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ABSTRACT: The current state of the world's fisheries resources requires further investigation into
the means and methods for sustainable use of fish stocks. In this study, I assess the performance of
different harvesting strategies on a population model developed for Norwegian spring spawning
herring Clupea harengus, a stock historically known as one of the largest and most valuable fish
stocks in the world. This stock is further characterized by strong long-term fluctuations in stock size,
which considerably complicate successful population management. The results support the use of
threshold strategies, where harvesting is only allowed if the population size of the target population
is above a predetermined threshold. Threshold strategies are beneficial for maintaining spawning
biomass, yield, and prevention of population collapse. The downside of a threshold approach is
the fisheries moratoria associated with low stock size. To overcome this, I introduce a precautionary
strategy including 2 thresholds for reducing the likelihood and length of moratoria, such that if the
population size decreases below an upper threshold, the harvest ratio is decreased in order to achieve
fast recovery to the target population size. I also test the effect of changing the timing of fish entering
the harvestable stock by means of age-selective harvesting. I show that allowing reproduction,
preferably more than once, before the fish become vulnerable to harvesting increases the spawning
biomass and yield, and decreases the variability in yield and the risk of stock collapse.
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INTRODUCTION

The world fisheries resources are being depleted at a
considerable rate (FAO 2004, Hutchings & Reynolds
2004). As overfishing is a major threat to fish stocks
worldwide (Ludwig et al. 1993, Casey & Myers 1998), it
is necessary to look for more sustainable ways of utiliz-
ing marine resources. Often, ceasing harvesting does
not guarantee a recovery (Rose et al. 2000). Moreover,
the importance of taking into account the natural
variation in environmental conditions affecting the
renewal and survival of fish resources cannot be
overemphasized (Hofmann & Powell 1998, Arnott &
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Ruxton 2002). Even though it has been claimed that the
ultimate fate of all populations is extinction, at least in
the light of history (Jablonski 1986), exploitation can
severely hasten the process of declining marine
resources by pushing the populations to such low
levels that environmental variation or demographic
stochasticity will have fatal effects (Pauly et al. 2002).
Globally, 28 % of marine fish stocks are overexploited
or depleted, and 50% are fully exploited; thus, man-
agement of fish resources worldwide has hardly
proved itself successful (FAO 2004).

Threshold harvesting strategies, where harvesting
is only allowed if the size of the target population is
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above a predetermined threshold, are supposed
to perform very well especially when population size
or environment is highly variable (Quinn et al. 1990,
Lande et al. 1994, 1995, 1997, Mace 1994, Seether et
al. 1996, Engen et al. 1997, Ludwig 1998). In particu-
lar, the inferiority of the proportional harvest strat-
egy, where a predetermined proportion of the popu-
lation is removed regardless of the population size
before harvesting, has been highlighted. In general,
threshold strategies are argued to perform well as
precautionary strategies, minimizing the extinction
risk while optimizing yield. Moreover, threshold stra-
tegies supposedly perform well in varying circum-
stances including critical depensation, catastrophes
(stock collapses), and with a strongly fluctuating
recruitment rate (Ludwig 1998).

Random variations in the environment are likely to
affect the dynamics of populations, through changes in
individual life histories (Benton et al. 2002). In pop-
ulation modelling, environmental stochasticity has
traditionally been assumed to have a neutral auto-
correlation structure, i.e. the fluctuations are totally
random. However, environmental variables and pop-
ulation fluctuations are often autocorrelated; as an
example, marine environmental variables (especially
temperature) fluctuate slowly. This means that their
dynamics are dominated by low-frequency variation
and are positively autocorrelated (Steele 1985, Halley
1996). Importantly, populations characterized by auto-
correlated dynamics are prone to population crashes,
as the variance in the stock abundance increases with
the length of time over which the variance is estimated
(e.g. Halley & Kunin 1999). Exploitation further in-
creases the variability in population abundance (Bed-
dington & May 1977, May et al. 1978), and at low pop-
ulation sizes vulnerability to chance events increases
(May 1974).

The Norwegian spring spawning herring Clupea
harengus is considered to be one of the largest and
most valuable fish stocks in the world (Bjerndal et
al. 1997). Harvestable biomass is believed to have
been 10 x 10° t in the early 1960s (Bjerndal et al.
2000). These fish feed on plankton in pelagic zones,
with feeding confined to a few months in spring and
summer. The herring stock is characterized by fluc-
tuating recruitment, which leads to strong long-term
fluctuations in stock size (Toresen & Jstvedt 2000).
The major driving force in population fluctuations is
recruitment variability (Seetre et al. 2002), and in
herring both recruitment and spawning stock size
are positively correlated with average winter tem-
perature in the Kola section in the Barents Sea
(Toresen & stvedt 2000). In addition, year-class
strength and growth co-vary closely with tempera-
ture in Norwegian spring spawning herring and

other species in the Norwegian and Barents seas
(Loeng et al. 1995, Ottersen & Loeng 2000). Time
series analysis applied to the herring stock dynamics
indicates that herring dynamics are intrinsically pos-
itively autocorrelated (Kaitala et al. 2003). The stock
is further characterized by its highly migratory
nature; juveniles commonly dwell in the Barents
Sea, whereas mature fish undertake extensive feed-
ing migrations after spawning off the Norwegian
west coast. The Norwegian spring spawning herring
stock experienced a major population crash in the
1960s, and the fishery was closed during the 1960s
and 1970s. During the 1980s, only small catches
were allowed. This stock has since recovered and is
at present within safe biological limits with the
spawning biomass fluctuating around 5 x 10° t (ICES
2003).

The harvesting tactic currently employed for the
Norwegian spring spawning herring stock is a total
allowable catch (TAC) system. A long-term manage-
ment plan has been agreed on for this fishery since
1999 between the European Union, the Faeroe Islands,
Iceland, Norway and Russia. The management plan
aims at preventing spawning stock biomass (SSB)
falling below 2.5 x 10° t, and setting TACs consistent
with producing a fishing mortality of less than
0.125 yr!. Provisions are also made to adjust the fish-
ing mortality should the SSB fall below 5 x 10° t (ICES
2003). TACs are based on biological information and
guidelines from the International Council for the
Exploration of the Seas (ICES) (Sandberg et al. 1998,
ICES 2003). Three vessel types are used in Norwegian
spring spawning herring fishery, including purse
seine, trawlers, and coastal vessels (Bjorndal et al.
2000). Most of the herring is used for human con-
sumption, yet 20 to 30% is used for fishmeal and oil
(Bjerndal et al. 1997).

In this study, my aim is to explore the performance of
different harvesting strategies, also taking into ac-
count the fluctuating nature of fish stocks. I use a pop-
ulation dynamics model developed for the Norwegian
spring spawning herring. For harvesting strategies, I
analyze 3 different and very basic options: (1) propor-
tional harvesting, (2) threshold harvesting, and (3) pro-
portional threshold harvesting. I also suggest 2 new
precautionary modifications of these strategies that
seem to be, on the basis of this study, more appropriate
when harvesting highly fluctuating populations. In
addition, since the model is an age-structured model, I
modify these basic strategies taking into account the
size (age) at first harvest, indicating the necessity, or
possibility, of size-selective harvesting. I also investi-
gate the interactions between harvest strategies and
selection schemes that have not been addressed in
previous studies.
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MATERIALS AND METHODS

Here, I present a model of herring stock dynamics
based on parameter values estimated from the Norwe-
gian spring spawning herring (Patterson 1998, see also
Touzeau et al. 2000). Of the several alternative models
analyzed by Patterson (1998), none performed superi-
orly compared to the others; thus, I have chosen to use
an age-structured population model with a Beverton-
Holt recruitment function.

The age-structured population dynamics are defined as:

Ny = Njgy g€ Mt (1)

where Nj; is the number of individuals in age-class i
in year t, m; is the instantaneous natural mortality at
age i, and ¢; is the environmental noise (see below).
The population is divided into 17 age-classes, from 0
to 16. For the initial abundances at t = 1, I use data
from the herring population averaged over years from
1993 to 1996 (Patterson 1998). Instantaneous natural
mortality is very high for Age-classes 0 to 2 (m =
0.9 yr'!). For the adult part of the stock (age-classes
>2), m=0.15yr %

The population renewal process is subjected to envi-
ronmental stochasticity, €. €, is taken after a first-order
autoregressive process (Ripa & Lundberg 1996):

g =X &, +5V1-x2 2)

where x is the autocorrelation parameter. In this study,
positively correlated noise was used since the factors
affecting growth and survival (such as temperature,
Loeng et al. 1995, Ottersen & Loeng 2000) are
positively autocorrelated; moreover, the herring popu-
lation dynamics are intrinsically positively autocorre-
lated (Kaitala et al. 2003). The term s is a normally-
distributed, random variable with range (1 - w, 1 + w,
where w = 0.2); the square root term scales the vari-
ance of the generated time series so that its true
variance is independent of k (Heino et al. 2000).

The stock-recruitment relationship is used to relate
the number of recruits to the size of the spawning
stock. Often, recruits are considered to be the juveniles
entering the exploitation phase (i.e. stock), but in this
model, they are regarded as larvae and metamor-
phosed individuals under Age 1 (i.e. Age 0). Conse-
quently, the stock-recruitment relationship should be
considered as a spawning function in this model. The
recruitment, or spawning function used in this study is
the Beverton-Holt function, which assumes food limi-
tation and competition among the juveniles (Beverton
& Holt 1993).

In order to use the Beverton-Holt function, I first
need to calculate SSB:

i=16
SSB = Y MO,SW,N;, 3)
i=0

where MO reflects the maturity ogive (Table 1), SW
stock weight (Table 1) and N is the population abun-
dance according to (Eq. 1). MO gives the mature pro-
portion of age-classes. All individuals older than 7 yr
are considered to be reproductive, whereas none
below Age-class 4 are mature.

The number of recruits N, (Age 0 individuals) at a
given time is dependent on SSB as follows:

aSSB,

= —F— ¢ 4
%t 1+SSB,/b " @

where a and b are parameters estimated by Patterson
(1998); a = 32.459 kg~!, b = 3044.867 x 10° kg. SSB is
calculated using Eq. (3), and ¢, is calculated using
Eq. (2) as described above.

In this paper, I contrasted 5 harvesting strategies,
which are introduced in Table 2: (1) proportional har-
vesting, where a constant proportion of the total har-
vestable biomass is removed; (2) threshold harvesting,
where a constant proportion of the total harvestable
biomass will be removed when the spawning stock bio-
mass is above a threshold; (3) proportional threshold
harvesting, where a constant proportion of the excess in
stock biomass above a threshold is removed; (4) pre-
cautionary threshold harvesting, where a constant pro-
portion of the total harvestable biomass will be re-
moved when the spawning stock biomass is above a
threshold, the proportion depending on the stock size;
and (5) precautionary proportional threshold harvest-
ing, where a constant proportion of the excess in stock
biomass above a threshold is removed, the proportion

Table 1. Maturity ogive (MO, % of fish mature) and stock
weight (SW, kg ind.”!) estimated as mean values over data
years 1993 to 1996 (Patterson 1998)

Age class 1 MO Sw
0 0 0.0010
1 0 0.0135
2 0 0.0250
3 0.0050 0.0745
4 0.1550 0.1520
5 0.7125 0.2343
6 1 0.2995
7 1 0.3468
8 1 0.3598
9 1 0.3825

10 1 0.3875

11 1 0.4017

12 1 0.4037

13 1 0.3945

14 1 0.4053

15 1 0.4033

16 1 0.4138
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Table 2. Harvesting strategies, the conditions for harvesting, threshold values and the equations for calculating yield. F = fishing
mortality, S = age-dependent selectivity parameter and SW = stock weight. SSB, is spawning stock biomass at year t and T is
the reference threshold for allowing population harvesting with full harvest ratio

Strategy Condition Threshold (T) Equation for yield (Yy)
Proportional None None = = =
harvesting Y, = DY, =Y N, SWFS, =F N, SW,s, Q)
i=0 i=0 i=0
i=16 i=16 i=16
Threshold If SSB; > T, Eq. (5) applies, 2.5x10°t v =1 Y. =S N. SWFS.=FS N.SWS. 5)
harvesting otherwise Y; =0 t g‘) it g)’ A g’) LT
i=16 i=16
Proportional If SSB, > T, Eq. (6) applies, 2.5% 100t Y,= Y Y, =Y (N,;SW,-T)FS, (6)
threshold otherwise Y; =0 i=0 =0
harvesting
i=16 i=16 i=16
Precautionary If SSB; > T, Eq. (5) applies T,ei=5x105t Y, = Z Y :z N, SWFS; = FZ N;SW;S; 5)
threshold If SSB, > T, Eq. (7) applies j‘_jg i*_jg =0 e
. " B 5 = = =
harvesting IfSSB;< T, Y;=0 T=25x10°t Y, = 2 Y, =2 N, SW, (F/Z)Sj =F/2 z N,,SW;S, @
i=0 i=0 i=0
) i=16 i=16
Precautionary  If SSB;> Ty, Eq. (6) applies ~ T=5x10°t vy, = Z Y;, :2 (N, ,SW, -T)FS, (6)
proportional If SSB, > T, Eq. (8) applies i =0
threshold If SSB;< T, ;=0 T=25x10°t i=16 i=16
harvesting Y. = 2 Y= 2 (N, SW; - T)(F/2)S, (8)
i=0 i=0

being dependent on the stock size. The threshold (T)
was selected according to Bjerndal et al. 1997. Note
that when the asymptotic harvest ratio equals 1, pro-
portional harvest strategy in this study is similar to the
threshold strategy proposed by Ludwig (1998, 'optimal
harvest strategy’), as all the biomass above the thresh-
old is removed. Precautionary strategies were inspired
by the fact that Norwegian spring spawning herring
stock belongs to the few stocks in which management is
based on a 'harvest control rule’; i.e., if SSB falls below
5 x 10° t, the fishing mortality rate should be adapted
(based on scientific advice) so that SSB rapidly and
safely recovers to a level above 5 x 10° t (ICES 2003).
Further to this, I also explored the effect of age-
selective harvesting within these 5 harvesting strate-
gies. For simplicity, the selectivity was a 'knife-edge’
selection such that S; only had values of 0 (not har-
vestable) and 1 (fully harvestable). First harvesting age
had values of 3, 5, 7, 9, 11, 13, and 15 yr (in Figs. 1 to 3,
only the first 4 cases are shown). In practice, age-
selectivity would most likely need to be implemented
as size-selectivity through gear restrictions. However,
due to the correlation between age and size in fish
populations, especially in the younger ages (e.g. Nor-
wegian spring spawning herring, Patterson 1998), such
selectivity should not be impracticable nor produce
qualitatively different model results. Yet, it is worth
mentioning that selection scenarios where first harvest
age is higher than 11 are quite theoretical, as the size
of individuals older than that differs only marginally
(Patterson 1998). However, separation of herring be-
longing to age groups below 11 should be conceivable.

I ran the simulations for all harvest strategies and
selectivity scenarios for 1000 time steps, 100 replicate
runs, and for harvest ratios (or asymptotic harvest
ratios for proportional threshold and precautionary
proportional threshold strategies) ranging from 0 to 1.
Mean values from these runs were used, except for the
moratoria histogram, where results of a single run of
1000 time steps were used. From these simulations, [
computed: (1) mean annual SSB and its standard
deviation; (2) the mean annual yield in biomass, i.e.
summed over age-classes, averaged over years and
runs; (3) the coefficient of variation (CV) of yield
(results shown in this paper are from the first 100 time
steps, but using any other time span yields qualita-
tively identical results); (4) the risk of the stock going
below the SSB threshold, hereafter SSB risk, (the pro-
portion of time SSB spent below the critical threshold
of 2.5 x 10° t during the time series); (5) the probability
of extinction (percentage of runs where population
went extinct); (6) the time to extinction (how long did
the population survive before extinction?); (7) the
length and number of harvesting moratoria in thresh-
old and proportional threshold strategies; (8) the
yield:risk ratio for maximum yield and corresponding
SSB risk (a variable describing the risk associated with
maximum yield in each strategy); (9) the frequency of
fisheries moratoria of different lengths in 1 run of 1000
time steps; and (10) the average number and length of
harvesting moratoria in the threshold strategies. Crite-
ria (4) to (10) have seldom been used in fisheries litera-
ture, even though they seem rather obvious criteria to
use and are in line with FAO guidelines (FAO 1999).
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RESULTS

In the proportional harvest strategy, mean annual
SSB was strongly dependent on the first harvest age
(Fig. 1a). Increasing this age increases the mean
annual SSB significantly, and a higher first harvest age
also allows for a higher harvest ratio. Threshold and
proportional threshold strategies produce rather simi-
lar mean annual SSB, yet using the proportional
threshold strategy produced a higher SSB across dif-
ferent harvest ratios and first harvest ages, such that in
proportional threshold harvesting, the SSB never goes
below the lower threshold (T), whereas in threshold
harvesting this happens with first harvest ages 3 and 5
(Fig. 1b,c). Moreover, with first harvest age 9, the SSB
in the proportional threshold harvesting strategy
remains above the upper threshold (T, over different
harvest ratios, but in threshold harvesting, higher har-
vest ratios cause the SSB to sink below T (Fig. 1b,c).
Precautionary threshold and precautionary propor-
tional threshold strategies both caused an increase in
the mean annual SSB compared to threshold and pro-
portional threshold strategies (data not shown).

Yield predictions were also dependent on the first
harvest age applied, especially in the proportional
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Fig. 1. Spawning stock biomass (SSB, in millions of metric

tonnes with standard deviation) of Clupea harengus as a

function of harvest ratio for different harvesting strategies

and first harvest ages 3, 5, 7 and 9 yr. Horizontal lines indicate
T and T,.: lower and upper threshold, respectively

Proportional harvesting
67 a) 87 d)

N
T

I I I I
0 025 05 075 1

[
0 025 05 075 1

Threshold harvesting

671 b) 8- ¢)

Yield (x 106 1)
CV (yield)

0 025 05 075 1 0 025 05 075 1

Proportional threshold harvesting

8 f) I
6 | 5
4 .

0 R E— 0 R E—
0 025 05 075 1 0 025 05 075 1

Harvest ratio Harvest ratio

Fig. 2. (a—c) Mean annual yield of Clupea harengus in mil-

lions of metric tonnes and (d—f) coefficient of variation (CV) of

yield as a function of harvest ratio for different harvesting
strategies. Different lines indicate first harvest ages (yr)

harvest strategy (Fig. 2a—c). Proportional and thresh-
old strategies performed rather similarly in terms of
mean annual yield, except that threshold harvesting
allowed for a harvest ratio around 50 % higher with a
lower first harvested age class (Fig. 2a,b). However,
when the first harvest age increased, the behavior of
the proportional and threshold harvesting strategies
became very similar. Moreover, maximum yields pro-
duced by the proportional and threshold harvesting
strategies over different first harvest ages were sur-
prisingly similar (Fig. 3a). However, differences arose
in the CV of yield, the proportional harvesting strategy
having nearly twice the CV of the threshold harvesting
strategy (Fig. 2d,e). Increasing the first harvest age de-
creased the CV in both the proportional and threshold
strategies. SSB risk was lower in the threshold har-
vesting strategy than in the proportional harvesting
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strategy. Furthermore, at a higher harvest ratio, the
proportional harvesting strategy produced a SSB risk
equal to 1, with first harvest ages of 3 and 5 yr (Fig. 4a).
SSB risk associated with maximum yield was rather
high with both the proportional and threshold strate-
gies, with the lowest first harvest age (47 and 36 %,
respectively) but decreased as the first harvest age
increased (Fig. 3b).

In all cases, the proportional threshold strategy per-
formed best (Figs. 1c, 2¢,f & 4c). Maximum yield was
highest from all 3 strategies at any given first harvest
age (Fig. 3); moreover, varying asymptotic harvest
fractions gave nearly equal mean annual yield. The CV
of the yield in the proportional threshold strategy was
the lowest of all 3 strategies independent of first har-
vest age (Fig. 2d-f). SSB risk remained relatively low
irrespective of asymptotic harvest ratio or first harvest
age, reaching a maximum of 0.2695 (SSB was below
the threshold for 27% of the time series) with an
asymptotic harvest ratio of 1 (all of the biomass above
the threshold was removed) and with lowest first har-
vest age. It is noteworthy that the proportional thresh-
old strategy is very robust to changing harvest ratio.

It is desirable that a harvesting strategy will provide
a high maximum yield with low risk. In Fig. 3c,
yield:risk ratios are plotted for all the strategies and
different first harvest ages. Proportional threshold
strategy was once again superior to the other 2 strate-
gies. The threshold strategy performed 11 to 43 % bet-
ter (depending on the first harvest age) than the pro-
portional strategy due to a lower SSB risk associated

with it. The yield:risk ratio of the proportional thresh-
old strategy was 50 to 60 % higher than in the propor-
tional strategy, and 30 to 55% higher than in the
threshold harvesting strategy (Fig. 3c). When the pre-
cautionary strategies were included in the comparison
(Fig. 5), there was no real difference in the maximum
yields (expect for the difference between threshold
and proportional threshold strategies). However, the
SSB risk was up to 28 % lower in precautionary thresh-
old than in threshold harvesting, as well as at maxi-
mum 22 % lower in precautionary proportional thresh-
old than in proportional threshold harvesting (Fig. 5b).
The yield:risk ratio was at most 28 % higher in the pre-
cautionary threshold strategy than in the threshold
strategy, and at maximum 20 % higher in the precau-
tionary proportional threshold than in the proportional
threshold harvesting strategy (Fig. 5c). Explicit extinc-
tions only occurred when the proportional harvesting
strategy was implemented. Increasing the first harvest
age decreased the probability of extinction, and when
the first harvest age was high enough, the probability
of extinction decreased to zero (Fig. 6a). Therefore,
only proportional harvesting allowed calculation of the
time to extinction. The time to extinction did, rather
predictably, shorten with increasing harvest ratio and
decreased with increasing first harvest age (Fig. 6b).

In the threshold strategy, short (<10 yr) fisheries
moratoria were very frequent, with a sharp decrease
coupled with increasing first harvest age (Fig. 7a). In
proportional threshold harvesting, the frequency of
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Fig. 4. SSB risk in (a) proportional, (b) threshold, and (c) pro-

portional threshold harvesting strategies in relation to har-

vest ratio. Different lines indicate first harvest ages (yr) of
Clupea harengus
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moratoria was much smaller, and the influence of
increasing first harvest age was not as clear as in
threshold harvesting (Fig. 7b).

In the threshold and precautionary threshold strate-
gies with low first harvest ages there were many short
moratoria, but as the first harvest age increased the
average number of moratoria decreased, while the
average length increased (Fig. 8a,b) Precautionary
threshold harvesting produced fewer and shorter
moratoria than threshold harvesting. In the propor-
tional threshold strategy, the first harvest age affected
neither the average number nor the average length of
moratoria (Fig. 8a,b).

DISCUSSION

In my analysis of the adequacy of the 3 harvesting
strategies — proportional, threshold, and proportional
threshold harvesting—for the management of age-
structured populations, the proportional threshold
strategy appeared to be optimal in terms of mean
annual SSB and yield, maximum yield, SSB risk, and
the CV of the yield. The precautionary harvesting
strategies developed in this study performed even
better due to the 2-stage harvesting regime, especially
when considering the length and the frequency of
harvesting moratoria.

Comparing these results with those obtained using
an unstructured model of the Norwegian spring

2 100+
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8
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w o0 | B E—
R 0 02505 075 1
< 1000+
b
S 800 )
2 600
%
o 400
2
o 200
= 0

0 025 05 0.75 1
Harvest ratio

Fig. 6. (a) Extinction events in the proportional harvesting

strategy and (b) the corresponding times to extinction as a

function of harvest ratio. Different lines indicate first harvest
age (yr) of Clupea harengus

spawning herring dynamics (Kaitala et al. 2003), it is
obvious that adding age-structure has a significant
effect on the predictions generated. In the unstruc-
tured model, none of the strategies (proportional,
threshold, and proportional threshold harvesting) per-
formed significantly better, whereas in this study the
proportional threshold strategy outperformed the other
2 basic strategies. This is in concordance with the con-
clusions of several authors who have suggested using
thresholds as means of sustainable harvesting (Lande
et al. 1994, 1995, 1997, Seether et al. 1996, Engen et al.
1997, Ludwig 1998).

Age-selective harvesting, which can be considered
similar to size-selective harvesting (Halliday & Pinhorn
2002), requires fishing gear allowing for such selec-
tivity. Developing gear that would modify selectivity
in a controlled manner has received attention in the
last couple of decades (e.g. Robertson & Ferro 1988,
Robertson & Stewart 1988, MacLennan 1992, 1995,
Isaksen & Valdemarsen 1994, Broadhurst 2000, Isak-
sen 2000). Consequently, increasing the first harvest
age in the manner suggested in this study should not
be impossible to implement in fisheries. In this study,
the effects of age-selective harvesting were apparent
in all the strategies with positive effects associated
with increased first harvest age. This supports the gen-
eral view that fisheries are targeting fish that are too
young, thus preventing some of the population growth
potential as a direct consequence (Kvamme & Frgysa
2004). This can also be seen if we compare the model
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Fig. 7. Fisheries moratoria in (a) threshold, and (b) propor-
tional threshold harvesting strategies. First harvest ages (3, 5,
7,9 yr) are shown

predictions in yield. In 1966, the yield peaked at 2 x
10° t (Bjerndal et al. 2000); however, in this study it
seems that there is potential for a much higher yield if
the growth potential of the stock is adequately used. In
the case of Norwegian spring spawning herring, selec-
tion based on size is meaningful until the fish are
around 10 yr old; after that, size does not correspond
very well with age (Patterson 1998). However, in
younger herring, there are substantial differences in
size between age-classes (Patterson 1998); thus, selec-
tion ought to be possible.

The evolutionary effects of size-selective harvesting
have caused some debate over the applicability of such
management techniques based on size-selection
(Jackson et al. 2001, Ratner & Lande 2001, Conover &
Munch 2002, Stergiou 2002, Ernande et al. 2003). Size-
selective harvesting might in some cases lead to
changes in the genetic structure of the stock, through
favoring slow-growing, early-maturing fish. Such an
undesired phenomenon could be avoided by introduc-
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Fig. 8. (a) Mean number and (b) mean length of moratoria.
The harvest ratio used was 0.2

ing maximum size limits (Conover & Munch 2002). On
the other hand, when within sustainable levels, some
harvesting can increase the size of an individual via
density-dependent somatic growth (Lorenzen & En-
berg 2002). In Norwegian spring spawning herring,
following the stock collapse of the 1960s, fish matured
earlier and, contrary to findings in some other stocks,
at somewhat bigger sizes than before the collapse
(Engelhard & Heino 2004). A reason for this is found in
growth-related phenotypic plasticity, rather than in an
evolutionary response to harvesting (Engelhard &
Heino 2004). Thus, using size-selective harvesting
strategies requires consideration of the possible
evolutionary effects on the stock in question.

A major problem regarding threshold strategies,
especially from the fisheries point of view, is their
applicability. One may question whether it would be a
feasible policy to close, for example, the Norwegian
spring spawning herring fishery for a period of possi-
bly even several decades. Even though this has hap-
pened in the case of Norwegian spring spawning her-
ring (the fishery was closed in the 1960s and 1970s for
a considerable time), from a sociological, political and
economic point of view, it seems questionable that
such actions would be taken repeatedly. However,
precautionary strategies introduced in this study, in
particular the precautionary threshold strategy, lessen
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the number and shorten the length of moratoria
required. It is interesting that while increasing the first
harvest age decreases the number of moratoria, it is
associated with an increase in their length. As the like-
lihood of moratoria decreases with increasing first har-
vest age, the population may already be in a rather bad
state if a moratorium is required; thus, recovery will
take a longer time. In marine fish populations, from 90
populations studied for 5 yr after a collapse, 41 % con-
tinued to decline, 51 % exhibited some recovery, and
only 8% had fully recovered (Hutchings & Reynolds
2004). Fifteen yr after the collapse, 12% had fully
recovered, whereas 40 % had virtually not recovered at
all. Therefore, developing harvesting strategies pre-
venting such collapses is of major importance. Further-
more, as in my study where moratoria allowed no
harvesting, in real fisheries systems, the harvest ratio
might decrease (~52% of cases), remain relatively
stable, or even increase (~30% of cases, Hutchings
& Reynolds 2004).

In conclusion, my results strongly support the use of
harvesting thresholds in fisheries as a precautionary
strategy. Moreover, shaping the catch selectivity such
that it allows fish to reproduce more than once before
becoming vulnerable to fisheries has an overwhelm-
ingly positive influence on stock size, yield, risk of
collapse, and the length and frequency of harvesting
moratoria. A strategy allowing for decreased harvesting
in times of declining population size, like in the precau-
tionary strategies developed in this study, reduces the
likelihood of population collapse. Consequently, the
need for establishing moratoria diminishes, which
in turn might have a positive socio-political impact.
Overall, precautionary harvesting should produce an
outcome desirable to all stakeholders.
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