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Small and fragmented populations are at high risk of local extinction, in part because 
of elevated inbreeding and subsequent inbreeding depression. A major conservation 
priority is to identify the mechanisms and extent of inbreeding depression in small pop-
ulations. !e eastern massasauga (Sistrurus catenatus) rattlesnake is listed as Federally 
!reatened in the United States, having experienced significant habitat fragmentation 
and concomitant population declines over the past 200 years. Here, we use long-term 
monitoring of two wild populations of eastern massasaugas in Michigan to estimate the 
extent of inbreeding in each population, identify mechanisms that generate inbreed-
ing, and test for the impact of inbreeding on fitness. Using targeted genomic data and 
spatial coordinates of capture locations from over 1000 individuals, we find evidence 
of inbreeding and link inbreeding to spatial kinship structure within populations, pos-
sibly driven by limited dispersal. We reconstruct multigenerational pedigrees for each 
population to measure reproductive output and use long-term capture–recapture data to 
estimate individual survival (i.e., the two major components of fitness). We find evidence 
of inbreeding depression in both fitness metrics. !e 5% most inbred individuals are 
13.5% less likely to have any surviving offspring and have 11.6% lower annual survival 
compared to all less inbred individuals. By combining genomics and long-term moni-
toring data, we are able to link the life history of eastern massasaugas to inbreeding and 
detect relationships between fitness and inbreeding. !ese insights provide important 
conservation context for future management and for understanding how spatial structure 
can generate inbreeding depression even at fine spatial scales.

inbreeding depression | population structure | inbreeding | pedigrees

 Anthropogenic land use changes have dramatically altered the size and distribution of 
natural populations ( 1 ). In many species, contiguous ranges have been divided, and pop-
ulations are restricted to isolated habitat fragments. Small and isolated populations are 
inherently more vulnerable to extinction than large, connected ones due to demographic 
and environmental stochasticity, reduced adaptive genetic variation, and inbreeding 
depression ( 2   – 4 ). Inbreeding depression, here de!ned as a reduction in !tness due to 
individual inbreeding or shared ancestry of an individual’s parents ( 5 ), can ultimately 
reduce population viability ( 3 ), increasing the probability of extinction. Identifying how 
and why inbreeding depression occurs in small populations and by how much !tness is 
reduced is therefore essential for the conservation of endangered species ( 6   – 8 ).

 Fitness reduction can be the outcome of two distinct processes: genetic drift, which 
can drive deleterious alleles to higher frequency in a population, and nonrandom mating, 
which can increase individual inbreeding ( 3 ,  6 ). Small populations are at greater risk of a 
reduction in !tness due to genetic drift because the magnitude of changes in deleterious 
allele frequencies is inversely correlated with e"ective population size ( 4 ,  9   – 11 ). Nonrandom 
mating, e.g., between relatives within a population, can generate pedigree reticulations 
and concomitant increases in the proportion of an individual’s genome that is 
identical-by-descent to itself (i.e., coinherited from the same recent ancestor). Fitness is 
reduced in inbred individuals via an increase in expression of deleterious recessive alleles 
(dominance coe#cient < 0.5) in homozygous genotypes and/or a reduction in heterozy-
gosity at loci that convey a !tness advantage in heterozygous genotypes (overdominance) 
( 12 ). Inbreeding due to nonrandom mating can be generated by a variety of behaviors 
and life history traits that generate substructure within populations, including the mating 
system ( 13 ), the age structure of reproducing individuals ( 14 ), and limited dispersal 
distances ( 15 ).

 Despite the importance of understanding and quantifying inbreeding depression and 
its ubiquity under experimental conditions ( 12 ,  16 ), inbreeding depression remains 
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di#cult to detect in natural populations, especially in those not 
easily monitored due to low encounter probabilities ( 3 ,  17   – 19 ). 
Inbreeding depression driven by nonrandom mating within wild 
populations is typically assessed by testing for a relationship 
between individual inbreeding and an individual !tness compo-
nent (or proxy) using regression models ( 18 ). Although genomic 
data have allowed for accurate estimates of individual inbreeding 
in natural populations, measuring !tness directly remains di#cult 
for most species ( 5 ,  20 , but see  21 ). Inbreeding depression varies 
in its impact on di"erent components of !tness ( 22 ,  23 ), and 
commonly used !tness proxies, like body condition, are often not 
strongly correlated with !tness ( 24 ), potentially leading to high 
false negative rates in tests for inbreeding depression in the wild. 
Here, we demonstrate the value of long-term population moni-
toring by testing for inbreeding depression using estimates of 
survival and reproductive success within wild populations of the 
elusive eastern massasauga (Sistrurus catenatus ).

 $e eastern massasauga is a wetland-specialist rattlesnake that 
has experienced signi!cant habitat fragmentation over the past 
200 years ( 25 ). It is federally listed as threatened under the United 
States Endangered Species Act and the Canadian Species at Risk 
Act. Although there is evidence that eastern massasaugas histori-
cally existed in fragmented populations due to their association 
with naturally patchy wetland habitats, populations have experi-
enced recent declines and extinctions associated with human 
land-use changes ( 26 ), and levels of natural connectivity have 
almost certainly been reduced. Contemporary populations of 
eastern massasaugas have small e"ective population sizes ( 27   – 29 ) 
and are vulnerable to habitat fragmentation, with agriculture, 
roads, and other human-modi!ed habitats known to act as barriers 
to dispersal ( 30     – 33 ). $us far, studies examining inbreeding have 
found no evidence of inbreeding depression in eastern massasaugas 
( 29 ,  34 ), but these studies used body condition as a !tness proxy, 
as measuring !tness in this species is di#cult without extensive 
long-term monitoring and genetic parentage information.

 In this study, we merge over a decade of population monitoring 
with genetic pedigree reconstruction to quantify inbreeding in 
two populations of eastern massasaugas and test whether these 
small populations experience inbreeding depression. We 1) char-
acterize the extent of individual inbreeding using genetic data, 2) 
analyze spatial structure that reinforces inbreeding, and 3) test for 
inbreeding depression using survival estimates from capture–
recapture data and reproductive output measured from recon-
structed wild pedigrees. We !nd that inbreeding impacts both 
survival and reproductive success in these populations and that 
the geographic scale of dispersal and mating within populations 
may contribute to the prevalence of inbreeding. Our results high-
light how aspects of life history, such as dispersal limitation, may 
contribute to inbreeding and thereby its !tness consequences. 

Results

Genotyping Individuals from >10 y of Capture–Recapture 
Monitoring. We focused on inbreeding dynamics in two 
populations of eastern massasaugas in southwestern MI. We refer 
to these populations by their counties of origin: Barry and Cass. 
Field surveys at each site have been conducted since 2009 (Cass) 
or 2011 (Barry). Snakes were encountered within a small spatial 
extent [max. distance between snakes: 1.7 km (Cass) and 2 km 
(Barry)]. To estimate the extent of inbreeding and reconstruct 
pedigrees for each population, we used a RADseq + capture 
(i.e., RAPTURE) approach to target putatively neutral single-
nucleotide polymorphisms (SNPs) known to be polymorphic 
in these populations (35). Initial quality !ltering resulted in a 

dataset of 5,607 SNPs in 1,056 individuals at an average depth 
of coverage of 54X. After !ltering for missing data and linkage, 
we retained a !nal dataset of 2,176 SNPs sequenced in 1,037 
individuals across the two focal populations (Barry: n = 260, Cass: 
n = 777, 86 km apart). Contemporary e"ective population sizes, 
estimated using linkage disequilibrium (36, 37), were 48.82 (CI: 
26.37 to 68.88) and 27.05 (CI: 21.87 to 31.63) at Barry and Cass 
Counties, respectively.

Estimating Reproductive Output Through Pedigree Reconstruction. 
We reconstructed pedigrees separately for each population with 
the R package Sequoia (38), using SNPs with minor allele 
frequencies above 0.1 in the focal population, as loci with more 
common minor alleles provide greater information for pedigree 
reconstruction (Barry: 1,452 SNPs, Cass: 1,472 SNPs). We used 
a genotyping error rate of 0.00101 (CI: 0.000849 to 0.00117) 
based on base-pair di"erences between 30 individuals sequenced 
twice. Most individuals had parents assigned in the reconstructed 
pedigrees (Fig. 1, Barry County: 60.0% of 138 females and 119 
males had both parents assigned, 9.0% had one parent assigned, 
31.1% had no parents assigned, Cass County: 88.0% of 346 
females and 278 males had both parents assigned, 5.0% had one 
parent assigned, 7.0% had no parents assigned). Parents were 
either genotyped individuals or “dummy” individuals, the latter 
of which are inferred to exist via pedigree relationships between 
relatives. At Cass and Barry Counties, respectively, 70.4 and 
48.1% of individuals had genotyped dams, and 43.6 and 33.8% 
of individuals had genotyped sires. $e discrepancy in parents 
assigned between populations re&ects di"erences in population 
size and survey e"ort. Dams and sires had between one and nine 
pedigree o"spring at Barry County and between one and 22 
o"spring at Cass County (Fig. 1). A total of 65.9% (n = 91) and 
77.6% (n = 342) females and 75.6% (n = 90) and 80.0% (n = 267) 
of males at Barry and Cass Counties, respectively, did not have 
o"spring assigned in the pedigree, suggesting substantial variation 
in reproductive success. $ese counts include both individuals 
for whom we have lifetime reproductive success and individuals 
who had limited reproductive opportunities due to their age (see 
Methods and Supplemental Methods). Pedigrees encompassed 
a maximum of three generations at Barry County and eight 
generations at Cass County.

 Multiple lines of evidence suggest high con!dence in inferred 
pedigree relationships. First, we included 265 snakes born in the 
lab to known dams (and subsequently released) ( 39 ,  40 ), and all 
but one of these relationships were correctly inferred in our ped-
igree reconstruction, with the exception of one lab-born snake 
who was not assigned parents. Second, we only allowed types of 
pairwise relationships (e.g., both parent and o"spring genotyped; 
o"spring is genotyped, parent is dummy) for which the assign-
ment con!dence probability for the pairing was ≥ 95% 
(SI Appendix, Tables S1 and S2 ). $ird, to test whether we are 
undercounting o"spring for snakes captured at the edge of the 
sampled area, we conducted linear regressions between number 
of o"spring and geographic distance from the center of each site 
and found that distance from the center was not a signi!cant 
predictor of number of o"spring at either site [Cass: R2  = 
−0.000600, F (1,618) = 0.632, P  = 0.427, Barry: R2  = −0.00356, 
 F (1,254) = 0.0954, P  = 0.758].  

Genomic and Pedigree Inbreeding in Eastern Massasauga 
Populations. We estimated genomic inbreeding for individuals 
in each population separately using Fgrm, a measure of individual 
inbreeding (5). Many calculations of genomic inbreeding exist; 
here, we use Fgrm because it places more weight on minor allele D
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homozygotes that are less likely to be observed by chance compared 
to major allele homozygotes and is commonly used in studies with 
similar SNP datasets (41, 42). Because Fgrm compares individual 
homozygosity to population allele frequencies, it is more sensitive 
to inbreeding from nonrandom mating than genetic drift. Values 
of Fgrm ranged from −0.0946 to 0.248 at Barry County and from 
−0.0724 to 0.315 at Cass County (Fig.  1D). Negative values 
represent an excess of heterozygosity, re&ecting individuals that are 
more outbred than expected given population allele frequencies. 
At Cass and Barry Counties, 10.2 and 7.3% of individuals had Fgrm 
values greater than 0.05, respectively (Fig. 1D). One individual 
from Cass County had an extremely elevated Fgrm value (0.88), 
re&ecting an excess of minor allele homozygous genotypes. 
We removed this individual from downstream analyses as a 
likely migrant.

 We also used the inferred pedigree to calculate pedigree inbreed-
ing coe#cients (measures of the relatedness of inferred parents in 
the pedigree). Pedigree inbreeding ranged from 0 to 0.25 in both 

populations. At Barry County, one out of 37 unique pairs of 
genotyped parents were full siblings. At Cass County, seven of 99 
unique pairs of genotyped parents were half-siblings. $e o"spring 
of the most related pairs of parents in the pedigree also had ele-
vated Fgrm   [r (1034) = 0.394, P  < 0.001], (SI Appendix, Fig. S1 ).  

Spatial Genetic Structure Detected Within Each Population. 
As expected, the Barry and Cass County sites were genetically 
di"erentiated from each other (FST = 0.057), though this is likely 
an underestimate because we preferentially sequenced SNPs 
common in both populations (minor allele frequencies > 0.05). 
In a principal component analysis for both sites, the !rst axis of 
variation (which explained 14.3% of the variation in the data) 
divided the populations, with the potential migrant falling between 
them (SI Appendix, Fig. S2). Fine-scale population structure is 
revealed in principal component analyses conducted separately 
for each site (Fig. 2 A and B). In Barry County, PC2 (3.6% of 
variation explained) is associated with changes in latitude. In Cass 
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Fig. 1.   (A) Figure shows the proportion of individuals in Barry and Cass Counties who were assigned no, one, or two parents in pedigree. (B) Histograms show 
the number of assigned offspring for Barry and Cass Counties. (C) Reconstructed pedigrees of eastern massasaugas in Barry County (Top) and Cass County 
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Family pedigrees show instances of close-kin mating that resulted in offspring with elevated Fgrm. Numbers mark the location of focal individuals in both the 
family and population-wide pedigrees.
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County, PC2 (3.8% of variation explained) is associated with 
changes in longitude. At both sites, the direction associated with 
genetic clustering is roughly correlated with the distribution of 
riparian habitat.

 To determine whether this spatial pattern was the result of 
kinship clustering, we compared pairwise geographic distances 
between related and unrelated individuals. Individuals recaptured 
in multiple locations were assigned a single location that was the 
centroid of all their capture locations. Parents and o"spring, as 
well as pairs of parents, were more likely to be closer together 
compared to pairs of unrelated individuals with no o"spring 
( Fig. 2 C  and D  , Bonferroni-corrected P  for all tests < 0.005). $is 
mirrors a pattern of isolation by distance ( 43 ,  44 ) seen in the 
genetic data, where more genetically similar individuals are, on 
average, found closer together in geographic space (SI Appendix, 
Fig. S3 ).  

Inbreeding Explains Reduced Individual Survival. We evaluated 
the e"ect of Fgrm on apparent survival by building a set of 
candidate Cormack–Jolly–Seber (CJS) models that included 
1,591 captures (Cass: n =1,188; Barry n =403) of 1,001 
unique individuals (Table 1, Cass: n =754; Barry n = 247) and 
determined the top-ranked model using AICc. $e top-ranked 
CJS model included negative additive e"ects of site and Fgrm and 

a positive additive e"ect of snout–vent length (SVL) to explain 
annual apparent survival (Table 1 and SI Appendix, Figs. S4 
and S5). Barry County individuals had higher survival than 
Cass County individuals. To assess the e"ects of inbreeding 
on annual survival, we controlled for body size by setting SVL 
to 52 cm, which is the SVL of moderately sized adult males 
and females at both sites. Cass County adult annual survival 
decreased from 0.75 to 0.36 as Fgrm increased from −0.07 to 
0.32 (Fig.  3). Barry County adult annual survival decreased 
from 0.86 to 0.58 as Fgrm increased from −0.09 to 0.25 (Fig. 3). 
$e predicted apparent annual survival of the 5% most inbred 
individuals in each population decreased by 13.80% at Cass 
County and 9.46% at Barry County compared to the rest of 
the population.

Inbreeding Is Associated With Reduced Reproductive Output. 
$e inbreeding load (-B), estimated from a regression of the log 
of individual reproductive output against Fgrm with 826 genotyped 
individuals (Table 1, Cass: n = 589, Barry: n = 237), was 1.13. To 
further evaluate the e"ect of Fgrm on total reproductive output, we 
constructed zero-in&ated negative binomial models. $ese models 
incorporate a conditional and zero-in&ated component to account 
for an excess of true and false zeros in the number of pedigree 
o"spring (45). We expect true zeros to occur because of reproductive 
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skew and false zeros to represent individuals never captured during 
the study. $e top-ranked model from AICc comparison included 
e"ects of site, principal components (PCs) 2 to 6 of the genetic PCA, 
years an individual could have contributed to the pedigree, sex, and 
Fgrm in both the conditional and zero-in&ated components of the 
model (Table 1). Similar to accounting for population structure in 
genome-wide association studies, PCs account for patterns of shared 
ancestry within a site. $e lowest-ranked model was the model that 
did not include Fgrm as a predictor.

 Individuals with higher inbreeding were more likely to have 
zero pedigree o"spring (i.e., excess zeros), whereas snakes that had 
more years with the potential to contribute to the pedigree (i.e., 
lived longer after reaching reproductive age) were less likely to 
have zero o"spring ( Fig. 3  and SI Appendix, Fig. S6 ). In the 
zero-in&ated component of the model, an increase of 0.05 in Fgrm   
is associated with a 50.8% decrease in the odds of having any 
o"spring in the pedigree. $e predicted probability of having 
o"spring of the 5% most inbred individuals in each population 
decreased by 13.23% compared to all other individuals. Years 
contributing to the pedigree, site (Cass), and PC6 had a positive 
e"ect on the total number of o"spring produced (SI Appendix, 
Figs. S6 and S7 ). Inbreeding also had a negative e"ect on number 
of o"spring, but the 85% CI overlapped zero, indicating it is not 
an important model parameter ( 46 ).

 To address the possibility that spatial correlations in inbreeding 
and reproductive output might bias results, we compared Fgrm   
between nearby (within 25 m) individuals with and without o"-
spring. On average, individuals without o"spring have higher Fgrm   
than nearby parents (t  = 2.70, df = 334, P  = 0.007), but do not 
have signi!cantly di"erent Fgrm   than other nearby individuals 
without o"spring (t  = −0.084, df = 409, P  = 0.93). Furthermore, 
the di"erence in inbreeding between nearby pairs with and with-
out o"spring is greater than the di"erence between pairs of indi-
viduals without o"spring (t  = −2.03, df = 723.46, P  = 0.043).   

Discussion

 We documented patterns of inbreeding and inbreeding depres-
sion in two wild populations of the threatened eastern massa-
sauga. While most individuals in our study were not inbred 

relative to the population as a whole, some individuals exhibited 
elevated levels of inbreeding, and inbreeding was associated with 
lower survival and reproductive success. We found evidence of 
!ne-scale population structure within each site, which is a 
potential mechanism generating nonrandom mating and 
reduced individual !tness due to inbreeding. Previous studies 
on eastern massasaugas and other vipers have documented the 
accumulation of putatively deleterious variants that likely con-
tribute to inbreeding depression ( 47 ) as well as physical abnor-
malities and decreased litter size thought to be a consequence 
of inbreeding ( 48   – 50 ). $is study links inbreeding and !tness 
to provide direct evidence of inbreeding depression in rattle-
snakes. Our results contribute to a growing body of work that 
suggests that, as predicted by experimental literature ( 12 ), 
inbreeding depression in wild animal populations is widespread 
and especially concerning given contemporary levels of habitat 
loss and fragmentation ( 3 ). 

Extent of Inbreeding. While most individuals genotyped as a part 
of this study have inbreeding values near zero, indicating little to 
no inbreeding, more than 7% of individuals at both sites have Fgrm 
values above 0.05, a value known to cause detectable inbreeding 
depression in other taxa (51). Due to our large sample sizes, we 
were able to directly observe instances of close-kin mating in the 
pedigree (Fig. 1). For example, the most closely related parents 
were outbred full siblings. More individuals had elevated genomic 
inbreeding compared to pedigree inbreeding, likely due to the 
limited timescale captured by the pedigree (5).

Fine-Scale Spatial Structure Generates Inbreeding Through 
Nonrandom Mating. We found !ne-scale spatial population 
structure within both sampled populations of eastern 
massasaugas (Fig.  2). Fine-scale spatial genetic structure and 
spatially nonrandom mating have been connected to inbreeding 
in simulations and marsupials (52) and a decrease in !tness in 
outcrossing plants (15). However, spatially random mating can 
act to prevent inbreeding even in the presence of spatial structure 
(53). Here, we show both spatial genetic structure and that close-
kin pairs and parents are not spatially random, indicating a link 
between spatial structure and inbreeding.

Table 1.   Survival models: Candidate set of Cormack–Jolly–Seber models constructed from capture–recapture data 
collected from eastern massasauga populations in Cass and Barry counties between 2009 and 2023
Survival Models Δ AICc !

i
k −2(log) 

  !    (site + SVL + Fgrm ) p (site * year + sex * year + AFpriorcap2)  0.00  0.315  46  3,173.86

  !    (site + sex + SVL + Fgrm ) p (site * year + sex * year + AFpriorcap2)  0.24  0.280  47  3,171.98

  !    (site + sex + SVL * Fgrm ) p (site * year + sex * year + AFpriorcap2)  0.53  0.242  48  3,170.14

  !    (site * sex + SVL * Fgrm ) p (site * year + sex * year + AFpriorcap2)  2.22  0.104  49  3,169.70

  !    (sex + SVL + Fgrm ) p (site * year + sex * year + AFpriorcap2)  5.28  0.023  46  3,179.14

  !    (SVL + Fgrm ) p (site * year + sex * year + AFpriorcap2)  5.53  0.020  45  3,181.52

  !    (site + SVL) p (site * year + sex * year + AFpriorcap2)  6.96  0.010  45  3,182.95

  !    (site + sex + SVL) p (site * year + sex * year + AFpriorcap2)  7.82  0.006  46  3,181.68

  !    (SVL) p (site * year + sex * year + AFpriorcap2)  11.96  0.001  44  3,190.06

  !    (sex + SVL) p (site * year + sex * year + AFpriorcap2)  12.31  0.001  45  3,188.30

 Reproductive Output Models     

 offspring ~ site + Fgrm  + sex + PC2 + PC3 + PC4 + PC5 + PC6 + years  0.00  0.49  21  1,480.68

 offspring ~ site + Fgrm  * sex + PC2 + PC3 + PC4 + PC5 + PC6 + years  0.38  0.40  23  1,476.86

 offspring ~ site + sex + PC2 + PC3 + PC4 + PC5 + PC6 + years  2.93  0.11  19  1,487.78
Each model contains apparent survival ( ! ) and recapture (p) submodels. Reproductive output models: Candidate set of zero-inflated negative binomial models. The same model was 
used for both conditional and zero-inflated components.
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 Several facets of massasauga life history could generate spatial 
structure and inbreeding: Eastern massasaugas have limited dis-
persal, high !delity to overwintering sites ( 54 ), and neonates 
return to hibernacula near where they are born to overwinter ( 55 ). 
Additionally, male snakes often return to speci!c areas each mating 
season to look for mates ( 56 ). $us, even though we observed 
individual snakes having moved up to 960 m between capture 
locations in this study, spatially restricted mating and parturition 
could generate spatial genetic structure. Anthropogenic land use 
changes reduce dispersal between populations ( 30 ,  31 ,  57 ), per-
haps increasing spatial structure within suitable habitat. 
Understanding the demographic and dispersal histories of these 
populations could help elucidate the role anthropogenic barriers 
have played in the development of spatial structure within popu-
lations. $ese results highlight that not all small populations are 
at equal risk of inbreeding depression; some species, like eastern 
massasaugas, could be especially susceptible because of their life 
history traits.  

Fitness Consequences of Inbreeding. We detected a signi!cant 
negative relationship between inbreeding and both survival and 
reproductive success in eastern massasaugas. Inbreeding had a 
strong negative e"ect on survival for both sexes at both sites. 
$e precise mechanism of this relationship is unknown; inbred 
snakes could su"er higher mortality from predation, could be 
more susceptible to diseases, like Ophidiomycosis (snake fungal 
disease), which is known to be present, but rare, at these sites 
(58), could experience greater overwintering mortality compared 
to noninbred individuals and/or could experience other intrinsic 
physiological factors leading to decreased survival. It is also 
possible that viability selection against inbred neonates could !lter 
inbred individuals out of the population before they are detected, 
causing us to underestimate the extent of inbreeding depression 
on survival (59).

 We found that inbred parents do not have signi!cantly fewer 
o"spring compared to noninbred parents, but inbred individuals 
are less likely to have any o"spring represented in the pedigree at 
all. We expect individuals to have no pedigree o"spring due to 

both reproductive skew (“true zeros”, i.e., lower reproductive suc-
cess) and because of uncaptured individuals (“false zeros”, i.e., 
o"spring die before capture or have lower capture probabilities). 
We account for di"erences in survival between individuals by 
using the number of years an individual could have contributed 
to the pedigree as a covariate; thus, the relationship between 
inbreeding and reproductive success is not driven by di"erences 
in parent survival. However, most individuals are !rst captured as 
adults, making it impossible to disentangle reproductive success 
and neonate mortality. Inbred snakes may have fewer mating 
opportunities, smaller litter size, higher rates of failed gestation, 
reproduce less frequently, and/or have o"spring with higher rates 
of neonate mortality.

 While the genetic architecture underlying inbreeding depres-
sion in these populations is unknown, the presence of inbreeding 
depression suggests the expression of deleterious recessive alleles. 
Ochoa and Gibbs (2021) found that eastern massasaugas in small 
populations at their range edge have fewer putatively deleterious 
variants than their less inbred congener S. tergeminus , suggesting 
that small historical population sizes have led to purging of some 
deleterious recessive alleles in eastern massasaugas ( 26 ). It is inter-
esting to note that our focal populations are in the core of the 
extant range and larger than most range-edge populations, leading 
to the possibility that they harbor comparatively greater deleteri-
ous variation. A relationship between inbreeding and !tness could 
also be generated via heterosis, whereby outbred individuals with 
high survival and reproduction drive the relationship between 
inbreeding and !tness. However, we did not observe many indi-
viduals with negative Fgrm  , indicating that heterosis is unlikely to 
produce the observed association.

 In this study, we primarily quantify the extent and impact of 
inbreeding due to nonrandom mating on eastern massasauga !t-
ness. We expect that given small e"ective and census population 
sizes and likely recent isolation, these populations have also lost 
genetic diversity due to drift, which could further reduce the !t-
ness of all individuals in the population as well as limit adaptive 
potential ( 47 ). $is would be an interesting avenue for future 
investigation.  

Fig. 3.   (A) Effect of inbreeding, as measured by Fgrm, on annual apparent survival from capture–recapture models of eastern massasaugas from Barry (dashed 
line) and Cass (solid line) counties. Shaded bands represent 95% CI. Internal ticks mark observed values of Fgrm for Barry (black) and Cass (blue) counties. To 
facilitate site comparisons, variation in snout–vent length (SVL) was controlled for by holding it at 52 cm (moderately sized adults at both sites). (B) Effect of Fgrm 
on the probability of excess zeros in number of pedigree offspring in the zero-inflated model. The solid line represents the predicted probability of offspring. 
The shaded band represents the 95% CI. Orange points show individuals that did (zeros) and did not (ones) have offspring.
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Conclusions and Conservation Impacts. Understanding how 
fragmented and small populations persist on the landscape 
and identifying future threats to their persistence is essential. 
We document evidence of inbreeding depression in eastern 
massasaugas and in rattlesnakes in general. Long-term 
population monitoring is essential for understanding threats to, 
and subsequent conservation of, imperiled populations. While 
previous research has found that these populations are stable 
(60, 61), our results indicate that there is su#cient deleterious 
variation in the gene pool to negatively impact !tness and that 
this phenomenon might be common in eastern massasaugas in 
structured and isolated populations due to their life history. $is 
highlights the importance of maintaining or restoring connectivity 
between local populations and investigating the implementation 
of genetic rescue for long-term population health.

Materials and Methods
Sample Collection. This study focuses on two populations of eastern massasauga 
rattlesnakes in southwestern MI, 86 km apart: Cass and Barry Counties. Detailed 
descriptions of these populations and our sampling and processing methods are 
previously published (28, 61) and in the supplemental methods. All data and 
code are available in a Dryad repository (62).

RAPTURE Genotyping. We extracted DNA from all unique blood samples col-
lected over 11 years at Cass County (2009–2021, no 2020) and 10 years at Barry 
County (2011–2023). Twelve BestRAD libraries were prepared using custom 
RAPTURE baits and sequenced, containing 1,056 individuals (30 individuals 
sequenced as part of multiple libraries to act as technical duplicates) (35, 63). A 
full description of our RAPTURE baits and bioinformatic pipeline is in the supple-
mental methods. Briefly, we aligned sequencing data to the eastern massasauga 
reference genome (47) using BWA mem v. 07.17 (64). Alignments were filtered 
and sorted using Samtools v. 1.9 (65). We used the Stacks ref pipeline to call 
SNPs and remove PCR duplicates. We filtered SNPs using bcftools v.1.9.64 (66) to 
retain SNPs with more than seven reads in 90% of individuals and with genotype 
quality scores greater than 19 in 90% of individuals. We filtered out SNPs with 
excess heterozygosity (P < 0.05) and filtered to retain one randomly selected 
biallelic SNP per targeted genomic region at least 100 kbp apart on the genome. 
Using custom R code, we removed SNPs with more than 10% missing data and 
removed individuals with greater than 20% missing genotype calls or that had 
uneven distributions of reference and alternate allele read counts indicative of 
sample contamination. For principal component analysis, we filtered out SNPs 
with a minor allele frequency below 0.05. We filtered out SNPs with a minor 
allele frequency less than 0.1 separately for each site to reconstruct pedigrees. 
We calculated Ne for each population using the strataG v. 2.5.01 package in R 
with individuals from the same estimated birth year (Cass: 2013, Barry: 2015, 
see Supplemental Methods), using linkage disequilibrium measured by r2 and 
calculated 95% CI using jackknife resampling (36, 37). Because these populations 
violate assumptions of random mating, our estimates may be biased downward 
(67). We used the R package hierfstat v. 0.5-11 to calculate Weir and Cockerham’s 
estimate of FST (68, 69).

Spatial Population Structure. For individuals with multiple captures, we cal-
culated the centroid of their capture locations to use in spatial analyses using the 
“st_centroid” function from the sf package v. 1.0-9 in R (70). If an individual was 
only captured once, that capture location was used in spatial analyses. To visu-
alize genetic structure within and between sites, we used principal component 
analyses implemented in custom R scripts. To assess the relationship between 
genetic and geographic distance, we calculated pairwise π at polymorphic sites, 
a measure of genetic differences between pairs of individuals, using custom code 
and plotted it against pairwise geographic distance. We compared distance distri-
butions between closely related individuals (dam–offspring, sire–offspring) and 
parents (pairs with offspring in the pedigree) with the distribution of distances 
between unrelated individuals without offspring using Kolmogorov–Smirnov 
tests. All pairwise geographic distances were calculated using the “st_distance” 
function from the package sf v.1.0-9 in R (70).

Quantifying Inbreeding and Genetic Diversity. To estimate individual 

inbreeding, we calculated Fgrm using custom code in R (41, F̂
III

i
 in 42). For a given 

individual, Fgrm is defined as

where pi is the population allele frequency at locus i  and xi is the number of 
copies of the reference allele in the focal individual. Multilocus heterozygosity 
and Fgrm are highly correlated (23). To measure inbreeding directly from the 
pedigree (see below), we calculated pairwise kinship coefficients using the 
“CalcRped” function in Sequoia v. 2.9.0 in R and identified related individu-
als with shared offspring in the pedigree (38). We calculated pedigree-based 
inbreeding coefficients using the “calcInbreeding” function in the pedigree v. 
1.4.2 R package (71).

Assessing Inbreeding Depression: Survival. We evaluated the effects of site, 
sex, SVL, and Fgrm on apparent survival using Cormack–Jolly–Seber (CJS) mod-
els implemented in the Program MARK v. 10.1 (72). We accounted for missing 
surveys in Barry (2009 and 2010) and Cass counties (2020) by creating dummy 
occasions and inserting “dots” (.) indicating the missing years for affected indi-
viduals’ capture histories. We evaluated CJS assumptions using U-CARE (73), 
replacing the dots with zeros, and stratified our capture histories into four site- 
and sex-specific groups. We detected significant transience and trap dependence 
for Cass County females, indicating an excess of snakes never detected after their 
initial capture and a trap-shy effect in recapture probabilities. We assumed the 
transience and trap dependence effects in Cass County females were caused by 
unmodeled heterogeneity in apparent survival and recapture probabilities, which 
we accounted for in the CJS models described below.

We treated sex and site as factors to explain apparent survival and recapture 
probabilities and Fgrm as a static continuous individual covariate to explain appar-
ent survival. We accounted for the approximately biennial change in adult female 
recapture probabilities (61) using a function that assigned individuals a “1” if they 
were captured as an adult (i.e., ≥45 cm SVL) two years prior to the current year 
and a “0” if they were not captured two years ago as an adult (AFpriorcap2). To 
incorporate SVL as an individual-based temporally varying covariate in our CJS 
models, we constructed ten candidate models using the Fabens (74) formulation 
of the von Bertalanffy (75) growth model (SI Appendix, Table S3) (74, 75). We 
used individual records of date and length at initial and last capture, separated 
by ≥ 1 winter, to estimate the maximum length 

(

L
∞

)

  and growth coefficient (K) 
using nonlinear least squares in R version 4.3.2. We used AICc (76) adjusted for 
small sample size via the R package AICcmodavg (77) for model selection. Models 
including uninformative parameters or that were simply nested versions of more 
parameterized ranking models were considered noncompeting and discarded 
prior to assessing model support (46, 78). We used the top-ranked Fabens model 
to predict SVL for all individuals with missing SVL values (79).

We standardized and centered each covariate by subtracting its mean and 
dividing it by two SD so that continuous and binary regression coefficients were 
approximately on the same scale (80). We constructed ten candidate CJS mod-
els using additive and interactive effects of the factors and covariates (Table 1). 
For the global CJS model, the apparent survival submodel included interactions 
between site and sex and between SVL and Fgrm to explain apparent survival. The 
recapture submodel was highly embellished (42 parameters) to account for site 
differences in recapture and sampling effort and was included in all candidate 
models. It included interactions between site and year and between sex and 
year, and an additive adult female behavioral response to recapture (i.e., the 
AFpriorcap2 function). All candidate models were nested within the global model. 
We used the previously described model selection criteria to determine the most 
supported model.

Pedigree Reconstruction. Pedigrees for each site were reconstructed using 
the R package Sequoia, which assembles pedigrees based on genotype data, 
and approximate age and sex information. For individuals with unknown birth 
years, we approximated birth year using SVL and von Bertalanffy growth mod-
els (see Supplemental Methods, SI Appendix, Figs. S8 and S9). We used the 

Fgrm =
1

L

L
∑

i

x2
i
−
(

1+2pi
)

xi + 2p2
i

2pi (1 − pi )
,
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inferred birth year +/- two years as minimum and maximum birth years. We 
calculated genotyping error rate by comparing genotypes between technical rep-
licates and estimated CI using jackknife resampling, after which duplicates were 
removed from the dataset. We evaluated our pedigree construction by validating 
that known dam–offspring relationships at the Cass County site (n = 265) were 
called correctly. We also estimated our confidence in the reconstruction using the 
“EstConf” function in Sequoia (61).

We used the pedigrees to estimate individual reproductive success (total num-
ber of offspring) and corrected these numbers to account for offspring of gravid 
females that gave birth in captivity as part of another study (40) such that we only 
counted a captive-born offspring toward a mother’s reproductive success if that 
individual was recaptured after parturition or had offspring/grand-offspring of 
its own in the pedigree, indicating that it survived to adulthood. Of the offspring 
born in the lab, 46% were only recorded at birth and were not assigned offspring/
grand-offspring in the pedigree. To determine whether there were edge effects 
in offspring count generated because we captured individuals within a defined 
spatial extent, we tested whether distance from the center of each site, measured 
as the centroid of all individual centroid locations, is a predictor of offspring 
number using linear regressions.

Testing for Inbreeding Depression: Reproductive Success. We measured 
inbreeding load (-B) by performing a linear regression between Fgrm and log 
offspring. To avoid negative infinity values, we added one to offspring count 
before taking the natural log. We included site and the number of years an indi-
vidual could have contributed offspring to the pedigree as fixed effects. To test 
for a relationship between reproductive success and Fgrm, we built zero-inflated 
linear mixed models with a negative binomial distribution using the glmmTMB 
v. 1.1.10 package in R (81). We constructed three models to test the effect of 
Fgrm on the number of pedigree offspring. Our full model included site, sex, Fgrm, 
the number of years an individual could have contributed offspring to the ped-
igree, an interaction term between sex and Fgrm, and five principal components 
(PC2-PC6, PC1 captured the effect of site) on number of offspring (Table 1). The 
number of years an individual could have contributed to the pedigree accounts 
for varying reproductive opportunities between individuals due to variation in 
longevity and birth year (see Supplemental Methods). PC2 through PC6 were 
included to account for genetic relatedness between individuals, as variation in 
fitness likely exists between family groups (19). The interaction term between 
sex and Fgrm tests the hypothesis that inbreeding depression is more severe 
for the homogametic sex. We scaled all numeric predictors by dividing each 
predictor by its SD.

We included a zero-inflation term in our model to account for an excess of 
true and false zeros in the number of pedigree offspring (45). True zeros occur 
because of reproductive skew, and false zero represent individuals never captured. 
We used the same model for the conditional and zero-inflated components as 
our a priori expectation is that the same set of factors could contribute to both 
reproductive success and offspring count. We determined the most supported 
model using AICc comparison. To address potential spatial correlations confound-
ing modeling results, we compared the distribution of differences in Fgrm between 
pairs of individuals without offspring and nearby (within 25 m) parents to the 
distribution of differences in Fgrm between pairs of nearby individuals both with-
out offspring using a two-sample t test. We also compared the average difference 

in Fgrm between nearby pairs of parents and pairs of individuals both without 
offspring to zero using a one-sample t test.

Data, Materials, and Software Availability. Processed capture-recapture field 
data and derived genetic sequence data as well as all scripts required to reproduce 
analyses in the paper are available via a Dryad repository (62). Raw sequencing 
data are available in the NCBI Sequence Read Archive (BioProject PRJNA1295676) 
(63). The eastern massasauga is a species of conservation concern throughout 
its range. Following best practices for listed species, we have restricted sensitive 
spatial and recapture information. Because many of our analyses rely on spatial 
information, Cartesian coordinates have been randomly shifted such that the 
geographic distances between individuals remains the same, but coordinates no 
longer represent the actual spatial location of the focal populations.
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