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Abstract
 


San Clemente Loggerhead Shrikes (Lanius ludovicianus mearnsi) have been bred in captivity since 1991 
following their listing as an endangered subspecies in 1977. For 25 years, breeding of this captive
population has been managed to avoid inbreeding using protocols based on behavior, demographics,
genetics, and ecology. Yet despite the broad application of these comprehensive protocols, inbreeding 
within this subspecies has never been quantified outside this framework. To evaluate the effects of the
population bottleneck and captive management techniques on the population, analysis of overall levels of
inbreeding, founder representation, and the division of inbreeding into partial coefficients attributable to
founder lines was conducted using the pedigree of the population. Inbreeding depression was then
measured by comparing inbreeding levels to measures of survival (egg fate and overwintering survival)
and to measures of reproductive success (the numbers of offspring produced). Gene diversity was 93%,
and the largest average contribution from a single founder to the inbreeding level was 18% in 2015
(founder SB 235). Moderate inbreeding depression (2B=5.38 and 3.06) was identified in juvenile survival
and egg fate, but later life history traits that affect fecundity were not affected by inbreeding. This study
supports the continuation of releases and parent-rearing as part of the population’s management. It also 
provides specific recommendations for breeding that avoid descendants of SB 235, while seeking out
descendants of SB 230, who has made negligible contribution to the measured levels of inbreeding. These
findings should help this longstanding project maintain a viable and sustainable population of Loggerhead
Shrikes on San Clemente Island. 

Sheldon ii
 



 

 

 
                 
              

             
         

                 
            

           
            

          
                 

           
     

 
 

Acknowledgments
 


A hearty thanks is due to the work and efforts of the present San Clemente Loggerhead Shrike Captive
Breeding Crew: Jaelean Carrero, Kathy De Falco, Melissa McGill, Danielle Angel, as well as all former
crew members. In addition, interns with the crew, including Garrett Lomanto and Ariel Gonzalez, have 
been integral to continually improving the project and maintaining its reputation for thorough work.
Thank you also to Dr. William Kristan, Dr. Susan Farabaugh, Dr. Denise Garcia, Dr. Diego Sustaita, Dr.
Arun Sethuramun, Dr. Christopher Witt, and Dr. Julie Jameson for their expertise, assistance, and
guidance. Acknowledgement is also due to the limitless support and encouragement provided by Paula 
Powell, Alice Sheldon, Ken Naumann, Joanne Malfavon-Borja, Michelle Cruz, Korie Merrill, Emma
Havstad, Susan Meiman, Jesse Maestas, David Green, Justyn Stahl, Nicole Desnoyers, and Henry Fandel.
The endeavors of the San Clemente Island Recovery Project would not be possible without the support of
the U.S. Navy Southwest Region, San Diego Zoo Global, Institute for Wildlife Studies, and the Soil, 
Ecology, and Restoration Group. 

Sheldon iii
 



   

 

 

          
              

          
                 

             
              

                   
            
               

               
            

                
                

           
                    

     
 

            
              

              
           

               
 

 

             
               

     
              

             
              

              
                 

               
               

               
              
                  

     
              

 
             

           

  

Introduction
 


San Clemente Loggerhead Shrikes 

Loggerhead Shrikes (Lanius ludovicianus) are a territorial predatory North American songbird species 
with eleven recognized subspecies (Coxon et al. 2012; Miller 1931; Rutledge et al. 2017). One 
subspecies, the San Clemente Loggerhead Shrike (L. ludovicianus mearnsi) is found solely on San
Clemente Island, one of the Channel Islands off the coast of southern California (Miller 1931; Tierra Data
Inc. 2013; U.S. Fish and Wildlife Service 1977; U.S. Fish and Wildlife Service 2009). Beginning in 1848
the island was used for cattle and sheep ranching, which continued until ownership was transferred to the
U.S. Navy in 1934 for use as a training ground and bombardment range (Keegan et al. 1994; Kuehler et
al. 1993; Sullivan and Kershner 2005; Tierra Data Inc. 2013). However, the legacy of ranching continued
in the form of drastic changes in the landscape, and presence of populations of nonnative, feral species,
most notably goats (Capra hircus) (Lynn et al. 2006; Scott and Morrison 1990; Sullivan and Kershner
2005; Tierra Data Inc. 2013; U.S. Fish and Wildlife Service 1984; U.S. Fish and Wildlife Service 2009). 
This feral ungulate dramatically modified the island habitat until no trees over ten meters tall remained
(Lynn et al. 2006; Keegan et al. 1994; Kuehler et al. 1993). This habitat degradation, coupled with
pressure from introduced predators, caused shrike numbers to plummet precipitously and restricted them
to the deep canyons in the southwestern corner of the island (Kuehler et al. 1993; Lynn et al. 2006; Scott
and Morrison 1990; Tierra Data Inc. 2013). 

Due to these anthropogenic pressures, by the 1960s the abundance of shrikes on San Clemente had 
markedly dropped and by 1973 the population was estimated at 50 birds (U.S. Fish and Wildlife Service
1984). The subspecies was listed as endangered under the Endangered Species Act (ESA) in 1977 (U.S.
Fish and Wildlife Service 1977). Despite listing under the ESA, population decline continued, and by 
1980 the population was reduced to 30 birds (Scott and Morrison 1990; U.S. Fish and Wildlife Service
1984). 

In compliance with the ESA, the U.S. Navy began taking steps to address population decline by forming 
the San Clemente Loggerhead Shrike Recovery Project (Keegan et al. 1994; Tierra Data Inc. 2013). This
collaborative multi-organization task force, including San Diego Zoo Global, was tasked with identifying
the threats to the shrikes and implementing the necessary steps needed to address those threats (Farabaugh
2015; Grant and Ivey 2012; Tierra Data Inc. 2013; U.S. Fish and Wildlife Service 1984). Although initial
management and restoration techniques for the wild population, including eradication of the feral goats,
prevented immediate loss of the shrike population, it remained small in the absence of captive breeding
(Farabaugh 2015; Grant and Ivey 2012; Heath et al. 2008; Tierra Data Inc. 2013). Beginning in 1991, San
Diego Zoo Global worked with the U.S. Navy to establish a captive breeding population of shrikes off-
island by removing twelve eggs and chicks from three wild nests for artificial incubation and hand-rearing
(Farabaugh 2015; Grant and Ivey 2012; Kuehler et al. 1993; Tierra Data Inc. 2013). Six birds were bred
in 1992 at the San Diego Zoo Safari Park, becoming the base of the captive population (Farabaugh 2015). 
In the Fall of 1993, the captive flock was moved to a breeding facility on San Clemente Island. Since then
it has periodically been supplemented with wild birds and eggs—between 1991 and 2005, 75 eggs and 11 
chicks were taken from the wild to build-up the captive flock (Farabaugh 2015; Grant and Ivey 2012). 

Captive shrikes are managed in conjunction with the wild population (Farabaugh 2015; Grant and Ivey
2012; Tierra Data Inc. 2013). From 1999 to 2017, 575 birds have been released from the captive flock 
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into the wild, guided by the demographic and genetic needs of both flocks. Consequently, between 14 and 
59% of the wild flock has direct captive origins, and all members of the current wild flock with known 
ancestry have some component of captive descent (Farabaugh 2015; Tierra Data Inc. 2013). 

Though the wild flock of shrikes reproduces naturally, juvenile captive releases have the largest long-term
impact on population size, with 66% of released juveniles surviving their first year (U.S. Fish and 
Wildlife Service 2009). In addition, though the wild population has grown substantially—now consisting 
of at least 39 pairs and 63 unpaired juveniles—it is still small and considered unstable without the
continued support of captive breeding to boost population size (14 of the 63 juveniles were captive 
releases) and maintain heterozygosity (Grant and Ivey 2012; Munkwitz et al. 2005). Other essential 
management practices such as wild pair monitoring, predator control, and habitat restoration are done on
a continuing basis (U.S. Fish and Wildlife Service 2009), but captive propagation plays a pivotal role in
the viability of this subspecies. However, captive breeding can also promote processes that are deleterious
to viability in the wild. 

Conservation Concerns in Captivity 

By necessity, captive breeding programs are limited in their housing capacity and resources, and so
captive populations are usually maintained at small population sizes (Frankham and Loebel 1992; Lacy
1987; Lacy 2013), many with less than 50 individuals (Bergner et al. 2014; Hoeck et al. 2015; Grant and
Ivey 2012; Groombridge et al. 2001; Swinnerton et al. 2004). Captive breeding programs need to balance
the release of individuals into the wild to avoid extinction of wild populations due to demographic
imbalances and stochastic changes in population size against the need to maintain a large enough captive
flock to avoid adaptation to captivity, genetic drift, and inbreeding (Ewing et al. 2008; Frankham and
Loebel 1992; Jamieson 2011; Lacy 1987; Lacy 2013; Robert 2009). A major goal of captive breeding for
threatened or endangered species is release into the wild, but releases further reduce the size of captive
populations (Hammerly et al. 2013; Jamieson 2011; Robert 2009). The viability of captive populations
can be reduced as genetic variation is lost and as the ability to evolve is suppressed (Frankham et al.
2004), unless steps are taken to breed genetically dissimilar individuals, and to maintain a large enough
population to avoid demographic imbalances that reduce effective size (Lacy 1987). In populations that
depend on continued release of captive individuals for survival, the viability of the captive flock has to be
treated as a high priority. 

Within captive populations selective pressures may be less intense due to the benign captive environment, 
and there may be novel selective pressures in captivity that are not present in the wild (Abadía-Cardoso et
al. 2013; Elias et al. 2013; Frankham and Loebel 1992; McPhee 2004). These changes lead to adaptations
that suit the captive environment (Lacy 1995), but may not be adaptive, or may even be maladaptive, in 
the wild (Abadía-Cardoso et al. 2013; Frankham and Loebel 1992; McPhee 2004). Domestication and
loss of predator avoidance behaviors are two of the main causes for concern (Frankham and Loebel 1992;
McPhee 2004). Fishery studies and those using house flies as a model system suggest that mimicking the
wild environment in captivity, equalizing founder representation, introducing wild-type alleles, and
shortening generation time should help minimize adaptation to captivity—luckily many of these 
techniques can also help to prevent inbreeding depression (Abadía-Cardoso et al. 2013; Frankham and
Loebel 1992). In addition, increasing the number of individuals in any given release creates greater
opportunities for non-assortative mating, which helps natural selection re-assert itself (McPhee 2004). 
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However, increasing size of releases is only possible when the captive flock is large enough to sustain the
loss of potential breeders (McPhee 2004). 

Genetic drift, the changes in allele frequencies caused by sampling variation, can be an important 
evolutionary force (Lacy 1987; Lacy 1995). However, genetic drift within small populations leads to loss
of alleles via random changes in allelic frequencies (Lacy 1987). When population sizes are small, genetic
drift has a larger effect on allele frequencies than natural selection, and even deleterious traits can become 
fixed (Lacy 1987; Robert 2009). The stochastic nature of genetic drift makes it difficult to prevent in
captive breeding programs (Lacy 1987; Robert 2009). Survival and fecundity are frequently reduced by
genetic drift, and the loss of genetic variation results in reduced adaptability that negatively impacts an
augmented population’s ability to cope with novel, wild environments (Lacy 1987). 

Along with drift, the mating of close relatives (inbreeding) is one of the main mechanisms resulting in the
loss of diversity within a population (Lacy 1987), and it is considered to be the primary cause for concern 
within small populations in the short term (Keller and Waller 2002; Lacy 1995). Due to the similarity in 
the genotypes of relatives, inbreeding results in the accrual of identical alleles within a population and
results in a loss of genetic diversity (Frankham et al. 2004; Keller and Waller 2002). Prolonged periods of
close inbreeding within the population can lead to inbreeding depression, which can reduce population
growth and increase extinction risk (Frankham et al. 2004; Hammerly et al. 2013; Hedrick and 
Kalinowski 2000; Jamieson et al. 2007; Lacy 1995). At small population sizes, inbred pairings become
unavoidable (Frankham et al. 2004), which increases the rate at which maladaptive traits become fixed, at
which point they are essentially irreversible (Frankham et al. 2004; Keller and Waller 2002; Palstra and
Ruzzante 2008). The increased chance that alleles are identical by descent in offspring of inbred matings
reduces heterozygosity, which increases expression of deleterious recessive alleles (Hedrick and 
Kalinowski 2000; Lacy 1995). The ability of a population to adaptively evolve is also hampered by
increased homozygosity within a population (Frankham et al. 2004). Thus, as inbreeding levels increase,
average fitness decreases—as much as a 15-25% decrease in fitness relative to ancestral, outbred levels is
expected for offspring of full-sibling matings (Boakes et al. 2007; Keller and Waller 2002). This decrease
in fitness in inbred populations is called inbreeding depression (Lacy 1995). 

Although generally regarded as problematic, inbreeding need not always negatively impact the fitness of
individuals, since it can result in the purging of deleterious recessive alleles, especially at small
population sizes when aided by drift (Falconer and Mackay 1996; Hartl and Clark 2006). This purging
process is infrequent, or at least infrequently documented, and its effects are usually overwhelmed by the
maladaptive consequences of inbreeding and genetic drift (Boakes et al. 2007; Keller and Waller 2002;
Leberg and Firmin 2008). Furthermore, in small populations the additional mortality from inbreeding
depression can aid extinction from other, non-genetic causes, such as demographic imbalances. Instead,
Leberg and Firmin (2008) find a correlation between repeated bottlenecks and extinction risk that
subsumes any of the potential benefits of purging beneath the negative risks of inbreeding. 

Inbreeding Depression 

Although inbreeding is generally considered undesirable, inbreeding depression does not always occur in
inbred populations, and thus cannot be assumed (Boakes et al. 2007; Frankham et al. 2004; Leberg and
Firmin 2008). It is important to tie inbreeding to declines in individual fitness or population viability to
document inbreeding depression. The effects of inbreeding are frequently studied in captive populations, 
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where pedigrees are known (Frankham et al. 2004; Jamieson et al. 2007; Jamieson 2011; Townsend and
Jamieson 2013a). But even under such relatively controlled conditions with minimal variation in fitness
from environmental stochastic forces, inbreeding effects can be variable and wide ranging (Ewing et al.
2008; Hoeck et al. 2015; Hedrick et al. 2015; Keller and Waller 2002). Ralls et al. (1988) found that 
mortality was 33% higher in offspring of inbred pairs in an analysis of forty mammalian studbooks.
Inbreeding depression disproportionately affects early developmental stages, and in birds it can be
difficult to tell infertile eggs from early embryo death (Hemmings et al. 2012; Hoeck et al. 2015). 
Hemmings et al. (2012) found a high incidence of early embryo death in the eggs of endangered captive
birds after reclassifying eggs previously thought to be infertile. Inbreeding effects extend beyond early
developmental stages, and can affect fertility and fecundity of adult females (Hedrick and Fredrickson
2008; Jamieson 2011; Keller and Waller 2002). These diverse inbreeding effects have different 
management implications in captive populations, because they impact different demographic groups
(Boakes et al. 2007; Frankham et al. 2004; Hemmings et al. 2012; Lacy 2013). 

Not only can the impacts of inbreeding be variable, but fitness itself is a broad and inclusive designation
that is usually indexed by measuring a number of traits at a number of different life history stages
(Frankham et al. 2004; Jamieson et al. 2007; Kruuk et al. 2002). Although difficult to measure directly,
measures of reproductive success and survival together can be used as reliable indicators of relative
fitness (Frankham et al. 2004; Jamieson et al. 2007; Kruuk et al. 2002; McGaugh et al. 2010; McGaugh et
al. 2011). Reductions in fitness, therefore, are not always easy to document, and attributing fitness
reductions to inbreeding remains problematic (Hartl and Clark 2006; Lacy 1987). This difficulty results, 
in part, because different possible causes of reduced fitness have similar effects, namely a reduction in
heterozygosity (Allendorf 1986). One advantage of this similarity is that these issues are addressed by 
many of the same recommendations when managing populations (Frankham et al. 2000; Frankham et al.
2004; Lacy 1987; Lacy 1989; Lacy 1995), but thorough and extensive documentation is necessary to
correlate each factor that promotes inbreeding with its fitness consequences. 

The thorough documentation of captive records allows various fitness measures to be tested against
individual inbreeding levels to elucidate causes of inbreeding depression. Fitness measures that are 
possible include egg fate derived from detailed records of reproductive output (the egg log), juvenile
survival, and fecundity (Hedrick and Fredrickson 2008; Hoeck et al. 2015; Jamieson 2011; Jamieson et al.
2007; Kruuk et al. 2002; Swinnerton et al. 2004). Juvenile survivorship and fecundity can also be 
recorded for wild populations, allowing for an assessment of the effects of the captive environment on 
fitness of the species as a whole. In addition, the use of multiple fitness measures not only helps
distinguish the impacts of inbreeding, but can also indicate the pathways through which those impacts 
occur. For example, an analysis of egg fate can distinguish between parental and offspring inbreeding as
the primary driver of reduced hatching success (Briskie and Mackintosh 2004; Falconer and Mackay
1996; Hoeck et al. 2015). Due to the intensive management of the subspecies, pairings that result in low
levels of inbreeding are well-documented, unlike in many larger, wild populations (Kruuk et al. 2002;
Tierra Data Inc. 2013). 

In addition, these records also allow lethal equivalents to be calculated (Frankham et al. 2004; Hoeck et
al. 2015; Jamieson et al. 2007; Ralls et al. 1988). Lethal equivalents are a quantification of inbreeding 
depression allowing its severity to be compared across populations (Frankham et al. 2004; Jamieson et al.
2007; Ralls et al. 1988). They are defined as the number of alleles per gamete that are fatal in 
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homozygotes, and equal the slope of the relationship between survival and inbreeding (Frankham et al.
2004; Hedrick and Kalinowski 2000; Hoeck et al. 2015). Ralls et al. (1988) calculated 3.6 lethal 
equivalents, on average, in their analysis of mammalian studbooks, and Hoeck et al. (2015) calculated 
13.8 within the ‘Alala population. 

Managing Inbreeding in Captive Populations 

Genetic analysis is used in captive breeding to prevent highly-related pairing and to keep the pool of
alleles available for selection as broad as possible (Association of Zoos and Aquariums 2014). Captive
management plans matings that mold the genetic characteristics of a population by using a studbook,
which is a pedigree-structured record of individuals’ characteristics and fates (Association of Zoos and
Aquariums 2014; Ballou et al. 2011; Grant and Ivey 2012; Lacy 1989). Such a record allows for the
assessment of inbreeding levels, relatedness, and relationships within the captive population (Association
of Zoos and Aquariums 2014; Ballou et al. 2011; Farabaugh 2015; Grant and Ivey 2012). The priority in
captive breeding for conservation management is to minimize inbreeding and prevent, or at least 
ameliorate, inbreeding depression (Farabaugh 2015; Grant and Ivey 2012). Effective population size (Ne)
is defined as the minimum size of an idealized population that would lose genetic diversity at the same
rate as the given population (Frankham et al. 2004; Lacy 1995). Effective population size is based on the
assumption of panmixia, which is random mating with respect to the genotype, and most wild populations
have effective sizes that are smaller than their census population sizes because of non-random mating
(Lacy 1995). In captivity, pair recommendations are meant to bolster Ne by promoting pairings with the
least amount of genetic similarity, which makes it possible to have an effective population size that is
bigger than the number of individuals in the captive population (Frankham et al. 2004). In addition,
pedigrees can be used to ensure that founders lines are represented in the captive flock, to minimize
chances of loss of unique alleles (Lacy 1989). Coupled with exchanges of individuals between the wild
and captivity, planned matings in captivity should work to negate the effects of both inbreeding and drift 
(Frankham and Loebel 1992; Frankham et al. 2004; Hedrick and Fredrickson 2008). 

One of the primary tools for measuring the level of inbreeding in individuals of a population is the
inbreeding coefficient, f. The inbreeding coefficient represents the probability that alleles at any given
locus are identical by descent for an individual (Frankham et al. 2004). Averaged across individuals in a
population, f can be used to explain a departure of observed homozygosity from that expected in a
panmictic population, at Hardy-Weinberg equilibrium (Lacy 1995). Values of f range from 0 (not inbred) 
to 1 (clonal). Full-sibling matings in outbred populations have coefficients of 0.25, which thus is 
considered high for sexually reproducing species, but repeated inbreeding can elevate the coefficient 
above this level (Baumung et al. 2015; Grant and Ivey 2012; Hoeck et al. 2015; Lacy 1995; Ralls et al.
1988); for example, two generations of matings between full siblings would result in offspring with
inbreeding coefficients of 0.375. 

The inbreeding coefficient is not a sufficient measure of genetic composition for management purposes,
because it does not consider founder representation (Grant and Ivey 2012). Founder equivalents, FE, and
founder genome equivalents, FGE, are two common measures of founder representation that are used
along with f to create breeding recommendations (Grant and Ivey 2012; Hedrick et al. 2015; Lacy 1995).
FE calculates the number of equally contributing founders necessary to produce the same amount of
genetic diversity as that in the current population (Lacy 1989), and will thus have a value that ranges 
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between 1 and the size of the founder pool. FGE also quantifies the retention of genetic diversity from
founders, and represents the number of new founders necessary to produce the same amount of genetic
diversity as that in the current population in the absence of genetic drift (Grant and Ivey 2012; Lacy 1989;
Lacy 1995). FGE relates directly to gene diversity and better indicates population viability than FE (Lacy
1995). By comparing the founder count for the population to FE and FGE, the genetic diversity within the
population relative to the maximum genetic diversity possible can be measured (Lacy 1989). Use of FE
and FGE increases the chance that all unique alleles present at the beginning of a breeding program will
be retained. However, maximizing founder representation can encourage rather than discourage
inbreeding, therefore the two considerations must be balanced (Gulisija et al. 2006; Gulisija et al. 2007;
Hartl and Clark 2006). Within the shrike population on San Clemente Island, there are eighteen 
documented founders that represent the total amount of genetic diversity initially available for the
subspecies (Farabaugh 2015; Grant and Ivey 2012). As one of the stated goals of the recovery project is to
maximize genetic diversity, it is important to understand how founder representation has changed over
time and whether that representation is different in the captive and the wild flocks (Grant and Ivey 2012). 

Within the population of Hawaiian Crows (Corvus hawaiiensis), Hedrick et al. (2015) developed a
method to attribute portions of each individual’s inbreeding coefficient to their descent from particular
founders, and thus are able to merge and refine the interpretation of these disparate metrics of population
health (Baumung et al. 2015; Lacy et al. 1996). This analysis of the level of inbreeding that is due to the
over-representation of genes from each founding individual allows for specific breeding
recommendations that account for both inbreeding levels and founder representation (Hedrick et al.
2015). No such synthesis has been attempted with the San Clemente Loggerhead Shrike, or with any
population that includes an element not under genetic management. 

Specific Aims of the Project 

It is important to understand the effects of the population bottleneck, extended small population size, and
captive management techniques on the levels and effects of inbreeding within the San Clemente
Loggerhead Shrike population (Coxon et al. 2012; Haig et al. 2011; Hammerly et al. 2013; Jamieson et al.
2007; Jamieson 2011; Lacy 1987; Lacy 2013). Fortunately, the documentation and record keeping
associated with captive facilities allow for an analysis of the amount of inbreeding and its fitness
consequences, which will allow for the best possible management of the species and increase the 
likelihood of successful recovery (Grant and Ivey 2012; Lacy 1987; Lacy 2013). 

Only the captive flock is subject to breeding recommendations while there is no control over matings in
the wild flock (Farabaugh 2015; Grant and Ivey 2012). Although it is not directly managed, the wild flock
is monitored and its demographic and pedigree data is included in the studbook (Farabaugh 2015; Grant
and Ivey 2012). Inclusion of data on the wild flock allows breeding recommendations within the captive
flock to be designed in a way that minimizes the population-wide inbreeding level, even though the wild
birds are not subject to mating recommendations (Farabaugh 2015; Grant and Ivey 2012). An analysis of
the population’s genetic structure will indicate if controlled matings in captivity are successful in 
maintaining low levels of inbreeding in the captive flock, and in the population as a whole. The first aim
of this project is to measure inbreeding levels over time within the captive and wild portions of the
population. Additionally, founder representation, founder equivalents, and founder genome equivalents
can be assessed over the history of the project so that inbreeding levels can be attributed to founder lines, 
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which in turn will allow future breeding recommendations to reflect the demographic and genetic status
of the population while avoiding highly inbred pairings and protecting the genetic resources of this
subspecies. 

The second aim of this project is to analyze captive records to establish links between inbreeding levels
and components of fitness—survival and reproductive success—within this population. Understanding
how different life history traits are differently affected by inbreeding is of primary importance when
addressing conservation concerns in captivity and restoring the subspecies. Egg fate, juvenile
survivorship, and fecundity all contribute to fitness and allow for the detection of inbreeding depression.
Determining individual fitness and the factors that impact it will aid the ongoing management of the
population, while also providing insight into similar populations. Measured fitness reductions due to
inbreeding can, in turn, be used to calculate trait-based lethal equivalents and to direct changes in captive 
management that address the sources of reduced fitness, rather than making general recommendations
pertaining to standards for small, captive populations. 

Sheldon 7
 



 

 

 

           
                

                  
                

              
    

 

               
           

            
           

        
        

          
              

             
          

           
                 

            
                

             
     

 
           

           
              

    
 

               
           

           
            

                
               

        
           
              

             
              

 
 

Methods
 


The population of San Clemente Loggerhead Shrikes can be divided into three components: members of
the wild flock, members of the captive flock, and release birds that were born in the captive flock but
released into the wild flock while juveniles (around sixty days of age) (Tierra Data Inc. 2013). The wild
flock is monitored, allowing for its inclusion within this analysis, but is subject to natural sources of
mortality, and lacks the management of mate choice present in the captive flock. Thus, parentage and 
survival are less certain in the wild flock than in the captive flock. 

Captive Breeding 

The captive breeding program has been in operation on San Clemente Island since 1993, and captive
breeding practices have evolved during the project’s history. Due to the shrike’s territorial nature, they are
housed individually outside of the breeding season. Cages near each other include shade cloth paneling to
minimize visual contact between conspecifics (Farabaugh 2015). Although some wild birds have been 
observed to begin pairing as early as November, captive pairs are housed together for breeding and 
weaning beginning in February (Farabaugh 2015). The captive set-up is designed to mimic their natural 
environment, and to encourage wild behaviors, especially those associated with pair-bonding, courtship,
and chick-rearing (Farabaugh 2015). All cages include wire flooring to exclude predators, but do not
include avian aversion wiring and mosquito netting (Farabaugh 2015), so other species of songbird can
perch on cages and potential disease vectors can enter cages. The captive shrikes receive annual West 
Nile Virus vaccinations and regular health assessments (Farabaugh 2015). They are also fed a 
supplemented diet twice a day meant to mimic that available in the wild (Farabaugh 2015; Munkwitz et
al. 2005; Scott and Morrison 1990). Behavioral observations, consumption records, and weight
monitoring are used to ensure that individuals, even when housed in pairs, are healthy and receiving
enough food, but the emphasis of the protocols remains on either direct exposure to or mirroring of
conditions in the wild (Farabaugh 2015). 

Artificial incubation and hand-rearing techniques were initially used in the program, but by 2003 parent-
rearing techniques were primarily used (Farabaugh 2015). Captive shrike eggs have a hatchability of
76.8% with 61.8 to 93.4% fertility, and a total of 766 chicks have been hatched, fledged, and weaned 
using these protocols (Farabaugh 2015). 

Breeding management for the shrikes begins in February with the placement of potential pairs, a subset of
the captive population selected based on behavioral, demographic, and genetic considerations, within
breeding cage complexes (Farabaugh 2015). Females are moved to breeding cages after males to mimic 
the behavior of wild shrikes, and females are initially placed in neighboring cages with visual access to 
their mate (Farabaugh 2015). The cage wiring allows for some contact between pairs, such as when
sharing food (Farabaugh 2015). At this point, pairs are monitored every other day and courtship behavior
by both sexes must be observed before pairing (Farabaugh 2015). At the end of March, pairs are placed in 
the same cages. Once eggs are laid observations occur daily through incubation, lasting about 15 days,
and chick-rearing, lasting about 30 (Farabaugh 2015). Eggs or chicks will only be removed from their
parents if abandoned, ill, or injured (Farabaugh 2015). To allow the greatest genetic diversity, the
required number of release candidates are produced by allowing many pairs to breed once per season 
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rather than a few pairs to have multiple clutches (Farabaugh 2015). In order to stop further breeding,
successful pairs are separated two to three days before chicks fledge, the normal point when females
would drop out of parental care of the first clutch to initiate a second clutch (Farabaugh 2015). Males
remain with chicks and provision them until chicks are forty-two days old when they are separated, 
mimicking the gradual independence and weaning found in the wild (Farabaugh 2015; Scott and
Morrison 1990). At forty-two days, juveniles are presented with a progression of live mouse prey items
(i.e., a range from newborn, to juvenile, to adult mice), so that they can practice and gradually become
more proficient at attacking, killing, and impaling their food (Farabaugh 2015). 

The Studbook 

Pedigree information is available for the entire population, both captive and wild, from 1992 to the 
present within the subspecies’ studbook. This studbook is a registry for the pedigree of a population and
the known demographic history of each individual, which are linked together by unique identifiers for
each individual, called studbook numbers (SB) (Association of Zoos and Aquariums 2014). The shrike
studbook contained 3727 records as of 31 December 2015. The records within this studbook track births, 
deaths, and releases within the flocks, as well as the relationships between all members of the population.
This facilitates demographic analyses of population growth rate, sex and age structure, as well as genetic
analyses of founder representation and inbreeding level (Association of Zoos and Aquariums 2014;
Traylor-Holzer 2011). A Regional Studbook Keeper compiles and maintains this record for the shrike
population in accordance with the Association of Zoos and Aquariums and the Population Management 
Center regulations (Association of Zoos and Aquariums 2014). In addition, the studbook keeper generates
a yearly list of breeding and release recommendations based on these analyses (Farabaugh 2015; Grant
and Ivey 2012). Generally within the population, recommendations emphasize breeding less inbred 
individuals and releasing those that will balance founder representation between the flocks (Grant and
Ivey 2012). 

Measuring Inbreeding 

Inbreeding Levels 

The inbreeding coefficient, f, is the probability that two alleles at a genetic locus are inherited from an
ancestor common to both parents, which can be calculated using a pedigree. This calculation allows for
the measurement of both the current mean inbreeding level within the population, as well as that over the
history of the project. It is calculated as

f=Σ(½)n 
i(1+fai)

where n is the number of pathways through an individual’s parents to a common ancestor, i, and fai is the 
inbreeding coefficient of ancestor i; this number is summed across all common ancestors for that 
individual (Baumung et al. 2015; Hartl and Clark 2006; Lacy 1995; Traylor-Holzer 2011). PMx, a
software tool for maintaining and analyzing pedigrees, was used to calculate the inbreeding coefficient
(Traylor-Holzer 2011). f was calculated for all living animals within the population as of 31 December
2015, and for all known ancestors of those individuals, based on the relationships between them.
Individuals with unknown elements in their lineages or incomplete records were excluded from the
calculation, resulting in a loss of 2211 records. This calculation of f served as a numeric response variable
in a general linear model (GLM) to determine if captive management had affected the amount of 
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inbreeding in the population over the history of the project. The GLM was constructed using R 3.1.3 (R
Core Team 2016). The predictors within this GLM were the categorical variable status with levels wild,
released, or captive, as well as project duration at hatch year, and gender of the individual. In order to
meet the assumptions of normality, the inbreeding coefficient was logit-transformed. In order to account
for any non-linear influence of the length of the project on inbreeding level, the squared and cubed values 
of project length were also included within the model. Pairwise differences between categorical levels
were compared post hoc using Tukey tests in the ‘multcomp’ package (Hothorn et al. 2008). 

Founder Representation 

Founder equivalents, FE can be calculated as 
FE=1/ Σ(1/𝑝i 

2) 
where 𝑝 symbolizes founder i’s representation at any given time as a proportional average across living

individuals; this number is summed across all founders (Hedrick et al. 2015; Lacy 1989). The program,
PyPedal, which also calculates demographic and genetic metrics for pedigreed populations, was used to
calculate FE for the population (Cole 2007; Lacy 1989). Unlike founder genome equivalents, founder
equivalents are solely based on the proportional representation of the ith founder within the population
and in a pedigree based on Mendelian segregation where each parent contributes half of the offspring’s
ancestry, this sum is computed deterministically requiring no gene drop simulations (Cole 2007; Lacy
1989; Traylor-Holzer 2011). Founder genome equivalents, FGE, is the number of outbred individuals
necessary to equal the genetic diversity in the population at a given time: 

FGE=1/ Σ(1/(𝑝i 
2/𝑟i)) 

in which 𝑟 accounts for the proportional retention of alleles for founder i and thus devalues 𝑝 to account 
for drift (Cole 2007; Grant and Ivey 2012; Hedrick et al. 2015; Lacy 1989; Lacy 1995). PMx calculates
FGE using Monte Carlo gene drop simulations by modeling random allelic segregations through the
pedigree 105 times, as it cannot be directly calculated from a large pedigree such as the shrikes’ (Cole
2007; Traylor-Holzer 2011). Doing so approximates the expected proportion of alleles from a given
founder, i, that are present in at least one living member of the population in any given year and summed
across all founders to indicate the amount of the available genetic diversity that is represented in the entire 
population (Ballou et al. 2011; Grant and Ivey 2012; Hedrick et al. 2015; Lacy 1989; Lacy 1995). Gene
diversity (GD) is calculated as

GD=1-1/(2*FGE)
which gives the expected heterozygosity under Hardy-Weinberg Equilibrium when allele frequencies are
available (Grant and Ivey 2012). Both founder equivalents and founder genome equivalents were
calculated for each year of the project’s length, up to 2015, for the entire population in order to indicate
how they have changed over time. 

Inbreeding in Founder Lines 

The contribution of individual founders to inbreeding within the population can be calculated using
partial f coefficients that measure each founder’s contribution to inbreeding levels (Baumung et al. 2015;
Gulisija et al. 2006). Partial f coefficients can be summed across all the founders within an individual’s 
ancestry to total the overall inbreeding coefficient; partial f coefficients are thus measures of the 
contribution of ancestors to inbreeding level in an individual descendant (Baumung et al. 2015; Hedrick et
al. 2015). 
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GRAIN is a software program that uses a stochastic gene drop simulation to calculate founder specific f 
(Baumung et al. 2015; Hedrick et al. 2015). This coefficient was calculated for each individual using 106 

simulations across the pedigree and then was summed across each living individual during a given year to
indicate the flock-wide contribution of each founder to the inbreeding level for the captive, wild, and
overall population. 

Inbreeding Depression 

The Egg Log 

Since the inception of the project, an egg log has been maintained with over 2366 entries recording every 
egg brought into captivity, and, as such, it is used to enhance the biographic data-gathering of the
studbook and to document changes, and potential changes, within the population size (Farabaugh 2015). 
In addition, it maintains a detailed record of pair productivity every year, while also documenting
individual egg fates (Farabaugh 2015). It is kept as part of the population biology management plan for
the shrikes and includes all eggs laid in captivity, including infertile eggs from unpaired females, and all 
eggs brought in from the wild, including those salvaged from nests and those collected at banding
(Farabaugh 2015; Tierra Data Inc. 2013). In addition, all wild birds brought into captivity whether
permanently or temporarily receive an egg number. Since the egg log does not include a complete record 
of wild eggs, these entries were not used in the analysis, leaving 1331 eggs from captive pairs. 

Egg fates recorded in the egg log were determined by gross inspection of each egg’s content and 
classification of any embryo to one of the 46 Hamilton-Hamburger stages (Hamburger and Hamilton
1951). Due to the specificity of these stages, number of staff members classifying eggs, and variable
amount of time between embryo death and egg analysis, only the broader classifications of early-, mid-, 
and late-term embryo death were used. In addition, infertility and early-stage embryo death are not always 
readily distinguishable by visual inspection. While staining techniques can be used to determine fertility
status, these techniques were not applied in the remote, non-laboratory setting, and were thus not widely
used when assigning stages in the egg log (Hemmings et al. 2012). Therefore, all eggs with unknown, 
infertile, or early-term embryo death were not used for analysis, leaving 789 eggs analyzable. Although
this prevents analysis of the earliest life history stage, it avoids confusing infertility, which is caused
solely by parental influences, and early-term embryo death, which is caused by either parental or
individual influences. 

Modeling Egg Fate 

The egg log records for captive eggs from 1992 to 2015, excluding all those artificially incubated, with
incomplete records, and those associated with heat waves in 2004 and 2008, which have never been 
incorporated into the population biology management plan (n=689) (Farabaugh 2015; Grant and Ivey
2012), were modeled as a response to several factors that are hypothesized to be important in egg survival 
using a cumulative link mixed model (CLMM) (Briskie and Mackintosh 2004; Christensen 2012;
Christensen 2015a; Hoeck et al. 2015). The response variable was the fate of the egg, expressed as a
categorical variable on an ordinal scale, with the levels: mid-term embryo death, late-term embryo death, 
nestling death, and chick survival to 30 days. 

Sheldon 11
 



 

             
                 

                 
            

            
 

      
              

           
                 

                  
                  

                
                 

                 
            

            
                 

 
 

          
             

           
  

          
       

             
            

          
               

                
           
                 

               
              

   

               
           

            
                

        
             

              
               

 
 

 
 

Predictors of egg fate included inbreeding measures, as well as demographic factors. Inbreeding levels
were represented by dam f, sire f, and egg f, which were all used as numeric predictor variables of the
individual egg fates in order to account for both the effect and the origin of inbreeding on egg fate. Using 
f as a numeric predictor, rather than a categorical predictor with levels of high, medium, and low, allowed
linear predictions to be made about survival as f varied (Hoeck et al. 2015; Kruuk et al. 2002). 

Demographic factors included in the model were: maternal age, paternal age, and clutch number, 
indicating if previous breeding attempts had been made by a pair during a given year. These predictors
were analyzed for collinearity using Pearson correlations prior to model fitting (all |r|<0.18) (Graham
2003). In addition to these fixed effects, year and pair ID were included in the model as random effects.
Pair ID was a unique identifier for each parental combination consisting of both the sire’s and the dam’s
SB. The age of both parents was treated as a numeric predictor measured in years, and was fit to a
quadratic equation, as well as a linear one, to account for the potential lower production earlier and later
in life that might result in a non-linear trend (Kruuk et al. 2002; Hoeck et al. 2015). Year, pair ID, and
clutch number were categorical variables, and clutch served as a general proxy for lay date as this was not
available for all eggs. Potential interactions between the predictors were also considered for their impact
on stage of embryonic death, especially any between parental age and f. In addition, the fixed effects were 
standardized to a mean of 0 and standard deviation of 0.5 following the protocols laid out in Gelman
(2008). 

Thus, the following universal model was fit to the data:
Logit(P(stagei≤j)) = Θj + β1(fi) + β2(dam fi) + β3(sire fi) + β4(dam agei) + β5(sire agei) + 
β6(clutchi) + β7(dam agei 

2) + β8(sire agei 
2) + β9(dam agei*dam fi) + β10(sire agei*sire fi) + 

u(yeari) + v(pairIDi)
using the ‘ordinal’ package in R, in which the cumulative probability of each individual egg record, i,
being categorized into the jth successive egg fate category based on Θ designating the thresholds between 
those categories and each β serving as a coefficient for the corresponding predictor (Christensen 2015b). 
Parameters were estimated using an information-theoretic approach before a set of models with all 
possible predictor combinations, including an intercept-only null model, was generated using the 
‘MuMIn’ package in R (Barton and Barton 2013; Grueber et al. 2011). These models were ranked by 
AIC and the top models with ΔAIC<4 were averaged to obtain coefficient estimates. The list of top 
models was also used to calculate the relative importance (RI) of each variable as a sum of the Akaike 
weights for the submodels in which it appeared. The modeling process was repeated, but with egg records
with values of f exceeding 0.25 excluded, in order to determine if highly inbred individuals were driving
the observed trends (Hoeck et al. 2015; Jamieson et al. 2007; Kennedy et al. 2014). 

Modeling Juvenile Survival 

The egg log only records fates of eggs for the captive flock. However, juvenile survivorship after 30 days
post-hatch can be ascertained for captive, released, and wild birds from the studbook. This pedigree data
was used to model individual juvenile survival to the beginning of the next year as a binary response
variable with many of the same predictor variables as the previous model (Jamieson et al. 2007; 
Townsend and Jamieson 2013a). All overlapping variables, f, parental age, year, and pair ID, were
calculated in the same fashion as within the egg fate model. Two of the twenty-four years of data were
excluded (1993 and 1997) due to incomplete record keeping during those periods. As with the egg fate
analysis, individuals that died during the heat waves of 2004 and 2008 were excluded since they have 
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never been incorporated into the population biology management plan (n=1138) (Farabaugh 2015; Grant
and Ivey 2012). In addition, because fledgling shrikes are weaned by their male rather than female parent,
sire age was hypothesized to play a greater role during this life stage (Tierra Data Inc. 2013). 

Status, sex, and hatch day were added as additional fixed effects to model overwinter survival. Status was
a straightforward three-leveled categorical variable of captive, released, and wild, to incorporate both
flocks and the individuals who move between them. Sex was used as a factored predictor in the model, 
since studies of Eastern Loggerhead Shrikes (Lanius ludovicianus migrans) have indicated a difference in 
overwinter survival rates for the different sexes (Imlay et al. 2010). While many other studies of juvenile
survivorship in birds have models based on the brood, including sex requires a shift of the experimental
unit to the individual, which also keeps it in alignment with the egg fate model (Kruuk et al. 2002;
Jamieson et al. 2007), and due to a high correlation between birds of an unknown sex and birds of a wild 
status, the dataset was subset to exclude those points. Hatch day was from the Julian day of hatch, from 1 
to 365, and was included to account for any additional learning opportunities or food provisionings that 
earlier hatches might receive (Farabaugh 2015; Heath et al. 2008; Hoeck et al. 2015; Munkwitz et al.
2005). Potential interactions between the predictors were also considered for their impact on the response, 
especially any between gender and status. In addition, the fixed effects were standardized to a mean of 0
and standard deviation of 0.5 following the protocols laid out in Gelman (2008) so that their magnitudes 
can be used to indicate the relative strengths of relationships between predictors and the response. 

Collinearity among the fixed effects was assessed using Pearson coefficients, but no strong correlations
were detected (all r<0.28) (Graham 2003; Hoeck et al. 2015), and a universal Generalized Linear Mixed 
Model (GLMM) based upon binomial logistic regression was fitted using the ‘lme4’ package to assess the
relative importance of these predictive factors on overwinter survival (Bates et al. 2012; Hosmer et al.
2013; Zuur et al. 2010). It had the following structure:

Logit(P(surv)) = α + β1(fi) + β2(statusi) + β3(sexi) + β4(dam agei) + β5(sire agei) + β6(hatch 
dayi) + β7(dam agei 

2) + β8(sire agei 
2) + β9(sexi*statusi) + u(yeari) + v(pairIDi),

which predicts the probability of survival for individual i based on a universal intercept, α, and i’s 
deviation from that universal due to the predictors. As with the egg fate model, parameters were estimated 
using an information-theoretic approach, the universal model was used to generate all possible 
combinations of predictors in submodels, including an intercept-only null model, and an average model 
was computed from the top (ΔAIC<4) results (Barton and Barton 2013; Grueber et al. 2011; Hoeck et al.
2015; Kruuk et al. 2002). The model was also checked for overdispersion by comparing the ratio of
residual scaled deviance to residual degrees freedom (1.03), which should not be greatly larger than one
(Hosmer et al. 2013; Zuur et al. 2010). To identify differences between the flocks, these categorical levels
were compared post hoc using Tukey tests in the ‘multcomp’ package (Hothorn et al. 2008). The 
modeling process was repeated, but with studbook records with values of f exceeding 0.25 excluded, in
order to determine if highly inbred individuals were driving the observed trends (Hoeck et al. 2015;
Jamieson et al. 2007; Kennedy et al. 2014). 

Modeling Fecundity 

The final fitness measures used were fecundity and reproductive success within the population. The
fecundity of a given individual can be measured by the number of breeding opportunities used, the
number of offspring produced, and the number of those offspring that become breeders themselves
(Jamieson et al. 2007). Since random mating is not allowed in the captive population, each metric must be 
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offset by the number of breeding opportunities possible (i.e. the number of pairing attempts) rather than 
the number of breeding seasons the individual experiences as would be the case in a wild population
under panmixia. This offset term of breeding opportunities is assigned a coefficient of 1 rather than
having a coefficient estimated in the model, which allows it to account for the different number of
opportunities each individual was given without consuming degrees of freedom (Venables and Ripley
2002). Using an offset in this way causes the coefficients of the predictors to scale per-opportunity, and
the analysis is equivalent to dividing the reproductive measure by the number of breeding opportunities, 
but without incurring the distributional problems inherent to using ratios as response variables. Thus two
fecundity models were generated using the total number of offspring and the number of breeding
offspring as count response variables (n=360). As in the juvenile survival model, the same genetic and 
environmental predictor variables of f, status, and sex were applied, as were interactions between gender, 
flock membership, and level of inbreeding. The hatch year of each individual was also included as a
random effect. In addition, the effects were standardized to a mean of 0 and standard deviation of 0.5 
following the protocols laid out in Gelman (2008). 

Generalized Linear Mixed Models with negative binomial distributions were fitted to both data sets (Dzal
et al. 2011; Korner-Nievergelt et al. 2015; O’Hara and Kotze 2010; Zeileis et al. 2008). The theta
parameters for these models were estimated using the ‘MASS’ package in R, and the ‘lme4’ package was
used to fit the following universal GLMMs:

nb(P(offspring)) = α + β1(fi) + β2(statusi) + β3(sexi) + β4(sexi*statusi) + u(hatch yeari) + 
offset(opportunitiesi)

and 
nb(P(breedingoffspring)) = α + β1(fi) + β2(statusi) + β3(sexi) + β4(sexi*statusi) + u(hatch 
yeari) + offset(opportunitiesi)

in which the probability of each offspring count for each individual i is based on a universal intercept, α, 
and i’s deviation from that universal due to the predictors (Bates et al. 2012; Dzal et al. 2011; Venables
and Ripley 2002; Zeileis et al. 2008). As with the previous models, parameters were estimated using an
information-theoretic approach, both universal models were used to generate all possible combinations of
them in submodels, including an intercept-only null model, and average models computed from the top
(ΔAIC<4) results (Barton and Barton 2013; Grueber et al. 2011; Hoeck et al. 2015; Kruuk et al. 2002).
Pairwise differences between categorical levels of status were compared post hoc using Tukey tests with 
adjusted p-values in the ‘multcomp’ package (Hothorn et al. 2008). The modeling process was repeated,
but with studbook records with values of f exceeding 0.25 excluded, in order to determine if highly inbred
individuals were driving the observed trends (Hoeck et al. 2015; Jamieson et al. 2007; Kennedy et al.
2014). 

Lethal Equivalents 

Lethal equivalents, B, are defined as the number of alleles per gamete that are fatal in homozygotes, and
alleles resulting in death 50% of the time are equal to 0.5 lethal equivalents (Hedrick and Kalinowski
2000; Hoeck et al. 2015). Thus B represents their level in gametes and 2B represents their level in
individuals (Frankham et al. 2004). Lethal equivalents are frequently used to assess population health, and
thus quantify inbreeding depression on a universal scale allowing comparisons between populations
(Hoeck et al. 2015; Ralls et al. 1988; Townsend and Jamieson 2013a). They can be calculated as: 

B=-ln(S1/S0)/0.25 
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the natural log of the ratio in survival between two states divided by 0.25, where S1 is the probability of 
survival for highly inbred individuals (f=0.25) to a given developmental stage and S0 is the probability of 
survival for non-inbred individuals (Lacy 1987; Lacy 1995; Townsend and Jamieson 2013b). B is a
haploid estimate and 2B a diploid estimate. Thus, within the context of this study, lethal equivalents were
calculated to accompany the egg fate and juvenile survival models using the methods laid out by Hoeck et 
al. (2015) and Grueber et al. (2011). For each model an accompanying probability function was created 
to determine either survival to day 30 or overwinter survival when all predictors besides f are held at their 
mean (averaged across categories, if applicable) (Grueber et al. 2011; Hoeck et al. 2015). Since the
CLMM egg fate model had an ordinal response variable of multiple developmental stages rather than a
survival/non-survival dichotomy to a particular stage, the model was re-fit as a GLMM using ‘lme4’, with
the same logit-link and predictors as the initial model and individual survival to day 30 as the response
(Bates et al. 2012; Hoeck et al. 2015). For each probability function, 95% confidence intervals were
calculated for the estimates of B using Monte Carlo sampling with 100,000 random bootstrapped draws
from a normal distribution described by the mean and standard error of the averaged model (Hoeck et al.
2015; de Villemereuil 2012). 
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Results
 


Measuring Inbreeding 

Inbreeding Linear Model 

Within the final year of the analysis f ranged between 0 and 0.375 (𝑥 = 0.095 ±0.118) for the entire
population, but varied within the flocks (Table 1). The overall GLM model was statistically significant
(F6 1491=34.8, p<0.0001), though the adjusted r2 was only 0.1194 (Table 2 and Figures 1 & 2). A post-hoc
comparison identified a significant difference in f between the wild flock and the captive flock (Tukey,
p<0.001), as well as the release birds (Tukey, p<0.001) with f being greater in the wild flock. However,
the difference between the captive flock and released individuals was not significant (Tukey, p=0.652).
Project length (F2 1491=22.9, p=1.87e-6), project length with a squared trend (F1 1491=17.9, p=2.52e-5), 
project length with a cubed trend (F1 1491=15.3, p=9.40e-5), and status (F1 1491=23.6, p=8.40e-11) were 
significant variables in the model, while sex was not (F1 1491=0.9, p=0.355) (Table 3). 

Founder Representation 

Founder equivalents and founder genome equivalents both have a different target for the population since 
one accounts for drift while the other does not. The target estimate of FE was 18 and the target estimate of
FGE was 11.72 (Figure 3). Between 1992 and 2016, they varied from 4.03 to 14.50 and from 1.75 to 9.43,
respectively. In 2016, the FE were 14.17 and the FGE were 7.53, and their peaks occurred in 2012 and 
1999, respectively. By 2000, the founders were no longer reproducing, and thus not directly influencing 
genetic diversity, though in both 1999 and 2012 representatives from under-represented founder lineages
were incorporated into the captive flock, thus increasing their likelihood of being used as breeding stock.
In 2016, the population in toto had a gene diversity of 93.35% of that available from the source
population. 

Inbreeding in Founder Lines 

Each founder has contributed differently to the level of inbreeding within each flock (Figures 4 & 5). SB
235 has made the greatest contribution to f in the total population (0.016; 21.65% of the total f), while SB 
230 and SB 118 have made no contribution to f. The mean ±SD contribution to f within the entire 
population has been 0.004 ±0.0005 and in 2016 this mean was 0.005 ±0.0005. The contribution of SB 235
was 0.019 (26% of the total) in the wild flock, but 0.014 (18.9%) in the captive flock with SB 267
contributing equally. In 2015, the contribution of SB 235 was 0.024 (17.2% of the total) to the wild flock
and those of both SB 119 and WILD 7 were 0.021 (15.1% of the total each). For the captive flock that 
year, SB 267 contributed slightly more at 0.011 (17.2%) than the 0.010 (15.6% of the total) of SB 235. 

Inbreeding Depression 

Modeling Egg Fate 

A total of 689 eggs were laid in captivity between 1992 and 2016 with embryos identifiable to one of the 
analyzable Hamburger-Hamilton classifications. For these eggs, f ranged from 0 to 0.38 (𝑥 ±SE = 0.06 
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±0.001) (see Figure 6 and Table 4), while parental f ranged from 0 to 0.25 (𝑥 ±SE = 0.04 ±0.001). 
Parental age varied from 1 to 10 (females; 𝑥 ±SE = 3.5 ±0.09), or 14 (males; 𝑥 ±SE = 4.55 ±0.12) with 
168 different pairs. The clutch number sequence ranged from 1 to 4 (𝑥 ±SE = 1.26 ±0.02). 

The top model list (ΔAIC<4) did not include the intercept-only model. Within the averaged model, clutch
number, inbreeding level, and dam age were all significant predictors, although only clutch number and
inbreeding coefficient were included in all of the top models, such that they had a relative importance of 1
(Tables 5 & 6). An interaction between sire age and inbreeding was supported in only 1 of the 32 top 
models. While the relative importance of both sire f and dam f was below 0.5. When individuals with high 
levels of inbreeding were dropped, variables with the strongest support were clutch number, inbreeding
level, and dam age; since the predictors were the same when these individuals were omitted there is no 
indication that high levels of inbreeding were disproportionately affecting the model fit. Mid-term 
embryonic deaths and nestling deaths appear more common in highly inbred eggs than in eggs with low
levels of inbreeding (Figure 6). 

Modeling Juvenile Survival 

From 1992 to 2015, 1138 complete records of juveniles were entered into the studbook, and could be used 
in the survivorship model (Table 7). For these juveniles, f ranged from 0 to 0.38 (𝑥 ±SE = 0.07 ±0.001). 
Parental age ranged from 1 to 10 (females; 𝑥 ±SE = 2.64 ±0.05) or 13 (males; 𝑥 ±SE = 3.64 ±0.08) with 
261 different pairings. While hatch day varied from 54 to 188 (𝑥 ±SE = 120.61 ±0.7), which is equivalent
to 23 February to 7 July with the mean at 30 April. Of these juveniles 559 were female, 539 were male, 
92 were in captivity, 396 were released, and 650 were born in the wild, while 365 survived their first
winter (19% of which were captive, 40% were released, and 41% were wild) and 773 did not. 

The top model list (ΔAIC<4) did not include the intercept-only model. Within the averaged model, hatch
day, inbreeding level, and status were all significant predictors, and all occurred in all 33 of the top
models, which resulted in RI values of 1 (Tables 8 & 9 and Figure 7). Sex and dam age were relatively
important with RI=0.78 and 0.65, respectively, though neither were significant predictors in the averaged
model. When a dam-age-only model was compared directly to the null model, it was significantly
different (X2=21.7, p=3.2e-6, df=2), though when a sex-only model was compared directly to the null, it 
was not (X2=2.5, p=0.12, df=2). In addition, a Hosmer-Lemeshow goodness-of-fit test for the model
indicated no significant difference (x2=11.6, p=0.1684, df=8) (Hosmer et al. 2013). The Wald X2 

coefficient tests indicate that there was no significant difference between males and females (X2=0.8, 
p=0.415) despite the RI of this categorical predictor. The post-hoc comparisons for the status categorical
levels, indicated significant differences in juvenile survival for captive, wild, and release birds (Tukey, 
p<0.001 in all comparisons). Sire age was not relatively important. When individuals with high levels of
inbreeding were removed from the dataset, the model returned largely similar results with the strongest
support for hatch day, f, and status as the most significant predictors with no indication that high levels of
inbreeding were responsible for the trend (Figures 8 & 9). 

Modeling Fecundity 

Between 1993 and 2015, 360 shrikes with complete studbook records were restricted to one of the three
flocks as an adult and had the opportunity to breed (Table 6). Of these birds, 188 were female and 172
male. Status was distributed as 63 in captivity, 112 in the wild, and 185 released. For these individuals, f 
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ranged from 0 to 0.30 (𝑥 ±SE = 0.05 ±0.001). Given between 1 and 12 breeding opportunities (𝑥 ±SE = 
2.63 ±0.1), they had between 0 and 36 offspring (𝑥 ±SE = 6.88 ±0.40), of which a range of 0 to 27 (𝑥 ±SE 
= 2.18 ±0.22) subsequently bred. 

The top model lists (ΔAIC<4) did not include the intercept-only models. However, fecundity trends
observed in the population were not significantly explained by inbreeding, although they were included in
some of the top models used for averaging (RI=0.60 in 6 of the 10 total progeny GLMMs and RI=0.36 for
3 of the 7 breeding progeny GLMMs) (Tables 10 - 13). However, status and an inbreeding-gender 
interaction (X2=2.4, p=0.0168) did influence the total offspring trend with higher levels of inbreeding
having a greater impact in males than females. The post-hoc comparisons for the status categorical levels
indicated no significant difference between them (Tukey, p>0.01). While in the second fecundity GLMM,
only gender influenced the number of breeding offspring (X2=2.0, p= 0.0466), with males having less 
than females (Table 12 & 13). Both status and f had an RI<0.5. 

Lethal Equivalents 

Based on the GLMM survival models, there are 5.38 (CI=0.78 - 14.47) diploid lethal equivalents (2B) in
an egg when survival is modeled from mid-term embryonic development to 30 days post-hatch (n=689)
(Figure 10). This level of lethal equivalents results in a probability of survival for a non-inbred embryo
(f=0) of 0.88, and of 0.46 for a highly inbred embryo (f=0.25). When survival is modeled from 30 days
through the first winter, there are 3.06 (CI = 0.74 - 6.11, n=1138) diploid lethal equivalents per individual.
The probability of survival for a non-inbred juvenile (f=0) was 0.65, while survival probability of a highly 
inbred juvenile (f=0.25) was 0.44. 
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Discussion
 


The San Clemente Loggerhead Shrike population is maintaining high gene diversity, estimated to be
93.35%, in spite of its small size. A general rule of thumb for genetic management of captive populations
is to maintain 90% of the gene diversity for 100 years, and the population is currently meeting that target
(Lacy 2013). This 90%/100-year goal is not tailored to the specific population and thus does not
necessarily equate to long-term sustainability, but as an initial, triage target, it is a useful and easily
diagnosed principle (Lacy 1995; Lacy 2013). In addition, heterozygosity lost to drift and inbreeding can
be restored in one generation of random mating or outbreeding, if the captive management
recommendations can maintain the pool of alleles until the population recovers sufficiently (Grant and
Ivey 2012; Hartl and Clark 2006). 

Managing Inbreeding 

Captive breeding is able to minimize the negative genetic consequences of small population size, but
cannot eliminate them entirely. For example, pairing maximally unrelated individuals causes effective 
population size to increase above actual population size, which slows the loss of alleles to drift, and
avoids inbreeding (Association of Zoos and Aquariums 2014; Frankham et al. 2004; Lacy 1995). In this
shrike population, both the length of the project and flock status influence inbreeding level. The mean
amount of inbreeding is greatest in the wild flock, with the captive flock and released birds exhibiting 
significantly lower inbreeding levels and higher survival rates. This result indicates that captive
management is effective at minimizing inbreeding. Given the similarity in inbreeding level between
captive and released birds, the historic emphasis of the program on releases, and the high levels of captive
ancestry in the wild flock, it seems likely that the benefits of captive management are extended to the wild
flock. In addition, the analysis indicates that although inbreeding level within the population has
increased significantly from the beginning of the project in all flocks, the inclusion of squared and cubed
predictors indicate that the trend is not linear. 

The inbreeding coefficient estimates for this population are likely to be underestimates, since founders are
assumed to be unrelated (Farabaugh 2015; Grant and Ivey 2012). For an insular subspecies this is likely
not the case. Another island species, the ‘Alala, illustrates this point, in that there are nine founders in the
pedigree but only one maternal haplotype, indicating a loss of diversity that is not accounted for by f 
(Hedrick et al. 2015). However, relative effects of management practices on inbreeding can still be
assessed, since the underestimation of inbreeding would affect all of the extant population. Managing the
population to minimize inbreeding can aid recovery in populations, regardless of the actual extent of
inbreeding in the population (Hartl and Clark 2006). 

The inbreeding coefficient is not the only metric used to guide breeding and release recommendations;
FGE, and to a smaller extent, FE are also used. Within the shrike population, the targets for these two 
measures are different, since only FGE accounts for loss of source population diversity to drift (Grant and
Ivey 2012; Lacy 1989; Lacy 1995). However, FGE is calculated from a gene drop simulation while FE is
calculated directly from the pedigree, and is therefore still reliably used to compare populations (Cole
2007; Hedrick et al. 2015; Traylor-Holzer 2011). Fortunately, both founder equivalents and founder 
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genome equivalents have increased in the entire insular population. Although this increase in founder
representation is partially due to the gradual incorporation of those individuals into the population, it has
also resulted from breeding management that equalizes founder line sizes in captivity. Since founder
representation measures are proportional, differences in reproductive output can lessen their value, while
equalized reproduction can equalize founder lines and increase the effective population size (Hedrick et
al. 2015; Lacy 1989). Taken together, these metrics do indicate that captive management, which occurs
only in captivity, has benefited the entire population, since these measures are based on the entire
pedigree, even though breeding is not controlled for in the wild flock. Captive propagation is benefiting
the population by doing more than just bolstering wild numbers and preventing the loss of diversity in the
captive flock, it is also helping to manage the genetics of the wild flock. 

Inbreeding coefficients and founder representation statistics address different aspects of genetic 
management, which can be combined as partial inbreeding coefficients. Within the shrike population,
analysis of partial inbreeding coefficients shows that founder lines make unequal contributions to
inbreeding levels, as can be seen by the varying sizes of the filled areas within Figure 4. The largest area
on the graph is attributed to founder SB 235, which thus makes the largest average contribution to
inbreeding level. Several founders made little or no contribution to inbreeding levels. Though this
disparity is not unexpected, since there will be differing amounts of inbreeding in different lineages via
both captive management and unmanaged wild matings, parsing it out provides a direct visualization of
ways to minimize future additions to inbreeding. Namely, steps can now be taken to avoid continued use 
of descendants of founders that are contributing the most to inbreeding, and encouraging use of
descendants of founders with the least contribution to inbreeding (Baumung et al. 2015; Hedrick et al.
2015). 

With knowledge of these relationships and the historic trends of the population, breeding management
can be better designed to manage genetic diversity (Lacy 2013). These additional resources will improve
pair and release candidate selection by supplementing considerations of founder equivalents, founder
specific inbreeding, and population-wide inbreeding to those of behavior, population targets, individual
inbreeding level, and mean kinship (Lacy 1995). 

Of course, the analysis of a studbook is only as accurate as the studbook on which it is based (Hammerly
et al. 2013; Silió et al. 2015 Jun; Townsend and Jamieson 2013a). As the project length has increased a
greater number of unknown relationships has been added as not all wild birds are identified and marked
every year. Molecular analysis of the population could help clarify relationships (Hammerly et al. 2013;
Okada and Tamate 2000; Silió et al. 2015 Jun). Such unknowns and historical gaps can mask trends
within management metrics, and thus also obscure their solutions. 

Inbreeding Depression 

Based on these analyses, fitness within the San Clemente Loggerhead Shrike population has been affected 
by inbreeding. Inbreeding depression was most pronounced in the early life history stages of embryo 
development and juvenile survival. Such findings are consistent with analyses from other avian 
populations, including Pink Pigeons (Columba mayeri) and Collared Flycatchers (Kruuk 2004; 
Swinnerton et al. 2004), as well as mammals such as Speke’s gazelle (Gazella spekei). A similar analysis
of egg fate as this one has been performed for the ‘Alala, (Hoeck et al. 2015; Kalinowski et al. 2000), and 
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this corvid species faces a similarly small probability of transitioning from a mid-stage to a late-stage
embryo due to inbreeding (Hoeck et al. 2015). 

Inbreeding was an important predictor of egg and juvenile survival. The models that included f as a 
predictor tended to rank well above models that excluded it, and although incorporation of other
explanatory variables improved model fit, even the inbreeding-only model was significantly better than 
the intercept-only (i.e. null) model for both egg fate (X2=4.7, p=0.02, df=2) and for juvenile survival 
(X2=293.3, p<0.001 df=2). In addition, coefficients of inbreeding from GLMs on a logit scale can be used 
as rough approximations of lethal equivalents (Hoeck et al. 2015; Jamieson 2011; Kruuk et al. 2002; Ralls
et al. 1988). Coefficients for inbreeding were 8.63 and 3.36 for the egg fate and juvenile survival models, 
respectively. These coefficient values are higher than those more precisely obtained by conducting
survival analyses, 5.38 and 3.06, respectively, but are broadly similar (Grueber et al. 2011; Hoeck et al.
2015). Both sets of lethal equivalents estimates are within the range calculated for other bottlenecked wild
passerine populations (Grueber et al. 2011; Jamieson et al. 2007; Keller and Waller 2002; Kruuk et al.
2002), as well as other small captive populations (Hoeck et al. 2015; Ralls et al. 1988). Comparisons with
these populations classify the depression in egg survival as moderately high, and depression in juvenile
survival as moderate, indicating an ongoing need for genetic management in the population (Jamieson et
al. 2007). Inbreeding depression can disproportionately affect wild individuals, likely due to an 
interaction with environmental conditions that are less benign than in captivity (Crnokrak and Roff 1999;
Jimenez et al. 1994), making the need to manage genetic diversity in captivity all the more important. 

In addition to implicating a causal relationship between inbreeding and fitness, these models indicate that
demographic and environmental factors are also important to the continuation of this subspecies. Status
was consistently and important predictor when it was included in the models. For egg fate, clutch number
increases the odds of survival with a magnitude equivalent to that of inbreeding. For juvenile survival, the
odds of survival decline slightly, but significantly with hatch day. This latter trend may be due to the
benefits of a longer period of provisioning for young birds before winter that is possible with early laying, 
and a longer period after fledging in which resources are relatively abundant for inexperienced juvenile
birds (Kruuk et al. 2002; Tierra Data Inc. 2013). Although such speculation does not rule out the
possibility of different or compounding factors, such as temporal differences in prey abundance (Monroe
et al. 2008; Nagy and Holmes 2005; Townsend et al. 2013; Verboven and Verhulst 1996). 

Clutch number was included in the egg fate model as a proxy for lay date. However, since it has the
opposite effect on egg survival of hatch date on juvenile survival, the effect of clutch number is likely not 
due to date. Instead, given the relatively young age of sires and dams within the analysis (𝑥 = 4.55 and 
3.5, respectively), clutch number may instead be a better proxy for parental experience as it is gained over
the course of the season (Farabaugh 2015; Monroe et al. 2008; Nagy and Holmes 2005). The importance
of parental experience in offspring fitness is further emphasized by the relationship between dam age and 
survival, although the inclusion of squared age terms does indicate that the youngest and the oldest 
parents have a decreased probability of offspring survival. Given the importance of these environmental,
non-genetic factors, genetic management should never supersede nor exclude behavioral and 
demographic management of the population, and the potential influence of the captive environment on the 
flock should continue to be incorporated in the decision-making process. 
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Both estimated coefficients for f indicate a decline in survival probability as inbreeding increases and this
relationship holds even when high levels of inbreeding are removed from the analysis. Inbreeding 
depression is therefore not solely attributable to individuals with an unusually high f, and emphasizes the
need for ongoing, complex, and dynamic captive management even if highly inbred individuals are
avoided as breeders (Hoeck et al. 2015). That is, it is not enough to avoid recommending highly inbred
pairs, even moderately inbred pairs can impact population viability, and the use of multiple metrics, such 
as mean kinship and founder representation, should continue (Farabaugh 2015; Grant and Ivey 2012). 

However, different variables influence reproduction than survival, namely gender. f was not a relatively
important predictor of fecundity or of breeding offspring. Although inbreeding is deleterious in early life 
history stages, its impact on fitness diminishes over the course of a bird’s life. And although inbred males
tend to have fewer offspring than either non-inbred males or inbred females, this disparity is slight and
disappears when the number of breeding offspring is considered. Males have significantly fewer breeding 
offspring than females. 

Overall, this analysis highlights the importance of the combination of genetic management, behavioral
management, and animal husbandry for maintaining high levels of fitness in captive management 
programs. Management of the genetic composition of the entire population via the captive flock is
possible, and the measured, increasing levels of inbreeding suggest that it continues to be necessary. 

These models do not include all the factors that affect the shrike population, and it cannot be assumed that 
managing only for the factors included in this analysis will result in a viable population. For example, it
has been suggested that population density may play an important role in juvenile survival, especially in 
small, isolated populations with clustered release sites (Jamieson et al. 2007), but the population
distribution and population density of shrikes is not documented to include in the models. As the repeated
use of release sites is a feature of the shrike’s population management, understanding such relationships
could aid the recovery of this subspecies. However, the impact of captivity on survival and reproduction
is likely far greater than density due to the relatively benign captive environment. Even though the shrike
cages are located within wild shrike habitat, they feature additional cover, protection from most predators,
and plentiful food. Within this analysis, status was a significant predictor in the juvenile survival model. 
Notably, both captive and release birds had significantly increased probabilities of overwintering,
indicating that release candidates are better provisioned before entering the wild than their wild 
counterparts. Yet inbreeding remained a significant predictor of juvenile survival even with status
incorporated into the model; not even the benefits of captivity can entirely negate the consequences of
inbreeding within small populations (Hedrick and Fredrickson 2008; Kalinowski et al. 2000; Ralls et al.
1988). 

Management Implications 

The positive effect of captive management protocols on the genetic composition of the shrikes is evident
in these analyses. However, captive management has not been able to eliminate the negative 
consequences of small population size entirely. The analysis does suggest that without careful captive 
breeding, inbreeding depression would have been more severe. Thus, while the general framework is
useful, the addition of precise and tailored recommendations can benefit the subspecies (Neel and 
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Cummings 2003). A list of such specific management recommendations for this population has been
generated by this study. 

One recommendation is that releases should continue as an integral portion of the captive management
strategy. Captive-bred release juveniles have likely decreased the mean level of inbreeding in the wild 
population. In addition, the analysis of partial inbreeding coefficients could help target the releases of
adults to unpaired birds before the breeding season. Such targeted releases would not only bolster the 
number of breeders, but could also help balance founder representation. While a similar technique has
been used historically with the project it was solely based on mean kinship and founder lineage, not
partial inbreeding coefficients. The captive and the wild flocks should continue to be managed as
cohesively as possible to encourage gene flow, and to prevent loss of heterozygosity due to population 
structuring based on age or sex (Crnokrak and Roff 1999; Hartl and Clark 2006; Jimenez et al. 1994;
Rutledge et al. 2017). 

Captive-rearing of these shrikes has historically emphasized parent-rearing over hand-rearing as a
technique based on studies of shrike behavior (Farabaugh 2015; Kuehler et al. 1993), even though the
controlled and benign environment of hand-rearing minimizes losses of early life history stages due to
inbreeding (Hoeck et al. 2015). Such a consideration might suggest a need to switch from parent-rearing
to hand-rearing based upon this study. However, protecting chicks from mortality due to inbreeding in
captivity is likely to increase inbreeding levels. Additionally, parental f, the behavioral consequences of
which hand-reared individuals are not exposed to, has less effect compared to individual f and parent age
on survival of eggs, chicks, and juveniles, which indicates that these latter forces play a greater role in 
early life history stages. Parent age, as a proxy for experience, can only benefit individuals if parent-
rearing is allowed to continue. 

A third recommendation is to use founder specific inbreeding levels to guide selection of pairs and release
candidates, in addition to the current standard best practices (Hedrick et al. 2015; Hoeck et al. 2015). For
example, based on this analysis of founder-specific inbreeding levels, breeding recommendations should 
focus on birds descended from SB 230, while avoiding those descended from WILD 7. SB 119 and
WILD 7, however, were a frequently, though not exclusively, mated pair with few offspring (Farabaugh
2015; Grant and Ivey 2012). Thus a choice must be made between minimizing inbreeding, which would
minimize SB 119’s contribution to the population, and equalizing founder representation. In addition, as 
the largest contributor to inbreeding, SB 235 should be avoided, except all captive birds are descended
from her (Farabaugh 2015). Instead future genetic management should focus on individuals with
pedigrees where she recurs the least. Such individual based choices can vary based on the population 
characteristics of any given year. 

Another possible recommendation is to use molecular assays to assist in pair selection. Even sporadic
application of such genetic analyses could further minimize inbreeding effects by increasing effective 
population size (Frankham et al. 2004; Haig et al. 2011; Hedrick et al. 2015; Hoeck et al. 2015; Okada
and Tamate 2000). Pedigree-derived proxies of heterozygosity and gene diversity (Hammerly et al. 2013;
Townsend and Jamieson 2013a) become less accurate in populations that have experienced bottlenecks,
and when the genetic composition of founders is unknown. 
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Inbreeding was not the only variable in the models to significantly impact survival and reproduction. A
final recommendation is to continue using demographic and environmental considerations to help guide
breeding recommendations. Notably, dam age and timing of breeding will have significant impacts on 
breeding success in the population. Older females should consistently be used as foster parents and given 
the opportunity to breed themselves, when possible. Within both captivity and the wild, earlier pairings
should be permissible and encouraged. 

Future Directions 

Based on this study, future research within this shrike population could be justifiably geared towards
completing a population viability analysis to project population trends (Hoeck et al. 2015), and to refine
the established estimates for genetic, demographic, and environmental impacts on fitness by including
location, proximity, and population density in models (Jamieson et al. 2007). The incorporation of
infertility and early embryonic death into the egg fate model via staining techniques could help
distinguish between parental and individual impacts on survival, if such application is feasible (Briskie
and Mackintosh 2004; Hemmings et al. 2012). Although the potential of maladaptive adaptations to
captivity seem unlikely at this point, they can be neither dismissed nor addressed without further analysis.
With this study’s support of status and inbreeding as significant variables in survival and its identification
of founder-specific inbreeding levels in the wild flock, it allows for the establishment of management
protocols that continue to include the wild flock (Jimenez et al. 1994; Crnokrak and Roff 1999). Such
additional management strategies are predicated upon the future continuation of current management
practices, thorough record-keeping, and investigation of data. Molecular analyses can also be performed 
to help establish a better baseline of diversity from the source population, indicating exactly how much
there is to conserve, to help resolve the assumption that founders are unrelated, and to help account for
genetic drift (Rutledge et al. 2017). Molecular estimates of gene diversity are lower than pedigree derived
ones, but still indicative of high heterozygosity (Rutledge et al. 2017). Further efforts would help clarify
this difference and begin to implicate loci in the inbreeding depression. Ultimately the effort of this study
and of all future studies that stem from it, is to aid in the recovery of threatened and endangered species,
including this population of shrikes on San Clemente Island, by identifying all the resources and 
techniques available to promote population viability and sustainability. 
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Tables
 


Table 1. A summary of mean inbreeding level (f) in 2015 within the population when subdivided by 
status into the captive, wild, and release flocks. 

Mean ±SE 
Captive 0.067 ±0.052 
Released 0.057 ±0.027 
Wild 0.117 ±0.185 

Table 2. Coefficients for the linear model of inbreeding level over the course of the project and between
the wild and the captive flocks. Sex and Status are dummy-coded categorical predictors with the base 
level used for the intercept set at female and captive, respectively, and their coefficient tests are a
comparison with the base level. Those p-values that are statistically significant at α=0.05 are marked with 
an asterisk. 

Estimate ±SE Statistic p 
(Intercept) -6.1 ±0.5713 -10.716 7.30E-26* 
Status (Released) 0.063 ±0.0730 0.870 0.3843 
Status (Wild) 0.34 ±0.0734 4.685 3.06E-06* 
Project Length 0.601 ±0.1257 4.786 1.87E-06* 
Project Length2 -0.036 ±0.0085 -4.227 2.52E-05* 
Project Length3 0.00072 ±0.0002 3.916 9.40E-05* 
Sex (Male) 0.036 ±0.0391 0.926 0.3546 

Table 3. The sums of squares, degrees of freedom, F-statistic, and p-value for each of the predictors from
the linear model of inbreeding level over the course of the project and between the wild and the captive 
flocks. Those p-values that are statistically significant at α=0.05 are marked with an asterisk. 

SS df F value p 
Status 26.918 2 23.565 8.40E-11* 
Project Length 13.081 1 22.904 1.87E-06* 
Project Length2 10.202 1 17.863 2.52E-05* 
Project Length3 8.760 1 15.337 9.40E-05* 
Sex 0.490 1 0.857 0.3546 
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Table 4. A summary of the data from the egg log used to construct egg fate models. Either the count or
the mean and standard error are listed for the predictors and ordinal response levels, mid-term embryonic
death (MED), late-term embryonic death (LED), death prior to feldging (Died < 30 days), and survival to
fledging (Survived), for the egg fate model. 

Count Mean ±SE 
Eggs 689 

MED 72 
LED 38 
Died < 30 days 75 
Survived 504 
f 0.06 0.001 
Parental f 0.04 0.001 
Dam Age 3.5 0.09 
Sire Age 4.55 0.12 
Clutch Number 1.26 0.02 

Table 5. The standardized estimates, with standard error, for the coefficients from the weighted average
egg fate model shown on a logit link scale. Significance tests are included as Wald X2 results, based on 
the change in deviance from the null when the predictor is omitted from the model, and the p-value for
each coefficient. The coefficients include the transitions between each egg fate response category and the
predictors of egg fate included in the CLMM. Those predictors which were statistically significant at α 
=0.05 level are marked with an asterisk. The un-standardized estimates are also included. 

Standardized 
Estimate 

±SE X2 p Estimate ±SE 

MED|LED -3.4 ±0.3580 9.500 < 2e-16* -3.7 ±0.7030 

LED|Died<30 -2.6 ±0.3332 8.002 < 2e-16* -2.96 ±0.6930 
Died<30|Survive -1.6 ±0.3076 5.352 1e-07* -1.9 ±0.6850 

Clutch 0.54 ±0.1680 3.214 0.0013* 1.02 ±0.3167 

Dam Age -0.7 ±0.3372 2.090 0.037* -0.33 ±0.1516 

f -0.5 ±0.1900 2.690 0.0071* -8.6 ±3.2082 

Sire f -0.3 ±0.1872 1.373 0.1698 -3.6 ±2.8405 

Dam f 0.0 ±0.1947 0.015 0.9884 -4.5 ±5.6453 

Dam Age x Dam f 0.3 ±0.1726 1.761 0.0782 1.9 ±1.0654 

Dam Age2 -0.4 ±0.5656 0.622 0.5341 -0.016 ±0.0261 
Sire Age 0.0 ±0.2586 0.313 0.7541 0.027 ±0.0803 
Sire Age2 0.0 ±0.2626 0.197 0.8435 0.0013 ±0.0067 

Sire Age x Sire f -0.1 ±0.1692 0.758 0.4484 -0.57 ±0.7565 
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Table 6. The support for inclusion of each predictor within the egg fate model calculated from the Akaike 
weights (RI), as well as the number of models containing that predictor within the top models (ΔAIC<4) 
that were used to generate the average model. 

RI Containing
Models 

Clutch 1.00 32 
f 1.00 32 
Dam Age 0.81 24 
Sire f 0.45 14 
Dam f 0.40 14 
Dam Age2 0.33 14 
Dam Age x Dam f 0.27 8 
Sire Age 0.21 10 
Sire Age2 0.19 9 
Sire Age x Sire f 0.02 1 

Table 7. A summary of the data from the studbook used to construct the models. Either the count or the
mean and standard error are listed for the predictors, categorical levels, and response for both the juvenile
survival and fecundity models. 

Juveniles 
Surviving 
Died 
Female 
Male 
Captive 
Released 
Wild 
f 
Dam Age 
Sire Age 
Hatch Day 

Breeders 
Successful 

Unsuccessful 
Female 
Male 
Captive 
Release 
Wild 
f 

Count Mean ±SE 
1138 
365 
773 
559 
539 
92 
396 
650 

0.07 0.001 
2.64 0.05 
3.64 0.08 
120.61 0.7 

360 
264 
96 
188 
172 
63 
185 
112 

0.05 0.001 
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Table 8. The standardized estimates, with standard error, for the parameters from the juvenile survival 
weighted average model shown on a log odds scale. Significance tests are included as Wald X2 results,
based on the change in deviance from the null when the predictor is omitted from the model, and the p-
value for each coefficient. This includes the intercept for the categorical predictors at sex (female) and 
status (captive), as well as all other coefficients included in the GLMM. Those predictors which were
statistically significant at α =0.05 level are marked with an asterisk. The un-standardized estimates are 
also included. 

Standardized 
Estimate 

±SE X2 p Estimate ±SE 

Intercept 1.5 ±0.3362 4.589 4.5e-06 * 2.5 ±0.6680 
Dam Age 0.5 ±0.4605 0.791 0.4291 0.11 ±0.0883 
Hatch Day -1.9 ±0.2947 6.578 < 2e-16 * -0.0089 ±0.0036 
f -2.7 ±0.3059 8.705 < 2e-16 * -3.4 ±1.2338 
Sex (Male) 0.4 ±0.3137 0.816 0.4148 0.47 ±0.4732 
Status (Released) -0.4 ±0.1701 2.477 0.0133 * -1.7 ±0.3829 
Status (Wild) -0.5 ±0.1715 2.722 0.00645 * -2.6 ±0.3532 
Sex (Male) x Status (Released) -0.8 ±0.5566 0.656 0.5116 -0.76 ±0.5867 
Sex (Male) x Status (Wild) -0.2 ±0.4064 0.179 0.8582 -0.1 ±0.5760 
Dam Age2 0.0 ±0.2707 0.045 0.9641 0.00107 ±0.0150 
Sire Age -0.3 ±0.2821 0.330 0.4916 -0.057 ±0.0821 
Sire Age2 0.2 ±0.2529 0.226 0.6257 0.0037 ±0.0075 

Table 9. The support for inclusion of each predictor within the juvenile survival model calculated from
the Akaike weights (RI), as well as the number of models containing that predictor within the top models
(ΔAIC<4) that were used to generate the average model. 

RI Containing
Models 

Status 1.00 33 
Hatch Day 1.00 33 
f 1.00 33 
Sex 0.78 25 
Dam Age 0.65 19 
Sex x Status 0.48 15 
Dam Age2 0.40 16 
Sire Age 0.31 14 
Sire Age2 0.25 12 
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Table 10. The standardized estimates, with standard error, for the parameters from the fecundity weighted
average model, along with Wald X2 results, based on the change in deviance from the null, and the p-
value for each coefficient. Those estimates which were significant at α =0.05 level are marked. The 
standardized estimates, with standard error, for the parameters from the fecundity weighted average
model shown on a log odds scale. The response variable is total number of offspring. Significance tests
are included as Wald X2 results, based on the change in deviance from the null when the predictor is
omitted from the model, and the p-value for each coefficient. These parameters include the intercept set at 
the level of female for the sex category and the level of captive for the status category, as well as all other
fixed effects and categorical levels included in the GLMM. Those predictors which were statistically
significant at α =0.05 level are marked with an asterisk. The un-standardized estimates are also included. 

Standardized 
Estimate 

±SE X2 p Estimate ±SE 

Intercept 2.2 ±0.1951 11.154 <2e-16* 2.1 ±0.2116 
f 0.0 ±0.1067 0.520 0.6034 0.9 ±1.7789 
Sex (Male) 0.0 ±0.1970 0.125 0.9004 0.2 ±0.2324 
Status (Released) -0.4 ±0.2164 2.073 0.0382* -0.4 ±0.2071 
Status (Wild) -0.4 ±0.3324 1.817 0.0692 -0.4 ±0.2173 
Sex x Status (Released) -0.3 ±0.3249 0.969 0.3324 -0.3 ±0.3312 
Sex x Status (Wild) 0.2 ±0.3653 0.495 0.6209 0.2 ±0.3640 
f x Sex (Male) -0.3 ±0.1217 2.391 0.0168* -4.9 ±2.0266 
f x Status (Released) 0.1 ±0.1756 0.556 0.5779 1.6 ±2.9257 
f x Status (Wild) 0.1 ±0.1861 0.703 0.4821 2.2 ±3.1019 

Table 11. The support for inclusion of each predictor within the fecundity model for total number of
offspring calculated from the Akaike weights (RI), as well as the number of models containing that
predictor within the top models (ΔAIC<4) that were used to generate the average model. 

RI Containing
Models 

Status 0.90 8 
Sex 0.62 7 
f 0.60 6 
Sex x f 0.45 4 
Sex x Status 0.20 2 
Status x f 0.03 1 
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Table 12. The standardized estimates, with standard error, for the parameters from the fecundity weighted
average model shown on a log odds scale. The response variable is total number of offspring that breed.
Significance tests are included as Wald X2 results, based on the change in deviance from the null when
the predictor is omitted from the model, and the p-value for each coefficient. These parameters include
the intercept set at the level of female for the sex category and the level of captive for the status category, 
as well as all other fixed effects and categorical levels included in the GLMM. Those predictors which
were statistically significant at α =0.05 level are marked with an asterisk. The un-standardized estimates 
are also included. 

Standardized 
Estimate 

±SE X2 p Estimate ±SE 

Intercept -2.4 ±0.8195 2.985 0.0028* -2.4 ±0.8178 
f 0.1 ±0.0603 0.627 0.5307 1.1 ±1.8134 
Sex (Male) -0.4 ±0.1839 1.990 0.0466* -0.37 ±0.1894 
Status (Released) -0.0 ±0.1732 0.028 0.9774 -0.015 ±0.5398 
Status (Wild) -0.1 ±0.0766 0.245 0.8061 0.52 ±0.5926 
f x Sex (Male) 0.1 ±0.2052 0.743 0.4573 -0.75 ±0.6307 

Table 13. The support for inclusion of each predictor within the fecundity model for number of breeding 
offspring calculated from the Akaike weights (RI), as well as the number of models containing that
predictor within the top models (ΔAIC<4) that were used to generate the average model. 

RI Containing
Models 

Sex 0.74 5 
Status 0.40 4 
f 0.36 3 
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Figure 1. The mean and standard error of the inbreeding coefficients in the captive, released and wild
flocks. The means are averaged across the entire history of the project. 

Figure 2. Variation in inbreeding over the history of the captive propagation project for all sections of
the population. Inbreeding is on a logit scale with ribbons representing 95% confidence intervals for
modeled lines through the data. 
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Figure 6. The proportion of captive individuals within each egg fate category when inbreeding level is
represented as a categorical rather than a numeric predictor. Inbreeding levels are high (f≥0.25), medium 
(0.25>f≥0.1), or low (0.1>f≥0), and are indicated by the colors red, blue, and green, respectively. The
number of eggs that reached each developmental stage is proportional to the width of the bars. While it is
clear that lower levels of inbreeding predominate within the flock, and that the bulk of individuals within
the analysis survived to 30 days, mid-development embryo deaths (MED) and nestling deaths (Died<30 
Days) occur at a greater rate with moderate levels of inbreeding. 
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Figure 7. Predicted probability of juvenile survivorship from the fitted logistic regression model. For
each panel, the predictors of survivorship that are not illustrated are held at their mean. (a) shows the
decline in juvenile survival as the inbreeding coefficient varies from 0 to 0.38. The gray band surrounding
the line is a 95% confidence band. Overwinter survival is predicted to decline from 0.40 to 0.14. (b)
shows the decline in survival as hatch day varies across the observed range, from 54 (23 February) to 188
(7 July). Status is a categorical predictor shown as a line for each status. The gray bands surrounding the
lines are 95% confidence bands. Later hatches within all three statuses face a reduced probability of 
overwinter survival. (c) shows the increase in survival as dam age varies across the observed ages of 1 to
10 years. The gray band surrounding the line is a 95% confidence band. Overwinter survival for juveniles
of older, more experienced mothers have survival rates of 70%, while juveniles of young, inexperienced 
mothers have survival rates of less than 30%. 
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Figure 8. Predicted probability of juvenile survivorship from the fitted logistic regression model as the
inbreeding coefficient varies from 0 to 0.38 and subset by status, while all other predictors are held at 
their mean. The bands surrounding the lines are 95% confidence bands. The probability of survival
declines as inbreeding level increases, although it is significantly higher in the captive population. 

Figure 9. Predicted probability of juvenile survivorship from the fitted logistic regression model that
excluded high values of inbreeding (>0.25). Instead the inbreeding coefficient varies from 0 to 0.25 and,
is subset by status, while all other predictors are held at their mean. The bands surrounding the lines are 
95% confidence bands. The probability of survival declines as inbreeding level increases, although it is
significantly higher in the captive population. 
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Figure 10. The haploid (B) and diploid (2B) lethal equivalent values as plotted for (a) survival to day 30,
and (b) first winter survival. Dashed lines represent the 95% confidence intervals from the Monte Carlo
sampling and the peaks at the most commonly returned value. The solid red line indicates the cut-off of 
no lethal equivalents, that is, no disparity in survival due to inbreeding. 
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