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A B S T R A C T   

Understanding a fishery’s impact on the marine ecosystem requires a quantification of total catches, which 
include unreported catches. For recent years in Norwegian waters, unreported catches have been estimated using 
data collected by the Norwegian Reference Fleet, a fisher self-sampling programme that regularly gathers data on 
catches of all species (including unwanted bycatches and discards). In this study, we focused on the use of design- 
based estimators for total catches in offshore fisheries, which have previously been used to estimate discards in 
the Norwegian coastal gillnet fisheries. After adapting the current methodology to the data available in offshore 
fisheries, we explored the assumptions behind both unit- and ratio-based estimators, and the effect of ignoring 
the cluster sampling design. Using a jack-knife resampling method to estimate the true bias in estimates of total 
catches and associated variability, we found that ignoring the cluster sampling design tended to underestimate 
the variability, which lead to occurrences where unreported catches were statistically detected when in fact there 
was too much uncertainty to make such a conclusion. Further validations suggested the cluster unit estimator is 
not unbiased as theoretically expected due to the sampling design favouring the selection of more active vessels. 
We therefore concluded that the unit and ratio cluster estimators are applied and compared, as per best practices.   

1. Introduction 

Unwanted catches are an inevitable consequence of selective fishing. 
Increased avoidance or utilisation may alleviate the issue (Karp et al., 
2019), but no fishing gear is perfectly selective and the targeting of 
highly valuable species incentivises discarding of low value catches 
(Batsleer et al., 2015). A discard ban is a central part of fisheries policy 
aimed at reducing unwanted catches in selective fisheries, which is 
typically accompanied by a landing obligation. Ensuring that all catches 
are landed and reported improves an understanding of the environ
mental impacts of fisheries. However, even with relatively high 
compliance rates (Gezelius, 2006; Hønneland, 2000), there are still 
sources of unreported catches (Box 1) that should be accounted for. 

Since 1987 when a discard ban was introduced in Norway, a broad 
range of technical measures have been added to improve selectivity and 
encourage full utilisation in fisheries (Gullestad et al., 2015). Snapshot 
studies and historical reconstructions of unreported catches have found 
that discards have decreased since the introduction of the discard ban 
(Dingsør, 2001; McBride and Fotland, 1996; Nedreaas et al., 2015), a 
trend also supported by the improved status of many commercially 

important fish stocks over the decades (Diamond and Beukers-Stewart, 
2011; Gullestad et al., 2014). Unreported catches in Norwegian fish
eries are therefore assumed to be negligible in many case studies (Gil
man et al., 2020; ICES, 2021; Kelleher, 2005; Pérez Roda et al., 2019) 
despite the acknowledgement that discarding still occurs in Norwegian 
waters, and that current levels of misreported catches are mostly un
known (Gezelius, 2006; Gullestad et al., 2015; Nedreaas et al., 2015). 

In recent years, unreported catches have been estimated in Norway 
using data collected by the Norwegian Reference Fleet, a group of active 
fishing vessels trained and paid to self-sample their catches (Clegg and 
Williams, 2020). Coastal vessels participating in the Norwegian Refer
ence Fleet record discards explicitly, allowing for estimates of bycatches 
and discards of all species in coastal gillnet fisheries (fish: Berg et al., 
2022; Berg and Nedreaas, 2020; seabirds: Fangel et al., 2015; Bærum 
et al., 2019; marine mammals: Moan, 2016; Moan et al., 2020). How
ever, current routines have not yet been adapted to offshore fisheries 
where the Norwegian Reference Fleet do not explicitly record discards, 
but instead report total catches (Box 1). 

The Norwegian Reference Fleet programme has a complex sampling 
design to account for the voluntary, long-term participation of vessels, 
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multiple sampling objectives, and practical constraints of at-sea sam
pling. Of specific focus in this study is the cluster sampling design typical 
of vessel-based sampling. This involves sampling repeatedly from a fixed 
selection of vessels, such that samples within vessels are more similar to 
those between vessels. Simple estimators ignore this variation between 
vessels and can therefore have large impacts on both the bias and pre
cision of estimates (Lohr, 2010; Nelson, 2014), which increases the risk 
of incorrectly concluding that unreported catches are significantly high. 
The representativeness of a non-random vessel selection is statistically 
unknown, but can be inferred through sampling theory and by evalu
ating estimator assumptions. 

This study aims to evaluate the performance of estimators for total 
catches in Norwegian fisheries, using the Barents Sea longline fishery as 
a case study. After presenting a new estimation framework, we evalu
ated estimator performance using three objectives:  

1) Quantify estimator bias by evaluating the statistical assumptions 
behind the simple estimators currently used for unreported catches 
(Bærum et al., 2019; Berg and Nedreaas, 2020; Fangel et al., 2015) 
and equivalent cluster estimators.  

2) Assess representativeness by exploring how non-random sampling 
impacts estimator assumptions and therefore estimator bias. 

3) Using selected species, explore how estimator bias and representa
tiveness impacts the ability to detect unreported catches and make 
actionable advice. 

2. Material and methods 

2.1. Case study fishery and species 

The Barents Sea longline fishery is defined in this study as vessels 
over 28 m overall length operating in the statistical areas shown in  
Fig. 1. The fishery operates over almost the entire Barents Sea, but we 
restrict our study to the statistical areas where vessels are most active. 
The fishery operates year-round but is restricted in northern areas in 
winter months by expanding sea ice cover. Vessels predominantly target 
cod (Gadus morhua) and haddock (Melanogrammus aeglefinus), but also 
target a wide range of other demersal fish species, notably tusk (Brosme 
brosme), Greenland halibut (Reinhardtius hippoglossoides), and wolffish 
(Anarhichas spp.). 

A total of 50 fish species or species groups were observed by the 
Norwegian Reference Fleet in the Barents Sea longline fishery (See 
Supplementary Materials for full list). We assumed that all unidentified 
redfish species (genus: Sebastes; 0.5 % of total sampled weight) were 
lesser redfish (Sebastes viviparus), given that other two redfish species 
(Sebastes mentella and Sebastes norvegicus) are commercial species which 
are more easily identifiable by fishers. Where species groups are re
ported in official catch statistics, we estimated total catches for indi
vidual species in that group, which can then be aggregated to the desired 
taxonomic level for comparison with reported catches. For skates and 

rays (order: Rajiformes), we removed 121 observations which were not 
identified to the species level. This removal reduces the sample size for 
skate and ray species but allows us to estimate unreported catches for 
individual species. Extremely large catches of species were identified 
and removed manually using expert knowledge if there was no 
verification. 

2.2. Data 

We used three datasets in this study. The Norwegian Reference Fleet 
provides observations of total catches for all species. After estimating 
average total catches for sampled vessels, we extrapolated these to the 
entire fishery using information on fishing activity from mandatory 
daily logbooks (Electronic Reporting System). Then to infer unreported 
catches, we compared total catch estimates with official catch statistics 
derived from sales notes. 

2.2.1. Norwegian Reference Fleet 
Vessel selection in the Norwegian Reference Fleet is required by law 

to follow a public tender process, which lists required and desired 
criteria that a vessel must meet to be eligible for participation. An expert 
panel reviews the applications to produce a shortlist of eligible vessels to 
which the contract is randomly awarded. The tender specifications and 

Box 1 
Definitions of catch categories referred to in this study. 

Total catch The biomass of marine resources that are brought on board the vessel. 

Landings or retained catch The retained portion of total catches that is landed and reported through mandatory channels. 

Discards That portion of the total catch which is thrown away or dumped at sea before landing for whatever reason. Includes incidental catches 
(e.g., marine mammals and seabirds) but not shells, corals, plants, or inorganic materials, nor processing waste such as offal and carcasses. 

Bycatch The portion of catch of non-target species, which can either be landed or discarded. 

Unreported catches The portion of total catches that are not explicitly reported to species level in official statistics. Unreported catches 
comprise of discards, illegal catches, and unmandated catches (Pitcher et al., 2002).  

Fig. 1. Statistical areas in the Barents Sea longline fishery as defined by the 
Norwegian Directorate of Fisheries. 
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expert judgement selection process aims to simulate a stratified random 
sample of vessels from the fishery with respect to gear types, vessel 
characteristics, and fishing activity. 

Vessels sample total catches for one fishing operation every two days, 
known as a 1-in-2 systematic sample. A systematic sample is expected to 
behave like a simple random sample (Lohr, 2010), and has been vali
dated for the Norwegian Reference Fleet in the context of reported 
catches (Clegg et al., 2022). On each sampling day, total catches are 
recorded from three representative samples of consecutive hooks that 
are taken from the start, middle, and end of longlines. This selection is 
made by the crew or skipper who deem it representative of the catch 
composition for that day. Therefore, total catches per day are extrapo
lated using the ratio of total and sampled hooks. There is an agreement 
between fishers, scientists, and the Norwegian authorities that data 
collected by the Norwegian Reference Fleet shall not be used for pros
ecution. This agreement has not been compromised in the 20 year his
tory of the programme, providing a trustful incentive for fishers to report 
total catches honestly. 

We used 2 116 observed fishing days from six vessels between 2012 
and 2018, which equates to almost 10 % of all fishing days from 14 % of 
vessels in the fishery (Table 1). Total hooks could not be determined for 
67 sampled fishing days (3 %), due to either erroneous misreporting or 
sampling over midnight such that dates did not match. We imputed 
these values with the modal number of hooks used by that vessel in the 
study period. 

2.2.2. Daily logbooks (Electronic Reporting System) 
In the Barents Sea, Norwegian fishing vessels longer than 15 m 

overall length are required to keep a daily logbook of catches and fishing 
activity using an electronic reporting system. A catch report must be sent 
at least once per calendar day and is required for each fishing operation 
(defined as the period from the fishing gear entering the water until it is 
taken out of the water). However, it is more difficult to define discrete 
fishing operations for passive gears like longlines, so catch reports and 
fishing effort (number of hooks) are typically sent as a single daily 
summary. 

Logbooks were provided by the Norwegian Directorate of Fisheries. 
We used them as a measure of fishing effort for all fishing days by vessels 
in the Barents Sea longline fishery, which equates to 23 100 logbook 
entries. Vessels typically set tens of thousands of hooks each day, but can 
sometimes set longlines in the order of thousands of hooks for experi
mental fishing. However, we deemed entries with fewer than 1000 
hooks as erroneous (n = 231), and therefore imputed the number of 
hooks used as the modal value for that vessel in the study period. 

Skippers are required to maintain an up-to-date estimate of all 
catches from each fishing operation. However, as logbooks are used for 
control and enforcement purposes, they only contain the retained 
portion of catches. Reported catch weights at sea are estimated, as the 
official reporting of catches is done on land with verifiable equipment. 
Furthermore, species reporting at sea is not as strict as upon landing, 
meaning many species are often grouped. Due to these uncertainties in 
reported catch estimates, we concluded that logbooks are not a reliable 

source of reported catches for comparison with estimated total catches. 

2.2.3. Sales notes 
All first-hand sales of fish are directed through one of six sales or

ganisations in Norway (reduced to five in 2020). Upon landing, a sales 
note must be immediately sent to the sales organisation to receive 
payment for catches. These sales notes are also sent to the Norwegian 
Directorate of Fisheries as the official record of catches, who provided 
them for this study. Reported weights are recorded using officially 
approved scales, and the sales note is signed by both buyer and seller to 
reduce the opportunity for fraudulent reporting. The sales organisations 
are responsible for confiscating illegal catches, monitoring quota, and 
reporting vessels in breach of fisheries law. Sales organisations are 
subject to on-site or data inspection at any time. This centralised system 
provides the most reliable data source on reported catches, which we 
deducted from estimated total catches to infer the magnitude of unre
ported catches. 

Reported weights of fish are recorded after any processing on board, 
and therefore require conversion back into the round weight (live 
weight when removed from the water). Conversion factors are inter
mittently published as annual mean values for all statistical areas 
(Norwegian Directorate of Fisheries, 2021). Due to the difficulties in 
quantifying uncertainties in conversion factors for all species and 
products, we assumed reported landings are known without error. 

2.3. Standard estimation framework 

Samples from the Norwegian Reference Fleet were post-stratified 
using a combination of year, statistical area (Fig. 1), and season 

Table 1 
Summary of sampling by the Norwegian Reference Fleet sampling programme in the Barents Sea longline fishery. The summary across all years is not the sum of 
individual years because vessels are active over multiple years.  

Year Vessels Fishing days 

Sample Population Sampling fraction Sample Population Sampling fraction 

2012  6  36  0.17 758 4 943  0.150 
2013  5  34  0.15 320 3 471  0.092 
2014  6  27  0.22 224 2 998  0.075 
2015  4  27  0.15 176 2 698  0.065 
2016  4  28  0.14 206 3 172  0.065 
2017  4  26  0.15 158 2 866  0.055 
2018  4  28  0.14 274 2 952  0.093 
All years  6  42  0.14 2 116 23 100  0.092  

Table 2 
Candidate estimators for unreported catches using Norwegian Reference Fleet 
data. Estimators were applied to individual post-strata, defined as year, statis
tical area (Fig. 1), and annual quarter. See Table 3 for notation in formulae.  

Estimator Equation Assumptions 

Simple  
Unit Ŷ =

M
m

∑M
j=1

yj  
(1)  • Primary sampling unit = fishing day  

• Observations are a simple random 
sample of all fishing days  

• Ratio: strong correlation between total 
catches (yj) and fishing effort (xj) for 
individual fishing operations       

Ratio  
Ŷ = X

∑m
j=1yj

∑m
j=1xj 

(2)  

Cluster  
Unit ŷi =

Mi

mi

∑mi

j=1
yij  

(3.1)  • Primary sampling unit = vessel  
• Secondary sampling unit = fishing day  
• Observed vessels are a simple random 

sample from all vessels.  
• Observed fishing days are a simple 

random sample from each vessel  
• Ratio: strong correlation between total 

catches (yi) and fishing effort (xi) for 
individual vessels    

Ŷ =
N
n
∑n

i=1
ŷi 

(3.2)       

Ratio  ŷi =
Xi

xi

∑mi

j=1
yij 

(4.1)    

Ŷ = X
∑n

i=1 ŷi∑n
i=1Xi 

(4.2)  

T.L. Clegg et al.                                                                                                                                                                                                                                 



Fisheries Research 263 (2023) 106686

4

(winter: January-April; summer: May-August; autumn: September- 
December). The defined estimators for total catches (Table 2) were 
then applied to each post-stratum individually. All estimators were 
applied to total catches (i.e., before sorting) because offshore vessels in 
the Norwegian Reference Fleet only began reporting discarded and 
retained portions of the catch in 2019. Unreported catches must there
fore be inferred by comparison with landed catches reported in sales 
notes. 

The current methodology for estimating discards and bycatches in 
Norwegian fisheries uses simple estimators (Equations 1 and 2; Table 2), 
which calculates the average total catch per unit (fishing day) or per 
effort (hooks), which is then extrapolated to all units or hooks used in 
the fishery. These estimators assume that fishing operations are a simple 
random sample from all fishing activity on the level of each post- 
stratum. Furthermore, the ratio estimator assumes a strong correlation 
between total catches and fishing effort for individual fishing opera
tions. This correlation is expected to improve precision at the expense of 
some bias (Lohr, 2010). In the longline fishery, we defined fishing effort 
as the number of hooks used per calendar day Table 3. 

We defined two additional estimators based on cluster sampling, 
which better reflects the sampling design of the Norwegian Reference 
Fleet. This method first estimates total catches for each sampled vessel 
before extrapolating average catch per vessel up to all vessels in the 
fishery. Vessels are defined as the primary sampling unit, which are 
assumed to be a simple random sample from the fishing fleet. Fishing 
days are secondary sampling units which are clustered within vessels, 
which are assumed to be a simple random sample from all fishing days 
by each individual vessel. 

We defined a post-stratum as unsampled if it had less than three 
observed fishing days. Total catch rates in unsampled post-strata were 
imputed by borrowing data from those adjacent which were assumed to 
have similar rates. We defined a three-tier imputation routine for 
unsampled post-strata: firstly, observations were taken from the same 
statistical area and season in the adjacent years (for 2012 and 2018 – the 
first and last year in the study – this meant only one adjacent year). If 
there were no observations in adjacent years, we expanded the impu
tation to include observations from all years in that statistical area and 
season. If a statistical area was not observed for a given quarter in any 
years, then we estimated the total catch rate using all observations in the 
study. 

Variability of estimated total catches for species were estimated 
using the bootstrap method (B = 5 000 replicates) (Efron and Tibshirani, 
1994). To estimate the variability of simple estimators, we defined a 
‘simple’ bootstrap routine that reflects the estimator assumptions. For 
each post-stratum, fishing days were resampled with replacement from a 
single pool including all fishing operations, with a sample size equal to 
the original dataset. The ‘cluster’ bootstrap routine first resampled 
vessels with replacement. Fishing days were then post-stratified, and for 
each post-stratum we resampled fishing days with replacement for each 
vessel individually. If a bootstrap sample resulted in a post-stratum 

being unsampled, then we used the imputation routine described in 
the previous paragraph. We used bootstrap replicates to calculate 95 % 
confidence intervals using the percentile method. If reported catches fell 
outside the confidence interval of estimated total catches, we considered 
unreported catches to be statistically detected. 

2.4. Quantifying estimator bias 

A typical validation of estimator performance (bias and precision) 
involves identifying a domain with a true value with which to compare 
estimates. However, this is not possible for fishery-level estimates of 
unreported catches. Only observations of total catches are available, 
from which the unreported portion must be inferred. Even considering 
observed total catches, a bias assessment is complicated by the sub- 
sampling of hooks which means we are not even certain of total 
catches for any sampling unit (vessels or fishing days). Finally, for post- 
strata in which only one vessel was sampled, removing that vessel would 
result in no observations. 

We defined our domain for testing biases using the only data avail
able for which we can assume are true: total annual catches by Nor
wegian Reference Fleet vessels in post-strata in which two or more 
vessels were sampled (Y∗). This testing domain involves firstly extrap
olating sampled hooks to the day-level, and secondly to the vessel-level 
for each post-stratum before being summed over all vessels and strata 
within each year. This first extrapolation step is a typical necessity 
where sampling of large fishing operations is unfeasible. The second step 
is necessary such that the ‘truth’ is defined at the level of primary 
sampling units (vessels), which then allows for resampling of secondary 
sampling units (fishing days). Sub-sampling of fishing operations is 
common and extrapolations are often done on-board to estimate the 
haul-level catches (e.g., Borges et al., 2005). The extrapolation to 
vessel-level catches per post-strata is also assumed to introduce negli
gible bias due to the robust systematic sampling routines for fishing 
operations for each vessel (Clegg et al., 2022). Limiting post-strata to 
those with two or more sampled vessels avoids imputation of 
under-sampled post-strata, which will introduce additional biases. 
Given that this testing is limited to sampling data, the evaluation focuses 
on estimator biases by excluding selection biases which relate to the 
representativeness of samples. 

To evaluate estimator biases in the defined domain, we used a jack- 
knife resampling method (Fig. 2). For each year, a single vessel was 
randomly removed from the dataset. Then, fishing days were resampled 
randomly with replacement for each vessel and post-stratum. This 
resampled dataset (k) was then used to re-estimate total sampled catches 
(Ŷ

∗

k) for each species using the estimators defined in Table 2. The jack- 
knife resampling process was repeated K = 5 000 times. which we 

Table 3 
Notation for Equations in Table 2. Sampled data are collected by the Norwegian 
Reference Fleet (See Section 2.2.1.); population data are extracted from daily 
logbooks (see Section 2.2.2.).  

Notation Sample Population 

Weight of total catches* y Y 
Fishing effort (number of hooks) x X 
Number of vessels n N 
Reference to vessel i(i = 1,…, n) i(i = 1,…,N)

Number of fishing operations m M 
Reference to fishing operation j(j = 1,…,m) j(j = 1,…,M)

Reference to jack-knife replicate k(k = 1,…,K)
Reference to bootstrap replicate b(b = 1,…,B)

* Estimated sample and population totals denoted as ŷ and Ŷ respectively  
Fig. 2. Schematic of bias evaluation. Equations numbers given in brackets.  
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deemed sufficient to approximate an equal number of removals for all 
vessels, given the removals were random instead of systematic for each 
replicate. Total catches were also estimated for the testing domain 
dataset using the bootstrap method (Ŷ

∗

b; see standard estimation 
framework section), using B = 5 000 bootstrap replicates. 

MREest =
1

Y∗K

∑K

k=1
(Ŷ

∗

k − Y∗) (5)  

CVest =
1

Y∗

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
B − 1

∑B

b=1
(Ŷ

∗

b − Y∗)
2

√
√
√
√ (6)  

RSEest =
1

Y∗

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
K − 1

∑K

k=1
(Ŷ

∗

k − Y∗)
2

√
√
√
√ (7)  

MREvar =
CVest − RSEest

RSEest
(8) 

Biases in the design-based estimators (Table 2) and associated vari
ability were calculated by comparing the jack-knife estimates with the 
truths we have defined as followed:  

• Bias in each design-based estimator was calculated using Eq. 5, 
defined as the mean relative error of jack-knife estimates (MREest ; 
Fig. 2).  

• Bias in the variability of each design-based estimator was calculated 
using Eq. 8, which compares the estimated coefficient of variation 
(Eq. 6) with the true relative error (Eq. 7) which we assumed using 
the jack-knife method. 

The cluster unit estimator is theoretically unbiased given random 
sampling (Lohr, 2010). However, due to the low number of vessels in our 
dataset, we expected some deviation from zero for even an unbiased 
estimator, as we cannot simulate enough sampling variation to 
approximate a continuous distribution. 

The bias in both the estimate (Eq. 5) and associated variability (Eq. 
8) were compared across all four estimators (Table 2) for each species 
and year to get a generalised overview of estimator performance and 
more specifically determine the importance of accounting for the cluster 
sampling design. Based on this analysis, we focused the rest of the 
analysis on the cluster estimators. 

To investigate how biases varied across the 50 species observed in 
this study, we then plotted the estimated bias (Eq. 5) and variance (Eq. 
6) of the cluster estimators against the encounter rate of species in 
sampled catches. The sampling design of the Norwegian Reference Fleet 
is generalised for all species, which will result in varied performance of 
estimators across species, particularly for rare bycatch species (Martin 
et al., 2005; Pennington, 1996). Viewing the estimator performance 
across the range of species encounter rates can help to determine if there 
is a tolerable limit to estimator performance for rare species. 

Finally, we evaluated the core assumption of the cluster ratio esti
mator: It assumes a linear relationship between total catches and num
ber of hooks. We therefore calculated the Pearson’s correlation 
coefficient (ρ) for each species and year then plotted against the bias 
(MREest ; Eq. 5) and variance (RSEest ; Eq. 7) of the cluster ratio estimator. 

Note that here we are comparing jack-knife estimates to the total 
observed catch reported by the reference fleet, not the total landings 
from the entire fleet. This allows us to treat concerns about clustering 
and bias in ratio estimation separate from concerns about pragmatism in 
sample selection that are not explicitly accounted for by the estimators. 

2.5. Assessing the representativeness of samples 

The jack-knife resampling method addresses estimator biases but 

cannot account for selection biases which affect the representativeness 
of samples. Therefore, we evaluated the representativeness of samples 
using the best practice method of comparing fishing effort characteris
tics between samples and the population (ICES, 2007, 2003), using data 
from daily logbooks. We compared total annual fishing days per vessel, 
for which the cluster unit estimator assumes samples are representative. 
Unequal fishing days per vessel also indicates that a ratio estimator is 
more appropriate. We also compared annual mean number of hooks per 
vessel, which influences the precision of ratio estimators. 

2.6. Exploring the chosen estimators 

The statistical analyses described above were used to define the best 
estimators for unreported catches across all species. We explored how 
the chosen estimation procedure affected the detection of unreported 
catches for three commercially important species in the Barents Sea 
longline fishery: cod, haddock, and beaked redfish (Sebastes mentella), to 
demonstrate how the sensitivity of statistical detection could influence 
the ability to make actionable conclusions. Cod and haddock are valu
able species for which discards are expected to be negligible (ICES, 
2021). Beaked redfish and golden redfish are morphologically similar 
and have partially overlapping habitats, making landing statistics less 
reliable (ICES, 2021). Beaked redfish is quota-regulated, whilst golden 
redfish is only landed using quota set aside for unavoidable bycatches, so 
the risk of misreporting of these two redfish species are likely 
interlinked. 

3. Results 

3.1. Quantifying estimator bias 

The jack-knife resampling analysis provides evidence for the 
importance of accounting for the cluster sampling design when using 
Norwegian Reference Fleet data to estimate total catches. Using obser
vations in sampled post-strata as the testing domain, we found the 
cluster unit estimator performed best overall with negligible bias across 
all species, whilst the cluster ratio estimator had relatively similar bias 
to both simple estimators (Fig. 3A). Ignoring cluster sampling resulted in 
an underestimation of variance for almost all species, which improved 
when applying cluster estimators, albeit with a small tendency to 
overestimate variance (Fig. 3B). 

Whereas the cluster unit estimator is unbiased in all cases, Fig. 4A 
reveals that the cluster ratio estimator is more biased when applied to 
rarer bycatch species (i.e., low encounter rate). The cluster ratio and unit 
estimators have similar trends in precision across the range of encounter 
rates, apart from the rarest species (≲ 10 % encounter rate) for which the 
variance is almost twice as large as the mean (RSEest > 2). A poor cor
relation between total catches and number of hooks begins to affect the 
performance of the cluster ratio estimator below a threshold of ρ ≈ 0.25 
(Fig. 4B), both with regards to bias and precision. 

3.2. Assessing the representativeness of samples 

Norwegian Reference Fleet vessels are some of the most active ves
sels in the fishery (Fig. 5), suggesting that samples are not representative 
of average fishing days per vessel in the fishery. In three out of seven 
years, the most active vessel has participated in sampling. In addition to 
a higher number of fishing days, Norwegian Reference Fleet vessels also 
use more hooks per fishing day than most other longline vessels in the 
fishery (Fig. 5). This combination of using more hooks over more days 
will lead to likely lead to an overestimation of catches when applying a 
cluster unit estimator. Comparatively, the cluster ratio estimator ac
counts for variable fishing effort, meaning that in this regard, it is more 
tolerant towards the issues in representativeness identified here. 
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3.3. Exploring the chosen estimators 

From the evidence presented here, we conclude that the cluster es
timators are the best method for estimating unreported catches in 
Barents Sea longline fishery using data collected by the Norwegian 
Reference Fleet. The increased uncertainty resulting from accounting for 
the clustering of data is demonstrated in Fig. 6 for selected species. For 
cod and haddock, using the cluster ratio estimator does not result in any 
detected misreporting. In comparison, the simple unit estimator (current 
standard) detects misreporting in four out of seven years for cod, and 
five years for haddock. Conversely, underreporting of golden redfish was 
statistically detected in 2014 and 2015 if the cluster ratio estimator is 
applied, compared to the cluster unit estimator for which uncertainty is 
often larger than the reported component of catches. The tendency for 
the cluster unit estimator to potentially overestimate total catches is not 
seen to such a large degree with beaked redfish, indicating that vessel- 
specific fishing behaviour is highly variable across species. 

Deciding between the unit and ratio cluster estimators is not as clear 
of a conclusion. Whilst the cluster unit estimator is unbiased (Fig. 3), the 
risk of poor representativeness (Fig. 5) means that for some species, the 
cluster unit estimator may have a tendency to overestimate total catches 
relative to all other estimators (Fig. 6). 

Statistical detection of unreported catches is dependent on the con
fidence level chosen, which should be considered when interpreting 
estimates for 50 species. At a 95 % confidence level, there is a 5 % 
probability that statistically detected unreported catches were a result of 
chance. Statistical detection of unreported catches is also dependent on 
the level of aggregation that results are presented. For example, 
applying the cluster ratio estimator to total unreported catches of 
haddock in all years combined results in statistically detectable levels of 
unreported catches (95 % CI: 1 555–20 734 tonnes), even though for 
individual years, unreported catches are not statistically detectable 
(Fig. 6). 

Final estimates of unreported catches for all species observed in the 
Barents Sea longline fishery are available in the Supplementary Mate
rials. Total catches of skate and ray species are presented collectively as 
a species group (order: Rajiformes) to allow for comparison with re
ported catches, and as a separate file listing estimated total catches for 

individual skate and ray species. 

4. Discussion 

Using a single estimation routine for unreported catches of all species 
in a fishery promotes simplicity, speed, and comparability (Gilman 
et al., 2020; Kennelly, 2020; NMFS, 2011). This study demonstrates how 
a poor understanding of estimation accuracy across species can produce 
severely misleading results. The importance of accounting for cluster 
sampling of fisheries is well understood (Aanes and Pennington, 2003; 
Borges et al., 2005; Fernandes et al., 2021; Lohr, 2010; Nelson, 2014) 
but is typically ignored due to a lack of awareness (Nelson, 2014). The 
cluster sampling design of the Norwegian Reference Fleet has only been 
recognised previously when bycatch rates were estimated using a 
model-based approach (Bærum et al., 2019; Moan et al., 2020), but 
ignored when using design-based estimators for reasons of simplicity 
and a historical focus on point estimates rather than on uncertainty. Bias 
in simple estimators was identified in a previous study in the Barents Sea 
longline fishery in the context of reported catches (Clegg et al., 2022). 
Our study supports this finding by demonstrating that cluster estimators 
improve both the accuracy of the point estimate and associated uncer
tainty. For many species, estimates of total annual catches did not 
improve by accounting for clustering of data, and in most cases led to 
increases in estimated uncertainty. However, we have demonstrated 
how simple estimators are at risk of incorrectly detecting unreported 
catches as a result of underestimating the precision (Fig. 3). 

Using encounter rate and Pearson’s correlation coefficient between 
total catches and number of hooks are helpful for evaluating the per
formance of estimators across many species in a design-based frame
work. The Pearson’s correlation coefficient is a fundamental factor of 
estimator performance for ratio estimators (Lohr, 2010) and we 
conclude based on best practices (ICES, 2007) that the use must be 
supported by evidence of a relationship rather than depending on as
sumptions. Encounter rates are considered for specific species in the 
USA’s national bycatch reporting system (NMFS, 2011; Wigley et al., 
2021) for which encounters are known to be rare. A similar approach is 
applied in Norwegian fisheries where seabirds (Bærum et al., 2019; 
Fangel et al., 2015) and marine mammals (Moan et al., 2020) are 

Fig. 3. Performance of estimators using total annual observed catches of species by the Norwegian Reference Fleet. (A) mean relative error of estimate and (B) 
variance. Scaled counts used to compare across estimators. 
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estimated independent to fish species (Berg and Nedreaas, 2020). Esti
mating incidental bycatches separately is useful to address the sparse 
observations and unique drivers (e.g., distance from coast influencing 
seabird bycatches; Bærum et al., 2019). However, with fishes it is not so 
clear which species should be isolated for individual estimation. We 
identified that estimators perform poorly when the Pearson’s correlation 
coefficient falls below 0.25, and when rarer species have an encounter 
rate below 10 %. These empirical ‘rules of thumb’ are useful when many 
management decisions are made for species from a single estimation 
study. These findings can also guide future research on improving esti
mators, as well as to understand if estimator performance can be 
generalised for other fisheries with Norwegian Reference Fleet 
sampling. 

Representativeness is difficult to quantify in the direct context of 
unreported catches. It is therefore hard to identify whether the correct 
detection of unreported catches is driven by sampling biases or sampling 
rates. However, exploring estimates for commercial species (Fig. 6) 
shows that estimates are within expected ranges, suggesting a low risk of 

extreme sampling biases. Nevertheless, there are issues of representa
tiveness that should be addressed. By evaluating the assumptions behind 
the estimators applied here, we identified that the cluster unit estimator 
may not be consistently suitable across species due to a suspected ten
dency to overestimate total catches. The cluster ratio estimator mitigates 
against overestimation by accounting for the higher fishing activity of 
Norwegian Reference Fleet vessels compared to the wider fleet (Fig. 4). 
Nevertheless, we must still consider if data collected by the Norwegian 
Reference Fleet are representative of the fishery in terms of fishing 
strategy and catch composition. This is also relevant to the smaller 
distribution of fishing effort for sampled vessels than that of the wider 
fleet (Fig. 5). This is an expected consequence of expert judgement 
sampling. Since the reference fleet vessels are engaged for several years, 
it has been preferred over risking an untypical random selection. The 
application of the ratio estimate can serve to correct for this, to the 
extent that the catch rates are independent of effort. Although the ratio 
estimator accounts for the sampling of more active vessels, the sampled 
catch per unit effort (number of hooks) may still not be representative, 

Fig. 4. Effect of (A) encounter rate and (B) correlation between total observed catches and fishing effort on the bias (MREest) and variance (RSEest) of estimators. Each 
point represents one species in one year. Testing domain limited to observed fishing days in post-strata where two or more vessels were sampled. 
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and different fishing strategies may mean sampled catch compositions 
are not representative. Clegg et al. (2022) found the Norwegian Refer
ence Fleet tended to be representative of the wider fishery in relation to 
the reported component of total catches, particularly for commercial 
species, but identified a tendency to overestimate reported catches. This 
tendency is likely to also be applicable to the unreported component of 
catches that are estimated in this study. We highlight though that 
representativeness discussed here is in the specific context of estimating 
total catches in a fishery. Therefore, any discussion cannot be directly 
applied to evaluating other contexts of representativeness such as tem
poral trends in catch per unit effort or estimating fish population 
parameters. 

When estimating unreported catches, there is no specific knowledge 
on the sources of unreported catches. Unreported catches often suggest 
illegality caused by either discarding or intentional misreporting of 
landed catches, but there are many sources of unreported catches that 
are legal under discard policies. Discard bans typically come with ex
emptions for non-quota species or high survivability (Borges et al., 2016; 
Catchpole et al., 2017; Karp et al., 2019). Low resolution reporting also 
leads to unreported catches. For example, difficulties in species identi
fication of skate and rays (order: Rajiformes) leads catches being landed 
unidentified. Norwegian vessels are increasingly converting unwanted 
catches into fishmeal to increase utilisation of catches. However, vessels 
are not obliged to report the fishmeal ingredients with respect to relative 
contributions of individual species. 

4.1. Improvements 

Whilst the Norwegian Reference Fleet form the basis for data on 
unreported catches, there is scope for enhancing data with other sources. 
The Norwegian Directorate of Fisheries Monitoring and Surveillance 
Service (MSS) regularly hire fishing vessels to monitor catch rates in the 
Barents Sea fisheries. These data were used to map the bycatch risk and 
estimate historical bycatches of cod in the Barents Sea shrimp fishery 
(Aldrin et al., 2011; Breivik et al., 2017, 2016). Whilst MSS data have 
been demonstrated to be suitable for specific case studies, we recom
mend a devoted study to address representativeness of these data before 
generalising the application to all fisheries with MSS coverage. 

This study has focused on determining the best estimator based on 
the current estimation framework in Norwegian Fisheries. The current 
practise for spatial stratification for estimating bycatches and discards in 
Norwegian fisheries is using statistical areas defined by the Norwegian 
Directorate of Fisheries. However, this stratification has not yet been 
optimised. The gridded system likely explains some spatial variations in 
catches, but more complex drivers of spatial variations in catch 
composition such as temperature, depth or habitat are poorly described 
by a gridded statistical area system. 

Design-based cluster estimators performed poorest for rare species 

Fig. 5. Distribution of two measures of fishing effort by vessels in the Barents 
Sea longline fishery. Red points denote position of sampled vessels (Norwegian 
Reference Fleet) within the distribution. Coinciding points are horizontally 
jittered to avoid overlapping. 

Fig. 6. Estimated unreported catches (differ
ence between estimated total catches and offi
cial reported catches; mean and 95 % 
confidence interval) of cod (Gadus morhua), 
haddock (Melanogrammus aeglefinus), beaked 
redfish (Sebastes mentella), and golden redfish 
(Sebastes norvegicus) using the four candidate 
estimators. Positive values mean under- 
reporting (estimated total catches > reported 
catches); negative values mean over-reporting 
(estimated total catches < reported catches). 
Asterisk highlights that misreporting has been 
detected (i.e., reported catches fell outside the 
confidence interval of estimated total catches).   
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(Fig. 4A). Improving estimation accuracy whilst remaining with a 
design-based framework may involve using the delta lognormal esti
mator (Pennington, 1996). However, there is wider scope for improve
ments using model-based tools. On a single species basis, zero-inflated 
modelling can also improve both the bias and precision of parameter 
estimates (Martin et al., 2005). In a multispecies context, a wider pool of 
information on the catch composition may help to explain the variations 
in catches of rare species by ‘borrowing’ information from more com
mon species (Thorson et al., 2016, 2015). The ‘rules of thumb’ used to 
identify where estimators could be improved are given as a preliminary 
screening. These thresholds help to identify which species to focus im
provements on, but we also suggest a devoted study focused on these 
rarer species to fine-tune the estimator quality indicators. 

We must also acknowledge biases in catch recording which could not 
be addressed in this study. The reliability of self-sampled data is subject 
to increased criticism (Kraan et al., 2013), given that the data will 
directly influence management decisions. The standard approach to 
quantifying reliability is through comparison with a data source of 
‘known’ reliability (Roman et al., 2011). Such a study is yet to be done 
for the Norwegian Reference Fleet, but we argue based on values that 
the Norwegian Reference Fleet provide an overall reliable report of total 
catches. The programme is a trust-based collaboration, which is re
flected in personal conversations and official meetings where fishers 
express their willingness to participate in scientific research. Further
more, fishers are paid under a contract to deliver high-quality data. 
Reliability is nevertheless dependent on the conservation status and 
management regulations, which differs between vessel groups, fishing 
gears, and species. 

4.2. Generalisation 

The Norwegian Reference Fleet has adapted sampling designs for 
different fishing gears to account for unique characteristics and sam
pling limitations (Clegg and Williams, 2020). The ratio estimator is 
nevertheless extendable to other gear-specific measures of fishing effort, 
given a strong correlation with total catches across vessels. The Nor
wegian Reference Fleet also has a coastal component, which again dif
fers slightly to the sampling design for offshore vessels. Coastal fishing 
vessels in the Norwegian Reference Fleet do census reporting of total 
catches given the smaller scale of fishing activity. The cluster ratio 
estimator is nevertheless applicable, except for the need to estimate total 
catches per vessel (Equation 3.1) which is already known. 

Coastal vessels in the Norwegian Reference Fleet explicitly record the 
discarded and retained portions of the total catch, allowing for a direct 
estimate of discarding. In 2019, the offshore Reference Fleet began a 
transition to recording retained catches, discards, and fishmeal explic
itly, rather than a single value for total catch. Direct observations of 
discards remove the need to infer unreported catches through a com
parison with reported catches. The cluster ratio estimator will still be 
applicable in the context of discards, given that there is a strong rela
tionship with the chosen measure of fishing effort. 

5. Conclusions 

We recommend the use of cluster estimators for unreported catches 
using data from the Norwegian Reference Fleet. Our methodology has 
revealed both the scale and dynamics of estimation accuracy across 
species, which informs where estimates are reliable, and where 
improvement efforts should be focused. The difficulties in evaluating the 
representativeness of data, coupled with variable relationships between 
total catches and fishing effort (number of hooks), means that it is not 
possible to conclude a single best estimator for all species. There are 
clear indications that the cluster unit estimator is not unbiased as 
theoretically expected due to nonrepresentative sampling of vessels that 
are more active in the fishery. Whilst there are biases with the cluster 
ratio estimator, they are identifiable by evaluating the relationship 

between total catches and fishing effort. We therefore recommend based 
on best practice methodology (ICES, 2007) that the unit and ratio esti
mator are applied and compared. If large differences are found, then 
further investigations can identify the reasons. We have defined two 
‘rules of thumb’ to identify unreliable estimates: annual total catch es
timates should be treated with caution for rare species with an encounter 
rate below 10 % or Pearson’s correlation coefficient below 0.25. These 
thresholds are useful for evaluating the quality of estimates and specif
ically where further improvements are needed. These values are how
ever preliminary and could benefit from refinement to improve the 
evaluation of estimation quality. 
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