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Abstract

Genetic factors have long been a concern in the extinction and viability of spéhiésevshort-

term effects focusing on inbreeding depression. Genetic rescue has been suggested as a means t

overcome thewdetrimental effects of inbreeding eésgion. However, it has been difficult to
document.the:genetic dynamics over time of genetic rescue, inbreeding depressaihea
genetic relationships in endangered species. We show here using a detailed pedligree an
genomic data that genetic rescaetie gray wolf Canislupus) population on Isle Royale had
only a temporary positive effect reducing inbreeding depression and then the gemgfegscha
from the immigration event resulted in a population decline and now imminenttextin€the
populaton. Examining thgenetic details of this situation shows how genetic dynamics after the
initial positive effects of genetic rescue have passed can return a small population to a path
toward extinetion. Thus, the successful conservation of critically small pamdatould likely
depend onmalleviating the cause of having become critically small, such as halutaticestor
periodic reapplication of genetic rescue in a manner that does not result in negative genetic

dynamics.

I ntroduction

For nearlyfour decades, conservation biologists have been concernegeniticimpacs on
the extinction.of populations and species (SouM/igcox, 1980).These concerns fosad on
two maingeneticissues, a sheterm concerrof avoiding inbreeding geessiorand a longerm
concernof maintaining genetic variation so that future adaptation would be po§siaflin
1980).

There is_substantiand increasingvidenceof inbreeding depression, that is, inbred
individuals have lowredfithesscompared to nombred individual§{Hedrick & GarciaDorado,

2016). The increase in documented cases of large inbreeding depression appears pautyedue

examination of other fithness components besides viability, such as fecundity and mating success,

and partly due to measuring inbreeding depression in more natural environments. In addition,

new genomic approaches to estimate inbreeding have provided greater resolufi@anfidying
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inbreeding, facilitating studies of inbreeding depression in the wild (Katdbs 2016).For
example in red dedCervus elaphus), given an inbreeding level equivalent to that in progeny
from a mating between half sibs, the predicted lifetime breeding success was only about 10%
that when_there was no inbreediittuismanet al., 2016).

One.approach to overcome the impact of inbreeding depression is genetic rescue
(Tallmonetal.,.2004; Whiteleyet al., 2015), that isthe introductiorof geneticvariation from
unrelated individuals to an inbred population. Hedrick & Fredrickson (2010) provided guidelines
about whergenetic rescumight be beneficial. Thegtisosuggested that the effects of genetic
rescue could be shelived and in some cases even resuljenetic swamping of the target
populationsbysancestrfrom the immigrants potentiallgesultingin subsequent low eftéve
population‘sizeThese guidelines were primarily developed for endangered species like the
Mexican wolvegC. |. baileyi) and Florida panther#&(ma concolor coryi) when potentially
differentmanagement options, such as releases from captivity and translocation, are available.
However, they are also useful to provide an understanding when genetic rescue occurs because
of natural migration as in the Isle Royale wolf population.

Recently, examples of genetic rescue have been documented in organisms as diverse as
butterflies{(Roitmaret al., 2017), dogs (Stronest al., 2017), marsupials (Weelksal., 2017),
pines (Hamiltoret al., 2017), fish (Robinsost al., 2017), and rodents (La Hageal., 2017). In
addition, metaanalysis has suggested that genetic rescue provided benefits in a very high
proportionof the cases examined (Frankh2@1,5) and that these benefits persist for several
generations(Frankhara016).

In spitesof these developments, ttemnection that genetics igpamary cause of
extinction(in wild populations is generally difficult to document and even downplayed by some
conservation biologists. However, if there is detailed genetic information didmorelationships
of individuals.in.,a wild population, then documentation of genetic problems is potentially
possibleln.addition, ecent developments in genomic analysis now prawvisight into genetic
changes that'were previously not known (Karetas., 2018) Here we presemind synthesize
currentgenetic.data on the gray wolf population in Isle Royale National Park, MichiganiiJSA

an effort to understand its imminent extinction using both pedigree and genomic data.

M ethods
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90
91 Background on thelsle Royale Wolf Population
92
93 Isle Royale National Park is on an island in Lake Superior about 20 km from the neares
94  mainland peintin Ontario, Canada. TWwelf populationtherewas founded about 1950, probably
95 by two (orthreewelves from the mainland population in Ontario, Canada and Minnesota, USA
96 (Adamsetal., 2011).For @ years, the Isle Royale wolf population and the population of moose,
97 their main prey, have been monitored and studied (Petetrshn1998; Peterso& Vucetich
98 2016). t has leengenerallyassumed that thsle Royalewolf populationduring this periodvas
99 nearly or completely isolated fromemainlandpopulation. Howevethere is evidence that
100 additional immigratiorio Isle Royalehas periodically taken place from the mainland population
101 (Hedricket al., 2014).
102 Most.importantly it was discovered in 20GBom genetic examination of scdtst a
103  male wolf knewn as M93 (M indicates male), or Old Grey Guy, migrated to Isle Rioyaie
104  nearby mainland Ontario, Canada, probabl§997, across the ice bridge present that year
105 (Adamset al., 2011). He was behaviorally dominant over resident wolveded with a native
106 female for'several yearand their descendants quickly dominated the genetic ancestry of the
107  population:This genetic rescue event plausibly prevented the population from going extinct in
108 the late 1990s and early 2000s becausecurred when wolf demography was poor due to
109 inbreedingand.a collapse in the moose population food supply.
110 However, in the past few years the numbers of Isle Royale wolves have dramatically
111 declined from™19 in 2010 to only two from 2016 to 20IBese last two wolves are closely
112  related and do not appear reproductive. In the five years during which theseluss have
113 been together, tlyeonly producedh single pup that died in less than a year. The physical
114  appearancefithe offspringvas abeant (Vucetich& Peterson 2015) and its expected
115  inbreeding-coefficient was 0.438 (Hedrigtal., 2017).
116 Figure 1 is a photo of the two wolves observed in 2017, the adult female F193 below and
117  the adult malesM183 above. This photo shows the female snarling at the male and other photos
118 taken over an hour of observation also show intense aggressive displays by the female with no
119  change in her receptivity. This behavior strongly suggests that the female wouldeaetitha

120 thismale Given the history and circumstances of this pair, there is no reason to expeitt them
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successfully reproduce before they.dibe decline,and now imminent extinction, of thsle
Royale wolf population provides an example of how genetic changes can result inceextihat

population.

[insert Figurel]

M ol ecular“techniques and pedigr ee construction

We collected samples &fNA from blood from wolves thavere Ive-captured and radio
collared skeletal remaingnd tcal samples aites where wolves had fed on moose carcasses
(the same protocol and microsatellite loci used by Adetrals, 2011 were used here). The
microsatellitegenotypefrom each fecal sample was assigned to one oftiiiepacks, based
upon the pack territory where the kill site wasated and the genotypes of other wolvethe
packdetected at the same Kill sitwe determined the genetic identity of alphalves from
direct observations and genetic exclusieor example, alpha wolves can be identified in the
field by their behavioral interactions with subordinate wolves. The genetictidehtome alpha
wolves was.determined when a sample of their feces was collected immediately after observing
them defecate (see Adams et al. 2011 for more detallFanily relationshipsassigned from
field observations were tested geneticaltyng exclusion.

We usedhe microsatellitggenotypes and field observatsto construct aedigree of the
Isle Royale*welf population for the years 192@&18. We also determinedby direct observation
of movement-@and behavior, territorial boundaries of the paickag these aerial surveyehe
accuracy of observed numb@fsgenotypes representing offspring in each gacleach year
was checked by comparing those numbers with the number of offspring observed during winter
field season. All pedigree relationships assigned from field observatemesconfirmed using

genetic eglusion.The pedigree was trimmed heoeshow primarily only thevolves from which

the population'is believed to have descended since the late 1990s and the two remaining wolves.

Using the relationship,

(1)
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whereHy is the heterozygosity from the ancestral Minnegoaaadian population artd is the
heterozygosity in the Isle Royale population, this expression gives an estinrdiecefling
resulting from genetic drift (e.g. Hedrick, 2011).

Estimates of genoraeide heterozygosity andgby were derived from whole genome
sequences.generated by Robinson et al. (2018). By, from Isle Royale wolves was

extracted from'blood samples archived at Michigan Technological Univarsitgequenced on

the lllumina™MiSeqt000, generating paired reads 100 base pairs in length. The pipeline used to

convert raw sequence data into high quality genotypes is described in morendetdiinsoret

al. (2018).Briefly, raw reads were aligned to the domestic dog genome using BMLIV,

2013) before removal of PCR duplicates and low quality reads. Base quality scbbeatsma

and genotyping\were performed with the Genome Analysis Toolkit (GATK, McKeirata

2010) and genotypes were filtered for quality and depth, leaviydhayh quality biallelic SNPs
Genomicheterozygosityvas defined as thetal number of heterozygous genotypes

divided bysthestotal number of called genotypes. Runs of homozygosity (Réxd)identified

using VCFtools (Danecetdt al., 2011) and ROH spanning regions with fewer than 50 variant

sites werewexcluded@he proportion of the genome that consists of ROH can then be estimated,

giving anether measure of inbreedingok.

Results

Beforeimmigration

Genetic variationn Isle Royalewvolvesbefore the immigration of M93 wastimated usingoth
microsatellitesloci and genomic SNP markésst, the mean observedicrosatellite
heterozygesityfor 20 wolves on Isle Royale before 1998 (0 a8much lower than the mean
observed:heterozygosity for 35 mainland wolves from near the Minnesota—Canadian border
(0.634), whichuarepresents the source population of Isle Royale wolves (Hetchick
2014)(Table 1). From equation (i)eestimate of thenbreeding coefficient i= 0.322(Table

1). In other words, the significant loss in heterozygosity from the source populatiiedes
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the sizablenbreeding level of 0.322, indicating that the population guageinbred before M93

immigrated.

[insert Table 1]

Similarly, themean persite heterozygositirom the Minnesot&Canadian population is
0.00160'and"isignificantlyhigher than that observed in the Isle Royale population in the
animals born"before 1998 of 0.001(l&ble 1jRobinsoret al., 2018). Using these valugsm
genomic markerand expression (1)henf = 0.275,further evidence that genetic drift had a
quite high impact genetic variation and the inbreeding estimate.

Alsorusing SNPs, the proportion of the genome that consists of ¢é@Hbe estimated
giving another measure tife irbreeding, kon. In this case, kon = 0.158 in the Minnesota-
Canada population ancén = 0.370 in the Isle Royale population before 1998 (Robiesah,
2018). The relatively high value in the Minnesota-Canada is influenced by a high vabne for
of the wolyesssampled, perhaps suggesting that she had some history of recent inreeding.
difference betweendoy for the Isle Royale population and putative ancestral population of
0.212 gives.a general estimate of the inbreeding accumulated on Isle Royale befoldé988.
three differentigh estimates of inbreeding before the immigration suggests that the population
fitness was low anthat the populatiomas a good candidate fgenetic rescue but also
susceptible t@agenomic sweep.

Anothenindication of the low fitness in the Isle Royale wolf population, presumably the
result of inbreeding depression, is the higte ofindividuals with bonenalformatiors (58%)
(Raikkonenet al., 2009 see also Robinsat al., 2018), develthathas increased over timeor
comparison, the incidence of similar malformasiam outbred wolf populations imstoric
Scandinavia,was 0%, contemporary Finlaras 1%.and only 10% in modern inbred
Scandinavian wolves (Raikkonenal., 2009). The fitness impacts of these malformations are
not clear, but'in dogs they have been implicated in quite debilitating syndromes (Mioaban
1993).

After immigration
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After M93 immigratedon to the island in 1997, his gened@minance emergedkery quickly. To
understand thgenetic dynamics of this chandbe pedigree in Fige 2can be usedhich
shows théwo remaining wolves, M183 and F1%%shaded and theknown ancestors, M93,
F99, and F67.

[insertFigure 3

Thissuccessful reproduction of M98sulted in arapidincrease irthe proportion of
geneticancestry from him and “genomic sweep” wherthe proportion of all genes in the
populationsthat,can kieaced back to hinncreased quickly to an expected value of 59.4% of the
populationtin 2008 (Hedricét al., 2014). From 2005 on, all the ancestry in the Isle Royale
population has been descended from only three individuals; the male immigrant M93, F99, and
F67, another female population resident. In other words, genetic rescue had a strooglbenefi
influence for about a decade (about 2.5 wolf generations) after the arrival of M@&gefbby a
return of genetic problems attributable this time toréwiction of diversity in the gene pool due
to the elimination of ancestry from other individuals except his initial mate and one other. female

A'major factor causinghe very high proportion of M93 ancestmas the result dfim,
after his first mate F9@ied, mating with his daughter F58. This father-daughter mating
produced 21 progeny total in five litters from 2003 to 2007. Ordinarily only 50% of the ancestry
in progeny.would be from one parent of a fimit in this casgany progenyrom the father
daughter mating would be expected to ha¥&o of thé ancestry from M93. In 2008, 9 of 24
individuals'were progeny from the father-daughter mating, resulting jpattieularlyhigh M93
ancestry that year.

After the immigration of M93, the level of inbreeding plummeted (Fig. 2a of Adhms
al., 2011) and.then rose quickly from 20032012 (Fig. 3 of Hedrickt al., 2014). This was
mainly due to.inbreeding from M93 and again from the large number of progeny from the mating
of M93 withshis daughter F58 thegsulted in identityby-descent from M93 but not from the
founder F99. For example, in 2009, 76% of the inbreeding in the population was fro(sé¢93
Fig. 3 in Hedricket al., 2014).

After this, e most striking change wdsatby 2012 none of the 2descendants of the
fatherdaughter mating were alivand none of them had any surviving descendasts. result,
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243  boththe ancestry and inbréeg from M93 greatly declined. Presumably, this change was the
244  result of lower fitness of these desdants because they were homozygous due to inbrdeding
245  detrimental variation originally brought into thepulation by M93. The loss of these 21

246  individualsalsogreatly reduced the population size.

247 Much.ef thedecline in overall inbreeding level fr0.230 in 2009 to 0.140 in 2013 is

248  explained by the death of nine wolves with an inbreeding coefficient of 0.375, the rewudt of

249  consecutive'generations of clq$iest-degree)nbreedingHedricket al., 2014) All of these

250  wolves had'short lifespans (mean of 2.33 years compared to about 6 years for other uthexploite
251  wolf populationsas indicated by the datakuller et al. 200Band all of them had died by 2011.
252 Specifically, ofithe wolves recruited into the pedigree between 2009 and 2011, thisve-is a

253  fold differencerin inbreeding between the seven alive in 2012 (0.152) and the six nat alive i
254 2012 (0.292). None of these highly inbred wolves reproduced.

255 In the last few years, the population numbers of Isle Royale wolves have declined

256  dramatically ad thereareonly two wolves remaining, a male (M18#)d a femaléF193), in

257  early 2018 Fhesetwo adults are very closely related and are both father and daughter and half
258  siblings because they have the same mother F160. They are in fact the most closely related pair
259  of the foursmales and four females that were present in the population in 2013 Kldedric

260 2014). Theexpected inbreeding coefficient of an offspring from them was the highest of any
261  possible pair at 0.43@8nd the expected relatedness between them is 0.734 (Hetcaigk2017).

262  Reflectingthe reduction in M93 ancestry from the peak discussed above, the expected M93
263  ancestry forma83 is 0.375 and for F193 is 0.3125.

264

265 Discussion

266

267  Genetics of thelsle Royale wolf population

268

269  The decline of the Isle Royale wolf population, and now for all intents and purposeshiteirh

270  extinction, provides detailed case studyf how genetic changes can resulthia extinction of a

271 population. Because of the detailed examination of the Isle Royale wolf population, important
272 genetic faatrs resulting in its imminent extinction have been documented and discussed here.

273 First, because of the relative isolation of the population from immigrants and its relative small
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size, the amount of genetic variation was significantly reduced compatsdoairce population
and estimates of inbreeding levels were lafge)).322 from microsatellites, amé 0.278 and
Fron = 0.370 from two approaches using estimates from genomic data. In addition, the
documented very high rate of bone malformations indicated inbreeding depression.

Second, this lowered fitness contributed to the great genetic success of male M93 who
migrated in.to the population in 1997. His immigration resulted in a §ied-genetic rescue
and then infa'genomic sweep in which in 2008 his ancestry was 59.4% of the population. Finally,
this great ‘genetic success resulted in a substantial cost because hedp2édnbeed progeny
with a daughter, all of whom died without contributing any surviving descendants. This, and
other closesink@eding, resulted in individuals with low fitness and a subsequent decline in the
population‘size. In other words, a series of genetically related eventsuittelgtely resulted in
a great reduction in the Isle Royale wolf population and now its imminent extinction.

Further, the initial progeny from M93 and his mate F99, such as his daughter F58, might
have had higher fitness than other wolves on Isle Royale because some recessive detrimental
alleles accumulated in the Isle Royale population were covgres heterozygotes in these
initial offspring+In fact, M93 mated with daughter F58 even though unrelated females were
present insthe population, suggesting that she was more fit than the other fesddes
without M98 ancestry. The success of thespring could have initially increased the
frequency of detrimental variants brought in by M93 but then with inbreeding these dettiment
alleles were subsequently expressed as homozygotes and resulted in loweredhfisoessthe
genetic benefit,of M93 was dramatic but sHowed.

Theputative pup of M183 and F193 seen in 2015, had an expected inbreeding coefficient
of 0.438, but its actual inbreeding coefficient could have been considerably higherggr low
because af the large 95% confidence limits around this pedigree estin?ate o 0.565)
(Hedricket.al.,.2017). This pup had an abnormal phenotypic appearance with a quite unusual,
short tightly.curled tail, appeared to have an unusual posture, and was relataélyarther,
field observations suggest that this offsprirgsvghort lived and died as a pup (Peterson &
Vucetich, 2016). These malformations and the pup’s short life suggest the nagptce of
inbreeding depression on its phenotype and survival.

Genomic estimates of inbreeding based on analysis of runs of homozygosity identified
with many thousands of SNPs are expected to be higher than inbreeding predicted from our
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pedigree because of common ancestry of founders F99 and F67 in resident ancestors that are not

included in the pedigree. For example, for the seven animals in which there is both egpedigr
estimate of inbreedinfgand Fron, the meariis 0.091 and the mearkby is 0.332 (Robinsomet

al., 2018). The difference, 0.241, gives an estimate of the increase expected in inbreeding from
unknownidentity-by-descent found by genomic analysis over that predicted from the known
pedigree. In_other words, pedigree-based measures of inbreeding can provide basic guideposts

but realizedvalues are likely higher due to unknown common ancestry.

General rélevance

It has beemgenerallydifficult to document the impact of genefactorson extinction in natural
populations. However nelangered species often face significant genetically related threats,
including lowered fitness due to loss of genetic variation, increase of detrnaariants, and
inbreeding. One&vay to overcoméhe impact of lowered fitness is genetic rescue in wtiieh
natural or astificial introduction of individuals from outside the population provides genetic
variation that'subsequently results in higher fitness (Tallehah, 2004; Whitelyet al., 2015
Hedrick'& GarciaDorado, 2016). Because many populatibage become small and isolated in
recent decades due to human impacts, genetic reskikiely to become ananagement action or
naturaleventof great importance for rare or endangered species in the fatsogbecause many
of the known examples afeom recentyears, the longer term impact of genetic rescue has not
been documented or examined.

There have been a numberimportant casewhere gneticrescue has resulted in
substantialpopulation recovery. In most of the well-known examples of genetcue, the
population numbers initially increased and in general the populations appear todtere
viability than before the natural or artificial genetic resbutother factors now appear to be
limiting population numbers in some cases. For exantpe translocations of prairie chickens
(Westemeiegtal., 1998) appears to have been effective in increasing fithess and genetic
variation andhe population initially increase¢iowever the populations now limited by
suitable habitat (Bouzat al., 2009) and the outlook is not as good. In the isolated Swedish
populationof adders (Madseet al., 1999), translocation initially resulted in enhanced
population growth (Madsest al., 2004). However, the construction of human obstacles, a house
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and abrick wall, have dramatically reduced population numbers (Madselvari, 2011).
Genetic rescue in the population of bighorn sheep living in the National Bison Rangedrasult
significant population increase (Hogtal., 2006) and recent genomic argf/has examined
what loci might have been involved (Milleral., 2012) although recently up to 70% of the
populationhas,been logdue to pneumonia (Heyler 2018).

The.introduction of Texas pumas into the Florida panther population resulted in dramati
population‘recovery (Hostetlet al., 2010; Johnsost al., 2010) although now the population
appears potentially limited by available habitat and huoaarsed mortél. The outcome of the
Florida panther genetic rescue miglgobe threatened by inbreeding and low effective
populationssize,in current and future generations (Hedrick, 2010). The natural itibodiic
one male wolfdnitially hadmportant beneficiagffeds in Scandinavian wolves (Vik al.,

2003) although'a subsequent analysis documented significant inbreeding depressiomt(Liberg
al., 2005). Since then, two male wolves naturally migrated into the population and thves wol
were translocated intine population from northern Sweden, resulting in both a lower inbreeding
coefficientriandihigher reproductive success (O. Liberg, personal communicttai)ed
examination of‘genetic rescue in Scandinavian wolves demonstrated that offspnimgigrfants
had higherbreeding success than resident inbred individuals (Alets80r2016).Crosses
between. lineages in Mexican wolves resulted in higher fitness (Fredrieksion2007),

numbers in the reintroduced population increased, but have plateaued in recentsygears. A
there has'been no detailed analysis determining how much genetic rescue facctihgrsuch

as supplemental feeding of denningnédes, influenced thimitial population increase and

recent plateau

The general positive evaluation of genetic rescue, along with the ingréi&elihood of
lowered fitness in small, isolated populations make detailed evaluation ofcgesetie
particularly.important. Only in populations where individuals are identéreditheir genetic
relationship.to.others in the population is known carreélasons for the success or failure of
genetic reseue be evaluated in defawo such examples besides the Isle Royale wolf population
are that of théranslocatiorof Texaspumasin to the Florida panther population and the natural
immigration of wolves from the north into the Scandinavian wolf population. In both of these
populations continued monitoring of the genetic success or failure of individuals with known

relationships gpears fundamental to understanding the outcome of genetic rescue.
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The discussion of the genetic impacts on extinction in Isle Royale willv&sates a
potential problenmelying on a single genetic rescue event as an approach to overcoming
inbreeding depression. Moreover, persistence of the Isle Royale population througybewtit-
decade existence was likely supported by multiple genetic rescue events (ldearick014).

In other words, although genetic rescue aleviate problems associated with inbreeding
depression,over the short term, it can also generate problems itself, ones that in ththease of
Isle Royale'wolf population has resulted in its imminent extinction. Thus, thessifiat
conservation‘of critically small populations would likely depend on alleviating tiseaaf

having become! critically smakuch afabitat restoratigror periodic reapplication of genetic
rescueThe:case study reported bes particularly significant because few documented
instances of genetic rescue dhd ensuing changes have been observed long enough or in
sufficient detail'to understand both the beneficial and detrimental effectaatfgyescue.

Clearly, many additional case studies will be required before an overall gterspg developed.

During the final review of this manuscript, the National Park Sehasebegun
relocatingawelves from the mainland to Isle Royale. Their pliows for translocating ufp 20
to 30 wolves from the mainland over the next three to five yearsdstablish a breeding wolf
population.@n Isle Royale. At this point, it is not clear how, or iftitheslocated wolves will

interact with'the two remaining closely related wolves
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Table 1"Theheterozygosity of microsatellites and SNPs in a sample of wolves from Minnesota
and from Isle"Royale before 1998 and the estimated inbreeding coeffibefote 1998 and on

the bottom row is the estimated inbreeding coefficient from ROH (runs of homozygosity) f
these two groupand difference between them in the rightmmasnericalcolumn.

Minnesota Before 1998 f
Heterozygesity* 0.634 0.430 0.322
(microsatellites)
Heterozygosity** 0.00160 0.00116 0.278
(SNPS)
FronX* 0.158 0.370 0.212%**

*These values are from Hedrick et al. (2014)
**Thesevalues are calculated from the raw data in Robieisaln (2018).
*** Thisf value is the difference indon between the Isle Royale sampigor to 1998and the

Minnesota sample.
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Figure 1 Photo of the two remaining wolves on Isle Royale observed in 2017 with the female

F193 below snarling at the male M183 abovessponse to his courtship advances
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Figure e showing the remaining two wolves, M183 and Fi&}aded and their

known anc , M93, F99, and F67, in the Isle Royale population. Double lines indicate
mating n relatives, squares indicate males, and circles indicate females. Notice that F160

is the mother of M183 and F193 and that M183 is also the father of F193. Diamonds indicate
multiple ph, for example, the diamond on the left indicated & progeny from M93

and his d: @ r F58.
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