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a  b  s  t  r  a  c  t

A  major  uncertainty  in  stock  assessment  is  the  difference  between  models  and  reality.  The  validation  of
model  prediction  is difficult,  however,  as fish  stocks  can  rarely be observed  and  counted.  We  therefore
show  how  hindcasting  and  model-free  validation  can  be used  to evaluate  multiple  measures  of  predic-
tion  skill.  In  a hindcast  a model  is fitted  to  the  first part of  a  time  series  and  then  projected  over  the
period  omitted  in the original  fit.  Prediction  skill  can then  be  evaluated  by  comparing  the  predictions
from  the  projection  with  the  observations.  We  show  that uncertainty  increased  when  different  datasets
and  hypotheses  were  considered,  especially  as time-series  of  model-derived  parameters  were  sensitive
eywords:
bundance indices
ross-validation
rojection
etrospective analysis

to model  assumptions.  Using  hindcasting  and  model-free  validation  to evaluate  prediction  skill  is  an
objective  way  to evaluate  risk,  i.e.,  to  identify  the  uncertainties  that matter.  A hindcast  is  also  a prag-
matic  alternative  to hindsight,  without  the  associated  risks.  While  the  use of multiple  measures  helps  in
evaluating  prediction  skill  and to focus  research  onto  the  data  and  the  processes  that  generated  them.
tock assessment
aylor diagrams

. Introduction

The provision of fisheries management advice requires the
ssessment of stock status relative to reference points, the pre-
iction of the response of a stock to management, and checking
hat predictions are consistent with reality. In most fishery man-
gement frameworks a stock is defined on operational rather than
n ecological or evolutionary basis (Waples and Gaggiotti, 2006). In
his paper a stock is defined as a population or subpopulation of a
pecies for which parameters such as growth, recruitment, mortal-
ty, and fishing mortality are regarded as being homogeneous, and

hich have the main effect on determining the dynamics; extrin-
ic factors such as immigration and emigration are traditionally
gnored.

Stock assessments sometimes proven to be wrong in retrospect,
ue to poor model assumptions or to data that do not reflect the
ey processes (Schnute and Hilborn, 1993). To evaluate uncertainty

ften a number of scenarios are considered corresponding to alter-
ative model structures and dataset choices (Hilborn, 2016). It is
ifficult, however, to empirically validate stock assessment models
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as it is seldom possible to observe fish populations directly. There-
fore techniques such as retrospective analysis, where a model is
fitted to increasing periods of data to identify systematic inconsis-
tencies (Mohn, 1999), or simulation are used. Deroba et al. (2015)
summarised an extensive state-of-the-art simulation exercise to
compare stock assessment models. This was  limited to the evalu-
ation of historical and current estimates of stock status based on
self- and cross-tests. Both approaches evaluate consistency rather
reliability, where a reliable model provides accurate results despite
uncertainty.

One approach to address uncertainty in historical estimates of
stock status is to integrate multiple diverse datasets to try and
extract as much information as possible about modelled processes
(Fournier et al., 1998). An implicit assumption is that integrated
models can compensate for lack of good data. Models are by defini-
tion, however, simplifications of reality and model misspecification
can lead to degradation of results when there are multiple poten-
tially conflicting data sets. For example Payne et al. (2009) showed
that including all available data in stock assessments may lead to
high noise levels and poor-quality assessments, and recommended

that the choice of data should be based on rational and justifiable
selection criteria. It is therefore critical to determine what drives
an assessment (Francis and Hilborn, 2011).
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To check that predictions are consistent with reality it is nec-
ssary to evaluate prediction skill (e.g., Walters and Punt, 1994;
atterson et al., 2001; Ralston et al., 2011); a statistical evaluation of
he accuracy of a prediction relative to a reference model or dataset.
rediction skill can be used to compare alternative models or obser-
ations used for prediction to a reference set of estimates or data
e.g., Jin et al., 2008; Weigel et al., 2008; Balmaseda et al., 1995).
f data are regarded as being representative of the dynamics of the
tock then they can be used as a model-free validation measure
Hjorth, 1993), and the best performing scenarios (e.g., choice of

odels and data) can be identified by comparing predictions with
bservations. Stock biomass cannot actually be observed so if esti-
ates of population abundance were compared in the hindcast this
ould be model-based validation.

Errors and uncertainty in historical parameter estimates, par-
icularly in the most recent years, propagate into predictions.
ifferent stock assessment packages often use different methods

or estimating and propagating those errors, and the choices made
ill affect the robustness of management advice (Patterson et al.,

001; Magnusson et al., 2012). Validation of predictions is therefore
s least as important as examining diagnostics for fits to histori-
al data. More effort, however, appears to be going into the latter
han the former, unlike in other fields such as meteorology and
ceanography (e.g., Murphy and Winkler, 1987; Doswell III et al.,
990; Schaefer, 1990; Roebber, 2009), where the ability to predict

s more important than the description of past states.
Hindcasting is widely used, in oceanography and meteorology

here the state of a system is observable, to evaluate prediction
kill (Huijnen et al., 2012). Hindcasting is a conceptually simple
orm of cross-validation, which has no parametric or theoretic
ssumptions allowing it to be used for comparisons across differ-
nt models and datasets. In a hindcast, a model is first fitted using

 truncated time series, dynamics are projected forward using the
odel and predictions compared to recent observations not used in

tting (e.g., Christoffersen and Pelletier, 2004; Pastoors et al., 2007;
eath et al., 2004). Although hindcasting is not commonly used in

tock assessment it combines two individual procedures routinely
sed, namely retrospective analysis and projection.

An objective of the paper is to show how hindcasting and using
ultiple measures for prediction skill can help in the development

f robust stock assessment advice frameworks. We  use hindcast-
ng to evaluate the prediction skill of series of catch per unit effort
CPUE) used as indices of stock abundance, across a range of stock
ssessment scenarios. Since time series of CPUE are often the most
nfluential inputs to stock assessment models (Francis and Hilborn,
011) it is important to be aware of the limitations of these data
hen fitting models with them.

. Materials and methods

We  chose Atlantic and Mediterranean bluefin (Thunnus thyn-
us) as a case study to show how hindcasting can provide insight

nto stock assessment uncertainty, to illustrate the benefits of the
pproach and help identify ways forward. A reason for the choice is
ecause it is a stock of high value with well documented uncertainty
bout current stock status and response of the stock to management
Fromentin et al., 2014; Leach et al., 2014).

.1. Stock assessment

Atlantic bluefin is assessed by the International Commission for

he Conservation of Atlantic Tuna (ICCAT) using Virtual Population
nalysis (VPA). VPA sums catch numbers-at-age backwards down

 cohort, adjusted by losses due to natural mortality (Pope, 1972).
ndices of relative stock abundance allow the numbers in the oldest
Fig. 1. Time series of CPUE, the error bars are the CVs derived from the standard
errors of the GLM predictions; the vertical line corresponds to 2003 the start of the
hindcast (standardized to have a mean of 0 and variance of 1).

age class of a cohort (terminal numbers-at-age) to be derived using
maximum likelihood.

Two main datasets are used in the Atlantic bluefin assessment
(ICCAT, 2015), i.e., catch-at-age and CPUE. Catch-at-age data are
derived from total reported catches and samples of size data using
age slicing. The raw catch and effort data are standardised using
generalised linear models (GLMs) to remove the effect of factors
that bias CPUE when used as an index of abundance (Maunder
et al., 2006). Although the majority of the catch comes from the
Mediterranean purse seine fishery, catches taken with this gear do
not provide a reliable estimate of stock abundance and the CPUE
from this gear are not used in the assessment.

Time series of catch numbers-at-age start in 1950 and the
assessment included six CPUE series from fleets using four fishing
gears (Table 1; Fig. 1). Data after 2008 are not used in this study since
the implementation of the bluefin recovery plan affected catch rates
and the selection of age classes by the fisheries. Fig. 1 shows the
time series of CPUE, the error bars are the CVs derived from the
standard errors of the GLM predictions. Only four series covered
the recent period, namely trap, Mediterranean and Atlantic long
line and late period bait boat. All the gears target large bluefin tuna
except the bait boats that target juveniles. As the purse seine and
early period bait boats series do not cover the recent period they
were not included in the hindcast analysis.

The time series of CPUE are in biomass and represent all ages
in the catch. Therefore when fitting the VPA these have to be
transformed into numbers-at-age based on the vulnerability of age-
classes to the fishery and the mass-at-age, i.e.

Îiy = qiıi�aviawiayÑay (1)

where qi is the catchability coefficient, ıi an adjustment for time of
fishing, via the relative vulnerability-at-age, wiay mass-at-age, and
Ñay the estimated of numbers-at-age. The subscripts are i for the
CPUE series, a for age and y for year.
v is given by

via = �yCiayFay/Cay

maxa{CiayFay/Cay} (2)
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Table  1
Catch per unit effort indices: including a summary of fishing gear, period, target ages, main operating area, season, and proportion of the catch taken.

Series Gear Period Ages Area Season Catch

Trap Trap 1981–2008 6+ Gibraltar Straits Spring 8%
Med.  long line Long line 1975–2008 6+ East Atlantic and Med. Spring 4%
Atlantic long line Long line 1990–2008 4+ Northeast Atlantic Autumn–winter 4%
Late  bait boat Bait boat 1963–2006 2–3 

Early  bait boat Bait boat 1952–1962 5–6 

Purse  seine Purse seine 1955–1979 10+ 

Table 2
Virtual population analysis scenarios; there are also three recruitment scenarios
(low, medium and high) giving 21 scenarios in total.

Scenario Indices Catch F-Ratio M

Base Case All Reported Fixed Varies by age
Ex-LL Exclude Atlantic LL Reported Fixed Varies by age
Inflated All Inflated Fixed Varies by age
Revised All Revised Fixed Varies by age
West M All Reported Fixed 0.14 all ages
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F-Ratio All Reported Annual Varies by age
Catch-Curve All Reported External Varies by age

here C is the partial catch-at-age by year and fleet and F fishing
ortality-at-age estimates from the VPA.

.2. Scenarios

When conducting a stock assessment it is common practice
o define a Base Case, which comprises a set of model assump-
ions and specifications thought to be the most likely. In this study
he Base Case used the official catches reported to ICCAT and the
PUE indices in Table 1. Natural mortality was assumed to be time-

nvariant but to vary by age (i.e., 0.490, 0.240, 0.240, 0.240, 0.240,
.200, 0.175, 0.150, 0.125, 0.100 per year for ages 1–10, respec-
ively). A value for fishing mortality in the plus group (10+) is
equired to estimate the terminal numbers-at-age in each cohorts.
he plus group F is derived from the F-Ratio, the ratio between
he plus group and the last true age in a cohort (9) which was
xed at 0.7, 1.0, 0.6, 1.2, 1.0 for the periods 1950–1969, 1970–1984,
985–1994, 1995–2007 and 2008 onwards, respectively.

Uncertainty about the actual dynamics (i.e., model uncertainty)
an have a large impact on achieving management objectives (Punt,
008). For example estimates of stock status are highly sensi-
ive to the assumptions about natural mortality-at-age (Jiao et al.,
012) and the vulnerability of age classes to the fisheries (Brooks
t al., 2010). While the relationship between stock and recruitment,
equired to perform projections and calculate reference points
Sissenwine and Shepherd, 1987) is difficult to estimate in practice
ue to lack of contrast in stock assessment datasets (Pepin and
arshall, 2015). Therefore a number of scenarios, corresponding

o alternative datasets and model assumptions, were considered
hen conditioning the stock assessment model.

The main uncertainties in the last assessment were represented
y two types of scenarios (Table 2); those that changed the input
atasets (Ex LL, Inflated and Revised catch) and those where fixed
arameters were altered or estimated (West M,  F-Ratio and Catch
urve). Based on these scenarios hindcasting can be used to identify
here assumptions are violated, models that have prediction skill

nd datasets with the best signal to noise ratio.
The impact of the choice of CPUE series was explored by remov-

ng the Atlantic long line series (Ex-LL scenario). Uncertainty about
he actual level of catches was evaluated by using an inflated catch

eries (i.e., raised to 50,000 t from 1998 to 2006 and to 61,000 t in
007; inflated scenario) and a recent revision of the catch-at-age
hat incorporated new historical information (revised scenario).
Bay of Biscay Summer 10%
Bay of Biscay Summer 6%
North Sea Autumn 10%

The impact of the assumed values for natural mortality was eval-
uated by changing the values to those assumed in the western stock
(i.e., 0.14 per year for all ages, West M scenario). The F-Ratio is
difficult to estimate when conducting a VPA and in the Base Case
was fixed based on expert judgement. Two alternative scenarios
were used to estimate the F-Ratio namely either it was  estimated
each year as a random walk (i.e., Xt = Xt−1 + �t; �t ∼ N(0, �2), F-Ratio
scenario) or fixed based on a Catch Curve analysis of length data
independent of the stock assessment model (Catch Curve scenario).

The relationship between stock and recruitment, required to
calculate reference points and perform projections, is difficult to
estimate thus three future recruitment scenarios were considered,
corresponding to high, medium, and low recruitment levels (geo-
metric mean recruitment estimates from 1995 to 2006, 1990 to
2000, and 1970 to 1980, respectively). The projections were per-
formed using the reported total catch and the mean selection
pattern from the last three years in the historical assessment to
create a catch-at-age matrix based on the reported catches.

2.3. Hindcasting

To conduct a hindcast involves fitting a model using a tail-
cutting procedure, where data are deleted from year t − n to t and
then using the data from year 1 to t − n − 1 to make predictions of
what will happen in years t − n to t.

When conducting projections to provide managers with advice,
such as a total allowable catch (TAC), the short term is of primary
importance as usually the immediate consequences of manage-
ment advice is a major concern of stakeholders (Fricker et al., 2013).
Therefore in our example n is 5 and t is the last year in the time
series, i.e., time series were cut at 2003 and projected from 2004 to
2008.

When conducting a hindcast, as when conditioning stock assess-
ment models, it is assumed that modelled variables are observable,
processes exhibit constancy of structure in time, including those
not specified in the model, and that collection of accurate and suf-
ficient data is possible (Hodges et al., 1992).

2.4. Prediction skill

A well-fitting model results in predicted values close to the ref-
erence values, in this case the CPUE observations from 2004 to 2008.
The best statistical measure to use depends on the objectives of
the analysis, and using more than one measure can be helpful in
providing insight into the nature of observation and process error
structures.

Root mean square error (RMSE, E′) is the square root of the vari-
ance of the residuals and indicates how close the observed data
points are to the predicted values i.e.

E′ =

√∑t
y=t−n(Iy − Îy)

2

(3)
Computing the relative errors allows comparisons across the data
series to be made. As the square root of a variance it can also be
interpreted as the standard deviation of the unexplained variance,
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ower values indicate better fits. E′ is sensitive to outliers, however,
nd favours forecasts that avoid large deviations from the mean
nd cannot be used to compare across series. In comparison, the
orrelation (�) between Iy and Îy is not affected by the amplitude
f the variations, is insensitive to biases and errors in variance, and
an be used to compare across series.

E′, � and the variance of the predictions (�2
f

) and observations

�2
o ) are related by the cosine rule

′2 = �2
o + �2

f − 2�o�f � (4)

he reference set (o) are the observed CPUE not included in the
etrospective assessment and the values (f) are the projected CPUE
eries up to and including 2008.

This means that E′, � and �f can be summarised simultaneously
n a single diagram (Taylor, 2001). Taylor diagrams therefore
rovide a concise statistical summary of how well patterns match
ach other and are therefore especially useful for evaluating mul-
iple aspects or in gauging the relative skill of different models

Griggs and Noguer, 2002).

Modelling was carried out using FLR (Kell et al., 2007) designed
o build simulation models representing alternative hypotheses
bout stock and fishery dynamics.
se stock assessment (lines); the vertical line corresponds to 2003, the start of the

3. Results

First the CPUE series and their fits are summarised, then Taylor
diagrams are used to evaluate the prediction skill of the various
scenarios using the individual CPUE series as model-free validation
measures. The observed CPUE time series (points) and the VPA fits
using all the data are shown in Fig. 2. The indices are in biomass,
summed over ages and split into ages within the likelihood estima-
tion using Eq. (2) above.

The difference between the fits and the observations (the resid-
uals) corresponds to the unexplained variance. To summarise the
variance the residuals for the CPUE fits are plotted against the esti-
mates from the Base Case and medium recruitment scenario in
Fig. 3; only four series are shown as the early bait boat and purse
seine data do not cover the hindcast period. The points from the his-
torical stock assessment are shown in grey and from the hindcast
projection in black. The variance of the projections (�2

f
) appears to

be less than that of the historical assessment. The CPUE are assumed
to be relative indices of stock abundance, therefore the observa-
tions are plotted against the fits for each series as a check that the
regression falls along the y = x line as expected (Fig. 4). In the case of

the Atlantic long line and trap, the outliers appear to have a strong
effect on the regression and some indices appear to be poor fits.

E′, � and �f are plotted simultaneously using Taylor dia-
grams; values are tabulated in the appendix provided as Online
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Fig. 3. Plots of residuals verses fitted CPUE by series for the Base Case stock assessment fitted up to 2003 and projected with medium recruitment up to 2008; filled circles
are  data points from 2003 to 2008.

Fig. 4. Plots of observed verses fitted CPUE by series for the Base Case stock assessment up to 2002 and projected with medium recruitment up to 2008; also included are a
linear  regression (using all data) fitted to the points and the y = x line; filled circles are data points from 2003 to 2008.
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Fig. 5. Taylor diagram summarising the similarity between the observed time series of CPUEs and the predicted relative stock abundance, for the Base Case by recruitment
scenario. Each point quantifies how closely predictions match observations, the angle indicates the correlation, the centred root-mean-square error difference between the
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redicted and observed patterns is proportional to the distance to the point on the
f  the predictions are proportional to the radial distance from the origin, scaled so
dentical  to the reference series. The colours correspond to the CPUE series, Atlant
nterpretation of the references to colour in this figure legend, the reader is referred

upplementary Material. The results for the Base Case are shown
n Fig. 5 with recruitment scenarios by panel. The CPUE series are
tlantic long line (black), Mediterranean long line (green), trap

blue) and bait boat (red); recruitment levels are low (square),
edium (dot) and high (triangle).
The closer a point is to the open circle (the cross hairs) at 1.0

n the x-axis the better is the prediction skill. The centred RMSE is
roportional to the distance to the cross hairs on the x-axis (i.e., the
ontours around the cross hairs indicate E′); correlation between
redictions and observations is indicated by the angle from the ver-
ical of the radii on which a point falls; and the standard deviations
f the predictions is proportional to the radial distance from the
rigin (scaled so �o = 1). E′ can be used to compare within a series
ut is sensitive to noise; � is less sensitive to outliers and can be
sed to compare across CPUE; while �f provides a measure of how
mooth are the forecasts and is useful for understanding differences
etween E′ and �.

Only Atlantic long line shows a correlation greater than 0.6, the
ther CPUE series all lie on or close to the y-axis and so show low
r negative correlations. For Atlantic long line, as the recruitment
evel increased from low to medium, � increased from 0.69 to 0.76,
′ from 0.91 to 0.97 and �f from 0.50 to 0.72. Increasing recruitment
evel from medium to high resulted in a slight decrease in � (0.64)
ut large increases in E′ and �f (2.10 and 1.42). Since E′ is sensitive
o changes in variance.

All scenarios are compared to the Base Case in Fig. 6, panels
re for each assessment scenario; as before colours correspond to
PUE series and shapes to recruitment level. ICCAT explored two
ypes of historical assessment scenarios, i.e., those that changed the
nput datasets (second row; i.e., Ex LL, Inflated and Revised catch)
nd those where fixed parameters were altered or estimated (third
ow; i.e., West M,  F-Ratio, and Catch Curve). Values of E′ > 2.0 and
egative correlations less than −0.3 are not shown in the plots; e.g.,
rap values for Inflated, F-Ratio and Catch Curve scenarios. The bait
oat has low prediction skill across all scenarios i.e., � is close to

 or even negative. There is little to choose between scenarios as
ifferences in E′ are small and observations are much more vari-
ble than the predictions as �f is small. This is because there is

arge uncertainty in numbers-at-age in recent incomplete cohorts
s there is little information in either the CPUE series or the catch-
t-age on incoming year-class strength. Atlantic long line has the
est prediction skill across all the scenarios.
 the contours around this point indicate the RMSE values; the standard deviations
bserved pattern has a value of 1. The open circle corresponds to a series which is

g line (black), Mediterranean long line (green) trap (blue) and bait boat (red). (For
e web version of the article.)

Excluding the Atlantic long line CPUE series (Ex LL) improves
the prediction skill of the Trap and Mediterranean long line. How-
ever, little improvement is seen for bait boat. Inflating the total
catch without also revising the catch-at-size accordingly (Inflated)
results in poor prediction skill. Revising the catch-at-size (Revised)
has little effect compared to the Base Case.

When the parameters, which had been fixed in the Base Case,
are altered or estimated (third row) the prediction skill of Trap,
Mediterranean long line and bait boat is not noticeably improved.
Changes are seen, however, for the Atlantic long line CPUE series.
If M (West M)  is assumed to be constant at age, natural mortality
of younger ages is reduced, and variability and E′ increases relative
to the Base Case but � is relatively insensitive. When the assump-
tions about fishing mortality in the plus group are changed results
for the two  scenarios (F-Ratio and Catch Curve) are similar; namely
in the low recruitment scenario E′ increased and � decreased (i.e.,
prediction skill declined), while �f is less effected. Greater variabil-
ity was seen in the Catch Curve scenario. This contrasts with the
Base Case where increasing recruitment had little effect on �, and
high recruitment increased E′ and �f, i.e., added more variability.

4. Discussion

The objectives of the study were to show how hindcasting,
model-free validation, and the evaluation of prediction skill using
tools such as Taylor diagrams to visualise multiple measure can
help in the development of robust advice frameworks (e.g., Murphy
and Winkler, 1987; Doswell III et al., 1990; Schaefer, 1990; Roebber,
2009).

An insidious problem in stock assessment is systematic changes
in model-derived quantities that occur as additional years of data
are added or removed. The main cause of such retrospective pat-
terns are processes that do not exhibit constancy of structure in
time, and can lead to severe errors in management advice (Hurtado-
Ferro et al., 2015). Therefore often a first task in stock assessment
is to establish the credibility of predictions by updating the last
assessment and comparing the estimates with forecasts made pre-
viously. Hindcasting can provide a formal and objective framework

for doing this, allowing different model structures and stock assess-
ment packages to be compared.

Model-free validation allows the impact of different input
datasets, their information content, and signal to noise ratio to
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Fig. 6. Taylor diagram comparing all scenarios and CPUE series. Values of RMSE that are off the scale (i.e., >2.5) and negative correlations are not shown, e.g., trap values for
I colour
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nflated,  F-Ratio and Catch Curve scenarios. (For interpretation of the references to 

e evaluated. This is difficult to do by comparing model outputs
sing methods such as AIC. In the former case if stock trajec-
ories differ between assessment models it can be difficult to

ake a rational choice between models. While in the latter if

ifferent datasets are used then AIC cannot be used to compare
odels. Using hindcasting also helps to change the focus from

istorical estimates of stock status to prediction skill and hence
anagement.
 in text, the reader is referred to the web  version of the article.)

In fisheries science and management, uncertainties and the risks
they create are pervasive owing to natural variability in aquatic
ecosystems, imperfect information, and lack of perfect control
over fisheries (Peterman, 2004). For these reasons, Hilborn (2016)

observed that fisheries is decision making under uncertainty, and
recommended that when actions are proposed, their consequences
should be evaluated across as many possible hypotheses as pos-
sible. Otherwise there is a danger of assuming that the strongest
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orrelation identifies a causal relationship and subsequently ignor-
ng other equally plausible hypotheses (Plowright et al., 2008).
sing Taylor diagrams to summarise prediction skill allows mod-
ls conditioned on a wide range of scenarios based on different
atasets and alternative model structures to be evaluated simulta-
eously. While using multiple measures to represent more than one
ttribute of prediction skill helps provide insight on the reliability
f the measures and the error structure of the data.

The study showed that uncertainty increases when multiple
atasets are available, as different datasets and model assumptions
ay  result in contradictory outcomes. For example the recruitment

ime-series were sensitive to the model assumptions. Dickey-Collas
t al. (2015) reported a similar finding, in a study based on North
ea herring, where the characteristics of time-series were deter-
ined by the model used to generate them rather than underlying

cological phenomena alone. This is especially true when informa-
ion about catch-at-age and hence cohort abundance is noisy or
iased.

In the case of the bluefin assessment scenarios were originally
hosen as sensitivity tests and then combined to provide advice
n current stock status and time to recover the stock to an under-
shed state. There was no attempt to weight (either a priori or a
osteriori) or to reject scenarios (i.e., hypotheses). An alternative
pproach could be to take a risk-based approach, where risk is an
ncertainty that matters and what matters are management objec-
ives. For example the scenarios where the catch was revised gave
ery similar results to the Base Case, while the choice of F-Ratio
cenario (i.e., the assumed plus group dynamics) had a large effect.

eighting the Base Case, Revised Catch and the F-Ratio scenarios
qually may  result in unacceptable risks of forgoing yield or over-
shing. For example if the management objective is to recover the
tock with a 60% probability and the first two lead to high probabil-
ties of stock recovery and the F-Ratio scenario a low probabilities
ombining the scenarios could give a false perception of the con-
equence of adopting particular management measure. To provide
obust advice you either have to resolve which is the “correct” sce-
ario or make sure that advice achieves management objectives for
ll scenarios.

A main assumption in most stock assessment models is that
PUE is proportional to stock abundance over the exploitation
istory and geographic range of a stock (Maunder et al., 2006).
owever, CPUE series are often conflicting (Schnute and Hilborn,
993) and the appropriate method to deal with such data conflicts
epends on the error structure, which depends on whether they are
aused by random sampling error, process variation, observation
odel misspecification, or system dynamics model misspecifica-

ion, and the ratio of signal to noise. Using multiple measures helps
n understanding the error structure and how assumptions and data
ffect the robustness of advice (Le Cren and Holdgate, 1962). For
xample if the objective is to rank models, results using E′ may
ot be stable if random errors are large (Freyer, 2014). Model-free
alidation and hindcasting is an objective way to compare models
ased on predictions and observations. It also has the advantage of
ocusing research on the data themselves and the processes which
enerated them.

If a model is erroneous, however, in that it does not describe
he dynamics, then a hindcast alone can not validate the model
s it is a test of consistency rather than robustness. For example,
n a fishery where both catch and effort had been constant over
ime, a stock assessment model conditioned on the catch and CPUE
ould interpret this as the stock and fishing mortality being sta-

le. Catchability, however, may  increase as the stock declines due
o hyperstability (Erisman et al., 2011). Although projecting the

odel predicts the data (i.e., no trend in CPUE) as the assessment

n which they are based is biased the stock is actually be declining
e.g., Dickey-Collas et al., 2010).
ch 183 (2016) 119–127

5. Conclusions

Making sense of outputs from stock assessment is challeng-
ing, especially when the data and model outputs are uncertain.
Dealing with uncertainty is a multi-faceted process that includes
the quantification, modelling, propagation and visualisation of the
uncertainties and errors intrinsic in the data and arising from
data transformations (Correa and Lindstrom, 2013). Often in stock
assessment this is done by presenting multiple plots based on the
residuals or pairwise comparisons, and a full comparison among a
large number of models quickly becomes impractical.

Fisheries, as in many industries requires forecasts to make
strategic decisions. Hollander (2015) summarised some common
failings when making model-based forecasts including presenting
a large number of model runs or scenarios with limited inter-
pretation, avoiding clear statements on how sure we  are about
projections, and avoiding discussion about the history of the model,
which may  go back many years and may  not be fully understood by
current users. Taylor diagrams help tackle these failing by allowing
comparisons to be made across a range of scenarios and by focusing
on the prediction skill of different datasets and models.

Although a comprehensive evaluation of robustness and the
value-of-information can be conducted using MSE  and multiple
hypotheses, this is a complex and time consuming process and
unlikely to be routinely applied by stock assessment working
groups. In contrast hindcasting is conceptually simple as it has no
parametric or theoretic assumptions and can be used for any stock
and for comparison of methods. A hindcast can help to identify
how data and assumptions carry through into future projections,
i.e., does the overall character of a projection change when different
models and datasets are considered. It can also be used to help iden-
tify potential time series to use in empirical or model based harvest
control rules (e.g., Hillary et al., 2016; Carruthers et al., 2016).
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