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The stock-recruit steepness (h) and compensation ratio are alternative measures of the degree of density-dependent recruitment. They relate
similarly to the longevity-related life-history traits (LRLHTSs), but studies using information-generating equations and describing such relation-
ships convey three conflicting perceptions. Perception 1 is that h and the compensation ratio decrease as longevity increases and are highest
in short-lived, high-productivity species. This perception, usually believed to be inherent in the definition of steepness, is not substantiated by
the very definition and, hence, theoretically is wrong. Perception 2 is that h and the compensation ratio increase with longevity and are high-
est in long-lived, low-productivity species; this perception may occur when the relationships between natural mortality and other LRLHTSs are
strong, and is most likely correct. Perception 3 is that h and the compensation ratio are independent of LRLHTS; this perception may be
caused by the lack of the relationships between natural mortality and other LRLHTS, and is a distortion of perception 2.
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Introduction

Contemporary fisheries management ideally relies on two alterna-
tive, interconvertible stock-recruit parameters measuring the
strength of density-dependent recruitment (recruitment compen-
sation). First is steepness, which is the ratio of (i) the unexploited
recruitment produced by 20% of the unexploited parental stock
to (ii) the unexploited recruitment produced by the entire unex-
ploited parental stock (Mace and Doonan, 1988; Francis, 1992).
Second is the Goodyear recruitment compensation ratio
(Goodyear, 1980), hereinafter referred to as compensation ratio;
this parameter has also been called maximum lifetime reproduc-
tive rate (Myers et al., 1999, 2002) and maximum recruits per-
recruit (Goodwin et al., 2006) at low spawner abundance. The
terms density-dependent recruitment, recruitment compensation,
and compensatory recruitment are herein used interchangeably
to refer to steepness, the compensation ratio, or both.

The compensation ratio in its strict sense is the change in egg-
to-recruit mortality when a stock is reduced from an unfished level
to a near-zero level (Walters and Martell, 2004; van Poorten et al.,
2018). The change in question may result from mechanisms such
as food supply, competition among juveniles, juvenile predation,
cannibalism, and reduced abundance through factors like fishing.
C. Walters (pers. comm.) holds that no relationships exist between
the compensation ratio thus defined and the usual adult life-
history traits such as absolute fecundity, natural mortality, and lon-
gevity [however, through this opinion, the alleged impact of fishing
on the compensation ratio is ipso facto cancelled if it is agreed that
(i) fishing deals with the recruited, adult stages; (ii) fishing trun-
cates the age and size structures and contributes to reducing stock
abundance and maximum age; and (iii) fishing can induce density-
dependent fecundity and, perhaps, density-dependent natural mor-
tality]. However, under Walters and Martell’s (2004) and van
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Poorten et al’s (2018) definition of the compensation ratio, higher
recruitment compensation can be expected for some of the long-
lived demersal species whose juveniles can hide more efficiently
from predation risk than can juveniles of small pelagic fish that are
at high risk no matter how they behave (C. Walters, pers. comm.).
Studies that so far calculated steepness (using information-
generating equations described below) by incorporating some in-
put requirements of the abovementioned definition of the com-
pensation ratio include Mangel et al. (2010), Simon et al. (2012),
Brodziak et al. (2015), and Kai and Fujinami (2018), but, overall,
the data requirements on the temporal variation in food density,
the feeding behaviour, and the dynamics of pre-recruited stages for
calculating the compensation ratio as defined by Walters and
Martell (2004) and van Poorten et al. (2018) may be seldom avail-
able for most exploited populations.

Perhaps due to the paucity in the data needed to calculate the
compensation ratio based on the feeding ecology and the dynam-
ics of early life stages, stock-recruit model outputs of annual
spawning stock biomass and recruitment as well as the unfished
spawning biomass per-recruit (computed using annual vital
rates) have been the basis for obtaining a snapshot of the com-
pensation ratio as defined by Walters and Martell (2004) and van
Poorten et al. (2018). Thus, the compensation ratio has often
been calculated as the unfished spawning biomass per-recruit
multiplied by the slope at the origin of a stock-recruit curve; the
slope in question usually refers to annual recruitment and has
been called maximum annual recruit production (e.g. Shepherd,
1982; Goodwin et al., 2006) and an indicator of the compensatory
reserve (Rose et al, 2001). This article is mainly based on the
compensation ratio thus calculated because such a parameter has
been widely used (e.g. Myers et al., 2002; Goodwin et al., 2006;
Munyandorero, 2020).

Compensation ratio and steepness have been used in two ways.
First, compensation ratio and steepness were substituted for the
traditional parameters of stock-recruit relationships (SRRs) in
stock assessment and simulation models of exploited population
dynamics (e.g. Martell et al, 2008a; Allen et al, 2013;
Wiedenmann et al., 2013, Methot et al, 2019). Second, steepness
was expressed as functions of the compensation ratio for develop-
ing informative prior distributions of steepness (e.g. Myers et al.
2002; Mangel et al., 2010; Munyandorero, 2020). This is the rea-
son why such equations are herein referred to as information-
generating equations.

Unfortunately, studies that used information-generating equa-
tions yielded results or were the basis of postulates supporting
differing perceptions on the life-history covariates of recruitment
compensation. The simultaneous validity of those perceptions
may be questionable, but each perception appears to have
instilled a sense of belief and reasoning which, in turn, have influ-
enced analysis setups, especially in simulation testing models,
depending on the schools of thought researchers belonged to. For
example, Coggins et al. (2007, p. 200 and Table 1) assumed that
recruitment compensation was strongest in long-lived species
based on meta-analysis results in Myers et al. (1999) and
Goodwin et al. (2006). Similarly, Allen et al. (2009, p. 262 and
Table 1) assigned a high compensation ratio of 30 to Murray cod
(Maccullochella peelii peelii) and Gwinn and Allen (2010, p. 628)
assigned a moderate compensation ratio of 15 to largemouth bass
(Micropterus salmoides), considering that these species were, re-
spectively, long-lived and short-lived predators. In contrast,
Wiedenmann et al. (2013, Table 2) also made the use of Myers

879

et al’s (1999) results but were rather consistent with a perception
advocated by Mangel et al. (2010) according to which recruit-
ment compensation would be strongest in short-lived species.

The first objective of this study is to point out that the litera-
ture that relied on information-generating equations has pro-
duced results and theories that convey three conflicting
perceptions on the life-history covariates of recruitment compen-
sation. That is, recruitment compensation (i) was postulated to
be increasing with life-history variables negatively related to lon-
gevity (e.g. Mangel et al., 2010, p. 92) and, hence, would be
expected to be highest in short-lived, high-productivity species;
(ii) was found to be increasing with life-history variables posi-
tively related to longevity and to be highest in long-lived, low-
productivity species (e.g. Goodwin et al., 2006, Figure 4c and d);
and (iii) was found to be independent of life-history traits related
to longevity (Shertzer and Conn, 2012) and, hence, would be sim-
ilar across life histories. Furthermore, if one contemplates that
only one perception must be correct and that the other two per-
ceptions are questionable, then the second objective of the study
is to comment on the perceptions in question to elucidate the
reasons why a perception is likely correct or otherwise is wrong
or is distorted. Before documenting and commenting on those
perceptions, the commonly used expressions of steepness in rela-
tion to the compensation ratio and their properties are presented.
These properties are meant to be preliminaries for gaining insight
of the comments made and, especially, to show that adult natural
mortality is the main determinant of compensatory recruitment
inferred from information-generating equations.

Equations of steepness as functions of the

compensation ratio

The unfished spawning biomass per-recruit @, (see Table 1 for
other notations used) is considered to have been calculated using
appropriate age- or stage-structured life-history variables. The
maximum annual recruit production a must have been estimated
using annual time series of spawning stock biomass and recruits
generated with stock assessment models, independently of SRRs
parameterized in terms of steepness (/) or the compensation ratio
(a.k.a. lifetime reproductive rate) calculated as a multiplied by ®,.
It should be noted that the parameter a represents the number of
recruits per unit of spawning stock biomass and is a proxy of egg-
to-recruit survival for the near-zero number of eggs produced. It
should also be noted that the compensation ratio is the ratio of (i)
maximum annual recruit production at near-zero spawning stock
biomass (a) to (ii) the annual recruit production at the unfished
spawning stock biomass (1/®@). The quantity 1/®, is the slope of
the unfished replacement line of a stock-recruit curve and is a
proxy of egg-to-recruit survival for an unfished state.

For two-parameter SRRs, steepness as functions of the com-
pensation ratio can be generically written as h= f{a®,). Such
functions have been often expanded on the Beverton—Holt SRR
(BH-SRR) of the form R = aS/(1+ bS) and on the Ricker SRR
(R-SRR) of the form R = aS$ exp(—bS), where R is recruitment, S
is spawning stock biomass, and a and b are parameters (e.g.
Myers et al., 2002; Brooks and Powers, 2007). The functions are:

u(D()

h= f(a(Do) = rmq)o

for the BH — SRR, (1)

and
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Table 1. Notations used in this aricle.

Symbols Description

M Adult constant natural mortality, herein assumed to be
similar for all ages

a* Slope at the origin of a stock-recruit curve, also called

maximum annual recruit production if the parental
stock is in mass unit and the recruitment is in
number—a is used along with the parameter b in
various stock—recruit relationships

Dy* The unfished spawning biomass per-recruit

R Recruitment

S Spawning stock biomass

h Parameter of a stock-recruit relationship

n A shape parameter of a three-parameter stock—recruit

relationship

B Total stock biomass (= spawning stock biomass) in
Mangel et al.’s (2010, 2013) production models

N Total stock size in number (= number of spawners) in
Kindsvater et al.’s(2016) production model

T Index for time

F Fishing mortality

t Index for age

Tinax Maximum observed age

Too An age greater than T .4

l; Survivorship (i.e. the probability that a recruit will survive
to age t) in the absence of fishing

Y, The probability of maturation at age t multiplied by the
weight at age t

Eo Total number of eggs produced at the unfished state

Eiow The low number of total eggs produced (typically, this
number approaches zero)

Mo Egg-to-recruit total mortality rate for E,

Miow Egg-to-recruit total mortality rate for Ey,,,

Riow Recruitment produced by E,,,

Ro Unfished recruitment produced by E,

€ Total number of eggs produced at age t

So Unfished spawning stock biomass

ro Unfished recruitment produced by S,

rs Unfished recruitment produced by 20% of S,

K Growth rate for following the von Bertalanffy growth
function

Loo Asymptotic length following the von Bertalanffy growth
function

*The compensation ratio is given by a multiplied by ®,,.

h = f(a®y) = 0.2(a®y)"® for the R — SRR. )

A generic function for three-parameter SRRs (Punt and Cope,
2019) can be represented by h= fla®,, n), where n is the shape
parameter. For the original Shepherd SRR (S-SRR) as written by
Mangel et al. (2013), i.e. R= aS/[1 + (bS)V™,

0.261@0

=] (3)
1+ 0.2i(a®y — 1)

h = f(a®,, n)

When n is particularly equal to 1, (3) reduces to (1).

In Mangel et al. (2013), the steepness equation expanding on
their production model, where recruitment is governed by the S—
SRR (BI1.1 and B1.2), is an analogue of (3). In fact, in (B1.2), the
ratio 1/M (M is natural mortality), which has usually been used
to measure the mean life-span of a species (Mangel, 1996), corre-
sponds to @, inherent in their production model
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(Munyandorero, 2015). Throughout this article, the ratio 1/M or
(1=7)/M in (1)—(3) (r is the fraction of females in the popula-
tion), as shown in (B1.2) and (B1.5)—(B1.6) (Box 1), should be
thought of as @, keeping in mind that such an @, is inversely re-
lated to natural mortality (see Box 1 about when that ratio would
be meaningful in terms of mass unit per-recruit). The product of
a and 1/M or (1 — r)/M gives what Mangel et al. (2010) call the
Beverton number, and these authors noted that that number is
exactly the compensation ratio.

Properties of steepness as functions of the

compensation ratio

The functions h= fla®,) and h= fla®,, n), particularly (1)-(3),
can be described as information-generating equations because
they have often been used to construct informative prior distribu-
tions of h and the compensation ratio (e.g. Myers et al., 2002;
Mangel et al, 2010; Munyandorero, 2020). Information-
generating equations show that:

(i) For a population characterized by a set of life-history varia-
bles, all candidate parametric SRRs involve a unique com-
pensation ratio (a®,). In those SRRs, the value of a®, must
be >1 for a population to persist even in the absence of fish-
ing (Martell et al, 2008a). Thus, & must be >0.2. For the
BH-SRR, h is always <1 because in (1), the numerator is
smaller than the denominator; setting h to 1 (i.e. 4 = 0)
would be a fallacy.

(ii) The dependent variable h and its predictor a®, (both of
which measure density-dependent recruitment) are pre-
dicted and confounded by the density-independent parame-
ter a.

(iii) For three-parameter SRRs, the parameter # also predicts h.

According to Mangel et al. (2013), the functions h= fla®,)
and h= f{a®,, n) help in understanding the steepness connection
with life-history traits incorporated into @, so they can indeed
be suitable for investigating how longevity-related life-history
traits (LRLHTS) covary with steepness. At first, ki is a monotoni-
cally increasing, saturating function of the compensation ratio for
the BH-SRR and a non-saturating function of the compensation
ratio for the R-SRR (Figure 1). This property is fundamental. It
has three major corollaries: (i) that steepness and the compensa-
tion ratio vary similarly with the same variables; (ii) that, at stock
level, density-dependent factors inducing increase in compensa-
tory response elevate steepness; and (iii) that populations whose
LRLHTs are conducive to high compensation ratios have high
steepness.

Upon expanding the expression of the compensation ratio, it
is possible to gain insight on the connection between steepness
and LRLHTS and, specifically, to note that adult natural mortality
likely is the main predictor of the compensation ratio (Box 2).

On the life-history covariates of steepness and

compensation ratio

There is a wealth of literature describing empirical and theorized
relationships (i) between steepness h or the compensation ratio
and maximum annual recruit production a (e.g. Goodwin et al,
2006; Mangel et al, 2010, 2013; Kindsvater et al, 2016;
Munyandorero, 2020) and (ii) between h or the compensation
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Box 1. Mangel et al.’s production model variants and their associated life-history traits
The production model of Mangel et al. (2013) is a differential equation describing the biomass change at time 7 as follows:
dB aB
—:—W—(M+F)B, (B1.1)
dr 14 (bB)
where B is the total biomass, M is the natural mortality, and F is the fishing mortality; a, b, and n are parameters of the Shepherd SRR (S-SRR),
W. Mangel et al. (2013) showed that the stock-recruit steepness parameter (h) expanding on (B1.1) is
0.2a+
h o= M . (B1.2)
1+ 02Y"(ad - 1)
The S-SRR reduces to the BH-SRR when n=1.
Mangel et al. (2010) used a model like (B1.1), but the recruitment was described by the BH-SRR based on females:
ds _ a1 — B (M + F)B (BL.3)
dt =~ 1+ b1 — r)B ’ ’
where a and b are parameters and r is the fraction of females in the population. Kindsvater et al. (2016) focused on the number (N) change at
time 7 as
s _ _aN (M + F)N (B1.4)
dt 1 + bN ' ‘
The equations of h expanding on (B1.3) and (B1.4) are, respectively,
a-r
a
- 1\/(1] ) (B1.5)
4 4+ a5~
and
at
h = —%—. B1.6
4 + al (BL.6)

It should be noted that (B1.6) is a reduced form of (B1.2) when n =1.

Before Mangel et al.’s (2010, 2013) and Kindsvater et al.’s (2016) studies, Martell et al. (2008b) had integrated (B1.1) involving the BH-SRR and
Martell and Walters (2008) had integrated (B1.4) to produce time-dynamics equations with the recruitment stage and the adult stage. The pro-
duced equations were indeed delay-difference (or stage-structured) models.

Munyandorero (2015) used a variety of delay-difference models to develop the composite (i.e. age-aggregated or stage-structured) yield per-
recruit models and the related composite spawning stock per-recruit (CSSR) models. He showed that the ratio 1/M in (B1.2) and (B1.6) and
the ratio (1 — r)/M in (B1.5) are the unfished CSSR and are analogues of the unfished spawning stock biomass per-recruit calculated through
age-structured models [the unfished CSSRs 1/M and (1 — r)/M are not intuitive because they are not in mass units; they usually follow from
the fact that both the parental stock, and recruits in a delay-difference model are in number or biomass. They would be in mass unit if the pa-
rental stock was in biomass and the recruits were in number but were associated with a mean weight w;,. In that case, the previous unfished
CSSRs would become w,/M and (1 — r)w,/M. Therefore, in the context of SRRs used in (B1.1), (B1.3), and (B1.4), (1 — r)M and M represent the
slopes of the unfished replacement lines of the stock—recruit curves used in Mangel et al.’s production model variants.

ratio and LRLHTS, especially the unfished spawning biomass per-
recruit @, and its arguments, i.e. growth, natural mortality, and
reproduction rates (e.g. Goodwin et al., 2006; Shertzer and Conn,
2012; Brodziak et al., 2015; Munyandorero, 2020). In the previous
literature, h has been often calculated using (1), whether @, was
based on age- or stage-structured variables [the types of (1) in-
volving stage-structured variables are (B1.5)—(B1.6)]. Regardless,
those studies show three conflicting perceptions (henceforth
called perceptions 1, 2, and 3) on how h and the compensation
ratio vary with LRLHTSs.

The expected patterns of steepness and the compensation ratio
in relation to longevity (Ti,.x) are shown in Figure 2. The plots are
constructed using (i) the compensation ratio values ranging from
1.01 to 200.01, by the step of 0.1, and (ii) 200 maximum ages T
from age 1 by the step of 0.025year. Then, if need be for plotting
purposes, M, @, and a can be calculated, respectively, as
M= 1/Tya0 Py = 0.0013 T, (Goodwin et al., 2006; the genera-
tion time is used as a proxy of Tp,.,), and a=4h/®y(1 — h). For
Figure 2e and f, h and the compensation ratio are set, respectively,
to the means of 0.75 and 12 in Shertzer and Conn (2012).
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Box 2. Expanding the compensation ratio for gaining insight on its predictors

The connection of density-dependent recruitment with LRLHTs can be comprehended by expanding the expression of the compensation ratio
such that

T
a®y = a Z LY, (B2.1)

t =0

where T is an age greater than the maximum age (Tn.x) Of a species, I, is the age-specific survivorship (i.e. the probability that a recruit will sur-
vive to age t) in the absence of fishing [l, = 1 fort=0and I, = I, _ jexp(—M) for t > 0; equivalently, |, = exp(—Mt) for any age], and P, is the
probability of maturation at age t multiplied by the weight at age t (itself a function of growth variables). ®, = ELT*: o le¥¢ clearly is an inci-
dence function where I, (hence M) directly controls the reduction levels of a recruitment of size 1 (for which I, = 1; for a recruiting age group,
which is herein age 0, initializing the recruitment at 1 is equivalent to assuming that the survivorship at that age is 1) to successive ages.
Therefore, via I, the compensation ratio is confounded with the cumulative, exponentially decrementing effects of M on a recruit during its life-
time in an unexploited population, I, having a as global, outer weight and ‘¥, as age-specific, inner weight. Thus, the main predictor of the com-
pensation ratio in information-generating equations appears to be M, keeping in mind that, for a given species, M and T, theoretically are
inversely proportional (MT,,,,x = 1) and, across the continuum of life histories, vary inversely.

The previous arguments hold for the compensation ratio as defined in Walters and Martell (2004) and van Poorten et al. (2018), i.e. the com-
pensation ratio is equal to e(Ms~Mev) where M, is egg-to-recruit total mortality rate for the unfished state, Eq, and Mo, is egg-to-recruit total
mortality rate for the near-zero number of eggs produced, £, (i.e. the parental stock in terms of total eggs produced is severely depleted). In
fact, with reference to the BH-SRR geometry, for example, e(Mo—Mow) can be rewritten in the form of the compensation ratio used in this article,
considering (i) that the egg-to-recruit survival components (e.g. survivals from starvation, predation, diseases) for E,,, are lumped into the ratio
R|OW/E|OW:

~Miy _ Riow
Eiow

e

= a (i.e. the slope at the origin of the stock-recruit curve), (B2.2)

where R, is recruitment at £, and (ii) that the egg-to-recruit survival components for E, are lumped into the ratio Ry/Ey:

R 1
e M — E—O = a(i.e. the slope of the unfished replacement line of the stock-recruit curve), (B2.3)
0 o
where Ry is recruitment at Ey and @, is the unfished number of eggs per-recruit. Here, ®, can be expanded as @y = Z}; o lt€, Where € is to-

tal eggs produced at age t; I, follows from M applicable to the recruited females and can be calculated as above. Thus, in the context of the BH-
SRR geometry, the compensation ratio in Walters and Martell (2004) and van Poorten et al. (2018), eo—Mev), can be lumped into the ratio of
(B2.2)-(B2.3) (i.e. the ratio of recruit production at the near-zero number of eggs produced to recruit production in the unfished state). Because
My is equal to —In(Ro/Ey) = In(Dy), it is a function of M endured by spawners among post-recruits in the unfished state (@, is basically predicted

by both M and €;). Because the compensation ratio is predicted by M through @, steepness is also predicted by M.

Perception 1
Perception 1 was advocated by Mangel et al. (2010, p. 92, 2013,
p. 935) and Kindsvater ef al. (2016, Table 1 and p. 5 of Appendix
S1), who postulated that h increases as the maximum annual re-
cruit production (a) increases (Figure 2a and b). The postulate “h
increases with a” was based on theoretical analyses employing the
following information-generating equations: equation (13) in
Mangel et al. (2010), equations (6) and (11) in Mangel et al.
(2013), and equation (S1.18) in Kindsvater et al. (2016). It con-
curs with the comment by Shertzer and Conn (2012): “A higher
value of steepness translates into higher expected productivity,
particularly at low levels of spawning stock biomass (Figure 1)”.
Under this perception, SRRs of short-lived, highly productive
species [characterized by high M, a, and unexploited number of
recruits 7y (produced by the unfished spawning stock biomass
So), small @, as well as short reproductive span and generation
time] would have higher steepness.

Perception 1 has been a paradigm often used to guide analyses
of, or to characterize beliefs about, stocks’ productivity and

14
7 12
é e 10 .
g ' £
& g =
— )
] =
z 6§ %
£ c
4 4 F
-
2
i
034 2
.’-
02 0
1 50 99 148 197

Compensation ratio

Figure 1. The variations of steepness as functions of the
compensation ratio. These functions are given by (1) for the
Beverton—Holt stock-recruit relationship (solid line) and by (2) for
the Ricker stock-recruit relationship (dash-dotted line).
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resilience to fishing. That is, in simulation testing analyses in par-
ticular, SRRs of short-lived, highly productive species have been a
priori assumed to have high steepness and the opposite has been
assumed for long-lived, low-productivity species; SRRs of
medium-lived and medium-productivity species have been
assigned some intermediate steepness values (e.g. Wiedenmann
et al., 2013, Table 2; Wetzel and Punt, 2015, Table 1, 2016, Table
2). Before these studies, Myers et al. (2002, Figure 1) appear to
have been contradicted by their results for the species of domain
1 (short-lived and early-maturing species) and to have faced the
dilemma of treating steepness of the population of ayu
Plecoglossus altivelis from Lake Biwa, Japan, as an “outlier” but
“very reliable” estimate. This dilemma suggests their bias towards
perception 1.

Perception 2

Empirical and simulation-based relationships between the com-
pensation ratio or steepness (h) and LRLHTSs indicated that h and
the compensation ratio tended to be highest in long-lived, low-
productivity species (characterized by low M, 4, and r,, high @y,
as well as long reproductive span and generation time), a pattern

(a)
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herein termed perception 2 (Figure 2c and d). Examples of em-
pirical results conveying perception 2 can be found in Rose et al.
(2001, pp. 300-301), Myers et al. (2002, pp. 356-360), Goodwin
et al. (2006, Figure 4c and d), and Forrest et al. (2010, Figure 8c
and d).

On the other hand, simulation models that were developed to
examine the effects of contrasting life histories and of changing
life-history parameters (sensitivity analyses) on the calculations of
h and the compensation ratio indicated that:

(i) Tendency statistics of h increased with asymptotic length
(Brodziak et al, 2015, Figure 3a; Cortés, 2016, Tables 1 and
2) or, equivalently, decreased as M was increased (Brodziak
et al., 2015, Figure 5¢; Munyandorero, 2020).

(ii) h decreased with increased unfished replacement lines of an
SRR curve, i.e. when @ decreased (Brooks, 2013, Figure 3;
Munyandorero, 2020).

Hillary et al. (2012, p. 73) also noted that the compensation ratio
correlates positively with @, but they did not indicate whether
their observation was based on empirical or simulation analyses.

—
O
~

O 200
©
o 150 -
5
0 1004
c
g
£ 504
o
O o
0 10 20 30 40 50
(d)
O 200
<
o 150 -
I
@ 100 -
g
E 50
o
O o
0 10 20 30 40 50
)
.© 200
©
I
@ 100 -
g
£ 501
o
O O L T T T T T T
0 10 20 30 40 50
T max (years)

Figure 2. Schematic patterns of the BH-SRR steepness (h, left panels) and compensation ratio (right panels) in relation to longevity (T nax)
according to (a and b) perception 1, (c and d) perception 2, and (e and f) perception 3. Note: perception 1 usually follows from the
relationship between h and the parameter a (e.g. Mangel et al., 2010), which is theoretically correlated negatively with T,,,,, and perceptions
2 (e.g. Goodwin et al. 2006; Brodziak et al., 2015) and 3 (e.g. Goodwin et al., 2006; Shertzer and Conn, 2012) usually follow from the
relationships between h or the compensation ratio and the parameters positively or negatively related to T .y
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In fine, perception 2 is opposite of perception 1 (Figure 2a—d),
conveying interpretations that contrast with those of Shertzer and
Conn (2012) through their Figure 1. With empirical relation-
ships, however, estimates of h for medium-lived and large-bodied
species can be higher than estimates of h for long-lived and
medium-bodied species, but short-lived species have the lowest
steepness (e.g. Thorson et al,, 2015, Figure 1a).

Based on meta-analysis results in Myers et al. (1999) and
Goodwin et al. (2006), Coggins et al. (2007, p. 200 and Table 1),
Allen et al. (2013, Table 1), and Gwinn et al. (2015, pp. 265-266
and Table 1) adopted perception 2 by assigning smaller compen-
sation ratios to short-lived, high-productivity species and higher
compensation ratios to long-lived, low-productivity species.
Input values in equations (8)—(13) of Thorson et al. (2015) were
also taken from Myers et al. (1999) and conform to this
paradigm.

Perception 3

Perception 3 (Figure 2e and f) suggests that steepness (h) would
be independent of LRLHTSs (Shertzer and Conn, 2012, pp. 39 and
46-48) or that LRLHTs would explain the compensation ratio
(hence h) very little, except for @y, with which the compensation
ratio correlates positively (Goodwin et al., 2006). There were also
no relationships between the compensation ratio or h and
LRLHTS in Forrest (2008) as well as between 4 and LRLHTS in
Wiff et al. (2018).

It is not clear if, following perception 3, a single value or prob-
ability distribution of steepness and compensation ratio should
be assigned to all exploited populations worldwide. The works of
Shertzer and Conn (2012) and Wiff et al. (2018) were developed
for generating prior distributions and tendency statistics of steep-
ness applicable in stock assessments of, for the former study, the
southeastern United States’ demersal fishes (Atlantic, Caribbean,
and Gulf of Mexico waters) and, for the latter, fish resources in
Chilean waters.

Comments on perceptions 1-3

One may be wondering whether the various relationships (posi-
tive, negative, and none) between h or the compensation ratio
and life-history variables, as prescribed or obtained using
information-generating equations, are simultaneously correct.

On perception 1

The postulate “h increases as a increases” or a comment favour-
ing it (i.e. steepness by definition is positively correlated with
the maximum annual recruit production in any case where re-
cruitment monotonically increases with spawning capacity be-
yond 20% of the virgin level) was deemed to be a truism (sensu
a reviewer). Thus, the postulate in question and the perception
it conveys (perception 1, i.e. steepness and the compensation ra-
tio are highest in short-lived species) may be widely accepted,
even via applications not explicitly using information-
generating equations (e.g. Porch and Lauretta, 2016), in which
high steepness was perceived as an indicator of high productiv-
ity at low spawning stock biomass. Yet that postulate fundamen-
tally departures from the recruitment compensation
expectations of life-history theory of Rose et al. (2001), through
which these authors proposed and demonstrated empirically a
pattern of density-dependent recruitment consistent with per-
ception 2 (i.e. steepness was highest in long-lived species,

J. Munyandorero

therein aggregated into an endpoint of periodic life-history
strategy). Moreover, in comparison with the postulate under re-
view, other empirical and simulation-based relationships are
quite otherwise (e.g. Goodwin et al., 2006, Figure 3c—d;
Munyandorero, 2020, Table 3).

Because the recruitment compensation expectations of life-
history theory and other empirical and simulation-based evi-
dence on recruitment compensation challenge the postulate “h
increases as a increases” (conceptually seen as inherent in the
definition of steepness according to its advocates), the focus
herein is on determining, using first principles of the definition
of steepness, whether that postulate is substantiated by the very
definition and, hence, whether perception 1 theoretically is cor-
rect or wrong. To start, consider the BH-SRR of the form R =
aS/(1+ bS). 1t is also considered that, for a given stock, the pre-
vious equation for the BH-SRR provided a trustworthy fit to the
stock—recruit pairs generated with an assessment model condi-
tional on a set of fishery data and life-history parameters. Under
a stable age-structure, the definition of steepness involves @,
the recruitment r, produced by the unfished spawning stock
biomass Sy (S = 10P), and the recruitment r; produced by
20% of S, (Francis, 1992; Haddon, 2001)—in the context of
Mangel et al’s production model variants (Box 1), it is worth
keeping in mind that ®, = 1/M or @, = (1 — r)/M because
both the parental stock and recruits are in number or in biomass
(Munyandorero, 2015). The values of 1, and r; then can be pre-
dicted by

aS() (ﬂ(Do — 1)
L RN ol Iy 41
T bs, o b, S
0.26150
e 42
T T 0208, (42)

For the abovementioned form of the BH-SRR, steepness h is,
by definition, given by the ratio :—gwhich simplifies as

hﬁOZ(l + b50)702(1 + bi’oq)o)i aCDo (Sa)
Tl 4+ 02bSy 1+ 02brg®y 4 + ady”

Likewise, for the R-SRR R = aS exp(—bS) with 7y = % and
1y = 0.2aSpexp(—0.2bSy) and for the S-SRR R = aS/[1 + (bS)V™

(a®p—1)" 0.2aSy : :
R ——=24%0 " the equations definin
b, 1 +(0.268)"" 4 8

steepness simplify, respectively, as

with 1y = and rj =

0 Ze—O.ZbSD 0 ze—O.ZerCDU

h= e—bS - e—bro® = 0'2([1(1)0)0.87 (5b)

.

. 0.2 [1 + (bSo)%] _ 0.2[1 + (bry®y )

14 (02 bS)" 14 (0.2 bro®p)
0.20@0
= —. (5¢)
1+ 0.2 (a®y — 1)

EC

In (5a)—(5c), the quantity bSy = bry®, is a simple transforma-
tion of the compensation ratio: bS; = a®y — 1, bSy = In(ad,),
and bS, = (a®, — 1)" for the for BH-SRR, R-SRR, and S-SRR,
respectively. It follows that bS, is also a measure of density-
dependent recruitment, which is positively correlated perfectly
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Figure 3. Scatterplots of natural mortality M against asymptotic length L., growth rate K, size at 50% maturity Lm, and observed maximum
age T nax for demersal marine fishes analysed by Shertzer and Conn (2012, Table 1) [see also SEDAR 24-AW-06 available at http://sedarweb.
org/docs/wpapers/SEDAR24-AW06.pdf; these results data consisted of a subset of a dataset used by Rose et al. (2001)]. Except for M, L, K,
Lm, and T, were not available in the metadata used by Shertzer and Conn (2012); the latter four parameters are assembled from various
sources. Shertzer and Conn’s (2012) metadata comprises 94 stocks; the value of n shown in the plots is the number of populations for which

a parameter was obtain.

with a®,. Thus, bS, and a®, must correlate similarly with a. Like
for a®,, the quantity bS, and a are not necessarily independent,
but stating that bS, increases with a would be equivalent to the
postulate “h increases as a increases”.

Equation (5a) shows the following three properties of the defi-
nition of steepness and helps in making various observations
[such properties and observations hold for (5b) and (5¢) as well
as for equations defining steepness expanding on any parametric
SRRs, such as those found in Punt and Cope (2019)]:

(i) The far-right expression of hin (5a) is (1) but, importantly,
is equivalent to the first two expressions of h in (5a) and, as
such, is itself the definition of steepness.

(ii) The far-right expression of h in (5a) may let one think that
steepness is positively related to g, but this would not be the
correct interpretation because steepness cannot be so by
leaving @, out: steepness always involves the product of a
and @, (Brooks and Powers, 2007), which is the compensa-
tion ratio. So, as detailed in the second and third sections
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Figure 4. Scatterplots of natural mortality M against asymptotic length L., growth rate K, size at 50% maturity Lm, and observed maximum
age Tmax In supplementary data of Wiff et al. (2018). T,,,.x was not provided in those data; they are taken from Munyandorero (2015) and
FishBase (www.fishbase.org/), but none was available for White marlin (Tetrapturus albidus).

above, steepness simply is a function of a®, and not of a
alone. This property that directly emerges from the defini-
tion of steepness rules out increase in steepness with a®,
(Figure 1). Thus, in the context of information-generating
equations and to be consistent with the definition of steep-
ness, one must say that steepness increases as the compensa-
tion ratio increases and that, for the BH-SRR, steepness
approaches 1 when the compensation ratio approaches in-
finity. In this context, if stock-specific density-dependent
factors induce increase in the compensatory response, then
steepness increases; for an among-stock comparison, stocks

(iii)

with the highest compensation ratios have the highest
steepness.

For the postulate “h increases as a increases” to be true us-
ing the far-right expression of h in (5a), ®, must, whatever
the value of g, be a constant or, owing to a less restrictive as-
sumption, @, and a must be independent of each other.
Under such a circumstance, the postulate “h increases as a
increases” would rather be an exception to the rule (i.e. h
increases with a®,), but constraining @, to a constant for
any value of 4, or assuming that @, and g are independent,
would be unrealistic, nay wrong. Nor would it be supported
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by empirical relationships: the parameter a has a strong neg-
ative correlation with @, (Denney et al., 2002, Appendix A;
Goodwin et al, 2006, Figure a and b; Munyandorero, 2020,
Table 3).

On perception 2

For perception 2, high steepness and compensation ratio for
long-lived species has been observed in many studies. According
to Rose et al. (2001, pp. 209-300) and Goodwin et al. (2006, p.
499), the patterns of steepness and compensation ratio seen
across a range of fish life-spans are mediated by life-history traits.
Most of those traits (@, reproductive span, generation time, as-
ymptotic size, etc.) are functions of or correlate with natural mor-
tality M—the explanatory power of M on those traits or the
correlations of M with them becomes stronger as, for each popu-
lation, M Ty, approaches 1.

Although short-lived species tend to have higher maximum
annual recruit production, M decrements drastically their popu-
lation sizes and realized ®, during a few early years of their
shorter life spans (Munyandorero, 2020), when all vital rates
(growth, reproduction, survival) appear to be completed. The
resulting low compensation ratio suggests that compensatory re-
cruitment processes may be beginning in early stages of life, when
recruitment density-independent processes would be still operat-
ing. In contrast, long-lived species may have distinct life-history
stages during which the previous processes may be overlapping
very little. That way, perception 2 is consistent with the life-
history continuum theory, in which weak density-dependent re-
cruitment is typical of short-lived, “highly reproductive species”,
while strong density-dependent recruitment characterizes long-
lived, “survivor species” (Rose et al., 2001, pp. 299-301; Goodwin
et al., 2006, p. 499). Forrest et al. (2010, p. 1620) agreed with the
previous life-history theory, noting that populations with low M
values tended to have higher steepness and that “stronger recruit-
ment compensation are expected to be able to be sustained at
lower levels of spawning biomass”.

On perception 3

For perception 3, the lack of statistical relationships between h
and M as well as between h and age at maturity, led Shertzer and
Conn (2012) to conclude that either this was a fact or the data
were uninformative to detect the relationships [note that the
dataset used by Shertzer and Conn (2012) was largely made by a
subset of Rose et al.’s (2001) dataset]. Commenting on those lack-
ing relationships, Mangel et al. (2013) said that steepness was a
function of many life-history variables and that projecting a mul-
tidimensional space into two separate dimensions was guaranteed
to generate considerable scatters that would obscure among-
species biological relationships. But although Shertzer and Conn
(2012) rightly said that M characterizes longevity, there were, in
their study and in that of Goodwin et al. (2006), no relationships
between M and other LRLHTS as predicted by the life-history the-
ory [Figure 3; see, for example, the expected relationships be-
tween life-history variables in Adams (1980)]. In fact, most M
values in Goodwin et al. (2006) and Shertzer and Conn (2012)
have been set to 0.2 irrespective of longevity. In contrast, M val-
ues in the study of Wiff et al. (2018, Appendix A. Supplementary
data) vary noisily, without trend against the von Bertlanffy
growth parameter L., and the size at maturity; they show
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moderate patterning with the von Bertlanffy growth parameter K
and maximum age (Figure 4).

Conclusion

Based on results obtained using information-generating equa-
tions, this article documents three conflicting perceptions on the
observed and postulated directions (positive, negative, and none)
of the relationships between steepness or the compensation ratio
and life-history variables. These perceptions cannot be all simul-
taneously true. Their coexistence raises a theoretical question re-
garding the correct perception, wrong perception, and distorted
perception. Deeper investigations into such an important topic
for fishery science and management are warranted.

Meanwhile, the present study suggests that perception 1 (ie.
steepness and the compensation ratio are highest in short-lived,
high-productivity species) theoretically is wrong because the un-
derlying conceptual argument, the postulate “steepness increases as
a increases”, is not substantiated by the definition of steepness.
Moreover, that postulate has no support of empirical and
simulation-based relationships, which suggest either the opposite
(i.e. steepness or the compensation ratio decreases with a) or the
lack of association between steepness or the compensation ratio
and a. Thus, the definition of steepness via information-generating
equations and the results that these equations generate suggest that
the notion that high steepness or high compensation ratio reflects
high productivity (at low spawning stock biomass) may be a fal-
lacy. In this context, analysis assumptions made under perception
1 may be incorrect and the results therefrom may be misleading.

On the other hand, there may not be analytical derivations
allowing the determination of whether perceptions 2 (i.e. steep-
ness and the compensation ratio are highest in long-lived, low-
productivity species) and 3 (i.e. steepness and the compensation
ratio are independent of longevity) are wrong or true. However,
numerical simulations supporting perceptions 2 (e.g. Brodziak
et al., 2015, Figure 5¢; Munyandorero, 2020, Table 3; see also the
comments above on this perception) and empirical relationships
underpinning perception 3 (e.g. Figures 3 and 4) suggest that:

(i) Perception 2 is evident when, in simulations and in metadata
of spawning stock biomass and recruitment, the expected (pos-
itive or negative) patterns of M vs. other LRLHT for the spe-
cies under investigation are strong. Typical patterns of M can
be found in Adams (1980): M is negatively correlated with as-
ymptotic size, maximum length, longevity, and age and size at
maturity and increases with the parameters K, a, and r,.

(i) The lack of the expected relationships between M and all or
some LRLHTS blurs any relationships between /4 or the com-
pensation ratio and other LRLHTSs and, hence, results in per-
ception 3. As such, those lacking patterns of M negate the
previous suggestion and stand to make the metadata (of
spawning stock biomass and recruitment) uninformative
about significant relationships between h or the compensa-
tion ratio and some or all LRLHTS. It follows that perception
3 distorts perception 2, which may be the correct perception.
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