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Abstract.—We present a graphical method that uses a statistical likelihood approach to summarize evidence
and risk in fishery status evaluation. The graphical method is based on the surplus production model and
shows the fishery status as regions and colors on graphs. Two fishery status graphs are used: one is based on
the comparison between observed catch and catch at the fishing mortality level corresponding to maximum
sustainable yield; the other one is based on the comparison between observed catch and catch at the surplus
production level. The graphical statistical likelihood approach quantifies the strength of evidence in
supporting different hypotheses of fishing status as regions in the status graphs. A simulated hypothetical
fishery is given as an example. Results are graphically presented to show the exploitation status of the fishery,
and they compare favorably with those from a composite risk assessment method. This graphical statistical
likelihood approach may improve the communication of knowledge and evidence among scientists, fishery
stakeholders, and management agencies and may provide a better understanding of current fishery status.

The emerging requirement for transparency in the
fishery management process (Decker and Krueger
1993; Starr et al. 1998) necessitates approaches and
tools that can convey the complicated theory of
uncertainty and risk to stakeholders and managers.
Science plays a key role in helping to communicate
stock assessment results and management strategies to
a mix of stakeholders and users of a resource (WatsonWright 2007). This issue is increasingly important in
fisheries management, particularly with the emergence
of risk analysis as a key component in the process of
setting total allowable catch. The understanding of
complex concepts and methods (e.g., probability
theory, likelihood, risk, and uncertainty) is quite varied
among the diverse groups involved in the management
of a fishery. Fisheries science professionals can be
expected to have a greater level of understanding of
these concepts and methods than stakeholders such as
anglers and commercial fishermen. Academic profes* Corresponding author: yjiao@vt.edu
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sionals are expected to have a very high level of
understanding and to use or invent advanced research
methods that may be viewed as complicated by
stakeholders and other groups. The objective of this
study is to develop an approach to effectively
communicate the complexities of risk and evidence in
fisheries management in a way that is relatively simple
and easy to understand and does not require professional-level technical knowledge, yet retains technical
details.
The status of a fishery stock is often determined by
comparing an indicator reference point (e.g., current
fishing mortality F) with a management reference point
(e.g., F at maximum sustainable yield [MSY], Fmsy).
Both references are likely subject to large uncertainty
(Helser et al. 2001; Jiao et al. 2005). Current fishery
status evaluation methods in the United States and
many other countries use harvest control rules for
promoting public awareness of the status of marine and
freshwater fisheries and for harvest decision making by
management agencies (Restrepo et al. 1998; Restrepo
and Powers 1999). Two metrics of fishing status are F/
Fmsy and the ratio of current biomass B to biomass at
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MSY (Bmsy). Overfishing is indicated when F/Fmsy is
greater than 1, and an overfished population is
indicated when B/Bmsy is smaller than 1. While the
metrics are useful indicators of status, they do not
directly include uncertainty about the population status.
The necessity of incorporating such uncertainties in
determining the status of fisheries has been widely
discussed (Hilborn and Walters 1992; Ludwig et al.
1993; Walters and Maguire 1996). Fisheries management requires a close examination of the role that
uncertainty plays in determining the status of a fish
stock and in managing fisheries to reduce the
likelihood of overexploitation (Ludwig et al. 1993;
Myers and Worm 2003).
Many risk-based decision-making analyses consider
uncertainty from either an indicator reference point or a
management reference point but not from both (FAO
1995; Quinn and Deriso 1999). Jiao et al. (2005)
applied composite risk assessment to fisheries stock
assessments to estimate the risk of overfishing and of a
stock being overfished. This approach incorporated
uncertainties both from the indicator reference point
and the management reference point. However, this
approach did not connect risk-based decision making
to the harvest. The commonly used approach (FAO
1995; SAFMC 2006) for diagnosing whether F/Fmsy is
greater than 1 and whether B/Bmsy is less than 1 to
determine fishery status does not consider uncertainties
in the estimation of F/Fmsy and B/Bmsy and does not
connect the fishery status to harvest (or catch and
quota).
During communication of the Jiao et al. (2005)
approach to the Ontario Commercial Fisheries Association, the idea of linking the fishery status evaluation
with the harvest and the population size surfaced.
Catch C at Fmsy (CFmsy) is generally easier to
understand by stakeholders than is Fmsy because catch
is of much higher concern, is directly related to
economic benefit, and is comparable with the reported
catch, which is more straightforward and easier to
understand than F. Another reason that CFmsy was
chosen is because Fmsy is used as the management
reference point in many fisheries in the world. Whether
Fmsy is a good reference point or not is beyond the
scope of this paper. A risk assessment that fully
considers uncertainty of Fmsy and F (Jiao et al. 2005),
or the approach described here, is consistent with the
use of Fmsy as a limit reference point against
uncertainty. In addition to Fmsy, catch was compared
with the surplus production curve, which remains a
useful way of assessing long-term risk since any
continued catch level above the surplus production
curve is unsustainable and results in a declining
biomass (Roughgarden and Smith 1996).

Decisions about the status of a fishery using
reference points should be based on the evidence
associated with these reference points. In the statistical
approach, evidence is typically associated with data,
the probability model for the data, and the resulting
likelihood of the data (Royall 1997; Taper and Lele
2004). For example, when evaluating a hypothesis
about a fishery, the likelihood of the data assuming the
hypothesis is true gives a measure of evidence for or
against the hypothesis. The law of likelihood provides
a means for evaluating the evidence for one hypothesis
relative to another. Specifically, if we have two
hypotheses about fisheries status, H1 and H2, and
using L(data j H) to represent the likelihood of the data
given the hypothesis, then
Lðdata j H1 Þ
Lðdata j H2 Þ
measures the evidence in favor of H1 relative to H2.
In many instances, hypotheses are described in terms
of a parameter, and the evidence for a hypothesis may
be interpreted relative to the optimal value of the
parameter. For example, in evaluating the hypothesis
H0: h ¼ h0, the likelihood ratio
Lðdata j hMLE Þ
Lðdata j h0 Þ
quantifies the strength of evidence supporting a value
of a parameter (or supporting a hypothesis) relative to
the maximum likelihood estimate (MLE), hMLE. Values
of the parameter that are supported by the data (i.e.,
close in likelihood to the MLE) may be used to
calculate a likelihood ratio confidence interval (LRCI).
The LRCI plot provides a graphical summary of the
evidence in the data, and the likelihood ratios for
possible fishery statuses (e.g., hypotheses) may be used
to represent the strength of the hypothesized statuses
(Owen 1990; Royall 1997; Taper and Lele 2004). The
likelihood inference method incorporates uncertainties
through the likelihood. Likelihood calculations in
single-parameter situations are straightforward. In
multiparameter situations, the set of parameters is
often divided into a set of parameters of interest and a
set of ‘‘nuisance’’ parameters (parameters not of
immediate interest; Royall 1997). The calculation is
then based on a likelihood that removes the influence
of the nuisance parameters through the use of either
marginal likelihoods, conditional likelihoods, or profile
likelihoods (Edwards 1992; Royall 1997).
The likelihood inference method is the only school
of statistical inference that purely adheres to the
likelihood principle (Royall 1997). Likelihood principle essentially states that all evidence (obtained
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experimentally) about an unknown quantity of parameter(s) is contained in the likelihood function of the
parameter(s) from the given data. Furthermore, two
likelihood functions contain the same information
about the parameter(s) if they are proportional to each
other (Berger and Wolpert 1988; Royall 1997).
Likelihood inference is interpreted only on the basis
of available data. In contrast, frequentist analysis
requires a repeated sampling view for interpretation,
and Bayesian analysis requires the selection of prior
distributions for the parameters and the interpretation is
conditional on the selected prior (Wade 1999). A study
by Wade (1999) represents an example of recent
research in fisheries using the likelihood inference
method.
When the likelihood inference approach described in
this paper and the composite risk assessment approach
were presented to the Ontario Commercial Fisheries
Association and to the Lake Erie Committee, the
fishermen and some fishery biologists seemed to
quickly accept the concept of the likelihood inference
approach. A visual method was employed to identify
fishery status and the support for status estimation by
using regions and colors on graphs (e.g., Hatton 2003).
A surplus production model was the basis for stock
assessment and risk assessment, allowing the fishery
status and its uncertainty to be evaluated. The
likelihood inference method (Edwards 1992; Royall
1997; Wade 1999) was used for status evaluation in our
graphical approach. The graphical approach seemed to
improve the communication of both risk and uncertainty among all groups. Better understanding of the
current fishery status helps fishery managers make
better decisions and helps other stakeholders understand the rationale for management decisions (Boucek
et al. 2001). This improvement in communication was
accomplished without loss of the most important
technical details required by fisheries professionals.
In this paper, the likelihood method for evaluating a
fishery’s status is described and applied to a simulated
fishery to give an example of assessing the likely
history and current status of the fishery. We also
applied the composite risk assessment method to the
same simulated fishery to assess the risk of overfishing
(defined as the probability P that C . CFmsy or the
probability that C . catch at surplus production, Csp;
Jiao et al. 2005). Results from the proposed graphical
method were then compared with the results based on
the composite risk assessment. This comparison was
done to determine whether the graphical method loses
technical information and whether results of the
graphical method are consistent with those of an
established quantitative risk assessment method.

Methods
The surplus production model.—The surplus production model was used to model the dynamics of the
stock abundance. It is widely employed in fisheries and
ecology because of its simplicity and moderate data
requirements (May et al. 1979; Hilborn and Walters
1992; NRC 1997). Observation error estimators seem
to perform better than process error estimators in fitting
production models to data (Punt 1988; Hilborn and
Walters 1992; Polacheck et al. 1993). The surplus
production model corresponding to the observation
error estimator includes error in the abundance index
and can be written as
Ntþ1 ¼ Nt þ Gt  Ct ;

ð1Þ

EðIti Þ ¼ qi Nt ;

ð2Þ

and

where Nt is the stock abundance in year t, Gt is the
surplus production of stock abundance in year t, Ct is
the catch in numbers in year t, Iti is the ith abundance
index observed in the fishery or surveys (e.g., catch per
unit effort) in year t, qi is the catchability coefficient of
the ith abundance index, and E represents a mathematical expectation.
Surplus production is modeled using the logistic
population growth model:
Gt ¼ rNt ½1  ðNt =KÞ;

ð3Þ

where r and K are the intrinsic rate of increase and
carrying capacity or virgin population in numbers,
respectively (Hilborn and Walters 1992).
With the assumption that Iti is an independent
random variable, model parameters can be estimated
by maximizing a likelihood function based on the
probability distribution of Iti :
ni
Y

Li ¼

pðIti j r; K; N0 ; qi Þ;

ð4Þ

t¼1

and
TLL ¼

X
i

ki LLi ¼

X

ki loge ðLi Þ;

ð5Þ

i

where L is the likelihood, LL is the log likelihood, TLL
is the total log likelihood, ni is the length of the time
series of the ith abundance index, ki is the weighting of
the ith abundance index (Hilborn and Walters 1992),
and N0 is the initial population size.
In this paper, we present an example using a
simulated fishery with one abundance index (see data
and simulation fishery section). A likelihood profile
approach was used to search for MLEs and associated
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likelihood intervals (see the section below). A
generalized linear model approach (Jiao and Chen
2004) was used to estimate q. The algorithm for this
approach has two stages when searching for MLEs
over the parameters r, K, and N0 (Jiao and Chen 2004).
In the first stage, population abundance is projected
based on the population dynamic equation (1), the
productivity equation (3), and the gridded parameters r,
K, and N0. In the second stage, q-values are estimated
by application of a generalized linear model to fit the
observed abundance and the projected population
abundance. We used a lognormal error structure, which
yielded homogenous residuals. The likelihood function
corresponding to equation (4) for only one index was
therefore
(
)
Y 1
½loge ðIt Þ  loge ðqNt Þ2
pﬃﬃﬃﬃﬃﬃ exp 
L¼
;
2r2
t It 2pr
ð6Þ
where r2 is the variance of the observation error.
Likelihood inference method.—The likelihood inference method is used in this paper to estimate the
uncertainty of the parameters and the status of the
simulated fishery. The LRCI for parameters, hypotheses, or both can be obtained from all combinations of
parameters (hendpoints) that satisfy
Lðdata j hMLE Þ
¼ k;
Lðdata j hendpoints Þ

ð7Þ

where k is the critical value that determines the LRCI.
For the LRCI of one parameter, a k-value equal to 6.82
is used, which is analogous to a 95% confidence
interval in a likelihood ratio chi-square test (Thomas
and Grunkemeier 1975; Owen 1990; Edwards 1992;
Hilborn and Mangel 1997; Gimenez et al. 2005). For
the LRCI of states that require two parameters, we used
a k-value equal to 20, which corresponds to a 95%
confidence interval in a likelihood ratio chi-square test
for the bivariate case (Owen 1990; Gimenez et al.
2005).
The likelihood (equation 6) and likelihood ratio are
used to determine confidence intervals as shown above;
they also show the strength of evidence for each
hypothesis about the fishery status (likelihood ratio of
k  [1, ‘]). The smaller the value of k, the higher the
evidence that the corresponding status is supported
(Royall 1997). Higher values of k imply more riskaverse management, and lower values of k imply more
aggressive or higher-risk management. We incorporated the likelihood ratio of the fishery in each region in
the status graphs to communicate evidence for the
status.

Likelihood inference method in estimating uncertainty of the fishery status.—The likelihood inference
method was used here to estimate the uncertainty of the
fishery status represented as status graphs in Figures 1
and 2. Likelihood estimates arising from the set of
parameter values for each hypothesis were then
compared to discriminate among hypothetical states
based on the likelihood ratio (see the flowchart in
Figure 3). The uncertainty related to individual
parameters and the associations of those parameters
can thus be distilled into their combined influence on
the dynamics of the population and provide clear
implications for risk and sustainability of the fishery
states. In this study, the profile likelihood approach
(Wade 1999) was used to derive the parameter
likelihood profile. The algorithm used was to (1) grid
values of the parameters in the model and estimate the
corresponding likelihood values; (2) based on each
parameter vector in the model, estimate those state
variables and parameters not in the model but deduced
from the parameter estimates of r, K, and N0—here,
these were Nt, Nmsy (¼rK/4), Fmsy (¼r/2), Csp(¼rNt[1 
Nt/K]), depletion (¼Nt/K), and Ft (¼Ct/Nt); (3) estimate
evidence for alternative hypotheses of stock status
(Table 1) that incorporate correlations among stock
status and reference points by comparing C with MSY,
CFmsy, or Csp and comparing N with Nmsy; (4) repeat
steps 1–3 until all the combinations of the gridded
values of the parameters are gone through; and (5)
estimate the likelihood for each region by searching for
the maximum likelihood values over the relative
parameters that determine the stock status and result
in the identical region in the status graphs (Bowman
and Azzalini 1997). Likelihood estimates arising from
the parameter vector for each hypothesis can be further
compared to discriminate among hypothetical states
based on the likelihood ratio test to identify the most
likely states (see the flowchart in Figure 3). In most
cases, we are interested in one parameter at a time (e.g.,
h1). Therefore, we calculate the profile likelihood
L(h1), given by
Lðh1 Þ ¼ max ½Lðh1 ; h2 ; . . . hk Þ;
h2 ;...hk

as follows: for each of the values of the parameter h1,
the corresponding L(h1) is the value of the likelihood
obtained by treating h1 as fixed and allowing other
parameters (h2, . . . hk) to vary over their ranges. The
fixed value of h1 and the values of (h2, . . . hk) that
maximize the likelihood are substituted into the
function to obtain one value of L(h1). The process is
repeated over the range of h1. For derived parameters,
such as CFmsy, Csp, and N, the corresponding profile for
each fixed value of the parameter is simply a matter of
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FIGURE 1.—Two examples (A and B) of fishery status and
its uncertainty, with catch C at a fishing mortality level F
corresponding to maximum sustainable yield (MSY; i.e.,
CFmsy) as the reference catch level (light blue: likelihood ratio
 20; white: likelihood ratio . 20). The likelihood ratio
confidence intervals (LRCIs) of population abundance N at
MSY (Nmsy) and CFmsy are shown as thick lines along the xand y-axes (maximum likelihood estimates are marked with
asterisks). The asterisk in the middle of the plot is the best
estimate of N (x-value) and the reported C (y-value); the
underlying thick red line is the LRCI of N. The numbers in
parentheses at the right of region codes H1 to H5 (defined in
Table 1) are the log likelihood ratios (see Methods).

FIGURE 2.—Two examples (A and B) of fishery status and
its uncertainty, with catch C at surplus production (i.e., Csp) as
the reference catch level (light blue: likelihood ratio  20;
white: likelihood ratio . 20). The likelihood ratio confidence
intervals (LRCIs) of population abundance N at maximum
sustainable yield (Nmsy) and Csp are shown as thick lines along
the x- and y-axes (maximum likelihood estimates are marked
with asterisks). The asterisk in the middle of the plot is the
best estimate of N (x-value) and the reported C (y-value); the
underlying thick red line is the LRCI of N. The numbers in
parentheses at the right of region codes H6 to H11 (defined in
Table 1) are the log likelihood ratios (see Methods).
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FIGURE 3.—Estimation algorithm used in Figures 1 and 2 (see Methods for symbol definitions).

maximizing over the parameters used in the derivation
of CFmsy, Csp, and N. By using this algorithm, the
uncertainty in both status and reference points was
incorporated into the likelihood of each ‘‘region.’’ The
LRCI can then be estimated using equation (7).
Graphical evaluation of the fishery status.—The
stock status can be estimated through an evaluation of
the risk of failure. Risk is viewed as the likelihood of
failure of management or failure in controlling the
fishery. We consider two likelihood measures (corresponding to the management reference points) based on
CFmsy and Csp. For each measure, a graphical display is
used to evaluate status.
We first developed the approach to graphically
evaluate the fishery status by comparing catch with
CFmsy (status graphs in Figure 1). In Figure 1, the areas
of the graph surrounding the various reference lines can
be regarded as distinct hypothesized states of the

fishery at any time t. For example, for the graphical
region labeled H1 (i.e., hypothesized state), the model
provides the likelihood that the fishery is in the given
region of H1 (i.e., N , abundance at MSY [Nmsy]; C ,
CFmsy). The state of the fishery can be determined by
comparing the catch with CFmsy or with 2 3 CFmsy and
by comparing the estimated abundance with the Nmsy
given model parameters. The graphical regions (H1 to
H5) are associated with different combinations of catch
and abundance and have implications described in
Table 1. Direct comparisons between catch and CFmsy
and between abundance and Nmsy do not consider their
uncertainty.
We subsequently developed an approach to graphically evaluate fishery status by comparing catch with
Csp (status graphs in Figure 2). In Figure 2, areas of the
graph surrounding reference lines again represent

TABLE 1.—Hypotheses (H) regarding regions in the status graphs (Figures 1, 2, 6) and their implications for fishery and
population status (C ¼ catch; F ¼ fishing mortality; MSY ¼ maximum sustainable yield; sp ¼ surplus production).
Corresponding hypothesis
for the region

Status

Region

CFmsy

H1

C , CFmsy; N , Nmsy

H2

C , CFmsy N . Nmsy

H3
H4

CFmsy , C , 2CFmsy; N , Nmsy
CFmsy , C, 2CFmsy; N. Nmsy

H5
H6

C . 2CFmsy
C , Csp; N , Nmsy

H7
H8
H9
H10

C , Csp; N . Nmsy
Csp , C , MSY; N , Nmsy
C . MSY; N , Nmsy
C . MSY; N . Nmsy

H11

Csp , C , MSY; N . Nmsy

Csp

Implications for fisheries status
Population size N is low but will increase because of low exploitation; relatively
low risk of population declining
Population size is high, but exploitation rate is not high; N may decrease to Nmsy;
low risk of population declining
Population size is low, and overexploitation occurs; high risk of population declining
Population size is high, and overexploitation occurs; moderate risk of population
declining
Overexploitation is very high; high risk of population declining
Population size is low, and exploitation is low; N will increase; relatively low risk
of population declining, but caution needed because of Allee effect when N
is very small
Population size is high, but exploitation is low; very low risk of population declining
Population size is low and will decrease; very high risk of population declining
Population size is low and will decrease; extremely high risk of population declining
Population size is high but will decrease to MSY level; moderate risk of population
declining
Population size is high and will decrease to Nmsy; low risk of population declining
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distinct hypothesized states of the fishery at any time t
(Table 1).
Uncertainties in defining the status of the fishery are
shown as regions and colors on the graphs, and these
are used to identify the likely relevant status of the
fishery. The definition and implications of the
hypothesized fishery status in the two status graphing
approaches are outlined in Table 1. The implications
for the fishery status are also explained in Table 1.
If the maximum among all the likelihood values for
different parameter sets in a certain area is within the
LRCI, the graphical region is colored light blue
(Figures 1, 2). In Figure 1A, regions H1 and H3 are
light blue, thus representing the states within LRCI
supported by the data. White-colored regions (H2, H4,
and H5) indicate a likelihood ratio larger than 20,
implying that the hypothesized states H2, H4, and H5
are less likely than H1 or H3.
The likelihood ratio shows the strength of evidence
for each hypothesis about the fishery status. The
numbers in the parentheses in each region of these
status graphs (Figures 1, 2) are the values of the
likelihood ratios of the MLE relative to the hypothesized value; the smaller the likelihood ratio is, the
stronger the evidence is in supporting the hypothesis of
the fishery status. For example, if the likelihood ratio
equals 1, this means that this region has the highest
evidence for being the true fishery status; if the
likelihood ratio equals 8, this means the strength of
evidence for this region to contain the true fishery
status is only one-eighth that of the region with the
highest evidence.
In Figure 1, the LRCI (based on k ¼ 6.82) of the
population abundance is shown as a thick line in the
middle of the status graph; the LRCI of Nmsy is shown
as a thick line along the x-axis; and the LRCI of CFmsy
is shown as a thick line along the y-axis. The asterisk
marker in the middle of the status graph identifies the
best estimate of the population abundance (x-value)
and the reported catch (y-value), while the asterisk
marker in the x-axis identifies the best estimate of Nmsy
and the asterisk marker in the y-axis identifies the best
estimate of CFmsy.
In Figure 1A, plots of estimated CFmsy and Nmsy are
given along with their LRCIs. The best estimate of
fishery status is represented by the asterisk in the
middle of the status graph and is plotted along with the
associated LRCI. Note that the best estimate of the
population abundance is smaller than the best estimate
of Nmsy and that catch is smaller than the best estimate
of CFmsy; however, likelihood inference shows that the
population has evidence of being in H3 if the LRCI
based on a k-value of 20 is used (as in this example;
i.e., H3 is in the LRCI since the likelihood ratio for H3

relative to the maximum is lower than 20). Considering
that the population size is low in this case, a
precautionary approach is suggested for the short-term
future harvest. In contrast, consider Figure 1B. The
best estimate of fishery status is represented by the
asterisk in the middle of the graph and indicates that the
best estimate of population abundance is larger than the
best estimate of Nmsy and that catch is smaller than the
best estimate of CFmsy. It looks like the fishery is
underexploited; however, likelihood inference shows
that the population has high likelihood of being in H1
also (i.e., H1 is in the LRCI, which can be seen from
the value of the likelihood ratio of H1). Considering the
fact that overfishing is not happening, a management
policy of keeping the current harvest level is suggested
for the short-term future harvest instead of an increase.
Similarly, in Figure 2, the LRCI of the population
abundance is also shown as a thick line in the middle of
the status graph, the LRCI of Nmsy is shown as a thick
line along the x-axis, and the LRCI of Csp is shown as a
thick line along the y-axis. The asterisk marker in the
middle of the status graph is the best estimate of the
population abundance (x-value) and the reported catch
(y-value); the asterisk in the x-axis is the best estimate
of Nmsy; and the asterisk in the y-axis is the best
estimate of CFmsy.
In Figure 2A, the best estimate of fishery status is
shown by the asterisk in the middle of the graph (i.e.,
best estimate of N , best estimate of Nmsy; C , best
estimate of Csp). Likelihood inference shows that the
population has the highest likelihood of being in H1 but
also has a high likelihood of being in H8. Considering
that population size is low in this case, decreasing
harvest would be recommended for the short-term
future. In contrast, in Figure 2B the best estimate of
fishery status is represented by the asterisk in the
middle of the status graph (i.e., best estimate of N .
best estimate of Nmsy; C , best estimate of MSY and
Csp). It looks like the fishery is underexploited;
however, likelihood inference shows than the population has some evidence of being in H6, although the
highest likelihood is for the population being in H1.
Considering the fact that overfishing is not happening
but abundance is not significantly larger than Nmsy, a
management policy of maintaining current catch levels
would be recommended for short-term future harvests.
To better explain the fishery status and its uncertainty, contours of the changes in LL, expressed as


Lðdata j hMLE Þ
LL ratiojlocation ¼ loge
;
Lðdata j hlocation Þ
were added to the status graphs. The LL ratio contours
quantify changes in fishery status more precisely than
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FIGURE 4.—The fishery status for simulation year 1980 and
its uncertainty, shown as contour plots in the status graphs:
(A) log likelihood (LL) ratio contours of population
abundance N at maximum sustainable yield (MSY; i.e., Nmsy)
and catch C at a fishing mortality level F corresponding to
MSY (i.e., CFmsy); the square marker is the maximum
likelihood estimate (MLE) of Nmsy (x-value) and CFmsy (yvalue); (B) LL ratio contours of Nmsy and C at surplus
production (i.e., Csp); the square marker is the MLE of Nmsy
(x-value) and Csp (y-value). The asterisk on each graph is the
MLE of the estimated N (x-value) and the reported C (yvalue); the thick line is the likelihood ratio confidence interval
of N. The color bar at the right of each panel represents the LL
ratios (see Methods).
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the colored-block graphs but are not as simple and
direct (Figure 4). Figure 4A shows the LL ratios of
Nmsy and CFmsy as contour plots. Likewise, Figure 4B
shows the LL ratio of Nmsy and Csp as contour plots.
The square symbol in either graph is the best joint
estimate of Nmsy (x-value) and CFmsy (in Figure 4A) or
Csp (in Figure 4B; y-value). The asterisk marks the best
estimate of the population abundance (x-value) and the
reported catch (y-value); the thick line is the LRCI of
population size, also color-scaled to the likelihood
distribution.
The implications of the risk of population decline
and overfishing are summarized in Table 1, and their
likelihoods of occurrence are determined by the kvalues shown in the status graphs. For example, H1 and
H2 represent a low risk of population decline and
overexploitation, whereas H3 represents a high risk of
population decline and overexploitation. Thus, if H1
and H2 have low k-values (k ! 1), then the risk of
population decline is low because the data strongly
support that the fishery status is in regions H1 and H2
of the status graph. On the other side, if H3 has low kvalues (k ! 1), then the risk of population decline is
high because the data strongly support that the fishery
status is in region H3 of the status graph.
The results from this graphical approach were
compared with those obtained from using a composite
risk assessment method (Jiao et al. 2005). The
composite risk assessment method estimates the fishery
status risk as the probability that the fish stock is
experiencing overfishing (i.e., P[C . CFmsy] when
Fmsy is used as a management reference point; P[C .
Csp] when surplus production is used as a management
reference point).
Data and the simulated fishery.—A fishery was
simulated for 31 years (nominally from 1975 to 2005)
based on the following population ecology characteristics: population growth rate r was set equal to 0.5;
carrying capacity K was set equal to 50,000,000 fish;
and the initial population size N0 was set equal to 30%
of K. Harvest history was simulated based on the
following assumptions: first year (1975) catch was at
MSY; from 1976 to 1984, the exploitation was 0.75 of
Fmsy with a multiplicative random error from a
lognormal distribution (i.e., log-transformed C had an
error with a mean of 0 and a coefficient of variation
[100 3 SD/mean] of 20%). In subsequent years, F was
assumed to follow a uniform distribution with variable
values: F was assumed to be between 1.0 and 1.5 3
Fmsy from 1986 to 1990; between 1.5 and 2.5 3 Fmsy
from 1991 to 1995; between 1.0 and 1.5 3 Fmsy from
1996 to 2000; and between 0.7 and 1.0 3 Fmsy from
2001 to 2005. One abundance index data set was
simulated by assuming a q of 0.1 3 106, and the
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FIGURE 5.—Population abundance (millions of fish), catch
(millions of fish), and survey abundance indices (number of
fish/set) simulated from 1975 to 2005.

observation error of the abundance index followed a
lognormal distribution (i.e., log-transformed abundance
index has an error with a mean of 0 and SD of 0.2). The
resulting data can be very different for different
iterations of the simulation process; we randomly
picked one set of catch and abundance index data, as
shown in Figure 5.
In this study, we selected years with an end number
of 0 or 5 for analysis. The selection was based on
convenience and to produce a reasonable number of the
figures since our intent was not to assess this simulated
example fishery. In practice, assessment of fishery
status for all years is suggested based on the proposed
approach.
Results
Figures 4 and 6 give the results of the simulated
fishery analysis for 1980. The population abundance in
1980 was lower than Nmsy (Figures 4, 6). There was
relatively low likelihood that the fishery exploitation
was close to or higher than Fmsy because the likelihood
ratio of the fishery being in region H1 was 5.72 times
that of the fishery being in H3 (Figures 4A, 6A), and
the total catch was below the surplus production

FIGURE 6.—The fishery status in simulation year 1980 and
its uncertainty, displayed as status graphs describing (A) catch
at a fishing mortality level F corresponding to maximum
sustainable yield (MSY) and (B) catch at surplus production.
See Figures 1–3 for further details.

because the observed catch was below the LRCI of
surplus production (Figures 4B, 6B). Thus, the fishery
could be regarded as being overfished, but the
population would increase because the surplus production was higher than the reported catch.
The example fishery status assessment in 1975,
1985, 1990, 1995, 2000, and 2005 is shown in Figure
7. The risk of overfishing in 1975 was high because
exploitation was higher than CFmsy and Csp. Additionally, the fishery data suggests strong evidence that the
fishery was overfished because population abundance
was less than Nmsy. Here, although there is overlap

FISHERY STATUS EVALUATION
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FIGURE 7.—Estimated fishery status in simulation years 1975, 1985, 1990, 1995, 2000, and 2005, corresponding to (A) the
status graph (Figure 1) describing catch (millions of fish) at a fishing mortality level corresponding to maximum sustainable yield
and (B) the status graph (Figure 2) describing catch at surplus production.

between the LRCI of population size and that of Nmsy,
there was strong positive correlation (0.82; figure not
shown here), hence the likelihood that abundance was
greater than Nmsy was outside of the LRCI. The fishery
status in 1985 was close to that of 1980, but the
population size had a higher likelihood of being greater
than that in 1980. The risk of overfishing in 1990 and
1995 was low because catch was below Csp, though
there was some likelihood that exploitation was above
Fmsy. The data indicate some evidence of overfishing,

and the population had a roughly equal likelihood of
being above or below Nmsy. In 2000, overfishing
obviously happened, given the strong likelihood that
catch was above CFmsy and above Csp. In 2005, the
likelihoods of overfishing (C . CFmsy) and the
population being overfished (N , Nmsy) were both
low even though the likelihood ratio for the population
being in H1 was 9.68 (Table 2).
Combining results from CFmsy and Csp, the status
graph gives a greater sense and better understanding of
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TABLE 2.—A comparison between composite risk assessment and the graphical likelihood method. Composite risk assessment
estimates the probability of fishery catch C in a given year being larger than C at a fishing mortality level F corresponding to
maximum sustainable yield (MSY; i.e., P[C . CFmsy]) and the probability of C being larger than C at surplus production (P[C .
Csp]). Graphical likelihood inference calculates the likelihood ratio (LR) of the population being in each region of the CFmsy and
Csp status graphs (Figure 6).
Composite risk assessment

Graphical likelihood inference for fishery status (Table 1; Figure 6)

Year

P(C . CFmsy)

P(C . Csp)

LR for regions H1 to H5

LR for regions H6 to H11

1980
1985
1990
1995
2000
2005

0.023
,0.001
0.041
0.042
0.910
,0.001

,0.001
,0.001
0.003
,0.001
1.000
0.002

1; 1.39; 5.72; .1,000; .1,000
2.08; 1; .1,000; .1,000; .1,000
3.19; 1; 8.17; .1,000; .1,000
1.17; 1; 2.48; .1,000; .1,000
.1,000; 2.16; 1.68; 1; 17.64
9.68; 1; .1,000; .1,000; .1,000

1; 1.39; .1,000; .1,000; .1,000; .1,000
2.08; 1; .1,000; .1,000; .1,000; .1,000
3.22; 1; .1,000; .1,000; .1,000; .1,000
1.17; 1; .1,000; .1,000; .1,000; .1,000
.1,000; .1,000; 376; 1.68; 1; 14.73
9.68; 1; .1,000; .1,000; .1,000; .1,000

fishery status and, hence, management. The graphical
approach provided estimates of fishery status consistent
with those of the composite risk assessment method
(Table 2). The likelihood ratios of the graphical
approach quantified the strength of all possible
descriptions of fishery status shown as graphical
regions.
Discussion
The graphical approach used here to evaluate fishery
status was based on a risk analysis that compares the
difference between catch and CFmsy or Csp. This
approach also included information on the population
status as well as indications of uncertainty in the
estimation of fishery status. For example, when
population abundance is high, overexploitation may
put the fishery status mainly in states H4 and H10, but
when population abundance is low, overexploitation
will tend to put the fishery status mainly in states H3
and H8. Thus, the implications of overexploitation for
fishery status are very different depending on population abundance (Table 1).
This graphical depiction through the CFmsy and Csp
spaces offers a powerful way to understand risk and
uncertainty that can be interpreted by all participants in
the management of a fishery. Although the approach is
technically not easy, the output results are vivid,
general, and straightforward. Thus, it is a valuable tool
for communicating stock assessment results. Further
detailed quantification, with more regions subdividing
the graphical region, can be developed to better
evaluate the risk by including more information on
exploitation and stock abundance status.
The basis for the Csp status graphs in Figure 2 is the
comparison of the catch with the surplus production;
therefore, the corresponding exploitation rate to reach
the surplus production when abundance is lower than
Nmsy will be higher than Fmsy. When abundance is
higher than Nmsy, the corresponding exploitation rate to

reach the surplus production will be lower than Fmsy.
Due to the possibility of the Allee effect (Dennis 1989;
Frank and Brickman 2000), caution should be
exercised in using this approach to explain stock status
when stock abundance is low. A combination of status
graphs for CFmsy and Csp is suggested when explaining
stock status.
For the graphical method described in this study, an
approach similar to the surplus production model can
be derived from an age-structured model that estimates
F from the age-structured model and estimates Fmsy
from a combination of a yield-per-recruitment model
and a stock–recruitment model derived from agestructured models (Shepherd 1982). Surplus production
in year t can be estimated as (Ntþ1 þ Ct)  Nt (Quinn
and Deriso 1999); the surplus production curve can be
derived from a combination of a yield-per-recruitment
model and a stock–recruitment model (Shepherd
1982), though the result may be different from yearly
estimated surplus production. Because of the difficulty
in solving multiparameter models when using the
likelihood approach, algorithms such as the Markov
chain Monte Carlo (MCMC) method, which is widely
used for Bayesian statistics, can also be used to solve
for likelihood estimation using objective priors.
Examples can be found in Geyer and Thompson
(1992) and Geyer (1994). In those studies, MCMC was
used to obtain MLEs, and calculating the likelihood
profile was simply a matter of maximizing over the
nuisance parameter for each fixed value of the
parameter of interest.
Uncertainty in fishery status should be included by
managers in setting fishery management policy.
Harvest strategies need to correspond to the different
time frames as well as fishery status conditions. For
example, if the best estimate shows that currently C is
less than CFmsy, but the graphical approach shows that
H3 is within the LRCI of the current fishery status or
that the likelihood ratio of H3 is low, managers should
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adopt a precautionary management strategy even if a
management policy based on Fmsy is used. This is
especially needed when the population size is low (i.e.,
the fishery is in the region of H1, H3, or H5 or in the
region of H6, H8, or H9). With improved understanding
of current fishery status, fishery managers would be
able to make better decisions and better help other
stakeholders understand and implement those decisions
(Boucek et al. 2001).
In this study, we provided intervals and painted the
regions of the status graphs based on the LRCI; we also
provided likelihood ratios to address the strength of the
different hypotheses about the fishery status shown as
regions in the status graphs. The method is much more
general than just the calculation of an LRCI with k
equal to 6.82 or 20.0 and could be used for any limit
reference point and any k-value. For a specific fishery,
k-values may be chosen based on the characteristics of
the fishery, the fishery status, and the risk level that the
management agency and other stakeholders would like
to accept. The k-values selected to paint the regions are
set arbitrarily in this paper, but for real management
scenarios k can be based on experience or on
agreement among stakeholders. Royall (1997) suggested a k-value of 8 as strong evidence. The higher the kvalue chosen, the more risk averse is the guidance for
fishery status interpretation and management.
Using k to represent the evidence threshold, observed
data can be considered evidence in favor of H2 (if [L2/
L1]  k), evidence in favor of H1 (if [L2/L1]  [1/k]),
and no evidence (if [1/k] , [L2/L1] , k). Choosing an
appropriate k-value is analogous to choosing an
appropriate significance level in frequentist hypothesis
testing. Equivalent to the type I (a) and type II (b)
errors used in frequentist statistics, the likelihood
approach calculates the evidence of supporting the
false hypothesis versus the evidence of supporting the
true hypothesis. After k is chosen, we can calculate the
probability of supporting the false hypothesis (e.g., H2)
over the true hypothesis (e.g., H1) as
Pðmisleading evidenceÞ ¼ P½ðL2 =L1 Þ  k ;
and we can calculate the probability of failing to
support H2 when H2 is in fact true as
Pðweak evidenceÞ ¼ P½ðL2 =L1 Þ , k :
In contrast to the frequentist paradigm, with the
likelihood approach the error rates are independent of
the measurements of evidence (Royall 1997).
Methods for dealing with uncertainty and risk in the
state of a fishery include the use of decision tables
(Hilborn and Walters 1992) and risk assessment (FAO
1995; Helser et al. 2001; Jiao et al. 2005). These

analyses are based on (1) comparison of population
biomass or abundance with a reference biomass or
abundance or (2) comparison of an indicator reference
point with the management reference point. Composite
risk assessment assesses the probability that population
size or harvest is larger than the corresponding
biological reference point. Results from composite risk
assessment help us to judge the fishery status. The
graphical approach proposed in this paper gives
comparable fishery status evaluation as the composite
risk assessment method. It considers uncertainty in
both the indicator reference points and the management
reference points. However, the amount of information
displayed by the composite risk assessment is not as
thorough as in the likelihood inference approach
provided here. The graphical likelihood inference
approach evaluates the strength of the evidence in
each possible fishery status. It shows the fishery status
and its uncertainty over time vividly via graphical
presentations, which are statistically valid and easy to
understand by all parties involved in the fishery. The
graphical approach is thus a valuable tool for
communicating stock assessment results.
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