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Abstract

The natural mortality of exploited fish populations is often assumed to be a species-
specific constant independent of body size. This assumption has important implica-
tions for size-based fish population models and for predicting the outcome of size-
dependent fisheries management measures such as mesh-size regulations. To test the
assumption, we critically review the empirical estimates of the natural mortality,
M (year '), of marine and brackish water fish stocks and model them as a function of
von Bertalanffy growth parameters, L.. (cm) and K (year '), temperature (Kelvin) and
length, L (cm). Using the Arrhenius equation to describe the relationship between
M and temperature, we find M to be significantly related to length, L.. and K, but not
to temperature (R*> = 0.62, P < 0.0001, n = 168). Temperature and K are signif-
icantly correlated and when K is removed from the model the temperature term
becomes significant, but the resulting model explains less of the total variance
(R? = 0.42, P <0.0001, n = 168). The relationships between M, L, L., K and
temperature are shown to be in general accordance with previous theoretical and
empirical investigations. We conclude that natural mortality is significantly related to
length and growth characteristics and recommend to use the empirical formula:
In(M) = 0.55 — 1.61In(L) + 1.44In(L..) + In(K), for estimating the natural mortality
of marine and brackish water fish.
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Introduction

Natural mortality (M) is one of the essential life-
history parameters in the Beverton and Holt (1957)
theory of fishing. Without an estimate of M, fishing
mortality cannot be estimated from the age or size
composition of commercial or research-survey
catches, and the yield expected at any future level
of fishing cannot be predicted. However, it is often
difficult to estimate the M of exploited fish popula-
tions (Vetter 1988; Quinn and Deriso 1999). Where
an empirical estimate is required, the necessary data
are time-consuming and costly to collect and their
proper use depends on a number of assumptions
that are difficult or impossible to validate. If no
information about the age composition of the stock
has been collected prior to or during the initial
stages of exploitation, M may be estimated from
tagging data (e.g. Hampton 2000; Pollock et al
2004), extrapolated from regressions of total mor-
tality vs. total fishing effort (e.g. Jones and Shanks
1990), derived from diet information using models
to estimate the part of the total natural mortality
caused by predation (e.g. Sparholt 1990), or
estimated in statistical stock-assessment models that
are simple enough to provide a sufficient number of
degrees of freedom to estimate M (e.g. Wang
1999; Wang and Liu 2006). Generally, the less
costly methods such as regressions and statistical
assessment models make the most tenuous
assumptions.

Given the need for estimates of M and the
difficulties and costs involved in obtaining these
estimates empirically, it is not surprising that
fisheries scientists have been inclined to use pub-
lished relationships between M and life-history
parameters to infer its value. Publications providing
such empirical relationships, e.g. Beverton and Holt
(1959), Pauly (1980) and Gunderson and Dygert
(1988), are frequently cited in the fisheries scientific
and technical literature. Owing to a scarcity of age-
or size-specific estimates of M, the empirical rela-
tionships typically assume that M is a species- or
stock-specific constant, such that the estimate can
be applied to all exploited ages and sizes of the
species or stock in question. This assumption has
large implications for size-based population models
and for predicting the consequences of size-depen-
dent management measures such as mesh-size
regulations. In contrast to this practice, some
analyses of empirically derived estimates (McGurk
1986, 1987; Lorenzen 1996; Brown et al. 2004),

general size-spectrum theory (Peterson and
Wroblewski 1984; Andersen and Beyer 2006),
multispecies models (Pope et al. 2006) and recent
developments in the theory to explain the coexis-
tence of species in marine fish communities
(Gislason et al. 2008) suggest that M should scale
with individual body size. McGurk (1987) found M
for fish to scale with body weight raised to a power
of —0.37, Lorenzen (1996) found M of juvenile and
adult fish to scale with body weight raised to an
exponent of —0.29, Brown et al. (2004), analysing
the data set of Pauly (1980), found an exponent of
—0.24, while McCoy and Gillooly (2008) found an
exponent of —0.27. Peterson and Wroblewski
(1984) used a theoretical size-spectrum model to
predict an exponent of —0.25, Andersen and Beyer
(2006) showed analytically that M should scale
with body weight raised to an exponent by con-
structing an elaborate theoretical size-spectrum
model accounting for predation and food-dependent
growth, while Gislason et al. (2008) used a fish
community model to show that M would scale with
length and asymptotic length. There is clearly a
need to reconcile the apparent difference between
the findings of the empirical and modelling studies
summarized above, and the commonly used sources
for estimates of a species- or stock-specific constant
M. Fortunately, a number of recent studies contain
size- or age-specific estimates of M (e.g. Hampton
2000; Tanasichuk 2000) providing a possibility for
improving our understanding of the parameters
important for predicting M.

To test the evidence for generally applicable
scaling factors, and to improve the general under-
standing of natural mortality in marine fish
communities, we set out to build up a compre-
hensive data set based on published empirical
estimates of M as well as associated information on
growth parameters, temperature and length. To
this end, we performed an extensive literature
search and scrutinized the validity of the M
estimates provided in terms of their empirical
derivation.

Materials and methods

A list of original publications on M for marine and
brackish water fish species and populations was
derived from reviews and literature searches. These
publications were critically reviewed and estimates
of M provided were accepted or rejected according
to the following criteria.
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1. Estimates were rejected if they had been derived
from previously published empirical relationships
(e.g. Beverton and Holt 1959; Pauly 1980;
Gunderson and Dygert 1988), or ‘borrowed’
from studies of species considered to be similar.

2. Estimates by size or age were rejected if they had
been derived from multispecies modelling (for
instance, estimates from Multispecies VPA (e.g.
Sparholt 1990) were excluded, even though they
had derived from a large body of stomach
content data).

3. Estimates were rejected if they were based on an
insufficient amount of data, if the authors them-
selves expressed concern that they could be
biased and therefore not be considered trustwor-
thy, or if the sampling gears and/or procedures
for working up the samples were likely to have
biased the estimates considerably.

4. Estimates of total mortality based on catch-at-
length or catch-at-age data were accepted as
estimates of M only if the data had been collected
from an unexploited or lightly exploited stock
over a sufficiently long time period to make it
credible that they reflected mortality and not
simply differences in year-class strength, and if
growth parameters or ageing methods were
considered appropriate.

5. Estimates derived from tagging data were
included only if due consideration had been
given to mortality associated with the tagging
operation, tag loss, differences in mortality expe-
rienced by tagged and untagged fish, migration
out of the study area and uncertainty regarding
tag recovery.

6. Estimates derived from regressions of total
mortality vs. effort were included only if it was
credible that total fishing mortality would be
proportional to the measure of fishing effort
considered, and if the extrapolation did not result
in excessively large confidence limits.

Applying these criteria resulted in only a modest
fraction of the total number of published M estimates
to be acceptable for further analysis. We screened 367
publications containing estimates for marine and
brackish water fish and accepted 168 more or less
independent estimates provided in 70 publications as
being empirically derived and valid (see Supporting
Information).

For each species or stock, the estimates of M were
combined with relevant estimates of von Bertalanffy
growth parameters, body lengths and the average

annual sea temperatures for the areas from where
the individuals had been sampled.

Estimates of growth parameters were only
accepted as valid if they had been based on
appropriate methods of identifying cohorts or deter-
mining age, if their confidence limits were not
excessively wide and if they were considered repre-
sentative of the population for which M had been
estimated. Preference was given to growth param-
eters provided in the same publication as providing
the estimates of M, but for 30% of the estimates
growth parameters were lacking or could not be
readily derived. In these cases, growth parameters
representative of the same stock, sex and area were
taken from other sources, if possible based on data
collected during the same period for which M had
been estimated. However, in a few cases it was
necessary to utilize growth parameters available for
a period that did not closely match the M estimate.

Body length was calculated as the midpoint of the
length range of fish included in the samples used for
estimating mortality. If only the age range of the
fish was provided, the maximum and minimum
length of the range were calculated from the von
Bertalanffy growth parameters L., K and t,. Unfor-
tunately, the estimate of t, required to translate age
to size was not always available. In these cases, we
assumed that t, was equal to zero. If the original
publications differentiated between M estimates by
sexes or by length or age interval, these estimates
were maintained with the associated body lengths.
Obviously, such estimates are not totally indepen-
dent, but given the aim of investigating the signif-
icance of the effect of body length (irrespective of
asymptotic length), maintaining estimates by size
class was important.

Temperature data were as far as possible taken
from the original publications, but sometimes
oceanographic summaries of the associated region
had to be consulted. The effect of temperature on
resting metabolism is generally well represented by
the Arrhenius relationship, exp(—e/T), where e is a
constant and T is absolute temperature (Clarke and
Johnston 1999; Gillooly et al. 2001). Assuming that
temperature affects the food intake of predators and
hence predation mortality in a similar way, this
relationship was used in the model.

Based on our work on size and life-history dynam-
ics of fish communities (Gislason et al. 2008), our
hypothesis is that M would scale with body length, L,
with the von Bertalanffy growth parameters L., and
K, and show an exponential relationship to the
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Figure 1 Estimates of natural mortality (M, year™!), vs.: (a) asymptotic length (L... cm); (b) length (L, cm); (c) temperature

(z, °C); (d) von Bertalanffy growth parameter (K, year ).

inverse of temperature. To test this hypothesis the
following model was fitted to the data:

(1)

where M is an annual instantaneous rate (year '),

In(M) =a+bInL+ clnLy —Q—dan—%

L.. is the asymptotic length attainable (cm), K is the
annual rate (year ') at which the rate of growth in
length declines as length approaches L., L is the
body length (cm) of the fish for which the M
estimate would apply, T is absolute temperature
(Kelvin) and a to e are constants.

Results

Plots of M vs. L, L., K and temperature (°C) are
shown in Fig. 1a—d. M is seen to increase with K
and to decline with L, while a possible relationship
with L., and temperature is less apparent. A closer
look at the figure reveals additional patterns. In the
plot of M vs. L.., Fig. 1a, there is a collection of high
M values around an L. of 170 cm generated by
three species of tuna (Katsuwonus pelamis, Thunnus
albacares and T. obesus). Most of these M values had
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Figure 2 Log residuals vs. the predicted value of In(M)
from model 1 (see Table 1).

been derived from tagging data for individuals
smaller than 50 cm. The vertical lines of points in
Fig. 1c are generated by estimates of M obtained at
identical temperatures and those in Fig. 1a and d by
species for which separate estimates were available
for different length groups.
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1

Table 1 Results of fitting different models of natural mortality (M, year™ ") to von Bertalanffy growth parameters (L.., cm;
K, year '), temperature (T, K) and length (L, cm). All data were log-transformed before analysis and non-significant

parameters (NS) were removed.

Model 1 Model 2 Model 3
Parameter InM = a+ bInL + cInL.. + dinK — e/T In(M) = a+ bInL + cinL.+InK - /T INnM=a+ binL + cInL.. — e/T
a 0.61 (0.04, 1.18) 0.55 (-0.02, 1.12) 15.11 (9.99, 20.23)
b -1.61 (-1.88, -1.34) -1.61 (-1.88, -1.34) -1.59 (-1.92, -1.26)
c 1.39 (1.15, 1.64) 1.44 (1.21,1.67) 0.82 (0.53, 1.11)
d 0.91 (0.75, 1.07)
e NS NS 3891 (2473, 5309)

Values in parentheses are lower and upper 95% confidence intervals (n = 168).

Fitting the model given by Equation (1) to the
data explained more than half of the variance and
the model was highly significant (R® = 0.62,
P < 0.0001, n=168, RMSE = 0.73). However,
the effect of ambient temperature and the intercept
were not significantly different from zero. Removing
temperature from the model did not change the
overall fit (R2 =0.62, P <0.0001, n=168,
RMSE = 0.72) and only changed the remaining
parameters slightly. We found M to scale with L.,
raised to a power of 1.39, with L raised to —1.61,
and with K raised to 0.91 (Table 1, model 1). The
residuals showed no signs of heteroscedacity
(Fig. 2). Notwithstanding a significant correlation
between the independent variables, inspection of
tolerance statistics and condition indices showed the
impact of collinearity to be either small or negligible.
The estimate of d, the scaling parameter of M with
K, was not significantly different from 1.0 and
restricting d to 1.0 did not reduce the fit to the
data (R*=0.62, P <0.0001, n= 168, RMSE =

0.73). The temperature term was still insignificant,
and the other parameters changed only slightly.
M now scaled to L.. raised to 1.44 and to L raised to
—1.61 (Table 1, model 2). To study the impact of
the high M values around an L. of 170 cm in
Fig. 1a we tentatively removed species with an
L., larger than 150 cm from the regression. This
changed the scaling of M with L.. to 1.34 and the
scaling with body length to —1.59, but the model
was still highly significant (R? = 0.61, P < 0.0001,
n=147).

The von Bertalanffy parameter K depends on the
activity and metabolism of the fish and may be
influenced by temperature. In the data set, 1/T is
significantly and negatively correlated with InK

(r=-0.48; P <0.001; n=114). The correlation
between temperature and K may explain the lack of
a significant effect of temperature on M in the full
model. To investigate this further we removed the
InK term from the model (Table 1, model 3). This
reduced the variance explained (R* = 0.42,
P < 0.0001, n =168, RMSE = 0.90), but the fit
was still highly significant and so were all remain-
ing parameters, including the temperature term. M
scaled to L., raised to 0.82 and to body length raised
to —1.59. The intercept was significantly different
from zero and the estimated temperature constant
(e) was 3.9 x 10° K.

Discussion

Our results show that M is significantly related to
body length raised to an exponent of around —1.6,
an estimate that is remarkably robust to alternative
model formulations. M is also significantly related to
asymptotic length and to K. The significance of a
temperature effect depends on whether K is included
in the model or not. If K is included, temperature is
not significant whereas if K is removed, temperature
becomes significant and the exponent of L.
decreases. Both formulations capture one of the
likely underlying causes: changes in physiological
growth processes as influenced by temperature.
However, the fit improves considerably when K is
included, and for this reason we recommend to use
the formula:

In(M) =055 - 1.61InL+ 1.44InL, +InK  (2)

for estimating M.
The significant positive relationship between M
and L., is somewhat surprising, but may be caused

© 2010 Blackwell Publishing Ltd, FISH and FISHERIES, 11, 149-158 153
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by a trade-off between growth and mortality.
Gislason et al. (2008) found K to be proportional
to L., raised to a power around —0.6 for demersal
species of teleosts. At a given length a large species
will therefore grow faster than a small species. For
the larger species securing sufficient food to main-
tain a fast growth rate may entail exposure to a
higher M (Fraser and Gillian 1992; Sogard 1997;
Biro et al. 2004, 2006). In addition, many small
demersal species seem to be partly protected against
predation by hiding, cryptic behaviour, being flat or
by possessing spines. In their analyses of empirical
estimates of natural mortality of fish, Griffiths and
Harrod (2007) found species that were cryptic, hid
in burrows, or had morphological defences against
predators to have the lowest rates of natural
mortality. Hence, at a given length individuals
belonging to species with a high L., may generally
be exposed to a higher M than individuals belonging
to species with a low L.

When reviewing the existing literature, our
selection criteria resulted in the exclusion of the
majority of the published M estimates. Each crite-
rion serves as a reasonable scientific standard for
application in selecting valid information for anal-
ysis. Therefore, the large number of exclusions
indicates that there is far less valid empirical
information on M than might be inferred from
earlier reviews. Consequently, before relationships
such as provided by Pauly (1980) are used for

1.6 -
1.4 4
1.2 4

1 _

0.8 1

M(year™)

0.6 1

0.4 4

S

0.2 f
0

0.1 02 03 04 05 06 07 08 09 10
K(year™)

Figure 3 Natural mortality (M, year '), predicted by
model 2 (see Table 1) (filled symbols, black) and by the
model of Pauly (1980) (open symbols, grey) for different
values of L., (circles: 20 c¢m; triangles: 50 c¢cm; squares:
150 cm) and K, an ambient temperature of 16 °C, and for
fish of a length, L, corresponding to 65% of their L...

estimating M for specific populations, their validity
should be re-evaluated using only data sources
screened rigorously using criteria such as applied
here.

The effect of applying rigorous quality criteria to
the data set used for parameterization of the
relationship of M to size and temperature can be
observed by comparing our predictions of M to those
from the model of Pauly (1980). Despite differences
in model structure (different expressions to account
for temperature effects; including or excluding the
‘cold-adaptation’ hypothesis; including length
among the independent variables), the two models
can be asked to predict M for similar lengths of fish
and temperature regimes. Fig. 3 compares the
predicted Ms for various values of K from Equa-
tion (2) (model 2 in Table 1) with predicted Ms
from Pauly’s model for three values of L.. We
assumed as an approximation that the size-inde-
pendent M estimates used by Pauly were derived
from observations on fish with an average length
corresponding to 65% of their L., and used this
estimate of body length in our model, while in
Pauly’s model we used a temperature of 16 °C
corresponding to the average ambient temperature
of brackish and marine fish in his data set. The two
sets of predicted values are not very different,
although for all three values of L. our model
predicts natural mortality to increase more strongly
with K than does Pauly’s model. We cannot
establish whether this apparent difference is due to
our more rigorous selection of parameterization
data, or because the relationship between temper-
ature and M is modelled differently by Pauly (1980).
Nonetheless, both models assume a relationship
between mortality and growth rate, whereas our
model does not invoke any of the hypotheses
suggested by Pauly (1980) to explain an additional
direct or indirect relationship between mortality and
temperature than expressed through K.

Several other studies of the relationship of natural
mortality to size and/or growth rate have been
published. However, to compare our results to many
of these requires adjustments because (i) our anal-
ysis is length-based whereas earlier ones were
weight-based and (ii) we incorporated asymptotic
length as a factor, whereas earlier models rarely
considered asymptotic weight.

Beverton and Holt (1959) and others observed a
directly proportional relationship between M and K,
and Andersen et al. (2009) derived this relationship
theoretically for M at the size at first maturity. If we

154 © 2010 Blackwell Publishing Ltd, FISH and FISHERIES, 11, 149-158
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assume that the size-independent M estimates used
by Beverton and Holt (1959) were derived from
observations on fish whose average length to a first
approximation can be considered to be a constant
fraction, p, of their asymptotic length then replacing
L by uL.. in Equation (2) we obtain:

MocL VO LI Ko (uloe) O LMK oL VK (3)

Beverton (1992) and Charnov (1993) found M/K
to be reasonably constant across species with values
in the range from approximately 0.5 to 2.1. Using
Equation (2) we obtain ratios between 0.9 and 2.9
for combinations of p-values between 0.50 and 0.90
and L..-values between 30 and 250 cm. Empirical
studies of the relationship between M and body
weight report a scaling exponent between —0.24
and —0.37 (McGurk 1986, 1987; Lorenzen 1996;
Brown et al. 2004; McCoy and Gillooly 2008). If we
assume body weight to be proportional to length
cubed in the model without the InK term (model 3,
Table 1), thus scaling M with average body weight,
our results produce a similar scaling:

M oc L 1597082 L—I,S‘)(E)O,SZ o L077 5o 026
[o¢]
u

(4)

The scaling parameters in model 3 are further-
more very similar to those estimated from a
theoretical life-history model of the North Sea
demersal fish community, which found M to scale
with length (-1.66) and asymptotic length (0.80),
and to estimates derived from Multispecies VPA
(Gislason et al. 2008).

Considering temperature, the constant in model 3
(e=39x10°K; 95% CL: 2.5-5.3 x 10’ K) is
somewhat lower than expected from previous
investigations. Brown et al. (2004), fitting the
Arrhenius equation to the data from Pauly
(1980), estimated an activation energy correspond-
ing to a temperature constant ¢ = 5.2 x 10° K
(95% CL: 4.3-6.3 x 10°> K), while McCoy and
Gillooly (2008) using a slightly expanded data set
including fish and aquatic invertebrates found
e=6.6%x10%K (95% CL: 5.9-7.3 x 10> K). How-
ever, Pauly (1980) adjusted the temperatures for
Arctic and Antarctic fish species to account for cold
adaptation of their metabolism, while more recent
investigations have not found convincing evidence
for such cold adaptation (Clarke and Johnston
1999; Steffensen 2002). McCoy and Gillooly
(2008) did not re-adjust Pauly’s temperature data
for Arctic and Antarctic species prior to their

analysis (e.g. using 16 °C for the Antarctic Noto-
thenia neglecta, while the samples had been collected
in an area with an average annual sea temperature
of approximately —1 °C; Everson 1970). It is there-
fore likely that the temperature constant is overes-
timated by McCoy and Gillooly (2008). Clarke and
Johnston (1999) and Gillooly et al. (2001) both
used the Arrhenius equation to describe the rela-
tionship between the resting metabolism of fish and
temperature and independently obtained an esti-
mate of e = 5.02 x 10> K. This estimate is higher
than our estimate, but not significantly so. Based on
a simple dynamic size-based fish community model,
Pope et al. (2009) found that M should be less
sensitive to a change in temperature than the rates
of metabolism and predator food intake.

Despite our emphasis on the value of applying
high standards to the selection of data for param-
eterizing these relationships, the available data, and
consequently the analyses, have their limitations. In
many cases, the publications failed to report size
information even though size data were almost
certainly used in the calculations of the reported
ages and growth rates, which we had to re-convert
to sizes using the growth equation given. In other
cases they failed to report whether size had been
measured as fork, standard or total length. Some-
times we had to assume that a single estimate of M
was representative over a fairly large size interval.
Importantly, future studies should report data on
average size and size interval together with M
estimates. Where information has been provided for
adjacent length or age groups, estimates are not
independent, but we have been unable to take such
correlations into account. Finally, when multiple
estimates were available for a species or population
or size group, these estimates should have been
weighted by some quality measure (such as the
number of fish involved in the estimation) to
produce a single overall estimate for each category
distinguished. However, because the methods used
varied widely, and reporting of data that might be
used as possible weighting factors was inconsistent,
it was not straightforward to take their relative
quality into account in our analysis. Although the
estimates of natural mortality are likely to be the
main source of uncertainty, also the temperature
data may not accurately reflect the ambient water
temperature at the depths at which the various
species and life stages occur. In addition, estimates
of L.. and K are often correlated owing to a lack of
large old fish in the samples available, which allows
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to estimate only the product of the two with
reasonable precision.

Our model assumptions that M is an allometric
function of size but constant with time are over-
simplifications, ignoring both the effect of temporal
changes in species interactions and effects of senes-
cence. Both multispecies modelling and patterns of
change in exploited marine ecosystems (e.g. Daan
et al. 2005; Frank et al. 2005; Benoit and Swain
2008), indicate that M is not constant over time,
nor independent of changes in prey and predator
abundance, but at present insufficient estimates of
M are available to take this into account. Fish
generally seem to experience delayed senescence
relative to other vertebrates (Reznick et al. 2002),
but senescence mortality can be observed in cap-
tivity (e.g. Gerhard 2007) and has also been found
in the wild (e.g. Beverton and Holt 1959; Caputo
et al. 2002; Beverton et al. 2004). However, as for
studying temporal changes in M, comparisons of
senescence mortality across populations will require
much more data on numbers of large and old fish to
provide less uncertain estimates of their mortality
rates. Modelling M as an allometric function of
length and using the model to predict an average M
for fish in a given length interval is also problematic
because the curvilinear relationship between M and
length makes the average M for fish in the interval
differ from the M predicted at the midpoint of the
interval. Finally, within a length interval young
rapidly growing fish may have another M than
older slow growing fish. All of these issues deserve
further study.

One of our objectives was to increase the general
understanding of the role of natural mortality in the
structuring of marine fish communities. Our results
demonstrate that body length itself significantly
affects the natural mortality of juvenile and adult
fish: body length is highly significant with or without
the InK term included, the estimate of the exponent
in the scaling of M with body length is remarkably
robust to alternative model formulations, and the
model including the InK term accounts for 62% of
the total variance in the available estimates of M.
Moreover, our model results are in line with the
theoretical predictions of Gislason et al. (2008) and
many previous investigations.

Nonetheless, the spread of the individual esti-
mates of M is large (Figs 1 and 2) and the RMSE of
the model is 0.72, signifying that the 95% confi-
dence interval of a predicted M will range from
approximately 25% to 410% of its predicted median

value. Thus, predictions of M for individual species
or populations will always be highly uncertain. The
role of factors such as variation in predator and prey
interactions or ocean conditions, or of additional
life-history parameters in accounting for parts of the
residual variation in M can be investigated, but they
are unlikely to contradict the general dependence of
mortality rate on size.

The residual variance in M limits the practical
use of our models in analytical assessments of
individual fish populations, but that is true of any
model intended to make precise predictions of M
from life-history attributes. This is not a serious
failing, though, for two reasons. First, to the extent
that annual stock assessments are carried out
primarily to support advice on adjustments to
annual harvest levels, such single-year adjustments
are not particularly sensitive to values of M. Second,
the more important consequence of our findings is
that M should not be viewed as a constant for a
population, or even just the mature ages of a
population. Rather, M varies lawfully with size, and
factors that change the size composition of a
population will change the expected average M for
that population as well. Many of these factors are
likely to vary without consistent longer-term trends,
and contribute background noise to M for a
population. However, factors that are expected to
result in a consistent change in the size composition
of a population will change the average M for that
population as well; if M-at-size is consistent and the
size frequency distribution of a population changes,
the rate of loss of individuals from the population
through natural causes will change correspond-
ingly. Altering the target exploitation rate is one
important mechanism that affects the size compo-
sition of a population or community. Consequently,
applying our models in management strategy eval-
uations (Sainsbury et al. 2000) may provide a way
to include the effects of changing size composition
on M when evaluating the consequences of alter-
native management strategies. Whether the change
in population M is large or small will depend on
how alternative strategies increase, decrease or
redistribute F on individuals of different sizes in a
population, but our models provide a means to
investigate the effect systematically. Moreover, the
alternative formulations with and without temper-
ature as an independent variable could be used to
explore some aspects of the impact of climate
change on the sustainability of harvesting strate-
gies. Thus, in addition to increasing our under-
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standing of marine fish communities, we hope to
have contributed to the scientific basis for improving
fisheries management advice.
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