3 | Tand Vﬁ for red drum, southern bluefin
tuna, and silver seabream

Life-table values, survival and cumulative survival differed by spe-
cies (Table S4; Figure 5a,b). Unscaled and scaled batch fecundity-at-
age (b, and b;) did not increase rapidly for red drum (Figure 5c,d), and
the overall fecundity versus age relationship was weak (Figure S3a).
Life-table values of f\]l and f\]a are provided in Table 4. The life-table-
estimated generation length for red drum was T=1197 y, which,
although it accounts for fecundity and mortality, was comparable to
the direct estimate of 11.88 y, based on age-composition data from
randomly surveyed adults (Table S5). Life-table-estimated genera-
tion lengths for southern bluefin tuna and silver seabream were T
=13.11 y and 22.45 y, respectively.

For red drum, estimates of V:(rm ranged from 53.7 to 291.3
(Table 4). The most plausible value, relying on accuracy of the Ne point
estimate and assuming a modest level of demographic exchange with
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TABLE 3 Results of random subsampling red drum genotypes on

raw point estimates of N,.

n

11,781
10,000

7500

5000

2500

22
r

0.000008
0.000008
0.000006
0.000006
0.000006
0.000009
0.000011
0.000007
0.000008
0.000010
0.000006
0.000010
0.000009
0.000005
0.000011
0.000011
0.000009
0.000016
0.000002
0.000006
0.000007
0.000010
0.000015
0.000012
0.000007
0.000020
0.000005
-0.000004
0.000024
0.000005
0.000005
0.000029
0.000014
-0.000003
-0.000002
0.000017
0.000010
0.000001
0.000003
0.000032
0.000036

N,

e
43,939
42,907
54,377
52,975
53,492
36,083
31,115
45,379
39,862
32,965
59,283
33,046
34,228
58,285
30,160
29,973
35,532
19,731
143,691
54,304
44,792
32,990
22,348
29,591
51,951
17,187
77,543
INF
13,853
78,743
65,740
11,646
22,990
INF
INF
20,217
32,896
315,548
112,078
10,279
9323

Lower CI

33,610
31,628
37,632
36,998
37,331
27,710
24,579
32,983
29,903
25,687
40,061
24,197
24,926
35,523
22,401
22,401
25,355
16,058
57,172
33,790
29,952
21,167
16,107
19,872
28,049
13,119
34,541
471,121
11,066
34,650
31,629
8239
12,959
43,418
34,052
11,978
15,750
27,332
23,652
7502
6987

Upper CI

62,416
65,343
95,131
90,682
91,745
50,892
41,819
71,104
58,676
45,322
110,200
51,003
53,434
151,907
45,220
44,420
57,873
25,303
INF
130,424
85,590
71,231
35,605
55,894
287,757
24,477
INF

INF
18,276
INF

INF
19,312
89,661
INF

INF
59,594
INF

INF

INF
15,940
13,731

(Continues)
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TABLE 3 (Continued)

ng 72 Ne Lower CI Upper Cl
1000 0.000078 4306 3067 7023
0.000005 65,972 9570 INF
0.000005 63,572 9536 INF
0.000014 23,931 7588 INF
-0.000007 INF 15,187 INF
0.000031 10,736 5489 127,790
-0.000004 INF 13,192 INF
0.000033 9976 5197 83,159
0.000014 22,887 7504 INF
-0.000006 INF 13,908 INF
500 0.000036 9190 3352 INF
0.000108 3081 1921 7280
-0.000022 INF 8958 INF
-0.000045 INF 21,320 INF
0.000197 1697 1255 2556
0.000087 3828 2210 12,753
0.000032 10,423 3406 INF
0.000145 2289 1586 3977
0.000012 30,114 4533 INF
0.000042 8038 3167 INF
250 0.000329 1011 710 1694
-0.000122 INF 31,143 INF
-0.000003 INF 2549 INF
0.000039 8682 1923 INF
0.000134 2482 1197 INF
-0.000195 INF INF INF
-0.000081 INF 7168 INF
-0.000017 INF 2964 INF
0.000366 908 640 1507
-0.000100 INF 11,315 INF
50 -0.000433 INF 727 INF
-0.000109 INF 408 INF
-0.000954 INF INF INF
0.000084 3978 346 INF
-0.000664 INF 1552 INF
0.000357 932 277 INF
-0.000562 INF 1094 INF
-0.000557 INF 1083 INF
-0.000991 INF INF INF
-0.000051 INF 393 INF

Note: INF =infinite. n; = number of genotypes sampled; where there is
no entry for ng, the preceding row value applies. #2 = the mean squared
correlation of allele frequencies at different gene loci. Confidence
intervals (Cl) were based on the parametric method. Estimate based on
all available genotypes, where ng =11,781, is also shown.
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neighbouring populations (such thatf\]i = E%O,SOO), was V:(Nl) =121.5.
For the panmictic southern bluefin tuna, Vk(Nl) estimates ranged from
186.2 to 938.9 (Table 4). The most plausible value, relying largely on
the accuracy of Ne, was V:(Ni) =376.6. For silver seabream, \A/Z(Nl) es-
timates ranged broadly from 45.8 to 2831.6 (Table 4). Considerable
uncertainty surrounding the degree of population closure for sil-
ver seabream preclude selection of a most plausible V:(Ni) value.
However, information suggestive of a broader geographical scale (see
Section 4.1) would re;nder the lowest values of V:(Nl) implausible. For
example, if the true N, is between ~23,000 and 57,000, then the val-
ues of V:(Nl) most Iikelz*occur within the range of 302.5-759.3.

Finally, values of V, decreased for all three species when cal-
culated using the abundances of a age-classes (Table 4). Since Ne
and T were static, differences in f\\ln must be offset by nearly pro-
portional changes in variance; thus, as expected, the percent-
age decrease in VZ(Na) relative to Vz(Ni) was approximately equal to
(r?l1 - r?la) /N,) x 100.

4 | DISCUSSION

Historically, the N, /N, ratio has been a favoured measure among
fishery geneticists and, in the previous two decades, has been widely
reported as being ‘tiny’ (<« 0.01) for marine populations (Hauser &
Carvalho, 2008; Waples, 2016b). However, the parameter N, can be
difficult to estimate in nature (Waples et al., 2013). Certain biases—
for example, mixed-age sampling, physical linkage among loci—can
be anticipated and corrected in silico, as was done herein (see also
Waples et al., 2018). Another possible source of bias arises from the
complex nature of microsatellite loci. When relatively few micros-
atellite loci are surveyed, N, estimates could be unduly influenced
by tendencies to mis-score alleles at a particular locus (Davison &
Chiba, 2003; Morin et al., 2009; van Qosterhout et al., 2004). For
red drum, jackknifing results were not suggestive of bias attribut-
able to individual loci (Table S3b). However, when microsatellite
reliability may be a concern, N, estimates based on thousands of
single-nucleotide polymorphism loci represent a powerful alterna-
tive, provided they can be bias-adjusted for physical linkage given
detailed information on recombination rates (Waples et al., 2016).
Other possible biases involve the robustness of sampling (Marandel
et al., 2019; Poulsen et al., 2006) and the appropriateness of spatial
scaling (Hare et al., 2011; Nadachowska-Brzysk et al., 2021). Whereas
many prior SRS studies involving N, / N, ratios were based on 50 or
fewer specimens (Hauser & Carvalho, 2008; Poulsen et al., 2006),
there is a growing recognition that sampling designs for large marine
populations could require multiple thousands of specimens for ac-
curacy and precision (Waples, 2016b), although smaller sample sizes
can suffice when the true N, is small, when enough loci are surveyed.
Moreover, the various methods to estimate N, and N, can at times yield
biased results when applied to populations under migration (Ryman
et al., 2019, 2023; Waples & England, 2011). Because genetic and/or
demographic connectivity of marine fish populations is often not well
known, the spatial scales applied during analyses are also crucial.

4.1 | Importance of sampling design

All three case studies provide insights into how sampling design can
affect estimates of N, and N, / N,. Due to the very large sample size
for red drum (n; = 11,871 genotypes), the adjusted NE estimate was
finitely bounded by CI values ranging within 45% of the estimated
mean. To our knowledge, the red drum data set currently provides
the largest linkage-based point estimate of N, of any animal popula-
tion (marine or terrestrial) for which a finite value of the upper CI
has been recovered. Results of the random subsampling analysis
with red drum genotypes, which exhibited a strong pattern of bi-
modality in #2 estimates (Table 3 and Figure 4b; see also Figure 5 in
Waples, 2016b), reinforced the need for robust sampling. Consistent
with prior simulation results (e.g. Waples, 2016b), precision was lost
very quickly in red drum N, estimates as sample size declined from
the approximate magnitude of the maximally observed N,

While attention to geographical scale is important within fisher-
ies modelling and assessment, the same is true as it applies to model-
ling LRS dynamics, in large part because V/'is proportional to N,. For
southern bluefin tuna, the panmictic population structure simplifies
matters, but it remains a consideration for the other two species.
Along the eastern Gulf of Mexico, red drum exhibit an IBD pattern of
gene flow (Hollenbeck et al., 2019). The majority of exchange, when
it occurs, is predicted to happen between adjacent estuaries (Gold
et al., 2001). Under IBD, the relationship between geographical
and genetic distance should be a function of the single-generation
dispersal kernel—that is, the proportional movement of individ-
uals across different distances (D'Aloia et al., 2015; Furstenau &
Cartwright, 2016). Most marine species have a vagile phase during
some stage of their life history and the dispersal kernel should en-
compass all stages.

For red drum, larval dispersal along Florida's southwest estu-
aries is largely a localized process (Figure 1d), but the migration of
mature individuals between adjacent spawning grounds, unless it
occurs at negligible levels, requires that we consider larger values
of Ny and N, in the model. Assuming localized larval retention and a
limited amount of adult connectivity with the nearest northern and
southern estuaries, we identified the most plausible geographically
scaled adult abundance as one that was approximately twice the
empirical mean estimate (i.e. N, = 400,000). Because linkage-based
estimates of N, have been shown to be unbiased at low levels of mi-
gration (Waples & England, 2011), the favoured scenario resulted in
an N, /N, of ~0.21. This ratio value is strongly at odds with conven-
tional thought that red drum has SRS. Even the most conservative
analytical result based on a presumptive N, =600,000 yielded an
N, / N4 ratio of ~0.14, which is still highly inconsistent with the SRS
criterion.

Our findings differ from those of Turner et al. (2002), which
sampled red drum over a larger spatial scale and reported an N, / Ny
ratio of ~0.001. For that study, young-of-the-year specimens were
collected in small batches at seven widely separated locations over
four consecutive years (”g ~ 20/location ~ 250/year class), pan-
mixia at the GOM scale was assumed, and N, estimation was based
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FIGURE 5 Life table rates and () Y

(b) o4

measures for southern bluefin tuna

(blue), red drum (orange) and silver
seabream (grey). (a) Survivorship at age.
(b) Cumulative survivorship at age. (c)
Unscaled mean fecundity-at-age. (d) Mean
fecundity-at-age scaled to k” = 2. Note the
dynamic shifts in unscaled versus scaled
mean fecundities due to the differences in
survivorship.
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on a maximum likelihood evaluation of temporal variance in allele
frequency (Wang, 2001). The resulting estimate of 3516 (95% Cl:
1785 to 18,148) was approximately an order of magnitude below our
lowerCl values (Table S3). Temporal estimators, like linkage-based
estimators, are highly imprecise when sample sizes are too small (e.g.
Waples, 2016b), and also when the temporal spacing between col-
lections is too brief (Waples, 1989). They are also sensitive to spatial
differences in productivity when sampling occurs across structured
subpopulations (Ryman et al., 2023).

The earlier N, / N4 ratio was also calculated at a much larger geo-
graphical scale. However, due to the physical distances and ener-
getic costs that would be involved, as well as observed patterns of
site fidelity and limited larval dispersal, it would seem exceedingly
unlikely that adult red drum from the east Texas coast and west
Florida coast routinely mate with each other and contribute more
or less randomly (if at all) to the same newborn cohorts. Red drum
tracked in this study have been detected in only one other adjacent
spawning site (in low numbers), even though the iTAG network al-
lows fish to be tracked throughout the GOM (Friess et al., 2020).
Therefore, it is our belief that the numerator in the previously re-
ported N, / N, ratio was likely too low, and its denominator (~3x 10°)
was almost certainly too high, resulting in an underestimated ratio
falsely suggestive of SRS.

Silver seabream have also had conflicting N, / N, ratios reported
from sampling in the same general area. In a study of silver seabream
from the fished population in the Hauraki Gulf (Hauser et al., 2002),
N, was found to be in the range of 100-1000. That study was based
on six microsatellite DNA loci (after excluding a seventh, linked
locus), for which the average number of alleles per locus was ~10.5.

30 40 50 60
Age Age

The N, /N, ratio was estimated using a spawning stock abundance
representing the entire gulf (N, ~ 55 million adults) and, thus, fell eas-
ily well within the range of the SRS criterion. However, given the
sizes reported for each generation sample of n~50, which was com-
mon at the time for marine species, the signal from sampling error
in the temporal and heterozygosity-based estimators used would be
expected to overwhelm the relevant signal of genetic drift unless
true N, was very small (~100 or smaller; Nunney, 2006). When es-
timated by Jones et al. (2019) using a single sample of ~1000 adult
genotypes from the unfished MPA and the sample-bias-adjusted
LD method, both the point estimate and lower CI of N, were con-
siderably larger. Similar to red drum, that study was based on nine
microsatellite loci and the average number of alleles per locus was
~18. As shown in simulations by Waples (2016b) and consistent with
the red drum random-subsampling results, an ng of 1000 genotypes
would have been insufficient to estimate the true N, with the needed
precision if it was larger.

The critical issue from Jones et al. (2019) pertains to the geo-
graphical home range of the parents that produced the ~1000 adults
genotyped for that study. Silver seabream in the reserve have a pre-
dominantly bipartite life cycle characterized by a dispersive larval
phase and a relatively sedentary adult phase. Thus, larval disper-
sal drives the exchange of individuals (and alleles) among popula-
tions. The Hauraki Gulf has a surface area of ~4000km? and the
Leigh reserve (5.6km?) is ~1% of the gulf. There is no evidence of
genetic differentiation within the gulf, and tagging studies suggest
at least some demographic exchange within a range of ~100km
(Crossland, 1982; Gilbert & McKenzie, 1999; Parsons et al., 2014;
Paul, 1967). Silver seabream larvae are reported to disperse along
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Species N, Ny ﬁi f\\la
200,000 454,214°
500,000
1000,000
54,002
85,521
99,798
54,002
85,521
189,577
54,002
85,521
189,577
Silver 4403
seabream 16,388

INF

4403 200,000

16,388

100,000?

4403 500,000

16,388

250,000°

Southern 1,970,000 3,588,041

bluefin
tuna

Red drum 199,595 110,037 30,618

400,000 220,521 61,362

600,000 330,781 92,042

31,393 8723 3010

55,574

19,182

138,935 47,956

TABLE 4 Hill's equation estimates for

Ak A

Vk(Ni) Vk(N,,) variance in lifetime reproductive success.
938.9 1171
374.3 45.6
186.2 21.8
95.6 25.1
59.6 151
50.8 12.7
193.5 544
121.5 324
53.7 13.5
291.3 79.6
183.2 49.5
81.5 21.2
175.9 59.4
45.8 14.5
INDET INDET
1131.4 389.2
302.5¢ 103.1°
479 15.2
2831.6  976.1
759.3 260.8
47.9 15.2

Note: Sequential values of Ne reflect lower confidence intervals (Cls), point estimatgs and upper
Cls, respectively. INF=infinite; INDET =indeterminate. Most plausible values of \7;(,\,1) and \7;(,\,”)
for southern bluefin tuna and red drum are shown in bold type; minimum plausible values for silver
seabream are shown in bold italics; minimum and maximum values for all species are highlighted in

grey. Blank entries equate to those in the preceding rows.
#Values assume theoretical maximum of g'—s“

®The modelled value is nearly identical to that independently estimated for N, in

Waples et al., 2018

“Minimum plausible values are based on the assumption of an expanded geographical scale.

the coast at an average distance of ~30km in both northerly and
southerly directions from the reserve, with <1.5% exhibiting self-
recruitment (Le Port et al., 2017). In contrast, red drum larvae
are spatially constrained by the estuary off of which they spawn.
Although it is possible that silver seabream offspring from the re-
serve exhibit natal homing as adults, the genetic structure does not
support this, suggesting the MPA adult residents are members of a
larger demographically connected (reproductively interdependent)
unit. Our results using N, congruent with greater mixing suggests
the need for additional work to estimate N, in this region and to as-
sess the spatial processes driving mixing, as well as consideration
of impacts on s,and T from harvest on the non-MPA portion of the
adult stock (see below).

4.2 | Limitations of deterministic modelling

A common limitation of deterministic modelling is capturing the rel-
evant underlying complexity of biological systems. Several aspects

of life history and spawning behaviour, such as stochasticism in
spawning stock abundance and year-class strength, intermittency
in individual spawning and various forms of persistent individual
differences were not addressed in our genetic-demographic model.
For red drum, we obtained estimates of seasonal adult abundance
that differed significantly each measured year, varying by as much
as sevenfold between 2014 (N, =50,000) and 2019 (N, =350,000).
Because sampling occurred during spawning seasons on grounds
where adults are not year-long residents, the large observed inter-
seasonal variability could be attributed to fluctuations either in
the number of returning spawners or in the number of recruiting
first-time spawners (Lowerre-Barbieri et al., 2015; Walters-Burnsed
et al., 2020). Tracking results did not suggest most first-time
spawners recruit directly from the estuary, but sample sizes were
very small. Certainly, given the large numbers of younger adults
(Table S5) and evidence of strong, persistent year classes (Murphy &
Crabtree, 2001; Winner et al., 2014), variable recruitment of matur-
ing fish to the spawning grounds is a plausible hypothesis for the
annual variability in Ny.
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Spawning stock abundance is known to be poorly related to re-
cruitment in most marine populations (Munch et al., 2018), often
showing chaotic, nonstationary or non-linear dynamics (Sharma
etal.,, 2019). In this study due to data limitations, we estimated N, and
N, for each species by scaling them to values of N4 using a discrete-
time partial life table. This appears to have had little impact, as our
scaled estimates of N; and N, for southern bluefin tuna were quite
similar to those based independent methods (Preece et al., 2019;
Waples et al., 2018). As exemplified by red drum, spawning stock
abundance cannot be assumed to be static over time, leading to a
non-stable adult age distribution, and variable reproductive out-
put. Although recruitment is well known to be a result of biotic and
abiotic factors (Cardinale & Arrhenius, 2000), variability in source
dynamics is rarely considered and there is a need to better assess
uncertainty associated with modelled values of N; and N,

In iteroparous species, it is common for some members of a
cohort to be consistently more productive than others. Whereas
‘persistent individual differences’ are not explicitly addressed in our
model, they are expected to increase V" and reduce N, when they
occur (Lee et al., 2011, 2020; Nunney, 1996). Assuming lifelong con-
tinuity in size advantages, size-at-age variation is one of several fac-
tors that can lead to persistent individual differences in reproductive
success. Persistent individual differences in egg and larvae size and
quality might also be a factor (Kjgrsvik et al., 1990) and the phenom-
enon extends to behavioural traits as well (Hertel et al., 2020). These
differences could have an underlying heritable basis. However, they
could also be products of maternal effects (Kjesbu et al., 1996;
Marshall et al., 1998; Marteinsdottir & Thorarinsson, 1998), epi-
genetically controlled development (Herrera & Bazaga, 2011) or
simply reflect early but lasting environmental (silver spoon) effects
(Tuljapurkar et al., 2021), which arise stochastically.

A final caveat—our model assumes a dynamically stable popula-
tion with random demographic stochasticity over longer periods such
that, on the whole, members replace themselves within their lifespans.
However, drivers of spawning stock abundance may change over time
(Kell et al., 2016), further complicating estimation. Stocks might display
large, temporally correlated changes in recruitment that are seemingly
unrelated to N, perhaps reflecting regime-shifts in productivity (Hare
et al,, 1999; Mantua et al.,, 1997). Ultimately, values of N, are depen-
dent on the abundances of newborn or recruiting cohorts, not Ny.
However, certain model parameters and procedures (e.g. values of s,
, the scaling of b) could be affected if these correlated changes in N,
arise and persist in a magnitude and periodicity that disrupts popula-
tion stability within the modelled generations (Waples et al., 2014). In
summary, parameter specification and the treatment of stochasticity
could be expanded and improved for the genetic model used herein
(see Supporting Information for specific means of improvement).

4.3 | Lessons from the three modelled populations

The primary lesson is this—these three populations maintain their ef-
fective population sizes through quite different sets of intrinsic traits
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and behaviours. Yet over time, all have demonstrated population-
level reproductive resilience to the random extrinsic processes that
forcefully drive mortality. As such, they represent model populations
for the RRP. Despite having variances in LRS that are unquestionably
overdispersed, each population yielded values of N, /N, that were
highly inconsistent with SRS. There are important adaptive differ-
ences in the life histories of these species that likely impact their
effective population sizes through individual or combined influences
onTandV; (Table 5). For example, each population differs with re-
spect to maturation timing and generation length. When all else is
equal, delaying maturity increases generation length and, because
N, is proportional to T, should lead to a higher N, (Lee et al., 2011).
However, not all increases in T result in increases in N, due to com-
peting effects between Ve and T on N, (see Section 1.1). In terms of
BOFFFF effects, there is a direct pathway between B, and V;. That
is, when the reproductive contributions of the oldest females to an-
nual cohorts are considerably higher than those of younger females
due to BOFFFF effects on B,, Ve is expected to increase. It should
be noted that this pathway also depends to a degree on levels of
¢, (Waples, 2016a; see also Nunney, 1996). Ultimately, the best ap-
proach to specifically examine BOFFFF effects on V; will be through
individual-based modeling (see Supporting Information), due to flex-
ibility in incorporating a range of factors (beyond batch fecundity)
that drive age-specific reproductive success, while removing the
need to scale b/ to 2k

4.4 | Reproductive resilience as a conceptual
model for marine populations

As conceptual models, the RRP and SRS address similar natural pro-
cesses and systems but are constructed with quite different assump-
tions and expectations. Both acknowledge the fact that LRS occurs
at the individual biological scale and that a close relationship be-
tween adult abundance and population productivity may not exist.
Both agree that understanding of reproductive success in marine fish
requires knowledge of the processes that influence egg production
and fertilization, as well as survivorship of those eggs to maturity
and eventual recruitment to the spawning population (Hedgecock &
Pudovkin, 2011; Lowerre-Barbieri et al., 2009, 2015, 2017). Both
also highlight the fact that LRS dynamics in marine populations differ
from those observed in most terrestrial species (Hedgecock, 1994:
Lowerre-Barbieri et al., 2017).

The SRS proposes that random extrinsic forces are the main driv-
ers of marine fish offspring survival and recruitment. This suggests,
by extension, that large marine populations are poorly adapted to
their environments. In a broad sense, the evidence does not support
this ‘corollary’. As long as critical habitat remains free of anthropo-
genic destruction, heavily exploited marine populations rarely reach
abundances sufficiently small for concerns about population viabil-
ity (Poulsen, 2010), and they seldom reach effective population sizes
that result in inbreeding, rapid genetic change, overwhelmed selec-
tive forces or loss of genetic diversity (Hauser & Carvalho, 2008;
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TABLE 5 Intrinsic influences on effective population size in contexts of generation length or lifetime variance in reproductive success.

Literature citations for table cell entries are provided in Table S1b.

Population/traits and Parameter
measures Red drum Southern bluefin tuna Silver seabream influenced
Age at maturity 4 (50%); 5 (100%) 8 (50%) 5(39%); 6 (100%)
Longevity 36-40years 30-40years 50-60years
Reproductive lifespan ~32-36years ~22-32years ~45-55years
Important difference Southern bluefin tuna has delayed maturity while silver seabream has the longest generation T
length.
Maximum body weight 45kg 260kg 20kg
Maximum body length 974 mm FL 1813 mm FL 588 mm FL
Mean batch fecundity 2,548,137 6.5 million 45,785
Important difference Degree of hyperallometric scaling is low in red drum, high in southern bluefin tuna and silver Vi
seabream (Figure 5c, d).
B, of oldest females 2.4 times higher 5.6 times higher 8.6 times higher
compared to youngest
Important difference Oldest female age classes produce more offspring in a given cohort than youngest age classes in Vi
silver seabream compared to red drum and southern bluefin tuna
Lower than expected annual ~ Spawning season of first-year spawners Unknown Unknown
success in fish spawning truncated by ~50%
in their first few seasons
Important result In red drum, early reproductive age classes may contribute less than expected to particular Tand V;
cohorts.
Spawning interval 3.7days Mean 1.4 d (1 with size) Posited daily
Estimated no. of annual ~11 ~19 (based on Atlantic ~55 (based southern
spawning events bluefin tuna) Australian stock)
(female)
Maximum no. of lifetime ~396 ~418 ~2860
spawning opportunities
Important difference Silver seabream breeders have many more lifetime opportunities for reproductive success than Ve

red drum or southern bluefin tuna breeders, albeit at much lower batch fecundities

Ryman et al., 1995). Most importantly, the great diversity and enor-
mous complexities of their reproductive strategies indicate that
natural selection plays a key role in the viability and persistence of
marine populations.

In contrast to the SRS, the RRP proposes that marine species
have evolved their small-eggs strategies to achieve LRS within their
ecological context—that is, that natural selection continually creates
and filters suites of species-specific traits that enable marine fish (in-
cluding those that are harvested) to be reproductively successful ina
wide range of mortality environments (Lowerre-Barbieri et al., 2015,
2017). Further, the RRP hypothesizes that persistent populations
have evolved both density-dependent and fitness feedback loops
made up of fixed, behavioural and ecologically variable traits (see
Figure 3 in Lowerre-Barbieri et al., 2017) and that these feedback
loops, as drivers of LRS, are critical determinants of V;and N, / N,.

The RRP requires a ‘shift’ from the idea that LRS is driven solely
or predominantly by a lottery system that treats natural selection as
a bystander. As noted by Waples and Reed (2023), opportunities for
selection do not represent selection itself. Thus, biologically relevant
genetic mechanisms must be identified demonstrating that small-
eggs reproductive strategies can be adaptive in marine populations

even when reproductive success is strongly skewed towards a rela-
tively small fraction of potential breeders. For example, in a recent
comparison by Arnason et al. (2023), a model based mechanistically
on recurrent and pervasive selective sweeps of abundant beneficial
mutations arising from enormous lifelong fecundities was shown to
provide the best explanation for observed patterns of genetic vari-
ation in whole-genome sequences of Atlantic cod, Gadus morhua,
outperforming a ‘random sweepstake’ (i.e. SRS) model. Whereas a
‘recurrent selective sweepstakes’ (RSS) hypothesis will not apply
ubiquitously to marine populations, unlike SRS, its nexus with the
broader concept of the RRP is obvious. Continued exploration of
this and other genetic mechanisms, with inclusion of the role of
phenotypic plasticity (Lowerre-Barbieri et al., 2016), is strongly
encouraged.

5 | CONCLUSIONS

Ecological paradigms in fisheries science are rapidly changing with
the advent of new technologies, not the least of which are new ge-
netic and genomic approaches. Greater collaboration across fields
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within fisheries science, integrating research from genetics, repro-
ductive dynamics and early life history is needed to better under-
stand the dynamic processes driving reproductive resilience and
how they are impacted by fishing. With improvements in empirical
genetic methodology and non-lethal sampling, as well as a wider
range of tagging/tracking methods, we are developing a more com-
prehensive toolbox. However, a better understanding will also re-
quire embracing new ways of thinking about reproductive success in
marine fish, acknowledging that a broad array of biological, ecologi-
cal and evolutionary interactions drives population resilience and
growth, not just the total number of eggs produced by females and
not just luck.
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