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Individual heterozygosity predicts translocation
success in threatened desert tortoises

Peter A. Scott"?, Linda J. Allison®, Kimberleigh J. Field®, Roy C. Averill-Murray®, H. Bradley Shaffer™*

Anthropogenic environmental modification is placing as many as 1 million species at risk of extinction.
One management action for reducing extinction risk is translocation of individuals to locations from
which they have disappeared or to new locations where biologists hypothesize they have a good chance
of surviving. To maximize this survival probability, the standard practice is to move animals from the
closest possible populations that contain presumably related individuals. In an empirical test of this
conventional wisdom, we analyzed a genomic dataset for 166 translocated desert tortoises (Gopherus
agassizii) that either survived or died over a period of two decades. We used genomic data to infer the
geographic origin of translocated tortoises and found that individual heterozygosity predicted tortoise
survival, whereas translocation distance or geographic unit of origin did not. Our results suggest a
relatively simple indicator of the likelihood of a translocated individual's survival: heterozygosity.

n a world of rapid environmental change,

habitat loss, and species endangerment,

translocation of individual plants and

animals is becoming increasingly common

as a conservation strategy of last resort. For
both animals and plants, the long-term success
of translocations is often dismal (7-3). There
are many possible explanations for this low
success, and conservation biologists have
proposed several guidelines for improving
translocation outcomes, including limiting
translocation distances and only exchanging
individuals from within the same genetic
units to minimize outbreeding depression
(4). Although levels of inbreeding and hetero-
zygosity have long been linked to individual
survival and fitness (5-7), the relationship
between these and translocation success has
received little attention. Here, we exploited a
long-term dataset for threatened Mojave desert
tortoises to generate genomic profiles for
166 tortoises and link those data to individual
post-translocation survival.

Mojave desert tortoises (Gopherus agassizit)
are widely distributed members of the Mojave
and Sonoran desert ecological communities
west and north of the Colorado River in
California, Nevada, Utah, and Arizona, USA
(Fig. 1). Although the tortoise is a ubiquitous
member of the relatively intact desert eco-
system, decreasing population trends led to
the early listing of the species as threatened
under the U.S. Endangered Species Act (8).
Part of the species’ recovery plan includes
translocating tortoises salvaged from harmful
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anthropogenic activity and habitat destruc-
tion to new sites to augment declining popula-
tions (9, 10).

Since the establishment of a recovery plan
(9), genetic (11, 12) and genomic (4, 13) studies
have quantified native population structure
within Mojave desert tortoises and have con-
sistently shown that the greatest axis of varia-
tion separates the Upper Virgin River and
Northeastern Mojave recovery units (hereafter
“northern Mojave”) from the rest of the species’
distribution (hereafter “southern Mojave”; Fig. 2).
Additional fine-scale population structure has
been documented within these two regions,
leading some researchers to recommend trans-
locations only within these genetically defined
populations (4, 11, 14, 15). Others have recom-
mended limiting translocations to specified
distances (200 to 276 km) on the basis of
spatially distributed genetic structure (76). As
is generally the case, these recommendations
have assumed that moving animals within,
but not between, genetic units (major clades
or genetically related metapopulations) should
be the guiding principle.

Following the accumulation of hundreds
of displaced tortoises at the Desert Tortoise
Conservation Center (DTCC) in 1996, the
100-km? Large-Scale Translocation Site (LSTS)
was established. The LSTS is located in the
Ivanpah Valley near Jean, Nevada, within the
natural range of the tortoise, and is surrounded
by either a tortoise-barrier fence or relatively
inhospitable mountains (Fig. 1 and fig. SI).
Because the majority of the tortoises received
at the DTCC were captives (many from Nevada’s
free pet tortoise pickup program), most indi-
viduals lacked reliable information on their
native site of origin. Between 1997 and 2014,
~9105 tortoises (~50.2% of which were adults)
of unknown provenance were translocated to
the LSTS, where they intermingled with an
estimated 1450 adult local tortoises that were
natural residents at the site (7). Most native
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and translocated tortoises in the LSTS have
since died, consistent with steep declines in
neighboring populations and likely furthered
by high post-translocation densities and less
comprehensive health screening during the
first decade of the translocation program. How-
ever, roughly 350 adults were estimated by line-
distance surveys to be alive in 2015 (18).

By 2016, there were three classes of LSTS
tortoises: known-living and known-dead trans-
located individuals, and unmarked individuals
presumed to be pre-translocation residents. For
simplicity we refer to these as living, dead, and
resident, respectively. Because no information
is available on the origins of translocated
tortoises, we generated restriction site-associated
DNA sequencing (RADseq) genomic data and
used these data to infer the geographic origins
of a set of living and dead tortoises by com-
paring them to 270 low-coverage Mojave desert
tortoise genomes that were field-collected from
across the species’ range (13) (Fig. 1).

By comparing living and dead tortoises from
the LSTS, we explicitly address three questions
central to assisted migration and genetic rescue
efforts: (i) Do tortoises from more distant
localities have lower survival fitness than those
from nearby sites of origin? (ii) Do within-
genetic unit (northern or southern Mojave)
translocations enjoy greater survival than those
that cross this primary genetic boundary? (iii)
Are tortoises with higher overall heterozygosity,
measured at deeply sequenced RAD loci, more
likely to survive than less genetically variable
individuals?

Mapped RADseq reads from the LSTS tortoises
contained 6,711,580 of the 36,138,619 single-
nucleotide polymorphisms (SNPs) found among
270 low-coverage Mojave desert tortoise ge-
nomes (13). We empirically evaluated several
approaches to infer the place of origin of LSTS
tortoises (I8). Placing 12 known-origin calibra-
tion samples at the location of their genetic
nearest neighbors resulted in a mean error of
61.7 km (SD = 60.2) from their true origin. A
multi-individual, centroid-based placement ap-
proach using the eight closest genetic relatives
reduced the mean placement error to 41.7 km
(SD = 25.0). Finally, the optimal combined
approach resulted when individuals with het-
erozygosity (i) values of <0.0020 were placed
with their closest genomic match (presumably
their closest relative) and individuals with ©
values of >0.0020 were placed at the centroid
of their closest eight genetic relatives. This com-
bined approach resulted in a mean error of
35.6 km (SD = 27.7). The combined method is
thus more accurate, but that accuracy may result
from overfitting a complex model with only
12 calibration animals. Countering this con-
cern, we note that 87% of all LSTS tortoises
had & values of <0.0020 and hence were
geolocated only on the basis of their genetic
nearest neighbors; moreover, given the very
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low coverage (~1.5x) of our dataset of 270 re-
ference tortoises, we expected that more ' \ 4
heterozygous LSTS tortoises would be difficult o > AL Yy 4,5
to associate with a true closest relative because hy g
heterozygosity is underestimated at ~1.5x cover-
age. Thus, averaging across a set of close matches
should outperform a single match for those
relatively heterozygous individuals. Because
the dual method had the lowest combined
error for the 12 calibration samples, we used
it to determine the geographic and genetic
provenance of all LSTS tortoises.

We calculated probable geographic origins
for 166 living and dead LSTS tortoises that
were matched for release year and sex (Fig. 2).
Sixty-eight of the 79 living tortoises and 78 of
the 87 dead tortoises were genomically placed
in the geographically proximal northern Mojave
genetic unit, and the remainder in the more
distant southern Mojave unit (13). We found
no difference in the proportion of northern
versus southern Mojave desert tortoises that
died or survived after translocation [x2 (af =
1, N =166) = 1.18, P = 0.28]. We also detected
no effect of geographic distance between the Longitude
site of origin and the LSTS for individuals | Fig, 1. Map showing the approximate historical distribution of the Mojave desert tortoise (Gopherus agassizii).
that died or survived after translocation | The area in tan represents the distribution; black diamonds denote locations of 270 native low-coverage genome
(Fig. 3B; P = 0.83). samples. The LSTS is shown as a red polygon. We lack samples for inference only from the northwest portion of
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In contrast, we found that LSTS-translocated
survivors had much higher individual het-
erozygosity when they were compared to
those that died (Fig. 3A; mean = of living
tortoises = 0.00180, mean « of dead tortoises =
0.00146; P = 0.00000005), indicating that
individual genetic diversity predicted trans-
location success after accounting for release
year and sex. The mean heterozygosity of the
survivors was 23.09% greater than that of a
matched set of tortoises that died over the
same period. Although the importance of
genetic diversity (or its presumed proxy, popu-
lation size) of stock populations for trans-
location has been the subject of a few recent
studies, this small body of work has yielded
contradictory results on the role of population-
level variation in translocation success, with
some evidence for negligible importance
(19-21) and other evidence for substantial
importance (22, 23). This discrepancy may
stem from the assumption that population-
level diversity is an accurate proxy for individual
heterozygosity, which has not been tested. Our
results demonstrate that individual heterozy-
gosity, rather than population size or overall
diversity, is a key, easily measured metric for
predicting translocation success.

To explore the possibility that our observed
relationship between post-translocation survival
and heterozygosity is an artifact of sample age
or condition, we confirmed that read depth,

the historical distribution for the species. Scale bar, 100 km.
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sample age, influence of outlier loci, and library | Fig. 2. Map showing the inferred origins of 79 translocation survivors and 87 sex- and release year-
complexity are not correlated with heterozygos- | matched translocated dead tortoises. Points are slightly jittered for visual clarity. The red line shows the
ity (I8). Hence, we conclude that heterozygosity | boundary between northern and southern Mojave tortoise genetic units. The inferred points of origin of
itself is a strong indicator of post-translocation | tortoises that died and survived are shown as orange and blue diamonds, respectively. Scale bar, 100 km.
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Fig. 3. Box-and-whisker plots showing the mean
and distribution of individual heterozygosity.
(A and B) Heterozygosity = (A) and straight-line
translocation distances (B) of LSTS mortalities
and survivors. Reported P values are based on

t tests (n.s., not significant).

survival. We are not suggesting that individual
heterozygosity should be the only criterion for
deciding which individuals to translocate: Local
ecology, disease exposure history, and individual
condition are some of the other factors that
are often critical, and we stress the importance
of verifying these results in other systems. We
also emphasize that our RAD data, although
extensive, are only a proxy for the entire genome,
and that additional studies with high-coverage
whole-genome resequencing could help to
determine whether survivorship is linked to
runs of homo- or heterozygosity, level of indi-
vidual inbreeding, or specific loci under strong
selection. Regardless, one of the advantages
of individual heterozygosity is that it can
now be easily and economically measured,
with reduced representation approaches or at
the whole-genome level for most organisms,
making it a particularly attractive tool for
manlagers and decision-makers.

Our analysis of LSTS survivors and mortal-
ities, combined with detailed landscape genomic
data for the entire species, indicates that
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matching the geographical provenance of
translocated tortoises to their new site had
virtually no predictive power in determining
survival fitness over a decadal time scale.
However, individual heterozygosity did, with
more heterozygous individuals outsurviving
less heterozygous ones. The overall benefits
of genome-level variability have long been sug-
gested as a Kkey fitness component (7, 24), and
we were able to use long-term field data to
directly show this benefit under natural con-
ditions. Although field observations have con-
firmed living status for only 3.8% of translocated
tortoises, our data indicate that even under
these severe conditions, the more variable
tortoises outsurvived their less variable con-
specifics, which suggests that these genetically
variable individuals were better able to survive
after translocation. To confirm that individual
heterozygosity is responsible for the increase
in survival requires understanding the prox-
imate reasons for the massive mortality seen
in both translocated and resident tortoises,
and we currently lack that knowledge. Long-
term monitoring found that the annual mean
declines of 7.4% and 9.2% at the individual
sites closest to the LSTS occurred between
2004 and 2014 (25), corresponding to popula-
tion reductions of roughly 57% and 65% over
11 years. These declines, although not fully un-
derstood, are at least partially attributed to
severe regional drought (26), which has been
associated with sharp increases in mortality of
Mojave desert tortoises (27-29). Given our cur-
rent understanding, we can only speculate that
drought, combined with high post-release den-
sities, disease, and/or the ecological disruption
associated with translocation, may be con-
tributing to the high LSTS mortalities.

However, even without a proximate mech-
anism, our results suggest that an optimal
strategy of assisted migration could be to
prioritize moving the most genomically var-
iable individuals, rather than current practice
based solely on geographic or genetic simi-
larity. Given the future climate and anthropo-
genic changes anticipated across the region,
assisted migration will likely be a key compo-
nent of management of desert tortoises and
many other declining or endangered species,
and our data indicate that targeting the most
genomically variable individuals can enhance
the success of this work. Future research aimed
at understanding the proximate reasons for
this increased survival at the genetic and phys-
iological level constitutes an important next
step for more efficient conservation-based trans-
location success.
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Survival of the most variable

As more species become highly threatened because of human activity, there has been an increasing push to
understand how best to reintroduce or translocate individuals from wild or captive populations. Suggestions have varied
from choosing individuals from the most environmentally similar regions to choosing those that might have the best ability
to adapt to new environments. Scott et al. used long-term data collected during translocations of Mojave Desert
tortoises, including animals formerly kept as pets, to test these questions. Although the overall rates of survival for all
tortoises at the site (both reintroduced and native) were extremely low, translocated individuals with the highest
heterozygosity survived at much higher rates than those determined to be similar to the target population.
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