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Abstract

1.

Body length distributions for coastal fish have been observed to be unimodal, with
the highest abundances at intermediate body sizes and relatively fewer small and
large individuals. This empirical pattern contrasts with predictions from widely applied
models based on the von Bertalanffy growth function (VBGF), which predict that the
smallest individuals are most abundant and that abundance monotonically declines
with increasing body length.

We investigated whether unimodal body length distributions can arise from realistic
growth and mortality dynamics, without assuming VBGF. Using a simple population
equilibrium model applied to a suitable case-study species, Ctenochaetus striatus,
we examined how growth-at-size and mortality-at-size interact to shape the observed
body length distributions. Results were evaluated using independent otolith-derived
growth rates, including daily-resolution otolith growth increments for the first year of
life.

When observed body length distributions were used to infer growth-at-size rates
across a broad range of plausible mortality scenarios, estimated growth was
considerably faster during early ontogeny than predicted by the VBGF. These
estimated growth-at-size rates closely matched the independent otolith-derived
growth trajectories.

Alternatively, when otolith-derived growth rates were incorporated into our population
model, the emergent length distributions under a range of plausible mortality-at-size
scenarios were all unimodal in shape, resembling empirical observations.

Our findings demonstrate that unimodal body length distributions, reported earlier
across hundreds of coastal fish species, are not only the consequence of observation
selectivity but emerge naturally when rapid early growth is accounted for. These
findings also support previous concerns that VBGF strongly underestimates juvenile

fish growth.



57

58

59

60

61

62

63
64

65

6. Fish population and community models relying on VBGF-based growth are likely to
overestimate the relative abundance of the smallest individuals, potentially biasing
inferences about juvenile mortality, predator-prey interactions, and competition.
Incorporating realistic growth dynamics will improve the accuracy of population
assessments and ecological models, including those used to fisheries management
and conservation actions.

Keywords: von Bertalanffy growth, biphasic growth, otolith biochronology, empirical

body length, length-frequency, growth-at-size, mortality-at-size
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Introduction

The relative abundance of small, medium and large individuals within natural populations is
determined by a combination of individual growth, mortality and recruitment (Peters, 1986;
Schmidt-Nielsen, 1984). Recruitment is defined as the number of the youngest individuals
entering the population in any given year, which drives the overall abundance of the
population, and is often assumed to occur at a continuous rate or fluctuating around a
constant level (Andersen, 2019). Growth rates determine how quickly individuals grow from
smaller to larger length classes, and mortality rates define the loss of individuals from each
length class. Thus, the relative rates of mortality and growth (or M/k ratio, Hordyk et al.,
2015b) determine the shape of the population body length distribution, with relatively faster
growth resulting in a relatively greater abundance of larger individuals and vice versa. The
mortality to growth ratio, and resultant body length distribution, is considered a fundamental
indicator of a species’ ecological role, extinction risk, productivity and resilience (Blueweiss
et al., 1978; Olden et al., 2007; Peters, 1986). However, it is unclear how much variation
exists in the shape of body length distributions in natural populations (Froese et al., 2018;
Hordyk et al., 2015b; Jensen, 1996; Prince et al., 2023). A recent continental-scale analysis
of empirically observed body length distributions from visual census datasets covering ~800
diverse rocky and coral reef fish species showed that, for the large majority of populations
and species, spatially and temporally pooled length distributions can be approximated by a
positive-normal or lognormal statistical distribution (Heather et al., 2025). That is — observed
body length distributions were mostly unimodal, with the greatest abundance of individuals
occurring at an intermediate body length. This finding contrasts with traditional fisheries
models, which typically predict highest abundances in the smallest size groups, unless the

mortality to growth ratio is very low (Hordyk et al., 2015a).

The discrepancy in the theoretically expected (monotonically declining) versus observed
(unimodal) shapes of body length distributions can be explained in two ways. The first and

most intuitive explanation is that selectivity reduces the observed abundance of the smallest
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individuals. This could be either through observational selectivity, where the smallest
individuals are less likely to be observed or sampled, or ecological selectivity, where the
smallest individuals are indeed absent from the surveyed area. However, according to
Heather et al. (2025), the selectivity required to reconcile the discrepancy between theory
and observations across nearly 800 fish species was considerable. For example, according
to classic growth modelling (von Bertalanffy, 1957), and assuming a generic M/k (mortality to
growth coefficient) ratio of 1.5 (Froese et al. 2018) and logistic observational selectivity, only
about 50% of individuals at 40% of a population’s maximum length (L,,.,) would be
observed in a population body length distribution sample. In other words, for a species
growing to 100 cm in length, only half of 40 cm individuals would be observable compared to
observation probability of fully observable sized fish. Such a high level of selectivity needed
to explain naturally observed body length distributions seems unrealistically high and not in
line with published analysis on size-dependence of observational selectivity in underwater

surveys (Ackerman and Bellwood, 2000).

The alternative explanation for higher-than-expected relative numbers of intermediate sized
individuals in observed population body length distribution samples is fast growth during
early ontogeny. Classic fisheries science typically assumes fish growth following a von
Bertalanffy growth function (VBGF), with its growth coefficient (k) representing the
instantaneous rate of increase in body length towards the asymptotic body length (L.,).
Importantly, the VBGF assumes linearly declining growth rate with body length (Gulland and
Holt, 1959), reaching zero growth at the asymptotic body length, L.,. The VBGF Kk is
estimated as a single parameter by fitting the VBGF to individual or population level length-
at-age data. However, it is widely acknowledged that VBGF performs poorly in predicting
juvenile growth (Day and Taylor, 1997; Lester et al., 2004), leading to over 20 different
alternative biphasic growth models suggested to better account for different growth between
juvenile and adult individuals (Wilson et al., 2018). Biphasic models typically represent pre-

maturation growth as linear, followed by the VBGF or another uniphasic non-linear growth
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function after maturation. The key consideration here is that the relative growth of juvenile
fish is fast up until around maturation size, from which point on growth declines. Thus, if true
growth rates of the smallest individuals are indeed considerably faster than assumed by the
VBGF, then the relative numbers of the smallest individuals in an equilibrium population
would have to be lower than expected in population models that use VBGF to represent
growth. This is because the smallest individuals would quickly grow into intermediate sizes
and accumulate there as growth slows down. This process could lead to the observed
unimodal, rather than monotonically declining, body length distributions (Heather et al.

(2025).

Resolving fundamental uncertainties about the shape (monotonically declining or unimodal)
of natural fish populations is important from both a theoretical and practical point of view.
While biphasic growth models are increasingly used to better represent individual growth
and energy allocation processes (Wilson et al., 2018), VBGF is still the main model used to
generate predictions about natural body length distributions in many marine ecological
modelling and fisheries applications (e.g., Froese et al., 2018; Hordyk et al., 2015b).
However, if classic uniphasic growth models, such as the VBGF, predict unrealistically high
relative abundance of juvenile fish in natural populations, there are direct implications for
associated inferences of density dependence, species interactions, and other ecological
processes. From a fisheries perspective, size-based population models typically assume
growth according to the VBGF and that the left side of observed body length distributions is
shaped by adequately estimated sampling selectivity (e.g., Froese et al., 2018; Hordyk et al.,
2015b). Yet, if growth is biphasic and the true observable body length distribution is
unimodal, the estimation of these selectivity parameters will be biased, with important
implications for the assessment and management of target species worldwide. Here, we aim
to reconcile empirical observations of unimodal body length distributions with theoretically
expected monotonically declining distributions by testing whether the apparent lack of the

smallest individuals in body length distributions could result from faster than expected
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juvenile growth, rather than observational selectivity alone. To achieve this, we use a unique
case study and a simple size-based equilibrium model to (1) estimate size-specific growth
rates required to match observed unimodal body length distributions and then (2) contrast
these inferred growth estimates to independent empirical growth rates derived from otolith

analyses.

Methods

Data and species selection

Body length data for wild fish populations were obtained from underwater visual surveys
around the Australian continent available from the Reef Life Survey (RLS) program (Edgar et
al., 2020; Edgar and Stuart-Smith, 2014). Visual census survey methodology and
assessments of its potential biases are described in detail in many previous studies (Edgar
et al., 2004; Reef Life Survey Foundation, 2019). Briefly, the surveys are performed
according to a standardised protocol, where two divers survey 5 x 50 m transects, counting
all observed fish by species and estimating their individual lengths to the nearest body length
class, with the width of the length classes increasing as fish get larger (2.5, 5, 7.5, 10, 15,

20, 25... cm).

For this study we selected a case study fish population based the following criteria: 1) no
fishing pressure; 2) a common species with many individuals observed in RLS data; 3)
enough length classes in observation data to accurately represent the population body
length distribution; and 4) the availability of high resolution (daily and annual growth
increment) otolith size-at-age data to determine size-specific growth rates across the full
species size range. Meeting all these criteria, we selected the lined bristletooth
(Ctenochaetus striatus) from Mermaid Reef Marine Park, about 280km off the northwest
coast of Western Australia. This species is highly abundant in the marine park (n = 8367 total
observations), spanning seven body length classes, and had otolith-derived growth rate

estimates publicly available (Trip et al., 2014). The Mermaid Reef Marine Park met all the
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criteria to be determined as highly effective (no take, well enforced, old, large, and isolated;
Edgar et al., 2014) and it included 72 RLS surveys at 18 distinct sites, conducted during

2013 and 2018.

Estimating growth-at-size using empirically observed length distributions

In the first part of analysis, we calculated the growth rates required to produce empirically
body length distributions of C. striatus, i.e., the temporally and spatially pooled distribution
from all the 18 sites and two years of RLS observations (Figure 1). Following methods
described in Andersen (2019), we modelled the equilibrium (stable) number of individuals
within a body length class as a function of the individuals growing into the length class from
the previous (i.e., smaller) length class, which is equal to the individuals growing out into the

next (bigger) length class plus the individuals dying from the length class:

ji-1Ni1 = JiNi + i N; 1

Here N; is the number of individuals within length class i, j; is the rate of growth out of the
length class i (units of ‘per time’) and y; is the instantaneous mortality rate for length class i

(units of ‘per time’, also commonly referred to as M).
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Figure 1. Observed body length distribution for Ctenochaetus striatus, with overlayed model
concept. The equilibrium abundance, N, within a length class, i, is defined as the number
growing into the length class from the previous length class (j;_;N;_1), minus the death from
the length class (y;N;), minus the number growing out of the length class into the following
length class (j;N;). See Equation 1. Y-axis represents the normalised abundance (abundance

per unit length, where 4A; is the width of the length class in cm).

Because the abundance within each of the length classes (N;,N,, N3, ..., N, ) is known (from
the observed survey data), we can assume alternative rates of mortality in each length class
(1;) to then estimate the associated fraction of individuals growing-in and growing-out (j;_,

and j;) individuals required to produce empirically observed length distributions. For this, we
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define the growth rate (g, cm per year) as the fraction of individuals growing out of the length
class, j;, multiplied by the width of the length class, (4; in cm), i.e., g; = j;A;. Likewise, we
normalise abundances in each length class, by dividing them by length class width, A; to
obtain normalised abundance JV;, or the abundance per unit body length. Now we can
rearrange and substitute g; and JV; into Equation 1 to estimate the growth rate in a previous
length class (i — 1), given the growth rate in the current length class (i), assuming some

mortality in the length class (see supplementary material S1 for derivation):

N;
Ji-1 = m(gi + Ww4;) 2

If we assume that the growth rate in the largest length class is zero, we can work backwards
to estimate the growth rate within each previous length class that would give rise to the
observed length distribution, since V;/W;_; is known (observed). Alternatively, the same
results can be obtained by re-arranging Equation 2 to estimate the growth rate in the
following class (i + 1 class) as a function of the growth in the current class i. However, the
latter option requires assuming some growth rate at the smallest length class, which is more
uncertain than assuming the final growth rate to be zero. We therefore used the former

option and calculate growth backwards through the size classes (as shown in Equation 2).

Since we do not know the true natural mortality-at-size (y;), we started by testing three
different mortality-at-size assumptions - constant, linearly declining and exponentially
declining (Lorenzen et al., 2022). According to Lorenzen et al. (2022), natural mortality
across sizes can be represented by a scaling exponent of approximately -1, i.e., M = aL™! or
in our case y; = aL;”*, where a is a scaling constant representing ‘mortality-at-unit-length’,
with a median value of 16.3 at 1 cm body length. Here we compare the exponentially
declining M (u; = 16.3L;” ") to constant M at size (y; = b) and to linearly declining mortality
(v; = ¢ + dL;). Values of parameters b, ¢, and d, were selected so that the total mortality

(Xi=11;) in the three scenarios was the same (see supplementary material S2).
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We also explored how changes in Lorenzen’s mortality exponent, scaling coefficient
(mortality-at-unit-length), and assumptions about senescence mortality, u;, might affect
growth rate estimates. For this we first tested ten different exponent values for natural
mortality, ranging from -0.81 to -1.02 (Lorenzen, 2022), equally spaced. To explore the effect
of the scaling coefficient, we tested three values — the median value reported by Lorenzen et
al. (2022) of 16.3/year at 1 cm length, and a lower and upper bounds covering one order of
magnitude, or 5 to 50 (units of per year, at 1 cm body length). To model senescence
mortality, 4, we used a function that increases hyperbolically as it approaches the maximum
observed length class: us; = s/(max(L) — L; + 1 cm), with three values of the constant s
representing no senescence (s = 0 cm/year), medium senescence mortality rate (s = 0.5
cm/year), and high senescence mortality (s = 1 cm/year). Two sensitivity analyses were
performed. First, each of the ten Lorenzen mortality exponents (where the mortality scaling
coefficient was fixed at 16.3) were combined with the three levels of senescence mortality
assumptions to explore impacts on estimated growth rates, totalling 30 mortality scenarios.
Secondly, each of the three Lorenzen mortality scaling coefficient (where the mortality
exponent was fixed at -1) were combined with the three levels of senescence mortality

assumptions, totalling nine mortality scenarios.

For each calculated growth-at-size values from the scenarios above the resulting individual
size-at-age curves were plotted for the estimated maximum age of 36 years (Choat and
Robertson, 2002). For this the growth-at-size rate was linearly interpolated between the body
length classes using the interp1 function from the pracma package (Borchers, 2023), and
this growth-at-size rate was then numerically solved using the ode function from the deSolve

package (Soetaert et al., 2010) to obtain the size-at-age from zero to 36 years.
Validating growth-at-size estimates

In the following, we compared the growth rates that were required to produce the observed

length distribution of Ctenochaetus striatus (estimated as described above, using 39
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mortality scenarios) with (1) population level growth rate estimates obtained from published
VBGF parameters and (2) independent growth rates from otolith biochronologies of the
same species. According to VBGF, the growth-at-size (g) (note, it is different from the more
usually used growth-at-age) decreases linearly with increasing body size (L), becoming zero

at asymptotic length (L) (Gulland and Holt, 1959):

Seven estimates of the VBGF parameters for unfished C. striatus populations from the Indo-
Pacific region were available from Trip et al. (2008) (Table 1) and were used to estimate and

plot growth-at-size (Figure 3).

Table 1. von Bertalanffy growth function parameter estimates for Ctenochaetus striatus from
unfished locations (Fishing Pressure = “None” in Trip et al., 2008) around the Indo Pacific

region, taken from Trip et al. (2008).

L. (cm) k to0 Size-range (FL,cm) N Ocean Population

17.1 09 -04 13.3-20.2 80  W. S. Pacific Lizard Island (outer)

18.8 04 -06 84-252 40 Indian Cocos Keeling
lagoon

19.4 1.0 -0.3 8.6-23.0 117  W. S. Pacific Lizard Island

19.4 04 -0.7 123-21.0 35 Indian Cocos Keeling

19.9 03 -0.8 15.0-23.3 116 W. S. Pacific One Tree Island

20.1 08 -03 12.1-28.8 85 W. S. Pacific Townsville

23.2 1.3 -0.2 17.9-259 45 Indian Oman

Next, growth-at-size was calculated from high resolution individual level otolith size-at-age
biochronologies, combining growth increments at both the daily and annual resolution (Trip

et al., 2014). This level of resolution was required to accurately represent growth rates in
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youngest and smallest individuals, especially important to determine growth in individuals
prior to the formation of the first annual increment. The biochronology data was available for
415 individuals (319 at the annual resolution and 96 at the daily resolution; Trip et al., 2014)
and these data were used to estimate an average growth-at-age, by fitting a regression
model to the size-at-age data. We first fit a log-linear function to 415 individual-level the body

size-at-age:

L = BO + Blln(A) 4
where A is age in years, differentiating with respect to age gives the instantaneous growth

rate, g:

dL _
g= = — Bl/e(L Boy/B1 5

For direct comparison of the body length between the otolith-derived growth rate and
observed surveyed body length data, length should be represented as total length (TL). Of
the 415 individuals with biochronology data, TL was available for 238 (58%), however fork
length (FL) was available for all 415. We therefore fitted a simple linear allometric model to
estimate TL from FL (TL = B, + B3FL) from the 238 individuals where both TL and FL were
reported (Figure S3.3). See supplementary material S3 for the model fitting procedure of the

size-at-age (Equation 4) and allometric model (Equation 5).
Calculating the length distribution from individual growth rates

Finally, we conducted an alternative test and asked — what kind of body length distribution
would emerge from empirical otolith-derived growth rates? In contrast to the analyses above,
where we used length distribution as a basis to calculate required growth rate, here we are
using growth rates as a basis to calculate the emergent length distribution. In this analysis
we use otolith-derived growth-at-size as described above to calculate the body length
distribution that would emerge from such growth, under some mortality assumption. This is

done by rearranging Equation 2 to estimate the abundance within each length class as a
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function of the abundance of the previous length class, otolith-derived growth rates (Trip et

al., 2014) and alternative rates of mortality-at-size:

N = gi-1(g; + WA)DN 4 6

For mortality-at-size (p;) we used all 39 mortality scenarios defined above.

Results

Growth-at-size required to produce observed length distributions

Given the observed unimodal body length distribution (Figure 2D), under nine mortality
scenarios with three different scaling coefficient values for the Lorenzen’s exponential
mortality curve (all with an exponent of -1) and three levels of senescence mortality (Figure
2C), the estimated growth-at-size followed an approximate exponential decline, i.e.,
approximately linear on the log-scale (Figure 2A). Varying the scaling coefficient (from 5 to
50/year) also varied the intercept (on the log-scale) of the estimated growth-at-size (Figure
2A), with the estimated growth-at-size values at smallest sizes (5 cm) ranging from
approximately 25 to 250 cm/year. Changing the exponent of the mortality-at-size (from -0.81
to -1.02), but keeping the scaling coefficient fixed at the medial value of 16.3/year, only had a
minor effect on the shape of the estimated growth-at-size and size-at-age curves
(supplementary material S4). In all cases (either with varying exponent or scaling
coefficient), including senescence mortality led to slightly higher estimated growth rates and
suggested growth acceleration in larger length classes (Figure 2A); the acceleration of
growth in large individuals was higher for higher senescence mortality rates. This overall
higher growth rate and especially the growth acceleration at larger sizes meant that when
senescence mortality was included the estimated size-at-age curves approached asymptotic

sizes faster (most opaque lines in Figure 2B).

Assuming constant or linearly declining mortality-at-size versus Lorenzen’s exponential
mortality did not have a large effect on the calculated growth-at-size, when the overall

mortality remained equal. That is, across all mortality scenarios, estimated growth rates
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declined exponentially with increasing body sizes (further details in supplementary material

S2).
A
= Calculated
© 100.0
@
o
5 10.0 "\
Q9
o
c 10
=
o
O 04 . : . - —
5 10 15 20 25
Body size {cm)
C
—~ 1009 Assumed
I
G
g 7.5
3
LS 50
© \
b T
S 251 \,\.
<
(o]
=
001, . . . .
5 10 15 20 25

Body size {cm)

Senescence intensity: = 0 0.5

Body size (cm)

Normalised abundance

251 ted
204
15 4
10 4
5 -
0 10 20 30
Age (years)
—1 Observed
750
500
250 1
0 - 1

5

Mortality scaling coef:

10 15 20 25
Body length (cm)

5 = 16.3 == 50

Figure 2. Estimated growth-at-size (A) and size-at-age (B) for various plausible Lorenzen

mortality scenarios (C) that would result in the observed (D) length distribution of
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Comparing estimated growth rates with VBGF estimates and otolith data

Our analyses showed that the growth-at-size required to reproduce the observed length

distribution declined with body length exponentially (Figure 2A, Figure 3). Importantly, a

similar exponential decline was also seen in the growth rate derived from the empirical
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otolith size-at-age data for this species (solid black line in Figure 3; Trip et al., 2014). In
contrast, the linear decline in growth-at-size assumed by VBGF function and resulting from
population-level parameter estimates (dashed black lines in Figure 3, n = 7 parameter sets
presented in Table 1) generally gave considerably lower growth-at-size rates at smallest

body lengths.

The results from otolith growth data confirmed exponentially declining growth-at-size (Figure
3), with growth rates at 5 cm length 92.9 cm/year (76 to 118, 95% confidence intervals) and
then declining to an average of 0.06 cm/year (0.05 to 0.07, 95% confidence intervals) for the
largest individuals at 25 cm. The regression model (Equation 4) fitted to otolith biochronology
data gave B, and B, parameter estimates as 14.6 (standard error = 0.13, p < 0.001) and
2.72 (standard error = 0.066, p < 0.001), respectively (see supplementary material S3 for

model checks and model summary statistics).
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otolith size-at-age (black solid line; Trip et al., 2014). Ribbons around the estimated growth-
at-size represent the plausible range of mortality-at-unit-length (mortality scaling coefficient)
values described by Lorenzen et al. (2022). Inset shows the same plot but on the linear

rather than logarithmic y scale (y axis cropped for clarity).
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Length distributions obtained from empirically observed individual growth rates

In the final part of analysis, we asked whether unimodal body size distributions would
emerge from empirically observed (otolith-derived) growth rates (reported in the previous
section). Given the otolith-derived growth rates for each size class (Equation 5), and
assuming nine scenarios of exponential mortality with varying scaling coefficients and
different senescence mortality (Figure 4B), the emergent body length distribution was
unimodal in all cases. When median mortality scaling coefficient was used (y; = 16.3L;*,
units of per year) (Lorenzen et al., 2022), the peak abundance was observed at 12.5 cm
length class, which corresponded with the peak abundance size class in the visual survey

data (solid lines in Figure 4C). The lowest mortality scaling coefficient (5/year, i.e., u; =

5L; 1), which represented lowest likely values of absolute mortality rate, resulted in more
left-skewed emergent body length distribution with relatively lower number of smaller bodied
individuals and peak abundance at 12.5 cm, 15 cm or 20 cm length class for the no, medium
or high levels of senescence mortality, respectively. (dotted line in Figure 4B). On the other
hand, a high scaling coefficient (50/year, i.e., u; = 50L; ') resulted in relatively larger
numbers of smallest fish and peak abundance in the 10 cm size class (dashed line in Figure
4B). Scenarios with different mortality exponents (using the median scaling coefficient of
16.3) had relatively minor impacts on emergent length distribution (supplementary material

S4).

Under the median mortality scenario and intermediate senescence assumption, the
emergent abundance in the smallest reported length class (5 cm) was similar to the
observed (1.04x), while the lowest and highest mortality scaling coefficient scenarios
resulted in relatively (0.47x) and higher (2.64x) expected numbers compared to those
observed in the field. The relative expected abundance in the largest length class (25 cm)
was lower than observed in the field observations under the median mortality scenario
(0.51x, under intermediate senescence). When the mortality scaling coefficient was low, the

expected numbers in the largest size bins were larger than observed (2.69x), whereas if the
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mortality scaling coefficient was very high, the expected numbers were much lower than

observed (0.03x). Senescence mortality had a minor effect on the overall unimodal shape of

the emergent body length distribution but resulted in a slight decrease in the relative

abundances in the larger body length classes, and slight increase in the smaller body length

classes (Figure 4). This senescence mortality impact was more pronounced in the lower

mortality scenario (dotted lines in Figure 4), than the higher mortality scenario (dashed lines

in Figure 4).
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Figure 4. Growth rates and mortality assumptions used to estimate the emergent body
length distribution of Ctenochaetus striatus. (A) - the empirical otolith growth-at-size, (B) -
nine assumed mortality scenarios, (C) - the emergent body length distributions (lines)
compared to those observed distribution in visual surveys (grey bars). Relative normalised

abundances in C are scaled so that the total numbers in each case sum to one.

Discussion

Knowledge of the expected relative abundance of the smallest, intermediate and largest
individuals in a population, and how these abundances are shaped by underlying ecological
and physiological processes, is of fundamental importance to population ecology (Peters,
1986). Much of the research on body size-abundance relationships in ecology has focused
on the community-level (White et al., 2007), where a population is the fundamental unit
defined by some body size metric, such as the average body size, and related to the
average density (Damuth, 1987). Theoretical foundations for expected body size
distributions within populations have received broader attention only relatively recently and
have been advanced largely in the context of fish population dynamics research for
management applications (Froese et al., 2018; Hordyk et al., 2015a, 2015b; Prince et al.,

2015, 2023).

Our work has important implications for models based on fish population dynamics, such as
the length-based spawning potential ratio (LBSPR) population assessment framework by
Hordyk et al. (2015a, 2015b), and the application of size spectrum theory by Andersen
(2019). Hordyk et al. (2015a) explored body length distribution shapes in equilibrium
populations under different mortality to growth (M/K) ratios, assuming that growth follows the
VBGF form as fitted to length-at-age data for various species. In contrast, the Andersen
(2019) framework is entirely size-structured and similar to the one used in our study, except

that it includes reproductive allocation at size and applies general allometric rules to
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calculate size-specific mortality and growth. Importantly, both approaches fundamentally
assume that individual growth follows the VBGF and that populations are in equilibrium with
continuous recruitment. Thus, under most empirically supported growth and mortality
parameterisations (Hordyk et al., 2015a, 2015b; Prince et al., 2023), both frameworks expect
largest numbers of fish in smallest size class, unless the M/k ratio is very low (e.g., M/k <

0.6; Hordyk et al., 2015a; Prince et al., 2015).

Evaluating how well VBGF-informed theoretical predictions describe natural populations is
challenging, primarily because the smallest individuals are rarely sampled effectively in
standard surveys (Sheaves et al., 2020). The discrepancy between the left-hand side (small-
bodied individuals) of predicted versus observed body length distributions is therefore almost
universally attributed to sampling and is used to estimate sampling selectivity parameters
(Froese et al., 2018; Hordyk et al., 2015; Rudd & Thorson, 2018). Some degree of selectivity
against small individuals is undoubtedly present in nearly all sampling methods but
estimating selectivity from body length distributions requires assumption about the true
underlying population length distribution, and this is generally assumed to be monotonically
declining. Recent work challenges this assumption, since across nearly 3000 populations of
coral and rocky reef fishes, empirically observed length distributions were overwhelmingly
unimodal (Heather et al., 2025). The key question then becomes whether this unimodal
shape is entirely an artefact of selectivity, or whether natural population body length
distributions are indeed unimodal. In other words, does the peak abundance of individuals in
an average population (pooled over time and space) indeed occur at some intermediate
body size? Analyses presented in this study suggest that the answer to this question might
be positive and point to a biologically well-supported driver — growth of the smallest

individuals is considerably faster than assumed by the widely used VBGF.

Fast juvenile growth explains unimodal length distributions

The notion that VBGF underestimates juvenile growth is not new (e.g., Gamito, 1998). The

extensive development of biphasic growth models (Quince et al., 2008a, 2008b) reflects a
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long-standing recognition that juvenile growth is often rapid and distinctly slowing down at
around maturation size (e.g., Day and Taylor, 1997; Lester et al., 2004; Wilson et al., 2018).
Alternatives to VBGF, such as the Gompertz (Gompertz, 1825), Schnute-Richards (Schnute
and Richards, 1990), the generalised VBGF (Pauly, 1979), logistic, and power-law (Rafall,
1971) functions, often outperform VBGF but with no clear dominant model (Katsanevakis,
2006; Katsanevakis and Maravelias, 2008; Zhang et al., 2020). This fast growth at smaller
size is also supported by experimental studies (e.g., Jobling, 1983) and otolith-based growth
reconstructions (e.g., Morrongiello and Thresher, 2015), which consistently demonstrate very
fast early growth and a sharp decline as fish grow to larger sizes. Under such growth
dynamics, the emergence of a unimodal equilibrium length distribution is a natural outcome
— individuals pass quickly through small size classes and accumulate at intermediate sizes
where growth slows, analogous to the formation of traffic jams where vehicle speed is
reduced. Importantly, our simulations show that empirically derived otolith growth rates under
reasonable mortality scenarios are sufficient to generate unimodal length distributions that

closely resemble those observed in underwater visual surveys.

Our findings highlight that von Bertalanffy growth trajectories (linearly declining growth-at-
size) differ substantially in shape from otolith-derived growth trajectories (exponentially
declining growth-at-size) or from growth rates required to produce observed time- and
space-pooled body length distributions (exponentially declining growth-at-size). Our results
corroborate concerns about the poor fitting of VBGF to smaller bodied individuals within
natural populations and highlight that this misfit has direct consequences for predicting
population length distributions, including potential downstream applications in support of

fishery assessment and management (Froese et al., 2018; Hordyk et al., 2015b).

Clearly, visual census and nearly any other fish sampling method has some selectivity, but
estimating selectivity parameters based on the assumption of monotonically declining length
frequencies could also be misleading. Visual census methods likely underrepresent the

smallest-bodied individuals due to their cryptic behaviour (Ackerman & Bellwood, 2000;



467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

Willis, 2001) and may also misrepresent larger bodied individuals due to a tendency to
overestimate body sizes (Edgar et al., 2004), or because larger, faster swimming individuals
may avoid divers or enter the survey area after the transect has begun, introducing sampling
bias in non-instantaneous counts (Ward-Paige et al., 2010). Surprisingly, when median
absolute mortality rate was used, we observed effectively no difference in the observed and
expected estimated abundance of the smallest bodied individuals (5 cm length class), but if
absolute mortality is higher, then some underestimation in smallest size groups is likely.
Future studies should explore more empirically derived growth rates and emergent length
distributions across a broader range of species, but it is essential that they use daily or at
least weekly estimates of growth in youngest fish, because annual growth increments don't

provide sufficient resolution to reconstruct growths in early ontogeny.

Implications of von Bertalanffy growth function use in population and fisheries models

Our comparison of growth models highlights a discrepancy between von Bertalanffy growth
trajectories and empirically derived or inferred growth-at-size relationships. Exponential
decline in growth-at-size, as shown here, is much more compatible with the biphasic growth
framework, which is theoretically well developed (Quince et al., 2008a, 2008b; Wilson et al.,
2018). However, the VBGF is deeply rooted in fisheries science models, which are primarily
concerned with adult components of populations (the depletion of reproducing individuals),
and is unlikely to be abandoned in the near future given its mathematical simplicity,
convenience, and extensive historical use. Our findings do not imply that models based on
von Bertalanffy growth should be abandoned, specifically not where growth is described well
by the VBGF or in cases where management objectives focus on adult individuals. However,
since reference points inferred from various established stock assessment approaches are
rooted in fish population dynamic theory based on the VBGF, we do highlight the need for
caution when these approaches are used to predict and interpret population-level size
distributions, estimate selectivity (Beverton and Holt, 1959, 1957), or infer ecological

processes involving juvenile stages. If natural populations have fewer small individuals (or
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juveniles) than predicted by the VBGF, these models may incorrectly assume that more
small fish exist but are simply not observed. Such systematic underestimation of juvenile
growth and overestimation of their relative abundances may have implications for population
and community models that make inferences about predator-prey interactions, competition
or early mortality rates. Importantly, systematically misrepresenting selectivity may also lead
to systematic bias in population depletion estimates, with important potential implications for

sustainable fisheries management.
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S$1. Rearranging Equation 1 to estimate growth-at-size

Equation 1 in the main text states that the abundance within a size bin at equilibrium can be
defined as the abundance in the previous bin (N;_;) multiplied by the proportion of those

growing out of the size bin (j;_1), minus the numbers growing out (j;N;) and the numbers
dying (y; NV;):

ji-iNi—1 = JiN; + W N; S1.1
We can define the growth rate (g, cm per year) as the fraction of individuals growing out of
the size bin, j;, multiplied by the width of the size bin, (4; in cm), i.e., g; = j;A;. We can also

define the normalised abundance (%;) as the abundance in the size bin (N;) divided by the

bin width: JV; = N;/A;. Substituting these values the V" and g, we get:

gi-1 gi
(—AL. 1)(M—1Ai—1) = (j)(MAi)+ Wi (Vi4)) S1.2
= i

Which simplifies to:
9i-1Ni-1 = giV; + w (Vihy) S1.3

And rearranges to Equation 2 in the main text:

N
Ji-1 =it i Ai)(]\/:—) S1.4
i—-1
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S2. Three differing mortality scenarios and the estimation of growth

We tested three contrasting mortality-at-size scenarios, 1) constant, 2) linear declining, and
3) Lorenzen exponential mortality with an exponent of — 1 (i.e., y; « L; ). Constant and
linear declining mortality were scaled so that the total mortality (3. ;) is equal between the

three scenarios.
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Figure S2.1. Estimated growth-at-size (A) and size-at-age (B) for three mortality scenarios

(C) that would result in the observed (D) length distribution of Ctenochaetus striatus.
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677 Figure S$3.1. Log-linear model fitted to size-at-age for Ctenochaetus striatus, using
678  combination of daily and annual otolith growth increments from Trip et al. (2014). Fitted model
679 is: TL=14.6 + 2.721*log(years).
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Figure S3.2. Log-linear model fitted to size-at-log(age) for Ctenochaetus striatus, using
combination of daily and annual otolith growth increments from Trip et al. (2014). Fitted model
is: TL=14.6 + 2.721*log(years).
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Figure S3.3. Allometry model predicting total length (TL) from fork length (FL) for 238
Ctenochaetus striatus individuals. The fitted model is TL = 1.161*FL.

The model S3.4, which is presented in Figures S3.1 and S3.1:

estimates body length (TL; cm), as a function of age (A; years). B, and 3, are the parameters

to be estimated (fitted estimates in Table S3.1).

Table S3.1. Summary statistics for the fitted parameters the model (Equation S3.4).

Parameter Estimate Std. Error t-value p-value
Bo 14.58 0.133 109.57 <0.001
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Figure S$3.5. Otolith growth model (Equation S3.4) assumption checks performed by the

check_model() function from the performance package (Ludecke et al., 2021).



700 S4. Sensitivity analysis of the slope of the Lorenzen mortality

701 Changing the exponent (i.e., the slope on the log-log scale) of Lorenzen’s mortality (a in the
702  equation y; = 16.3L;%), had little impact on the shape of the calculated growth-at-size (Figure
703  S4.1A).
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704
705  Figure S4.1. Estimated growth-at-size (A) and size-at-age (B) for 30 mortality scenarios, with
706 10 levels of Lorenzen mortality slope crossed with three levels of senescence mortality (C)

707  that would result in the observed (D) length distribution of Ctenochaetus striatus.
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