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Abstract

To bridge physiological and evolutionary perspectives on size at maturity in fishes,

the authors focus on the approximately invariant ratio between the estimated oxygen

supply at size at maturity (Qm) relative to that at asymptotic size (Q∞) among species

within a taxonomic group, and show how two important theories related to this phe-

nomenon complement each other. Gill-oxygen limitation theory proposes a mecha-

nistic basis for a universal oxygen supply-based threshold for maturation, which

applies among and within species. On the contrary, the authors show that a generali-

sation of life-history theory for the invariance of size at maturity (Lm) relative to

asymptotic size (L∞) can provide an evolutionary rationale for an oxygen-limited mat-

uration threshold (Qm/Q∞). Extending previous inter- and intraspecific analyses, the

authors show that maturation invariances also occur in lake whitefish Coregonus

clupeaformis (Mitchill 1818), but at both scales, theory seems to underestimate the

value of the maturation threshold. They highlight some key uncertainties in the

model that should be addressed to help resolve the mismatch.
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1 | INTRODUCTION

In aquatic environments, dissolved oxygen is a key physical parameter

affecting the physiology, performance, survival and distribution of

organisms (Ficke et al., 2007; Pörtner, 2001; Pörtner & Knust, 2007;

Wu, 2002). In fishes, oxygen plays an important role in driving trends in

growth and body size (Atkinson, 1994), and oxygen limitation has been

implicated as a mechanism underlying fish size declines because of cli-

mate warming and commercial fisheries (Baudron et al., 2014;

Pauly, 2019; Pauly & Cheung, 2017; van Rijn et al., 2017; Waples &

Audzijonyte, 2016). Changes in oxygen supply and demand during

ontogeny may also influence the size at which fish sexually mature, as

proposed by Pauly (Pauly, 1984, 2021a, 2021b), and shown by experi-

ments on Nile tilapia Oreochromis niloticus (L. 1758) (Kolding

et al., 2008) and guppies Poecilia reticulata Peters 1859 (Diaz Pauli

et al., 2017). Yet oxygen supply and demand as a determinant of fish

growth, body size and maturation has stimulated fierce debate

between its critics (e.g., Lefevre et al., 2017, 2018) and its proponents

(Pauly, 2021a; Pauly & Cheung, 2017, 2018). Recognising the impera-

tive to address issues related to global change in aquatic environments

and to move beyond this stalemate, the authors’ aim was to show that

oxygen-limited maturation is consistent with an evolutionary perspec-

tive as embodied by life-history theory (LHT).

The study of life histories, which refer to the time course of

development, growth, survival and reproduction, can be roughly

divided into studies of proximate vs. ultimate causation. Extending

early discussion of proximate vs. ultimate causation in the context of

animal behaviour by Tinbergen (1963, 2005), proximate mechanisms

include the genetic, ontogenetic, physiological, ecological and beha-

vioural processes that occur within the lifetime of an individual to pro-

duce a life history of a particular form. Physiologists, ecologists and

ethologists generally focus on experimental evidence and will often

overlook the nuances of adaptive function (i.e., fitness value). On the

contrary, evolutionary and behavioural ecologists generally focus on

the underlying adaptive function of a specific life-history combination.

They will often rely on evolutionary models and will usually simplify
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proximate mechanisms to keep problems tractable and general. These

approaches usually proceed along parallel trajectories, with each

informing the other to varying degrees. In some cases, there can be a

more balanced integration of physiological and evolutionary perspec-

tives, most notably through the development of dynamic optimisation

models that include realistic bioenergetic sub-models of fish growth

(e.g., Jørgensen & Fiksen, 2006).

Age and size at sexual maturity have long been the focus of life-

history studies, as these life-history traits are expected to be strongly

tied to lifetime patterns of growth, reproductive output, fitness and

population dynamics (Roff, 1992; Stearns, 1992). In fishes, an intriguing

feature of size at maturity (Lm) is its close relationship with maximum

size (Lmax) or asymptotic size (L∞). This close relationship is particularly

evident among closely related species or among populations within a

species, which tend to have approximately invariant Lm/L∞ ratios.

Among divergent taxonomic groups, most estimates of Lm/L∞ occur

within the range of 0.4–0.8 (Pauly, 1998). The near constancy of Lm/L∞

– at the intraspecific scale – is so pervasive that it was recognised by

Charnov (1993) as one of the three Beverton-Holt life-history invari-

ants in fishes (Beverton, 1963, 1992; Beverton & Holt, 1959).

To bridge physiological and evolutionary perspectives on the

juvenile-to-adult transition in fishes, the authors explore two estab-

lished generalities: invariance in the estimated oxygen supply at size at

maturity relative to that at asymptotic size among species within a tax-

onomic group (Qm/Q∞; Pauly, 1984), and the aforementioned invari-

ance in Lm/L∞. To the best of the authors’ knowledge, no past study

has exposed the relationship between these phenomena in any com-

prehensive way. They will review Pauly's (1984, 2019, 2021a, 2021b)

physiological hypothesis for the regulation of maturation in fishes, and

will then present an evolutionary hypothesis for Qm/Q∞ invariance by

generalising Charnov's (1993) life-history model of Lm/L∞ invariance.

Foundational to the problem of when to mature is how individuals

grow in size, so they will first review the von Bertalanffy growth func-

tion (VBGF), which is common to the Qm/Q∞ and Lm/L∞ models. The

integrated framework of this study clarifies a key assumption that may

underlie invariances in Qm/Q∞ and Lm/L∞, and that should be evaluated

in empirical studies. In the final section, the authors apply the inte-

grated framework in a case study of Qm/Q∞ among populations of lake

whitefish Coregonus clupeaformis (Mitchill 1818). In confronting theory

with data, they identify directions for further research.

2 | VON BERTALANFFY GROWTH
AND GOLT

The development of mechanistic, or metabolic, models of individual

growth has a long history. As explained in Kearney's (2021) and

Pauly's (2021a) reviews, the original and most basic metabolic model

of fish growth was proposed by Pütter (1920) and later elaborated by

von Bertalanffy (1938). This model assumes that somatic growth

reflects the difference between anabolic and catabolic processes, the

former a power function of body mass, and the latter proportional to

body mass. A related conceptualisation is Pauly's (1981, 2019, 2021a,

2021b), which provides the basis of what is referred to as gill-oxygen

limitation theory (GOLT). In GOLT, the anabolic process is interpreted

as the synthesis of body proteins (which requires oxygen supplied

from the gills), whereas the catabolic process is the spontaneous

denaturation of the body's proteins (a process not requiring any oxy-

gen, but which generates an oxygen demand because the denatured

proteins must be replaced by newly synthesised proteins). More

parameter-rich models of individual growth, including ones that

account for reproduction, also exist, including dynamic energy budget

theory and the ontogenetic growth model (see Kearney, 2021 and ref-

erences therein). Ultimately, the environment – both the intrinsic fea-

tures of organisms and the extrinsic factors – sets the parameters for

all metabolic growth models. As shown in Figure 1, growth in a partic-

ular environment then contributes to an organism's life history.

The VBGF follows Pütter (1920) in assuming two sub-models of

somatic growth in mass (or weight W) that accounts for the opposing

processes of anabolism and catabolism:

dW
dt

¼HWd�kWm ð1Þ

where H and k are the coefficients of anabolism and catabolism,

and d and m are the scaling exponents of anabolism and catabolism,

respectively. If we consider the Pauly (1981, 2019, 2021a) interpreta-

tion, the difference between anabolism and catabolism should be

interpreted as the difference between oxygen supply from the gills

that can be used for synthesis of native proteins and the oxygen
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F IGURE 1 A concept map showing the basic structure of metabolic
models of growth and maturity (left-hand side) and evolutionary models
of growth and maturity (right-hand side). On the left, the environment
sets the parameters of metabolic models, which then determine a life
history. On the right, the environment sets the selection factors which
determine an optimal life history. The proximate and ultimate
approaches are linked through a shared environment and because
metabolic models can feed into life-history model as parameters
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demand caused by routine activities and the need for the re-synthesis

of denaturated proteins (see above). Thus, the scaling exponent

d describes how oxygen-uptake capacity, which is proportional to gill

surface area, increases with body size. To elaborate on d, recall that

body mass scales with body length to the power of b, where b � 3

(Froese, 2006), and gill surface area scales with body length to the

power of a, where a � 2 (Pauly, 2019). Given these two scaling rela-

tionships, d = a/b. Considering values of a = 2 and b = 3, e.g., gives

d = 2/3, such that mass-specific oxygen uptake shows an inverse rela-

tionship with body mass (i.e., W2/3�1 = W�1/3). When d < m, oxygen

supply eventually cannot keep up with oxygen demand from tissues

as fish grow, and asymptotic size is approached.

In the standard VBGF, the scaling exponent d is assumed to equal

2/3 and the scaling exponentm is assumed to equal 1, under the assump-

tion that protein denaturation, and thus the oxygen demand required to

re-synthesise the denaturated proteins, is proportional to body mass and

thus weight. After integrating dW
dt and assuming L / W1/3, d = 2/3, and

m = 1, we get the familiar, integrated form of the standard VBGF:

Lt ¼ L∞ 1�e�K t�t0ð Þ
� �

ð2aÞ

where t is age (e.g., in years), L∞ is asymptotic length, K is a

growth constant of dimension time�1, which indicates the rate at

which L∞ is approached, and t0 is the hypothetical age when L = 0.

The parameter K in Equation (2a) and k in Equation (1) are related

through K = k/b with b = 3. In addition, the parameter L∞ in

Equation (2a) is proportional to H/k. Consequently, the catabolism

coefficient k is a component of both K and L∞.

The VBGF, owing to its flexibility and simplicity, has proven to be

a convenient and useful function for the description of growth in

fishes, especially when needed for comparative analyses or evolution-

ary models. With size-at-age data, Equation (2a) can be used to esti-

mate L∞ and K for the convenient interpretation of growth curves and

their environmental determinants. The ubiquitous use of the VBGF

likely explains why it is widely considered to be a phenomenological

or descriptive model, when in fact it is based on assumptions about

general metabolic processes.

Technically, the assumption of d = 2/3 applies only in small fishes

such as P. reticulata; in most fish species, estimates of d based on

studies of oxygen consumption or gill surface area range between

0.70 and 0.85, and reach up to 0.9 for very large fish (e.g., bluefin tuna

Thunnus thynnus L. 1758; Pauly, 1981, 2021a). This means that the

standard VBGF, which initially was validated for P. reticulata

(Bertalanffy, 1938), is only an approximation to a physiologically cor-

rect model for most fish species. When d and b are allowed to take on

different values, this produces the generalised VBGF:

Lt ¼ L∞ 1�e�δK t�t0ð Þ
� �1

δ ð2bÞ

where δ = b(1�d), and δ is equal to the parameter D in Pauly (1981)

when b = 3. This function asymptotes at L∞, where L∞ / (H/k)1/δ. Unlike

the standard VBGF, Equation (2b) has an inflection point at t = t0 –

ln(δ)/(Kδ). Equation (2b) may also be used to fit growth data (using

Lt
δ values) for the estimation of L∞, K and t0 given an assumed

value for δ.

2.1 | The energetic cost of reproduction

VB growth, which results from the differential scaling of anabolic and

catabolic processes with body mass, is agnostic about energy losses

because of the production of gametes or other forms of reproductive

investment after sexual maturity. Therefore, to maintain the assumed

scaling relationships in Equation (1) throughout life, the production

and shedding of gametes must be balanced through compensatory

changes in another demand. For example, Pauly (2019) argued that a

small reduction in locomotory activity during sexual maturation, such

as that seen in roach Rutilus rutilus L. (Koch & Wieser, 1983), could be

a general mechanism to compensate for reproductive losses. Some

alternative conceptualisations of VB-like growth propose an explicit

accounting of reproductive losses, proportional to body mass, after

sexual maturity (Charnov, 2008; Charnov et al., 2001; Day &

Rowe, 2002; Kozłowski, 1996; Lester et al., 2004). In what follows,

we will continue to assume the original VB formulation, because this

is the assumed model of growth that underlies Charnov's (1993) evo-

lutionary model of Lm/L∞ invariance, and could readily accommodate

our generalisation which was to let δ ≠ 1. Later, the authors discuss

the need to address structural uncertainty in the formulation of

life-history models.

2.2 | The K–L∞ relation

An introduction to the VBGF would be incomplete without consider-

ation of the K–L∞ relation, which is often shown as L∞ / K�h, where

0 < h ≤ 1 (Charnov, 1993; Jensen, 1997; Perrin, 1995; Pilling

et al., 2002). When the standard VBGF is fit to data in comparative

studies, such a negative K–L∞ relation is commonly observed and

appears to be similar within a species. Based on population-level data

compiled by Pauly (1978) for 11 species, mean h was 0.31 (range:

0.20–0.59) or c. 0.5 (range = 0.27–0.75) depending on whether ordi-

nary least squares (OLS) regression (Jensen, 1997) or standardised

major axis (SMA) regression was used (Charnov, 1993).

The K–L∞ relation has implications for the behaviour of the VBGF

parameters in Equation (1). Specifically, the value of h in the K–L∞

relation describes the relationship between the scaling coefficients

H and k. If H and k were to vary independently, h should be 1. This

can be shown through substitution, where L∞ / H�k�1 / H (3K)�1.

Instead, values of h < 1 arise when H and k covary, likely because of

an environmental covariate that affects both coefficients.

An association between the scaling coefficients H and k, revealed

through observed h values <1, has stimulated several functional expla-

nations. Early on, Perrin (1995) explored the consequences for optimal

life histories when both H and k could be functions of an
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environmental factor, which can be called γ0. Jensen (1997), in trying

to explain why h < 1, derived a value of h = 0.33 from a simple rear-

rangement of the standard VBGF such that L∞ / CK�h, where C is a

function of k and several other parameters. One problem with this

derivation is that k is a component of both K and C. Thus, differences

in K, e.g., due to environmental temperature, do not occur indepen-

dently of C. More recently, Shelton and Mangel (2012) discuss the

implications of the dependence between L∞ and K via k when fitting

the VBGF to fish data. Consequently, they used a different VB model

formulation where the anabolism coefficient (H) is a function of the

catabolism coefficient (k) and a parameter γ for an environmental

driver (Snover et al., 2005):

H¼ γkφ ð3Þ

where φ determines the extent to which k affects H and varies

between 0 and 1. This formulation was developed under the assump-

tion that anabolism is limited by food supply rather than oxygen sup-

ply, so that intrinsic factors which increase catabolism (e.g., high

activity because of dominance) may also increase the anabolism term

(e.g., intake of defendable, clumped prey). It is less clear how elevated

activity could increase oxygen supply. Perhaps greater flow of water

over gills increases oxygen uptake, or perhaps an association arises if

fish are more active in higher-oxygen environments.

An advantage of Snover et al.'s (2005) VBGF formulation is its

ability to account for observed K–L∞ relations with h < 1. If we use

the fact that K = k/3 and L∞ / H/k, after rearrangement of

Equation (3) it can be shown that L∞ / 3(φ�1)γK(φ�1). This equation

can be related back to the K–L∞ relation by letting h = 1 � φ. An

observed h = 0.5 would imply φ = 0.5, and as shown in Equation (3), a

situation in which γ and k both contribute to H. Thus, observed K–L∞

relations with h < 1 can emerge as the outcome of variation in

k combined with a positive correlation between k and H.

Past theoretical and empirical work on the K–L∞ relation made

the simplifying assumption that fish growth follows the standard

VBGF. Such a simplification has helped to clarify understanding, even

if the standard VBGF is only approximately true because it assumes

δ = 1. Given the generalised VBGF (Equation 2b) and letting k = bK in

L∞ / (H/k)1/δ, the K–L∞ relation can be expressed as L∞ / K�1/δ, when

H and k vary independently. Inclusion of h, i.e., L∞ /K�h=δ, allows for

the positive covariation of H and k when 0 < h < δ.

3 | OXYGEN-UPTAKE CAPACITY AND THE
REGULATION OF MATURATION

A proximate explanation for size at maturity requires a model of indi-

vidual growth and a model of maturation (Figure 1). Mechanistic

theories for maturation fall under more general mechanistic theories

for developmental transitions, which link a physiological process of

accumulation and a hormonally regulated physiological trigger for a

change in state from “juvenile” to a sexually competent “adult”
(Pankhurst, 2016). In fishes, gonadal maturation is assumed to be

regulated by developmental thresholds based on body size, fat stores

or some other aspect of energetic state or “condition.” Depending

on the time of year, this system determines whether or not

maturation is initiated or is allowed to continue to completion

(Thorpe, 2007; Thorpe et al., 1998; Wright, 2007). For example,

Thorpe et al. (1998) proposed that individual Atlantic salmon Salmo

salar L. 1758 vary seasonally in energetic condition. Twice a year,

condition is compared to a condition threshold. If the condition

threshold is surpassed, maturation initiates (in the fall) or continues

(in the spring). Otherwise, individuals do not sexually mature in the

upcoming breeding season.

Following a similar line of reasoning, Pauly (1984) extended GOLT

and proposed that fish regulate maturation using a respiratory rule-of-

thumb that is based on mass-specific oxygen-uptake capacity (Q),

where Q / La�b. Given the constraints of fish growth, Pauly (1984)

reasoned that fish must reach sexual maturity when their mass is

smaller than asymptotic mass (and L < L∞) and Q > Q∞, because only

then could mass-specific oxygen supply meet the energetic demands

of reproduction. The relevant trigger for maturation was proposed to

be Q relative to Q∞, resulting in a constant ratio of Q at maturation

(Qm) relative to Q∞. Expressed in terms of L∞ and Lm, after rearrange-

ment it can be shown that Qm/Q∞ = (L∞/Lm)
δ, where δ = b(1�d). In

this model, the respiratory threshold defines the size when fish

become sensitive to environmental cues, which triggers the onset of

maturation for the first time. Furthermore, this mechanism may regu-

late decisions to mature or not during subsequent spawning seasons

(Pauly, 2021b).

Pauly (1984) implied that a Q/Q∞ threshold should hold across

ecological contexts, because it is derived from the parameters of fish

growth. For example, he proposed that higher environmental temper-

atures or lower food densities should depress Q∞ and L∞, which

would have the effect of increasing Q/Q∞ in growing fish, and lead to

maturation at a smaller size, given an invariant Q/Q∞ threshold

(Amarasinghe & Pauly, 2021; Chen et al., 2022). Conceivably, the

experienced rate of decline in the availability of oxygen per unit mass

might serve as an internal cue for Q∞ (Pauly, 1984).

Under the assumption that (L∞/Lm)
δ approximates the hypothe-

sised respiratory threshold, (L∞/Lm)
δ is expected to be similar among

fish species or populations with divergent values of L∞, Lm, d and/or b.

If true, the empirical relationship between L∞
δ and Lm

δ should fall on a

straight line through the origin. Furthermore, either the mean (L∞/Lm)
δ

or the slope from the 0-intercept regression can be used as an empiri-

cal estimate of Qm/Q∞ (Pauly, 1984, 2021b). Comparative data col-

lected to date support these predictions. Pauly (1984) estimated Qm/

Q∞ from (L∞/Lm)
δ using comparative data for 56 populations of

35 species ranging in size from guppies to tuna, where b was assumed

to be 3 and d ranged from 0.62 to 0.87 (mean = 0.77). Among species,

the empirical relationship between L∞
δ and Lm

δ conformed to a

straight line through the origin, and the mean ratio was 1.36.

Two recent comparative studies support the idea of a common

Qm/Q∞ threshold that applies at finer taxonomic scales. In Amara-

singhe and Pauly's (2021) comparison among populations and species

of cichlids, variation was most evident in L∞ and Lm, b was estimated
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from the data and closely approximated 3, and d was estimated from

the data and ranged from 0.441 to 0.623. Their estimate of mean (L∞/

Lm)
δ was 1.35. In Meyer and Schill's (2021) comparison among popula-

tions and species of salmonids, variation also was most evident in L∞

and Lm, b was estimated from the data and did not differ from 3, and

d was assumed to be 0.8. Based on zero-intercept regression, esti-

mated (L∞/Lm)
δ ranged from 1.25 to 1.40. Thus in both studies, (L∞/

Lm)
δ closely approximated the interspecific estimate of 1.36.

When confronting the oxygen-limited model of maturation with

comparative data, obvious limitations of the model are that it does not

address why the Qm/Q∞ threshold should be invariant on evolutionary

grounds, and why it should be near 1.36. We will next turn to an evolu-

tionary perspective to propose answers to these questions. Another limi-

tation of the model, which applies to all simple models with few

parameters, is that it sacrifices realism in favour of generality. But imper-

fect models can be useful, and knowledge can be gained when data devi-

ate from general expectation. Thus, the authors also conducted empirical

tests of the extended theory at interspecific and intraspecific levels.

4 | LHT FOR LM/L∞ AND QM/Q∞

Although metabolic models of growth and maturation underlie an

organism's life history, adaptive function must consider additional fac-

tors underlying lifetime survival and reproductive success. This is the

realm of LHT, which is a modelling framework used to define optimal

life-history traits given assumptions about growth, age-specific mor-

tality and fecundity (Figure 1). LHT also has a long history, beginning

with optimisation models of age and size at maturity that were rela-

tively simple (i.e., contained the minimal number of parameters) and

had general applicability. A sub-set of early life-history models con-

siders optimal age at maturity (Am) in indeterminate growers

(Charnov, 1993; Parker, 1992; Roff, 1984) and showed that optimal

Am represents a compromise between maturing early to maximise the

number of breeding episodes before dying, and maturing late to reap

the fitness benefits of a larger size at maturity. More recently,

dynamic optimisation models of maturation timing have incorporated

more behavioural and physiological complexity and species-specific

realism (Holt & Jørgensen, 2015; Jørgensen et al., 2006; Jørgensen &

Fiksen, 2006). To facilitate a bridge to Pauly's threshold-based model

of maturation, the authors considered Charnov's (1993) life-history

model, as this model specifically addressed the evolutionary basis of

Lm/L∞ invariance in fishes. They then adapted this model, which

assumed fish follow the standard VBGF with δ = 1, by allowing fish to

follow the generalised VBGF with δ ≠ 1.

Charnov's (1993) foundational result was that a life history free

to co-evolve Am and K has an optimal Lm/L∞ ratio (R) that depends

only on h in the K–L∞ relation:

h¼R�1
R

ln 1�Rð Þ ð4Þ

Equation (4) can be described as a relationship in which

R decreases at an increasing rate with h (see figure 4.15 in

Charnov, 1993). Note that if H and k were independent with h close

to 1, R would be close to 0, which is not realistic because it means

that fish would mature at their first opportunity. Smaller values of

h that indicate greater dependence between H and k predict larger,

more realistic values of R. Based on limited information available

about h at the time, similarity between theoretical and observed Lm/

L∞ was considered to support an evolutionary basis for Lm/L∞ invari-

ance (Charnov, 1993).

Charnov's (1993) model of Lm/L∞ provides an adaptive explana-

tion for the invariance of Qm/Q∞, controlling for h, if we assume

δ = 1. Nevertheless, to provide a parsimonious evolutionary explana-

tion for the invariance of Qm/Q∞, we need a model that can accom-

modate different values of δ because of different values of b and/or d.

Using the generalised VBGF in Charnov's (1993) model, the authors

show that invariance of Qm/Q∞ persists when δ < 1 (Supporting

Information):

h¼Rδ�1

Rδ ln 1�Rδ� � ð5Þ

where 0 < h < δ and Rδ equals (Lm/L∞)
δ. Equation (5) shows that in

a life history free to co-evolve Am and K, optimal Rδ (and its inverse

Qm/Q∞) depends only on h in the L∞ /K�h=δ relation (see Supporting

Information Figure S1). Thus, the modified version of Charnov's

(1993) life-history model generates the hypothesis of Qm/Q∞ invari-

ance among taxa that share h. We can also see that optimal Lm/L∞ is

dependent not only on h but also on b and d (Figure 2).

5 | EMPIRICAL TESTS OF THE EXTENDED
THEORY

If a trade-off between early growth and asymptotic size is a

critical prerequisite for Qm/Q∞ invariance, as it is for Lm/L∞ invari-

ance, the interspecific estimate of Qm/Q∞ should be consistent

with the empirically derived, aggregate value of h in the L∞ /K�h=δ

relation. A similar prediction applies at the intraspecific level when

evaluating locally adapted populations within a species. The life-his-

tory model also predicts that across a sufficient range in h, individual

species with greater h values should have higher Qm/Q∞ (or lower Rδ)

values.

5.1 | Empirical tests at the interspecific level

To evaluate these predictions at the interspecific level, the

authors used a sub-set of the species from Pauly (1984) with

population-level L∞ and K estimates of high quality from Fish-

Base (Froese & Pauly, 2022). Species-specific estimates of

d were updated by transforming mean L∞ to mean W∞ (g) using

species (or genus) mass-length parameters from FishBase, and

then transforming W∞ (as a proxy for maximum mass, Wmax) to

d using the predictive equation relating Wmax to

d (Pauly, 1981):
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d¼0:6742þ0:03574 � log10Wmax ð6Þ

The authors then updated δ using the updated estimates of d and

b. As L∞ and K had been estimated for the standard VBGF and raw

growth data were not available, the authors approximated L∞ and

K for the generalised VBGF using a simulation procedure (see

Supporting Information). They then used SMA regression of δln(L∞)

with ln(K) to estimate the slope (�h) with function lmodel2

(Legendre, 2018) in R 4.1.2 (R Core Team, 2021). Compared to OLS

regression or major axis (MA) regression, SMA regression is appropri-

ate as a means to describe the underlying functional relationship

between two variables having different units (Warton et al., 2006).

Unrealistic estimates of h < 1 (n = 4) were excluded from summary

analyses (see Supporting Information for additional details about data

filtering steps and all estimated parameters).

After data filtering, there were 14 species with 12–106 observa-

tions per species. The authors found that median h was 0.271 (range:

0.112–0.460). According to Equation (5), these values of h predict a

median Qm/Q∞ of 1.176 (range: 1.062–1.383). Nevertheless, in this set

of species, (L∞/Lm)
δ was higher (median = 1.290; range: 1.113–2.146)

and unrelated to predicted Qm/Q∞ (rs = �0.182, p = 0.532), and its

inverse (Rδ) was not correlated with h (rs = �0.182, p = 0.532).

5.2 | Empirical tests at the intraspecific level

At the intraspecific level, the authors used data for C. clupeaformis

(family Salmonidae), a large-bodied, benthopelagic, long-lived, fresh-

water fish that mostly occupy cold lakes in the mid- to high latitudes

of North America (Froese & Pauly, 2022). This species has been a

sought-after food for First Nation communities historically and

through to contemporary times (Kuhnlein & Humphries, 2017). They

grow according to the VBGF and exhibit great trophic flexibility, both

among and within populations (Beauchamp et al., 2004; Fera

et al., 2015; Gobin et al., 2015; Rennie et al., 2009; Rennie &

Verdon, 2008). Some populations also support important commercial

fisheries (e.g., Ebener et al., 2008). Their life-history traits vary with

latitude and lake size, and largely conform to predicted patterns of

covariation regarding age at maturity, early growth rate, natural mor-

tality and sexual size dimorphism (Beauchamp et al., 2004;

Morbey, 2018). For this study's among-population estimate of the

Qm/Q∞ threshold, the authors used previously published sex-specific

data from 25 populations across a broad latitudinal range

(Morbey, 2018; see Supplementary Information for additional details).

They assumed these populations would have divergent growth trajec-

tories that are locally adapted to prevailing and different ecological

conditions.

For the estimation of δ, the authors used the empirically derived,

population-specific values of b from Morbey (2018), which averaged

3.25 for females and 3.17 for males. For d, they used Equation (6) to

estimate a species-specific value of 0.81 based on the maximum

weight of 7979 g from the set of populations in Morbey (2018). We

note that d is not particularly sensitive to the value of Wmax. For

example, d = 0.82 if using the maximum weight of 11,460 g based on

a larger set of population data for C. clupeaformis (Rennie &

Verdon, 2008). We also note that no dedicated study of gill surface

area vs. body weight or standard metabolic rate vs. body weight

appears to have been performed from which the scaling exponent

d could otherwise be estimated for C. clupeaformis, but for compari-

son, several respirometry studies quantified the scaling of metabolic

rate with body weight (3.6–405 g) in C. clupeaformis and other species

of the genus Coregonus, and obtained estimates of d ranging from 0.61

to 0.94, depending on the experimental conditions (Bernatchez &

Dodson, 1985; Ohlberger et al., 2007, 2008, 2012). In part, these esti-

mates vary because in fish and other ectotherms, the scaling of

metabolic rate can depend on activity level, foraging mode and tem-

perature (Clarke & Johnston, 1999; Glazier, 2009; Killen et al., 2010;

Ohlberger et al., 2012).

For the purposes of the current study, the authors used previ-

ously published Lm data (Morbey, 2018). Although L∞ estimates from

fitting the standard VBGF were also available from this data source,

they re-fit the growth data to the generalised VBGF to obtain revised

estimates of L∞ and K given the population-specific values of b and

d = 0.81. This was performed using procedure NLIN in SAS version

9.4 (SAS Institute Inc., 2011). The two estimates of L∞ were highly

correlated for both sexes (r's > 0.98), but the fit was always better for

the generalised VBGF (Tables S2 and S3 in Supporting Information).

The authors calculated (L∞/Lm)
δ for each population and sex, and

to obtain 95% C.I. on mean (L∞/Lm)
δ by sex, they applied the method

of Fieller (1940) using function t test ratio in R package mratios (Djira

F IGURE 2 The relationship
between optimal R (Lm/L∞) and h for
different values of (a) d and (b) b,
where h describes the trade-off in the
K–L∞ relation (L∞ / K�h/δ), d is the
scaling exponent of anabolism and b is
the exponent in the length–mass
relationship. Fish are expected to
mature at a smaller size relative to

asymptotic size with a more severe
trade-off (larger h), greater oxygen
supply (larger d) or a smaller b
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et al., 2020). For a ratio to be invariant, it should not be correlated

with its denominator and the relationship between its numerator and

denominator should pass through the origin (Curran-Everett, 2013),

Thus, the authors tested for a correlation between (L∞/Lm)
δ and Lm

δ,

and tested if the intercept of the MA regression of L∞
δ with Lm

δ dif-

fered from zero. MA regression finds the best-fitting linear relation-

ship between two variables by minimising the sum of squares of the

perpendicular distances between the regression line and the observa-

tions, and is favoured over SMA regression when variables have the

same units (Warton et al., 2006). To confirm K–L∞ relations with

0 < h < δ among populations (by sex), the authors used SMA regres-

sion of δln(L∞) with ln(K) to estimate the slope (�h). To facilitate com-

parison of C. clupeaformis to the interspecific estimate of Qm/Q∞, they

took the L∞
δ and Lm

δ values from Pauly (1984) and estimated the 95%

C.I. around the ratio.

Among the 25 C. clupeaformis populations, mean (L∞/Lm)
δ was

1.270 (1.195–1.349) for females and 1.274 (1.187–1.367) for males,

which overlapped with the among-species estimate of 1.361 (1.213–

1.529; Figure 3). There was no significant correlation between (L∞/

Lm)
δ and Lm

δ in either sex (P's > 0.5), and the relationship between L∞
δ

and Lm
δ conformed to 0-intercept regressions, as the C.I. for the MA

intercept included zero in both sexes. Using SMA regression, the

authors estimated h = 0.303 (C.I.: 0.212–0.434) in females and

h = 0.392 (0.276–0.560) in males (Figure 4). These values of h are

smaller than δ and support the assumption of a trade-off between

early growth and L∞ in the life-history model of Qm/Q∞ invariance.

These values of h correspond to predicted Qm/Q∞ values of 1.148

and 1.204 for females and males, respectively. Thus, the predicted

Qm/Q∞ value is consistent with estimated (L∞/Lm)
δ in males, but not

in females.

6 | DISCUSSION

Empirical data on (L∞/Lm)
δ suggest that mid-sized fish species conform

to a Q/Q∞ maturation threshold near 1.36. That is, fish make the

juvenile-to-adult transition when their mass-specific oxygen-uptake

capacity is about 1.36 times higher than is required for maintenance

(Pauly, 1984). Nevertheless, why an invariant threshold, and why near

1.36? The authors confronted this empirical observation with a modi-

fication of Charnov's (1993) theory on Lm/L∞ invariance, which was to

let δ vary to allow for a more realistic representation of fish bioener-

getics. With this generalisation in place, the authors show that (Lm/

L∞)
δ reflects the invariance that arises from an optimal life history that

balances the trade-off between the survival benefits of early maturity

and the reproductive benefits of later maturity, assuming Am and

K are allowed to co-evolve, early growth trades off with asymptotic

size, and h in the K–L∞ relation is constant. Nevertheless, evolutionary

theory cannot yet explain why the estimate of Qm/Q∞ is 1.36,

because empirical estimates of h generally predict a lower Qm/Q∞,

both at the interspecific and intraspecific scales.

Among species, support for Qm/Q∞ invariance is facilitated by the

fact that species have characteristic sets of divergent physiological

and life-history parameters, so that variation among species is greater

than variation within species. At the scale of populations within spe-

cies, a universal Q/Q∞ rule for the juvenile-to-adult transition is also

supported by previous studies (Amarasinghe & Pauly, 2021; Meyer &

F IGURE 3 The relationship between estimated L∞ raised to the
power of δ and estimated size at 50% maturity (Lm) raised to the
power of δ among 25 populations of Coregonus clupeaformis by sex.
The blue line shows the 0-intercept regression for females (blue
triangles); a green line for males (green squares) is hidden under the
blue line. For comparison, the black dots show data from Pauly (1984)
with the solid black line showing the 0-intercept line with a slope of
1.361. The dotted black line shows the 1:1 relationship

F IGURE 4 The relationship between δln(L∞) and ln(K) among
25 Coregonus clupeaformis populations by sex (females = blue squares,
males = green triangles). Also shown are the linear relationships
estimated from standardised major axis regression
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Schill, 2021) and in this study of C. clupeaformis, regardless of sex.

These scale-independent trait associations support the idea that the

ecological and/or physiological drivers of phenotypic variation also

are scale independent (Agrawal, 2020). For example, a scale-indepen-

dent Qm–Q∞ relation could arise because of common scaling relation-

ships that are presumed to underlie growth trajectories. It remains to

be seen whether Qm–Q∞ relations persist among cohorts within

populations, when variation in growth trajectories can be dominated

by environmental effects (Figure 1). Further studies will also be

needed to evaluate the generality of common Qm–Q∞ relations

between sexes, as sex differences may help to resolve some key

uncertainties.

The extension of Charnov's (1993) life-history model stands out

for providing an evolutionary explanation for Qm/Q∞ invariance, but

seems to systematically underestimate the ratio and overvalue the

importance of h as a key selection factor. Given that all models have

structural uncertainty and reflect a compromise between generality

and realism, refinements may be needed regarding the nature of

assumed trade-offs with early growth rate, as the assumed K–L∞ rela-

tion may be very simplistic. Such refinements could involve alternative

bioenergetic trade-offs, trade-offs between early growth rate and

future survival, or explicit consideration of the bioenergetics of repro-

duction. Additional factors, such as environmental stochasticity, also

could be incorporated to explore bet-hedging life-history strategies

(Philippi & Seger, 1989). For example, more complex life-history

models, which already exist for many species including C. clupeaformis

(Morbey & Mema, 2018; Wang & Höök, 2009), could be further

developed to investigate the physiology, ecology and evolution of

sex-specific Lm–L∞, Qm–Q∞ and K–L∞ relations. Similar to the

approach by Kozłowski (1996) to understand life-history invariants

arising from a body size optimisation model, a practical approach

might be to use a broad range of existing life-history models to

explore the structural determinants of Qm/Q∞ invariances, and the

conditions when Qm/Q∞ would also be invariant to h.

Several caveats apply to comparative studies of Qm–Q∞ relations.

First, estimated or assumed values for Lm, L∞, d, b and h are approxi-

mations and contribute to uncertainty. Moving forward, new studies

to measure oxygen consumption and gill surface area across a range

of C. clupeaformis sizes, populations and experimental conditions

would be particularly useful. Second, we have limited understanding

of the environmental and ontogenetic drivers of H and k and their pat-

terns of covariation. Further bioenergetic modelling of C. clupeaformis

growth (He et al., 2015; Madenjian et al., 2006, 2013) would be useful

to investigate the mechanisms of H and k covariation.

Although an evolutionary perspective bolsters support for a respi-

ratory rule-of-thumb for maturation in fishes, the authors encourage

further critical evaluation and testing of the model. For example, con-

tinued debate about GOLT – as a model of growth – will help to build

a better understanding of the scope of oxygen-limited growth in

fishes. Innovative ways to test models of oxygen-limited fish growth

and maturation should be developed and undertaken with compara-

tive and experimental data, and models may need revision depending

on the application. Existing data sets can be used to test for a

common and scale invariant Qm/Q∞, and cases that deviate from pre-

dicted patterns may help to identify overlooked factors. Finally, addi-

tional experiments are needed to directly evaluate the role oxygen

plays in the regulation of maturation.

The authors achieved some success at bridging physiological

and evolutionary perspectives on the juvenile-to-adult transition

invariance, which they felt have proceeded along parallel trajecto-

ries. Such a view is not isolated to life-history decisions but applies

more generally to optimal decision-making, as expressed by Budaev

et al. (2019): “There is a gap between the ultimate ecological and

evolutionary understanding of optimal decisions in specific contexts

and the general proximate machinery of decision making across dif-

ferent situations.” Budaev et al. (2019) also explain when simple

rules, or heuristics, might be used to adaptively respond to stimuli in

complex environments. Applied to sexual maturation, the authors

suggest that a simple heuristic based on current physiological state

(oxygen supply) at a particular time (e.g., fall and/or late winter)

could be viewed as a means to achieve the “evolutionary goals” of

Qm/Q∞ invariance.

The authors confronted Pauly's (1984, 2019, 2021b) hypothesis

for the juvenile-to-adult transition with a generalised version of Char-

nov's (1993) general life-history model of size at maturity invariance.

Whereas Pauly's mechanistic theory describes and explains the rela-

tive size at first maturity from a physiological point of view, LHT

explains the relative size of this transition from an evolutionary point

of view. By showing that the two theories are complementary, the

authors help bridge proximate and ultimate perspectives on causation

with respect to the juvenile-to-adult transition in fishes. A key ques-

tion that remains to be addressed is why theory predicts fish to

mature at larger sizes relative to asymptotic size. The investigation

into the K–L∞ relation suggests that a full understanding of matura-

tion decisions will require a better understanding of why H and

k covary among and within populations, both from the physiological

and life-history perspectives.
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S1. A LIFE HISTORY MODEL OF Qm/Q∞ INVARIANCE 

 

To address the evolutionary basis of Qm/Q∞ invariance, we developed a version of Charnov’s 

(1993) life history model of Lm/L∞ invariance in indeterminate growers. In this modelling 

framework, three assumptions are made to solve for optimal age and length at first maturity, i.e., 

Am and Lm (Roff, 1984; Parker 1992; Charnov, 1993). First, that net reproductive rate is the 

appropriate fitness criterion and the population is stationary. Second, that growth of individuals 

is asymptotic in form, and in our case follows the generalised von Bertalanffy growth function 

(VBGF; see equation 2b in main text) with t0 = 0: 

 

 𝐿  𝐿 1 𝑒  (S1) 

 

Third, that there is a cost of reproduction, otherwise, as articulated by Roff (1984), fish should 

mature as early as possible to maximise the lifetime production of offspring. Following Parker 

(1992) and Charnov (1993), a cost of reproduction is implied through the assumption that 

reproductive value, or the average lifetime production of daughters, increases as a power 

function with size at maturity. 

 Following Charnov (1993), we defined R0 as the lifetime production of daughters as 

survival to Am multiplied by reproductive value, V(Am), which was considered to be a power 

function of body mass, so that V(Am) ∝ Lm
p, with p ~3-5: 

 

 𝑅 𝐿 𝑒𝑥𝑝 𝑍 𝑥 𝑑𝑥  (S2a) 
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and after ln-transformation: 

 

 ln 𝑅 𝑝 ln 𝐿 𝑍 𝑥 𝑑𝑥 (S2b) 

 

where Z(x) is the instantaneous mortality rate, Z(Am) is assumed to be constant over the post-

maturity lifespan, and Lm can be expressed as in terms of equation (S1) with t = Am. Natural 

selection acts on the life history via adjustments in Am and K, such that at evolutionary 

equilibrium, 0 and 0.  

 Solving for 0, it can be shown that at evolutionary equilibrium, 

 

 𝐴 ln  (S3) 

 

where mortality M = Z(Am). From equation (S3), it can be seen that higher K and higher mortality 

M both favour the evolution of earlier maturity (cf. Parker 1992, Charnov 1993). We can also see 

that lower  (i.e., a lower b or higher d) favours the evolution of delayed maturity. This makes 

sense given that the levelling off of growth in body length will happen at an older age when b is 

lower or d is higher, all else being equal. Substituting t = Am into equation (1), optimal length at 

maturity (Lm) can be expressed as: 

 

 𝐿 𝐿 1 𝑒   (S4) 

 

 To derive optimal Lm/L, Charnov (1993) assumed a tradeoff between early growth rate 

in the standard VBGF (𝐾𝐿 ; 𝐿  ~ 𝐿 1 1 𝐾𝑡  for small t) and asymptotic size L, which 

arises when 0 < h < 1 in the K-L relation. We similarly assumed a tradeoff between early 

growth rate in the generalised VBGF and L. Here we defined early growth rate as the maximum 

growth rate, which occurs at the inflection point of equation (S1): ti = -ln()/(K). Solving d/dLt 

at ti, early growth rate is 𝐿 𝛿𝐾 1 𝛿 . Similar to the standard VBGF, it can be shown that a 

tradeoff occurs between early growth rate and L when 0 < h <  in the L ∝ K-h/ relation. Lm 
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from equation (S4) and L ∝ K-h/ are then substituted into equation (S2b) to obtain the 

component of lnR0 with terms containing K: 

 

 ln 1 𝑒 ln 𝐾 (S5) 

 

After solving lnR0/K = 0, 

 

 ℎ ln 1 𝑅  (S6) 

 

where 0 < h < δ and R equals (Lm/L). Equation (S6) shows that optimal R (or its inverse 

Qm/Q; see section 3 of main text) depends only on h. Equation (S6) also shows that optimal R 

is independent of mortality. Of course, mortality still plays an important role in determining 

optimal Am and Lm (equations S3, S4), but if a high mortality environment favours a 

coevolutionary response of earlier Am and larger K, this will preserve R. For equation (S6) to 

hold true, lnR0/Am = 0. The component of lnR0 containing terms with Am is: 

 

 ln 1 𝑒 𝑍 𝑥 𝑑𝑥 (S7) 

 

After solving lnR0/Am = 0, 

 

  (S8) 

 

Equation (S8) shows that p and R together determine the dimensionless number M/K, which is 

another life history invariant (Charnov, 1993). The relationships between h, R, p, and K/M are 

shown in Figure S1, which is adapted from fig. 4.15 in Charnov (1993). 
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FIGURE S1  A graphical representation of the associations between h, optimal R, and optimal 

R/(1-R) from equations (S6) and (S8). As shown by the dotted lines, h = 0.5 is associated with 

R = 0.72 and K/M = 0.51–0.86, depending on the assumed value of p. 

 

S2. ADDITIONAL INFORMATION ABOUT EMPIRICAL TESTS 

 

S2.1. Interspecific level 

 

The comparative data used by Pauly (1984) to estimate Qm/Q∞ included 35 species. Of these, 18 

species had a minimum of 10 population-level estimates of L∞ and K that were not listed as 

“questionable” in FishBase (Froese & Pauly, 2022). We also acquired b from FishBase, but 

when species estimates were based on fewer than 10 length-weight pairs, we used estimates for 

genera. To approximate the parameters of generalised VB growth, we used the reported VB 

parameters to simulate growth over 50 years, and then fit the generalised VBGF to this 

“observed” data using function nlin in R (R Core Team, 2021). After the standardised major axis 

regression of δlnL∞ with ln(K) to estimate the slope (-h), we removed four species with negative 

h values, as these were considered to be unrealistic (Table S1). Three of these species 
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(Pseudopleuronectes americanus, Sprattus sprattus, and Thunnus obesus) had low sample sizes 

(18, 24, and 12, respectively). In the Coregonus clupeaformis data set from FishBase, there 

appeared to be heterogeneity as 8 of 39 observations from northern sites with L∞ < 55 cm and K 

< 0.3 year-1 clustered separately, seven of which were from Great Slave Lake. When this outlier 

cluster was excluded, h = 0.114 (CI: 0.159, 0.082), but there was no other substantive changes to 

the results of the interspecific comparison (results not shown). 

 

S2.1. Intraspecific level 

 

At the intraspecific level, we used a data set comprised of 25 C. clupeaformis populations 

ranging from Lake Erie (42.40N, 80.4W) to small lakes near Great Slave Lake (62.7N, 

109.0W) (Beauchamp et al., 2004; Morbey, 2018). Site locations, temporal coverage, sample 

sizes, and data pre-filtering steps can be found in Morbey (2018). Following Morbey (2018), we 

fit the 3-parameter generalised VBGF to each population and sex to provide robust estimates of 

L∞ and K. In these models, we forced a common value to be fit for t0 in each population. 

Estimated growth and life history parameters are shown in Table S2 and Table S3. The fits of the 

standard and generalised VBGF are represented by pseudo-R2, which is 1

𝑆𝑆𝑒𝑟𝑟𝑜𝑟 𝑆𝑆𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑⁄  (Schabenberger & Pierce, 2002). 
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TABLE S1  Life history parameters for the estimation of h from the SMA regression of δlnL∞ with ln(K). Included are mean Lm (cm) from Pauly 
(1984), the scaling coefficient (a) and exponent (b) of the mass-length relationship from FishBase, the taxonomic scale of a and b, the number (n) of 
standard VBGF parameters from FishBase, mean L∞ (cm), mean W∞ (g), d, , the estimated parameters of the generalised VBGF, the inverse of R 
where R = (Lm/L∞), h, and the confidence interval for h (lcl, ucl). 

Species Lm a b Extent n L∞ W∞ d  gen. L∞ gen. K 1/R h lcl ucl 

Clupea harengus 25.7 0.0059 3.09 Species 106 31.3 247.0 0.760 0.742 31.2 0.582 1.16 0.35 0.29 0.42 

Coregonus clupeaformis 27.0 0.0058 3.24 Species 39 60.3 3410.0 0.800 0.647 59.6 0.622 1.67 -0.16 -0.23 -0.12 

Gadus chalcogrammus 31.2 0.0123 2.85 Species 23 69.1 2153.0 0.793 0.589 67.5 0.619 1.58 0.22 0.18 0.27 

Gadus morhua 77.5 0.0069 3.08 Species 61 121.2 18037.7 0.826 0.535 116.9 0.509 1.25 0.18 0.14 0.23 

Katsuwonus pelamis 57.2 0.0078 3.24 Species 56 82.6 12676.5 0.821 0.580 82.2 1.525 1.23 0.18 0.15 0.23 

Limanda aspera 23.0 0.0100 3.06 Species 14 42.8 978.7 0.781 0.670 41.8 0.298 1.49 0.46 0.29 0.72 

Melanogrammus aeglefinus 26.0 0.0059 3.13 Species 40 69.9 3504.2 0.801 0.623 69.1 0.567 1.84 0.33 0.25 0.45 

Merluccius merluccius 25.0 0.0049 3.11 Species 103 96.6 7299.6 0.812 0.584 92.4 0.377 2.15 0.30 0.25 0.36 

Pleuronectes platessa 48.5 0.0089 3.04 Species 18 59.4 2194.5 0.794 0.627 57.5 0.305 1.11 0.31 0.24 0.40 

Pollachius virens 71.0 0.0074 3.04 Species 12 118.4 14863.7 0.823 0.537 113.6 0.486 1.29 0.28 0.19 0.39 

Pseudopleuronectes americanus 32.0 0.0098 3.06 Genus 18 48.4 1404.3 0.787 0.653 48.1 0.807 1.30 -0.18 -0.30 -0.11 

Rastrelliger brachysoma 17.0 0.0065 3.19 Genus 38 25.3 194.4 0.756 0.778 25.3 2.294 1.36 0.27 0.20 0.36 

Scomber japonicus 31.3 0.0047 3.22 Species 25 42.6 831.3 0.779 0.713 42.4 0.564 1.24 0.25 0.17 0.37 

Sprattus sprattus 10.6 0.0056 3.08 Species 24 14.7 22.2 0.722 0.855 14.7 0.716 1.32 -0.20 -0.30 -0.13 

Thunnus alalunga 88.3 0.0389 2.77 Species 37 128.5 27031.4 0.833 0.464 124.1 0.831 1.17 0.21 0.17 0.26 

Thunnus albacares 100.0 0.0214 2.93 Species 48 183.6 91944.9 0.852 0.435 180.3 1.750 1.29 0.11 0.08 0.15 

Thunnus obesus 93.5 0.0245 2.90 Genus 12 217.3 146754.4 0.859 0.409 207.3 1.010 1.39 -0.15 -0.29 -0.08 

Trisopterus minutus 12.0 0.0068 3.14 Species 12 24.8 161.7 0.753 0.775 24.7 0.636 1.75 0.30 0.18 0.48 
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TABLE S2  Site names and life history parameters for female Coregonus clupeaformis. Included are the 
estimated fork length at sexual maturity (Lm in cm), the scaling exponent of body mass with fork length (b), , 
parameters of the standard and generalised VBGF with pseudo-R2 as a measure of fit (Rp

2), Lm/L∞, and (L∞/Lm). 

Site Lm 

standard VBGF 
b 1 

generalised VBGF

L∞ K t0 Rp
2 Lm/L∞ L∞ K t0 Rp

2 (L∞/Lm) 

Inland lakes              

Alexie 40.4 56.0 0.122 -1.39 0.94 0.72 3.33 0.63 54.5 0.232 -2.88 0.95 1.21 

Baptiste 39.6 60.1 0.099 -1.33 0.90 0.66 3.31 0.63 58.5 0.190 -3.19 0.91 1.28 

Chitty 38.7 52.4 0.138 -1.41 0.95 0.74 3.32 0.63 50.9 0.264 -2.77 0.95 1.19 

Drygeese 41.3 74.8 0.075 -1.27 0.91 0.55 3.33 0.63 67.8 0.169 -2.91 0.92 1.37 

Great Slave 33.9 57.7 0.099 -1.36 0.71 0.59 3.30 0.63 54.7 0.202 -3.05 0.74 1.35 

Nipigon 36.6 51.3 0.131 -2.80 0.76 0.71 3.36 0.64 49.6 0.255 -3.94 0.77 1.22 

Nueltin 35.9 72.5 0.078 -0.86 0.88 0.50 3.20 0.61 69.5 0.161 -3.26 0.89 1.49 

Prelude 37.4 45.9 0.119 -3.68 0.58 0.81 3.41 0.65 46.4 0.177 -7.20 0.84 1.15 

Prosperous 33.3 42.1 0.283 0.73 0.85 0.79 3.26 0.62 42.1 0.476 -0.46 0.88 1.16 

Snowbird 43.5 55.0 0.221 0.36 0.59 0.79 3.16 0.60 53.9 0.440 -0.58 0.60 1.14 

Winnipeg 34.4 56.4 0.117 -3.56 0.46 0.61 3.11 0.59 54.1 0.245 -5.50 0.59 1.31 

              

Great Lakes              

Alpena 42.7 66.7 0.177 -0.34 0.73 0.64 2.99 0.57 63.1 0.404 -1.58 0.81 1.25 

Beaver Island 37.9 71.0 0.119 -3.16 0.64 0.53 3.32 0.63 63.5 0.296 -3.49 0.82 1.38 

Cape Rich-Owen Sound 47.6 78.1 0.157 -0.98 0.80 0.61 3.32 0.63 73.3 0.326 -1.97 0.80 1.31 

Erie 31.6 54.8 0.317 -0.63 0.83 0.58 3.32 0.63 54.0 0.572 -1.35 0.84 1.40 

Fox Island 39.9 73.4 0.086 -5.54 0.63 0.54 3.16 0.60 69.6 0.184 -7.83 0.89 1.40 

Grand Bend-Southamp. 42.8 57.6 0.192 -1.47 0.65 0.74 3.28 0.62 56.0 0.367 -2.55 0.65 1.18 

Hammond Bay 40.9 76.1 0.089 -3.69 0.55 0.54 3.01 0.57 65.6 0.258 -4.77 0.84 1.31 

Manitoulin Island 41.9 48.3 0.480 0.19 0.78 0.87 3.29 0.63 48.0 0.841 -0.36 0.81 1.09 

Naubinway 37.2 46.9 0.534 0.04 0.50 0.79 3.05 0.58 46.5 1.026 -0.52 0.97 1.14 

North Channel 36.0 53.8 0.262 -0.54 0.76 0.67 3.26 0.62 53.4 0.471 -1.50 0.78 1.28 

Oliphant 41.1 54.4 0.306 -0.30 0.77 0.75 3.32 0.63 53.9 0.543 -1.07 0.80 1.19 

Pointe aux Barques 39.8 65.9 0.157 -2.88 0.52 0.60 3.17 0.60 61.9 0.352 -3.78 0.96 1.30 

South Bay 36.6 49.6 0.178 -2.05 0.83 0.74 3.34 0.63 48.6 0.324 -3.29 0.84 1.20 

Whitefish Point 38.9 79.8 0.082 -4.74 0.51 0.49 3.35 0.64 74.5 0.171 -6.45 0.84 1.51 
1 = b(1-d), with d = 0.81. 
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TABLE S3  Site names and life history parameters for male Coregonus clupeaformis. Included are the estimated 
fork length at sexual maturity (Lm in cm), the scaling exponent of body mass with fork length (b), , parameters 
of the standard and generalised VBGF with pseudo-R2 as a measure of fit (Rp

2), Lm/L∞, and (L∞/Lm). 

Site Lm 

standard VBGF 
b 1 

generalised VBGF

L∞ K t0 Rp
2 Lm/L∞ L∞ K t0 Rp

2 (L∞/Lm) 

Inland lakes              

Alexie 38.4 56.5 0.121 -1.39 0.94 0.68 3.26 0.62 54.4 0.242 -2.88 0.95 1.24 
Baptiste 38.7 57.8 0.111 -1.33 0.90 0.67 3.24 0.62 56.9 0.213 -3.19 0.91 1.27 
Chitty 36.9 53.4 0.134 -1.41 0.95 0.69 3.31 0.63 51.7 0.259 -2.77 0.95 1.24 
Drygeese 39.0 69.9 0.084 -1.27 0.91 0.56 3.33 0.63 64.9 0.180 -2.91 0.92 1.38 
Great Slave 34.5 57.0 0.100 -1.36 0.71 0.61 3.25 0.62 53.5 0.213 -3.05 0.74 1.31 
Nipigon 36.3 48.6 0.145 -2.80 0.76 0.75 3.35 0.64 47.2 0.278 -3.94 0.77 1.18 
Nueltin 38.6 69.8 0.080 -0.86 0.88 0.55 3.20 0.61 67.1 0.164 -3.26 0.89 1.40 
Prelude 39.7 52.6 0.081 -3.68 0.58 0.75 3.24 0.62 53.2 0.141 -7.20 0.84 1.20 
Prosperous 31.8 44.8 0.210 0.73 0.85 0.71 3.19 0.61 44.4 0.390 -0.46 0.88 1.22 
Snowbird 44.8 56.2 0.203 0.36 0.59 0.80 3.17 0.60 55.1 0.404 -0.58 0.60 1.13 
Winnipeg 35.1 55.4 0.119 -3.56 0.46 0.63 3.06 0.58 53.0 0.257 -5.50 0.59 1.27 
              
Great Lakes              
Alpena 39.5 61.4 0.203 -0.34 0.73 0.64 3.07 0.58 59.8 0.415 -1.58 0.81 1.27 
Beaver Island 36.4 66.1 0.134 -3.16 0.64 0.55 3.19 0.61 59.6 0.346 -3.49 0.82 1.35 
Cape Rich-Owen Sound 44.0 72.8 0.174 -0.98 0.80 0.60 3.28 0.62 69.3 0.355 -1.97 0.80 1.33 
Erie 31.1 53.0 0.332 -0.63 0.83 0.59 3.28 0.62 52.5 0.601 -1.35 0.84 1.39 
Fox Island 38.3 72.6 0.087 -5.54 0.63 0.53 3.01 0.57 67.9 0.203 -7.83 0.89 1.39 
Grand Bend-Southamp. 39.6 56.7 0.195 -1.47 0.65 0.70 3.24 0.62 55.2 0.379 -2.55 0.65 1.23 
Hammond Bay 38.1 66.5 0.113 -3.69 0.55 0.57 2.88 0.55 59.7 0.320 -4.77 0.84 1.28 
Manitoulin Island 38.8 47.3 0.498 0.19 0.78 0.82 3.26 0.62 47.1 0.877 -0.36 0.81 1.13 
Naubinway 37.4 46.0 0.563 0.04 0.50 0.81 2.73 0.52 45.5 1.265 -0.52 0.97 1.11 
North Channel 32.8 54.4 0.242 -0.54 0.76 0.60 3.20 0.61 53.3 0.465 -1.50 0.78 1.34 
Oliphant 37.9 53.3 0.321 -0.30 0.77 0.71 3.25 0.62 52.8 0.585 -1.07 0.80 1.23 
Pointe aux Barques 36.1 55.8 0.214 -2.88 0.52 0.65 2.84 0.54 53.3 0.529 -3.78 0.96 1.23 
South Bay 33.6 51.1 0.171 -2.05 0.83 0.66 3.29 0.63 49.7 0.324 -3.29 0.84 1.28 
Whitefish Point 35.7 71.6 0.101 -4.74 0.51 0.50 3.18 0.60 67.5 0.219 -6.45 0.84 1.47 

1 = b(1-d), with d = 0.81. 
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