
Introduction
CCAMLR aims to ensure that the development 

of a new and exploratory fishery does not occur 
faster than the Commission is able to achieve the 
objectives of Article II, notably maintaining stable 
recruitment of the fished populations and minimise 
the risk of ecosystem changes that are not revers-
ible over two or three decades (Constable et al., 
2000). At the core of this approach are rules for 
notification of intention to fish, measures requiring 
data collection, and decision rules for setting pre-
cautionary catch limits. The intent of the data col-
lection is to provide sufficient data from research 
and fishery operations for an assessment of the sta-
tus and productivity of the fished stocks to estimate 
the precautionary catch limits. 

For new and exploratory fisheries of Patagonian 
toothfish (Dissostichus eleginoides) and Antarctic 
toothfish (D. mawsoni) in the Convention Area, a 
research plan, a data collection plan, and a tagging 
program specify the collection of four main data 
types: spatially referenced catch and effort data, 

catch length-frequency data, tag-recapture data, 
and otoliths or scales for age determination. Based 
on spatially concentrated tagging effort, tag-based 
assessments using ageing data have been developed 
for Subarea 48.4 and the Ross Sea (Subareas 88.1 
and 88.2) (SC-CAMLR, 2010, paragraph 5.7). 
However, robust advice on catch limits according 
to CCAMLR decision rules has not been possible 
for most other new and exploratory toothfish fisher-
ies. 

Some reasons for this failure are the poor qual-
ity and quantity of data, and the strong reliance on 
tag-recapture data for abundance estimates. Tag-
recapture data have been considered poor in many 
instances due to general problems with low tagging 
rates, insufficient overlap in the geographical loca-
tion and the length-frequency of released tags and 
subsequently landed catch, poor tag detection rates, 
high post-tagging mortality of tagged fish, and the 
effects of IUU fishing on tag-based abundance es-
timation (SC-CAMLR, 2010, paragraph 5.5). Age-
ing of otoliths and a concerted effort to use the data 
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for a stock assessment have so far occurred only in 
Subarea 48.4 and the Ross Sea in conjunction with 
tagging. 

Catch rates have been used as indices of relative 
abundance in comparisons between areas and in de-
pletion studies (McKinlay et al., 2008; SC-CAMLR, 
2008, paragraph 5.82). But catch rates are often 
not directly comparable within or between areas 
due to inconsistencies in fishing operations with 
varying vessels, gear types and fishing locations 
(SC-CAMLR, 2010, paragraph 5.6). Longer time 
series of catch rates are required for a standardisa-
tion of catch rates and estimation of relative abun-
dance. In addition, the effects of spatial variability 
in stock distribution and the non-random behaviour 
of fishing vessels are often underestimated. Trends 
in catch rates need to be analysed at a small spatial 
scale since fishers in exploratory fisheries rapidly 
gain experience and adapt their fishing tactics re-
sulting in increased fishing efficiency (McKinlay et 
al., 2008). While catch rates can reflect local deple
tion, they can also be highly variable in areas of 
low abundance. Over larger areas, catch rates are 
notoriously hyper-stable, and as a consequence the 
interpretation of increasing or stable catch rates can 
be highly ambiguous. 

With the imperative to provide an assessment 
of fished stocks in the CAMLR Convention Area, 
the failure of the tag-recapture program in many 
areas and doubts about using catch rate data have 
led to a desire to draw inferences about stock status 
and fishing mortality from length-frequency data. 
As a response to calls by the Scientific Commit-
tee for management advice for toothfish fisheries 
in Subarea 58.4 (e.g. SC-CAMLR, 2006, para-
graph 4.150), the stability of length frequencies 
and unstandardised catch rates from some vessels 
has been used to argue that stock status is stable 
or increasing, if not above CCAMLR target levels, 
in areas where rapid localised declines in catch 
rates and large IUU catches suggested that stocks 
were likely to be depleted (SC-CAMLR, 2007, 
paragraphs 5.77 to 5.79; SC-CAMLR, 2008, para-
graph 5.117).

However, several previous studies have indicat-
ed major problems with assessments that are based 
on length-frequency data alone. It is important that 
the lessons from these studies are not forgotten, 
since they are very likely to apply to toothfish fish-
eries as well. In this paper, the history of a number 

of length-based methods is revisited, and then some 
limitations in their ability to draw robust inferences 
about stock status and fishing mortality for Patago-
nian toothfish as an example of a long-lived fish 
species are illustrated. 

Stock assessment methods based  
on length-frequency data

It makes some intuitive sense that the length-
frequency composition of a fish population is affect-
ed by fishing: fishing is size-selective and truncates 
the length-frequency composition by generally re-
moving larger fish. And because length-frequency 
data can be relatively easily collected, or may even 
be the only data type available, a range of methods 
have been developed to use length-frequency data 
for estimation of life-history and stock assessment 
parameters (see e.g. Pauly and Morgan, 1987 and 
Shepherd et al., 1987 therein; Gulland and Rosen-
berg, 1992; Gallucci et al., 1996). However, length-
frequency data are generally more variable and 
their quality is considered to be inferior to that of 
age-frequency data, since a wider range of lengths 
corresponds to one age than vice versa. This vari-
ability severely reduces the usefulness of length-
frequency data, and age-based assessment methods 
are generally preferred where individuals can be 
aged. 

If age–length keys or growth functions are 
known, length-frequency compositions can be 
back-calculated into the corresponding age-
frequency compositions. Without such data, a 
number of models can be used that follow modal 
progression in length-frequency distributions to 
identify cohorts and estimate various biological and 
fishery parameters (e.g. ELEFAN – Pauly, 1987; 
FiSAT II – Gayanilo et al., 2005; MULTIFAN-
CL – Fournier et al., 1998; see also Gallucci et al. 
(1996) for a discussion). Some of these models 
have been found useful for assessing species that 
are difficult to age, such as tropical fish with little 
seasonal structure in fish otoliths or scales. But dis-
secting length-frequency data into several compo-
nents representing cohorts is limited by the overlap 
of older cohorts, and Sparre and Venema (1998) 
argued that it is not feasible in practice to separate 
more than three or four cohorts within a dataset. 
Therefore, such methods are likely to be successful 
only for short-lived species with few and clearly 
distinguishable length modes. 
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For a direct estimation of fishing mortality F or 
total mortality Z, simpler length-based methods in-
vestigate the shape of the length-frequency compo-
sition, e.g. through mean length or an upper length 
percentile and length-corrected catch curves. These 
methods are based on the expectation that large fish 
will be abundant under low fishing mortality and 
rarer under high fishing mortality. Similar to their 
age-related counterparts, they share the assump-
tions of steady-state recruitment and mortality, 
exponential decline of the population with natural 
mortality, and knife-edge selectivity. 

But departure from the steady-state assumption 
in regards to constant recruitment and mortality can 
introduce significant biases. A strong year-class can 
result initially in decreasing mean length, and as 
the cohort grows, mean length steadily increases 
until it drops again when the next strong year-
class enters the fishery. Conversely, if recruitment 
fails, e.g. because of low spawning biomass, mean 
length may increase since small fish no longer 
enter the fishery and the remaining population 
continues to increase in size (and age). If there is 
no systematic trend in recruitment, smoothing of 
length-frequency samples can alleviate biases due 
to variable recruitment to some degree, i.e. popula-
tion samples collected over several occasions can 
be pooled. Importantly though, fishing mortality 
will rarely be constant as this requires for the catch 
removal to be exactly balanced by new recruitment 
to the fishery. Applying constant mortality models 
to fish populations with changing fishing mortality 
can therefore introduce strong biases and effective-
ly impede the reliable estimation of fishing or total 
mortality (see also simulations below). 

Mean length, maximum length or an upper 
length percentile are easy to calculate, but their 
underlying relationship with stock abundance or a 
meaningful reference point must be known if they 
are used as an index for stock abundance. Punt et al. 
(2001) investigated mean length and the upper 5th 
percentiles of length (and weight) in individual fish 
as a stock indicator for swordfish (Xiphias gladius) 
population biomass. As expected, both measures 
decrease with fish biomass, but the relationships 
were not linear and the indicators were quite impre-
cise. Reference points based on these relationships 
depended on assumptions about stock structure and 
were often triggered too early or too late. 

The effects of total mortality Z depend on 
fish growth parameters (e.g. the von Bertalanffy 
growth parameters L∞ and K), and results are often 
expressed as the ratio Z/K. Analogous to the age-
based catch curve, the length-based catch curve can 
be used to estimate the ratio Z/K. Since in contrast 
to age, growth is not constant, it takes a fish longer 
to grow through the larger length classes. Thus, the 
slope of the log-converted length-frequency distri-
bution is curved and a function of time, mortality 
and the changing value of fish length. For the von 
Bertalanffy growth model, the slope of the length-
frequency distribution, i.e. the relationship between 
numbers of individuals by size class versus size 
class, can be estimated as:

( ) ( ) ( )log logZ
l KN L lα ¥= + - 	 (1)

where Nl is the numbers at length l, and K and 
L∞ are parameters of the von Bertalanffy growth 
function (Jones, 1984; Gallucci et al., 1996). This 
relationship is a straight line with positive slope 
Z/K and intercept α when log(Nl) is plotted versus 
log(L∞–l). 

Other estimates for the ratio Z/K from length-
frequency data are based on probability distribu-
tions of lengths, and regression and maximum 
likelihood methods (for an overview see Wetherall 
et al., 1987; Gallucci et al., 1996). Beverton and 
Holt (1957) provided the classical estimator by:
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where only the mean length Lmean in a sample of 
fish above the length at first capture Lc and an esti-
mate of L∞ are required. In addition to steady-state 
conditions, the model assumes that the length-
frequency distribution is not truncated, i.e. the 
maximum age in the catch tλ is the same as the the-
oretical maximum age tmax. This method is sensi-
tive to the accuracy with which L∞ is known, and to 
length-class bin width (Laurec and Mesnil, 1987). 
In addition, Ehrhardt and Ault (1992) showed that 
this equation overestimates Z when the maximum 
age in the catch is less than that in the population. 
This bias decreased with higher fishing mortalities 
due to the truncation of the length-frequency distri-
bution. Simulations by Wetherall et al. (1987) and 
Gallucci et al. (1996) highlighted different levels 
of precision and biases of the various methods. 
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Based on a method by Powell (1979), Wetherall et 
al. (1987) also suggested an improved method to 
estimate Z/K and L∞ simultaneously. This method 
was examined with simulations by Somerton and 
Kobayashi (1991) who found that biases may occur 
even when the population was in equilibrium. Fur-
ther, disequilibrium biases in Z/K and L∞ estimates 
from variable fishing effort and recruitment could 
be large. While smoothing of data by averaging the 
length-frequency over some years helped to reduce 
the estimation bias caused by recruitment variation, 
it had little effect for the bias caused by changing 
fishing effort. The authors therefore cautioned 
against using this method where fishing effort and 
hence fishing mortality is likely to vary. 

In an alternative approach, Froese (2004) sug-
gested three simple indicators based on propor-
tions of the catch length-frequency composition to 
assess status and trends in fish stocks and hypoth-
esised about ideal target levels. Three indicators 
reflect the percentage of mature fish in the catch 
(Pmat) with 100% as a target level, the percentage 
of individuals that provide the highest yield (Popt) 
with 100% as a target level, and the percentage of 
‘mega-spawners’ (Pmega) with 0% as a target level 
or 30–40% where no upper size limit exists. The 
proportional length-based indicators can be esti-
mated as:
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where Pl is the proportion of fish in a particular 
length class l, Lmat is the length at 50% maturity, 
and Lopt is the length-at-age at which the product of 
weight-at-age and numbers-at-age under zero fish-
ing mortality is maximised. 

Cope and Punt (2009) investigated reference 
points based on these indicators and their sum Psum: 

sum mat opt megaP P P P= + + 	 (6)

across a range of different stock productivity and 
selectivity patterns. The three indicators could 
adopt a wide range of values and were often not 
very sensitive to stock status except when stock 
productivity was very high, i.e. when the steep-
ness h in the Beverton-Holt stock-recruitment re-
lationship approached 1.0. For example, major 
decreases in stock biomass occurred even when 
Popt equalled 1.0, thought to be the ideal situation, 
and fish stocks with Pmat and Popt values much less 
than 1.0 could theoretically be fished at a target 
spawning biomass of 40% relative to an unfished 
population. The values of the indicators also de-
pended strongly on the pattern of fishing selectivity 
and could not be interpreted correctly without the 
knowledge of the underlying selectivity pattern. 

In the following, the limitations of some of 
these methods are illustrated using a simulated 
Patagonian toothfish population under changing 
fishing mortality, different selectivity functions and 
growth parameters, and alternative assumptions 
about recruitment patterns. The simulations clearly 
show that the variable behaviour of these measures 
restricts their meaningful application for estimating 
stock status and fishing mortality. 

Methods
The Generalised Yield Model (GYM) (Consta-

ble and de la Mare, 1996; Constable et al., 2003) 
was used to simulate a single age-structured popu-
lation of Patagonian toothfish under fishing exploi-
tation, and to calculate length-based indicators as 
they would be observed in catch data (for general 
settings see Table 1). The life-history parameters 
for the Patagonian toothfish population were taken 
from the assessment in Division 58.5.2 around 
Heard Island and the McDonald Islands (Table 2) 
(SC-CAMLR, 2009; Candy et al., 2007). 

The model assumed a single population without 
movement or migration. It represented age classes 
from 0 to 50 years, with the last age class being 
a ‘plus class’ in which older fish accumulated. 
The removal of catch was modelled through three 
knife-edge fishing selectivity functions represent-
ing combined gear efficiency and fish availability 
(Figure 1). The first function was dome-shaped and 
selected immature fish between the age of 4 years 
and the age of 50% maturity (‘immature selectiv-
ity’). This fishing selectivity targeted young fish that 
would eventually grow out of the selected length 
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Table 1: Input parameters for population projections of Patagonian toothfish using the Generalised
Yield Model (see Constable et al., 2003, for model specification). 

Category Parameter Values 

Age structure Recruitment age 1 y 
 Oldest age in initial structure (plus group) 50 y 
Recruitment Mean recruitment (lognormal) 1 000 000 
 Standard deviations σR for constant and 

variable recruitment  
0.0, 0.6 

 Level of SSB0 below which recruitment 
declines linearly 

0.2 

Fishery parameters Season 1 Dec–30 Nov 
 Catch levels for the constant catch 

scenarios (tonnes) 
0, 250, 500, 750, 1 000, 
2 500, 5 000, 10 000 

Simulation 
specifications 

Number of runs in simulation  1 (constant rec),  
100 (variable rec) 

Individual trial 
specifications 

Reference year  2000 
First year of projection 2001 

 Years to project stock in simulation 60 y 
 Reference start date in year 01/12 
 Increments within year 12 
 Reasonable upper bound for annual F 5.0 

 

Table 2: Parameters for Patagonian toothfish (SC-CAMLR, 2009; Candy et al., 2007) population 
dynamics in the scenario 1 (base case), and alternative values for K and M that have been 
assumed in scenarios 2–5 (all other parameters remained the same as in the base case). 

Parameters of Patagonian toothfish 
population dynamics 

Scenario 
1  

(Base case) 
2 3 4 5 

Von Bertalanffy growth parameters       
L∞ 2 871 mm     
K 0.02056 0.02056 0.02056 0.015 0.025 
t0 –4.2897 y     

Natural mortality M  0.13 0.10 0.16 0.13 0.13 
Weight at length W (mm to kg)      

A 2.59E-09     
B 3.2064     

Maturity      
Amat50 14.0 y     
Range 5–95% maturity 11.0–17.0 y     
Lmat50 900 mm     

Optimum age and length 
(estimated) 

     

Aopt
Lopt

15.7 y 
966 mm 

20.3 y  
1141 mm 

12.5 y 
838 mm 

16.7 y 
775 mm 

15.1 y 
1017 mm 
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range, mimicking observed selectivity functions 
of trawl and longlines. The second function was a 
simplified logistic function and selected all mature 
fish above the age of 50% maturity (‘mature selec-
tivity’). The third selectivity function was similar 
to the mature function, but truncated at the upper 
end such that only the first 10 mature year classes 
were selected (‘truncated mature selectivity’). 

For each selectivity function, a number of simu-
lations were conducted to evaluate the influence 
of changing fishing mortality, exploitation levels, 
alternative life-history characteristics, and recruit-
ment variability on the length-based indicators. For 
different simulations of exploitation history, con-
stant catches between 0 and 10  000 tonnes were 
removed over the projection period of 60 years 
starting arbitrarily in 2000. These catch levels were 
chosen to provide contrasting scenarios over the 
projection period. When removing a constant catch 
with constant recruitment, the spawning stock 
reaches a new equilibrium level or is depleted after 
a number of years (Figure 1). 

Five scenarios with alternative life-history 
characteristics for natural maturity M and the von 
Bertalanffy growth parameter K were investigated 
(Table 2). In scenario 1 (base case), current best 
estimates for M = 0.13 and K = 0.0256 were as-
sumed. For scenarios 2 and 3, natural mortality 
was assumed to be lower (M = 0.10) and higher 
(M = 0.16) respectively, and for scenarios 4 and 5, 
K was assumed to be lower (K = 0.015) and higher 
(K = 0.025) respectively. 

Initial sets of simulations were conducted with 
constant recruitment to investigate indicator trends 
without recruitment variability as a major source of 
uncertainty. In subsequent simulations, recruitment 
R was modelled as a lognormal distribution with 
standard deviation σR. The standard deviation was 
set to 0.6 in line with current assessments. 

In addition to examining raw length-frequency 
data directly, a number of the length-based indi-
cators to infer information on stock status or fish-
ing mortality were derived, namely mean length, 
the upper 75th percentile, the slope of the length-
based catch curve, and Froese’s (2004) proportion-
al values. Instead of maximum length or a higher 
percentile, the 75th percentile that tends to be less 
prone to noise in the length-frequency distribution 
was used (Trenkel et al., 2007). 

To demonstrate the direct behaviour of the in
dicators, all simulations assumed perfect know
ledge of selectivity and life-history parameters and 
no sampling (observation) error when calculating 
indicator values from the catch length frequen-
cies. Mean length (Lmean), the upper 75th percentile 
(L75) and the slope of the length-based catch curve 
were calculated from individuals of all selected age 
classes. The only exception was the slope estimate 
for mature selectivity, for which the data were lim-
ited to 20 age classes. The proportional values were 
calculated as per equations (3) to (6). 

Results

Examples of length-frequency distributions

As expected, the exponential decline of the 
length-frequency distributions under constant 
recruitment often steepened with decreasing bio-
mass levels. This is shown in Figure 2(a) for imma-
ture selectivity and a constant catch of 1 000 tonnes 
at three different years during the projections 
15 years apart, where stock levels fall from 0.72 
to 0.26 and 0.04 and larger fish become increas-
ingly rare. When stock levels drop below around 
0.20, the catch is made up mainly of fish that have 
newly recruited to the fishery in that year, while 
larger fish are rapidly removed by the fishery each 
year. However, some length-frequency distribu-
tions remain remarkably stable. For a constant 
catch of 750 tonnes, spawning biomass stock status 
relative to virgin levels falls from 0.78 to 0.44 and 
then 0.30, while the overall length-frequency dis-
tribution does not change noticeably. 

Variable recruitment events naturally modify 
these general patterns in the length-frequency dis-
tribution resulting in substantial variation between 
individual model runs. Figure 2(b) shows two ex-
ample runs with a constant catch of 750 tonnes. 
The first run follows the development of the length-
frequency distributions corresponding to an expec-
tation that larger fish become rare with fishing over 
time. However, the second run shows an opposing 
pattern with a lower proportion of larger fish for 
2012 than the bottom graph for 2042, whereas the 
true stock levels are at 0.92 in 2012 compared to 
only 0.28 in 2042.
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Performance of length-based indicators  
under constant recruitment 

The importance of the selectivity function on 
determining the absolute indicator values for mean 
(Lmean) and upper 75th percentile (L75) of fish 
populations is shown in Figure 3. Under constant 
recruitment, Lmean and L75 in the catch are larger for 
mature fishing selectivity than for immature selec-
tivity. Similarly, truncating a selectivity function 
decreases indicator values for Lmean and L75.

The simulations generally support the hypoth-
esis that Lmean and L75 decrease when stock size 
decreases (Figure 3). However, they also clearly 
highlight that the relationship between stock status 
and length-based indicators can be quite variable. 
For the mature selectivity function, there is a rea-
sonably close and linear relationship between stock 
status and length-based indicators for a given set of 
life-history characteristics. However, for the dome-
shaped immature and truncated mature selectivities 
most realised values of Lmean or L75 can represent a 
large range of stock status levels. For example, in 
the base-case scenario with the immature selectiv-
ity (black diamonds) an Lmean value of 547 mm can 
represent a spawning stock status relative to vir-
gin levels between 0.0 and 0.92, while the small-
est Lmean value of 449 mm can represent stock 
status values from 0.0 to 0.88. The deterministic 
growth function would have exacerbated this result 
to some degree, but growth variability would not 
change the basic result that dramatic changes in 
stock status can occur with relatively small changes 
in indicator values. 

Both indicators can also vary for a given stock 
status depending on the catch history. This is par-
ticularly the case for immature selectivity where 
high catches immediately lower Lmean and L75 but 
stock status declines much slower due to the bio-
mass of larger fish which is unfished and is only 
under the influence of natural mortality. 

While the slope estimate of the Z/K ratio is 
little influenced by the selectivity function, the 
slope generally underestimates the true Z/K ratio 
(Figure 3). The slope is highly biased, particularly 
at low mortality levels, but generally improves over 
time for most scenarios when steady-state condi-
tions are reached.  

The significant effects of alternative life-history 
characteristics, such as natural mortality M and the 

growth parameter K, for the relationship between 
the length indicators and stock status or estimates 
of Z/K can be seen in Figure 4. For example, the 
maximum realised value for L75 with the mature 
selectivity varies from 1 055 to 1 129 mm between 
higher and lower M, and from 846 to 1  229 mm 
between lower and higher K. The negative bias of 
the Z/K ratio estimated by the slope is apparent in 
all tested scenarios. 

The values of proportion indicators Pmat, Popt, 
Pmega and Psum depend strongly on the shape of 
the selectivity function, which is highlighted by 
the contrast in indicator values between immature 
and mature selectivity. Selecting immature fish re-
sults in all indicators being at, or close to, zero (not 
shown), while indicator values for mature selectiv-
ity are shown in Figure 5.

For mature selectivity, the relationship between 
Pmat and stock status is reasonably independent 
of the evaluated alternative life-history character-
istics. Because the applied selectivity function is 
knife-edged, while the maturity function is not, Pmat 
includes some immature fish and is thus always 
smaller than 1.0. Pmat even approaches zero under 
severe stock depletion. For spawning stock status 
between 0.3 and 1.0 of virgin levels, Pmat is largely 
insensitive to changes. Both Popt and Pmega are rea-
sonably correlated with stock status for any given 
life-history scenario, however, values vary substan-
tially across different scenarios. Worryingly, Popt is 
even dome-shaped in some scenarios, rather than 
describing a monotonic relationship with stock 
status. Because the sum of stock proportions in 
Popt and Pmega is very similar to Pmat for the ma-
ture selectivity, Psum follows an overall similar pat-
tern to Pmat. For truncated mature selectivity (not 
shown), Psum has a less consistent pattern between 
scenarios with different life-history characteristics. 

Performance of length-based indicators under 
variable recruitment 

Besides the variable fishing mortality and alter-
native life-history characteristics, variable recruit-
ment is probably the most important source for un-
certainty in the relationship between length-based 
indicators and spawning stock status or estimates of 
Z/K. Under variable recruitment with σR = 0.6, re-
alised values of all indicators can represent a large 
range of stock status levels or Z/K ratios even when 
only considering the base-case scenario (Figures 6 



Ziegler et al.

64

and 7). The slope estimate of Z/K tends to follow 
the true Z/K, but the spread of values for a given 
Z/K ratio is enormous. For mature selectivity, the 
slope estimate again almost always overestimates 
the true Z/K. 

Changes in stock status and  
length-based indicators 

Changes in values of most indicators are also a 
poor predictor for changes in spawning stock status 
(Table 3). For both selectivity functions, changes 
in Lmean and L75 from one year to the next cor-
rectly predict decreases or increases in stock levels 
for the same period in only about 40–60% of all 
years (base-case scenario). The proportional indi-
cator Psum performs correctly also only in around 
53% of all years, while the slope of the size spec-
trum scores with around 52% to correctly predict 
changes in the true Z/K for all selectivity functions. 

Discussion
Indicators based on length-frequency data have 

been typically used when stock dynamics and sta-
tus were poorly known and alternative stock as-
sessment methods could not be conducted. How-
ever, due to the inherent uncertainty in this type of 
data, it is exactly these stock dynamics and fishing 
parameters that must be well known for long-lived 

species such as toothfish to enable the correct in-
terpretation of length-frequency data and related 
length-based indicators. 

Raw length-frequency data and length-based 
indicators such as Lmean, L75, the slope estimate of 
Z/K and Froese’s (2004) proportional values con-
tain little inherent conclusive information about 
stock status or the true Z/K ratio and cannot be gen-
eralised. Rather, as shown previously by a number 
of studies, length-frequency data of fish stocks are 
strongly influenced by parameters such as the vari-
ation in fishing mortality and recruitment, the form 
of the fishing selectivity function and life-history 
characteristics (see e.g. Ehrhardt and Ault, 1992; 
Punt et al., 2001; Somerton and Kobayashi, 1991; 
Cope and Punt, 2009).

The simulation results presented here should 
therefore come as no surprise, but simply high-
light the limitations of using length-frequency data 
for the stock assessment of long-lived fish such as 
Patagonian toothfish. The violation of steady-state 
conditions through variable fishing mortality and 
recruitment is likely to be prevalent in many fish-
eries. In the case of Patagonian toothfish, recruit-
ment variability may be substantial (Candy and 
Constable, 2008), and fishing mortality is likely to 
vary even with constant catches. As a result, catch 
length-frequency compositions, as well as changes 
within these compositions, can vary strongly 

Table 3: Percentages of years that indicator values and spawning stock status increase or decrease for 
immature, mature and truncated mature selectivity (base-case scenario only). 

Immature Truncated mature Mature 
Stock status or true 

Z/K:
Decreasing

(%)
Increasing
or stable1

(%)

Decreasing
(%)

Increasing
or stable1

(%)

Decreasing
(%)

Increasing
or stable1

(%)

Indicator       
Lmean:  Decreasing 9 7 7 10 8 11 
 Increasing 

or stable 
53 31 38 45 29 52 

L75:  Decreasing 10 7 8 10 9 12 
 Increasing 

or stable 
52 31 37 45 28 51 

Slope:  Decreasing 1 47 1 45 0 47 
 Increasing 

or stable 
1 51 4 51 1 52 

Psum:  Decreasing - - 25 27 20 32 
 Increasing 

or stable 
- - 20 28 16 32 

1 Within 1% of virgin stock biomass or 0.01 of fishing mortality that contributes to Z/K from previous year. 
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independent of stock size and give a misleading 
indication of stock levels. Consequently, all length-
based indicators tested here are unreliable estima-
tors of stock status or the Z/K ratio on their own, 
even if the selectivity function and life-history 
characteristics were known exactly. 

The form of the selectivity functions determines 
directly the range of fish lengths caught by the 
fishing gear and the interpretation of length-based 
data and indicators in respect to stock status. Yet, 
selectivity is notoriously difficult to estimate even 
with extensive datasets and complex stock assess-
ment models. Fishing selectivity is a composite of 
the efficiency of the specific gear type to catch and 
retain fish of a given length, and the availability of 
such fish on the fishing grounds. Particularly the 
latter is rarely known. For example, a catch length-
frequency with missing larger fish can be obtained 
with two different selectivity functions: one that 
catches large fish but these fish have been previ-
ously removed by fishing (equivalent to the mature 
selectivity function in the simulations), and one 
that does not catch large fish because emigration 
of these fish away from the fishing grounds simply 
makes them unavailable to the fishing gear (equiva-
lent to the truncated mature selectivity function). 
Thus, the same values for Lmean or L75 could indi-
cate low stock levels when assuming a mature se-
lectivity where larger fish have been removed, or 
high stock status levels when assuming a truncated 
mature selectivity where larger fish move away 
from the fishing grounds.

Life-history parameters, such as natural mortal-
ity M and the growth coefficient K, that determine 
the productivity of fish stocks and have an effect 
on the catch length-frequency distributions, tend to 
be difficult to estimate exactly. Natural mortality M 
may even fluctuate between fish sizes and fishing 
years (Vetter, 1988). The M values examined in this 
study resulted in substantially different estimates 
for all length-based indicators, but all values were 
well within the confidence intervals of M estimated 
in a simulation study by Candy et al. (2011) using 
data from Heard Island and the McDonald Islands. 

Joining length-based indicators and indicators 
based on other data types in a decision tree or multi-
criterion indicators could provide alternatives to 
the simple approaches discussed here. A decision 
tree based mainly on Psum for defining indicator 
values of stock status above certain spawning 

biomass reference points was proposed by Cope 
and Punt (2009). The tree requires further evalu-
ations to examine the generality and reliability in 
practice, since it was unsuccessful in providing 
guidance about stock status in a quick examination 
of the toothfish example. In addition, the simula-
tions used by Cope and Punt (2009) were based on 
a deterministic population dynamics model and it 
would be important to know whether a decision 
tree under stochastic recruitment variability was 
able to satisfy CCAMLR’s Article II in the long 
term. Maybe more promising are decision trees that 
combine indicators from different data sources. In 
order to distinguish between the effects of fishing 
and recruitment, Davies et al. (2008) interpreted 
overall catch rates in the light of catch rates of 
small recruits and large (old) fish and changes in 
the proportion of large (old) fish. Likewise, Rochet 
et al. (2005) assessed ongoing changes in exploited 
fish populations and communities based on com-
bined indices of abundance from trawl surveys 
with trends in average length of individuals (and 
other indicators for communities).

Joining indicators from different data sources 
may provide a viable approach also for the assess-
ment of CCAMLR’s new and exploratory fisher-
ies. Indices of abundance derived from catch rate 
data or trawl surveys, similar to the research trawl 
survey by Australia around Heard Island and the 
McDonald Islands in Division 58.5.2 (Welsford et 
al., 2006), could be combined with age-frequency 
data, although issues with regards to ageing errors 
of otoliths and the representativeness of samples re-
main to be solved. Any such scheme will also need 
to be evaluated by simulations for appropriateness 
and robustness against a wide range of assump-
tions about fishery and fish stock characteristics, 
and embedded into the existing CCAMLR man-
agement framework with reference points and de-
cision rules. Such an approach is much more likely 
to yield a successful assessment than reverting to 
methods that have proven to be, at best, difficult 
to interpret, or, at worst, misleading, at times when 
corrective management action is actually urgently 
required. 

Conclusions
While length-frequency data can be useful in as-

sessments when integrated with other informative 
estimators for stock abundance and productivity, 
any interpretation of raw length-frequency data 
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and single length-based indicators for stock status 
and fishing mortality is problematic and should be 
avoided.
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Figure 1:	 Immature, truncated mature and mature fishing selectivity functions (with dotted line for the maturity 
function), and spawning stock status relative to virgin levels of Patagonian toothfish over the 
projection period of 60 years for constant recruitment under different exploitation histories (0, 250, 
500, 750, 1 000, 2 500, 5 000, and 10 000 tonnes distinguished by different markers) for the evaluated 
selectivity functions.
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Figure 3:	 Length-based indicators mean length (Lmean) and length at 75 percentile (L75) versus relative spawning 
biomass (stock status), and slope estimate of the Z/K ratio versus the true Z/K ratio (with dotted parity 
line) with constant recruitment and immature (black diamonds), truncated mature (grey circles) and 
mature selectivity (black squares) for the base-case scenario. Different catch histories are connected 
by lines. The distinct values of Lmean and L75 are due to the deterministic growth function and may 
slightly exaggerate differences between different catch histories. 
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Figure 2:	 Examples for length-frequency patterns at three different years during the projections for immature 
selectivity and (a) constant recruitment with catches of 750 and 1 000 tonnes; and (b) for variable 
recruitment with catches of 750 tonnes. 
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Figure 4:	 Length-based indicators mean length (Lmean) and length at 75 percentile (L75) versus relative spawning 
biomass (stock status), and slope estimate of the Z/K ratio versus the true Z/K ratio (with dotted parity 
line) with constant recruitment and immature, truncated mature and mature selectivity, for the base-case 
scenario (black circles) and alternative life-history scenarios for M or K (grey numbers for scenarios, 
lower M (2), higher M (3), lower K (4), higher K (5)). The distinct values of Lmean and L75 are due to the 
deterministic growth function and may slightly exaggerate differences between different scenarios. 
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Length-based assessments revisited 

Figure 5:	 Proportion of mature (Pmat), optimally sized (Popt), and ‘mega-sized’ fish (Pmega), and sum 
of these proportions (Psum) versus relative spawning biomass (stock status) for constant 
recruitment and mature selectivity, for the base-case scenario (black circles) and alternative 
life-history scenarios for M or K (grey numbers for scenarios, lower M (2), higher M (3), 
lower K (4), higher K (5)).
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Figure 6:	 Length-based indicators mean length (Lmean) and length at 75 percentile (L75) versus relative spawning 
biomass (stock status) for the base-case scenario and variable recruitment (100 simulations) with 
immature, truncated mature and mature selectivity. Individual points (with rounded values) indicate 
the spread of the data, the grey shading represents point densities as estimated by a bivariate normal 
kernel density function. 
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Figure 7:	 Slope estimate of Z/K versus true Z/K (with dotted parity line) and Psum versus relative spawning 
biomass (stock status) for the base-case scenario and variable recruitment (100 simulations) with 
immature, mature and truncated mature selectivity. Note that when F = 0 the true Z/K ratio is equivalent 
to M/K (6.32 in the base case). Individual points (with rounded values) indicate the spread of the data, 
the grey shading represents point densities as estimated by a bivariate normal kernel density function. 
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