Estimating and Testing Non-additivity
in Fishing Mortality: Implications for
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Abstract: Common in many fisheries collapses is a disproportionate increase in fishing
mortality at younger ages. One mechanism by which this increase could occur is sufficient
depletion of the population at older ages due to strong overfishing, which leads to targeting
of younger fish. Thus it is essential for assessments to estimate and test for a change in
selectivity in the fishery. We introduce a simple and powerful approach based upon Tukey’s
(1949) one degree of freedom test for non-additivity. This approach can be applied within
any statistical age-structured population model that estimates selectivity. We illustrate the
approach with data from Atlantic cod from St. Pierre Bank, Canada. The results show
significant non-additivity in fishing mortality which translates into an increase in selectivity

on younger ages when fishing mortality is high. This approach also can be applied to the
output of an age-structured model that assumes catch-at-age is known without error or to any
survey or catch per unit effort data for which estimates of abundance are made by year and
age. We believe this approach should be routinely applied in assessments, particularly when

overfishing has led to depletion of the overall population or to truncation of the age structure.

Ransom A Myers! Department of Biology, Dalhousie University, Halifax, Nova Scotia, CANADA B3H 4J1
Terrance J Quinn Il. Juneau Center, School of Fisheries and Ocean Sciences, 11120 Glacier Hwy., Juneau
AK 99801-8677 USA

1 Author to whom all correspondence should be addressed.

unknown : 1-12 () © NRC Canada



2 unknown Vol. ,

Introduction

Most of the spectacular, rapid collapses of fish populations due to overfishing share a characteristic
change in fishery selectivity: there was a reduction of the mean age of selectivity by the fishery as the
population collapsed. This is evident in the collapse of herring stocks in the North Pacific (Hourston
1980) and the North Atlantic (Saville 1980), and the cod stocks in the Northwest Atlantic (Myers et al.

1997). This process of targeting younger fish occurs across a wide range of gear types.

A good illustration of this phenomenon is the collapse of the walleye in Lake Erie (Shuter et al.
1979) (Figure 1, upper panel). The population plummeted in the 1950’s as overall fishing mortality
increased. More interestingly, the selectivity pattern changed, because fishers targeted younger fish as
older fish were depleted (Figure 1, lower panel). First the relative fishing mortality on three year olds

increased, and later the relative fishing mortality on two year olds increased.

This change in targeting is a key factor in a rapid collapse of a population, because harvesting at a
sustainable rate can, with a small change in age of selectivity, become unsustainable, leading to com-
mercial extinction of the stock (Myers and Mertz 1998). This rapid collapse can occur in any fishery
if the mean age of selectivity to the fishery decreases below the mean age of maturity, because fish
have a relatively small maximum reproductive rate in spite of their high fecundity (Myers et al. 1999).
Attempts to harvest a constant quota from a declining stock are especially apt to cause increases in se-
lectivity of younger fish (through alteration of gear or changes in fishing grounds when there is spatial
segregation of fish by age). Risk evaluations based on simulations of population trajectories apparently
never include this phenomenon, despite the likelihood of its occurrence during stock declines. Realistic

evaluations of the risk incurred by employment of a given strategy should not ignore this effect.

Furthermore, statistical age-structured assessment models (Quinn Il and Deriso 1999) often make
the assumption that fishing mortality is separable into age and year effects. That is, after log trans-
formation fishing mortality can be consider the sum of a year effect and an age effect. This the an
assumption of additivity, and is often necessary to reduce the number of parameters sufficiently for

reliable estimation. However, this assumption is criticized frequently as being unrealistic. One solution
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is to make selectivity (or fishing mortality) a random walk process, in which selectivity in one year

is equal to that of the previous year plus a random error (Gudmundsson 1994; lanelli 1996). A large
number of additional parameters for these errors must be included, thereby increasing the complexity

of the model greatly. A simpler solution would be advantageous in terms of model parsimony.

The purpose of this paper is to provide a simple and powerful approach to estimate and test for
an increase in gear selectivity at younger ages associated with increased fishing mortality that can be
easily incorporated into almost any age-structured assessment model. Such a solution was developed
for two-way tables in the field of statistics more than 50 years ago by the famous statistician John

Tukey!

Approach

The fishing mortality associated with any fishery can be separated into an effect of age (i.e., the
selectivity of the fishery) and an effect of year (i.e., the intensity of the fishing mortality) (Fournier and
Archibald 1982; Deriso et al. 1985). If the fishing mortality in ygeon agea is denotedF), ,, then
the separability assumption is th&f , = E,S,, whereE, is the year effect and,, is the age effect
(Quinn and Deriso 1999, section 8.2.5). Usudlyis set to 1 for those ages of maximal selectivity, so

that £, is the full-recruitment fishing mortality.

If we log transform fishing mortality, and let lower case letters correspond to logarithms (e.g.,
log S, = s,), we can write this multiplicative relationship as an additive relationship,fj,g. =
ey + s5,. We are interested in testing a particular systematic departure from this pattern, i.e. we expect

that as total fishing mortality goes up thatshould increase for younger ages.

Tukey (1949) considered a slightly nonlinear function as an alternative to the additive form and
showed that a suitable approximation for one degree of freedom for non-additivity (abbreviated
ODOFFNA) involves the crossproduct of the deviations of the additive terms from their mean values.

In our situation, the log transformed fishing mortality should display a simple form of non-additivity
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that can be described by a simple addition

[1] fy,a =ey+ Sq + 'Yéygm

where~ is Tukey's (1949) ODOFFNA parameter and the tilde’'s denote deviations from their means.
The ODOFFNA parameter can be thought of as a simple control on the age-specific selectivity as the

average fishing mortality increases. For ease in implementation, we reparameterize equation (1) as

[2] fy,a :,UJFéyJFgaJF'Yéyga»

wherey is the average log fishing mortality across ages and years. The year and age deviations are
implicitly assumed to sum to O over their respective subscripts. Conversion of equation (2) back to

original units results in

[3] F,.=FE,S7,

in which ' = exp(u). The latter term in equation (3) is age- and year-dependent, in contrast to the
additive model in which it is simply,,. By varying~, one can produce non-additive patterns that range
from nearly additive (whery = 0) to those in which the trends in selectivity are completely opposite
over time for some ages. Which patterns occur depends on the magnitudes and signs of the deviations

and-.

The implementation of the ODOFFNA parameter is straightforward. Separate log fishing mortality
parameters are used for each fleet for a block of years (Quinn Il and Deriso 1999). Then, itis a simple
matter to add the ODOFFNA term using equation (3). Parameiefs, 5., v are estimated jointly
with other model parameters for abundance, constraining the age and year deviations to sum to 0. A
likelihood ratio test with the two alternative models then indicates whether non-additivity is present:

F = (RSS, — RSS,,)/RMS,,,, where RSS is residual sum of squares, RMS is residual mean square,
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and subscriptg andna are used for the additive and non-additive models, respectively. The testis an F-
test with 1 degree of freedom in the numerator and the residual degrees of freedom for the non-additive
model in the denominator (Quinn and Deriso 1999, p.152).

Also, it is often useful to examine indices of mortality from research survey estimates of relative
abundance at age. Mortality can be estimated,as= —log(ry+1,a+1/7y,a), Wherer, , is the es-
timate of abundance in yegrat agea. The variablez, , can again be easily analyzed in a two way
ANOVA with ODOFFNA. A similar analysis can be carried out with the catch-at-age data. Two-way

plots can be used to visually assess the non-additivity (Morgenthaler and Tukey 2001).

Illustration

So that others can easily try out and evaluate this approach, we provide a simple example which
is programmed in an EXCEL spreadsheet (go to web cite “fish.dal.ca/” myers/papers.html) on Atlantic
cod (Gadus morhupfrom the St. Pierre Bank, south of Newfoundland (the stock designated as 3Ps in
the notation of the Northwest Atlantic Fisheries Organization (NAFQ)). This is one of the cod stocks
in eastern Canada that collapsed in the early 1990’s; the data set is discussed in some detail in Myers
et al. (1997). The data consist of catch-age data from 1978 — 1993 for ages 3 to 10+, the latter being a
plus group. The Canadian research trawl survey was used for the same years, but also included age 2.
Natural mortality is assumed to be 0.2 for all ages except 0.4 for age 2. A typical lognormal analysis is

made with the objective function

4 RSS=> 3, e+ 3. (log I, —1ogQuN,.)",
y a y a

wherec is log catch, NV is abundance] is the research survey inded,is the catchability of the survey

as a function only of age, and a prime denotes a data value. Full-recruitment selectivity of the catch
was assumed constant for ages 6 to 10+. All parameters were estimated on a log scale, and we gave
equal weight to the two sums of squares for this example. This example was kept as simple as possible

to focus on non-additivity; a full assessment would include other information, such as correlated errors
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among ages in a year (Myers and Cadigan 1995) or alternative error structure (Cadigan and Myers

2001).

The results show that abundance peaked in 1987 and decreased rapidly shortly thereafter (Figure
2a). There was an overall increase in fishing mortality onward from 1984 until the fishery was partially
closed in 1993 (Figure 2a). These trends were the same for the additive and non-additive models. The
estimates of selectivity on the younger ages from the non-additive model increase rapidly as shown
by the increasing ratios in Figure 2b. The estimates of fishing mortality from the additive model are
proportional across year by design; these are shown as flat straight lines in Figure 2b for ages 3, 4, and 5
as ratios of the full-recruitment fishing mortality at older ages. The two values of the ratios on the right
side of the the graph for each age are for the two years with highest fishing mortality, 1991 and 1992.
The residual sum of squares drops from 63.1 to 61.0, a highly significant difference (F-test, P=0.007).
Thus, the estimaté = —0.36 is statistically significant from 0, and therefore we conclude that fishing
mortality is non-additive. This example demonstrates the shift in fishing mortality to younger fish as

the stock declines; however, the extent is underestimated because of discarding (Myers et al. 1997).

We repeated the above analysis just for the catch-at-age data. We found a very large difference in
the fit of a year by age model of the log catch ratieg — c,+1,4+1) compared to the ODOFFNA
model (F-test, B 0.001). This analysis shows that a change of selectivity can detected for this data
even without the research surveys. A similar analysis of the survey data failed to show significant

non-additivity, presumably because the survey variability at age was too high.

Discussion

Fishery selectivity can change for a variety of reasons. First, regulatory changes such as gear re-
strictions or time-area closures can influence the catching properties of the gear or the availability of
fish to be caught. Second, environmental changes can alter the spatial distribution of fish or suscepti-
bility of fish to the gear. More pernicious is the mechanism discussed in this paper: overfishing leads to

depletion of the population which is not recognized in the assessment, catch remains constant because
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of increased effort and changes in selectivity without evidence to indicate reduction in fishing is needed
which leads to increased overfishing, harvesters increasingly target younger fish to accommodate their

catch needs.

Assessing changes in selectivity is often not easy due to measurement error in data sources and
because alternative hypotheses may appear equally likely. The random walk model has been a use-
ful approach for modeling changes in selectivity over a long time period, but it is not clear whether
it would be able to detect recent changes in selectivity accompanying overfishing. The ODOFFNA
approach may provide a parsimonious approach suitable for some assessments, but cannot deal with
autocorrelation in selectivity like the random walk model can, a likely important phenomenon. How-
ever, the ODOFFNA approach can be implemented with a modicum of extra work, so we recommend

its routine application.

The ODOFFNA approach can easily be incorporated into other types of age-structured assessments.
In many formulations of age-structured models, the catch-at-age is assumed to be known without error,
and the fishing mortality at year and age matrix is estimated separately with no or limited constraints.
For these models, it is a simple matter to output the estimated fishing mortality at age, take logarithms,

analyze it with a two-way ANOVA, and apply the ODOFFNA test.

Unobserved discarding may increase for younger fish as the stock collapses (Myers et al. 1997),
as well as selectivity. For this reason we recommend that the ODOFFNA test be applied to any survey
data as well as in the catch-at-age model, where discarding may not be well estimated. Such discarding
could be confounded with an increase in natural mortality of juveniles. The ODOFFNA test on survey
data detects changes in total mortality, whether due to changes in selectivity or in natural mortality.
Therefore, auxiliary information would be necessary to attribute a significant test result to selectivity,

natural mortality, or both.
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Figure Captions

Figure 1: The spawner biomass (average catch per trap set of mature fish), instantaneous adult fishing
mortality, and the ratio of juvenile to adult fishing mortality for walleye in the east and central Lake
Erie. The ratio of juvenile to adult fishing mortality is given as the ratio of 3 year olds to the average
fishing mortality on adults (ages 4+), and the ratio of fishing mortality on ages 2 to the adult fishing

mortality.

Figure 2: a. Estimated abundance (solid line) and fishing mortality (dashed line) of older (age 6+) cod
on St. Pierre Bank.

b. A comparison of the results from the additive (lines) and non-additive models (symbols). Ratio
of fishing mortality for 1978 to 1993 for ages 3 (triangles), 4 (diamonds), and 5 (squares) to the fully
recruited fishing mortality, i.e. for ages 6 and above, as a function of the fully recruited fishing mortality.
The additive results for the three younger ages are the three straight lines parallel to the x-axis nearest

the corresponding symbols.
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Fig. 2.
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