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The National Marine Fisheries Service (NMFS) estimates total groundfish catch across 20 stocks for the
Northeast multispecies (groundfish) sector fleet by integrating several sources of information on landings and
discards. Landings are reported by dealers for all trips, while discards are known only for ~15–30% of trips in
a given year that are selected to carry a fisheries observer from the Northeast Fisheries Observer Program
(NEFOP) or the At-Sea Monitoring Program (ASM). Under the assumption that trips can be randomly
selected for observation and that the observed fishing activity and harvest outcomes are representative of
behavior across the fleet (within defined strata), rates of discarding are calculated and applied to unobserved
trips to obtain estimates of the unobserved discards in the fishery. Total catch for a given stock is then the
summation of reported landings, observed discards, and the estimated discards on unobserved trips.

Evidence that observed trips are not representative of the effort across the fleet has been presented by
the Groundfish Plan Development Team (PDT), calling into question the accuracy of the catch estimation
methods used by NMFS to monitor the fishery. An increase in the amount of landed groundfish catch on
unobserved trips, for example, suggests differences in catch rates that cannot be easily assessed given that
total catches (landings + discards) are not known with certainty for unobserved trips (discards are estimated).
Other Groundfish PDT work has quantified the incentives to modify fishing behavior in the presence of
constraining stocks (e.g., Atlantic cod), which could result in spatial/temporal avoidance on observed trips
and illegal discarding of legal-sized fish on unobserved trips. While both empirical and anecdotal evidence
suggests that observed trips are not representative, the resulting implications of observer bias on total catch
estimation have not been quantified.

Here, we used observed trips in the Gulf of Maine (GOM) stock area to model cod catch while accounting for
typical effort attributes (e.g., total kept catch, vessel size, trip length) in addition to spatial and temporal
covariance in catch. Using this predictive model, we then predicted total catch (kept + discarded) on
unobserved trips and compared the summed predictions across a fishing season to the catch estimates for
sectors reported by NMFS. Discrepancies suggest the potential for unreported catch.

Methods

Data

The catch data came from the Greater Atlantic Regional Fisheries Office (GARFO) database known as the
Data Matching & Identification System (DMIS) which integrates multiple sources of information including
dealer records, Vessel Trip Reports (VTRs), and NEFOP/ASM observer records for all commercial fisheries
trips. The data were limited to groundfish trips (or subtrips) taken by sector vessels in fishing years (FY)
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2011, 2013, 2015, and 2017 using otter trawls (OTF) or gillnets (GNS) in the GOM stock area (as defined
by the VTR). These years were chosen as a reasonable representation of the sector management program
(implemented in 2010). Subtrips are defined as fishing effort in a single NMFS statistical area (and gear),
allowing for a focus exclusively on GOM effort, and landings from OTF and GNS vessels comprise >95%
of cod catch for sector vessels. Records were also limited to those trips with a VTR-recorded latitude and
longitude location, which included >99% of available trips. Finally, we further limited the data to those
trips with reported landings of >0 lbs for cod. This last choice reflected a desire to simplify the modeling
by removing the encounter process (i.e., whether a trip encountered cod), recognizing that any trips with
unreported cod would be missed.

For each fishing year and gear type, the data were split between observed and unobserved trips. Total cod
catch on an observed trip included the landings (i.e., kept catch) reported by the dealer and the discards
recorded by the observer. Unobserved trips had discards assigned by DMIS according to a rate as calculated
by observed trips within the same stratum (i.e., gear, stock area), consistent with the Standardized Bycatch
Reporting Methodology (Wigley et al. 2007).

Model fitting: observed trips

The predictive model of cod catch was built using the observed trips for each gear and fishing year combination.
The model included fixed effects representing attributes of fishing effort and random effects for variation
according to vessel permit, space, and time. The spatial and temporal effects were modeled with predictive
processes (PPs) to estimate covariances in space and time and partition variation that could be attributed to
either dimension (Viana et al. (2013); Finley et al. (2009)).

Total cod catch (discards + landings), yi, for each trip i was modeled as a Poisson random variable such that:

yi ∼ Poisson(µi)

log(µi) = Xβ + νj + ω1(si) + ω2(ti) + εi

where X is a vector of predictors for trip i taken by vessel j, and β is the vector of fixed effects on the log
scale. The model also included a random effect for vessel, vj ; the spatial PP for residual variation due to
space, ω1(si); and the temporal PP for residual variation due to the date of the trip, ω2(ti). Random error
not attributed to vessel, space, or time was estimated by εi, which was modeled by a mean-zero normal
distribution with variance σ2

ε . We used a Poisson distribution for expected catch, E[yi], to accommodate
increased variance at larger quantities.

The fixed effects in X included: 1) intercept; 2) total kept catch; 3) pollock, 4) haddock, 5) winter flounder,
and 6) yellowtail flounder landings; 7) trip length and 8) squared trip length; 9) vessel tonnage and 10) squared
vessel tonnage. Both trip length and vessel tonnage included squared terms to accommodate non-linear
relationships. These covariates were chosen to represent attributes of fishing effort that might correlate with
cod catch. The covariates representing catch/landings were log10-transformed (after adding 1). All covariates
for the fixed effects were standardized to have mean of 0 and unit variance.

The random effects for space and time relied on spatial and temporal PPs, respectively, that were estimated
at a reduced resolution in comparison to the observed data (Viana et al. 2013). The spatial PP was defined
at 224 knots spaced on a 15-km grid restricted to where active fishing was recorded (e.g., Fig. 1). The
temporal PP was defined at 25 knots spaced every 2 weeks throughout the fishing year. We specified Gaussian
processes on the spatial and temporal knots with covariances that were a function of distance (in space or
time). Following Viana et al. (2013), one can define a generic covariance function between 2 locations:

C(xa, xb|φ) = σ2ρ(xa, xb|φ)

where ρ(xa, xb|φ) = exp[−|dab|/φ] is the correlation between locations xa and xb, and dab is the distance
between the locations; σ2 is the random effect variance; and φ is a scale parameter controlling the rate
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of decay in correlation between points as distance increases. By using coarse-scale spatial/temporal knots
on which to define the Gaussian processes, the computational burden of the modeling procedure is greatly
reduced. The Gaussian processes were therefore defined as:

ω1(s∗) ∼ GP (0, σ2
sρ(sa, sb|φs))

ω2(t∗) ∼ GP (0, σ2
t ρ(ta, tb|φt))

Further details for how the Gaussian processes estimated on the knots relate to the random effects ω1(s) and
ω2(t) estimated for the observed data can be found in Viana et al. (2013) and Finley et al. (2009).

We fit the models using a Bayesian approach and estimated the posterior distributions of parameters
via Markov chain Monte Carlo (MCMC) methods with JAGS (Plummer 2003) and R (R Core Team
2018). We used standard vague priors for most parameters, with slightly-informative priors for the scale
parameters, φs ∼ Ga(3, 0.066), and φt ∼ Ga(3, 0.033); and for the spatial and temporal random variances,
σs ≡ σt ∝ T (µ = 0, τ = 1, ν = 5)[σ > 0]. The latter specification indicates a scaled Half Student-T distribution,
which can be useful for constraining variance parameters (Rankin et al. 2016). We also used a highly
informative prior for the residual variance (i.e., standard deviation for εi) such that σε ∼ N(0.7, σ2 = 0.0225);
this prior was chosen after some initial model fitting to stabilize the residual variance estimate. The models
were run for 6,000 iterations over 3 chains after an adaption phase of 6,000, resulting in posterior distributions
of 18,000 values. Convergence was achieved by examining trace plots and ensuring that the potential scale
reduction factor was <1.1 for all parameters (Gelman and Rubin 1992).

Model predictions: unobserved trips

We used the parameter estimates from each model to predict the cod catch on unobserved trips. The linear
functions of expected catch were straightforward for the 10 β̂ estimates (9 covariates with intercept) and
vessel-specific random effects, ν̂j . For vessels with no observed trips (and, hence, no estimated random effect),
the vessel-specific random effect was set to 0. For the spatial and temporal random effects, distance matrices
were calculated between all unobserved trips and the spatial and temporal knot locations so that expected
values of ω̂1(si) and ω̂2(ti) for each trip i could be calculated. Random error as estimated by σ̂ε was also
added to the predictions to capture the full uncertainty in the model. The predictions for all individual
trips were summed to estimate a total predicted cod catch for each gear and year, across the full posterior
distribution of parameter estimates.

We also made predictions for the observed trips to illustrate how well the models could predict total cod
catch without the observation-specific deviations, ε̂i. All other fixed- and random-effect parameter estimates
across the full posterior distributions were used as with the unobserved trips. Random error was re-inserted
according to estimates of σ̂ε to account for over-dispersion.

Finally, the entire model fitting and prediction process was replicated for pollock to help contextualize the
patterns observed for cod. Pollock is an abundant species that is not overfished and has not had a constraining
quota during the period of analysis. The only differences in model structure were the species landings included
as predictors (haddock, white hake, winter flounder, redfish). The full modeling results for pollock are not
presented here, aside from the final predictions of total catch for observed and unobserved trips.

Results

Decreases in the observed catch (discards + landings) of cod between 2011 and 2017 are apparent for vessels
using otter trawls and gillnets (Figs. S1–S8 in Supplement 1). The number of observed and unobserved trips
also decreased over time (Table 1). Sample sizes for the predictive models ranged from a high of 1,489 trawl
trips in 2011 to a low of 183 gillnet trips in 2017.
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Table 1: Number of observed and unobserved sector trips taken in the Gulf of Maine
with cod landings >0 lbs.

Gear FY Observed Unobserved
2011 1193 2735
2013 561 1768
2015 437 1311

OTF

2017 384 1353
2011 1489 3416
2013 555 2059
2015 295 839

GNS

2017 183 763

Full model results are presented in Supplement 2. The fixed effects estimates varied by gear type and year
(Figs. 2–3). Some species had a strong positive relationship with expected cod catch each year (e.g., pollock
(β3) for gillnets), while others had variable relationships (e.g., yellowtail (β6) in 2017 was negative for gillnets
and positive for otter trawls). Kept all (β2) was a relatively strong predictor of cod catch for otter trawls
across all years but decreased gradually for gillnets from 2011 to 2017. Trip length and vessel tonnage were
not strongly associated with cod catch, likely due to the effect of kept all.

The amount of random variation explained by spatial location (σs) decreased over time for both otter trawl
and gillnet vessels (Figs. 4–5). Vessel-specific variation (σν) was as large as temporal variation (σt) for most
years across both gear types. The patterns in residual spatial variation in observed cod catch (conditional on
total kept catch, trip length, etc.) were stronger in the earlier years for both gear types (Figs. 6–7). The
spatial patterns also changed between the gear types in later years. For example, in 2017 there appeared to
be greater relative catch for inshore otter trawl trips while for gillnet trips, higher relative catches occurred
farther offshore. Temporal variation exhibited different patterns between the gear types, and often across
years within a gear type (Fig. 8.

The predictions of total cod catch for observed trips were fairly accurate even after removing the trip-specific
random effects (εi) and re-inserting random error (Table 2, Fig. 9). The percentage differences between the
reported catch and the posterior mode of predictions was <5% for 6 of the 8 models. The highest difference
was in 2013 for otter trawls, where the model under-predicted total catch by 13%.

Table 2: Reported vs. model-predicted cod catch (mt) for observed trips, with
percentage of reported by which posterior mode differs.

Posterior distribution
Gear FY Reported catch Mode 2.5% 50% 97.5% % Diff.

2011 819.70 852.25 743.23 849.64 967.96 4
2013 102.64 89.57 75.59 92.57 114.11 -13
2015 23.26 21.61 17.73 21.77 26.31 -7

OTF

2017 34.95 36.53 28.93 37.51 48.29 5
2011 391.03 378.55 339.36 378.47 422.27 -3
2013 54.72 52.78 45.78 53.87 62.96 -4
2015 18.16 17.53 14.61 18.16 22.14 -3

GNS

2017 18.79 18.36 13.91 18.76 25.67 -2
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The predictions of total cod catch for unobserved trips exhibited a trend across time for gillnets with no
apparent pattern for otter trawls (Table 3, Fig. 10). The discrepancy for gillnets increased over the years,
with model predictions suggesting greater estimates of cod catch than that which was reported. In 2017,
the posterior mode of total catch was 68% larger than the reported catch. For otter trawls, the differences
between modes and reported catches were never >15% and varied in direction across the years.

Table 3: Reported vs. model-predicted cod catch (mt) for unobserved trips, with
percentage of reported by which posterior mode differs.

Posterior distribution
Gear FY Reported catch Mode 2.5% 50% 97.5% % Diff.

2011 1786.65 2063.37 1829.05 2076.19 2322.05 15
2013 365.44 333.12 276.58 339.97 416.49 -9
2015 81.01 78.74 65.61 80.63 97.20 -3

OTF

2017 123.72 140.08 114.71 144.61 177.96 13
2011 989.78 985.43 888.04 990.10 1110.04 0
2013 189.80 207.54 174.06 211.30 259.75 9
2015 50.81 71.45 57.63 74.80 97.14 41

GNS

2017 54.39 91.11 66.66 96.77 143.19 68

The predictions for pollock suggested that our regression models were not as accurate at predicting catch for
this species Supplement 3. For observed trips, model predictions were typically higher than reported catch
(always for gillnets), suggesting a positive bias that was unaccounted for by the fixed effects and structured
random effects. As a result, the predictions for unobserved trips are difficult to assess. It should be noted that
the relative relationships between the reported catch and the predicted catch were similar between observed
and unobserved trips.

Discussion

The predictive models leveraged information from observer data to estimate relationships between cod catch
(landings + discards) and measures of effort, other species landings, and random variation attributed to
space, time, and vessel. The models fit the observed data well, suggesting that predictions of total cod catch
(across a fleet) using structured information might be useful for understanding discrepancies in expected and
reported catch.

It appears that discrepancies for gillnet vessels could be indicative of unreported catch, which has increased
over time. This assumes that observed trips can adequately represent unobserved trips with regards to
“pre-catch” behavior – the manner in which gear is fished and effort expended. We modeled pre-catch behavior
using several attributes of effort (e.g., kept all, location) that were expected and shown to influence catch
outcomes. If other important attributes of effort were not modeled explicitly, then catch per unit effort (CPUE)
of cod estimated by the observed trips may not accurately predict expected catch on unobserved trips. Under
the assumption that estimated CPUE is representative, the predicted discrepancies indicate the potential
unreported catch that may be attributed to differences in “post-catch” behavior (e.g., non-compliance with
discarding regulations mandating retainment of legal-sized fish).

For otter trawls, the erratic pattern of predicted vs. reported cod catch is difficult to explain. It is possible that
important pre-catch behavior specific to mobile gear was missing from the model structure (e.g., tow speed,
tow length), which would invalidate the transfer of inferences on CPUE from observed trips to unobserved
trips. This uncertainty illustrates the general difficulty of measuring fishing effort using limited information
at coarse scales, compared to detailed haul-level reporting.
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Additional caveats of the modeling process necessitate tempered conclusions. Other statistical distributions
for expected catch on a trip (e.g., quasi-Poisson, negative binomial) may provide a better fit to the catch data,
though the random error should have been useful at capturing over-dispersion and helping adjust predictions.
The scales of the spatial and temporal knots were not explored and other choices may have been better
able to estimate the covariances in each dimension. In particular, the majority of fishing effort is expended
in a small proportion of the GOM relatively close to shore (e.g., Fig. S1), suggesting that a finer spatial
resolution might pick up more nuanced variation in space. This caveat also highlights the limitations of using
a single, self-reported latitude and longitude for each subtrip of effort, which likely prevents fine-scale spatial
inferences and induces additional uncertainties.

The reduction in effort and observer coverage across time also increases uncertainty for models from later
years. For example, the sample size of observed trips for gillnets was almost an order of magnitude smaller in
2017 (n=183) compared to 2011 (n=1,489) (Table 1). A larger model that combines multiple years of data
and leverages parameter pooling across years might yield more accurate parameter estimation. Nevertheless,
the added complexity of statistical modeling would not overcome any deficiencies in the sampling design or
violations regarding the validity of inferences from observed trips to unobserved trips.

The predicted cod catch was 40% and 68% greater than the reported catch in 2015 and 2017, respectively, for
unobserved gillnet trips. The time period coincides with highly constraining quotas for the species. These
numbers overwhelm the potential error attributed to sub-legal discard estimation that otherwise serves as
the target for observer coverage in the fishery. While the modeling effort presented here cannot prove the
existence of unreported catch on unobserved trips, it provides an approximation to the scale of the problem.
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Figure 1: Gulf of Maine broad stock area with NMFS statistical areas for reference
and location of the n=224 spatial knots spaced at 15 km used for modeling spatial
covariance.
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Figure 2: Parameter estimates for log-scale models of GOM cod catch on otter trawl
vessels. The fixed effects (β) correspond to the following (absent the intercept): 2)
kept all; 3) pollock; 4) haddock; 5) winter flounder; 6) yellowtail flounder; 7) trip
length; 8) squared trip length; 9) vessel tonnage; 10) squared vessel tonnage.
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Figure 3: Parameter estimates for log-scale models of GOM cod catch on gillnet
vessels. The fixed effects (β) correspond to the following (absent the intercept): 2)
kept all; 3) pollock; 4) haddock; 5) winter flounder; 6) yellowtail flounder; 7) trip
length; 8) squared trip length; 9) vessel tonnage; 10) squared vessel tonnage.
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Figure 4: Parameter estimates for log-scale models of GOM cod catch on otter trawl
vessels. The variance (standard deviation) estimates correspond to random effects
for vessel (σν), space (σs), time (σt), and residual (σε).

11



Figure 5: Parameter estimates for log-scale models of GOM cod catch on gillnet
vessels. The variance (standard deviation) estimates correspond to random effects
for vessel (σν), space (σs), time (σt), and residual (σε).

12



Figure 6: Relative spatial variation in cod catch unexplained by predictors of effort
on observed trips taken by sector vessels using otter trawls in the Gulf of Maine
during fishing years 2011, 2013, 2015, and 2017. Circle color represents relative
variation across years (lighter = higher catch) while circle size represents variation
within a year (larger = higher catch).
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Figure 7: Relative spatial variation in cod catch unexplained by predictors of effort
on observed trips taken by sector vessels using gillnets in the Gulf of Maine during
fishing years 2011, 2013, 2015, and 2017. Circle color represents relative variation
across years (lighter = higher catch) while circle size represents variation within a
year (larger = higher catch).
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Figure 8: Relative temporal variation in cod catch unexplained by predictors of
effort on observed trips taken by sector vessels using otter trawls and gillnets in the
Gulf of Maine during fishing years 2011, 2013, 2015, and 2017.
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Figure 9: Model predictions of total cod catch (landed + discarded) compared to
reported catch (red) on observed trips. While observed trips were used to fit the
models, estimates of εi (residual variation) were not used to make predictions. Gear
types included otter trawls (OTF) and gillnets (GNS).
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Figure 10: Model predictions of total cod catch (landed + discarded) compared
to reported catch (red) on unobserved trips. Parameter estimates of fixed and
structured random effects from the models for observed trips were used to make
predictions. Gear types included otter trawls (OTF) and gillnets (GNS).
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Supplement 1 - Observed cod catch
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Figure S1: Cod catch (discards + landings) on observed trips by sector vessels
using otter trawls in the Gulf of Maine during 2011. Crosses represent the 15-km
resolution grid used in the predictive model.
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Figure S2: Cod catch (discards + landings) on observed trips by sector vessels
using otter trawls in the Gulf of Maine during 2013. Crosses represent the 15-km
resolution grid used in the predictive model.
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Figure S3: Cod catch (discards + landings) on observed trips by sector vessels
using otter trawls in the Gulf of Maine during 2015. Crosses represent the 15-km
resolution grid used in the predictive model.
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Figure S4: Cod catch (discards + landings) on observed trips by sector vessels
using otter trawls in the Gulf of Maine during 2017. Crosses represent the 15-km
resolution grid used in the predictive model.
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Figure S5: Cod catch (discards + landings) on observed trips by sector vessels using
gillnets in the Gulf of Maine during 2011. Crosses represent the 15-km resolution
grid used in the predictive model.
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Figure S6: Cod catch (discards + landings) on observed trips by sector vessels using
gillnets in the Gulf of Maine during 2013. Crosses represent the 15-km resolution
grid used in the predictive model.
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Figure S7: Cod catch (discards + landings) on observed trips by sector vessels using
gillnets in the Gulf of Maine during 2015. Crosses represent the 15-km resolution
grid used in the predictive model.
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Figure S8: Cod catch (discards + landings) on observed trips by sector vessels using
gillnets in the Gulf of Maine during 2017. Crosses represent the 15-km resolution
grid used in the predictive model.
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Supplement 2 - Parameter estimates

Table S1: Parameter estimates for GOM cod catch. The fixed effects (beta) corre-
spond to the following: 1) intercept; 2) kept all; 3) pollock; 4) haddock; 5) winter
flounder; 6) yellowtail flounder; 7) trip length; 8) squared trip length; 9) vessel
tonnage; 10) squared vessel tonnage. The variance (standard deviation) estimates
correspond to random effects for vessel (nu), space (s), time (t), and residual (e).
The phi parameters are scale values of the distance function for decreasing covariance
in space (phi.s = km) and time (phi.t = days).

gear year par mean sd lower95 median upper95
OTF 2011 beta[1] 4.564 0.784 2.922 4.597 6.042
OTF 2011 beta[2] 1.319 0.048 1.224 1.319 1.413
OTF 2011 beta[3] -0.003 0.053 -0.107 -0.003 0.102
OTF 2011 beta[4] -0.089 0.036 -0.158 -0.088 -0.018
OTF 2011 beta[5] -0.109 0.049 -0.206 -0.109 -0.013
OTF 2011 beta[6] 0.030 0.051 -0.069 0.030 0.131
OTF 2011 beta[7] 0.100 0.108 -0.112 0.099 0.314
OTF 2011 beta[8] -0.043 0.049 -0.140 -0.043 0.051
OTF 2011 beta[9] -0.036 0.101 -0.238 -0.035 0.158
OTF 2011 beta[10] -0.142 0.056 -0.252 -0.142 -0.031
OTF 2011 sigma.e 0.472 0.074 0.561 0.690 0.779
OTF 2011 sigma.nu 0.414 0.058 0.553 0.642 0.731
OTF 2011 phi.s 71.146 24.394 35.915 66.471 130.715
OTF 2011 sigma.s 2.588 0.876 1.171 1.557 2.185
OTF 2011 phi.t 80.373 49.598 16.349 69.918 201.457
OTF 2011 sigma.t 0.070 0.078 0.055 0.217 0.517
OTF 2013 beta[1] 4.522 0.589 3.327 4.529 5.694
OTF 2013 beta[2] 0.750 0.095 0.561 0.750 0.936
OTF 2013 beta[3] 0.583 0.111 0.364 0.584 0.800
OTF 2013 beta[4] 0.086 0.075 -0.060 0.085 0.235
OTF 2013 beta[5] -0.020 0.116 -0.248 -0.020 0.206
OTF 2013 beta[6] 0.286 0.113 0.066 0.286 0.507
OTF 2013 beta[7] 0.203 0.176 -0.143 0.204 0.542
OTF 2013 beta[8] -0.216 0.101 -0.414 -0.216 -0.018
OTF 2013 beta[9] -0.131 0.145 -0.419 -0.128 0.153
OTF 2013 beta[10] -0.013 0.092 -0.192 -0.014 0.169
OTF 2013 sigma.e 0.638 0.097 0.662 0.801 0.907
OTF 2013 sigma.nu 0.413 0.074 0.524 0.641 0.751
OTF 2013 phi.s 41.183 16.574 19.711 37.688 84.857
OTF 2013 sigma.s 1.175 0.392 0.780 1.054 1.462
OTF 2013 phi.t 67.192 46.842 7.971 57.068 183.913
OTF 2013 sigma.t 0.635 0.484 0.399 0.706 1.375
OTF 2015 beta[1] 3.862 0.454 2.921 3.868 4.740
OTF 2015 beta[2] 0.548 0.099 0.353 0.548 0.745
OTF 2015 beta[3] 0.302 0.126 0.056 0.303 0.554
OTF 2015 beta[4] -0.032 0.085 -0.199 -0.032 0.134
OTF 2015 beta[5] -0.045 0.141 -0.324 -0.045 0.235
OTF 2015 beta[6] 0.463 0.152 0.164 0.463 0.761
OTF 2015 beta[7] 0.007 0.197 -0.377 0.007 0.392
OTF 2015 beta[8] 0.020 0.099 -0.174 0.021 0.214
OTF 2015 beta[9] -0.116 0.172 -0.459 -0.114 0.215
OTF 2015 beta[10] -0.057 0.095 -0.241 -0.058 0.132
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OTF 2015 sigma.e 0.666 0.115 0.627 0.825 0.924
OTF 2015 sigma.nu 0.395 0.080 0.496 0.627 0.746
OTF 2015 phi.s 25.414 15.310 7.338 21.598 66.064
OTF 2015 sigma.s 0.339 0.169 0.298 0.558 0.851
OTF 2015 phi.t 118.338 54.685 43.179 107.951 253.060
OTF 2015 sigma.t 0.388 0.266 0.327 0.564 1.037
OTF 2017 beta[1] 3.936 0.579 2.740 3.942 5.079
OTF 2017 beta[2] 0.463 0.128 0.211 0.464 0.715
OTF 2017 beta[3] 0.171 0.131 -0.083 0.171 0.431
OTF 2017 beta[4] 0.315 0.085 0.146 0.316 0.480
OTF 2017 beta[5] -0.048 0.178 -0.397 -0.048 0.300
OTF 2017 beta[6] 0.493 0.174 0.158 0.493 0.833
OTF 2017 beta[7] -0.248 0.211 -0.655 -0.250 0.167
OTF 2017 beta[8] 0.186 0.110 -0.030 0.186 0.397
OTF 2017 beta[9] -0.056 0.185 -0.419 -0.057 0.303
OTF 2017 beta[10] -0.084 0.143 -0.361 -0.085 0.199
OTF 2017 sigma.e 0.885 0.103 0.817 0.942 1.035
OTF 2017 sigma.nu 0.503 0.099 0.573 0.705 0.844
OTF 2017 phi.s 55.695 30.616 7.670 51.016 128.652
OTF 2017 sigma.s 0.194 0.172 0.032 0.389 0.793
OTF 2017 phi.t 111.238 51.655 36.305 102.270 233.774
OTF 2017 sigma.t 0.599 0.396 0.396 0.706 1.275
GNS 2011 beta[1] 4.874 0.711 3.386 4.894 6.247
GNS 2011 beta[2] 0.391 0.037 0.319 0.392 0.463
GNS 2011 beta[3] 0.305 0.046 0.215 0.305 0.395
GNS 2011 beta[4] 0.251 0.029 0.193 0.251 0.309
GNS 2011 beta[5] -0.016 0.043 -0.100 -0.016 0.068
GNS 2011 beta[6] 0.007 0.050 -0.092 0.007 0.105
GNS 2011 beta[7] -0.179 0.122 -0.419 -0.179 0.056
GNS 2011 beta[8] 0.062 0.021 0.022 0.062 0.103
GNS 2011 beta[9] -0.031 0.069 -0.166 -0.031 0.105
GNS 2011 beta[10] -0.079 0.034 -0.144 -0.078 -0.013
GNS 2011 sigma.e 0.323 0.082 0.407 0.568 0.696
GNS 2011 sigma.nu 0.360 0.053 0.516 0.597 0.688
GNS 2011 phi.s 39.096 15.541 19.710 35.216 78.313
GNS 2011 sigma.s 1.863 0.643 0.988 1.314 1.867
GNS 2011 phi.t 86.421 44.190 30.928 76.352 196.155
GNS 2011 sigma.t 0.623 0.362 0.451 0.729 1.246
GNS 2013 beta[1] 4.459 0.430 3.579 4.469 5.296
GNS 2013 beta[2] 0.188 0.065 0.061 0.188 0.315
GNS 2013 beta[3] 0.611 0.095 0.422 0.611 0.799
GNS 2013 beta[4] 0.123 0.051 0.022 0.123 0.222
GNS 2013 beta[5] 0.219 0.078 0.065 0.220 0.373
GNS 2013 beta[6] -0.225 0.091 -0.403 -0.225 -0.046
GNS 2013 beta[7] -0.051 0.182 -0.410 -0.051 0.300
GNS 2013 beta[8] 0.024 0.045 -0.063 0.024 0.112
GNS 2013 beta[9] -0.144 0.148 -0.439 -0.142 0.143
GNS 2013 beta[10] 0.047 0.057 -0.064 0.047 0.161
GNS 2013 sigma.e 0.475 0.090 0.539 0.692 0.802
GNS 2013 sigma.nu 0.685 0.117 0.693 0.822 0.969
GNS 2013 phi.s 24.671 13.834 9.652 20.761 64.388
GNS 2013 sigma.s 0.677 0.307 0.539 0.780 1.228
GNS 2013 phi.t 77.602 51.374 12.157 66.315 205.718
GNS 2013 sigma.t 0.246 0.231 0.176 0.425 0.929
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GNS 2015 beta[1] 4.357 0.619 3.113 4.350 5.637
GNS 2015 beta[2] 0.075 0.070 -0.061 0.075 0.212
GNS 2015 beta[3] 0.571 0.096 0.383 0.571 0.758
GNS 2015 beta[4] 0.283 0.070 0.143 0.283 0.421
GNS 2015 beta[5] -0.067 0.115 -0.294 -0.068 0.157
GNS 2015 beta[6] 0.153 0.130 -0.102 0.154 0.409
GNS 2015 beta[7] 0.305 0.261 -0.202 0.302 0.828
GNS 2015 beta[8] -0.062 0.066 -0.195 -0.062 0.070
GNS 2015 beta[9] -0.219 0.127 -0.476 -0.215 0.022
GNS 2015 beta[10] 0.100 0.046 0.009 0.099 0.191
GNS 2015 sigma.e 0.531 0.098 0.558 0.733 0.841
GNS 2015 sigma.nu 0.386 0.137 0.359 0.616 0.822
GNS 2015 phi.s 44.825 26.631 10.498 39.094 111.540
GNS 2015 sigma.s 0.368 0.339 0.155 0.520 1.096
GNS 2015 phi.t 87.385 49.409 22.135 77.556 207.843
GNS 2015 sigma.t 0.814 0.570 0.438 0.814 1.533
GNS 2017 beta[1] 4.870 0.584 3.772 4.849 6.088
GNS 2017 beta[2] 0.111 0.093 -0.071 0.111 0.293
GNS 2017 beta[3] 0.758 0.137 0.491 0.758 1.026
GNS 2017 beta[4] 0.130 0.120 -0.103 0.131 0.365
GNS 2017 beta[5] 0.526 0.173 0.188 0.526 0.870
GNS 2017 beta[6] -0.567 0.183 -0.926 -0.566 -0.214
GNS 2017 beta[7] 0.072 0.365 -0.635 0.068 0.797
GNS 2017 beta[8] -0.020 0.118 -0.255 -0.019 0.208
GNS 2017 beta[9] 0.017 0.189 -0.371 0.025 0.370
GNS 2017 beta[10] 0.013 0.077 -0.137 0.012 0.169
GNS 2017 sigma.e 0.660 0.119 0.646 0.813 0.944
GNS 2017 sigma.nu 0.742 0.236 0.587 0.848 1.125
GNS 2017 phi.s 43.795 25.690 8.319 39.230 106.607
GNS 2017 sigma.s 0.356 0.403 0.105 0.485 1.214
GNS 2017 phi.t 89.952 50.106 21.919 80.157 212.261
GNS 2017 sigma.t 0.456 0.431 0.179 0.576 1.272
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Supplement 3 - Total pollock catch predictions

Table S2: Reported vs. model-predicted pollock catch (mt) for observed trips, with
percentage of reported by which posterior mode differs.

Posterior distribution
Gear FY Reported catch Mode 2.5% 50% 97.5% % Diff.

2011 918.34 1033.47 785.78 1071.88 1421.69 13
2013 548.34 460.57 341.19 493.03 722.94 -16
2015 316.95 322.34 224.57 342.43 526.34 2

OTF

2017 388.20 451.66 303.87 491.37 766.13 16
2011 562.31 664.21 528.18 671.78 855.61 18
2013 331.07 368.62 303.99 377.69 470.74 11
2015 135.68 165.07 97.35 187.61 342.10 22

GNS

2017 63.26 77.20 38.84 98.95 256.69 22

Table S3: Reported vs. model-predicted pollock catch (mt) for unobserved trips,
with percentage of reported by which posterior mode differs.

Posterior distribution
Gear FY Reported catch Mode 2.5% 50% 97.5% % Diff.

2011 1871.59 1793.86 1414.39 1856.95 2418.36 -4
2013 1935.48 1430.84 1031.71 1520.90 2183.48 -26
2015 1159.73 1100.77 801.81 1142.12 1596.86 -5

OTF

2017 1641.09 2397.78 1638.53 2595.74 4082.72 46
2011 1642.61 2018.28 1621.21 2045.43 2602.62 23
2013 1125.62 1501.24 1190.50 1542.43 1989.79 33
2015 564.31 1614.06 744.25 1995.07 4911.52 186

GNS

2017 311.01 447.34 235.18 539.05 1099.93 44
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Figure S9: Model predictions of total pollock catch (landed + discarded) compared
to reported catch (red) on observed trips. While observed trips were used to fit
the models, estimates of εi (residual variation) were not used to make predictions.
Gear types included otter trawls (OTF) and gillnets (GNS).
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Figure S10: Model predictions of total pollock catch (landed + discarded) compared
to reported catch (red) on unobserved trips. Parameter estimates of fixed and
structured random effects from the models for observed trips were used to make
predictions. Gear types included otter trawls (OTF) and gillnets (GNS).
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