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a  b  s  t r  a  c  t

Legislative  changes  in the  United  States  and elsewhere  now  require  scientific  advice  on  catch  limits
for  data-poor  fisheries.  The  family  of stock  reduction  analysis  (SRA)  models  is  widely used  to  calculate
sustainable  harvest  levels  given  a  time  series  of  harvest  data. SRA  works  by solving  the  catch  equation
given  an assumed  value  for  spawning  biomass  relative  to  unfished  levels  in  the  final  (or  recent)  year,
and  resulting  estimates  of recent  fishing  mortality  are  biased  when  this  assumed  value  is  mis-specified.
We  therefore  propose  to  replace  this  assumption  when  estimating  stock  status  by  using  compositional
data  in  recent  years  to  estimate  a  catch  curve  and  hence  estimating  fishing  mortality  in  those  years.
We  compare  this  new  “catch-curve  stock  reduction  analysis”  (CC-SRA)  with  an  SRA  or  catch  curve  using
simulated  data  for slow  or fast  life  histories  and various  magnitudes  of  recruitment  variability.  Results
confirm  that  the  SRA  yields  biased  estimates  of current  fishing  mortality  given  mis-specified  information
about  recent  spawning  biomass,  and  that  the  catch  curve  is  biased  due  to changes  in fishing  mortality
over  time.  CC-SRA,  by  contrast,  is approximately  unbiased  for low  or moderate  recruitment  variability,
and  less  biased  than  other  methods  given  high  recruitment  variability.  We  therefore  recommend  CC-SRA
as  a data-poor  assessment  method  that  incorporates  compositional  data collection  in  recent  years,  and
suggest  future  management  strategy  evaluation  given  a data-poor  control  rule.

Published  by Elsevier  B.V.

1. Introduction

Improving the scientific basis for management of “data-poor”
fisheries remains a central challenge for fisheries science in the 21st
century. Fisheries may  have few available data for a variety of rea-
sons, including having low economic value, being in development
and/or in the developing world, and having small population size
and localized dynamics. In the United States and elsewhere, many
such data-poor fisheries have an accurate time series of catch or
landings data (Vasconcellos and Cochrane, 2005), though the inter-
pretation of catch data remains an important and highly-contested
subject of research (Daan et al., 2011; Pauly et al., 2013).

Since the publication of Stock reduction analysis, another solution
to the catch equations (Kimura and Tagart, 1982), researchers have
commonly combined a time series of catch data with an assumption
of final biomass relative to unfished or initial biomass to esti-
mate population productivity and reconstruct historical abundance
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and exploitation rates. The resulting family of “stock reduction
analysis” (Kimura et al., 1984) has since been expanded to incorpo-
rate stochastic variability in population dynamics (Walters et al.,
2006) and a flexible shape for the production function describ-
ing expected changes in population abundance (Dick and MacCall,
2011). Stock reduction analysis can also include age-structured
population dynamics (Cope, 2013) and prior information regarding
population abundance at the start of the catch time series (Martell
and Froese, 2013). Despite these differences, this family of models
shares a common dependence upon prior assumptions regarding
final depletion, and simulation testing indicates that these meth-
ods perform well when assumptions regarding final abundance are
met  and poorly otherwise (Wetzel and Punt, 2011).

Alternative research has sought to develop rules-of-thumb for
population abundance given changes in catch over time (Kleisner
et al., 2012). These methods are typically justified by demonstrat-
ing that predictions of abundance and/or productivity match stock
assessment estimates for assessed species (Froese et al., 2012;
Srinivasan et al., 2010), although the degree of match remains con-
tested (Cook, 2013). Alternatively, statistical models may  seek to
estimate the average relationship between changes in catch and
population abundance (Costello et al., 2012; Thorson et al., 2012).
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One possible justification for these statistical methods is that they
implicitly reconstruct the coupled dynamics of population abun-
dance and fishing effort (Thorson et al., 2013). However, many
species show little predictive relationship between past and future
changes in fishing effort (C. Szuwalki, Bren School of Environmen-
tal Science and Management, University of California, personal
communication 2014), so these effort-based methods of informing
population abundance may  not be appropriate for many stocks.

Finally, decades of research have developed methods to esti-
mate fishing mortality rates from samples of the age or length
composition of the population (Chapman and Robson, 1960). Such
estimates can be assessed relative to optimal levels of fishing mor-
tality whenever auxiliary information regarding species’ life history
is available (Hordyk et al., 2014). Methods using samples of age
composition from a fishery are typically called ‘catch curves,’ and
catch curves have been modified since their inception to account for
variable recruitment (Schnute and Haigh, 2007) and fishery selec-
tivity (Thorson and Prager, 2011; Wayte and Klaer, 2010). However,
catch curves that analyze multiple biological cohorts within a sin-
gle year (i.e. treating different ages within a year as a “synthetic
cohort”) must assume that fishing mortality rates are approxi-
mately constant over time, and this assumption is rarely met  in
practice.

In this study, we demonstrate that these disparate research
trajectories can be combined to their mutual benefit. Specifi-
cally, we repeat the derivation of Kimura and Tagart (1982) that
introduced stock-reduction analysis, and show that pre-specifying
final depletion is only necessary to obtain a single degree of
freedom during parameter estimation. This degree of freedom
can also be obtained by estimating fishing mortality in the final
year via a catch curve. Therefore, a combined catch curve stock-
reduction analysis (CC-SRA) accomplishes the goals of both catch
curve and reduction analysis methods, while relaxing problematic
assumptions in each method individually. We  then use simu-
lation modelling to evaluate the relative performance of catch
curves, stock-reduction analysis, and CC-SRA when estimating
spawning biomass relative to unfished levels and fishing mortal-
ity. We  also reposit all code necessary to replicate this analysis
or apply CC-SRA to a new data set in the first-author’s website
(https://sites.google.com/site/thorsonresearch/code/ccsra).

2. Methods

2.1. The original derivation of stock reduction analysis

In its original development (Kimura and Tagart, 1982), stock
reduction analysis seeks to calculate a time series of fishing mor-
tality rates Ft for all years t1 through tn, as well as the (constant)
annual recruitment rate R, given a fixed (assumed known) value for
natural mortality M,  initial population abundance B1, and change
in abundance (“depletion”) between initial and final years D. This
therefore involves calculating N + 1 parameters (one parameter
Ft for each of N estimated years, plus one parameter R). Stock
reduction analysis gains N degrees of freedom by specifying the
Baranov catch equation and using a catch time series C1 through
Cn to solve for F1 through Fn:

Ct = Bt
Ft

Ft + M
(1 − exp{−Ft − M})  (1)

It also uses the following equation for population dynamics:

Bt = Bt−1 exp{−Ft−1 − M}  + R (2)

where R here includes both juvenile production and growth, and
selectivity is constant among ages. These equations can be solved
via forward projection given known values for biomass in the
initial year (B1) and natural mortality (M), except that annual

recruitment R is unknown. This latter degree of freedom is gained
by the assumption that the total change in abundance is known:

D = Bn+1

B1
(3)

In essence, this approach acknowledges that, given a known
value for natural mortality, initial biomass, and catch, there is
exactly one possible solution (i.e. one level of annual recruitment)
that results in a given change in biomass by the end of the time
series. This derivation involves determinstic calculations (for F1
through FN, and R) and hence has no way to characterize uncertainty
about these calculations, although subsequent developments of
stock-reduction analysis have developed formal estimation meth-
ods that characterize uncertainty using Bayesian priors or penalties
(e.g., on total change in abundance, D, Dick and MacCall, 2011).

2.2. Catch-curve stock reduction analysis

This derivation for stock reduction analysis must be modified
in several ways to make it consistent with contemporary assump-
tions about population dynamics and stock assessment practices.
First, many researchers now use age-structured population dynam-
ics and fishery selectivity (Hilborn, 1990). We  therefore replace the
population dynamics equation (Eq. (2)) with dynamics of abun-
dance at age Na,t for age a and year t:

Na,t =
{

Rt if a = 0

Na−1,t−1 exp{−SaFt−1 − M}  if a > 0
(4)

where Rt is recruitment in year t and Sa is fishery selectivity at age
(which is defined to have a maximum of 1.0). Fishery selection is
now assumed to be age-specific, and hence Ft in the age-structured
model (Eq. (4)) is the fishing mortality at the age of maximum
selectivity, as opposed to the constant selectivity of the original
SRA model (Eq. (2)). Spawning biomass SBt includes the effect of
individual weight at age wa and maturity at age ma:

SBt =
amax∑
a=0

wamaNa,t (5)

while fishery catch at age Ca,t (in numbers) again uses the Baranov
catch equation:

Ca,t = Na,t
SaFt

SaFt + M
(1 − exp{−SaFt − M})  (6)

and total catch Ct (in weight) in year t is inner product of catch at
age and weight at age. Recruitment is a lognormally distributed ran-
dom variable with mean derived from a parametric stock-recruit
relationship. In this case, we use the steepness parameterization of
the Beverton–Holt function:

ln(Rt)∼Normal

(
ln

(
4hR0SBt

SB0(1 − h) + SBt(5h  − 1)

)
− �2

R

2
, �2

R

)
(7)

where steepness h governs the degree of compensation in recruit-
ment. Future research could explore more-flexible stock-recruit
curves in CC-SRA (Dick and MacCall, 2011; Mangel et al., 2010),
although we do not do so here. We  critically assume that abun-
dance at age at the beginning of available catch data is from an
approximately unfished state:

ln(Na,t1 )∼Normal

(
ln(R0 exp{−aM})  − �2

R

2
, �2

R

)
(8)

and the implied link between Na,t1 and R0 replaces the requirement
for assuming a value of B1 in conventional stock-reduction analysis.
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