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We  developed  an  approach  for estimating  changes  in  relative  year-class  strength  of  source  populations
contributing  to  mixtures  by incorporating  ages  or lengths  of  mixture  individuals  in genetic stock  iden-
tification  models.  The  approach  is intended  for  long-lived  fishes  with  high  pre-recruitment  and  low
post-recruitment  mortality  rates  for which  consistent  temporal  changes  in  recruitment  can  be  assumed.
Age-  and  collection-year  specific  contributions  of  sources  to  the mixture  are  modeled  as  linear  functions
of two  source-specific  parameters:  an intercept  representing  relative  recruitment  for  the  first  modeled
year  class  and  a  slope  representing  how  relative  recruitment  changes  annually.  Based  on  simulations,  the
estimation  approach  performed  reasonably  well  under  diverse  conditions,  including  varying  numbers  of
sources,  levels  of genetic  divergence  among  sources,  degrees  of  change  in  year-class  strength,  durations
and  frequencies  of sampling  from  mixtures,  age  ranges  of  individuals  from  mixtures,  and  sample  sizes
from  mixtures.  The  estimation  approach  was  also  robust  to aging  error  and  uncertainty  in length-age
relationships.  We  applied  the  approach  to genetic  and  length  data  for lake  sturgeon  Acipenser  fulvescens
tock assessment
ayesian methods

from  Green  Bay,  Lake  Michigan,  collected  from  2002 to 2008,  with  sources  corresponding  to  five  Lake
Michigan  tributaries.  Two  of  the  Lake  Michigan  sources  showed  declining  recruitment  levels,  whereas
the  other  three  sources  showed  increasing  recruitment  levels.  We  believe  our  proposed  approach  for
indexing  changes  in year-class  strength  shows  promise  as a  tool  for identifying  sources  potentially  at
risk due  to declining  recruitment  and  for relating  changes  in  recruitment  to biotic  or  abiotic  factors.

Published  by  Elsevier  B.V.
. Introduction

Understanding variation in recruitment of fish populations is
ritical for effective fisheries management (Hilborn and Walters,
992; Miller, 2007; Ludsin et al., 2014). The ability to accurately
ssess recruitment provides important information concerning
ong-term population viability as well as sustainable harvest lev-
ls for populations. However, assessing recruitment patterns can

e difficult because of typically high inter-annual variability that
an result from an array of factors (Ludsin et al., 2014). Assessing
ecruitment patterns becomes even more difficult when individ-

∗ Corresponding author. Present Address: Wisconsin Department of Natural
esources, 2801 Progress Road, Madison, WI  53716, USA.

E-mail addresses: tsehaye@msu.edu, iyob.tsehaye@wisconsin.gov (I. Tsehaye).

ttp://dx.doi.org/10.1016/j.fishres.2015.09.004
165-7836/Published by Elsevier B.V.
uals from multiple spawning populations (hereafter referred to as
sources) intermix during non-spawning periods (hereafter referred
to as mixtures), as it can be difficult to trace individuals back to
their sources (Guan et al., 2013; Li et al., 2015). Mixtures commonly
occur in both marine and freshwater systems and can arise nat-
urally as a result of a species life history (Morishima and Henry,
1999; Waldman et al., 2014) or as a consequence of natural or
anthropogenic disturbances (Ebener et al., 2010). One of the chal-
lenges in managing fisheries that exploit mixtures is designing
policies that take advantage of abundant sources without jeop-
ardizing those that are less abundant and/or productive (Ricker,
1958, 1973; Hutchings, 1996, 2000; Stephenson, 1999; Frank and
Brickman, 2000). Thus, understanding mixture composition and

how it changes in space and time is considered critical for success-
ful management of mixtures (Ruzzante et al., 2000; Manel et al.,
2005; Beacham et al., 2012). The development of a new method that

dx.doi.org/10.1016/j.fishres.2015.09.004
http://www.sciencedirect.com/science/journal/01657836
http://www.elsevier.com/locate/fishres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fishres.2015.09.004&domain=pdf
mailto:tsehaye@msu.edu
mailto:iyob.tsehaye@wisconsin.gov
dx.doi.org/10.1016/j.fishres.2015.09.004
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xtracts previously unavailable information on year-class recruit-
ent from genetic and length/age data can contribute to a better

nderstanding of recruitment dynamics in mixtures.
Model-based genetic stock identification (GSI) analyses have

een used to provide compositional estimates of mixtures to inform
sheries management for numerous species, including Atlantic cod
adus morhua (Ruzzante et al., 2000), chum salmon Oncorhynchus
eta (Seeb et al., 2004), sockeye salmon Oncorhynchus nerka
Beacham and Wood, 1999; Dann et al., 2013), Chinook salmon
ncorhynchus tshawytscha (Manel et al., 2005; Hess and Narum,
011; Rawding et al., 2014), walleye Sander vitreus (McParland
t al., 1999; Gatt et al., 2003; Brenden et al., 2015a), lake trout
alvelinus namaycush (Marsden et al., 1989; Page et al., 2003), lake
hitefish Corgeonus clupeaformis (Stott et al., 2012), and lake stur-

eon Acipenser fulvescens (Bott et al., 2009). In some cases, GSI
nalyses have incorporated genetic markers that can be processed
apidly, providing a means for real-time monitoring of mixture
omposition so that fisheries can be closed or effort diverted to
rotect vulnerable sources from overharvest (Manel et al., 2005;
ann et al., 2013).

Model-based GSI analyses are based on finite mixture modeling
hereby genotypes of individuals collected from mixtures along
ith genotype frequencies from sources are used to infer source

ontributions (Manel et al., 2005). There has been a growing ten-
ency for model-based GSI analyses to incorporate information
ther than just genetics data to aid in the estimation of source
ontributions. Initial attempts at this involved incorporating phe-
otypic measurements of individuals from sources and mixtures
nd estimating source contributions using genetic and phenotypic
easurement data jointly (Fournier et al., 1984). More recently,

cological covariates have been incorporated in model-based GSI
nalysis through a hierarchical Bayesian framework to inform the
stimation of source contributions to mixtures (Okuyama and
olker, 2005; Bjorndal and Bolten, 2008). A similar approach has
lso been used to estimate metapopulation contributions to newly
ormed colonies (Gaggiotti et al., 2004; Guo et al., 2008), which
rom an analytic standpoint shares much in common with GSI
nalyses. Moran et al. (2014) proposed blending the two previ-
us methods (i.e., incorporating phenotypic measures and Bayesian
ierarchical modeling) to both estimate source contributions to
ixtures and make inferences regarding the distribution of pheno-

ypic traits among sources. Methods for model-based GSI analyses
ave also expanded to account for other complexities, such as mod-
ling source contributions to multiple mixtures (Bolker et al., 2007)
nd accounting for sampling error in the determination of allele
requencies in sources (Bolker et al., 2003).

Oftentimes, GSI analyses were conducted by pooling individ-
als across a range of ages and/or sampling years when there is
o intention to assess annual changes in stock composition; thus,
stimated contributions represent a type of average over ages and
ampling years. However, source contributions to mixtures are a
eflection of multiple demographic processes, including recruit-
ent, mortality, and movement, and variations in any of these

rocesses can lead to temporal variation in source contributions
Bjorndal and Bolten, 2008). So long as the effects of other con-
ounding processes can be controlled or accounted for, temporal
ariation in source contributions may  then be used to estimate
hanges in the demographic process or processes giving rise to
he variations in source contribution. In this study, we sought to
evelop a method that could use the temporal variation in source
ontributions as a means to index changes in recruitment lev-
ls (i.e., year-class strengths) of sources contributing to mixtures.

e  were specifically interested in indexing changes in recruit-
ent given its prominence in the fishery management process, and

ecause recruitment is one of the most difficult demographic pro-
esses to measure (Hilborn and Walters, 1992). Information on how
rch 173 (2016) 236–249 237

year-class strength of sources has changed temporally would aid in
assessing source-specific susceptibility to overharvest as well as in
identifying environmental or anthropogenic disturbances that may
be responsible for the changes in recruitment (Fiksen and Slotte,
2002; Holt and Peterman, 2004).

In this study, we  expanded model-based GSI methods to include
age or length data of mixture individuals for estimating consistent
changes in year-class strength of contributing sources. The spe-
cific approach described herein is intended for long-lived species
that experience high pre-recruitment but low post-recruitment
mortality rates. We  explore through stochastic simulations how
accuracy of our proposed approach is affected by factors such
as mixture sample size and number of sources contributing to
mixtures. We also explore sensitivity to factors such as aging uncer-
tainty or uncertainty in age-length relationships when length is
used as surrogate for age. We  then demonstrate an application
using genetic and length data collected from Lake Michigan lake
sturgeon, a migratory species of conservation concern in the Lau-
rentian Great Lakes for which lack of information on individual
spawning populations has impeded the development of effective
restoration programs (Bott et al., 2009).

2. Methods

2.1. Estimation methodology

For a regular model-based GSI analysis that does not account for
age or length, the likelihood (�) of observing mixture genotype sam-
ples (X) given proportional contributions of sources ( p) and allele
relative frequencies at each locus and source ( Q ) can be specified
as

� (X|Q , p) =
M∏

m=1

I∑
i=1

pif (Xm|Q i), (1)

where M is the total number of sampled fish from the mixture,
I is the number of sources, pi is an element of p, and f (Xm|Q i)
denotes the expected frequency of individuals from the i-th source
with the same genotype as the m-th observed individual from the
mixture, which is determined from the allele relative frequencies
estimated for the sources and assuming a particular genetic model f
for determining genotype frequencies from allele frequencies (Pella
and Milner, 1987; Pella and Masuda, 2001). Generally, expected
genotype frequencies are calculated assuming Hardy–Weinberg
equilibrium applies to each locus.

For inferring changes in year-class strength, we cannot rely on a
single proportional contribution estimated for each source. Rather,
we need to estimate a proportional contribution of each age class
of each source. Thus, Eq. (1) is expanded to

�(X|Q , Pys) =
M∏

m=1

I∑
i=1

Pys
i,a

f (Xm|Q i), (2)

where X now consists of both the genotype and age of each indi-
vidual from the mixture and we  use P rather than p to indicate
contributions to reflect the greater complexity of the contributions
we are estimating. The sampling year (ys) superscripting on P and
P in Eq. (2) reflects the fact that for each year of sampling from the
mixture the source and age contributions are expected to change
due to abundance differences caused by variation in recruitment
and/or mortality. Thus, there will be a separate likelihood compo-

nent for mixture sampling year. Despite the greater complexity,
Pys still is defined on the simplex, meaning that the contributions
across all sources and ages are greater than or equal to 0, less than
or equal to 1, and the sum over all elements is 1.
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For the purpose of indexing year-class strength changes of
ources, we propose modeling the elements of Pys via a population-
pecific process. To do this, we first express recruitment through a
tandard population growth function
yc
i,0 = ˛iexp(ˇiyc), (3)

here Nyc
i,0 is abundance at age 0 (or some other specified age

f recruitment) for the i-th source and the yc-th year class, ˛i is
ecruitment level for the i-th source for the first assessed year class
for which yc = 0), which is a function of the years that samples are
ollected and the age range of collected individuals from the mix-
ures, ˇi represents the instantaneous rate of change in recruitment
evels for the i-th source. After loge transformation, this function is
inearized to

oge(Nyc
i,0) = loge(˛i) + ˇiyc. (4)

The determination of absolute source-specific recruitment is not
ossible based simply on composition of mixtures. As a result, it is
ecessary to impose a constraint on the loge(˛i) such that

i

loge(˛i) = 0, (5)

This effectively redefines all recruitment levels in Eq. (4) as
elative recruitments. Additionally, to reduce correlations among
arameters, the average slope and deviations from that average
re estimated, rather than the slope directly. Thus

ˇi = ¯̌ +  ıi,∑
i

ıi = 0 (6)

here ¯̌
 is the overall mean instantaneous rate of change in

ear-class strength of the sources and ıi are the source-specific
eviations from the overall mean value, both of which are esti-
ated quantities. Relative abundances at age of the sources can be

rojected assuming an exponential population model

yc
i,a

= Nyc
i,0exp

⎛
⎝−

a−1∑
j=0

Zi,j

⎞
⎠ , (7)

here Nyc
i,a

is the relative abundance at age a of the i-th source from
he yc-th year-class, and Zi,a is the instantaneous total mortality for
he i-th source at age a. Combining Eqs. (3) and (7) and taking the
oge transformation results in

oge(Nyc
i,a

) = loge(˛i) + ˇiyc −
a−1∑
j=0

Zi,j. (8)

There is an inherent confounding between the ˇi and the Zi,a so
hat these parameters cannot be simultaneously estimated without
dditional information. Our approach was to assume that external
stimates of Zi,a were available, which could arise from an appropri-
tely designed tagging study or some other assessment approaches.

When collections are made from a mixture in a particular
ampling year, collected individuals represent a range of year
lasses with the range depending on the sampling year and ages
f collected individuals. Consequently, the expected proportional
ontributions to the mixture from the i-th source for the a-th age
lass can be calculated

Nys−a

ys
i,a

= i,a

I∑
i=1

max(age)∑
a=min(age)

Nys−a
i,a

, (9)
rch 173 (2016) 236–249

where min  (age) and max  (age) indicate the minimum and
maximum age, respectively, in the mixture for which source con-
tributions will be assessed and ys – a indexes the correct year class
for the contributions. Under this formulation, the likelihood in Eq.
(2) can be re-expressed as

�(X|Q , ˛, ¯̌ ,  ı) =
M∏

m=1

I∑
i=1

(Pys
i,a

|˛, ¯̌ ,  ı)f (Xm|Q i). (10)

Movement rates of sources to the mixture were not incorporated
in any of the above descriptions as it is not necessary to know move-
ment in order to estimate parameters. Rather, it is only necessary
for movement to be constant both in time and across ages for the
purpose of assessing year-class strength changes within sources. If
movement rate estimates were available, they could be incorpo-
rated in Eq. (9) in a straightforward manner. One clear benefit of
incorporating movement rates is that it would permit inter-source
comparison of recruitment levels.

2.1.1. Incorporation of aging error
When fish are aged using bony structures (e.g., scales, otoliths,

cleithra), there generally is uncertainty associated with assigned
ages, with the potential for greater error for older ages of fish. Our
formulation prior to this point has not addressed aging uncertainty.
Here we  expand the approach to account for such error. We  assume
there is an appropriately constructed aging error matrix for the
aging structure and the populations under study

Ta′,a = P(a′|a)
max(age)∑

a′=min(age)

P(a′|a)

, (11)

where P(a′|a) is the probability that an individual identified as being
age a′ is actually a. For additional discussion on construction of
aging error matrices, see Richards et al. (1992). With aging error,
the likelihood in Eq. (10) can be expressed as

�(X|Q , ˛, ¯̌ ,  ı) =
M∏

m=1

I∑
i=1

max(age)∑
j=min(age)

Ta′,j(P
ys
i,j

|˛, ¯̌ ,  ı)f (Xm|Q i). (12)

Eq. (12) does not include parameters associated with the aging
error matrix because we are treating these as fixed values for sim-
plicity. In principle, we could include the aging error data and
estimate parameters needed to construct the matrix along with the
other parameters, which would require an extension to Eq. (12).
Such an extension would be relatively straightforward, although
this could lead to estimation difficulties.

2.1.2. Using length as a surrogate for age
For situations in which ages of fish from the mixture are not

available, analyses can still be conducted based on lengths of indi-
viduals from the mixture if von Bertalanffy growth models, or some
other growth functions, are available for each of the sources. The
von Bertalanffy growth model with a multiplicative error structure
can be expressed as

La = L∞(1 − exp(−�(a − t0)))exp(�La ),

�La∼N(0, �2
L ) (13)

where La is length at age a, L∞ is the asymptotic length, � is the
Brody growth coefficient, t0 is the theoretical age at which length
would be 0, and � is a normally distributed error term. Under this
La

specification, the likelihood of an individual of length Lm being age
a can be expressed as

� (Lm) = N(loge(Lm)|loge(E (La)), �2
L ), (14)
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Table 1
Assumed loge(˛i) values for simulations involving 6, 12, or 24 sources for evalu-
ating the accuracy/sensitivity of the proposed approach for indexing changes in
recruitment levels of sources contributing to a mixture.

6 Sources 12 Sources 24 Sources

0.83 0.78 0.88 −0.01
0.63  0.70 0.71 −0.04
0.39  0.60 0.70 −0.05
0.06 0.50 0.63 −0.13
−0.44 0.39 0.53 −0.25
−1.47 0.26 0.51 −0.33

0.11 0.49 −0.41
−0.07 0.35 −0.44
−0.28 0.23 −0.54
−0.55 0.09 −0.60
I. Tsehaye et al. / Fisheries

here E (La) is the expected length at a given age from Eq. (13).
herefore, the likelihood of the observations from the mixture given
he unknown parameters can be expressed as

(X|Q , ˛, ¯̌ ,  ı) =
M∏

m=1

I∑
i=1

max(age)∑
j=min(age)

Ti,Lm,j(P
ys
i,j

|˛, ¯̌ , ı)f (Xm|Q i) (15)

here Ti,Lm,a is the likelihood that the m-th individual of length Lm

rom the mixture is age a given that it is from the i-th source, which
s calculated using Eq. (14).

.2. Model fitting approach

We  programmed an estimation procedure capable of fitting each
f the models described above in AD Model Builder (Fournier et al.,
012). We  elected to use a Bayesian approach for model fitting as it
ould better allow characterization of uncertainty of the parame-

er estimates describing the changes in recruitment of the sources
ontributing to the mixture. Under a Bayesian approach, the pos-
erior probability distribution for the unknown parameters for the

odel can be specified as

(Q , ˛, ¯̌ , ı|X,Y) ∝ �(X|Q , ˛, ¯̌ ,  ı)�(Q |Y)�(loge(˛))�( ¯̌ )�(ı), (16)

here �(loge(˛)), �( ¯̌ ), and�(ı) are the prior probability distribu-
ions assigned to the parameters for assessing changes in relative
ecruitment strength of the sources, �(Q |Y) is the prior probability
istribution for allele relative frequencies of the sources ( Q ) given
he collection and genotyping of individuals from the sources (Y),
nd �(X|Q , ˛, ¯̌ ,  ı) is as defined in Eqs. (10), (12), or (15) depend-
ng on whether ages or lengths of individuals from the mixture is
bserved and whether aging error occurs.

Our specification of �(Q |Y) followed that of Rannala and
ountain (1997), although other specifications could also have

een used. Thus, even though �(Q |Y) in Eq. (16) is presented as prior
robability distributions, it is obtained as a posterior probability
istribution from a separate analysis so that the distribution of Q
as not updated as part of our GSI estimation model. As in Rannala

nd Mountain (1997), a Dirichlet probability density function was
ssumed for �(Q |Y). For the other prior probability distributions,
oge(˛i) were assigned normal densities with means and standard
eviations of 0 and 15, respectively, ¯̌ were assigned normal den-
ities with means standard deviations of 0 and 2, respectively, and
i were assigned uniform densities with lower and upper limits
f −2.0 and +2.0, respectively. The intent here was for these pri-
rs to be weakly informative, so that when informative data were
vailable the data would dominate the results.

.3. Evaluation of model performance and sensitivity

Stochastic simulations were used to investigate the perfor-
ance of our proposed estimation approach under a range of

onditions. These simulations were used to generate source and
ixture genotype data. Details of how we simulated source and
ixture data are provided in Supplementary material 1. Briefly, all

imulations assumed the same number of loci (15 loci), number
f alleles per locus (10 alleles per locus), source sample size (100
sh), and total annual mortality rates for the sources (Zi,a = 0.05).
he 0.05 total annual mortality rates assumed for all ages is close
o what has been estimated for actual lake sturgeon populations in
he Laurentian Great Lakes region (Baker, 1980; Nowak and Jessop,
987; Bruch, 2008) and has been used in other simulation studies

esigned around lake sturgeon populations (Schueller and Hayes,
010, 2011a,b). The age range of individuals from the mixed stock
as assumed to be 0–37 based on lake sturgeon age composition
ata from Lake Michigan.
−0.92 0.02 −0.96
−1.52 0.01 −1.37

Model performance was  evaluated under varying numbers of
sources (2 levels: 6 or 12 sources), genetic differences among
sources (3 levels: low, high, or varied [see Supplementary mate-
rial 1]), degrees of change in year class strength (ˇ) for the sources
(3 levels: low, high, or varied [see Supplementary material 1]), mix-
ture sampling durations (2 levels: 6 or 12 years), mixture sampling
frequencies (3 levels: annual, every 2 years, or every 3 years), age
ranges of mixture individuals (2 levels: 1–6 or 10–35), and mix-
ture sample sizes (2 levels: 100 or 300 fish). The loge(˛i) values
used to simulate data depended on the number of sources and were
assumed constant across simulations (Table 1). Based on a full fac-
torial design (2 × 3 × 3 × 2× 3 × 2 × 2), we evaluated a total of 432
scenarios of factor-level combinations, using1000 simulations for
each combination.

Given the total number of simulations conducted, it was not
feasible time-wise to use Bayesian-based estimation routines that
relied on Markov Chain Monte Carlo (MCMC) methods to charac-
terize posterior probability distributions of estimated parameters.
Therefore, for our analysis using simulated data, models were fit by
highest posterior density estimation. Models were fit in AD Model
Builder and were considered to have converged on a solution when
the maximum gradient of the parameters with respect to the objec-
tive function was less than 1.0E-4.

Performance of the estimation approach for each of the 432
simulation scenarios was evaluated based on accuracy and preci-
sion when estimating loge(˛i), ˇi, and the loge relative recruitment
for the last modeled year class of the sources, which we denote
as loge(Nlast

i,0 ). For the loge(˛i) and loge(Nlast
i,0 ), relative errors [(esti-

mate − true)/true)] were calculated for each iteration. For the ˇi, we
calculated absolute error (estimate − true) because these parame-
ters were defined on a logescale. The median and interquartile range
(IQR) of the relative and absolute errors calculated across all iter-
ations for a particular scenario were used as measures of accuracy
and precision, respectively.

Sensitivity of the estimation program to aging error, uncertainty
in age-length relationships when length is used as a surrogate for
age, errors in estimates of Z, and an increase to higher number
of sources was  conducted to assess robustness of our proposed
method. Sensitivity analyses were conducted assuming a mix-
ture sampling duration of 6 years with annual collections. Specific
details on how the sensitivity analyses were performed are pro-
vided in Supplementary material 1. Briefly, aging error matrices
were constructed using the normal model approach of Richards
et al. (1992); estimated ages were assumed to be unbiased but there
were low to moderate levels of ageing noise corresponding to stan-

dard deviations in estimated ages of 0.10 and 0.20, respectively. For
sensitivity scenarios using length as a surrogate for age, lengths
of individuals in the admixture were randomly generated from a
normal distribution with a CV = 10% and von Bertalanffy growth
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Fig. 1. Map of Lake Michigan showing the location of rivers associated with the lake
sturgeon sources contributing to the open-water Green Bay (circled) mixture that
40 I. Tsehaye et al. / Fisheries

arameters of L∞ = 184.1 cm,  k = 0.0755, and t0 = −2.365 yrs. For sen-
itivity to total mortality, we considered two scenarios: random
oise and source-specific bias (see Supplementary material 1 for
etails). For the high number of sources, we increased the number
f sources to 24 (see Table 1 for the loge(˛i) values assumed for each
ource). Sensitivity was evaluated based on relative error in loge(˛i)
nd loge(Nlast

i,0 ) estimates and absolute error in the ˇi estimates.

.4. Application to Lake Michigan lake sturgeon

The Lake Michigan lake sturgeon mixture data consisted of
enetic information from a total of 720 lake sturgeon collected
rom Green Bay by U.S. Fish and Wildlife Service and Wiscon-
in Department of Natural Resources researchers and commercial
shers using trap nets and gill nets from 2002 to 2007. Com-
ercial fishers were generally targeting either lake whitefish (C.

lupeaformis) or yellow perch (Perca flavescens),  so captured lake
turgeon were by-catch and fishers were required to release the
sh. Trap nets varied in dimensions but all had leads of approxi-
ately 300 m and pot mesh sizes of 11.43 cm.  Commercial gill net
esh size ranged from 6.35 to 11.43 cm.  Graded mesh research gill

ets targeting lake sturgeon were 20.23–35.56-cm stretch mesh.
ets were deployed throughout the calendar year, although the
ajority of samples came from collections in the spring and early

ummer. A total mixture sample size of 754 was available (2002:
 = 53, 2003: n = 197, 2004: n = 74; 2005: n = 303; 2006: n = 93; 2007:
 = 27). The source data came from fish collected from five Lake
ichigan tributaries: Fox (n = 65), Peshtigo (n = 115), Menominee

n = 64), Muskegon (n = 53), and Manistee (n = 97) Rivers (Fig. 1).
Fin clip tissue samples were obtained from all mixture and

ource lake sturgeon. Detailed descriptions of the locus-specific PCR
mplification and genotyping of tissue samples from the mixture
nd sources are provided in DeHaan et al. (2006), Bott et al. (2009),
nd Scribner et al. (2010). Briefly, tissue samples were genotyped
t 12 microsatellite loci: Spl120 (McQuown et al., 2000); AfuG68B
McQuown et al., 2002); Aox27 (King et al., 2001); AfuG68, AfuG9;
fuG63, AfuG74, AfuG112, AfuG56, AfuG160, AfuG195 and AfuG204
Welsh, 2004). The number of alleles per locus ranged from 2 to 12.
otential strays (i.e., individuals that strayed from a presumed natal
tream to a different stream at the time of spawning) were iden-
ified as described in Homola et al. (2012) and removed from the
ource datasets. Mean pairwise FST values between sources ranged
rom 0.03 to 0.07 (Supplementary material 2). Mixture simulations
f the genotype data for the Lake Michigan sources indicated that
here was a high degree of confidence (>90%) in differentiating
mong the sources based on existing genetics data (Supplementary
aterial 2).
Ages of lake sturgeon from Green Bay, Lake Michigan were not

vailable, so we used the length-based model to analyze changes
n year-class strengths of the five Lake Michigan tributaries. Based
n existing age-length data for Lake Michigan lake sturgeon (Elliott
nd Gunderman, 2008), a single von Bertalanffy growth model with
arameter estimates of L∞ = 181.46 cm,  k = 0.079, t0 = −2.023 yrs,
nd ��L

= 0.109 was used to convert lengths of fish in mixture sam-
les to ages. Based on the resulting ages, we used an age range of
–37 years for assessing recruitment changes. Given this age range
nd that the first year of collection from the mixture was 2002,
he first modeled year class corresponded to 1965 whereas the last

odeled year class corresponded to 2007.
The Lake Michigan lake sturgeon model was fit using a Bayesian

pproach. To assess uncertainty in parameter estimates, pos-

erior distributions for parameters and derived variables were
btained by MCMC  simulations with a Metropolis Hastings algo-
ithm (Fournier et al., 2012). The MCMC  simulations were run for
.1 million samples saving every 100th sample to produce a total
served as an empirical application of the proposed approach for indexing changes in
recruitment levels of sources contributing to a mixture. Inset shows Lake Michigan
in  relation to the other Great Lakes.

saved sample size of 10,000 after 1000 samples were discarded as
burn-in. MCMC  chains were evaluated for adequacy (convergence
and sufficient information) using trace plots for each estimated
parameter and derived variable as a visual check to ensure the chain
was well-mixed and did not show “stickiness”, the effective sample
size of the saved MCMC  chains, and the similarity between the first
10% and last 50% of the saved chains using a standard Z-score test
(Geweke, 1992). MCMC  chain diagnostics were conducted in R (R
Core Team, 2014) using the CODA package (Plummer et al., 2006).
Here we used parameters (or quantities calculated from them) that
produced the highest posterior density as point estimates (HPD)
and summarized uncertainty via 95% credible intervals.

3. Results

3.1. Performance of estimation model under simulated scenarios

For most simulation scenarios, results were consistent across
individual sources; consequently, we averaged the median and IQR
of relative errors of loge(˛i) and loge(Nlast

i,0 ) and of absolute errors of

ˇi across sources to simplify the presentation of results (Figs. 2–4).
The only exception to this was for scenarios where genetic differ-
ences between sources and levels of change in year-class strength of
the sources were varied; we present results for individual sources
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Fig. 2. Median (smaller symbols) and interquartile range (larger symbols) of relative error of loge(˛i), averaged across sources, from the simulations conducted to evaluate
performance the proposed approach for indexing changes in recruitment levels of sources contributing to a mixture. The panel labels indicate particular combinations of level
of  genetic difference between sources and degree of change in year-class strength (e.g., Low–High = low genetic difference and high change in year-class strength). The groups
of  symbols within a panel correspond to different combinations of number of sources (6 or 12), age range of individuals (1 = 1–6; 2 = 10–35), and mixture sample size (e.g.,
6 pes an
(  year
3 elative
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–2–100 = 6 sources, large age range, and mixture sample size of 100). Different sha
6  = 6 years; 12 = 12 years) and mixture sampling frequencies (1 = annual, 2 = every 2

 years). The dashed horizontal line is a reference line corresponding to a median r

or these scenarios (Figs. 5–7). We  present additional results for
ndividual sources (for a subset of simulation scenarios; 6 years of
nnual sampling from the mixture) in Supplementary material 3
Fig. S1) for those that are interested in individual source results.

Median relative errors of loge(˛i) (Fig. 2) and loge(Nlast
i,0 ) (Fig. 3),

veraged across sources, ranged from −0.2 to 0.2 across the sim-
lation scenarios, whereas the median absolute error of  ̌ ranged
rom −0.01 to 0.01 (Fig. 4). Combined, these finding suggests that
he estimation approach on average provided accurate parame-
er estimates across the range of examined scenarios. The IQRs of
he relative and absolute errors of the parameters were more vari-
ble (Figs. 2–4), suggesting that precision of the estimates varied
mong the combinations of factor levels under evaluation. Based
n both the median and IQR of the relative and absolute errors of
he parameters, performance of the estimation approach improved

ith fewer sources, larger mixture sample sizes, higher genetic
ivergence among sources, and higher sampling duration and fre-
uency. In some cases, the effects of a given factor on the accuracy
nd precision of parameter estimates varied depending on the
d colors of symbols identify different combinations of mixture sampling durations
s; 3 = every 3years) (e.g., 12–3 = sampling duration of 12 years with sampling every

 error of 0.

levels of other factors. For example, the effects of duration and fre-
quency of sampling from the mixture were more pronounced when
the number of sources was larger and/or mixture sample size was
smaller.

The effect of age range of individuals from the mixture on accu-
racy and precision of estimates varied by parameter. Accuracy of
parameter estimates generally improved with a larger age range of
individuals; this was  most noticeable for  ̌ for simulations involv-
ing 12 sources and mixture sampling duration of 6 years where at
a low age range estimates were often negatively biased with the
bias decreasing for a larger age range (Fig. 4). For loge(˛i), the IQR
of the relative error slightly increased with a larger age range. Con-
versely, for  ̌ and loge(Nlast

i,0 ) precision improved with a larger age
range (Figs. 3 and 4), and was most noticeable for  ̌ at low mixture
sample sizes (Fig. 4).
For scenarios with varying levels of genetic difference among
sources and varying ˇi, the sources that were assigned large
changes in year-class strengths (i.e., ˇi values ranging from +0.02 to
+0.03) experienced less variability in relative errors ofloge(˛i) and
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Fig. 3. Key same as in Fig. 2 ex

oge(Nlast
i,0 ) than populations that were assigned small changes in

ear class strength (Figs. 5 a–7 a). This was particularly noticeable
or loge(˛i) and ˇi for mixture sample sizes of 300 fish (Figs. 6 a–7
). Despite this greater variability, accuracy in the parameter esti-
ates was not affected, as evidenced by the median relative errors

n loge(˛i) and loge(Nlast
i,0 ) and absolute errors in ˇi being close to 0

Figs. 5 a–7 a).

.2. Model sensitivity

Sensitivity results were consistent across the range of scenarios
xamined. Consequently, for brevity, we report on scenarios involv-
ng varied levels of genetic difference among sources and varying
i. The results for other combinations of genetic differences among
ources and levels of change in year-class strengths of sources are
hown in Supplementary material 3 (Figs. S2–S5).

Based on the relative errors in loge(˛i) and loge(Nlast
i,0 ) and abso-

ute error in ˇi for individual sources, the estimation approach
ppeared fairly robust to the incorporation of aging error in the

nalyses. With moderate aging error, the distributions in relative
nd absolute errors for individual sources appeared to match those
rom analyses without aging error (compare Fig. 5 b with 5 a, 6

 with 6 a, and 7 b with 7 a), with the exception that for some
or relative error of loge(Nlast
i,0

).

scenarios the precision of the parameter estimates became slightly
poorer (e.g., 6 source populations with a large age range of mixture
individuals and mixture sample size of 300 fish). The same was
obviously true with low aging error with the change in precision
being even less noticeable for most scenarios (results not shown).
The use of length as a surrogate for age did not affect the accuracy
of the estimation approach as the medians of the relative errors
in loge(˛i) and loge(Nlast

i,0 ) and absolute errors in ˇi continued to
be centered close to 0.0; however, the precision of the estimates
became noticeably poorer when length was used as a surrogate for
age compared to an age-based model without aging error (compare
Fig. 5 c with 5 a, 6 c with 6 a, and 7 c with 7 a). The estima-
tion approach was robust to random noise in total mortality with
regards to accuracy and precision (results not shown). However,
the model was  sensitive to source-specific bias in total mortali-
ties. When the same mortality (0.05) was  assumed for all sources,
the estimation model overestimated loge(˛i) and underestimated
ˇi, for the sources for which total mortalities were generated from
a N(0.04, 0.008) distribution. Conversely, the estimation approach
underestimated loge(˛i) and overestimated ˇi for the sources with

for which total mortalities were generated from a N(0.06, 0.0012)
distribution (compare Fig. 5 d with 5 a, and 7 d with 7 a). Source-
specific biases in mortality had little effect on loge(Nlast

i,0 ) (compare
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2 except for absolute error of ˇi .
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Table 2
Highest posterior density estimates (HPD) and lower and upper 95% Bayesian cred-
ible  limits (CLs) of loge(˛i), ˇ, and loge(Nlast

i,0
) estimated for the Green Bay lake

sturgeon mixture.

Parameter/variable Source HPD Lower CL Upper CL

loge(˛i) Fox 1.501 0.802 2.932
Peshtigo 1.621 1.018 3.040
Menominee 1.022 0.335 2.470
Muskegon −2.173 −5.832 0.181
Manistee −1.970 −6.528 0.430

ˇi Fox −0.034 −0.058 −0.008
Peshtigo 0.007 −0.010 0.026
Menominee −0.014 −0.036 0.010
Muskegon 0.036 −0.035 0.167
Manistee 0.008 −0.117 0.183

loge(Nlast
i,0

) Fox 0.056 −0.825 1.655
Peshtigo 1.936 1.203 3.472
Menominee 0.433 −0.383 1.977
Fig. 4. Key same as in Fig. 

ig. 6 d with 6 a). Lastly, an increase in the number of sources to 24
rimarily resulted in greater imprecision in the estimated parame-
ers as evidenced by the larger IQRs of the relative errors for loge(˛i),
oge(Nlast

i,0 ) and ˇi compared to an age-based analysis without aging
ncertainty (compare Fig. 5 e with 5 a, 6 e with 6 a, and 7 e with 7
).

.3. Stock contributions to Lake Michigan lake sturgeon

The loge(˛i), ˇi, and loge(Nlast
i,0 ) for the lake sturgeon sources con-

ributing to the Green Bay, Lake Michigan mixture were estimated
ith a relatively high degree of certainty, with the posterior distri-

utions for the parameters having relatively narrow 95% Bayesian
redible intervals (Table 2). Based on all criteria used to evaluate
onvergence, the MCMC  chain for each of the parameter estimates
as judged to have converged to the underlying posterior probabil-

ty distribution and to contain enough information to characterize
he distribution. Trace plots showed no “stickiness,” and the means
f the first 10% and last 50% of the saved samples were similar based
n Geweke’s (1992) Z-score, with the absolute value of the Z-score

f the difference between the means of the first 10% and last 50%
eing less than two for all parameters.

The loge(˛i) estimates were the largest for the Fox and Peshtigo
iver sources, whereas the Manistee and Muskegon River sources
Muskegon −0.644 −2.089 1.740
Manistee −1.611 −5.342 1.729
had the lowest estimates (Table 2). As indicated in the methods,
using these estimates to make inter-source comparisons of recruit-
ment levels is complicated due to confounding with movement, so
we cannot be sure to what extent the high loge(˛i) estimates for
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Fig. 5. Boxplots of relative error of loge(˛i) under selected factor-level combinations (6 years of sampling; annual sampling, varied population divergences and varied changes
in  year class strength) from (a) an age-based analysis with no aging error, (b) an age-based analysis with �a assumed to be 20% of expected true age, (c) a length-based
analysis with ��L

assumed to be 10% of loge (E (La)), (d) an age-based analysis with no aging error with mixture data generated assuming Z ∼ N(0.04, 0.008) for one half of the
s ed Z=
T ow ch
s s (i.e., 

t
m
R
d
t
n

ources  and Z ∼ N(0.06, 0.0012) for the other half, but the estimation program assum
he  first half of displayed sources for the different boxplot grouping were assigned l
econd  half of displayed sources were assigned high changes in year-class strength

he Fox and Peshtigo Rivers reflects high recruitment or just higher
ovement rates to the mixture. Given that the Fox and Peshtigo

ivers outlet into Green Bay (Fig. 1), it seems likely this result is

ue at least partly to higher movement rates compared to some of
he other sources. Based on estimates of ˇi, the Fox and Menomi-
ee River sources were found to have declining year-class strength
 0.05, and (e) from an age-based analysis without aging error assuming 24 sources.
anges in year class strengths (i.e., ˇi ranging from −0.005 and +0.005), whereas the
ˇi ranging from +0.02 to +0.03).

levels, whereas the Muskegon, Manistee, and Peshtigo River were
found to have increasing year-class strength levels. 95% Bayesian
credible intervals for ˇi for all sources except the Fox River encom-

passed zero suggesting some uncertainty as to the actual trajectory
of the recruitment levels for the sources (Table 2). As a conse-
quence of the estimated changes in year-class strength, by the last
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Fig. 6. Key same as in Fig. 5 ex

odeled year class the Peshtigo and Menominee River sources had
he largest loge(Nlast

i,0 ) values whereas the Manistee and Muskegon
iver sources continued to have the lowest values (Table 2).

. Discussion
By expanding existing model-based methods for genetic stock
dentification to accommodate age or length data, we  developed
n approach for estimating changes in relative year-class strength
f source populations contributing to mixtures. The approach is
or relative error of loge(Nlast
i,0

).

intended for long-lived fishes with high pre-recruitment and low
post-recruitment mortality rates for which consistent temporal
changes in recruitment can be assumed, and it can effectively be
used to index recruitment levels of sources and help identify pop-
ulations of greatest concern where more intensive monitoring is
needed. Instead of directly estimating age-specific annual contri-
butions of sources to mixtures, which would require relatively

larger amounts of data, the proposed approach estimates age- and
collection-year specific contributions of sources to the mixture as
linear functions of two source-specific parameters: an intercept
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Fig. 7. Key same as in Fig. 

epresenting relative recruitment for the first modeled year class
nd a slope representing how relative recruitment changes annu-
lly. By evaluating scenarios with mixture genotype data generated
ased on initial recruitment values that varied by orders of mag-
itude and changes in year-class strength that varied over a wide
ange, the proposed approach was shown to be able to estimate
airly accurately the contributions of even the least productive

opulations and detect slight annual changes in their recruitment

evels.
For long-lived aquatic organisms, it has been argued that man-

gement assessments and decisions are best made by incorporating
pt for absolute error of ˇi .

data across different temporal scales (Orensanz et al., 2004). Doing
so, however, can be difficult unless standardized sampling pro-
grams have been in place for a long time. Our proposed approach
demonstrates that compositions of mixtures involving a long-lived
species such as lake sturgeon can be used to asses long-term recruit-
ment changes in contributing source populations. The approach can
work without a long time-series of collections because a mixture

collection reflects demographic processes of source populations
over long time frames. The time frame over which year-class
strength changes can be assessed through this method depends
on how long the mixture has been sampled and the age of
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ndividuals collected from mixtures. For a species such as lake stur-
eon, which has a longevity of upwards of 150 years, there is the
otential to gain information on source-specific recruitment lev-
ls over a potentially long time frame, which clearly would be of
enefit for management decisions.

The performance of the proposed estimation approach varied
mong the factor-level combinations evaluated, but simulations
enerally showed that the developed estimation program was
ccurate under a variety of conditions, including varying numbers
f sources, levels of genetic difference among sources, levels of
hange in year class strength, durations and frequencies of sam-
ling from the mixture, age ranges of individuals from the mixture,
nd sample sizes from the mixture. Furthermore, our analysis
ndicated that accurate estimates could be obtained from realis-
ic sampling protocols (i.e., 100–300 samples per year, collected
nnually or every two or 3 years for a duration of 6–12 years). Per-
ormance of the estimation approach improved with larger genetic
ifference among sources, larger mixture sample sizes, and lower
umber of sources, which is consistent with previous evaluations of
ccuracy and precision estimates for regular GSI analyses (Brenden
t al., 2015b). Performance also improved with a longer mixture
ampling duration, more frequent sampling, and in the case of ˇ,
ollecting a larger age range of individuals from the mixture. Intu-
tively these results make sense as such sampling schemes provide

ore observations for the estimation process.
With respect to robustness of the estimation approach, aging

ncertainty was found to have little influence on parameter esti-
ates when an appropriate aging error correction matrix was

pplied. Therefore, it is likely that bias in parameter estimates
ould occur if the aging error matrix incorporated in the analyses
id not reflect true uncertainty. Although accuracy of parameter
stimates was not affected when length was used as a surrogate
or age in the estimation process, precision of parameter estimates
as affected particularly for those scenarios involving a large age

ange of individuals from the mixture. We  attribute this result to
he asymptotic nature of fish growth, which makes it difficult to
etermine the precise age of larger individuals (Bruch, 2008; Bruch
t al., 2009). A potential solution to this problem when using length
s a surrogate for age would be to restrict analyses to smaller indi-
iduals for which there is better demarcation of ages given fish
ength. Whereas the estimation approach was largely unaffected
y random noise in mortalities for source populations, some bias

n parameter estimates could occur if assumed total mortalities
or some sources were consistently biased in either positive or
egative directions. As we indicated in the methods, there is con-

ounding between mortality and recruitment parameters so this
ias is not surprising. For a long-lived species such as lake stur-
eon, the highest and most variable mortality often occurs prior
o recruitment (Caroffino et al., 2010), and given that individuals
rom different sources co-occur in mixtures, it should be possible
o obtain fairly accurate estimates of post-recruitment total mor-
alities for the sources. We  believe it is important to point out that
ther methods for indexing recruitment levels of populations based
n collections of adult fish also make limiting assumptions regard-
ng mortalities (Isermann et al., 2002), so this sensitivity in model
erformance to mortalities is not unique to our approach.

An implicit assumption of our proposed estimation approach is
hat the degree of movement from sources to the mixture is con-
tant both in time and across the assessed ages. Although we  did
ot explore sensitivity of our estimation approach to cases where
ovement rates were not constant, our expectation is that model

erformance would be similar to cases where mortality rates were

ot constant. That is, if year-to-year movement rates randomly var-

ed around a stationary mean, then the results should be fairly
obust to such deviations. Conversely, if there is more system-
tic departure from a constant movement assumption, then some
rch 173 (2016) 236–249 247

biases in estimation accuracy likely can be expected. For example,
when mixtures occur in close proximity to some sources but further
away from others, younger individuals from more distant sources
may  not migrate at an equal rate to older individuals from more dis-
tant sources. This would result in estimates of year-class strength
changes being negatively biased as the contribution of younger ages
in the mixture would be lower than expected relative to older ages.
As indicated previously, if estimates of movement were available
they could be incorporated in the population-specific processes
used to derive contributions by source, age, and mixture sampling
year. In cases where movement rates differ by fish age, an alterna-
tive solution would be to restrict the ages or lengths of individuals
incorporated in analyses.

We envision several avenues for expansion of the estimation
approach that we have proposed. As indicated previously, there
has been a growing tendency for model-based GSI analyses to
incorporate information other than just genetics data to aid in the
estimation of source contributions. In particular, it is becoming
more commonplace for ecological covariates to be used to inform
the estimation of source contributions through a Bayesian hierar-
chical modeling framework (Gaggiotti et al., 2004; Okuyama and
Bolker, 2005; Guo et al., 2008; Bjorndal and Bolten, 2008). Depend-
ing on data availability, our approach could be expanded to include
a hierarchical framework whereby the source-specific recruitment
parameters were informed by ecological covariates similar to what
is described in Okuyama and Bolker (2005). There also is the poten-
tial for using a hierarchical framework that allowed for deviations
in contributions from those expected from the population-specific
processes due to variations in movement, mortality rates, or other
factors. The estimation approach could also be adapted to situations
where sources exhibit inter-annual fluctuations in recruitment
levels; such a change could be accommodated by modifying the
underlying population-specific process or by adopting a hierarchi-
cal framework.

Low recruitment levels have been suggested as factors restrict-
ing population recovery in a variety of sturgeon species, including
white sturgeon (Acipenser transmontanus; Paragamian et al., 1996),
pallid sturgeon (Scaphiryhchus albus; Webb et al., 2005), and
Atlantic sturgeon (Acipenser oxyrhinchus; Peterson et al., 2000).
Presently within the Laurentian Great Lakes, lake sturgeon abun-
dances are estimated to be less than 1% of historic levels
(Hay-Chmielewski and Whelan, 1997). Given these low abun-
dance levels, the ability to monitor recruitment levels of individual
sources would be beneficial as major gains in rehabilitation would
seemingly be contingent on expanded recruitment levels. The anal-
yses that we conducted on Lake Michigan lake sturgeon primarily
were for demonstration purposes and thus we caution about too
strict of an interpretation of our results as to potential recruitment
problems with the five sources considered in the analyses. In partic-
ular, it is believed that one of the reasons why the Fox River source
was estimated to have experienced a decline in year-class strength
is due to younger fish from this system migrating at a lower rate
than older individuals (Elliott and Gunderman, 2008). Future anal-
yses will likely involve limiting the sizes of fish included in the
mixture to prevent complications arising from delayed mixing of
younger fish. Additionally, we  anticipate including more sources
in analyses and additional mixtures to determine how consistent
results are when considering different parts of Lake Michigan.
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