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Abstract. Fisheries managers normally make decisions
based on stock abundance estimates subject to process, observation, and model uncertainties. Considerable eﬀort is invested
in gathering information about stock size to decrease these
uncertainties. However, few studies have evaluated beneﬁts
from collecting such information in terms of yield and stability
of annual harvest. Here, we develop a strategic age-structured
population model for a long-lived ﬁsh with stochastic recruitment, resembling the Norwegian spring-spawning herring
(NSSH, Clupea harengus L.). We evaluate how uncertainties
in population estimates inﬂuence annual yield, spawning stock
biomass (SSB ), and variation in annual harvest, using both
the proportional threshold harvesting (PTH) and the current
harvest control rule for NSSH as harvest strategies. Results
show that the consequences of a biased estimate are sensitive
to the harvest strategy employed. If the harvest strategy
is suitably chosen, the beneﬁts of accurate information
are low, and less information about the stock is necessary
to maintain high average yield. Reduced harvest intensity
eﬀectively removes the need for accurate stock estimates.
PTH (a variant of the constant escapement strategy) with
low harvest ratio and the current NSSH harvest control rule
both provide remarkable stability in yield and SSB . However,
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decreased uncertainty will often decrease year-to-year variation in harvest and the frequency of ﬁshing moratoria.

Key Words: Age-structured model, management strategy evaluation, multiple uncertainty, Norwegian springspawning herring, optimal harvesting.

1. Introduction. Data about ﬁsh stocks are normally obtained
through catch and eﬀort records (e.g., from landings statistics and
ﬁshermen logbooks), tag and release programs, and research surveys
(e.g., Hilborn and Walters [1992]). The data are assimilated into stock
assessment models tracking the population’s biomass (surplus production models) or cohort dynamics (cohort analyses (VPA) and statistical
catch-at-age methods, see, for example, Jennings et al. [2001]). Stock
monitoring and assessment is inherently diﬃcult, hampered by a combination of problems such as uncertainties concerning survey methods,
data quality, unreported catches, and high costs of obtaining information. Thus, stock abundance estimates are subject to a combination
of process, observation, and model uncertainties (Francis and Shotton
[1997], Regan et al. [2002], Harwood and Stokes [2003]).
The accuracy of stock estimates depends on the quality and quantity
of information about the ﬁsh stock (see, e.g., Chen et al. [2003]). Coefﬁcients of variation (CV ) in estimates of population sizes are believed
to typically be in the range 0.1–0.5 (Lande et al. [1994]), but they may
even be larger than 1 (Engen et al. [1997]). Increased eﬀort in data
collection and analyses usually reduces stock uncertainty, but does this
necessarily improve the performance of the management system, given
that reducing uncertainty is inherently costly? Surprisingly, few studies
have addressed how uncertainty of stock estimates aﬀects ﬁshery systems (see Clark and Kirkwood [1986], Frederick and Peterman [1994],
Engen et al. [1997], Aanes et al. [2002], Moxnes [2003], Kaitala et al.
[2003], Mäntyniemi et al. [2009]). Particularly, a more rigorous theory
on how multiple uncertainties inﬂuence yields and its variance under
alternative control rules are warranted (Bence et al. [2008], Deroba and
Bence [2008]).
Our aim here is to explore consequences of uncertainty in stock estimate in some detail. We take Norwegian spring-spawning herring
(NSSH, Clupea harengus L.) as our starting point, but our aim is not
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FIGURE 1. Current harvest control rule for Norwegian spring-spawning herring (Clupea harengus L.) ICES [2007]. ICES have advised ﬁshing mortality
rate F not to exceed 0.15 per year (Fpa ), and in the agreed management plan
the maximum ﬁshing mortality has been set to 0.125 per year (Fmax ). If the
SSB falls below the precautionary biomass of 5.0 million tons (Bpa ), the ﬁshing
mortality is to be gradually decreased until F = 0.050 per year, which is the
lowest set ﬁshing mortality, to be applied when the SSB is less than the lowest
acceptable biomass of 2.5 million tons (Blim ).

come up with concrete recommendations applicable to NSSH; rather,
we use NSSH as an example of a long-lived ﬁsh stock that is managed using a harvest strategy that requires stock size estimate as its
key input parameter. We use the model to explore how recruitment
variability and harvest control rules inﬂuence the value of an accurate estimate. In addition to the harvest control rule currently in use
for NSSH (Figure 1), we also consider proportional threshold harvesting (PTH) strategies. With PTH only a proportion of the stock above
a critical biomass threshold is harvested, which may be appropriate
when stock estimates are uncertain (Clark and Kirkwood [1986], Engen
et al. [1997], Kaitala et al. [2003], Enberg [2005]). The PTH is a variation of the constant escapement policy (Deroba and Bence [2008]),
where the two are identical if the harvest ratio is 1. PTH was introduced by Engen et al. [1997], and has proven to be a robust strategy
for NSSH (Lillegård et al. [2005]).
Our study falls into the category of strategic modeling, speciﬁcally
management strategy evaluation management strategy evaluation
(MSE); see Holland and Herrera [2009], with focus on increasing the
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knowledge about a given phenomenon in general, whereas tactical
models usually aim at making predictions for a particular stock or
population (see, e.g., Tjelmeland & Røttingen [2009] for NSSH). If one
would be interested in more tactical viewpoint a useful methodology
could be to use the possibilities provided by ﬁsheries libraries in R
(FLR; e.g., Hillary [2009]), where also a full-ﬂedged MSE can be
carried out (e.g., Smith et al. [1999], Kell et al. [2005]). However, as
our intention is only to study the consequences of biased stock size
estimate in general, and not in any given ﬁsheries system in particular,
we have chosen to use basic population dynamics modeling methods.
2. The Model.
2.1. The age-structured stochastic population model. We
model the dynamics of NSSH population using a discrete-time agestructured population model that includes a stochastic and densitydependent recruitment function. The purpose is neither to reproduce
the dynamics nor the management of NSSH precisely, but rather to
explore some general properties of uncertainty in ﬁsh stock estimates
using NSSH as a prototypic example of a long-lived exploited ﬁsh population. This model can thus be considered as our “operating model,”
and allows us to sample the population as if we were using actual data.
Note that we have chosen not to include a stock assessment model,
but ignore that step of the management process. The uncertainty of
stock estimate can be considered to contain also uncertainty stemming
from assessment. The sequence of events in the model is illustrated
in Figure 2. The model is programmed in Fortran 90 (Compaq Visual
Fortran 90) and is solved within minutes on a desktop computer.
The abundance N of age-class i + 1 at time t + 1 is determined by
the number alive at age i , time t, minus the individuals that disappear
through ﬁshing and natural mortality:
(1)

Ni+1,t+1 = Ni,t (1 − ht ) exp(−Mi ).

Here, Mi is the instantaneous natural mortality rate at age i , and ht
is the true proportion harvested (explained below). Natural mortality
diﬀers between juvenile and adult age classes, being relatively high until
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FIGURE 2. The scheduling of events within each year in the model. All updates of the “real” population are above the time-line (SSB , recruitment natural mortality growth and new SSB ), while stock estimates (Ŝ t ) and harvesting
strategies are under the line.

age 2 years (M = 0.9 per year) and low at 0.15 per year for older ﬁsh
(Table 1). The values employed here are the same as assumed by the
ICES [2007] working group assessing the stock, and also commonly used
in the literature (e.g., Patterson [1998], Toresen and Østvedt [2000],
Bjørndal et al. [2004], Enberg [2005]).
We take age 16 years as the oldest explicitly modeled age group.
Letting recruitment occur at age 0, the model therefore contains 17
age classes. The number of recruits follows a stochastic Beverton–Holt
recruitment function (Zheng [1995], Fiksen and Slotte [2002]):


a · SSBt
(2)
exp(wt ),
R = N0,t =
b + SSBt
where parameters a and b are 1.88 × 1011 and 5.139 × 106 tons,
respectively (Fiksen and Slotte [2002]). The term exp(wt ) represents
log-normally distributed environmental stochasticity with mean one
and CV equal to CVR , which is achieved when the stochastic parameter
a normal distribution N (μ,σ) with μ = − 21 ln(1 + CVR2 ) and
wt follows

σ = ln(CVR2 + 1).
The spawning stock biomass, SSB , is a function of body mass (SWi )
and number (Ni,t ) of mature individuals in each age class i :
(3)

SSBt =

i=16


SWi · Ni,t · M Oi ,

i=0

where MOi is the proportion of mature individuals (Table 1).
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TABLE 1. Values employed for maturity ogive (MO i , proportion of mature
individuals in each age class), mean weight at age (SW i , in kg), and natural
mortality rate (M i , in per year) and selectivity (s i ). Weight and fecundity at age
are ﬁxed values averaged over the past 10 years from the ICES Working Group
Report. As in the assessment, age 16 is the oldest explicitly modeled age group
also representing older individuals.

Age class (i)

MOi a

SWi a

Mi a , b , c

si c

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

0
0
0
0.01
0.036
0.9
1
1
1
1
1
1
1
1
1
1
1

0.001
0.014
0.035
0.095
0.159
0.216
0.253
0.285
0.304
0.333
0.346
0.372
0.375
0.380
0.405
0.416
0.421

0.90
0.90
0.90
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15

0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1

a

ICES [2007].
Patterson [1998].
c
Enb erg [2005].
b

The estimate Ŝt of the SSB enters the harvest strategy to determine
the total allowable catch (TAC) or ﬁshing mortality. We deﬁne it as
(4)



S t = max[0, SSBt · N (1, CVε )],

where N (1, CVε ) is a normal deviate with mean equal to one and
standard deviation equal to the CV of estimated biomass, CVε , which
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we term the uncertainty of the estimate of the true SSBt . Note that
equation (4) prevents negative values, but allows an estimate to be 0.
We let estimated Ŝt and true SSBt have identical age structure, such
that Ŝt also deﬁnes estimated number of individuals in each age-class
(N̂i,t ). We can then calculate relative estimation error Et as the ratio
of Ŝt to SSBt each year:
(5)

Et = Ŝt /SSBt ,

to determine annual yield from both PTH and the harvest control rule
currently in use for NSSH (see below).
2.2. Proportional threshold harvesting. The PTH strategy is
determined by two parameters, critical biomass threshold c, below
which no harvesting occurs, and the harvest ratio above the critical
biomass threshold, HR. The biomass is expressed in term of harvestable
biomass, HBt , which, assuming knife-edge selectivity si at age 3 years
(Table 1), includes all biomass above age 3:
(6)

HBt =

i=16


Ni,t · si · SWi .

i=0

The annual yield Yt is then
⎧
0
⎨
Yt =
(7)
⎩ [(HBt · Et ) − c] · HR

if Ŝt < c
if Ŝt ≥ c

constrained to the interval 0 ≤ Yt ≤ HBt . Here, Et is the relative estimation error, that is, the ratio between the estimated and the true SSB
(equation (5)), and the realized harvest will therefore depend both on
the estimate bias and the true stock size.
The true harvest proportion ht (equation (1)) is the fraction of the
total harvestable biomass removed by ﬁshing:
(8)

ht = Yt /HBt .

Including the selectivity parameter, the population dynamics (equation (1)) is
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Ni+1,t+1 = Ni,t (1 − si · ht ) exp(−Mi ).

(9)

2.3. Present NSSH harvest control rule. With the current
harvest strategy (Figure 1), the TAC or yield in biomass can be found
from ﬁshing mortality Ft as
(10)

Yt =

i=16


(Ni,t · Et · SWi ) [1 − exp(−Ft · si )] .

i=0

Note that TAC will also depend both on the estimate bias (Et ) and
the true stock size (Ni,t ). This yield is transformed to the harvest ratio
through (8) for updating of age classes in (9).
3. Simulations. All simulations were ﬁrst run for 1000 years without harvesting to let the population be independent of initial conditions. Our aim was not to solve practical management questions thus
we chose to run the model for 50,000 years, with stock uncertainty CVε
ranging from 0 to 1. Within this long-time frame the average results
of the simulations could be compared even under large variability in
recruitment and stock estimate. For each CVε , we recorded (i) average
annual yield; (ii) average SSB ; (iii) the CV in annual harvest; and (iv)
the proportion of years with ﬁshing moratoria.
For PTH, we explored the eﬀect of stock size uncertainty under three
diﬀerent threshold levels (c in equation (7)). The ﬁrst value was 2.5
million tons, which is the lowest acceptable biomass for NSSH (ICES
[2007]). Then we employed an intermediate threshold at 4.2 million
tons, previously suggested as optimal for NSSH (Lillegård et al. [2005]),
and an arbitrary, high threshold of 5.5 million tons. For each of these
thresholds, we varied HR from 0 to 1. Simulating a harvest ratio of
1 implies a constant escapement strategy where all biomass above the
threshold is removed (see, e.g., Lande et al. [1994], Lande [1995], Whittle and Horwood [1995], Lande et al. [2003], Enberg [2005]).
4. Results.
4.1. Proportional threshold harvesting. Our simulations with
low recruitment variance (CVR = 0.1) and three diﬀerent threshold
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regimes revealed that the harvest ratio determines how yield is inﬂuenced by uncertainty in the stock abundance estimate (Figure 3). For
harvest ratios exceeding ∼0.2, the yield declined with increasing uncertainty of the estimate. Maximum yield was found for low harvest
ratios (0.2–0.3), and in this region yield was insensitive to uncertainty
in the estimate for any of the thresholds. On the other hand, when the
stock abundance estimate was accurate, yield was relatively insensitive
to the actual harvest ratio employed.
Both variability in yield (Figure 4A) and the frequency of ﬁshing
moratoria (Figure 4B) increased with uncertainty of the population
estimate. Similar results were found for all three threshold regimes
explored—and also under high recruitment variance (CVR = 2.0, not
shown). Naturally, variation in annual harvest was signiﬁcantly higher
under high recruitment variability (CVY ∼ 1.0–4.5).
The average SSB was quite similar under low (CVR = 0.1) and high
(CVR = 2.0) recruitment variance (Figure 5A and B). The regime with
the highest threshold maintained the highest SSB . With higher uncertainty about the stock size, average SSB decreased under both low and
high variance in recruitment (Figure 5A and B). With high uncertainty
of the estimate and high harvest ratios, the average SSB was well below the critical thresholds in the respective harvest regimes, explaining
the high variation in yield at these combinations of uncertainty and
harvest ratio. Annual ﬂuctuations of SSB increased with uncertainty
of the estimate, particularly when the population had low recruitmentdriven natural ﬂuctuations (Figure 5C). For high CVR , ﬁshing had a
dampening eﬀect on stock variability in the lower end of stock size
uncertainty (Figure 5D).
The age when ﬁsh became susceptible to the ﬁshery had considerable
inﬂuence on how stock size uncertainty aﬀected annual yield (Figure 6).
If ﬁsh are exposed to harvesting at age 5 years (Figure 6C) instead of
age 1 (Figure 6A), a lower fraction of the population is vulnerable to
ﬁshing, and the consequences of a biased estimate are strongly reduced
(seen as a ﬂatter yield surface), while yield is doubled over a range of
uncertainties and harvest ratios.
Yield was quite insensitive to accuracy of the population estimate for
all harvest thresholds for a harvest ratio of 0.2 (Figure 7A). At higher
harvest ratios (e.g., 0.6 in Figure 7B), it is more critical to hit the right
threshold than to have accurate stock information.

FIGURE 3. Mean annual yield from population with low recruitment variance (CVR = 0.1), in relation to increasing uncertainty (CVε ) of the estimated stock abundance. Figure shows results from three threshold regimes under proportional
threshold harvesting.
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FIGURE 4. (A) Variation in annual yield (CVY ) and (B) frequency of ﬁshing
moratoria over 50,000 years with increasing uncertainty of the stock abundance estimate under low recruitment variance (CVR = 0.1). Results are from
proportional threshold harvesting employing a threshold regime of 4.2 million tons. Similar results were obtained when testing both lower and higher
threshold regimes used in Figure 3.

4.2. The current NSSH harvest control rule. With the twostep harvest control rule currently applied to NSSH (Figure 1), the
average annual yield was almost invariant to both uncertainty of the
estimate and variance in recruitment (Figure 8A). Variance in annual
harvest (Figure 8B) and frequency of ﬁshing moratoria (not shown)
were more sensitive to uncertainty and recruitment variability. However, even under high uncertainty the frequency of moratoria never exceeded ∼0.3, despite the uncertainty of the population estimate being
150% (CVε = 1.5). Yield was higher and variance lower for the applied
rule compared to any PTH strategy (Figure 8, c = 4.2 million tons and
HR = 0.6), although these harvest control rules are quite similar if HR
is kept near the optimum of ∼0.2 (see Figures 2 and 6). None of the
harvest strategies were particularly sensitive to recruitment variance.
SSB under the NSSH harvest control rule decreased slightly with uncertainty of the population estimate (Figure 9A), but average SSB was
above Bpa and ﬁshing mortality remained therefore around maximum
F = Fmax = 0.125 per year (harvest ratio ∼0.12). This low harvest
rate facilitates a stable population, stable yield, and low frequency of
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FIGURE 5. Average SSB (A and B) and variation CVSSB (C and D) under
low (0.1; left panels) and high (2.0; right panels) variation in recruitment with
proportional threshold harvesting and three diﬀerent thresholds (c). For variation (C and D), only the intermediate threshold c = 4.2 million tons are
shown.

ﬁshing moratoria even with limited information about the population.
Fluctuations in SSB were weakly inﬂuenced by variation in recruitment and uncertainty of the population estimate (Figure 9B), never
exceeding CV of 0.2 in our simulations.
5. Discussion. Our main objective for developing the model
was to better understand the generalities of interactions between

FIGURE 6. Mean annual yield as a function of uncertainty in the population abundance estimate and harvest ratio.
Diﬀerent surfaces refer to diﬀerent threshold regimes under proportional threshold harvesting. Each panel for diﬀerent
age at entry to the ﬁshery (1, 3, and 5 years for panels A–C, respectively) illustrates three diﬀerent harvest thresholds.
Note that ages 1 and 3 are immature, while 90% are mature at age 5 (panel C).
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FIGURE 7. Mean annual yield as a function of uncertainty in population
abundance estimate and threshold in the proportional harvesting strategy. (A)
Harvest ratio = 0.2 and (B) harvest ratio = 0.6.

FIGURE 8. (A) Yield and (B) variance in yield under the two-step NSSH
harvest control rule (gray surfaces) and for proportional threshold harvesting
with threshold 4.2 million tons and harvest ratio 0.6 (white surface).

harvesting strategy, inherent stock variability, and uncertainty in abundance estimates. As pointed out by Deroba and Bence [2008], more research is needed on the interactions between control rules, assessment
errors, and natural variability in population dynamics. The theory in
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FIGURE 9. The NSSH harvest control rule. (A) Average and (B) variation
(CV ) in SSB for recruitment variance (CVR ) and uncertainty of the population
estimate (CVε ).

this area is confusing, and this may have hampered the implication of
theory to ﬁsheries management (Holland and Herrera [2009]).
One key lesson from our model is that the consequences of a biased
estimate are strongly dependent on the harvest strategy imposed on the
population. When ﬁshing rates are kept low, there is no apparent effect of information uncertainty on the average long-term yield or SSB .
This is perhaps not surprising, but it adds support to management
practices that are conservative: by keeping harvest rates low, relatively
high yields can be maintained, and the need for accurate stock assessment is reduced. In more intensively harvested stocks, the dependence
on accurate stock assessment for high and stable yield is much higher.
One option to increase proﬁtability of harvesting when costs involved in
stock assessment are high is therefore to simultaneously reduce ﬁshing
intensity and assessment eﬀort.
Both harvest strategies we examined conﬁrmed that the degree of
uncertainty in the population estimate will aﬀect variation in annual
yield and frequency of ﬁshing moratoria (Engen et al. [1997], Aanes
et al. [2002]; see also Haltuch et al. [2008, 2009] for sensitivity of different management reference points to biases in stock estimates). For
stakeholders, stability of harvest may be just as important as the total
potential yield for deciding if a harvest strategy is appropriate (Hilborn
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and Walters [1992], Walters and Martell [2004]). The beneﬁts of accurate stock information in terms of variation in annual yield decreased
when the inherent recruitment variability of the population was high
(Figure 8b).
The NSSH harvest control rule generated a remarkable resilience in
the model and performed best of the strategies tested here in terms
of maximizing yield while minimizing variation in yield, frequency of
ﬁshing moratoria, and variability in SSB . This can be explained by
the low target ﬁshing pressure imposed under this harvest strategy,
which never exceeds F m ax = 0.125 per year (i.e., ﬁshing never removes
more than 12% of the estimated biomass). The long-term average SSB
emerging from PTH with harvest ratio >0.1 will be in the range 2–6
million tons (Figure 5A and B), and the current NSSH will therefore
mainly be in the region where harvesting (F , but also HR) will ﬂuctuate with stock size. The current rule and PTH therefore have very
similar eﬀects on population and yield. Our study and a previous study
by Enberg [2005] suggest that two-stage harvest regimes may be even
more advantageous than PTH, which has previously been suggested as
optimal for maximizing yield and minimizing variation in annual harvest (Engen et al. [1997], Lande et al. [2003], Lillegård et al. [2005]).
Anyway, if the CV in assessment estimates are in the range 0.1–0.5
(Engen et al. [1997]), then both yield and variance of yield will be
close to optimum in all the PTH strategies in Figures 5 and 6.
Our model may miss important aspects of a real-world ﬁshery system, such as Allee eﬀects that hinder recoveries from low stock sizes,
biases in stock estimates depending on stock size, inherent delays in assessing the stock and regulating the ﬁshery, multispecies management
considerations, and the political diﬃculties in implementing harsh management actions such as closing a ﬁshery. However, simple models are
often useful tools to develop our intuition about harvested populations
(Touzeau et al. [2000], Enberg [2005]), and the model is quite realistic on the biological parts. We have not included economic variables
such as economic yield or proﬁt, costs of harvesting at various stock
levels etc. (see Steinshamn [1998], Sethi et al. [2005], Johannesen and
Skonhoft [2009], Tahvonen [2009]). Nor do we explicitly include costs
of the stock assessment, which would be particularly interesting, at
least in small-scale ﬁsheries. Our model is an example of management
strategy evaluation recently reviewed by Holland and Herrera [2009].
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MSE could be appealing to managers faced with large uncertainties in
the biological basis of the stock dynamics because it identiﬁes robust
strategies. In our case, we found the existing management rule to be
very robust to measurement uncertainty.
Process, observation, and model uncertainties are irreducible (Regan
et al. [2002], Harwood and Stokes [2003]). Cochrane [1999] argues that
attempts to measure all uncertainties of any system will never succeed, and uncertainties will rather be underestimated. Reducing the
uncertainty of population estimates may increase yield and most likely
reduce the variation in annual harvest. However, a suitable harvest
control rule considerably reduces the importance of an accurate estimate. In our study we do not separate between the diﬀerent error (or
uncertainty) components, but treat our noise term as including all the
abovementioned components, and simply call the error term “uncertainty of the estimate.” Results of a recent study Punt et al. [2008]
are in line with our conclusions, as they found that implementation
error, corresponding to estimating the population numbers incorrectly
(which is very close to our “uncertainty of the estimate”), is an important determinant of the interannual variation in catches.
Adjusting gear selectivity may also reduce the importance of detailed
stock information. For costly assessments, there is a limit to how much
information can cost eﬀectively be collected. Stock estimates with an
uncertainty of CV ∼ 1 are relatively cheap to obtain (Walters and
Pearse [1996]). The simplest and most cost eﬀective option might often
be to reduce overall harvesting pressure while at the same time ensuring
that ﬁsh are not exposed to ﬁshing too early.
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