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A B S T R A C T   

The Norwegian bottom-trawl fleet is managed through individual vessel quotas and is generally engaged in 
codfish fisheries, where several species contribute to the revenue of the fishery. The revenue from the fishing 
exhibits substantial intra-annual variation and carries a significant degree of risk due to the presence of intrinsic 
volatilities in the marine environment, such as seasonal fluctuations in stock size and constant changes in market 
conditions over the course of a year. In the face of volatile revenue, fishers may allocate fishing effort and use a 
quota portfolio to minimize revenue risk. However, decisions underlying effort allocation, such as when to fish 
what and how much to harvest to match the catch size and remaining quota, are challenging. In this regard, a 
decision-making framework based on a bio-economic model is used to explore the revenue risk minimization 
behavior of the Norwegian codfish trawl fleet targeting three different species (cod, saithe, and haddock), given 
the constraints set by the quotas. The study comprises trawl catches and fishing effort as well as the prices for the 
frozen products of codfish to investigate the adopted harvest strategy under two different scenarios. The results 
indicate that a risk-minimizing strategy leads to inefficient allocation of fishing quotas and fishing effort and that 
potential economic losses from minimizing revenue risk outweigh the benefits. Moreover, our findings prove that 
enhancing revenue is more important than minimizing revenue risk for the trawlers. We argue that the spatial 
and temporal freedom of the trawl vessels, together with a vertically integrated trawl industry, may explain the 
prioritization of revenue enhancement over revenue risk minimization. The seasonal spawning aggregation of 
NEA cod and how this affects market prices shape the trawlers’ harvest strategy of increasing fishing revenue.   

1. Introduction 

The Norwegian codfish bottom-trawl vessels hold fishing quotas for 
North-east Arctic (NEA) cod (Gadus morhua) as the main species, 
together with large quantities of other economically important fish 
species, such as saithe (Pollachius virens) and haddock (Melanogrammus 
aeglefinus) (Birkenbach et al., 2020; Salvanes and Squires, 1995). The 
trawl vessels are reasonably homogenous in terms of length (size) and 
engine power, conducting year-round operations over a vast geograph-
ical area from south in the North Sea to the sub-Arctic areas of the 
Barents Sea (Flaaten and Heen, 2004; Standal and Hersoug, 2014). This 
sector comprises companies that are vertically integrated, where adja-
cent stages of production process are managed under a single ownership 
(Dreyer et al., 2006; Hermansen and Dreyer, 2010; Isaksen, 2007). 

Codfish trawlers face high levels of revenue risk (i.e., revenue vari-
ability) within a fishing year (Birkenbach et al., 2020; Hermansen and 
Dreyer, 2010). Revenues are generated by catch size and prices. Over the 
course of a fishing year, two major drivers underlie volatility in fishing 

revenue, namely unpredictable catch per unit of effort ((CPUE), 
reflecting fish availability ((Hilborn and Walters, 1992; Maunder et al., 
2006)), and price fluctuations (Asche et al., 2015; Birkenbach et al., 
2020; Hermansen and Dreyer, 2010). Reducing the variability of reve-
nue is a mean to long-term economic viability (Doherty, 2000; Heady, 
1952; Outreville, 1998; Sethi, 2010). A stabilized year-to-year flow of 
revenue helps fishers to pay off the loans that were borrowed to pur-
chase vessels and/or additional tangible (e.g., equipment such as gears) 
and non-tangible (e.g., fishing permits) capitals (Holland et al., 2017; 
Sethi, 2010). Given its significance and the fact that the trawler fleet 
supplies a year-round codfish fishery, identifying the revenue 
risk-minimizing harvest strategy of the trawl fishery could secure the 
supply chain from disruptions and reinforce the Norwegian fishery. 

Beside the inherent uncertainty in prices and market conditions, the 
migratory behavior of codfish to spawn and feed and the coexistence of a 
coastal fleet also targeting codfish make it more difficult to optimally 
allocate fishing effort to minimize revenue risks. Each winter, NEA cod, 
saithe, and haddock aggregate to spawn along the north-west coast of 
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Norway (Bergstad et al., 1987; Godø and Michalsen, 2000; Olsen et al., 
2010). The spatial overlay of cod, saithe, and haddock during winter-
time results in the joint harvest of these fish stocks and heterogeneous 
catch compositions, where bycatch could constitute a large part of the 
catch, and the fishing revenue is linked across multiple species (Bir-
kenbach et al., 2020). This catch composition might not necessarily be 
associated with the minimization of revenue risks. Another consequence 
of the spatial overlap is that fishers inadvertently consume the quota for 
the harvested fish species as the Norwegian fisheries management bans 
discard, and the total catch has to be landed (Gullestad et al., 2015; 
Johnsen and Eliasen, 2011). The incidental catch and reduction in quota 
sizes might make it difficult to adjust catch sizes and remaining quotas 
for the remainder of the year to accomplish revenue risk minimization. 

The coastal fleet is allocated 65–80 % of the Total Allowable Catch 
(TAC) quota of codfish (Asche et al., 2014; Hermansen and Dreyer, 
2010). Spawning aggregation (i.e., higher CPUE) leads to reduced cost 
per unit of catch (Hannesson, 2007; Kvamsdal, 2016; Sandberg, 2006). 
This, together with the limited geographical mobility of the coastal 
boats, encourages them to fish the cod quota during spawning aggre-
gation. The first-hand price of cod is endogenous to the quantity har-
vested (Arnason et al., 2004; Asche et al., 2002; Birkenbach et al., 2020), 
and hence, a large supply of cod influences its price (Alizadeh Ashrafi 
et al., 2020; Hermansen and Dreyer, 2010). The prices of saithe and 
haddock are less responsive to the landing volumes (Birkenbach et al., 
2020). After spawning, cod and haddock swim back to the nutritious 
regions of the sub-Arctic areas to feed in a less congregated manner (i.e., 
lower CPUE) (Bergstad et al., 1987; Trout, 1957). At this time, prices of 
cod and haddock increase due to lower landings, as the coastal fishers 
already have fished their quotas, and the supply is limited (Alizadeh 
Ashrafi et al., 2020; Birkenbach et al., 2020; Hermansen and Dreyer, 
2010). Further complication arises from the fact that these stocks are 
interrelated, and changes in the CPUE of one stock can influence the 
price of other fish stocks (Asche et al., 2015; Birkenbach et al., 2020). 
Since multiple causes are implicated, it might not be easy to isolate the 
possible effect of variation in CPUEs on price levels to use quota in such a 
way to stabilize revenue. 

Considering the above-mentioned complexities, the main objective 
of this article is to determine the harvest strategy which leads to revenue 
risk minimization in codfish fishery over the course of a year and 
whether achieving this goal does matter for the vertically integrated 
trawl fleet. Under quota regulations, an important facet to minimize 
revenue risk is the efficiency of effort allocation and quota use. Hence, 
the second objective is to examine the efficiency of adaptation of the 
revenue risk-minimizing strategy. Since fishing quotas are valid for a 
given year, we conducted our analysis within the period of 1 year. A 
decision-making framework based on a bio-economic model was 
employed, where the coefficient of variation of revenue per unit of effort 
(RPUE) across trawl vessels over 6 consecutive years (2011–2016) was 
used as a revenue risk measurement. Decision analysis is one of the 
commonly used methods for risk management in fisheries (Harwood, 
2000; Mendoza and Martins, 2006; Sethi, 2010; Vergara-Solana et al., 
2019). However, there is no literature analyzing the decision-making 
process of trawlers in relation to revenue risk minimization, which is a 
new contribution of this work. Another important contribution is the 
consideration of bycatch in our analysis. The outcome of our analysis 
reveals how trawl fishers cope with unpredictable variability in fishing 
revenue. It also discloses the patterns of fishing effort allocation and 
quota use towards revenue stability. Implementing fishers’ behavior in 
fishery management will promote the efficiency of regulatory systems 
(Hilborn, 1985, 2007). 

2. Method 

2.1. Measuring the risk of fishing revenue based on a bioeconomic model 

Adopting Schaefer’s (1954) harvest function to our framework, we 

used the following equation: 

Hit = qi∙Eit∙Bit (1)  

where Hit, Eit, and Bit are measurements of total catch measured in tons, 
the amount of fishing effort expressed in trawling hours, and stock 
availability expressed in tons at time t, respectively. Factor i refers to 
available fisheries (here: cod, saithe, and haddock). The constant factor 
qi refers to the catchability coefficient of each fishery, which addresses 
the efficiency of fishing operations (Hilborn and Walters, 1992; 
Maunder et al., 2006). Eq. (1) shows unitary output elasticity in both 
stock and effort. 

The CPUE is obtained by rewriting Eq. (1) as follows: 

CPUEit =
Hit

Eit
= qi Bit (2) 

The CPUE is measured in tons of fish being caught per trawling hour. 
As it can be seen according to the underlying assumptions, CPUEit varies 
proportionally with stock biomass Bit, with a constant proportionality 
factor of qi. Hence, CPUE can be used as an indication for fish avail-
ability (i.e., congestion and dispersion) over the course of 1 year 
(Maunder et al., 2006). Higher/lower values of CPUE address the 
availability of dense/dispersed fish stock (Maunder et al., 2006). Based 
on Eq. (1), the revenue function for each fishery could be obtained as 
follows: 

Rit = pit∙Hit (3)  

where Rit refers to the revenue generated from fishery i at time t and pit 
shows the unit price of species i at time t, caught by trawlers, in Nor-
wegian currency (NOK). The codfish trawlers are equipped with pro-
cessing and freezing facilities and mostly deliver frozen products 
(Flaaten and Heen, 2004; Standal and Hersoug, 2015). Eq. (3), in terms 
of revenue per unit of effort (RPUE), is as follows: 

RPUEit = CPUEit∙pit (4) 

Since expected revenues of fishing trips could not be observed 
directly (i.e., when fishers leave the port, catch sizes and landing prices 
are uncertain), we used RPUE to approximate the expected fishing 
revenue. Trawlers take longer trips, approximately 2 weeks, and hence, 
the prices at the time of landing may be different from those when the 
fishers left the port. 

To capture the revenue risk of the fishing portfolio, we used the 
coefficient of variation (CV) of RPUE for each fishery across vessels 
(Kasperski and Holland, 2013; Sethi, 2010; Sethi et al., 2014), using the 
following equation: 

CV(RPUEit) =
σit

μit
(5)  

where CV captures the risk of RPUE of the i th fishery at time t across 
vessels over 6 years (2011–2016); σit and μit are the standard deviation 
and mean of RPUE in fishery i at time t, respectively. The greater the CV, 
the greater the revenue risk. Three trawl companies owned more than 50 
% of the codfish quotas/vessels (Anon., 2018, pp 63). Owning multiple 
homogenous vessels together with vertically integrated industry facili-
tates information flow across vessels about the allocation of the fishing 
effort. This argument could justify a similar adopted harvest strategy 
among the trawlers. Hence, aggregation of CV of RPUE across vessels to 
obtain a single value for CV in each time period t would not cause a loss 
of important information. Under this clarification, it is also rational to 
assume that the vessels may also be highly homogenous in their cost 
structure, hence RPUE could also address the profit (i.e., henceforth we 
use revenue and profit interchangeably). The reason for the aggregation 
of CV over 6 years is to see how quotas are allocated over the course of a 
single fishing year to accomplish the revenue risk minimizing objective. 
Under the Norwegian fisheries management, quotas are distributed 
among the vessels annually and they are only valid to use within a given 
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fishing year. 

2.2. Proposed model 

Decision analysis is an appropriate and commonly used tool in nat-
ural resource management situations where decision makers are faced 
with complex problems with a set of defined alternatives (Mendoza and 
Martins, 2006; Vergara-Solana et al., 2019). The aim of decision analysis 
is to assist decision-makers in systematizing the decision-making process 
and making the best choice between different courses of actions to 
achieve the goal that matters. Decisions can be classified either as 
mono-criterial, when only one goal is considered to evaluate its per-
formance (e.g., minimizing revenue risk), or multi-criterial, which takes 
into account the interaction between two or more goals (e.g., mini-
mizing revenue risk and generating profit) that can be contradictory 
(Mendoza and Martins, 2006; Vergara-Solana et al., 2019). 

Here, we treated a representative holder of a quota portfolio of cod, 
saithe, and haddock as a perfect foresight decision-maker, aiming to 
minimize revenue risk by constantly making decisions about when to 
fish what, whilst adhering to the quota constraints and bycatch rules (i. 
e., compliant fisher). The main assumptions used in the formulation of 
this problem are the following: Trawlers switch between target species 
every 2 weeks (i.e., we cannot target two different main species during 
the same fortnight). The assumption is considered realistic due to the 
high cost of frequent switching between target species. Trawlers are 
assumed to operate at full capacity. The time resolution is a fortnight, 
and one fishing year is equal to a maximum of 26 fortnights. Based on 
the Norwegian fisheries management, bycatch is not discarded, and 
fishers have to land all of the harvested fish, including the main catch 
and the incidental catch (Gullestad et al., 2015; Johnsen and Eliasen, 
2011). This assumption necessitates that trawlers adeptly match catch 
size and remaining quota and reserve part of their quota for the expected 
bycatch in future hauling. For example, during the winter months and 
spawning season for NEA cod, saithe, and haddock along the north-west 
coast of Norway, the main catch inevitably includes incidentally caught 
species (Olsen et al., 2010). Furthermore, the following notations are 
used in the formulation of the proposed research question: 

Sets 

i ∈ {1, 2, 3} Potential sets of fisheries; cod (1), saithe (2), and haddock (3)

t ∈ {1, 2,…, 26} Sets of fortnights 

Parameter 

Qi Initial quota allocation of a representaive trawl vessel for fishery i 

Decision variables 

Hit Landing of species i in tons at time t  

RQit Remianing quota of species i at time t 

Business objective 

Min
∑3

i=1

∑26

t=1
CV(RPUEit) (6)  

Here, CV(RPUEit) indicates the revenue risk of the fishing portfolio, 
calculated across 61 vessels within each fortnight over 6 years 
(2011–2016). Eq. (6) indicates that in a given year, a representative 
trawler seeks to minimize the total risk of fishing portfolio revenue 
across species i and time period t. 

Constraints 

∑t=26

t=1
Hit ≤ Qi (7)  

RQit = Qi −
∑t=26

t=1
Hit (8)  

∑t=26

t=1
Eit ≤ E (9)  

Et ≥ 0 (10)  

Hit ,CV(RPUEit) ≥ 0 (11) 

Eq. (7) ensures that the trawler’s total landings of three species 
(including bycatch) over the course of a fishing year do not exceed the 
quota allocations (i.e., compliant fisher). In addition, we used the 
smaller-than-or-equal sign to address the fact that misallocation of 
fishing effort and fishing right could lead to rest quotas at the end of the 
fishing year. Hence, there is a possibility that the trawlers are not able to 
fully exhaust their quotas. This constraint defines our first scenario. Eq. 
(8) implies that the landed catch, including main and bycatch species, is 
subtracted from the corresponding quotas. Eq. (9) indicates the time and 
capacity constraint of the vessel. Eq. (10) guarantees a non-negative 
effort. Eq. (11) implies that at each period fisher’s catch as well as the 
risk associated with the revenue are non-negative. 

In the second scenario, we assume that the representative fishing 
firm pursues a set of business goals, including minimizing revenue risk 
and generating sufficient and reasonable levels of revenue from holding 
this fishing portfolio. Under such circumstance, the constraint expressed 
by Eq. (7) becomes stricter in the cod fishery, with the following 
equation: 

∑t=26

t=1
Hcod,t = Qcod (12) 

Since cod is the most economically valuable species in the portfolio 
(Birkenbach et al., 2020), constraint (12) assures that the trawler will 
generate sufficient money by fully exhausting the cod quota by the end 
of the fishing year while minimizing revenue risk. 

2.2.1. Solution algorithm 
Once the CV of RPUE is calculated for each fortnight and fishery 

across vessels via Eq. (5), it is sorted from lowest to highest to acquire 
what species, in which fortnight, and in which catch proportion will 
result in the lowest risk of portfolio revenue. This does not mean that we 
exhaust the quota for species with the lowest CV, because if we do so, we 
are left with no quota, and no more fishing is allowed for that species in 
future attempts. Put differently, we take the expected catch and bycatch 
compositions in the future landings into account that contribute to the 
lowest revenue risk. Hence, we constantly rebalance catch size (i.e., 
including bycatch) and remaining quota by tracking how much catch 
and bycatch the trawler might still get during the remaining fortnights to 
minimize the risk of RPUE of the portfolio. Assuming that a specific 
species that minimizes the risk is selected at a given time, if the 
remaining quota for this species is small, given the remaining fortnights, 
we choose the second-best option, as the trawler is likely to exhaust the 
remaining quota of the first option with the bycatches in future hauls. In 
order to implement this in our model, we first obtain catch and bycatch 
distributions for each fortnight. This information helps us to define a 
threshold in the quota utilization so that we take expected catch and 
bycatch for the rest of the year into account to make sure that we meet 
the business objectives while avoiding overfishing the quota portfolio. 
When the catch size reaches the threshold, the representative fisher has 
switch the fishery and choose the second best option. 

In the second scenario, since we articulate the exhaustion of cod 
quota to generate enough revenue, we perform the same as above, albeit 
twice. We first go over each CV value, from lowest to highest, but skip 
any CV from a species different than cod. By doing so, we prioritize 
catching cod to generate money while minimizing portfolio revenue 
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risk. We then perform the same procedure with all three species. When 
we do that, we basically skip any CV for cod, since we already have used 
the cod quota. 

3. Data construction 

We employed two different data sets to explore the risk minimizing 
harvest strategy of the trawl fleet. Haul-based data of 61 trawlers, 
including single and double trawl vessels, targeting cod, saithe, and 
haddock over the study period (2011–2016) were derived from the 
Norwegian Directorate of Fisheries (Norwegian: Fiskeridirektoratet). 
The total numbers of single trawl hauls targeting cod, saithe, and 
haddock were 86,418, 67,071, and 38,928, respectively. Almost all 61 
vessels were active in all three fisheries over the 6-year-period. The haul- 
based records were further decomposed into estimates of catch weights 
of the main target together with bycatch species and allocated fishing 
effort. Using this information, we obtained CPUEs of main and bycatches 
species (see Eq. 2). Fig. 1 shows how CPUEs of cod, saithe, and haddock 
vary across the respective target fishery (e.g., cod, saithe and haddock) 
over the course of 1 year on a fortnightly basis. The spokes represent the 
average fortnightly values of CPUE, starting from zero and expressed in 
tons of fish caught per hour of trawling. 

Fig. 1 indicates that the temporal variation of the cod and the 
haddock fisheries followed similar patterns. Cod reached the highest 
peak in March (5th fortnight). Similar to cod, haddock experienced a 
high CPUE in March (6th and 7th fortnights). The CPUEs of cod and 
haddock fisheries exhibited high values in the summer season in June 
(13th and 12th fortnights, respectively). After the summer season, the 
CPUE values of the cod fisheries declined and remain almost stable. 
Similarly, towards the end of the year, the CPUE values of haddock also 
declined. The saithe fishery showed lower catchability compared to the 
cod and haddock fisheries. In addition, temporality exhibited a different 
pattern, with peaks in January (2nd fortnight) and April (7th fortnight). 
Apart from these 2 months, the CPUE value of saithe was almost 
invariant and remained around 2 tons per hour of trawling. Observing 
high CPUE values in the winter months is primarily due to congregated 
fish stocks. Higher CPUE values of cod and haddock fisheries in summer 
are ascribed to the time when these fish species are available in the sub- 

Arctic regions to feed. At this time (i.e., June and July), the climatic 
conditions of the sub-Arctic areas have become more desirable. 

Fortnightly prices for frozen cod, saithe, and haddock, caught by 
trawlers during the 6 years (2011–2016), were obtained from the Nor-
wegian Fishermen’s Sales Organization (Norwegian: Norges Råfisklag). 
Fig. 2 depicts the average price movements of these fisheries on fort-
nightly basis. 

As seen in Fig. 2, cod and saithe were the most and the least valuable 
fish stocks in the quota portfolio, respectively. At the beginning of the 
year, the prices of cod and haddock decline. This is the time when these 
fish stocks aggregate along the coastal areas to spawn (higher CPUE). In 
contrast, towards the end of the year, cod and haddock fetch higher 
prices (lower CPUE). Unlike the price patterns of cod and haddock, the 
first-hand price of saithe is highest in March (5th and 6th fortnights) 
(around 10 NOK per kilo). From April (7th fortnight), the price of saithe 
starts to decline and remains almost constant until the end of the year. 
Generally, saithe price does not fluctuate as much as the prices of cod 
and haddock, probably because the CPUE of saithe does not vary 
considerably, if we disregard January and April (see Fig. 1). 

Multiplying fortnightly prices and CPUEs per haul in each fortnight 
yielded the corresponding RPUEs (see Eq. 4). The CVs of RPUEs across 
vessels were obtained by the aggregated standard deviation and mean of 
the fortnightly RPUEs of the three fisheries for 26 fortnights (see Eq. 5). 
The choice of time resolution was that the fortnightly data enables to 
level out random noises in harvest attributed to luck, weather condi-
tions, and stochastics in general. Additionally, due to the availability of 
freezing facilities on board, trawlers take longer fishing trips – about 2 
weeks on average – including running time to and from the fishing 
grounds. 

To see how the catch composition looks in the revenue risk mini-
mization strategy, we obtained the total of main catch and bycatch of 
three species per vessel over 26 fortnights to implement it in our model. 
To account for the quota constraints in shaping the adopted harvest 
strategy and to investigate whether or not the allocation of quotas was 
efficient, we used total landings of each species to approximate the 
allocated quotas. The Norwegian trawl fishery is strictly regulated 
through catch quotas, and fishers cannot fish more than the allocated 
catch shares. If they do so, overfished quotas are confiscated or highly 
penalized (Gullestad et al., 2015; Hersoug, 2005; Johnsen and Eliasen, 
2011). In addition, the imposition of bycatch regulations in Norwegian 
fisheries assures that fishers land the total catch (Gullestad et al., 2015; 
Johnsen and Eliasen, 2011). Hence, total catch could be a reasonable 
approximation for the quota size. Table 1 shows the average annual 
quota allocation per trawl vessel in tons for three species over 
2011–2016. Cod quota constituted the largest part of the quota portfo-
lio. The quota sizes of saithe and haddock fisheries were almost similar. 

Fig. 1. Fortnightly average of CPUE (tons per trawling hour) for cod, saithe, 
and haddock fisheries based on individual hauls of 61 registered trawl vessels. 
Source: The Norwegian Directorate of Fisheries 2011–2016. 

Fig. 2. Fortnightly average prices for the landed frozen products of cod, saithe, 
and haddock caught by the trawl fleet in 2016. Source: Norwegian Fishermen’s 
Sale Organization. 
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To obtain the initial quotas for a given vessel in a given year which 
operates in three fisheries and aims to minimize revenue risk, we 
determined the average of annual quota allocations for each species over 
6 years, presented in Table 1. By doing so, we obtained quota sizes of 
3,465.21, 1,580.29, and 1,438.4 tons for cod, saithe, and haddock, 
respectively. The adopted harvest strategy should be consistent with 
these quotas. 

4. Results 

Fig. 3 shows how the CV of RPUE of the three species varied over the 
course of a fishing year. The CV of RPUE of cod varied in a wider range in 
comparison to those of saithe and haddock fisheries. Haddock showed 
the least fluctuation in RPUE, probably because increase/decrease in 
CPUE offsets decrease/increase in price. RPUE of cod exhibited a lower 
volatility at the beginning of the fishing year, probably due to the 
opposite effect of high values of CPUE and low prices. After the seventh 
fortnight (April), when the price started to rise, the CV of RPUE of cod 
increased. In contrast, saithe showed more fluctuations at the beginning 
of the year, with its peak in January, due to high values of CPUE (see 
Fig. 1). After May, the CV of RPUE of saithe showed less fluctuations in 
comparison to cod. One possible explanation is that in this period, both 
CPUE and the price of saithe remained almost stable (Figs. 1 and 2). 

4.1. Scenario 1 

Fig. 4 reveals the catch composition (upper panel), quota utilization 
(middle panel), and generated revenue from the adopted harvest strat-
egy (lower panel) to minimize revenue risk under the scenario that 
minimizing revenue risk is the only business objective to achieve. Since 
the CV of RPUE of cod fluctuated within a wider range for most of the 
year (Fig. 3), a trawler whose aim is to minimize the volatility of port-
folio revenue redirects fishing effort to haddock and saithe fisheries. The 
middle panel of Fig. 4 shows how the quotas are allocated to accomplish 
this business objective. Here, trawlers only use half of the allocated cod 
quota, but fully exhaust saithe and haddock quotas as the revenues from 

saithe and haddock fisheries carry less fluctuations (Fig. 3). The cod 
quota is used in March-May and July-August, and unused cod quota 
means that minimizing revenue risk leads to inefficient allocation of 
fishing effort. This is not expected to be the case in real fishing practice 
as quotas are markedly expensive, notably the cod quota, and having 
leftovers of cod quota is a significant economic loss. The lower panel of 
Fig. 4 shows how these three fisheries contribute to the total revenue 
from the risk-minimizing harvest strategy. The total revenue from this 
harvest strategy was around 60 million Norwegian kroner (NOK). 

4.2. Scenario 2 

Fig. 5 shows the results of the second scenario where the trawler aims 
to minimize revenue risk while generating a sufficient and reasonable 
amount of revenue. The upper, middle, and lower panels of Fig. 5 show 
catch composition, quota utilization, and generated revenue of this 
harvest strategy. The upper panel of the figure shows that trawlers used 
the cod quota early in the fishing year (January-mid April) as well as 
towards the end of the year. From fortnights 10–13, trawlers partook in 
saithe fishery when both CPUE and price were almost stable (Figs. 1 and 
2). A busy time for haddock fishery is winter, when the CPUE is high and 
the price is low. However, a part of the haddock quota was used in July 
(fortnight 14− 15-16), when the CPUE is still high and the prices are still 
low (Figs. 1 and 2). The middle panel shows that the representative 
trawler can fully exhaust the fishing quota portfolio. This is a win-win 
situation for the fishing company as the trawler meets two important 
business objectives simultaneously. The lower panel of Fig. 5 shows the 
revenue of the fishing portfolio, decomposed by target species. The total 
revenue of the adopted harvest strategy was around 80 million kroner. 

5. Discussion 

5.1. First scenario 

In the first scenario, we assume that the only business objective of the 
trawlers is to minimize revenue risk. Under such circumstance, the 

Table 1 
Calculated average annual allocations of quota per vessel in tons for cod, saithe, and haddock over 2011-2016.  

Species 2011 2012 2013 2014 2015 2016 

Cod 2,912.749 3,230.679 3,650.051 3,522.420 3,353.478 4,121.903 
Saithe 1,588.563 1,802.133 1,414.457 1,547.285 1,334.687 1,794.641 
Haddock 1,857.306 2,077.503 1,066.616 1,076.089 1,052.776 1,500.121  

Fig. 3. Fortnightly values of coefficient of variation (CV) of RPUE of three species (cod, saithe, and haddock) over the course of a fishing year, caught by a trawl fleet.  
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results show that trawlers give up on cod fishery and operate in haddock 
and saithe fisheries because the CV of RPUE cod is higher during most 
periods compared to those of saithe and haddock. The Norwegian quota 
systems are heavily built upon the “use-it-or-lose-it” principle, and if 
trawlers cannot manage to fully exhaust their cod quota, just a negligible 
portion of the unfished quota will be awarded in the subsequent year 
(Hersoug, 2005). Hence, in reality, fishers would not forgo the use of 
their cod quota for the sake of minimizing revenue risk as refraining 
from cod fishery is considered a huge economic loss. The revenue 
attributed to this harvest strategy is 60 million NOK. The trawler could 
have enhanced the potential revenue by taking a riskier harvest strategy 
by partaking in cod fishery. Moreover, the un-used cod quota implies 
that minimizing revenue risk leads to inefficient allocation of fishing 
effort in the trawl fishery. 

5.2. Second scenario 

Under this scenario, the representative trawler pursues two objec-
tives simultaneously; to minimize revenue risk and to generate a suffi-
cient and reasonably good amount of revenue. The result from this 
scenario shows that the representative trawler minimizes revenue risk 
while also managing to fully exhaust the quotas. Under this scenario, the 
fisher adopts a harvest strategy that is associated with a higher revenue 
risk in comparison to the strategy that was merely based on revenue risk 
reduction (i.e., strategy that is associated with the least revenue risk 
where some of the expected return was eliminated by refraining from 
cod fishery to lower the variability of the RPUE of the portfolio) and 
enhances the total revenue by 20 million kroner. 

The harvest pattern in the upper panel of Fig. 5 brings the additional 
insights that revenue/portfolio enhancement is a more important busi-
ness objective for codfish trawlers than minimizing revenue risk. A 
recent work by Birkenbach et al. (2020) investigated the profit maxi-
mizing harvest strategy of the Norwegian codfish trawl fleet. The au-
thors indicate that trawlers need to spread the landings of cod (i.e., 
high-value species) over the course of a year, while for the less 
commercially important species (saithe in their study), the quota should 
be consumed over a short period. The reason behind this harvest strat-
egy to maximize profit is that the Norwegian trawlers face a 
downward-sloping demand schedule for cod (Arnason et al., 2004; 
Asche et al., 2002; Birkenbach et al., 2020), and hence, spreading cod 
catch over the fishing year enables trawlers to take advantage of price 
fluctuations. Saithe supply is not as responsive as the cod fishery to price 
fluctuations, and the demand curve for saithe is flatter than for cod. This 
could be due to the limited demand of saithe. Because of the lack of or 
the little fluctuation in saithe price, the saithe quota should be consumed 
within a short period. This harvest pattern is shown in the upper panel of 
Fig. 5, where cod landings are spread out over the season and saithe 
landings are concentrated during fortnights 8–13. 

Relatedly, Alizadeh Ashrafi et al. (2020) investigated the harvest 
strategy of Norwegian trawlers targeting cod and concluded that Nor-
wegian trawlers are profit-oriented and respond to fluctuations in cod 
price and CPUE by reallocating fishing effort. They conclude that 
trawlers land large catches of cod as soon as the fishery opens, which is 
followed by a sudden drop in the catch size of cod. Toward the end of the 
year, trawlers increase their cod catches. This harvest pattern has also 
emerged from our model, shown in the upper panel of Fig. 5, where the 

Fig. 4. Catch composition, quota utilization, and revenue of fishing portfolio for the first scenario over 26 fortnights.  
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cod catch is largest at the beginning of the year. The sudden drop in cod 
landings is detectable during fortnights 8–13, along with the substitu-
tion of cod fishery with saithe fishery. As seen in the upper panel of 
Fig. 5, cod landings increase toward the end of the year. 

One explanation for the large landings of cod at the beginning of the 
year might be the effect of stock aggregation on reducing the cost per 
unit of effort (Hannesson, 2007; Kvamsdal, 2016; Sandberg, 2006). 
Proximity to the shore and higher fish densities provide opportunities 
for both the coastal and the high sea fleet to operate at lower costs 
(Hannesson, 2007; Kvamsdal, 2016; Sandberg, 2006). The sudden drop 
in cod landings at the beginning of the year and the shifting from the cod 
fishery to other available fisheries, despite the high values of CPUE of 
the cod fishery (see Fig. 1) and the lower cost per unit of effort, could be 
explained by the impact of the behavior of coastal fishers. Cod fishery is 
the most important fishery during winter; 65–80% of the cod quota is 
granted to the coastal fishers (Asche et al., 2014; Hermansen and Dreyer, 
2010). The less advanced technology of the coastal boats limits their 
geographical mobility, which means that coastal fishers cannot chase 
NEA cod after spawning when the stock swims back to the high-sea areas 
of the Barents Sea. Hence, the spawning migration along the north-west 
coast of Norway during the winter months provides an unprecedented 
opportunity to exhaust the cod quota. The large supply of cod lowers its 
price (Hermansen and Dreyer, 2010) (Fig. 2), motivating trawlers to 
adjust their fishing effort by reallocating to more profitable fisheries 
(saithe and haddock) and reserving the cod quota for the periods at the 
end of the year, when the price is higher (Alizadeh Ashrafi et al., 2020; 
Hermansen and Dreyer, 2010) (Fig. 2). The authors conclude that during 
the winter months the reduction in price of cod is larger than the 

reduction in cost of catching cod, hence cod fishery is not profitable for 
the trawlers. 

5.3. Industry structure and fleet characteristics 

Norwegian codfish trawl fishery is a vertically integrated seafood 
industry, and a single fishing firm owns and coordinates various adja-
cent stages of the supply chain from harvesting fish to processing the 
catch as well as distributing and selling the products (Dreyer et al., 2006; 
Hersoug and Leonardsen, 1979; Isaksen, 2007). Incentives for mass 
production to increase economic efficiency, together with motivations 
to build a sustainable consumer market with a steady supply of codfish 
throughout the year, have driven the Norwegian codfish trawl industry 
to vertically integrate (Hersoug and Leonardsen, 1979; Isaksen, 2007). 
The combinatory process and lack of proprietary boundaries work as a 
hedging mechanism and lessen the risk exposure by providing a higher 
control over the industry and markets relative to non-integrated busi-
nesses (e.g., coastal fishers) (Porter, 1980; Riordan, 1990; Sethi, 2010). 
Moreover, bottom-trawl vessels are larger in size and equipped with 
powerful engines and freezing facilities, which brings flexibility in terms 
of temporal and spatial allocation of fishing effort. The vertical inte-
gration, together with temporal and spatial freedom, can work as a risk 
reduction mechanism to cope with revenue fluctuations. Under this 
circumstance, minimizing revenue risk is not a large concern for the 
trawl fishers. 

Fig. 5. Catch composition, quota utilization, and revenue of fishing portfolio for the second scenario over 26 fortnights.  
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6. Conclusion 

In this article, we developed an intra-annual revenue risk- 
minimizing strategy for the Norwegian bottom-trawl targeting cod, 
saithe, and haddock, with the aim to investigate whether this goal 
governs the effort allocation decisions. We then evaluated whether 
adopting this harvest strategy is economically efficient in terms of quota 
utilization. On this basis, we built a decision-making framework of a 
highly complex decision problem, where fishers are faced with a wide 
range of choices about when and what to target and how much to fish 
while adhering to the quota and bycatch regulations. Our results 
demonstrate that this kind of risk is not an important source of concern 
for the trawlers, and minimizing revenue risk leads to an inefficient 
quota use over the course of a year. We speculate that the integrated 
industry as well as trawler’s freedom to traverse over time and across 
space attenuate trawlers’ exposure to revenue volatility. Our results also 
suggest that the Norwegian trawler fleet places greater prominence on 
increasing revenue/profit rather than minimizing revenue risk. Seasonal 
patterns in NEA cod aggregation/dispersion and the economic conse-
quences (e.g., price fluctuations based on supply) shape the bottom- 
trawlers’ fishing strategy. 
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