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Abstract8

Fisheries science and management is founded upon the Beverton-Holt theory of fish

stock demography. The theory uses age as the structuring variable, however, there10

are several reasons to use body size as the structuring variable: most processes

that affect a fish are determined by its body size rather than its age: consumption,12

mortality, maturation, fecundity, fish gear selectivity, etc.., and measurements of

body size are easy, accurate, and abundant. Here I review size-based theory of a fish14

stock and compare it to classic age-based theory. I show that size- and age-based

demography are equivalent representations of demography. However, size-based16

theory is axiomatic, which leads to a deeper theory with two advantages: predictions

need fewer parameters than age-based theory and the theory connects directly to18

life-history traits. The connection with traits makes size-based theory particularly

useful for data-poor application and facilitates evolutionary calculations. I compare20

age- and size-based theory for fisheries impact and stock assessments, and provide

a perspective on the challenges and future of single-stock theory.22

Keywords: Beverton-Holt; size-based; traits; size spectrum
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The increasing exploitation of fish stocks in the 20th century created a need for for-24

mal fisheries management. The scientific community responded by developing models

of fish stock dynamics (e.g. Graham, 1935). Eventually a consensus emerged as synthe-26

sised by Beverton and Holt (1957). Their age-based demographic description was built

upon three assumptions: that growth is described by a von Bertalanffy equation, that28

natural mortality is constant, and that recruitment happens early in life. The theory

has the advantage that it is simple and can easily be implemented numerically, initally30

on mechanical calculators and later in spreadsheets. The theory was good, and it has

supported fisheries science and advice for more than half a century by answering relevant32

questions: what is the impact of fishing on different age groups in the fish stock? How

much should we fish a stock? What are the relevant fisheries reference points (Fmsy, Flim,34

Bmsy, etc.)? Finally, the theory formed the basis for heuristic and statistical fish stock

assessment models. Fisheries advice without Beverton-Holt is unthinkable.36

Today, new questions challenge age-based demography: How do we assess data-poor

stocks where the parameters required for age-based assessments are not known? How38

do we assess the evolutionary side-effects of fishing (Jørgensen et al., 2007)? How do

we deal with density-dependent growth or cannibalism? The age-based framework may40

be adjusted to answer these questions, however, it does so with difficulty because it was

only designed to predict demography. We need to reconsider our reliance on age-based42

demography as the theoretical basis of fisheries advice.

A fundamental shortcoming of age-based theory is that age is a weak predictor of44

many relevant processes. Body size – be it length or weight – has emerged as being

more important than age for physiology (Winberg, 1956; Brown et al., 2004), mortality46

of individuals (McGurk, 1986), predator-prey interactions (Ursin, 1973; Barnes et al.,

2010), reproductive investment (Barneche et al., 2018), fisheries impact through gear48

mesh regulation (Myers and Hoenig, 1997), and usually also market value. From biologi-

cal, fisheries, and economic perspectives, body size is the natural structuring variable for50

fish demography.

In this Food for Thought, I review size-based theory of a fish stock and compare it to52

2



classic age-based demography. Broadly speaking, size-based theory has three advantages:

1) measuring size is easier, cheaper, and more accurate than measuring age; 2) it synthe-54

sises four existing theories: size-based demography, life-history constants, evolutionary

ecology and quantitative genetics, and trait-based ecology, into a coherent, axiomatic56

framework; 3) it opens up for new applications in data-poor stock assessment, assess-

ment of fisheries induced evolution, cross-species analyses, and assessment of emergent58

density dependence among adults. I will show how closely related the size- and age-based

frameworks actually are; classic age-based Beverton-Holt is essentially a subset of the60

larger size-based theory. I will not dwell on the mathematical details, which are given

elsewhere (Andersen, 2019), though I will compare the parameters between age- and size-62

based theory. I discuss pros and cons of size-based theory for fisheries impact and stock

assessments, open issues, and the potential for future applications.64

Emergence of size-based theory

Size-based demography has been a long time in the making. Jones (1974) developed66

the fundamental equations to calculate demography in length groups. At the same time

Andersen and Ursin (1977) developed their multi-species theory based on cohorts, but68

with all rates described by body mass. Beyer (1989) developed the first complete for-

mulation of size-based demography of single fish stock. Despite size-based demography70

being available it had little impact as fisheries science focused on operationalising existing

age-based theory rather than developing new theory. The relative obscurity of size-based72

theory has led to confusion about its use and assumptions (Andersen et al., 2016a) and

errors in the implementation (Hordyk et al., 2019).74

Parallel to early size-based theory appeared the concept of life-history constants. Life-

history constants are quantities that do not systematically vary between stocks or only76

have a weak taxonomic relation. The concept was pioneered by Beverton (1992) who

found that the strong correlations between central parameters in age-based fish demog-78

raphy could be removed by formulating non-dimensional ratios. Examples are the M/K
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ratio or the ratio between size at maturation and asymptotic size. Life history constants80

are part of general life history theory developed through evolutionary ecology (Charnov,

1993).82

Modern size-based theory combines the initial efforts of size-based demography with

Beverton’s life-history constants and evolutionary life-history theory into a internally84

consistent framework (Andersen, 2019). The cost of moving to a size-based framework is

the loss of treasured concepts like the von Bertalanffy growth equation with the K and L∞86

parameters, abandoning the spreadsheet-friendly life tables, and scrapping the concepts

of adult mortality, M and M2. Size based theory replaces von Bertalanffy growth with88

physiology, life tables with partial differential equations, and the constant adult mortality

with a size-based mortality. The absence of well-known concepts may seem overwhelming90

and makes the theory appear inaccessible. The reward is a theory that is consistently

built upon a few fundamental assumptions and that can do perform the same calculations92

as age-based demography gives, but that can also be used to estimate of evolutionary

rates of life-history traits, as a basis for data-poor stock assessments, consumer-resource94

dynamics, and which provides general insights into fish life-history theory.

What is size-based demography?96

Demography describes the size and structure of populations and their relation to growth,

mortality, reproduction etc.. Classic age-based demography calculates numbers Nα at age98

α, usually under the assumption that the natural mortality M is constant (see Table B.1).

Weight-at-age is (usually) described with a von Bertalanffy growth formulation (Fig. ) or100

supplied from measurements. Multiplying numbers-at-age with weight-at-age gives co-

hort biomass, and summing all cohorts gives the spawning stock biomass. Reproduction102

is described by recruitment at a certain age, which is calculated from a stock-recruitment

relationship or considered constant for yield-per-recruit calculations. Age-based demog-104

raphy is specified by 7 parameters: the von Bertalanffy growth parameters, K, L∞, and

t0 (alternatively a weight-at-age table), the natural mortality M , age at maturation αmat,106
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Figure 1: Length-at-age of a single female guppy (Poecilia reticulata) fitted to von Berta-
lanffy growth (black) and bi-phasic growth (grey). Data from Ursin (1967).

Table 1: Parameters in age- and size-based representations. Ranges are given in brackets.
“free” means that the parameter has to be specified on a per-stock basis. Values from
Andersen (2019).

Age based Size based
Asymptotic size free free
Growth free A = 5.35 g0.25yr−1 [1...100]
Natural mortality1 free a = 0.42 [0.17...67]
Maturation free wmat = ηmatW∞; ηmat = 0.28 [0.1...0.8]
Egg weight - 0.001 g [0.0001...0.01]
Recruitment slope at origin2 free ε = 0.0066 [0...1]
Max. recruitment free free
1 The mortality in size-based demography is specified as the dimensionless ratio between mortality
and mass-specific rate of energy acquisition
2 The parameter ε can conveniently be divided into two parameters, the reproductive efficiency εegg
and the recruitment efficiency εR, but for simplicity they are here merged into ε = εRεegg.

and typically two parameters for the recruitment, for example the slope at origin and the

maximum recruitment (Table 1).108

Size-based demography is based on size groups instead of age groups. Mathematically,

size-based demography is most conveniently represented as a continuum but for numer-110

ical calculations (and here) it is represented by discrete size groups. Both length and

weight groups can be used to represent body size, but weight groups lead to the cleanest112

theoretical formulation. Conversion between weight and length can be done superficially

with the classic cube-law relation w = 0.01l3 (with weight w in gram and length l in cm),114

or a more accurate formulation for the specific group or species (Froese, 2006). We need

to decide upon which size groups to use. In age-based demography one-year age-groups116
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Figure 2: Age- and size-based demography for a fish stock with asymptotic mass of 5
kg. The first row shows abundance as numbers-at-age N(α) (age α in years) and as
the abundance size spectrum N(w) (numbers per gram). The second row shows cohort
biomass B(α) and the Sheldon spectrum BSheldon (biomass in log-width bins; grams). All
panels are normalised to 1 at recruitment (1 yr; 5.3 g). The arrows show conversions
between the four representations with ∆α being the width of age groups (units of years)
and g(w) (gram per year) being the growth rate. The vertical dotted lines show size and
age at maturation. The calculations are done with size-based theory, a bi-phasic growth
equation, and parameters from Table 1. Derivation of the conversion between age- and
size-based representations are in Appendix A.

are customarily used, but in size-based demography there is no such obvious grouping.

The size range is typically evenly divided on a log scale from weight at recruitment wR118

to the asymptotic weight W∞ (Table B.1), e.g. 2-4 g, 4-8 g, etc.. There is a complication

that numbers-at-size depends on the range of sizes in each group. The narrower the size120

range, the fewer fish in a size group. To deal with this complication, size-based demogra-

phy is customarily described with the size spectrum – also referred to as the normalised122

size spectrum (Sprules and Barth, 2016) – N(w) where w is the body mass (which can

be substituted with length with appropriate conversion). The size spectrum is formed124

by dividing each size group by the size range it represents. The size spectrum is then

a density function, similar to the probability density function from statistics, with units126

numbers per body weight. While the probability density function is normalised such that
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the integral over the function is 1, the size spectrum is normalised such that the integral128

(or sum of all groups each multiplied by its size range) is the total number of individuals

in the population.130

Fig. 2 compares age- and size-based representations of demography in terms of num-

bers and biomass. Age-based demography clearly shows how abundance declines with132

age and that cohort biomass increases until around age of maturation (Fig. 2b+d). The

size spectra have a bump around size at maturation (Fig. 2a+c). The bump appears134

because growth rate declines around maturation and consequently individuals leave size

groups at a slower rate than they leave them and pile up in the groups – the same mech-136

anism that creates traffic jams on a highway. It is possible to convert between the age-

and size-based representations by multiplying with the growth rate: Na = N(w)g(w)∆α,138

where ∆α = 1 yr is the age span in an age group. Biomass in size-based demography is

conveniently represented by the Sheldon spectrum. The Sheldon spectrum is the biomass140

in logarithmically wide size groups, e.g., from 2-4 g, 4-8 g, 8-16 g etc.. The Sheldon spec-

trum is found from the number spectrum by multiplying with weight2 (Fig. 2c). Each142

representation, age- or size-based, numbers or biomass, has advantages and there is no

universally “best” representation. They all represent the same demography.144

What is size-based theory?

A mathematical theory is based on a set of assumptions or axioms. Age-based demog-146

raphy is based on assumptions of a growth equation, a mortality (usually constant), and

a recruitment formulation. From these assumptions follows predictions of fisheries yield148

and reference points, Fmsy, Flim, etc. (Fig. 3a). Size-based theory is based on three

similar assumptions:150

Assumption #1: The available energy for growth and reproduction (mass per time)

scales with body mass as Aw3/4. This assumption is in line with the standard von Berta-152

lanffy growth equation, though the exponent is usually set to 3/4 instead of 2/3. The

3/4 exponent lines up with modern metabolic theory (West et al., 1997) and has some154
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Figure 3: Overview of the assumptions, predictions, and applications of age- and size-
based theory. Weight-at-age in age-based theory could either be represented with a von
Bertalanffy growth curve or with measured weight-at-ages. Note the arrow from the
consumption towards mortality which illustrates the trade-off between consumption and
mortality.

empirical support (Essington et al., 2001). However, whether 3/4 or 2/3 is used does not

make much of a difference and the assumption that available energy scales with body156

weight is essentially the same between age- and size-based theory.

Assumption #2: Natural mortality declines with size and is proportional to available158

energy: µ(w) = aAw−1/4. The decline of mortality with a −1/4 exponent with body mass

has some empirical support (McGurk, 1986; Hirst and Kiørboe, 2002). The proportion-160

ality with available energy means that faster growing fish also have a higher mortality.

In classic life-history theory this corresponds to a constant “M/K”-ratio. The relation162

between available energy and mortality also has empirical support in relation to growth

(e.g. Lankford et al., 2001). Both declining mortality and the relation between avail-164

able energy and mortality follows from size spectrum theory: if consumption scales as in

assumption #1, and bigger organisms eat smaller ones, then mortality scales as assump-166

tion # 2 (Andersen and Beyer, 2006; Andersen et al., 2009). This means that size-based

theory is inherently a metabolic theory at the level of individuals; the only essential as-168

sumption is that metabolism and consumption increases as a power-law function with
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mass (#1). The constant “a” is called the physiological mortality (Beyer, 1989) and is a170

central parameter in size-based theory, just as M/K is in age-based demography.

Assumption #3: Density-dependence operates early in life, before fishing starts and172

before maturation. This assumption means that growth and mortality are independent

of the abundance of the stock; there is no density dependent growth and mortality. The174

assumption works well when the stock is depleted by fishing (Andersen et al., 2016b),

but may be less appropriate for unfished or lightly fished stocks where density dependent176

reductions in adult growth or cannibalism may occur (Zimmermann et al., 2018) – I will

come back to this later. This assumption is the same between age- and size-based theory.178

From assumption #1 about available energy follows growth and reproductive output

as a bi-phasic growth equation (Table. 2; Fig. 3b). The bi-phasic growth equation is180

very similar to the von Bertalanffy growth equation and with the quality of extant data

practically indistinguishable. Bi-phasic growth has a kink around the size at maturation182

where energy begins to be allocated from growth towards reproduction.

Size-based theory is not strict about any of the assumptions. One can use another184

growth function than the one following from #1 or another mortality than #2 and still ap-

ply the theory – just as age-based theory can use other growth equations and non-constant186

mortality. Sticking to the formulations in #1 and #2, however, makes it possible to rely

on constant life-history parameters and formulate the trade-offs needed for quantitative188

genetics. In the final section I discuss how to relax the third assumption and operate

with density dependent growth, mortality, and reproduction happening later in life.190

Size- vs. age-based theory and applications

From the three assumptions follows predictions of growth, the slope of the recruitment192

function, and demography (Fig. 3b). As it appears from Table B.1 the equations have

a fairly similar structure between age- and size-based formulations (at least in the dis-194

crete formulation used here). The parameters are different, though. Instead of the von

Bertalanffy K parameter, size-based theory uses the growth constant A; instead of the196
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constant natural mortality M it uses the physiological mortality a; instead of age at mat-

uration tmat it specifies the size at maturation as proportional to the asymptotic weight198

ηmatW∞; instead of specifying recruitment slope at origin (or the steepness) it operates

with a “recruitment efficiency” ε. The age- and size-based parameters are connected, and200

one can convert between them, though not perfectly in all cases (Table B.2).

There are smaller differences between the demographic theories. For example size-202

based theory operates with a size-dependent mortality whereas age-based theory typically

operates with a constant mortality. This, however, is a small difference and age-based de-204

mography can easily operate with an age-dependent mortality. The growth equations are

also slightly different; age-based theory uses a von Bertalanffy growth equation, whereas206

size-based theory operates with a bi-phasic growth equation. Nevertheless, they are fairly

similar, and, again, age-based theory could just as well use a bi-phasic growth equation208

(or vice versa). We can therefore conclude that age- and size-based demography are

essentially identical. They are two equally valid representations of fish demography.210

So, when should one use one framework over the other? In the following I discuss pros

and cons of each framework in terms of the theoretic formulation (1-3), applications to212

stock assessments and other fisheries advice (4-6), and the use of size/age as a structuring

variable (7-9):214

1) Size-based theory provides a prediction of egg production. Hence, it does not need

an external stock-specific parameter to characterise recruitment (the slope at origin or the216

steepness). The prediction emerges from the bio-energetic budget (Table 2). This idea has

been re-invented many times (Andersen and Ursin, 1977; Roff, 1983; Lester et al., 2004;218

Mangel et al., 2010; Andersen and Beyer, 2015) and is central in physiologically structured

models (de Roos and Persson, 2013) and in evolutionary theory, where accounting for the220

cost of reproduction is essential (Day and Taylor, 1997). The prediction of recruitment

from size-based theory can of course be used in age-based demographic calculations.222

2) The parameters in size-based theory are for the most part life-history constants.

This means that they are not strongly correlated with other parameters and they have a224

average expected value across all fish stocks (Table 1). Instead of a von Bertalanffy growth

10
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Figure 4: The trait-space of bony fish (Actinopterygii) as defined by their asymptotic
weightW∞ and they growth rate constant, A. The area of each point is proportional to the
maximum population growth rate as estimated from W∞, A and the default life-history
parameters in Table 1 (calculation in Appendix C). The grey patch to the right shows
the distribution of A with a geometric mean of 5.15 g1/4 yr−1. Data are populations
from FishBase (Froese and Pauly, 2013) selected from the criterion that t0 is in the
range ±1. Note that no correction for taxonomy has been applied so the data has an
over-representation of species like cod, herring, Sebastes-species, etc.. – a more proper
representation could be achieved by applying FishLife (Thorson, 2020).

constant K that is correlated with asymptotic size, size-based use the growth constant226

A which does not, or only weakly, correlate with asymptotic size (Fig. ). The growth

parameter A directly indicates somatic growth rate; if A is larger/smaller than about 5228

g0.25yr−1 fish in the stock grows faster/slower than average. Von Bertalanffy K states

the maturation rate – how fast maturity is approached – which does not indicate growth230

rate directly. Similarly, the relative maturation size ηmat can be compared across stocks,

while the age at maturation varies with a combination of K and L∞. The recruitment232

parameter – slope at origin – is one of the big unknowns in fish demography and it

varies systematically with asymptotic size (Hall et al., 2006). In contrast the recruitment234

efficiency ε has a similar value across stocks – even though it is still uncertain with

a large variability. Formulating theory in terms of life-history constants is the ultimate236

realisation of Ray Beverton’s project about life-history constants in fish stocks (Beverton,

1992). The relation between the size-based life-history constants and the classic age-based238

parameters is given in Table B.2.

3) Size-based theory can be interpreted as a trait-based theory because of the constant240
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Figure 5: Trait-based predictions from size-based theory of (a) Fmsy, (b) maximum popu-
lation growth rate rmax , and (c) fisheries induced evolution of size at maturation relative
to weight at maturation for a fishing mortality of 0.3 yr−1. Each prediction is made for
slow to fast growing species (thin/thick grey; half/double the average growth rate). The
prediction of rmax is based on the approximation in Appendix 7, which underestimates
rmax for small species. The predictions of Fmsy and evolutionary responses are made with
a trawl selectivity with a 50% selectivity at 5% of the maximum weight.

life-history parameters. The “master trait” is the asymptotic size W∞, and we can

make general predictions across all species just knowing the asymptotic size. Trait-based242

predictions reveal an important insight: population-level rates, such as fisheries reference

points and maximum population growth rates, do not scale metabolically with asymptotic244

size as W
−1/4
∞ (Fig. a+b; Andersen and Beyer (2015)). In other words: smaller species

do not necessarily have higher population growth rates than large species. This is a246

surprising finding because it clashes with metabolic theory, even through size-based theory

is inherently based on metabolic assumptions at the level of individuals. The finding248

emerges because bony fish make eggs with approximately the same size, irrespective of

their asymptotic size (Neuheimer et al., 2015). That metabolic scaling rules do not apply250

for fish has important implications for simple food web calculations or unstructured theory

that often rely on metabolic scaling rules for parameterisation of P/B rates or population252

growth rates. While it is clear that asymptotic size is the most important trait, which

other traits to include to improve precision depends on the application. For the example254

with the maximum population growth rate rmax and Fmsy shown here, it is the growth rate

A (Fig. ); if the application is an exploration of the importance of big fish for reproduction,256
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the ratio between asymptotic size and size at maturation ηmat is the most relevant trait

(Andersen et al., 2019); if the application is stock assessment, it is the growth:mortality258

ratio a (Kokkalis et al., 2015). As the variation in the life-history parameters is known

(Table 1) the uncertainty of prediction based on just one trait – e.g. asymptotic size – can260

be represented by a monte carlo simulation with random values of the other life-history

parameters within their known ranges (see Andersen and Brander, 2009; Andersen and262

Beyer, 2015, for examples). Alternatively empirical relations between taxonomy and life

history parameters (Thorson et al., 2017) – e.g. a (M/K) or ηmat – can be used to further264

refine the estimates.

Size-based theory has applications for stock assessments and impact assessments, both266

in data-rich and data-poor cases, and for evolutionary impact assessments:

4) Fish stock assessment are widely done with age-structured models (or production268

models). Age-based assessment relies on aging of samples from surveys and catches, a

procedure which is costly, only resolves age on a yearly basis, and is prone to error.270

Size-based assessments use measurements of length or weight that are cheap, precise,

and with little scope for error of interpretation. A size-assessment essentially estimates272

the the log-log slope of the size distribution (Fig. 2a), which is directly related to the

mortality:growth ratio; the steeper the slope, the higher the mortality or the slower the274

growth. However, to know the mortality – and then the fishing mortality – we need to

multiply the slope with the growth rate constant A. In other words, we need to know the276

growth rate, which requires aging. Some of the advantages of the size-based assessment

therefore disappears, because if we have to do aging we could just as well do age-based278

assessments. Some information of growth rate can be found by following cohorts in

size (Fournier et al., 1998), but this is fairly unreliable in many cases. However, if we280

are satisfied with only knowing the status of the stock, i.e., the ratio between fishing

mortality and the reference point, for example F/Fmsy, then we do not need to know282

growth. The reference point is also proportional to the growth rate A, and therefore

the ratio F/Fmsy becomes independent of the growth rate. If we are willing to sacrifice284

accurate estimation of F and just estimate F/Fmsy, then size-based assessment will be
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as accurate as age-based assessment, even without knowledge of growth (Kokkalis et al.,286

2017). As many central management decision are made with reference to the stock status

F/Fmsy (or similar ratios with other reference points), knowledge of the absolute fishing288

mortality is of secondary relevance and there is a big untapped potential for size-based

assessment of stock status.290

5) The central role of life-history constants and traits makes the theory the natural

starting point for data-poor stock assessments and impact assessments. Size-based data-292

poor stock assessment methods are actively developed at the moment (e.g. Kokkalis et al.,

2017; Le Quesne and Jennings, 2012; Hordyk et al., 2015) (though at times they fail to294

properly account for the difference between age- and size-based demography (Hordyk

et al., 2019)). They all rely on some variant of life-history constants as a “Robin Hood”296

method of using knowledge from other stocks to determine parameter values. In the

extreme case, knowing just the asymptotic size we can estimate the fisheries reference298

points, even accounting for density-dependent recruitment. As explained above, the main

unknown, the growth rate A, disappears if we form the ratio of observed fishing mortality300

and the fisheries reference point. This means that we can predict the status of the fishery;

whether is it over- or under-exploited with respect to Fmsy (Kokkalis et al., 2015). We can302

even account for uncertainty by varying the life-history parameters within their known

ranges (Kokkalis et al., 2017). Knowledge of some parameters, for example the growth304

parameter A, the size at maturation, the growth:mortality ratio etc., can be used to refine

the predictions, e.g. from taxonomically informed methods (Thorson, 2020). Size-based306

theory should be the starting point for size-based data-poor stock assessment.

6) The full bio-energetic formulation with a trade-off between consumption and mor-308

tality (assumption #1) and between somatic growth and reproduction opens the door

to quantitative genetics-based predictions of fisheries induced evolution (Fig. c; (Ander-310

sen and Brander, 2009)). Size-based theory can therefore be used to make evolutionary

impact assessment of fishing. The example given here shows how size (and age) of mat-312

uration declines with increased fishing mortality. A similar pattern emerges if natural

mortality is increased, in accordance with observations of a correlation between M/K314
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and size of maturation (Thorson et al., 2017).

There are also some advantages of an age-based formulation of demography:316

7) Age-based demography is easier to implement quickly (compare the equations in

Table B.1). However, as age-based demography is done with age-groups of one year we318

need to compensate for the mortality during the year with Baranov’s catch equation

when calculating yield. This correction is not needed in size-based theory which typi-320

cally operates with many (100s) of size groups. Age-based representations are also more

intuitive; from Fig 2b+d we immediately see the number and the biomass of fish with322

a certain age. The size-based representation shows the number density, or the Sheldon

biomass spectrum, which are more abstract representations of demography. There is a324

trade-off between the simplicity of age-based versus the higher resolution of size-based

demography.326

8) Age-based theory naturally incorporates the annual schedule that governs many

aspects of fish demography, in particular annual reproduction. Resolving an annual328

schedule in size-based theory does not come naturally.

9) While most relevant physiological processes and gear selectivity depend more on330

size than on age, one effect does depend on age: senescence. There is little evidence

for senescent drop in reproduction, but some evidence for senescent mortality (Beverton332

et al., 2004). However, senescence is unlikely to be relevant in fished populations, where

older individuals are very rare, so it is safe to ignore senescence for most applications334

to fished populations. If it is needed, age-based senescence can be resolved in size-based

theory with a size-age relation, just like size-based mortality can be incorporated in age-336

based theory.

Overall, the difference between age- and size-based theory is in the scope of the the-338

oretical framework. Size-based theory is a comprehensive axiomatic framework within

which age-based demography is embedded as a special case. Predictions from size-based340

theory of parameters, recruitment, etc. can be used for age-based demography. The choice

between age- and size-based demography is therefore often one of convenience: if annual342

schedules are central an age-based formulation is to be preferred; if precision of resolu-
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tion is important, or data-poor or fisheries induced evolution applications is needed, then344

size-based is preferred. For stock assessments, in particular in data-poor situations, there

are potential big gains in moving to a size-based formulation because of the easy access346

to cheap and accurate size measurements.

Challenges and future perspectives348

Size-based methods have maturated to be useful for practical fisheries advice, and it

is already actively used to develop data-poor stock assessments (Hordyk et al., 2015;350

Kokkalis et al., 2017, e.g. ), in ecosystem models (Scott et al., 2014; Spence et al., 2020),

and for assessments of fisheries induced evolution (Andersen and Brander, 2009). This352

situation should not keep us from testing and developing the theory further. Three areas

warrant attention: the bio-energetic basis, predictions of recruitment, and applications354

in consumer-resource modelling for modelling density dependence.

The core of size-based theory is the bio-energetic budget used to calculate growth356

and reproduction (Table 2). Fairly little experimental work on bio-energetic growth

models have been done since Ursin (1967), probably due to the difficulty and expense358

of working experimentally with long-lived species like fish. The consequence is that we

have an incomplete understanding of exactly which processes determine investment in360

reproduction, metabolism, and asymptotic size, and how they are related. There are

evident trade-offs between these three processes, for example higher metabolic costs and362

activity leads to smaller asymptotic size everything else being equal. However, everything

else is not equal; reproduction also plays a role and how the organism balances this three-364

way trade-off is unknown. Further, the reproductive output is often not just proportional

to mass but in many cases increases faster (Barneche et al., 2018). Is this process due366

to ecology – size-based variability in available food an condition as seen for Icelandic

cod (Marteinsdottir and Begg, 2002) – or is it an evolutionary adaptation? Knowing368

whether more-than proportional investment in reproduction is due to the environment

or is a species trait matters for statistical estimation which often assume a taxonomic370
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signal. A similar problem is how bio-energetic processes depend on temperature, where

our current understanding has been thrown into doubt (Lefevre et al., 2017; Jutfelt et al.,372

2018). What is missing is not more theory but long-term experiments on individual fish,

carefully designed to inform about the trade-offs between growth, metabolism, activity,374

reproduction, maturation, and asymptotic size, and how they all respond to temperature,

both for short-term acclimation, longer-term adaptation, within and across species of376

different asymptotic sizes.

The prediction that the recruitment slope at origin declines with asymptotic size and378

increases with growth rate (Table B.1; Andersen and Beyer (2015)) is crucial because

it determines how fisheries reference points scale with asymptotic size. The prediction380

that slope decrease with asymptotic size conforms qualitatively analyses of the RAM

database (Hall et al., 2006; Thorson, 2020). However, the observed slope declines faster382

than predicted (roughly an exponent −0.76 vs. predicted −0.25). The predicted scale of

the slope as W
−1/4
∞ leads to fisheries references points that only differ slightly between384

small and large species (Fig. b). In contrast, if the slope is ≈ −0.93, close to the observed

−0.76, then fisheries reference points scale metabolically. That would mean that the Fmsy386

of a 5 g forage fish is 10 times higher than that of a 50 kg large demersal species (see

Appendix C). However, observations of Fmsy (Andersen and Beyer, 2015; Jacobsen, 2015)388

show that Fmsy is roughly similar between small and large species. The importance of

the prediction of the slope for fisheries reference points makes it an important question390

to resolve. Working with recruitment data is difficult because of the very noisy nature of

the observations and the difficulty in assessing the slope at origin or steepness from the392

observations. Further, the data needs to be corrected for age/size at recruitment which

implies further assumptions.394

Finally, there is an increasing realisation of the importance of accounting for density-

dependent growth (Lorenzen and Enberg, 2002; Zimmermann et al., 2018) and canni-396

balism in impact assessments of fisheries (van Gemert and Andersen, 2018a). Density-

dependent processes that occur later in life break assumption #3, which a foundation of398

both age- and size-based demography. Density-dependent growth and cannibalism can
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potentially change reference points fundamentally (Andersen et al., 2016b) and induce400

Allee effects that hinders recovery (Van Leeuwen et al., 2008). Even though it is still

unclear how important such effects are for reference points (van Gemert and Andersen,402

2018b), it is clear that fisheries science and management will increasingly be asked to

assess density dependent processes besides stock-recruitment.404

Resolving density-dependent growth and cannibalism requires a consumer-resource

perspective, such as is commonly taken in ecology. Physiologically structured modelling406

is the natural approach to combine classic consumer-resource theory with structured

populations in a fisheries context (Persson et al., 2014). In physiologically structured408

models all density dependence emerge from competition for a resource or from cannibalism

(de Roos and Persson, 2013). Size-based theory is naturally extended to a physiologically410

structured model, however, with the slight difference that it also incorporates a stock-

recruitment relation to account for early-life density dependence due to habitat limitation412

or larvae survival (van Gemert and Andersen, 2018b) or spatial population dynamics

(Andersen et al., 2016b). It is still unclear whether these more advanced consumer-414

resource models can be integrated into practical management: do we have the knowledge

to parameterise them, and the ability to apply the predictions for management?416

Conclusion

The emergence of size-based theory does not replace existing age-based theory. Rather,418

it embraces and expands it. Size-based theory offers a solid axiomatic framework with

more applications that age-based theory and linked directly to modern ecological and420

evolutionary theory. Instead of having to develop disjoint frameworks for data-poor as-

sessments, fisheries induced evolution, density dependent processes etc., size-based theory422

offers a unified framework. The theory is formulated with specific assumptions about the

growth equation, about mortality, and about reproductive investments. It is important424

to remember that size-based theory is not dogmatic with regards to these formulations;

another growth equation, mortality or formulation of reproductive investment can be426
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used if it is more appropriate – as can also be done in age-based demography. However,

the simple formulation offers a route to make impact assessment with little data and to428

make sweeping cross-taxa prediction. Finally, size-based demography links to directly

to size-based models of the entire fish community that are being increasingly used as430

models of intermediate complexity (Spence et al., 2020; Scott et al., 2014). Despite the

advantages of size-based theory, age-based demography will continue to form the basis432

of much fisheries advice because it is well known and well established. However, where

we develop new advice for emerging fish stocks or in countries with poorly developed434

management, it should be size-based.
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A Conversion between age- and size-based

demography608

Consider a size group representing individuals in the range [w : w+∆w]. The abundance

N in the size group is found by integrating the size spectrum N(w) over the size interval:

N =

∫ w+∆w

w

N(w) dw,

or by integrating the age distribution N(α) (numbers per age) over the corresponding

range of ages:

N =

∫ α(w+∆w)

α(w)

N(α) dα.

If the size range ∆w is small we can approximate ∆α ≈ ∆w/g(w), where g(w) is the

growth rate (mass per time). Moreover, the two integrals can be approximated as N ≈

N(w)∆w and N ≈ N(α)∆α. Equating the two integrals then gives the relation between

the size spectrum N(w) and the age distribution N(α) as:

N(w) ≈ N(α)

g(w)∆α
.

With one-year age groups, ∆α = 1 year, the relation between the size spectrum and the

age distribution is simply given by the growth rate g(w).610

B Central relations in size-based theory

For details see Andersen (2019, Chap. 4). Equations are summarised in Table A1.612

Growth (mass per time) follows from assumption #1 by subtracting investment in

reproduction:614

g(w) = E(w)− ψmat(w/W∞)kw, (1)

where ψ is size-based maturity ogive and k is the annual mass-specific investment in

reproduction. Note that it is assumed that the gonado-somatic index is independent of616
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size. We can rewrite the equation in terms of asymptotic weight to get:

g(w) = Aw3/4
(
1− ψmat(w/W∞)(w/W∞)1/4

)
. (2)

Survival from size w1 to w2 is:618

Pw1→w2 = exp

[
−
∫ w2

w1

a(ω) dω

]
with a(ω) = µ(ω)ω1/4/A. (3)

If mortality µ(w) is only given by predation from assumption #2 then a(ω) is a constant,

a and survival becomes Pw1→w2 = (w2/w1)−a. The number of individuals in a size group620

spanning individuals of sizes from wi to wi + wi+1 is:

Ni = RPwR→wi , (4)

where R is the recruitment (numbers per time) and wR the size at recruitment.622

The reproductive output (numbers per time) from an individual fish is:

Rp(w) = εeggψ(w/W∞)kw/wegg = εeggψ(w/W∞)AwW−1/4
∞ /wegg, (5)

where εegg ≈ 0.22 is the efficiency of egg production. The total egg production of a624

population is the sum over all m size groups:

Rtot = εRsum
m
i Rp(wi)Ni(wi+1 − wi). (6)

The total reproduction is discounted by a recruitment efficiency εR ≈ 0.03 and by the626

survival from the egg size to the recruitment size Pwegg→wR
.

628
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C Scaling of Fmsy with W∞

We cannot make an exact derivation of Fmsy, but we can make an approximation by630

assuming that Fmsy and the maximum population growth rate rmax scales similarly with

asymptotic size. This assumption seems reasonable when comparing panels a and b in632

Fig. . The maximum population growth rate can be approximated as Andersen (2019,

Chap. 7):634

rmax ≈ AW−1/4
∞ [(1− a) ln(W∞/wegg) + ln(ε)] . (7)

The slope of recruitment at origin is ∝ εW
−1/4
∞ (Table B.1). The deviation from the −1/4

of the slope can be described by the recruitment efficiency scaling with W∞ as ε ∝ W b
∞,636

where the exponent b is the deviation, so the total scaling of the recruitment slope is

b− 0.25. Inserting in (7) we see that if b = −(1−a) ≈ −0.68 then the term in the square638

brackets becomes independent of W∞ and rmax becomes proportional to W
−1/4
∞ , i.e., a

metabolic scaling. The scaling of the slope of recruitment is then −0.25− 0.68 = −0.93.640
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Table 2: Growth equations
The von Bertalanffy growth equation is based on an energy budget of an individual
fish with weight w:

g(w) = Awn − kw,

where A is a growth constant and k represents losses. Customarily the exponent
n = 2/3 is used (but see Ursin (1967)). The growth constant has fractional units
gn−1 per year. Fractional units are uncommon, but it is perfectly valid. One should
just think of A as the constant that scales the growth rate. Writing the growth rate
as g(w) = dw/dt the growth model can be solved to yield weight w(α) and length
l(α) at age α:

w(α) = W∞

(
1− e−(1−n)AWn−1

∞ α
)1/(1−n)

and l(α) = L∞(1− e−Kα).

The solution of w(α) is valid for asymptotic sizes W∞ � wegg. The length-based
solution introduces the von Bertalanffy growth constant K, which is derived from A
and L∞ (Andersen et al., 2009, see also Table 1).
Bi-phasic growth models are based on the same energy budget (Quince et al., 2008;
West et al., 2001; Lester et al., 2004). They assume that the losses, kw, represent
expenses for reproduction including migration, forgone feeding, and the actual egg
or gonad production. These losses therefore mainly occur when the individual is
mature. Maturation is described with a maturity function ψmat(w) that switches
smoothly between 0 and 1 around the size at maturation:

g(w) = Awn − ψmat(w)kw,

where n = 3/4 is customarily used (West et al., 2001). This formulation has the
advantage that it predicts the number of eggs produced by an individual Rp:

Rp = εeggψmat(w)kw/wegg = εeggψmat(w)AW n−1
∞ w/wegg,

where εegg is the fraction of the reproductive investment that results in eggs. The
differences between solutions of the von Bertalanffy growth model (with n = 2/3)
and the bi-phasic growth model (with n = 3/4) are fairly small (Fig. ).
The important quality of the bi-phasic growth model is that it uses the bio-energetic
budget to predict the slope at origin in the recruitment function (Andersen and
Beyer, 2015, see also Table 1).
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Table B.1: The central equations in age- and size-based demography. Subscripts α and i
refer to age and weight groups with maximum αmax and m.

Age based Size based

Groups1 α ∈ αR...αmax wi = wR

(
W∞
wR

) i−1
m−1

Mortality2 Zα = M + Fα µi = aAw
−1/4
i + µF (wi)

Demography3 Nα = R
∏αmax

α=αR+1 e
−Zα Ni = R

g(wi)

∏i
j=2

(
wj
wj−1

)−aj−1

SSB BSSB =∑αmax

α=1 Nαwαψmat(wα)
BSSB =

∑m−1
i ψmat(wi)Niwi(wi+1−

wi)

Recruitment
α

free εAwa−1
egg w

−a
R W

−1/4
∞

Recruitment4 R = RmaxαBSSB/(αBSSB +Rmax)
1 aR and amax are age at recruitment and maximum ages; m is the number of size groups.
2 Fa is the fishing mortality at age; µF(w) is the fishing mortality at size.
3Here αj = α + µF (wj)w

1/4
j /A. Note that Ni is the size spectrum with units numbers per mass.

The numbers in size group i is Ni(w − i+ 1− wi).
4Here a Beverton-Holt function is used, but any curve can be used with the slope at origin specified
by α

Table B.2: Conversion of parameters between age- and size-based representations.
Age based Size based

Abundance demography Nα = N(w)g(w) N(w) = Nα/g(wα)
Asymptotic size L∞ = (W∞/c)

1/3 W∞ = cL3
∞

Growth K ≈ AL
−3/4
∞ c−1/4η

1/12
mat /3 A ≈

√
233/4((cK3L3

∞)/tmat)
1/4

Natural mortality M ≈ aAηmatW∞
−1/4 a ≈Mtmat/4
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