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Density-dependent growth as a key mechanism
in the regulation of fish populations: evidence
from among-population comparisons

Kai Lorenzen” and Katja Enbergt

Department of Environmental Science and Technology, Imperial College of Science, Technology and Medicine,

Prince Consort Road, London SW7 2BP, UK

It is generally assumed that fish populations are regulated primarily in the juvenile (pre-recruit) phase of
the life cycle, although density dependence in growth and reproductive parameters within the recruited
phase has been widely reported. Here we present evidence to suggest that density-dependent growth in
the recruited phase is a key process in the regulation of many fish populations. We analyse 16 fish popu-
lations with long-term records of size-at-age and biomass data, and detect significant density-dependent
growth in nine. Among-population comparisons show a close, inverse relationship between the estimated
decline in asymptotic length per unit biomass density, and the long-term average biomass density of
populations. A simple population model demonstrates that regulation by density-dependent growth alone
is sufficient to generate the observed relationship. Density-dependent growth should be accounted for in
fisheries’ assessments, and the empirical relationship established here can provide indicative estimates of
the density-dependent growth parameter where population-specific data are lacking.

Keywords: fish; population dynamics; regulation; growth; density dependence; fisheries management

1. INTRODUCTION

Understanding the mechanisms by which the abundance
of fish populations is regulated is of fundamental impor-
tance to the management of fisheries. In general, density-
dependent survival in the juvenile phase is believed to be
of key importance in regulating fish populations (e.g.
Rothshild 1986). This view is embodied in most age-
structured fisheries assessment models where regulation
is effected through a stock-recruitment relationship while
mortality, growth and reproductive parameters in the
recruited population are assumed to be density inde-
pendent (Hilborn & Walters 1992; Rochet 2000).

Density-dependent growth as a result of competition for
food in recruited (late juvenile and adult) fishes has been
described for many populations (e.g. Beverton & Holt
1957; Rochet 1998; Post et al. 1999; Jenkins et al. 1999;
and references therein), but the generality of the mech-
anism and its importance in the regulation of fish popu-
lations remain little appreciated. Here we present results
from among-population comparisons and a population
model which suggests that density-dependent growth is a
common and important mechanism in the regulation of
fish populations.

A comparative study requires a common model to
describe density-dependent growth in the different study
populations. Here we use a density-dependent extension
of the von Bertalanffy growth function, the model most
widely used to describe growth in fishes. Based on the
physiological concepts underlying the von Bertalanffy
growth function, Beverton & Holt (1957) show that
density-dependent growth mediated by competition for
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food is expected to affect the asymptotic size (L.. or W..)
of fishes, but not the growth rate (K) at which this size is
approached. Subsequent work by Walters & Post (1993),
Lorenzen (1996) and Shin & Rochet (1998) has provided
further theoretical and empirical support for this result.
Lorenzen (1996, 2000) shows that a simple model where
asymptotic length is defined as a linear function of popu-
lation biomass density provides a good description of
density-dependent growth in various pond experiments.
This model is also used in the present study. Asymptotic
length L.y is defined as a linear declining function of
population biomass density:

Log= (1.1)

where the competition coefficient g describes the decline
in asymptotic length per unit of biomass density, and L.
is the limiting asymptotic length as B approaches 0.

The present study is concerned with the parameter g
(the growth response to changes in biomass density), and
its relationship to the long-term average biomass density
(carrying capacity) of the population. The factors
determining the value of g in a particular population are
likely to be complex, combining attributes of the study
organism such as preferred diet and flexibility in diet
choice, and attributes of the environment such as pro-
duction responses in prey populations (Beverton & Holt
1957; Walters & Post 1993). We do not explore these bio-
logical factors further, but focus instead on the impli-
cations of given values of g for the biomass dynamics of
the respective populations. As a result and in reversal of
the underlying causal relationship, we also develop a sim-
ple empirical relationship to predict the degree of density
dependence in growth from average population biomass,
i.e. without reference to the biological factors determin-
ing g.

Our analysis is carried out in three steps. First, we

o1~ &8s
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estimate the parameters of the density-dependent growth
model for 16 fish populations (representing 13 species in
9 teleost families). Second, we establish a close inverse
relationship between the density-dependent growth para-
meter g and average biomass density B among the
populations exhibiting significant density dependence in
growth. Finally, we use a simple population model to
show that this pattern is consistent with the hypothesis
that these populations are regulated primarily by density-
dependent growth, and that the value of g determines the
equilibrium biomass density (carrying capacity).

2. MATERIAL AND METHODS

(a) Growth and biomass data

Long-term growth and biomass data for 16 wild fish popu-
lations (seven freshwater and nine marine populations) were
identified from the literature. Inclusion in the study was determ-
ined by data availability in the case of freshwater populations.
The marine populations represent a subset of the North Atlantic
herring, North Sea demersal, and Baltic stocks assessed by work-
ing groups of the International Council for the Exploration of
the Sea (ICES), supplemented by one dataset from the primary
literature. There was no intentional selection for populations
known to exhibit density-dependent growth. However, inadver-
tent selection cannot be ruled out in the case of datasets gleaned
from the primary literature (mainly freshwater populations),
because data may be more likely to be published if they exhibit
ecologically significant patterns. An overview of the datasets ana-
lysed is given in table 1.

The growth data consisted of time series of annual mean
length or weight at age for several age groups and years. In most
cases, these data were derived from direct measurement and age-
ing of catch samples, but a minority of datasets ((d), (j) and (n))
are based on back-calculated lengths from scale readings. Where
only weight data were available, these were converted to length
using length-weight relationships for the study populations.

Biomass data were based on stock reconstruction from catch-
at-age data (using virtual population analysis or related
approaches, Hilborn & Walters (1992)), or on direct sampling
in the case of some freshwater populations. In the latter cases,
biomass densities were measured directly in kg ha™!. In studies
where total stock biomass was reconstructed, this was expressed
as biomass density, by dividing biomass by the water body area
in the case of lakes, or by the relevant statistical area in the case
of marine stocks. As the distribution of most populations is
spatially heterogeneous, the biomass-density estimates are in
effect averages over relatively large areas.

(b) Estimation of growth parameters

A von Bertalanffy growth model was used to predict mean
length L4, of age group a at time ¢ from the observed mean
length of the cohort in the previous year (Loy,—1,-1):

Lpred,a,t = Lep — (LWB_Lobs,a—l,z—l)exp(_K)’ (2'1)

where L. is the asymptotic length at the average observed (or
reconstructed) biomass density B during the year (t — 1 to 2):

B +B‘). 2.2)

The model was fitted to growth data by the method of least
squares where the sum of squares (SSQ) is defined as

Proc. R. Soc. Lond. B (2002)

s8Q= EE(Lobs,a,z‘Lpred,a,z)z‘ (2.3)
a 1t

A numerical search was used to identify the set of growth
parameters K, L.; and g that minimizes SSQ. Goodness-of-fit
profiles (Hilborn & Mangel 1997) were generated for the com-
petition coefficients g. Approximate confidence bounds for g
were determined using the F criterion (Kimura 1980; Draper &
Smith 1981). Diagnostic plots were used to check for systematic
patterns in residuals.

(c) Among-population comparisons

The purpose of among-population comparisons was to estab-
lish relationships between the estimated competition coefficient
& average population biomass density B, and other growth para-
meters in populations where significant density dependence in
growth had been established. Populations with estimates of g not
significantly different from 0 (7 out of 16) were excluded from
this analysis. Single and multiple regression analysis of logarith-
mically transformed variables for the remaining populations was
used to establish relationships.

(d) Population model

A population model was used to explore the relationship
between the competition coefficient g and the resulting equilib-
rium biomass B* that would be expected in populations regu-
lated exclusively by density-dependent growth in the recruited
stock. For this purpose we constructed a discrete age-structured
population model, incorporating density dependence in growth,
but no other regulatory mechanisms.

Growth in the recruited stock was described by the density-
dependent von Bertalanffy model defined in equations (1.1) and
(2.1), starting with a constant length at recruitment L, ,. Popu-
lation numbers N, at age a and time ¢ were given by

Na,t = Na—l,z—le_M3 (2~4)

where M is the annual mortality rate. Maturity was described
as a length-dependent knife-edge process so that the proportion
mature, P, ,, is defined by:

{o ifL,, <L,

2.5
1ifL,, =L, @3

where L, is the constant length at maturity. The population is
assumed to be regulated only through density-dependent growth
in adults, so that recruitment is a linear function of spawning
stock biomass:

N\, =RS=RYP, .aLf, \N, 1 (2.6)
where R is the number of recruits per unit of spawning stock
biomass S, and a and B are parameters of the length-weight
relationship. Total population biomass is then:

B,=Yal8N,,. @.7
The model was solved for equilibrium population biomass B*.
The model parameter values were chosen so that the growth

parameters correspond to the median values in the populations

with significant density dependence (table 1). Mortality rate M

and length at maturity L, were set in order to satisfy the empiri-

cal ‘Beverton & Holt invariants’ M/K=1.75 and L_/L..=0.65

(Charnov 1993). This led to the following set of parameter

values: L =32 cm, K=03yr !, L,,=10cm, a=0.01 gcm™3,
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Figure 1. Relationship between the competition coefficient g
(estimates shown with 95% CI) and average population
biomass density B. The solid line indicates the relationship
g=3.3 B0 estimated for populations with significant
density dependence in growth (solid squares). Populations
with estimates of g not significantly different from 0 (open
squares) were excluded from the analysis.

B=3, M=0.5yr ! and L, =21 cm. Predictions were obtained
for several different values of R (number of recruits per unit of
biomass density). Note that the model serves merely to explore
the general relationship between g and equilibrium biomass B*
in populations regulated by density-dependent growth; it is not
intended to predict average biomass for specific study popu-
lations.

3. RESULTS

Growth-parameter estimates for all populations are given
in table 1. In addition to K, ¢ and L., table 1 lists the
asymptotic length L.z at average biomass B over the obser-
vation period, equivalent to the average asymptotic length
during that period. Residual analysis provided no indication
of model misspecification, i.e. the linear relationship
between asymptotic length and biomass was adequate to
describe density-dependent growth in the 16 study popu-
lations. Density dependence in growth was significant (i.e.
g was significantly higher than 0) in 9 out of the 16 popu-
lations. Negative point estimates of g were obtained for
three populations ((h), (j) and (m)), but the estimates
were not significantly different from 0.

Comparisons among the nine populations where sig-
nificant density dependence in growth had been detected
showed a close inverse relationship between the compe-
tition coefficient g and average population biomass den-
sity B (figure 1). Regression analysis demonstrated a highly
significant (p < 0.001) relationship of the form g=3.3
B, which is indicated by a solid line in figure 1. No
relationships were established between g and the other
growth parameters (K or L.z), even when the dominant
relationship between g and B was accounted for.

The population model predicts the relationship between
the competition coefficient g and the equilibrium biomass
density B* based on the assumption that populations are
regulated exclusively by density-dependent growth in the
recruited phase. Model predictions of equilibrium biomass

Proc. R. Soc. Lond. B (2002)
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Figure 2. Model predictions of equilibrium biomass B* as a
function of the competition coefficient g, for different values
of the parameter R (numbers of recruits per unit of
spawning stock biomass): R=12 kg~! (dashed line),
R=15kg™! (solid line) and R=30 kg~ ! (dotted line). Other
parameters are as given in the text. The observed
relationship between g and B among populations with
significant density dependence in growth (solid squares), is
also shown for comparison.

density B* as a function of g are shown in figure 2, for
different values of the parameter R (recruits per unit of
spawning stock biomass). The model predicts an inverse
relationship between g and B* for all values of R large
enough to sustain a population (i.e. allowing non-trivial
equilibria, B*> 0). The observed relationship among
populations with significant density dependence in growth
is consistent with model predictions, and therefore with
the hypothesis that these populations are regulated prim-
arily by density-dependent growth.

4. DISCUSSION

Significant density dependence in growth was detected
in the majority (9 out of 16) of the study populations. Four
other populations where density dependence was not stat-
istically significant showed point estimates of g consistent
with the among-population relationship between g and B.
Only three populations ((h), () and (m)) departed notably
from the relationship and showed negative point estimates
of g. In all three cases, the departures are likely to reflect
population and time-specific factors rather than fundamen-
tal life-history patterns, as other studies have demonstrated
the occurrence of density-dependent growth in the species
concerned (e.g. population (k) of the present study for
Perca fluviatilis; Rijnsdorp & Van Leeuwen (1996) for
Pleuronectes platessa; Marshall & Frank (1999) for Mel-
anogrammus aeglefinus). Apparent density independence or
negative density dependence may arise, for example, when
variation in environmental conditions affects growth as
well as overall biomass density. In this case, accounting for
environmental factors in the growth model may help to
separate density dependence from variation in carrying
capacity, as demonstrated by Rijnsdorp & Van Leeuwen
(1996) for the North Sea plaice (P. platessa) population.

The fact that the majority of study populations showed
significant density dependence in growth suggests that the
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process is common, but not necessarily that it is an
important regulatory mechanism. However, evidence for
the latter is provided by the close, inverse relationship
between g and B among populations, and the model pre-
dictions (figure 2) which show that this relationship is to
be expected in populations regulated primarily by density-
dependent growth.

The compensatory nature of density-dependent growth
implies that where the process is significant, yield and
biomass responses to changes in exploitation are less
pronounced than predicted from conventional dy-
namic pool models assuming density-independent growth
(Beverton & Holt 1957; Rochet 2000). Hence disre-
garding density-dependent growth would lead to con-
servative reference points for underexploited stocks, but
would give rise to over-optimistic assessments of the effec-
tiveness of conservation measures for overexploited stocks.
Explicit consideration of density-dependent growth is also,
and perhaps most important in aquaculture-based and
enhanced fisheries where population densities are manipu-
lated directly by stocking (Petermann 1991; Salojirvi
1992; Lorenzen 1995).

Assessment models accounting for density-dependent
growth have been developed for both capture fisheries
(e.g. Beverton & Holt 1957; Patterson 1997; Helser &
Brodziak 1998; Shin & Rochet 1998) and for aquaculture-
based fisheries (Lorenzen 1995; Lorenzen et al. 1997).
However, population-specific data on density dependence
in growth are available only for a limited set of the most
well-studied populations. The present study identifies the
first empirical relationship that may be used to obtain
indicative information on the degree of density depen-
dence in growth for populations where specific data are
not available. Comparative analyses of larger datasets may
lead to relationships of greater predictive power. However,
predictors based on average biomass density will always
be subject to uncertainty resulting from the variability of
fish population biomass itself, and the consequent dif-
ficulty in defining average biomass.

The existence of an inverse relationship between g and
B implies that a given relative change in B (as a proportion
of B) will result in the same absolute change in L, regard-
less of average populations’ biomass density B. In the case
of the populations with significant density-dependent
growth analysed here, the absolute change in L., is 3.3 cm
for a 100% change in B from B. Given a median L. for
these populations, of 32 cm, this implies a 10% change in
L., for a 100% change in B. This provides a simple rule
of thumb for fisheries assessments where specific data on
density-dependent growth are not available. The rule
applies to fish stocks with an L.5 in the range of ca.
2045 cm (the range represented among the study popu-
lations with significant density dependence in growth), but
it is unclear whether and how it can be extrapolated to
populations with values of L.z outside of this range.

The results presented here suggest that density-
dependent growth should be recognized as a key process
in the regulation of fish populations, and accounted for in
fisheries assessments. The results also suggest simple rules
of thumb that can aid assessments where specific data on
density dependence in growth are not available.

This study was supported by the Department for International
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Development of the United Kingdom, Fisheries Management
Science Programme (K.L.), and by a European Commission
ERASMUS studentship (K.E.). We thank Geoff Kirkwood,
David Agnew, Marc Mangel and Ray Hilborn for constructive
comments on the manuscript.
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