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Thesis abstract

Genetic rescue is a key tool in the conservation of endangered species by alleviating
inbreeding depression and enhancing adaptive potential. However, there is reluctance from
conservation practitioners to attempt genetic rescue due to perceived risks. To overcome
such concerns, we must expand our understanding of how gene flow from different sources
affects inbred populations, allowing genetic rescue to be achieved safely. This thesis utilises
the model species Tribolium castaneum to test how different rescuer characteristics affect
the success of genetic rescue. In chapter two, | rescued inbred populations with rescuers of
either sex from an outbred population; both were equally successful at achieving genetic
rescue. | then attempted rescue of inbred populations using a rescuer originating from
populations maintained under either sexual selection or no sexual selection. Results show
that only the rescuers from a sexual selection background improved population fitness. In
chapter three, | tested for differences in the success of genetic rescue using rescuers from
either outbred or inbred source populations. As predicted a rescuer from an outbred
population increased the fitness of recipient populations more compared to inbred rescuers.
Whole genome analysis found that outbred rescuers reduced inbreeding within recipient
populations more than inbred rescuers. Outbred rescuers also introduced more mutational
load than did inbred rescuers, though importantly this was as masked load and did not
appear to impact the fitness of the populations even after nine generations. Finally in chapter
four, | used inbred populations previously adapted to higher temperatures to discover if
genetic rescue would disrupt the local adaptation. Non-adapted rescuers still improved
population fitness, however a rescuer from another adapted population produced greater
fitness benefits. | then synthesise these findings in context of the wider literature to
understand how they further our understanding of genetic rescue and how it may be

implemented in conservation.
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Chapter One
General Introduction

1.1 Inbreeding depression

Anthropogenic effects on the natural world, such as climate change and habitat destruction,
are driving species to extinction (Ceballos et al., 2017; Pimm et al., 2014). A principal issue is
the fragmentation of habitats and populations (Haddad et al., 2015), resulting in isolated
populations that no longer experience gene flow (Ralls et al., 2018). Small and isolated
populations suffer as the result of genetic effects that can further drive them towards
extinction (Frankham et al., 2014). Restricted mate choice in the now isolated population can
both remove the beneficial effects of sexual selection and also lead to inbreeding (Frankham
etal., 2014). As a result, such a population may suffer from inbreeding depression, the loss of
fitness from inbreeding (Ebel and Phillips, 2016). Inbreeding depression has been shown to
occur across a wide range of organisms and is a threat to the persistence of isolated

populations (Hedrick and Garcia-Dorado, 2016).

Inbreeding depression occurs partly because of recessive deleterious alleles in a population,
known as the population’s mutation load (Hedrick and Garcia-Dorado, 2016). In heterozygous
state these recessive alleles are not expressed (thus termed hidden load). Inbreeding results
in these alleles being converted to a homozygous state in offspring, thus becoming expressed
load (Robinson et al., 2023; van Oosterhout, 2020; Hedrick and Garcia-Dorado, 2016). In small
populations genetic drift and inbreeding result in reduced genetic variation which negatively
effects the ability of the population to adapt to environmental changes i.e., it’s adaptive
potential (Ralls et al., 2020; Orsted et al., 2019). Such adaptive potentialis key to a populations
ability to persist in the face of future challenges (Ralls et al., 2020). Additionally, inbreeding
and the loss of genetic variation leads to the loss of heterozygote advantage, where
heterozygosity provides additional (dominance or overdominance) benefits (Sellis et al.,
2011). All the genetic effects outlined above result in a loss of fitness and adaptability and thus
lead to increased extinction risk of small, isolated populations (Frankham et al., 2017; Chan
et al.,, 2019). Furthermore, these effects can interact with environmental risks further
increasing extinction likelihood, this interacting effect is known as an extinction vortex (Soule
and Gilpin, 1986). For example, inbreeding reduces a populations fitness and adaptability
making them more vulnerable to environmental changes. If these changes occur population
size is reduced leading to a further increase in inbreeding. This is a simple example, as the

extinction vortex can be influenced by several factors, such as disease, invasive species or

10



loss of habitat (Figure 1.1), that can all drive a population towards extinction (Fagan and

Holmes, 2006; Godwin et al., 2020).
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Figure 1.1: Extinction vortex diagram. Reproduced from Wilson, J. W., & Primack, R. B.
(2019). Conservation Biology in Sub-Saharan Africa (Figure 8.10, p. 284). Open Book
Publishers. Licensed under CC BY 4.0. Available at:
https://commons.wikimedia.org/wiki/File:The_extinction_vortex_describes_a_process_wher

eby the_factors_that_affect_small_populations_can_drive_its_size_progressively_downwar
d_towards_extinction.png

The extinction vortex causes a problem for the conservation management of isolated
populations, because multiple threats to population persistence need to be addressed and it
can be difficult to determine which is most detrimental. Mitigating other threats such as
habitat loss or disease can improve population survival but will not address reduced genetic
diversity and inbreeding (Quinn et al., 2019). Inbreeding depression and reduced adaptive
potential means that the population is vulnerable to any future threats such as a new disease
or climate change, which could restart the extinction vortex. Genetic variation may recover
eventually if the population persists, but this would occur on an evolutionary time scale
through mutation and recombination (Love Stowell et al., 2017). Threats to the population are
likely to occur during this time so it is important to reduce inbreeding depression and improve
the populations probability of surviving. Reducing inbreeding will improve fitness and provide
standing genetic variation for the population to be able to adapt to future changes, this can be
done utilising translocations of individuals into the recipient population to attempt genetic

rescue.
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1.2 Genetic rescue

Genetic rescue is the increase in the fitness of a population as a result of newly introduced
genetic variation (Bell et al., 2019). Genetic rescue is attempted by augmenting gene flow
either by the movement of organisms or their gametes from one population to another. The
hope being that variation introduced will increase the fitness in the recipient population via
reduction of mutation load and increase adaptive potential (Hoelzel et al., 2019; Mable, 2019;
Willi et al., 2006). For endangered species that still have multiple populations and/or
subpopulations from which to source the genetic variation, genetic rescue can be a key
management technique to alleviate genetic load and reduce extinction risk (Bell et al., 2019;

Frankham, 2015, 2016; Whiteley et al., 2015).

Genetic rescue has been underutilised in conservation due to a fear of negative effects as a
result of mixing genetic variation from different, divergent, populations (Frankham et al., 2017;
Bell et al., 2019; Whiteley et al., 2015). A key worry is outbreeding depression, the loss of
fithess when outbreeding occurs (Edmands, 2007). This can be due to fixed chromosomal
differences, disruption of local adaptation, reproductive isolation or introducing mutation load
(Kyriazis et al., 2021; Frankham et al., 2011). Another major issue is that if the introduced
variation proves to enable greater fitness genetic swamping and homogenization of the
population could occur (Kolodny et al., 2019; Bell et al., 2019; Willi et al., 2006). This is counter
to the general conservation policy of trying to conserve genetic uniqueness (Moritz, 1994.;
Fraser and Bernatchez, 2001). In recent years several publications have argued that genetic
rescue needs to be utilised much more if we are to conserve currently inbred species (Bell et
al., 2019; Ralls et al., 2018). However, there are still questions that need to be answered for its
use to become widespread such as what makes a good rescuer or a good source population.
There is already evidence across a wide range of taxa for the success of genetic rescue either
in experiments or in conservation action (Bell et al., 2019; Pérez-Pereira et al., 2025; Nichols
et al., 2024). Despite this there is still a reluctance to implement genetic rescue (Fitzpatrick et

al., 2023), therefore more research is needed to answer the outstanding questions.

1.3 Implementing genetic rescue

There are several guidelines that have been developed over the years to advise on genetic
rescue procedures (Figure 1.2) (Hedrick and Fredrickson, 2010; Frankham et al., 2017; Ralls et
al., 2018). Guidelines start with identifying a population that needs rescue as it is suffering
from inbreeding depression, the population must also have sources for genetic variation to be

introduced from. An important consideration is that the population should be isolated by
12



human activity in the last 500 years (Ralls et al., 2018). This is because isolation from geneflow
is a mechanism of speciation and conservation is trying to mitigate the impact of humans on
the natural world. Restoring or augmenting geneflow should only be undertaken if it was
disrupted because of anthropogenic activities, to enable processes such as speciation to

occur naturally.

1. If there are multiple  No ) Address any other conservation
populations, are any inbred? management issues
Yes
v
2. Are there any other
isolated populations that can Manage population to maximize N,
be used for crossing? Re- |~ No —> and consider “fragile’ and minimize
evaluate existing taxonomy if non-genetic threats
necessary
Yes
v
3. Will crossingleadto | Yes -> Do not cross unless benefits
outbreeding depression? outweigh costs
No
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Figure 1.2: A decision tree for genetic management of isolated populations. Figure
reproduced from (Ralls et al., 2018), Conservation Letters, DOI: 10.1111/conl.12412, under
CC BY 4.0 license.

Once a candidate for rescue is identified a source of genetic variation must be selected
(Frankham et al., 2017; Hedrick and Fredrickson, 2010). It is recommended that a closely
related population living in a similar habitatis used, to avoid the risk of outbreeding depression
(Frankham et al., 2017; Bell et al., 2019; Whiteley et al., 2015). Genetic variation from a
population in a different habitat could disrupt locally adapted gene complexes resulting in
outbreeding depression. Therefore, it is suggested in guidelines to experimentally test the
outcome of crosses between populations to look for signs of outbreeding depression
(Frankham et al., 2017). Collecting this data can be difficult depending on the species in
question, there may be few or no captive populations/organisms to cross, the generational
time may be too long to collect data in a relevant timeframe, or the species may be difficulty

to breed in captivity (Hedrick and Fredrickson, 2010). As a result, when planning a genetic
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rescue, risk of outbreeding depression may have to be weighed against the risks of waiting for

experimental data to be available.

The Florida panther (Puma concolor couguar) is one of the best-known cases of genetic rescue
and a key example of how rescue can be implemented (Pimm et al., 2006). A small population
of this species containing only ~25 individuals existed in the 1990’s (McBride et al., 2008). This
population had low genetic diversity and was suffering from inbreeding depression, evidenced
through a range of physiological defects (Roelke et al., 1993). This included kinked tails,
cowlicks, seminal defects, cryptorchidism and cardiac defects. In 1995 eight female pumas
(Puma concolor couguar) from Texas were translocated into the population and interbred.
Studies showed that subsequently the Florida panther population’s heterozygosity levels
doubled, survival and reproductive success improved and, consequently, the population
tripled in size (Johnson et al., 2010). Furthermore, over time the range of the Florida panther
expanded, and they colonised habitat that had been thought to be unsuited to the species
(Pimm et al., 2006). This is, therefore, seen as an exemplar of a successful genetic rescue, but
at the time the rescue was controversial due to the fears of genetic swamping or outbreeding
depression due to the difference in habitat between Texas and Florida. Despite this the
translocation went ahead, but according to the subsequently developed guidelines it should
not have been attempted. In addition to habitat differences and biogeographical differences
the Florida population was considered a separate subspecies (Puma concolor coryi)
(Kitchener et al., 2017), which explains the resistance to the rescue attempt. But in 2005, 10
years after the genetic rescue, the Florida panther was reclassified to be a population of the
North American cougar (Puma concolor couguar) rather than a distinct subspecies. Modern
guidelines recommend reviewing the taxonomic classifications of populations when
considering rescue for this reason (Ralls et al., 2018). Additionally, despite differences in
habitat and a large geographical distance it was believed that there had been gene flow
between the populations in the 19" century within the 500-year separation suggested in
guidelines (Seal et al., 1994; Ralls et al., 2018). Improvements in knowledge and tools allow us

to make more confident decisions on the outcomes of genetic rescue.

The natural genetic rescue of the Isle Royale wolves (Canis lupus) provides the second key
example of the issues important in genetic rescue. Wolves colonised Isle Royale in Lake
Superior around 1950 establishing a small population that suffered from inbreeding
depression, the population peaked at 50 individuals but dropped following a disease outbreak
(Robinson et al., 2019; Hedrick et al., 2014). It is thought that they received occasional gene
flow from the mainland by the formation of ice bridges during winter (Hedrick et al., 2014).

However, in the past 50 years climate change has resulted in bridges becoming rarer, slowly
14



reducing gene flow to the island. Then in 1997 a male wolf migrated into the population across
an ice bridge becoming dominant in the population. This resulted in 34 offspring and, nearly
60% of individuals had ancestry from this male within a decade (Hedrick et al., 2014). As of
2011 his was the only variant of the Y chromosome in the population showing how much the
male and his offspring dominated the gene pool (Adams et al., 2011). This resulted in the wolf
populationincreasing. However, in the early 2000’s the population declined dramatically, with
only two individuals remaining in 2017 (Hedrick et al., 2019). This is blamed on the success of
the immigrant male which lead to a highly related population in a restricted habitat. The
increased inbreeding due to the high relatedness of the population increased homozygosity,
exposing hidden mutation load introduced by the male and resulting in severe inbreeding
depression (Robinson et al., 2019). This is the key evidence of genetic rescue potentially
leading to population extinction. Crossing populations not only risks outbreeding depression

but can introduced additional mutation load.

The two examples of genetic rescue outlined above give us examples of what should be
considered when planning a rescue. These two studies also allow us to compare between a
planned and natural rescue, so that we may learn from the negative results seen on Isle
Royale. The environment was key in both rescues, the Florida panther population could
expand their range whereas the wolves were restricted to an island preventing dispersal and
promoting inbreeding. The number of rescuers is important, the single wolf resulted in a highly
related population, multiple panthers meanwhile meant that rescuer offspring would have
different ancestry reducing inbreeding in subsequent generations. The fact the panther was a
planned rescue also meant the rescuers were eventually removed, whilst in the wolves the
male bred with his own offspring worsening the inbreeding process. This highlights the
importance of monitoring so that intervention can occur to prevent negative effects of cross-
breeding between populations. In the panthers a source population was selected to try and
reduce outbreeding depression, whilst the wolves experienced a natural immigration from the
closest population yet had a negative outcome. In a planned rescue of the wolves the
mainland population that the male came from would be the main candidate as a source
population, as they are closely related to the island population. This shows that the above

considerations are vital, not just the selection of a source population.

A key consideration when implementing a genetic rescue is the potential for stressful
environmental conditions affecting the recipient population. Inbreeding depression is
exacerbated under stressful conditions putting populations at greater risk of extinction
(Armbruster and Reed, 2005). Genetic rescue could become important to offset the

environmental effects, reducing inbreeding depression can allow the population to persist.
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Additionally, an aim of genetic rescue is to restore adaptive potential by increasing genetic
diversity, this should allow a population to adapt and overcome the stress in the future. As
such genetic rescue may allow continued persistence in a stressful environment by improving

fitness and increasing adaptive potential.

1.4 Optimising genetic rescue

When optimising genetic rescue, selecting which individuals to use as rescuers is important.
For example, there are different pros and cons of using male or female rescuers. It has been
shown that a given sex can be more vulnerable to inbreeding depression depending on the
speciesin question (Ebeland Phillips, 2016). Factors that may cause these differences include
sexual selection, heterogametic sex differences or differences in the cost of inbreeding (Vega-
Trejo et al., 2022a). Moreover, how effective an individual of a specific sex may be in terms of
introgression into a new population may depend on species specific patterns of mating and
sexual selection. Conservation efforts and experimental studies have found that adding male
immigrants increased the fitness benefits of rescue more than adding female immigrants,
though this will depend on the biology and social structure of the species in question

(Zajitschek et al., 2009; Trinkel et al., 2008; Madsen et al., 2020).

In some attempts at genetic rescue, such as in the Florida panther (Pimm et al., 2006) female
rescuers were preferred over males. This was because females were judged to be less likely to
cause conflict, or to disperse from the area (Pimm et al., 2006; Seal et al., 1994), though again
patterns of sex biased dispersal differs across species. However, using female rescuers does
raise another potential risk linked to mitochondrial incompatibility (Havird et al., 2016). In
animals, mitochondrial genomes are nearly always inherited only through the maternal line,
female rescuers introducing new mitochondrial genomes may have incompatibilities with the
recipient population nuclear genome affecting fitness of offspring (Havird et al., 2016). The
mitochondrial and nuclear genome co-evolve, a different mitochondrial genome may not
share these co-adaptations resulting in reduced offspring fitness (Havird et al., 2016).
Incompatibilities with the nuclear genome can even contribute to a reproductive barrier in
some cases (Ma et al., 2016). There are examples of mitochondrial incompatibilities reducing
fitness in yeasts (Saccharomyces bayanus, Saccharomyces cerevisiae Lee et al., 2008) and in
Drosophila melanogaster (Meiklejohn et al., 2013). On the other hand, it has been argued that
if there are deleterious alleles present in the mitochondrial genome, only a female rescuer
would be able to reduce this genetic load (Gemmell and Allendorf, 2001; Gemmell et al.,
2004). Like the nuclear genome, deleterious mutations can occurin the mitochondrial genome

but, unlike the nuclear genome, there is no introgression during the crossing of populations as
16



it only comes from the female. Only a female rescuer introducing a new mitochondrial genome

into the population could remove this mutation load (Gemmell and Allendorf, 2001).

The selection of a population to use as the donor is, perhaps, the most critical aspect of
genetic rescue (Hoffmann et al., 2020). The donor population will determine what new genetic
variation will be introduced into the recipient population and thus affect the possibility of
outbreeding depression and genetic swamping (Robinson et al., 2023). Therefore, the genetic
divergence between populations must be accounted for, a more divergent population could
be more likely to result in outbreeding depression, but a closely related population may not
(re)introduce much genetic diversity. As mentioned above, it is recommended by the
guidelines to utilise a population of the same species where geneflow has only recently been
disrupted (Ralls et al., 2018). This should avoid reproductive barriers between the populations
preventing rescue. However, there have been suggestions that other subspecies should be
considered forimproving genetic diversity through hybridisation (Chan et al., 2019). This would
introduce more genetic diversity as the divergence between subspecies will be greater than
populations within a species and could even introduce alleles novel to the subspecies.
However, this is a controversial stance to take as sub-species are usually formed via natural
speciation events and would not have geneflow that had been interrupted within the past 500
years by human activity (Ralls et al., 2018). There could be serious genetic incompatibilities
between subspecies that could endanger the population if introduced. Hybridisation should
not be dismissed out of hand, as we know from the Florida Panther taxonomic designations
are changeable and what we call a subspecies today may be considered the same species in

the future (Kitchener et al., 2017; Clavero et al., 2024).

If there are multiple populations that meet the criteria for genetic divergence, the evidence
supports the use of a large, outbred population as a source of genetic rescuers, (Ralls et al.,
2020; Frankham, 2015, 2016). Outbred populations will introduce more genetic diversity, thus
reducing homozygosity, restoring any heterozygote advantage and increasing adaptive
potential (Ralls et al., 2020; Willi et al., 2006). However, as large, outbred populations will also
harbour considerable hidden genetic load the risk of outbreeding depression is increased
(Robinson et al., 2023). When introduced into a small, inbred population, deleterious alleles
from such outbred rescuers may spread through the population and lead to detrimental
effects. This appears to be what caused the near extinction of the population following a
natural genetic rescue in the Isle Royale wolves (Robinson et al., 2019). Therefore, it may be
more beneficial to introduce rescuers from another isolated, inbred population (Robinson et
al., 2018, 2019). Such populations will likely have already undergone the purging of (some)

deleterious alleles. Purging occurs when deleterious alleles are in a homozygous state,
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through inbreeding, and are removed from the population via natural selection (Dussex et al.,
2023). However, these populations may not help introgress enough positive genetic variation.
Simulations that attempt to understand this trade off, advise selecting rescuers from
moderate sized populations with a lower frequency of highly deleterious alleles as using high
genetic diversity rescuers results in increased extinction risk for small populations (Kyriazis et
al., 2021). This study suggests the focus should be on reducing deleterious variation

introduced to the population, rather than maximising genetic variation overall.

Avoiding the introduction of deleterious variation by utilising inbred populations as the source
of rescuers could pose problems. While purging will have removed some deleterious variation,
genetic drift acts more strongly in small populations. As a result, mildly deleterious alleles can
become fixed in the population as purging is less effective at removing deleterious alleles with
weaker effects. This accumulation of fixed genetic load can risk future survival of a population
(Grossen et al., 2020). Using these populations as a source for rescue could introduce this
accumulated mutation load into the recipient population. Fitness may increase in the
environment that purging took place in but if the environment changes the population may
struggle to adapt due to loss of adaptive potential (Ralls et al., 2020). This could also pose an
issue if the recipient population is in a different habitat, the non-purged deleterious alleles
could be more detrimental in the new environment. For all these reasons maximising the
amount of genetic diversity being introduced is more favourable than utilising purged, inbred

populations.

Guidelines for genetic rescue also recommend using a source population found in a similar
habitat or environment to the recipient population (Hedrick and Fredrickson, 2010).
Populations adapt to local conditions and new genetic diversity can break up locally adapted
gene complexes, which could disrupt to expression of traits that are beneficial in that
environment (Lenormand, 2002; Kawecki and Ebert, 2004). There may also be the introduction
of adaptations to a different environment (the source populations habitat) which may be
deleterious in the recipient populations habitat. If either issue occurs, fitness in that habitat
will be reduced, endangering the population. It is important to conserve populations across
differencing habitats as they could be sources of genetic adaptation, especially with the
changing climate. Currently beneficial adaptations may become deleterious in future
conditions, changing which source populations are preferred. In fact, there have been
attempts at targeted geneflow, trying to introduce a specific adaptation from one population
to another (Kelly and Phillips, 2019b; Rudin-Bitterli et al., 2021). Differences between

population habitats are important to consider in genetic rescue. An assessment weighing the
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benefits and risks of rescue if there is no source populationin a similar habitat available should

be made before crossing populations from two different habitats (Seal et al., 1994).

Another population feature that may be considered is sexual selection, which can vary across
populations (Kasumovic et al., 2008). Levels of inbreeding, genetic variation and adaptation
are all affected by sexual selection and may influence the selection of a source population or
rescuer (Parrett et al., 2022; Parrett and Knell, 2018; Vega-Trejo et al., 2017). Sexual selection
should improve not only population fithess but also reduce genetic load, producing good
rescue candidates that should introduce fewer deleterious alleles into the recipient
population (Cally et al., 2019; Whitlock and Agrawal, 2009). Additionally, sexual selection
should make rescuers preferred and more competitive at reproduction, increasing the
introgression of their genome into the population and improving the efficacy of rescue. There
are potential issues with this however, the ability to identify differences in sexual selection
between populations may be difficult without large-scale monitoring. Sexual selection could
promote assortative mating, this could risk genetic swamping as rescuers and their offspring
are more likely to mate with each other than the recipient population (van Doorn et al., 2009).
Sexual selection could enhance genetic rescue by producing better rescuers and improving
their chances to reproduce in the recipient population, but little research has been done on

this question.

1.5 Measuring genetic rescue

There are different ways to measure the success of any genetic rescue attempts, Population
measures look at how the whole population responds to genetic rescue using factors such as
population productivity (humber of offspring produced), growth rate or persistence
probability. Population growth rate is a popular measure as it shows that a population’s
increased fitness, as a result of the genetic rescue, is allowing it to recover to a larger, healthier
size (Madsen et al., 2004). However, population growth depends upon the environment being
able to support a larger population meaning that positive effects of rescue could be missed if
there is no room for growth (Hedrick et al., 2011). Population size is another indicator that has
been utilised in studies, though like population growth can be limited by habitat, to see the
increase in individuals following rescue (Madsen et al., 2020; Hostetler et al., 2013).
Additionally, populations can experience extension of their range showcasing the effects of
genetic rescue, this was seen in the Florida panther where individuals were detected outside
their expected range (Pimm et al., 2006; Johnson et al., 2010). A population’s persistence
probability can be avaluable measurement for how effective arescue s, as it will ensure short-

term survival so that further conservation action can be taken. Persistence can be calculated
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using matrix or individual based modelling providing demographic predictions following a
rescue attempt (van de Kerk et al., 2019). Many other metrics that can be used to measure the
fithess of a population that has undergone a genetic rescue attempt such as population
density or reproductive success (Madsen et al., 1999; Fitzpatrick et al., 2020; Quinn et al.,

2019).

Genetic analysis can be a powerful tool enabling genetic rescue. First it can help us identify
when populations are in need of genetic rescue, e.g. confirming that inbreeding depression is
occurring in a population and is likely responsible for its poor fitness (Kardos et al., 2016). It
can also estimate a population’s adaptive potential (Jrsted et al., 2019). Genetic information
can then tell us how a genetic rescue attempt has affected a population’s genetics. Measures
such as allelic richness, migrant ancestry and heterozygosity are used to determine if
introgression has occurred (Miller et al., 2020b; Madsen et al., 2020; Hedrick et al., 2019).
Some measures linked to population fitness can provide evidence of reduced inbreeding like
the inbreeding coefficient, mutation load or runs of homozygosity (Charlesworth and Willis,
2009; Ceballos et al., 2018). Our ability to utilise this data is increasing as sequencing
becomes more affordable and accessible. Studies can now examine the whole genome
improving our estimates of genetic diversity and the effects of geneflow. Using tools that can
identify deleterious alleles we can examine the genetic load to reveal how geneflow is affecting
expression of these alleles (Kumar et al., 2009). Increased genetic diversity and therefore
heterozygosity will prevent recessive deleterious alleles from being expressed improving
population fitness (Smeds and Ellegren, 2022; Pérez-Pereira et al., 2025). Genomic data has
been used to support the implementation of genetic rescue in some species (Sundell et al.,
2023; Al Hikmani et al., 2024; Chege et al., 2024). These powerful tools can allow us to improve

our understanding and confidence in the effects of genetic rescue.

Monitoring is a key part of conservation and is especially important following translocations to
understand what the effect has been on the population. There are many metrics and measures
that will all provide information about the ongoing processes and a combination of these may
be the best technique (Robinson et al., 2020). A key criticism of genetic rescue studies is the
lack of long-term data following the rescue, often only three generations (Bell et al., 2019;
Clarke et al., 2024). This means there is limited information on how long the benefits of genetic
rescue last. Genetic diversity could become reduced if inbreeding resumes, potentially
exposing mutation load as was observed on Isle Royale (Hedrick et al., 2019). On the other
hand, introduced deleterious variation could instead be purged reducing mutation load but

maintaining beneficial variation that was introduced. In recent years more studies are
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attempting to address this issue but the effort and cost to collect data consistently over

multiple generations is a barrier (Nichols et al., 2024; Pérez-Pereira et al., 2025).

1.6 Model species Tribolium castaneum

Tribolium castaneum, the red flour beetle, is a small darkling beetle thought to originally have
fed on rotting wood, it is now a global agricultural pest found infesting grain stores (Dawson,
1977). This representative of the species rich order, Coleoptera, has been utilised as a model
species for over a century, including in ecology and evolution (Pointer et al., 2021; Park, 1932;
Duval et al., 1939). Its relatively quick generation times, roughly one month, make it suitable
for multi-generation studies. T. castaneum is also highly fecund, which makes maintaining and
crossing populations easier. Due to their co-habitation with humans, they are simple to
maintain requiring only flour and yeast to live and feed on, making it an ideal system to carry
out population level studies. Another benefit is that sex is apparent at the pupal stage allowing
individuals to be isolated before sexual maturity, this ensures individuals are virgins when

initiating populations.

T. castaneum has already been utilised to test both genetic and evolutionary rescue with
conflicting results (Hufbauer et al., 2015; Lewis et al., 2024). A test of both evolutionary and
genetic rescue on populations adapted to higher temperatures (38°C compared to 30°C
standard) found no evidence of genetic rescue. Populations were kept at 100 or 10,000
individuals at the higher temperature and received no migration or 10% of the population was
replaced with migrants from an outbred, non-adapted population every generation (10
generations total). Migration reduced the fitness of these large populations, though testing at
the individual level found improved fitness (Lewis et al., 2024). Another study found that
genetic rescue did improve population fitness, using populations of either 50 or 150
individuals. Migrants were randomly selected and replaced an equal number of residents, one
in the smaller populations and three in the larger. The rescue was a single event, and
populations were followed for four generations after. The genetic rescue treatment reduced
extinction and increased fitness, showing that a genetic rescue effect can be achieved in this
species (Hufbauer et al., 2015) The difference between the outcomes of these studies could
be due to the different population sizes, frequency/size of rescue or adaptation to a higher
temperature preventing rescue. Importantly there are also a range of genomic resources
available for T. castaneum, including a sequenced genome and gene annotation enabling
genomic analysis (Brown et al., 2003; Yates et al., 2022). The genome consists of 9 autosomes

and the XY sex chromosomes. There are continued updates improving the quality of these
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resources using long-read sequencing (Volari¢ et al., 2024; USDA ARS Ag100Pest Initiative,
2022).

1.7 Thesis aims

In this thesis, | utilise the T. castaneum system to understand how genetic rescue can affect
the fitness of inbred populations. In the second chapter | examine if the sex of a rescuer will
affect the outcome of genetic rescue. | then test if different levels of sexual selection in the
source populations could impact the success of a rescue attempt, by measuring the
productivity (hnumber of adult offspring produced) over many generations to capture any drop
in productivity. In Chapter three, | use both population fitness assays and genomic methods
to assess the relative efficacy of genetic rescue in being either an inbred or outbred rescuer.
In Chapter four, | quantify the risk of genetic rescue disrupting local adaptation by rescuing T.
castaneum lines adapted to a higher temperature. | then discuss the overall results of the

thesis and its implications for genetic rescue and conservation.
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Chapter Two
Sexual selection matters in genetic rescue, but productivity
benefits fade over time; a multi-generation experiment to

inform conservation.

2.1 Abstract

Globally, many species are threatened by population decline because of anthropogenic
changes leading to population fragmentation, genetic isolation and inbreeding depression.
Genetic rescue, the controlled introduction of genetic variation, is a method used to relieve
such effects in small populations. However, without understanding how the characteristics of
rescuers impact rescue attempts interventions run the risk of being sub-optimal, or even
counterproductive. We use the red flour beetle (Tribolium castaneum) to test the impact of
rescuer sex, and sexual selection background, on population productivity. We record the
impact of genetic rescue on population productivity in 24 and 36 replicated populations for ten
generations following intervention. We find little or no impact of rescuer sex on the efficacy of
rescue but show that a background of elevated sexual selection makes individuals more
effective rescuers. In both experiments, rescue effects diminish 6-10 generations after the
rescue. Our results confirm that the efficacy of genetic rescue can be influenced by
characteristics of the rescuers and that the level of sexual selection in the rescuing population
is an important factor. We show that any increase in fitness associated with rescue may last
for a limited number of generations, suggesting implications for conservation policy and

practice.

2.2 Introduction

Populations worldwide increasingly face extinction after becoming fragmented by human
activity (Ceballos and Ehrlich, 2023). Fragmentation reduces population size and increases
risk of genetic isolation, leading to increased impact of genetic drift and loss of genetic
variation. Consequentially, many small populations suffer inbreeding depression (reduction
in fitness when recessive, deleterious alleles appear in homozygous form, and/or the loss of
heterozygote advantage) and reduced adaptive potential (Charlesworth and Willis, 2009;
Crnokrak and Roff, 1998). Individuals within such populations are also more prone to
environmental stress, which can exacerbate inbreeding depression (Frankham, 2005;

Armbruster and Reed, 2005; Fox and Reed, 2011; Reed et al., 2002; Richardson et al., 2004).
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The interaction between these factors can lead to population or species extinction (Soule and

Gilpin, 1986; Blomqvist et al., 2010; Palomares et al., 2012).

Genetic rescue, increasing population fitness through the introduction of novel alleles beyond
the demographic effects of immigration, is one way to relieve inbreeding depression
(Ingvarsson, 2001; Hedrick et al., 2011). This requires the introduction of rescuers (conspecific
individuals from a different population), allowing reproduction with the inbred population. The
aim is to introduce new genetic diversity, reducing homozygosity and the expression of
deleterious alleles in offspring. Introducing genetic variation also increases adaptive potential,
providing standing variation for selection to act on (Hoelzel et al., 2019; Mable, 2019) and
increasing the potential for evolutionary rescue (Bell and Gonzalez, 2009; Schiffers et al.,

2013; Lindsey et al., 2013).

Genetic rescue has been studied in wild, captive, and laboratory populations across many
taxa (reviewed in (Frankham, 2015, 2016; White et al., 2023)) and has seen many successful
implementations (Miller et al., 2020b; Davis et al., 2021; Robinson et al., 2017; Pregler et al.,
2022; Pavlova et al., 2023). Reviews and meta-analyses support its utility as a conservation
tool (Waller, 2015; Whiteley et al.,, 2015; Robinson et al., 2020; Frankham, 2016, 2015).
Theoretical studies have modelled the outcome of genetic rescue in specific situations to
assess the risks and benefits to wild populations (Ash et al., 2023; Robinson et al., 2020). This
allows for the exploration of the potential impact of different variables, such as inbreeding in
the rescuing population (Kyriazis et al., 2021) There is also a growing body of experimental
research testing how factors, such as the sex or degree of inbreeding in rescuers, and level of
environmental stress, impact genetic rescue attempts (Zajitschek et al., 2009; Jgrgensen et
al., 2022; Heber et al., 2012; Hufbauer et al., 2015; Lewis et al., 2024). However, failures and
negative effects have also been observed. For example, the Isle Royal wolf (Canis lupus)
population collapsed following (naturally occurring) genetic rescue (Hedrick et al., 2014). In
the Hihi (Notiomystis cincta) genetic rescue resulted in increased inbreeding 10 years later
due to high ancestry from one rescuer (Nichols et al., 2024); and in the Macquarie perch
(Macquaria australasica) little or no mixing occurred between the rescuers and inbred

population leading to a failed rescue attempt (Pavlova et al., 2024).

Despite the publication of guidelines as to when and where to attempt genetic rescue (Hedrick
and Fredrickson, 2010; Frankham, 2015), there is still considerable reluctance by
conservation stakeholders to attempt rescue in wild populations (Fitzpatrick et al., 2023). This
is,to some degree, understandable due to potential risks such as outbreeding depression (Bell

et al., 2019). This loss of fitness due to the crossing of two genetically divergent populations
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(Edmands, 2007) is associated with the breakdown of locally adapted gene complexes
(Lenormand, 2002). An additional risk is genetic swamping, the rescuing population replacing
unique genetic variation in the rescued population (Rhymer and Simberloff, 1996). Despite
evidence to suggest such risks may be overstated, and that mixing divergent populations can
provide considerable benefits (Kronenberger et al., 2017, 2018; Fitzpatrick et al., 2016), these
risks highlight the importance of understanding what characterises the most effective
rescuer(s) (Whiteley et al., 2015). Genetic structure of the rescuing population is an essential
consideration (Kyriazis et al., 2021; Robinson et al., 2018; Ralls et al., 2020), as well as the
number (van de Kerk et al., 2019; Kelly and Phillips, 2019a) and the sex of rescuers (Zajitschek
et al., 2009; Havird et al., 2016). These factors affect how much genetic diversity and load is

introduced, how quickly it can introgress, and potentially how long the rescue effect will last.

A central criticism of many genetic rescue studies is the fact that the longevity of rescue
effects is not captured, due to the number of generations observed (Bell et al., 2019; Clarke et
al., 2024). Laboratory studies on species with short generation times greatly facilitate our
ability to monitor outcomes over multiple generations. Consequently, by using these species
we can better test if and how quickly genetic rescue occurs, how long it lasts and whether
there are any negative effects in the long term. In wild studies, where it is often extremely
difficult and/or expensive to follow the rescue long-term, populations are often only monitored
over a few consecutive generations (Hasselgren et al., 2018; Lotsander et al., 2021) or

sporadically over generations (Miller et al., 2020b).

Sex of rescuing individuals may be a key factor in the efficacy of genetic rescue as females are
typically more limited in the number of offspring they can produce than males (Bateman,
1948). In many systems (i.e. promiscuous, polygynous, socially monogamous with extra-pair
paternity), this means a male rescuer should speed the impact of genetic rescue. A male
should sire more offspring carrying rescuing alleles and higher heterozygosity (Bateman, 1948)
than a female, meaning that this additive variation is quicker to spread in the population. This
effecthas been shown in both guppies (Poecilia reticulata) (Zajitschek et al., 2009) and African
lions (Panthera leo) (Miller et al., 2020b; Trinkel et al., 2008). In addition, purging of genetic
load is more effective in males due to differences in gamete investment between the sexes
(Whitlock and Agrawal, 2009; Grieshop et al., 2021). In a rescue scenario, an individual with
less genetic load should be favoured under sexual selection and have greater reproductive

SucCcCess.

Despite putative advantages of male rescue, female rescuers can be advantageous in other

systems or scenarios. In the Florida panther (Puma concolor couguar), females were used for
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rescue (Pimm et al., 2006) as they were less likely to disperse or cause social conflict (Seal et
al., 1994). Genetic load can also accumulate in mitochondrial DNA (mtDNA), which is
commonly inherited through females (Gemmell et al., 2004). Thus, only female rescuers can
introduce mtDNA variants to a population to reduce mtDNA genetic load (Gemmell and
Allendorf, 2001). However, there is a risk of mitochondrial mismatch reducing offspring fitness
(Havird et al., 2016). Female rescuers may also introduce maternal effects, the mother’s
phenotype influencing that of the offspring (Wolf and Wade, 2009), which may affect rescue

efficiency.

Furthermore, another key consideration related to both rescuer sex and the genetic structure
of rescuing populations is the background of sexual selection the rescuing population has
experienced. Sexual selection can vary across populations (Kasumovic et al., 2008) affecting
patterns of genetic variation (Parrett et al., 2022), facilitating adaptation (Parrett and Knell,
2018) and reducing inbreeding (Vega-Trejo et al., 2017). Stronger sexual selection has been
shown to improve population fitness (Cally et al., 2019) and can also reduce genetic load in a
population (Whitlock and Agrawal, 2009). Individuals from high sexual selection populations
should also be more competitive in securing mates, thus gaining greater reproductive
success, and increasing the speed at which genetic diversity introgresses during rescue if
preferences for sexually selected traits are shared across the populations. An increase in
population fitness due to sexual selection has been observed in Tribolium castaneum;
experimental populations experiencing elevated sexual selection were shown to be less likely
to go extinct under stressful conditions than those that evolved under monogamy (Godwin et
al., 2020; Lumley et al., 2015). Although beneficial, sexual selection may also promote
assortative mating (van Doorn et al., 2009), and potentially reduce subsequent interbreeding
between rescuers and rescued, thus hindering rescue attempts. However, to our knowledge,
no studies have tested if the effect of sexual selection background increases or decreases the

efficacy of genetic rescue.

Here, we use the Tribolium castaneum model (Pointer et al., 2021) to experimentally address
key omissions in the understanding of genetic rescue of inbred populations. T. castaneum has
been utilised previously to study genetic rescue with one finding evidence of rescue (Hufbauer
etal., 2015) and the other not observing a rescue effect (Lewis et al., 2024). First, we test if the
sex of arescuer has an impact on genetic rescue. We predict that a male rescuer will result in
a greater fitness increase in inbred populations due to the ability of males to produce more
offspring than females, allowing for faster introgression. Second, we test if rescuers evolved
under different levels of sexual selection differentially impact the outcome of genetic rescue.

We predict that a rescuer from a strong sexual selection background will be more effective,
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due to lowered genetic load. Importantly, we utilise the short generation time of T. castaneum
to follow the effects of genetic rescue over 10 generations, allowing observation of both the
speed and longevity of rescue effects. Additionally, we replicate our experimental populations
under nutrient stress. We predict that stress will exaggerate the effects of inbreeding
depression so that the magnitude of the rescue effect will be greater under stress than under

benign conditions.

2.3 Methods

2.3.1 Ethics

No ethics approval was required for this study as experiments were conducted on an

unregulated invertebrate species.

2.3.2 Husbandry

T. castaneum were kept in a controlled environment at 30°C and 60% humidity with a 12:12
light-dark cycle. Populations were kept on standard fodder consisting of 90% organic white
flour, 10% brewer’s yeast and a layer of oats for traction unless otherwise stated. During the
husbandry cycle, 2mm and 850um sieves were used to remove pupae and adults from fodder.
The following cycle was started by a set number of adults (line dependent, see below) being
placed into containers with fresh standard fodder. The oviposition phase: populations were
given seven days to mate and lay eggs before adults were removed by sieving to prevent
overlapping generations. The fodder containing eggs was returned to the container. The
development phase: eggs were kept in the containers for 35 days to allow the eggs to develop
into mature adults. Around day 21 of the development phase, pupae were collected to obtain
known-sex virgin individuals which were then used to start the next generation. The pupae
were kept as virgins in single-sex groups of 20 for 10 days to allow them to complete
development. Once mature, the cycle began again with those beetles going into fresh fodder

to form a population of males and females.

2.3.3 Tribolium castaneum lines

Krakow Super Strain (KSS): KSS was created by mixing fourteen laboratory strains to maximise

genetic diversity in a single strain (Laskowski et al., 2015). This was used as the outbred

treatment in the genetic rescue experiments.
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Inbred Lines: Founded from KSS and inbred through three single-pair bottlenecks in the first,
fifth and seventh generations. Between bottlenecks, the lines were maintained at a maximum
population size of 100 randomly selected adults. Of the initial 30 lines, 24 survived the

inbreeding treatment and 12 lines were maintained and used for experiments.

Sexual Selection Lines: Polyandrous and monogamous lines were created from the Georgia 1

stock (Haliscak and Beeman, 1983; Lumley et al., 2015). Each polyandrous line (n=3) was
maintained each generation in twelve groups each consisting of five males and one female.
Following oviposition, the eggs from all groups in a line are mixed to form one population from
which the next generation’s groups will be sourced. For each monogamous line (n=3) twenty
separate mating pairs are bred. Following oviposition, the eggs from all pairs are mixed and
the next pairs are sourced from this population to maintain that line. The number of groups
and pairs in each regime results in a theoretical Ne = 40 in each treatment (Godwin et al.,
2020). These regimes had been maintained for 150 generations when rescuers were taken. The
polyandrous lines are hereafter referred to as sexual selection lines, and monogamous as no

sexual selection.

2.3.4 Genetic rescue protocol

Replicate experimental inbred populations were created from the inbred lines to serve as
populations to be rescued. Pupae were sexed and placed into plastic dishes with lids,
containing 10ml standard fodder in single-sex groups. 10+2 days after eclosion, ten males and
ten females from a given line were placed in a 125ml tub with 70ml of standard fodder creating
populations each containing twenty adult beetles at a 1:1 sex ratio for the oviposition phase.
On day 20+1 of the development phase, pupae were again taken from the populations using

the method outlined above to create the next non-overlapping generation.

Populations were maintained using twenty reproducing adults per generation, not allowing
population growth. This allowed us to maintain a roughly constant population density during
offspring development across generations, avoiding the confounding influence of negative
density-dependence on offspring production (Duval et al., 1939; King and Dawson, 1972;
Janus, 1989).

Each experimental population was randomly assigned an ID number, to avoid bias when
handling. After being established at the experimental size, the populations were maintained in
experimental conditions for one generation to avoid transgenerational density effects

affecting the genetic rescue results (Buki¢ et al., 2021). The rescue treatments were applied in
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the second generation under experimental conditions. In each population, a single beetle was
replaced with a rescuer thus maintaining the 1:1 sex ratio and population size, avoiding any
increase in productivity due to a demographic rescue. Rescuers taken from their source
populations as pupae were age-matched as closely as possible to individuals in experimental
populations. On day 37 of the development phase experimental populations were frozen at -
6°C and mature offspring were counted as a measure of productivity (our metric for population
fitness). If a population was removed from the experiment because of slow development
(pupae were not available to establish the next generation), that population was analysed as

part of all generations prior but excluded henceforth.

2.3.5 The sex of the rescuer in genetic rescue

Dueto logistic issues with ventilation, four out of the 12 experimentalinbred populations failed
to produce offspring in generation 0. From each of the remaining eight inbred lines, three
replicate populations were created and assigned to one of three treatments; No Rescue
control (ten inbred line males, ten inbred line females); Male Rescue (nine inbred line males,
one KSS male, teninbred line females); and Female Rescue (ten inbred line males, nine inbred
line females, one KSS female; Figure 2.1). Populations were maintained for ten, non-

overlapping generations.
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Figure 2.1: Experimental set-up of the creation and attempted genetic rescue of small,
inbred T. castaneum populations (N. = 20) by a single male or female rescuer from the
outbred ancestral population. Three experimental populations were created from each of 8
inbred lines resulting in 24 experimental populations, every line represented once in a

treatment.
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2.3.6 Sexual selection and genetic rescue

We investigated the impact of a rescuer’s sexual selection history on the effectiveness of
genetic rescue. From 12 inbred lines, three replicate populations were created and assigned
to one of three treatments; No Rescue Control (ten inbred line males, ten inbred line females);
Sexual Selection Rescue (nine inbred line males, one polyandrous male and, ten inbred line
females); No Sexual Selection Rescue (nine inbred line males, one monogamous male, ten
inbred line females; Figure 2.2). A single polyandrous and single monandrous line were used

as the source for rescuers. Populations were maintained for nine generations.
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Figure 2.2: Experimental procedure for the creation and attempted genetic rescue of
small, inbred T. castaneum populations (N. = 20) by a single male rescuer from either a
sexual selection or no sexual selection line. Three experimental populations were created
from each of 12 inbred lines resulting in 36 experimental populations, every line represented

once in a treatment.

2.3.7 Stressful conditions

To test if genetic rescue makes populations more resilient to environmental change and/or
stressful conditions, duplicate rescue populations were established from each rescued line
at generation five in the ‘sex’ experiment, and generation six in the ‘sexual selection’

experiment. This was done at these generations to allow time for the rescuer genome to
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introgress into the recipient population before the environmental change. These populations
were maintained as in the main experiments (until generation ten and nine respectively), but
with a reduction in the yeast content of the fodder, which is the main source of protein for the
experimental populations. This reduction generates nutrient stress in T. castaneum (Godwin
et al., 2020). In the ‘sex’ experiment fodder contained 0% yeast and 1% yeast in the ‘sexual

selection’ experiment (because of low survival with zero yeast).

2.3.8 Statistical analyses

Statistical analyses were carried outin RV4.4.1 (R Core Team, 2024) utilising R studio version
2024.04.2+764 (Posit team, 2024). Tidyverse (Wickham et al., 2019), stats (R Core Team,
2024), Rmisc (Hope, 2022) and googlesheets4 (Bryan, 2023) were used for data management
and exploration. Plots were created using ggplot2 (Wickham, 2016). The distribution of data
was checked using the shapiro.test function (R Core Team, 2024). Generalised Linear Mixed
Models (GLMMs) were fitted to test for differences in productivity between the experimental
treatments using glmmTMB (Brooks et al., 2017) Model fit was checked using DHARMa (Hartig,
2022). Model parameters were checked for collinearity using variance inflation factor (Vif)
scores with the check_collinearity function from performance (LUdecke et al., 2021). There
were no issues with overdispersion or collinearity (VIF: <3 for all variables) in any models. R?
was determined using the r.squaredGLMM function in MuMin (Barton, 2024). Post-hoc
pairwise Tukey tests were carried out using multcomp (Hothorn et al., 2008). Ggeffects

(Ludecke D, 2018) package was used for model predictions.

Within each experiment, we fitted GLMMs with the same model structure, using a negative
binomial distribution to model productivity counts, which provided better model fit than a
Poisson distribution. Productivity was the response variable, with treatment, generation and
generation? as fixed effects. Inbred line of origin and experimental population ID were included
as random effects, with ID nested within inbred line. Interaction terms (treatment x generation,
treatment x generation?) were initially included but removed from the model if not significant.
The generation? factor was not significant in the models for populations under stressful
conditions and was therefore removed. When a quadratic effect of generation was detected in
a model, we plotted the model prediction to show the non-monotonic effect of generation on
productivity and to identify the generation at which the slope changed. Then, to test if there
was both a significant increase and, importantly, a significant decrease in productivity two
separate GLMMs (with the same factors as previously) were run on the data split into
generations 1-5 and 5-10 (either side of the peak). These GLMMs were fitted with treatment

and generation as fixed effects, ID nested within inbred line as a random effect. GLMMs were
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also fitted on generations 2 and 3 individually (Table S1.3 + S1.4) in the ‘sex’ experiment, these
single-generation models used a Poisson distribution, productivity as a response variable and
treatment as a fixed effect. Random effects were the same as above. This was to test at which
point the rescue treatments resulted in a significant difference from the control, to see if there

were differences in the speed of male or female rescue.

2.4 Results

2.4.1 The sex of the rescuer in genetic rescue

Twenty-four populations were initiated, but in generation two one population in the control
inbred populations failed to pupate in time for the next generation. Generations 0 and 1 for this

population were included in the data set.

Male and female rescuer treatments both resulted in significantly higher productivity than the
control (see Table 2.1, Figure 2.3). Generation? also had a significant negative effect.
Interactions between rescuer sex treatment x generation (and generation?) were not
significant. In post-hoc tests there was no significant difference across all generations
between the male and female rescue treatments (Estimate = 0.015, SE = 0.040, z=0.374, P =

0.926, 95% CI =-0.079, -0.109).
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Figure 2.3: The effect of introducing a male or female rescuer on the mean productivity of

small, inbred populations of T. castaneum (N, =20, n =24/23) over 10 generations after an

introduction event. A single male or female rescuer was used to replace one individual of the

same sex (dashed vertical line) within the populations of 10 females and 10 males.

Populations were kept in either benign (solid line) or stressful (dashed line - starting only at

generation 6) environmental conditions (fodder with or without yeast respectively). Under

benign conditions, there was a significant increase in productivity for both male (Blue), and

female (Orange) rescue treatments compared to the control treatment (Black). There was also

a quadratic interaction with generation (See Table 2.1). Standard errors are shown.
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Table 2.1: Factors impacting the productivity of small, inbred populations of T.
castaneum (N. = 20, n = 24) receiving a single male or female genetic rescuer, or no

rescue, tested using a GLMM."

Predictor Estimate SE z P 95%
Cl
Intercept 5.944 0.075 79.570 <2e-16 5.798
6.091
Treatment (baseline = Control)
Female Rescue 0.220 0.042 5.220 <0.001* 0.138
0.303
Male Rescue 0.235 0.042 5.590 <0.001* 0.153
0.318
Generation 0.160 0.027 6.030 <0.001* 0.108
0.212
Generation? -0.015 0.002 -6.580 <0.001* -0.020
-0.011
Random 231 Observations Variance
ID:Inbred line 24 Populations* 7.056e-10
Inbred line 8 Lines 8.295e-03

Post-hoc tests showed that by generation two the productivity of the male rescue lines was
significantly higher than the control lines (see Figure 2.3 & Table S1.3; Estimate = 0.189, SE =
0.092, z=2.060, P = 0.040, 95% CI = 0.009, 0.370), but the productivity of the female rescue
lines was not (see Figure 2.3 & Table S1.3; Estimate = 0.035, SE = 0.092, z=0.370, P =0.708,
95% CI = -0.146, 0.216). However, the productivity of male and female rescued lines in that
generation (2) was not significantly different (see Figure 3; Estimate = 0.155, SE = 0.088, z =
1.760,P=0.183,95% Cl=-0.051, 0.361). There was no significant difference between the male

and female rescued lines in any other single generation (see Figure 2.3).

Plotting the model prediction shows that productivity increased until Generation 5 then began
to decline as expected by the negative estimate (see Table 2.1 & Figure S$1.3). When modelled
separately post-hoc, over generations 1-5 productivity increased significantly (see Table S1.1;
Estimate =0.070,SE=0.016,z=4.450, P<0.001, 95% CI=0.039, 0.101), then over generations
5-10 productivity decreased significantly (see Table S1.2; Estimate = -0.058, SE = 0.014, z = -
4.26, P<0.001, 95% Cl =-0.085, -0.031).

' Productivity was measured over 10 generations following the rescue event. Predictors in
bold are significant (P < 0.05). Marginal R? = 0.247, Conditional R? = 0.330. *One population
was lost in Generation 2, so there are 23 populations from Generation 2 onwards. 34



Under stress conditions (0% yeast in fodder) productivity greatly decreased (Figure 2.3), and

there were no significant differences between the treatments. There was a significant linear

effect of generation on productivity (see Table 2.2).

Table 2.2: Factors impacting the productivity of small, inbred T. castaneum populations

(N. = 20, n = 23) under nutrient stress that had either a male or female rescuer from an

outbred population introduced five generations prior, tested using a GLMM.?

Predictor Estimate SE z P 95%
Cl
Intercept 4.716 0.136 34.570 <2e-16 4.449
4.984
Treatment (baseline = Control)
Female Rescue 0.221 0.117 1.890 0.059 -0.008
0.451
Male Rescue 0.113 0.118 1.040 0.300 -0.109
0.354
Generation 0.038 0.012 3.190 0.001* 0.015
0.062
Random 78 Observations Variance
ID:Inbred line 23 Populations 0.040
Inbred line 8 Lines 0.021

2.4.2 Sexual selection and genetic rescue

Thirty-six populations were initiated, but in both generations two and five one population in the

control inbred populations failed to pupate in time for the next generation. These populations

were included in the analyses.

When introducing a rescuer from a sexual selection population, productivity interacted with

generation?; i.e., there was an increase in productivity followed by a later decline . There was

no evidence of an interaction between ‘no sexual selection’ rescue and generation?(Figure 2.4,

Table 2.3). There was no significant effect when the interaction was removed.

2 Predictors in bold are significant (P < 0.05).
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Figure 2.4: The effect of introducing a single male genetic rescuer from a sexual selection
background or no sexual selection background on the productivity of small, inbred T.
castaneum populations (N. = 20, n = 36/34) over nine generations. Populations were in
either a benign (solid line) or stressful (dashed line) environment. The rescue was a single
event (dashed vertical line) where the rescuer replaced a male in the inbred population.
Compared to the control (black) there was a significant increase in productivity in the sexual
selection rescue treatment (orange), which had a quadratic interaction with generation, but
no significant effect of the no sexual selection treatment (blue) (See Table 2.3). Standard errors

are shown.
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Table 2.3: Factors impacting the productivity of small, inbred populations (N. =20, n = 36)

of T. castaneum that received a single rescuer from either a sexual selection or no sexual

selection background line population, tested using a GLMM.?

Predictor Estimate SE z P 95%
Cl
Intercept 6.482 0.068 94.800 <2e-16 6.348
6.616
Treatment (baseline = Control)
No sexual selection 0.063 0.090 0.700 0.486 -0.114
0.240
Sexual selection -0.082 0.090 -0.920 0.360 -0.259
0.094
Generation -0.047 0.026 -1.760 0.078 -0.100
0.005
Generation? 0.004 0.003 1.560 0.120 -0.001
0.009
Treatment*Gen (Control)
No sexual selection*Gen -0.019 0.037 -0.500 0.614 -0.091
0.054
Sexual selection*Gen 0.082 0.037 2.240 0.025* 0.010
0.154
Treatment*Gen?(Control)
No sexual selection*Gen? 0.001 0.004 0.370 0.710 -0.006
0.009
Sexual selection*Gen? -0.008 0.004 -2.260 0.024* -0.015
-0.001
Random 311 Observations Variance
ID:Inbred line 36* Populations 0.013
Inbred line 0.006

Under stress conditions, there were no significant differences between the treatments’

productivity, but productivity did increase over generations (Figure 2.4, Table 2.4).

3 Predictors in bold are significant (P < 0.05). Marginal R = 0.077, Conditional R>= 0.512.
*One population was lost in Generation 2 and one in Generation 5.
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Table 2.4: Factors impacting the productivity of small, inbred populations (N. =20, n = 34)
of T. castaneum under nutrient stress that had been rescued by either a sexual selection

or no sexual selection background male rescuer seven generations prior, tested using a

GLMM.*
Predictor Estimate SE z P 95%
Cl
Intercept 5.281 0.180 29.385 <2e-16 4.929
5.633
Treatment (baseline = Control)
No sexual selection -0.023 0.066 -0.352 0.725 -0.152
0.106
Sexual selection 0.048 0.065 0.741 0.459 -0.080
0.177
Generation 0.079 0.021 3.731 <0.001* 0.038
0.120
Random 102 Observations Variance
ID:Inbred line 34 Populations 0.013
Inbred line 12 0.011

2.5 Discussion

We tested how the sex and sexual selection evolutionary history of a rescuing individual
affects the duration of genetic rescue using small, inbred populations of T. castaneum. Our
results show that a male or a female rescuer was equally effective; both improved productivity
compared to the control, though there was some evidence that a male rescuer led to faster
rescue. Inthe second experiment, the introduction of a male from an elevated sexual selection
background resulted in a significant increase in productivity, whilst a male from a
monogamous background did not. Importantly, in both experiments we observed temporal
effects; in the successful rescue treatments productivity increases were observed in the initial
generations after the introduction of rescuers, before declining in later generations. When
these experiments were replicated under severe nutrient stress conditions we saw no

significant effect of rescue on productivity.

Male rescuers have been suggested to enable faster/greater genetic rescue than females due
to their higher reproductive potential, as generating more offspring will spread introduced
genetic diversity faster (Zajitschek et al., 2009). In our results, females are as effective at
rescuing the inbred populations as males. We did find some evidence that males may enable
faster rescue of productivity; with male rescue lines showing a significantly earlier increase in

productivity compared to control lines (by generation 2) than female (by generation 3) rescue

“ Predictors in bold are significant (P < 0.05). 38



lines (See Figure 2.3 & Table S1.3). This did not translate into a significant difference between
the productivity of male and female rescue lines in generation 2. This result contrasts with
previous studies: in wild lions, males were more effective rescuers despite potential issues of
social disruption and infanticide (Trinkel et al., 2008) in guppies, faster population growth was
observed following male rescue (Zajitschek et al., 2009). It is difficult to compare the results
of a wild, large mammal genetic rescue to our laboratory insect species. The study on guppies
measured population growth rather than productivity, which may also result in different
outcomes. Another aspect which may explain these differences is the extreme disparity
between the mating systems of target species, coupled with our experimental approach. We
used smaller populations (N, = 20) than in other studies of genetic rescue in T. castaneum
(Durkee et al., 2023; Hufbauer et al., 2015; Lewis et al., 2024), which may have limited the
advantage that male rescuers had over female rescuers. As female T. castaneum can mate
with 4-6 males in an hour (Pai and Yan, 2003), the 10 females available to a male in our
populations over seven days is far less than his mating potential, and thus the impact of
genetic rescue. More experimentation is needed, factoring in population size and testing

species with different variation in reproductive success between sexes.

T. castaneum is a promiscuous and highly fecund species (Pointer et al., 2021) and our results
are applicable to species with similar life history strategies and mating systems. Females in
this system may act as equivalent rescuers to males as there is evidence of inbreeding
avoidance in the female reproductive behaviour (Attia and Tregenza, 2004; Michalczyk et al.,
2011) meaning negative impacts of inbreeding (Hedrick and Garcia-Dorado, 2016; Vega-Trejo
et al., 2022b) may be minimised. However, T. castaneum females do not exhibit care for
offspring (Koélliker, 2012), eliminating a potential advantage provided by a female rescuer

(Mattey et al., 2018; Pooley et al., 2014).

We predicted that rescuers drawn from populations with elevated sexual selection would be
more fit (with less genetic load) and more competitive, resulting in a more effective genetic
rescue. Our results support this, rescuers with a high sexual selection background improved
productivity in the inbred populations whereas rescuers from a no sexual selection
background did not. The lines from which our sexually selected rescuers were sourced have
previously been shown to resist extinction in the face of inbreeding, relative to lines with no
history of sexual selection (Lumley et al., 2015; Godwin et al., 2020) suggesting that these lines
have a higher fitness due to sexual selection. Using males from these lines as rescuers may
have increased productivity for several reasons, including increased mating competitiveness
and increased fitness in offspring with lower genetic load. Furthermore, lower introduced

genetic load should result in less re-emergent inbreeding depression in later generations in
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these small populations. However, the rescue may fail if populations have divergent traits or
differences in trait preference. The rescuer, and their offspring, may be selected against due
to differences in sexual selection, inhibiting introgression and thus reducing any fitness

benefits. Further work is needed to unravel these possibilities.

The effects of inbreeding depression on endangered populations are often exacerbated by
exposure to environmental stress (Armbruster and Reed, 2005; Richardson et al., 2004).
However, when testing rescue treatments under stressful (nutrient) conditions we found no
significant differences between treatments in either sex or sexual selection experiments. This
was unexpected as stress should magnify inbreeding depression and disproportionally affect
the productivity of populations that had not been rescued. This lack of effect may be due to
the harshness of the nutrient stress treatment we used, as this has been shown to greatly
reduce female fecundity and slow offspring development (Demont et al., 2014). Nutrient
stress could also increase cannibalism, which occurs in T. castaneum when food is scarce
(King and Dawson, 1972). This may have had more impact on rescued populations due to
increased competition for resources when initial productivity (eggs laid) is higher. However,
stressful conditions do not always exaggerate inbreeding depression (Armbruster and Reed,
2005; Sandner et al., 2022). Our finding that stress repressed genetic rescue points to the
importance of improving environmental conditions for species before attempting to recover

population numbers (Bell et al., 2019; Root, 1998; Ferreras et al., 2001).

A regular criticism of genetic rescue studies is that they fail to monitor populations over
sufficient timescales (Clarke et al., 2024). Our study continued monitoring rescue outcomes
over multiple (9-10) generations. We see genetic rescue effects begin in the second generation
afterrescue. Rescue effects are not seeninthe generationimmediately following rescue, likely
because, even in a promiscuous population, it will take more than one generation for the
variation from a single rescuer to introgress widely into the population and influence overall
productivity. In both experiments, the treatments that result in rescue have peak productivity
around generation 5-6. This suggests the beneficial introgression of the rescuer’s genetic
diversity into the population takes several generations, as seen in previous studies (Hufbauer

etal., 2015).

Importantly, we saw productivity benefits of rescue began to decline by the sixth generation in
both experiments. Many genetic rescue studies are relatively short-term projects relative to
the generation time of the species involved (Frankham, 2015). Owing to the short generation
times of T. castaneum (Pointer et al., 2021), we are the first to show that rescue effects may

not be long-lasting. This has important implications for studies in wild systems, reinforcing
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suggestions that monitoring must continue in the long-term, but also that single rescue
introductions are potentially not sufficient to rescue populations. We suggest our findings are
associated with the resumption of inbreeding effects in later generations due to small
population size (N = 20). In other systems, increases in population size resulting from genetic
rescue may allow for the introduced genetic diversity to be maintained. If population growth
had been allowed, the decline in productivity seen in our experiment may not have occurred
as itmay have been a product of the continued restricted small size of the populations, leading
to the re-emergence of inbreeding depression. However, it must be noted that in some cases
endangered populations where genetic rescue may be attempted may also be restricted to
small sizes because of factors such as habitat restrictions etc (Robinson et al., 2020). This
does not reduce the relevance to conservation contexts, as similar effects have been seen in
wild systems (Hedrick et al., 2014, 2019; Robinson et al., 2019). The genetic rescue of the
Florida Panther resulted in benefits for five generations after rescue (Onorato et al., 2024), our

results suggest that in the coming generations these benefits may start to decline.

In conclusion, we find that both male and female rescuers can be effective genetic rescuers.
This is likely linked to the dynamics of promiscuous mating systems such as that seen in T.
castaneum but serves to highlight the importance of such species-dependent traits when
planning conservation interventions. Importantly, and for the first time, we show sexual
selection background affects the efficacy of genetic rescue. Given these results, we suggest
that, where feasible, using a rescuer from a high sexual selection background when attempting
genetic rescue could be beneficial in conservation programs. Overall, our results add
important evidence to our understanding of the effectiveness of genetic rescue and support
the argument that it should be considered an important tool to conserve endangered

populations.
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Chapter Three
Inbred versus outbred rescuers in genetic rescue; An
experimental test of productivity and genetic load in

Tribolium castaneum.

3.1 Abstract

Anthropogenic change is causing many natural populations to become small and isolated,
often leading to inbreeding depression and increased risk of extinction. Genetic rescue aims
to reduce inbreeding depression by reintroducing genetic variation. However, this can also
lead to the introduction of new deleterious alleles (mutation load). Recent theoretical
advances recommend using individuals from a closely related, outbred population to rescue
an inbred population. However, such outbred populations also harbour deleterious alleles in
a heterozygous state which could be introduced into inbred populations. Deleterious alleles
may become expressed in later generations due to inbreeding, lowering population fithess.
Consequently, other divergent butinbred populations, which should have purged more of their
deleterious alleles, may be a better source of rescuers. We used Tribolium castaneum to
experimentally test how productivity differed in inbred populations rescued with outbred
versus different inbred rescuers over nine generations. Furthermore whole-genome re-
sequencing of individuals from the stock and inbred populations from the 4" generation after
rescue (for each treatment) enabled us to measure mutation load. Our results show that
outbred rescuers improved productivity the most, but rescuers from inbred populations still
improved population productivity compared to not receiving a rescuer. The outbred rescuers
significantly reduced the population’s inbreeding coefficient and total length of ROH
compared to receiving no rescue. Finally, populations that received outbred rescuers had
significantly less heterozygous deleterious mutations (hidden load) compared to populations
with rescuers from inbred populations or no rescue which did not differ from each other.
Importantly, the higher hidden mutation load in outbred rescued populations compared to
inbred rescued populations may have negative consequences in the long run if populations
remain small and suffer further inbreeding. Given this pattern regarding mutation load, the
best rescuers to use may, therefore, depend on a populations ability to increase in size

following the rescue attempt.
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3.2 Introduction

Anthropogenic effects worldwide have resulted in small, genetically isolated populations of
many species (Ceballos and Ehrlich, 2023). These populations often suffer inbreeding
depression; increased homozygosity leading to recessive deleterious alleles being expressed
and the loss of any heterozygote advantage, both reducing individual and population fitness
(Charlesworth and Willis, 2009; Crnokrak and Roff, 1998). Deleterious alleles within a
population are known as mutation load. Most such mutations are recessive, as dominant
deleterious alleles are immediately exposed to selection and therefore more likely to be
purged (Charlesworth and Willis, 2009). When expressed in homozygote form these
deleterious alleles are termed realised load (or expressed load) while those in heterozygous
form are included in what is called hidden load (Bertorelle et al., 2022; van Oosterhout, 2020).
Loss of genetic diversity also reduces adaptive potential, increasing vulnerability to further
environmental change and exacerbating extinction risk (Fox and Reed, 2011; Blomqvist et al.,

2010; Soule and Gilpin, 1986; Armbruster and Reed, 2005).

Genetic rescue can potentially reduce inbreeding depression, increasing individual and
population fitness (beyond demographic effects) by introducing novel alleles (Ingvarsson,
2001; Hedrick et al., 2011). This can be achieved by translocating rescuers, from another
closely related (normally conspecific) population, to reproduce within the inbred population.
In doing so the rescuer (re)introduces genetic diversity , thus reducing homozygosity (and
therefore realised load) and restoring any heterozygote advantage. The increase in genetic
diversity in the population will also increase adaptive potential providing resilience for future

challenges (Hoelzel et al., 2019; Mable, 2019).

There have been various genetic rescue attempts across taxa in wild, captive and laboratory
settings (Frankham, 2015, 2016; White et al., 2023; Clarke et al., 2024). Notable examples of
successful rescue attempts include the Florida panther (Puma concolor couguar), Adder
(Vipera berus) and Brook trout (Salvelinas fontinalis) (Robinson et al., 2017; Pimm et al., 2006;
Madsen et al., 2020). A key criticism of many of these studies is the lack of long-term
monitoring of the populations following rescue to see if fitness benefits are maintained (Bell et
al., 2019; Clarke et al., 2024). Experimental testing can allow us to observe long-term trends
more easily using short generation time systems. They also allow greater control and
monitoring of populations and the ability to test practices that could not be applied to a wild
population (Lewis et al., 2024; Pérez-Pereira et al., 2025; West et al., 2025). Such studies are

providing a small but growing body of evidence to support and inform the use of genetic rescue
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in conservation (Ralls et al., 2018; Whiteley et al., 2015). However, there are risks associated

with genetic rescue that have discouraged attempts to achieve it (Fitzpatrick et al., 2023).

Outbreeding depression, the loss of fitness from crossing populations, poses a potential risk
when attempting genetic rescue (Edmands, 2007). Fitness can be lost due to the disruption of
locally adaptive gene complexes, the swamping of unique variation and the introduction of
deleterious alleles (Lenormand, 2002; Rhymer and Simberloff, 1996). These process make
genetic rescue a risk and there are examples of genetic rescue attempts having little effect or
even resulting in population declines (Hedrick et al., 2019; Nichols et al., 2024; Pavlova et al.,
2024). However, it has been argued that these risks are overstated (Frankham et al., 2011). To
reduce the risk of outbreeding depression, and maximise the success of genetic rescue,
guidelines for practitioners have been published (Hedrick and Fredrickson, 2010; Frankham,
2016), including how to select a source population for rescuers (Kronenberger et al., 2018;
Fitzpatrick et al., 2015; Powell, 2023; Ralls et al., 2020). However, a reluctance to facilitate
genetic rescue remains despite such advice (Frankham, 2016; Hedrick and Fredrickson, 2010;

Fitzpatrick et al., 2023).

Most evidence supports the use of individuals from large, outbred populations for genetic
rescue, which will introduce greater genetic diversity than inbred populations (Ralls et al.,
2020). A meta-analysis on outcrossing inbred populations found using outbred immigrants
resulted in greater fitness increases than those using inbred immigrants (Frankham, 2015).
However, such outbred populations will harbour hidden mutation load that later could be
converted to realised load in populations that suffer further inbreeding if they remain small
(e.g. due to other constraints (Dussex et al., 2023; Mathur and DeWoody, 2021; van
Oosterhout, 2020). This could potentially lead to population crashes in the future, as observed
inwolves (Canis lupus) on Isle Royale. A single male wolf migrated into the population resulting
in a brief improvement in population fitness, but inbreeding in later generations resulted in a
drastic population crash as a result of recessive, deleterious alleles becoming expressed

(Hedrick et al., 2014).

Inbreeding increases homozygosity converting hidden load to realised load, thus exposing it
to selection, which can remove it from the population (purging) (Hedrick and Garcia-Dorado,
2016). Various small, inbred populations have persisted for long-periods and undergone a
certain amount of purging (Robinson et al.,, 2016, 2018). Rescuers from such inbred
populations may be preferable because of the reduction in mutation load. Simulations have
shown that rescuers from small/moderate-sized populations will have a lower risk of

introducing deleterious genetic variation (Kyriazis et al., 2021).However, these purged
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populations may have lost beneficial variants and fixed deleterious variants through genetic
drift. However, to our knowledge, only one other study has directly tested the difference
between outbred and inbred rescuers finding that outbred rescuers performed better than

inbred ones (Pérez-Pereira et al., 2025).

Here, we use captive populations of Tribolium castaneum to experimentally test the impact
and duration of attempted genetic rescue using inbred or outbred rescued populations
monitored over ten generations. This species has been utilised previously as an amenable
model in which to study genetic rescue (West et al., 2025; Lewis et al., 2024; Hufbauer et al.,
2015; Pointer et al., 2021). We also sequenced the genomes of individuals prior to the
experiments, and four generations after the genetic rescue, to determine how the genetic
diversity, homozygosity and mutation load have changed. We predict that 1) both treatments
should lead to increased productivity, but outbred rescuers should improve productivity more
than inbred rescuers. 2) outbred rescuers should lead to a greater reduction in genetic
homozygosity than inbred rescuers. However, 3) outbred rescuers will lead to higher hidden
mutation load within the rescued populations than inbred rescuers. Because our populations
were kept at a restricted size (n=20 adults) for the 9 generations after rescue, we expect the
inbreeding to accumulate over these generations. Consequently, we expect the differences in
introgressed mutation load to lead to 4) faster declines in productivity in later generations (due
hidden load being converted into realised load) when outbred rescuers were used than when
inbred rescuers were used. The study therefore provides a comprehensive and rigorous test of

the impact different levels of genetic diversity in source populations have on genetic rescue.

3.3 Methods

3.3.1 Husbandry

Tribolium castaneum populations were maintained at 30°C and 60% humidity in a controlled
environment with a 12:12 light-dark cycle. Populations were provided with a standard fodder
mixture of 90% organic white flour, 10% brewer’s yeast and a layer of oats for traction. For each
line of beetles, a generation is initiated by virgin adults (see lines below for population size)
which have seven days to mate and oviposit on fresh fodder. After those seven days adults
were removed using 2mm and 850pum sieves and leaving only eggs and fodder. After ~21 days
the eggs have progressed to the pupal stage and can be sexed. The fodder is sieved, and pupae
are divided into same-sex groups. After 10 days these same-sex groups will be mature virgin
adults, and the required number will be placed into new fodder to start the next generation. A

generational cycle last for ~38 days.
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2.3.2 Tribolium castaneum Lines

Krakow Super Strain (KSS) — A combination of 14 laboratory strains to maximise genetic

diversity in a single strain (Laskowski et al., 2015) - was the ancestral population and a source

for outbred genetic rescuers (hereafter outbred stock).

Inbred stocks -12 inbred stocks separately descended from KSS were created by three single-
pair bottlenecks in the first, fifth, and seventh generations. These populations were then
maintained at 100 randomly selected adults between and following bottlenecks, used to
create the experimental populations, and were the source of genetic rescuers. The
productivity of the inbred stocks was determined from previous experiments (West et al.,
2025) by taking their average productivity when they received no rescue (See Table S2.1).

Inbred rescuers were sourced from the three highest and three lowest productivity stocks.

3.3.3 Rescued populations

80 pupae (40 male, 40 female) were taken from each inbred line and kept in single sex groups
of 20 on 10ml of standard fodder for 10+2 days in plastic dishes with lids. After this time, when
pupae had eclosed into mature adults, 10 males and 10 females were placed into 125ml tubs
containing 70ml of standard fodder. Four experimental populations were created from each
inbred line, producing a total of 48 (4 sets of 12) experimental populations containing 20 adult
beetles with a 1:1 sex ratio, kept under standard rearing conditions. Maintaining the
populations at 20 individuals preventing any negative density effects on offspring production
(Duval et al., 1939; King and Dawson, 1972; Janus, 1989). To avoid bias during handling,
populations were randomly assigned ID numbers so treatments were not known. Before the
start of the experiment, populations were maintained under experimental conditions for one
generation to control for transgenerational density effects (Generation 0). Following this, a
single male from each population was replaced with a ‘rescuer’ when the 10 males and 10
females went into the fresh fodder. This replacement, rather than just adding an additional
male beetle, was to avoid the effects of demographic rescue (increased population size
causing increased population fitness). Experimental populations were maintained for nine

non-overlapping generations post rescue.
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3.3.4 Rescue treatments

Four experimental treatments were created, defined by rescued populations receiving a

‘rescuer’ male from a different background (Figure 3.1). No Rescue was the control treatment.

Inbred Rescue was a treatment that received rescue from another inbred stock. This was split

into High Rescue (rescuer from the highest productivity lines) or Low Rescue (rescuer from the

lowest productivity lines) treatments (Figure 3.1). The Outbred Rescue treatment received

rescue from the outbred stock population.

KSS
Outbred Stock

INBREEDING

>>>

Bottlenecked to
a single pair
three times

Inbred Stocks

High Productivity
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)
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No population is rescued by its own line.
They are rescued by another line that is high/low productivity. ‘e

IExperimental Populations I

Outbred Rescue
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Low Rescue
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Figure 3.1: Experimental design to test genetic rescue of inbred T. castaneum populations

(Population size = 20). Inbred rescuers were sourced from inbred populations (either high or

low productivity). Twelve inbred lines were replicated once in each treatment, resulting in a

total of 48 populations. Outbred rescuers were sourced from the ancestral KSS population.

Rescue was carried out by replacing a single male beetle with a male rescuer.

3.3.5 Productivity

At the end of a generational cycle (~38 days) all mature adult beetles not used for starting the

next generation were frozen at -6°C and counted to measure population productivity. The

number of mature adults from the sexed pupae (including those that founded the population)

were also included in productivity.
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3.3.6 Stressful conditions

To test if the effects of genetic rescue were amplified under stressful conditions new parallel
populations were established by taking double the number of pupae at generation six of the
main experiment. These new populations were maintained as in the main experiment but with
the yeast content of the fodder reduced to 1%, a diet that leads to nutrient stress in these

beetles due to reducing the main source of protein (Godwin et al., 2020).

3.3.7 Genomic sequencing

168 adult females were sampled at 35 days old from the 4™ generation following genetic
rescue. Two individuals were sampled from each control population (2 x 12 = 24) and three
individuals per experimental population, from all other populations (Outbred Rescue, High
Recue and Low Rescue) (3 x 12 = 36 samples per treatment = 108 in total). From the inbred
stocks, two individuals were sampled from six populations that did not provide rescuers (12
samples), three samples were taken from the six populations that were the source of rescuers
(18 samples). Finally, six samples were taken from the outbred KSS stock to supplement 24
individuals (12 males, 12 females) from the outbred stock that had been sequenced previously
(Pointer, 2025). DNA extraction was conducted using the Qiagen DNeasy blood and tissue kit
(insecttissue protocol). Each whole individual was ground in liquid nitrogen prior to extraction.
A 1x bead cleanup was used to clean and concentrate the extractions using the AMPure XP
SPRI protocol (Beckman Coulter). This resulted in average DNA concentrations of 23.56ng/pL
(range 8.72 - 53.2) (See Table S2.2). Library preparation and sequencing was carried out at the
Earlham Institute (Norwich, UK) using a low-input transposase-enabled (LITE) pipeline
(Supplementary methods). Samples were sequenced on a single flow cell on the Illumina
Novaseqg X Plus platform. The 24 additional KSS samples from a previous study had been

sequenced using the Illumina Novaseq 6000 platform.

3.3.8 Read mapping and variant calling

FastQC (0.11.9, Andrews, 2010) was used to quality check raw reads and trimmomatic (0.39,
Bolger et al., 2014) was used to remove adapter sequences, with the adapters.fa file from
bbmap2 (Bushnell, 2014) as reference. Reads were mapped to the T. castaneum reference

genome (GCA_000002335.3, Tcas 5.2, Yates et al., 2022) using BWA-MEM (v0.7.17, Li, 2013).

SAMtools (v1.18, Li et al., 2009) fixmate was used to ensure correct read pairing and resulting

BAM files were sorted using SAMtools sort. PCR duplicates were removed using Picard
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MarkDuplicates (v2.26.2,Picard Team, 2019) and remaining mappings were filtered for

complete read pairs and those with a mapping quality (MAPQ) >25 using SAMtools view.

Joint genotyping was conducted using BCFtools mpileup (v1.18.0, Danecek et al., 2021).
BCFtools call was then used to call variant sites under the multi-allelic model (-vm). Following
this, BCFtools filter was used to remove SNPs or Indels within 3bp of other Indels, with a
variant quality score <30, at a locus with sequencing depth <637 and >5733 (+/- 3x average
sequencing depth), and variants that were represented by data at that locus in less than 50%
of individuals (-g 3 -G 3 -e 'DP < 637 || DP > 5733|| F_MISSING > 0.5 || QUAL < 30'). Single
nucleotide polymorphisms SNPs) were extracted using BCFtools view. At this stage, they were
further filtered to remove sites with minor allele count <3. This file is referred to hereafter as

the SNP vcf.

3.3.9 Population structure

The SNP vcfwas linkage pruned using PLINK v.1.9 (Purcell et al., 2007) with the following flags:
--double id, -- allow-extra-chr, --set-missing-var-ids @:#, --indep-pairwise 50 10 0.1. A
principal component analysis (PCA) was performed using PLINK v.1.9 to check the population
structure matched the experimental design and there was no batch effect of sequencing (See

Figure S2.1).

3.3.10 Inbreeding

Heterozygosity was calculated as the genomic inbreeding coefficient (F) on a per-individual
basis using vcftools --het command on the SNP vcf. Plink v.1.9 was used to detect ROH from
the SNP vcf. The minimum length for a ROH was 200kb containing 30 SNPs and the minimum
gap allowed was 100kb. SNP density was set at 1 per 50kb. The window size was set as 30
SNPs, 2 heterozygous and 5 missing genotypes were allowed per window, the threshold was
setat0.05. The flags for extra chromosomes and double ID were included. These settings were
based on studies in insects with similar genome sizes (Gmel et al., 2023; lzutsu et al., 2012;

Pérez-Pereira et al., 2025).

3.3.11 Mutation load

A SIFT database was created using the SIFT4G_Create_Genomic_DB for T. castaneum using
the Tcas 5.2 reference genome (.fa and .fa.fai files), genetic code table 1 Standard, mito-

genetic code table 5 Invertebrate Mitochondrial, gene annotation and protein files (.gtf and
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.pep.all.fa files). The protein database used was uniref90.fasta. The SIFT 4G annotator was
used to assign a SIFT score for each SNP, labelling it as deleterious or tolerated on the SNP
vcf. SIFT predicts the impact of an amino acid substitution on protein function using sequence
homology and physical properties (Kumar et al., 2009). The annotated SNP vcf was filtered to
only the SNPs annotated as being deleterious by SIFT (SIFT score < 0.05). Any SNPs with low
confidence annotations were removed. This resulted in a total of 9004 SNPs. bcftools stats
was used to generate per sample statistics on the number and zygosity of SNPs annotated as

deleterious.

3.3.12 Statistical analysis

R V4.4.1 (R Core Team, 2024) was used to conduct analysis of productivity data in R studio
version 2024.04.2+764 (Posit team, 2024). For data management, the packages tidyverse
(Wickham et al., 2019), stats (R Core Team, 2024), rmisc (Hope, 2022) and googlesheets4
(Bryan, 2023) were used. ggplot2 (Wickham, 2016) and ggforce (Pedersen, 2024) were used for
visualisation. The Shapiro.test function was used to check the dispersal of the data. The
glmmTMB (Brooks et al., 2017) package was used to fit generalised linear mixed models
(GLMMs) to test for differences in productivity between treatments. A negative binomial
distribution was fitted as productivity is count data and Poisson was a poor fit. The response
variable was productivity, fixed variables were treatment interacting with generation and
generation?. The treatment generation? interaction was dropped as it was non-significant.
Random factors were population ID nested within Inbred line. This model was repeated
splitting the inbred rescuer treatment into those rescuers from high and low productivity. The
DHARMa package (Hartig, 2022) was used to check model fit and parameters were checked
for collinearity using the check_collinearity function from the performance package (Ludecke
et al., 2021). No overdispersion or collinearity issues were found. The emmeans package
(Lenth R, 2024) was used to conduct post-hoc pairwise Tukey tests on the above models to
identify differences between pairs of treatments. The predict function from stats (R Core
Team, 2024) was used to extract model predictions for plotting the total length of ROH and

total number of deleterious SNPs to account for differences in individual sample coverage.

3.3.13 Genomic statistics

To test for differences between treatments for the different genomic measures we fit the
following statistical models (glmmTMB unless otherwise stated). The nlme package (Pinheiro
et al.,, 2025) was used to fit a linear mixed model, using nlme::lme, to account for

heteroscedasticity amongst treatments for inbreeding coefficient. The response variable was
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F, fixed variable was treatment, and population was included as a random effect. A linear
mixed effects model for total length of ROH was fit with a gaussian distribution, the response
variable was total length of ROH, the fixed variables were treatment and average individual
genome coverage, with populations as a random factor. Values were extracted from the model
to plot Figure 3.4. To test for differences between the count of deleterious SNPs between
treatments a GLMM was fitted. A negative binomial distribution as used to account for count
data, the response variable was number of deleterious SNPs, fixed variables were treatment
and average individual genome coverage, with a random factor of population. Values were
extracted from the model to plot Figure 3.5a. To model the proportion of homozygous
deleterious SNPs, a GLLM was fit with a Beta distribution and logit link function, the response
variable was the proportion of homozygous deleterious SNPs, the fixed variable was treatment

and individual cover, with population as a random factor.

3.4 Results

3.4.1 Population productivity

Population productivity was significantly affected by treatment. All separate treatments
showed significantly higher productivity (in interaction with generation) than the No Rescue
(Figure 3.2a, Table 3.1). In post hoc pairwise testing all treatments were significantly different

from each other (Table 3.2).

Table 3.1: A GLMM of factors impacting the productivity of small, inbred, T. castaneum
populations (Population size = 20, Populations = 48) receiving a rescue by either Outbred
Rescue, Inbred Rescuer or No Rescue. Productivity was measured over nine generations
following the rescue event. Predictors in bold are significant (P < 0.05). Marginal R* = 0.136,

Conditional R2=0.578.

Predictor ‘ Estimate ‘ SE ‘ z ‘ P
(Intercept) 6.358 0.049 127.96 <2e-16
Treatment (No Rescue)
Inbred Rescue -0.016 0.042 -0.38 0.702
Outbred Rescue 0.086 0.047 1.81 0.071
Generation 0.051 0.011 4.46 <0.001
Generation? -0.006 0.001 -5.50 <0.001
Treatment*Generation (No Rescue*Generation)
Inbred Rescue* Generation 0.017 0.006 2.85 0.004
Outbred Rescue*Generation 0.016 0.007 2.33 0.020
Random 432 observations Variance
ID:Inbred stocks 48 populations 0.005
Inbred stocks 12 stocks 0.011
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Table 3.2 - A pairwise comparison of the productivity of small, inbred, T. castaneum
populations (Population size = 20, Population = 48) receiving either Outbred Rescue,
Inbred Rescue or No Rescue. Productivity was measured over nine generations following the

rescue event. Predictors in bold are significant (P <0.05).

Pair ‘ Estimate ‘ SE ‘ z ‘ P

No Rescue - Inbred Rescue -0.069 0.029 -2.346 0.050
No Rescue - Outbred Rescue -0.163 0.034 -4.853 <0.001
Inbred Rescue - Outbred Rescue -0.094 0.029 -3.262 0.003

To further explore the marginal effect of the Inbred Rescue treatment we split it into the fitness
categories of the rescuer populations (See Table S2.3). We found that High Rescue had
significantly higher productivity than Low Rescue or No Rescue but not from Outbred Rescue
(Table 3.3). Low Rescue did not have significantly different productivity from No Rescue but
was significantly lower than High Rescue and Outbred Rescue. When the populations were
replicated onto nutrient stress they had lower productivity and there were no significant
differences between the treatments (See Table S2.4). As there were productivity differences

between High Rescue and Low Rescue they remained split for the rest of the analysis.

Table 3.3 - A pairwise comparison of the productivity of small, inbred, T. castaneum
populations (Population size = 20, Population = 48) receiving either Outbred Rescue, High
Rescue, Low Rescue or No Rescue. Productivity was measured over nine generations

following the rescue event. Predictors in bold are significant (P < 0.05).

Pair Estimate ‘ SE ‘ z ‘ P

No Rescue - Low Rescue -0.027 0.031 -0.886 0.822
No Rescue - High Rescue -0.110 0.031 -3.568 0.002
No Rescue - Outbred Rescue -0.163 0.031 -5.313 <0.001
Low Rescue - High Rescue -0.083 0.031 -2.701 0.035
Low Rescue - Outbred Rescue -0.136 0.031 -4.448 0.001
High rescue — Outbred Rescue -0.053 0.030 -1.746 0.300
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Figure 3.2: The effect of introducing a male rescuer from either an outbred population or
inbred populations on the mean productivity of small, inbred populations of T.
castaneum (Population size =20, Number of populations = 48) over nine generations after
an introduction event. A single male was used to replace one individual of the same sex
(dashed vertical line) in populations of 10 females and 10 males. Populations were kept in
either benign (solid line) or stressful (dashed line - starting only at generation 7) environmental
conditions (fodder with reduced yeast for stress). Standard errors are shown, points are
jittered for clarity. A: Rescue treatment of Outbred Rescue and Inbred Rescue. Under benign
conditions, there was a significant interaction between productivity and generation for
Outbred Rescue (Orange) and Inbred Rescue (Green) treatments compared to the No Rescue
(Black). B: Inbred Rescue treatment split into High Rescue and Low rescue based on
productivity of source populations (See Methods). Under benign conditions, there was a
significantinteraction between productivity and generation for Outbred Rescue (Orange), High
Rescue (Blue) and Low Rescue (Green) treatments compared to the No Rescue treatment

(Black).
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3.4.2 Genomic sequencing

We obtained whole genome SNP data from 192 individuals. Two samples (one from a High
Rescue, one from an Outbred Rescue population) had low coverage and were removed from
the analysis. The average coverage for the remaining 190 individuals was 10.1x and we
identified 4,277,024 SNPs. In downstream analysis it was necessary to filter out 12 male
samples due to hemizygosity of the sex chromosomes.

The PCA (See Figure S2.1) shows 13 clusters with the ancestral outbred population as the
central cluster, surrounded by 12 cluster reflecting the genetic variation in the 12 initial inbred
populations (populations to be rescued) as expected under the experimental design. There

were ho batch effects of the different runs on the outbred stock samples.

3.4.3 Inbreeding

As expected, the outbred stock had the lowest median inbreeding coefficient and was
increased significantly in the inbred stocks (estimate = 0.459, SE = 0.056, t ratio = 8.256, p
<0.001). In relation to the rescue treatments, we found that Outbred Rescue significantly
reduced population inbreeding coefficient compared to Low Rescue and No Rescue (Figure
3.3). The difference between High rescue and Outbred Rescue was marginally insignificant.
There were no significant differences between No Rescue, Low Rescue or High Rescue (See

Table S2.5).
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Figure 3.3: Genomic inbreeding coefficient (F) for individual T. castaneum samples from
experimental populations (Population size = 20) in a genetic rescue experiment (Outbred
Rescue, High Rescue. Low Rescue and No Rescue), inbred stock populations and the
outbred stock population. Each point represents an individual. The populations left of the
dashed line are the ancestral, outbred stock that was the source of outbred rescuers (Dark
Green), and the inbred stock populations that were the source of the experimental populations
and inbred rescuers (Orange). The experimental populations right of the dashed line are the
No Rescue (Blue), Low Rescue (Pink), High Rescue (Light Green) and Outbred Rescue (Yellow).
Each point represents an adult individual (35 days old) sampled four generations following
genetic rescue of the population by replacing a single male with a rescuer male. The boxplots
show the median and interquartile ranges. Significance was calculated using a linear model

and post hoc Tukey tests.

The total length of ROH was shortest in the outbred stock and total length was increased in the
inbred stocks (Figure 3.4). Regarding the experimental treatments, the Outbred Rescue
treatment had significantly shorter total ROH than all the other experimental treatments. The

other treatments were not significantly different from each other (See Table S2.6).
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Figure 3.4: The total length of ROH (>200Kb) in individual genomes in populations of T.

Treatment

castaneum involved in a genetic rescue experiment. Values shown were extracted from a
model with the formulae: response variable total length of ROH, fixed variables treatment and
average individual genome coverage, with population as a random factor. Each point
represents an individual. Whole genome sequence data was generated for individuals taken
from the four experimental populations, the inbred stock populations (Orange) and the
ancestral outbred population (Dark Green). In the experiment small, inbred populations were
rescued by Outbred Rescue (Yellow), High Rescue (Light Green), Low Rescue (Pink) or received
No Rescue (Blue). Calculated using PLINK. The boxplots show the median and interquartile
ranges of total length. Significance was calculated using a linear model and post hoc Tukey

tests.

3.4.4 Mutation load

The outbred stock had the highest count of deleterious SNPs, and the count was reduced in
the inbred stock populations (Figure 3.5a). The Outbred Rescue treatment had significantly
more deleterious SNPs than the other experimental populations, which did not differ from

each other (See Table S2.7). The proportion of deleterious SNPs that were homozygous was
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lowestinthe Outbred stocks and higherin the inbred stocks (Figure 3.5b). The Outbred Rescue
treatment had significantly less deleterious SNPs in a homozygous state compared to the
other experimental treatments, which were not significantly different from each other (See

Table S2.8).
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Figure 3.5: The change in the amount and expression of deleterious SNPs in small, inbred
populations of T. castaneum that received a genetic rescuer from different source
populations. Each point represents an individual. Whole genome sequence data was
generated for individuals from the four experimental populations, the inbred stock
populations (Orange) and the ancestral outbred population (Dark Green). Stock populations
are left of the vertical dashed line, experimental populations to the right. Experimental
treatments were Outbred Rescue (Yellow), High Rescue (Light Green), Low Rescue (Pink) and
No Rescue (Blue). A single male rescuer replaced a single male in the population (Population
size = 10 males and 10 females each generation). A: The count of deleterious SNPs in
individuals of each treatment. Values shown were extracted from a model with the formula: a
negative binomial distribution, response variable number of deleterious SNPs, fixed variables

treatment and average individual genome coverage, with a random factor of population. B: The
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proportion homozygous deleterious SNPs in individuals of each genetic rescue treatment.

Significance was calculated using a linear model and post-hoc Tukey tests.

3.5 Discussion

Our results show that using a rescuer from an outbred population increased population
productivity of an inbred population. A rescuer from another (genetically divergent) inbred
population also produced an increase in productivity, but this increase was less than for a
population rescued by an outbred rescuer. When sorting the inbred rescuer source
populations into high and low productivity, we find that High Rescue had a greater rescue
effect than Low Rescue as expected. Under nutrient stress, there was no difference between
any of the rescue treatments as all populations have low productivity. The genomic data from
the 4™ generation after rescue reveals that only the Outbred Rescue treatment resulted in
statistically significant differences from the other rescue treatments. Outbred Rescue had
reduced inbreeding coefficient and shorter length of the genome in ROH, showing that more
genetic diversity was introduced than in the Inbred Rescue treatments, which did not differ
statistically from No Rescue. When examining deleterious SNPs, the Outbred Rescue did
introduce more mutation load than the Inbred Rescue but (in the 4™ generation) significantly

more of that load was heterozygous and therefore unexpressed in the populations.

Established guidance and recent studies suggest that rescuers sourced from outbred
populations should provide greater fithess benefits in genetic rescue by introducing more
genetic diversity (Frankham, 2015; Ralls et al., 2020). In our experiment, Outbred Rescue did
produce the highest overall population fitness benefit with consistently higher productivity
than Inbred Rescue or No Rescue (Figure 3.2a). This fitness benefit was probably due to the
Outbred Rescue reducing levels of inbreeding in the inbred recipient population more than the
other treatments as evidenced by lower F and lower total length of ROH. Thus, our results
confirm that decreased inbreeding due to the genetic diversity introduced is the key benefit of
using a rescuer from an outbred population over one from an inbred population. A recent study
in Drosophila melanogaster found analogous results with rescuers from a larger donor
population proving more effective than rescuers from smaller inbred populations (Pérez-

Pereira et al., 2025).

The Inbred Rescue also significantly increased the productivity of the inbred recipient
populations but not as much as the Outbred Rescue (Figure 3.2a). This fits with our
expectations that new genetic diversity improves fitness, but a less genetically diverse rescuer

was not as effective as an outbred rescuer(Ralls et al., 2020). Furthermore, the productivity of
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inbred rescued populations stayed lower than outbred rescued populations in all generations
despite our expectation that outbred rescuers would introduce mutation load, affecting
fitness in later populations. Our genomic measurements of inbreeding (F and length of ROH)
were only slightly reduced by the inbred rescue treatments compared with the No Rescue
treatment, likely a result of a small amount of genetic variation being introduced. When looking
at the zygosity of the mutation load there was also a slight change when comparing the Inbred
Rescues to the No Rescue. This was surprising as there was a clear fitness benefit of inbred
rescue, especially High Rescue, but that was not reflected in the genomic data. This shows
that inbred rescuers can be effective to some degree, but they will not improve genetic health
of a population as much as an outbred rescuer would. However, the key benefit of an inbred
rescuer is avoiding the introduction of mutation load, and only the Outbred Rescue treatment
had a significant increase in load. This is key to preventing fithess loss if continued inbreeding

occurs in the population.

We also tested whether the productivity of an inbred population affected its ability to rescue.
Despite going through the same inbreeding procedure there will be variations in fitness
between inbred populations due to founder effects and the stochastic nature of genetic drift
(Charlesworth and Charlesworth, 1987). Our results show that High Rescue was consistently
nearly as effective as the Outbred Rescue treatment at increasing productivity (Figure 3.2b),
while the Low Rescue treatment was only slightly more productive than the No Rescue
treatment. Thus, the productivity of the source populations appeared to be a good indication
of the productivity increase that would occur in rescued populations. The F statistic, total
length of ROH and, the proportion of homozygous deleterious SNPs followed the pattern we
expected with reductions from No Rescue to Low Rescue and reduced further in High Rescue
(Figure 3.3, 3.4, 3.5b). Although these were not significant differences, they do follow the
pattern expected with increasing amounts of genetic diversity being introduced. There were
also only small differences in the number of deleterious SNPs between No Rescue, Low
Rescue or High Rescue populations which is a key benefit of inbred rescuers (Kyriazis et al.,
2021; Robinson et al., 2023). The genomic analyses indicates that the inbred rescues may be
less successful than outbred rescued populations because they don’t result in such high
levels of heterozygosity and therefore fewer deleterious alleles are ‘hidden’ (Ralls et al., 2020).
However, we see a large difference in productivity between High Rescue and Low Rescue,
despite small differences in genomic measures. This difference could be due to cumulative
effects of moderately or weakly deleterious alleles that can be difficult to detect, resulting in
the low productivity of the inbred stocks used for Low Rescue (Hewett et al., 2024). The fixation
of weakly deleterious alleles in the low productivity inbred stocks could prevent effective

rescue, as the Low Rescue will be introducing these deleterious alleles that we could not
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detect. The combined effect of a large amount of weakly deleterious alleles could potentially
explain the productivity difference between High and Low Rescue and why we did not detect a
significant difference in our analysis of deleterious SNPs. These results suggest that if
conservation practitioners are considering inbred source populations for genetic rescue,
those populations should be assessed in detail to select the population that will be the most

effective at rescue.

Genetic swamping, where the unique genetics of a population is replaced, is another risk
factor associated with genetic rescue (Roberts et al., 2010). Our PCA results (See Figure S2.1)
show the rescued population individuals still clearly cluster with the pre-rescue inbred
population they derive from, indicating that genetic swamping has not occurred. Our
experiment involved just a single rescue event, showing that (limited) genetic
introgression/rescue can work without leading to genetic swamping. Other attempts atrescue
utilising a single rescue event similarly avoided genetic swamping (Onorato et al., 2024;
Fitzpatrick et al., 2020). While these cases show that a small amount of gene flow can provide
benefits, it may not be optimal for a conservation scenario. It is recommended that gene flow
occurs consistently to maintain fitness benefits (Al Hikmani et al., 2024; Pazhenkova et al.,
2025) for multiple reasons; 1) It is less likely a single rescuer would successful survive or
reproduce in the wild (Griffith et al., 1989), 2) A single rescuer may not introduce enough
genetic variation (Frankham et al., 2010), 3) multiple rescuers are unlikely to carry the same
recessive deleterious alleles helping prevent unmasking of mutation load (Charlesworth and
Willis, 2009; Hedrick et al., 2014). Multiple rescuers have been utilised in previous attemptsiin
conservation scenarios; as many as 20 rescuers in some species (Madsen et al., 2004; Nichols
et al., 2024). This increases the chance of introgression but will also increase the risks of
outbreeding depression and genetic swamping. Furthermore, if gene flow is too low,
inbreeding will resume in the population and any introduced recessive deleterious alleles will
become expressed leading to lowered population fitness again. Clearly it is important to find
a balance between reducing inbreeding and preventing genetic swamping and outbreeding to

improve fitness.

In these experiments population size was limited each generation but the ability of the
recipient inbred population to expand following rescue could be key to deciding between
outbred or inbred source populations. If population growth is expected (i.e. because habitat is
not limited) an outbred rescuer should be favoured as the future likelihood of inbreeding will
decrease as the population size increases. Genetic rescue can enable population expansion,
as was seen in the Florida panther (Pimm et al., 2006). In a situation where population growth

is limited, for example by habitat constraints like for the Isle Royale wolves, the chance of
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inbreeding resuming is much greater (Hedrick et al., 2019, 2014). This makes it more likely that
introduced mutation load will be expressed in future generations. in this situation utilising an
inbred population that has experienced purging may be preferred. However, in our experiment
the population size was limited to 20 adults every generation mimicking a constrained
population, yet Outbred Rescue was the most successful treatment. If the experiment had
continued past generation nine the masked load may have been expressed, and fithess could
have declined (Kyriazis et al., 2021). Alternatively, due to such a small population size purging
may have been acting upon the introduced genetic diversity. This emphasises the need for
long-term, well monitored studies of genetic rescue to understand the changes in mutation
load and its expression. Risk of inbreeding resuming must be assessed before deciding

between an inbred or outbred rescuer, as this could avoid outbreeding depression.

We also tested the effects of nutrient stress on the different rescue treatment populations. We
would expect the rescued populations to be more able to cope with the stress than the No
Rescue populations (Fox and Reed, 2011). Under nutrient stress we see no differences
between the treatments. We also found this in previous experiments (West et al., 2025)
suggesting that this stress may be too harsh, or the populations are unable to adjust to a
change in diet. Future experiments could use different stressful conditions, such as heat
stress, to examine if genetic rescue makes populations more resilient to environment change,
which is expected as genetic rescue should increase adaptive potential (Sexton et al., 2011;

Hoffmann et al., 2020).

A limitation of this study is that genomic data was only collected from the 4" generation
following the rescue attempt, exploring genomic changes across each generation after rescue
could be very informative. It would be possible to track the changes in genetic diversity,
increasing initially and then declining if inbreeding resumes in later generations. The
expression of mutation load could also be followed through generations, seeing the input from
arescuer and the hiding of the load through increase heterozygosity followed by conversion to
expressed load in later generations. These predictions currently rely on simulations of
population genetics due to the cost of WGS (Kyriazis et al., 2021), but if it could be done in a
population it would be extremely insightful. Eventually, the effects of genetic rescue should be
lost from a population that continues to inbreed. Comparisons across generations would
allow in depth examination of introduced genetic diversity and mutation load changes, ideally

following more generations than we did here, as we did not see a decline in productivity.

We find that attempting genetic rescue using an outbred source population is the most

effective way to improve population fitness, supporting current recommendations (Ralls et al.,
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2020). However, an inbred source population can provide effective rescuers, leading to
increased fitness compared to No Rescue. How much of an increase in fithess an inbred
rescuer provides depends on the productivity/fitness of the source inbred population in
question. While inbred populations can be used in genetic rescue, it is important to know the
relative fitness of the population for rescue to be a success. We found that genomic analysis
gave insight into how rescue attempts improved fitness, with a clear signature of reduced
inbreeding and less realised genetic load when rescued by an outbred rescuer. However,
outbred rescuers did increase the number of deleterious SNPs in the rescued population
(mutation load). We recommend that where possible outbred source populations should be
utilised for genetic rescue, but with precautions taken to prevent future inbreeding., i.e.

because of a population being unable to expand.
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Chapter Four
Does genetic rescue disrupt local adaptation? An
experimental test using thermally adapted Tribolium

castaneum lines

4.1 Abstract

As a result of anthropogenic effects, many species now find themselves in small, genetically
isolated populations prone to inbreeding depression and, therefore, at increased risk of
extinction. Genetic rescue, the reduction in inbreeding via introducing genetic variation from
one population to another, can alleviate inbreeding depression. However, a major worry in
conservation -that has restricted the use of this technique- is that such augmented gene flow
risks disrupting local adaptation, which may be crucial for the population’s persistence. Using
the red flour beetle (Tribolium castaneum), we assess if genetic rescue attempts disrupt the
adaptation of populations that previously evolved to be adapted to reproduction at higher
temperatures. We initiated genetic rescue by introducing rescuers drawn from populations
adapted to either 30°C or 38°C, into inbred populations adapted to 38°C. We recorded
subsequent population productivity over three generations at 38°C as a measure of population
fitness. We found that a rescuer adapted to 38°C improved productivity the most, although
using arescuer adapted to 30°C still significantly increased productivity of the recipient inbred
populations. In conclusion, using rescuers from a population with adaptations to similar
selection pressures may be the best option, if it is possible to identify such
factors/populations. However, this may rarely be the case for wild populations and using non-
locally adapted individuals can still benefit overall population fitness, even in the face of

considerable local adaptation.
4.2 Introduction

Climate change and habitat destruction are causing species to become fragmented into small
and isolated populations, disrupting gene flow and leading to inbreeding, inbreeding
depression and, consequently, an increased risk of extinction (Haddad et al., 2015). Fitness is
reduced partly because of the accumulation of deleterious alleles within the population
known as genetic load. Individual and population level fitness is reduced in such populations
as inbred individuals are more likely to be homozygous for any recessive, deleterious alleles

present in the population (Crnokrak and Roff, 1998; Charlesworth and Willis, 2009). Inbred
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individuals may also lose the benefits of heterozygote advantage due to the increased
homozygosity throughout the genome (Hedrick and Garcia-Dorado, 2016). Inbreeding
depression can interact with environmental factors to drive populations into an extinction
vortex (Soule and Gilpin, 1986; Blomqvist et al., 2010; Palomares et al., 2012). Therefore,

mitigating the effects of inbreeding is a crucial component of conservation.

Genetic rescue refers to the increase in fitness observed when novel genetic variation is
introduced by a rescuer (a conspecific from another population) to an inbred population
(Ingvarsson, 2001; Hedrick et al., 2011). This process increases genomic heterozygosity within
the target population, thereby reducing the genetic load expressed in individuals and
improving both individual and population fitness. Genetic rescue has been extensively
studied, reviewed, and successfully implemented in several endangered populations ( Clarke
et al., 2024; Frankham, 2016, 2015; White et al., 2023), including the Florida panther (Puma
concolor couguar) (Pimm et al., 2006; Onorato et al., 2024). Furthermore, studies conducted
in experimental systems have deepened our understanding of this process (Hufbauer et al.,
2015; Fitzpatrick et al., 2019; Zajitschek et al., 2009; Bijlsma et al., 2010). However, risks
potentially associated with attempting genetic rescue have led to a reluctance among

conservation managers to utilise this method (Frankham et al., 2011; Edmands, 2007).

Outbreeding depression is one of the potential risks associated with implementing genetic
rescue as a conservation measure (Tallmon et al., 2004; Bell et al., 2019). One reason that this
may occur is because populations may be adapted to local conditions, and the input of novel
genetic variation from other populations could disrupt the adaptive gene complexes that
provide local adaptation. Rescuers may introduce non-locally adapted alleles, the expression
of which could prevent adaptations from functioning, and this could exacerbate, not alleviate,
fitness issues in the vulnerable recipient population (Kawecki and Ebert, 2004; Lenormand,
2002). To date, there are few such examples of outbreeding depression (Hedrick et al., 2019;
TurCek and Hickey, 1951; Loope et al., 2024), and it has been argued that the risk of such a
detrimental impact is overstated if genetic rescue guidelines are followed (Frankham et al.,

2011; Ralls et al., 2020; Powell, 2023)

Climate change poses a significant challenge for local adaptation and endangered
populations (Hoegh-Guldberg et al., 2018). Species can survive such environmental shifts if
they adapt to new conditions, however the rate of change is unprecedented, and genetically
depauperate populations possess a limited capacity to adapt (Bellard et al., 2012).

Introducing genetic variation into isolated populations (as is the case with genetic rescue

64



attempts) could be essential to enable them to adapt to the rapidly evolving climate by

improving standing genetic variation (Bell and Gonzalez, 2009; Bell et al., 2019).

Populations which are already adapted to specific local conditions (e.g. high temperatures)
could serve as important sources for genetic rescue, if those adaptations are suited to future
climatic conditions. Alternatively, they could be used for targeted geneflow: a process to
introduce specific adaptations to improve population fitness, which has been attempted a few
times with mixed results (Kelly and Phillips, 2019b; Rudin-Bitterli et al., 2021). If such adapted
populations are affected by inbreeding depression, it would be crucial to restore fitness while
avoiding outbreeding depression and the loss of local adaptation so they can be utilised in the

future.

Tribolium castaneum, a beetle in the Tenebrionidae family, has long been a model species
(Pointer et al., 2021) utilised to study population genetics, genetic rescue, and thermal
tolerance (Hufbauer et al., 2015; Wade and Goodnight, 1991; Sokal and Sonleitner, 1968;
Sales et al.,, 2021). In the present study we used T. castaneum populations previously
selected, over 150 generations, to reproduce successfully at elevated temperatures;
specifically at 38°C compared to the original population optimum of 30°C (Vasudeva et al.,
2019; Skourti et al., 2022). These thermally adapted populations are less fit than the 30°C
beetles which produce more offspring at both 30°C and 38°C. (Lewis, 2020). However, when
developing from an egg at 38°C the thermally adapted beetles produce more eggs and a
greater proportion will hatch than a 30°C reared at 38°C (Lewis, 2020). The key adaptation in
these lines is the ability to develop at 38°C and maintain the ability to reproduce. Genetic
rescue has been attempted with these adapted lines before, but no evidence of rescue was

observed (Lewis et al., 2024).

We replicated these adapted lines and inbred them to further reduce genetic diversity
potentially increasing inbreeding depression and the likelihood of genetic rescue succeeding.
We utilise them as recipient populations in an experiment to assess the impact of genetic
rescue on local adaptation for thermal tolerance. We predicted that introducing a rescuer
from another thermally adapted population will enhance population fitness by reducing
inbreeding depression (i.e. genetic rescue) without disrupting the local adaptation to high
temperatures. In contrast, using a rescuer from a non-thermally adapted line reduces the
recipient population’s fitness by disrupting local adaptation, which will prevent reduction of
inbreeding depression. If the non-adapted rescuer produces many offspring (as it did not

develop at 38°C) it could lead to the extinction of the population. All populations in the
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experiment were monitored by measuring the number of adult offspring produced for three

generations following the rescue attempt.

4.3 Methods

4.3.1 Husbandry

T. castaneum in experimental populations were maintained on standard fodder (90% white
organic flour, 10% brewer’s yeast and a layer of oats for traction) in a controlled environment
of 30°C (unless otherwise stated) and 60% humidity with a 12:12 light-dark cycle. Populations
were maintained following a standard cycle of virgin adults having seven days of mating and
oviposition followed by the removal of adult beetles from the fodder, using 2 mm and 850 pm
sieves, so that only eggs remain. Each generation is initiated with a number of adults (line
dependent, see below) that are given 7 days to mate and lay eggs before being removed. The

eggs are left for 35 days to develop into mature adults.

4.3.2 Tribolium castaneum lines

Krakow super strain (KSS) combined fourteen laboratory strains to maximise genetic diversity

in one population maintained at 600 individuals (Laskowski et al., 2015). This line is highly
productive at 30°C but has reduced fitness at 38°C. This was used as the non-adapted rescuer

population.

Thermal lines: Ten populations (100 adults per population) founded from KSS that had been
experimentally evolved for ~150 generations at an environment temperature of 38°C
(Dickinson, 2018), thus imposing selection for development and reproduction at this
temperature, considerably above the thermal optimum for T. castaneum (Howe, 1962). All
other conditions were as described above except for a shorter development period of 27 days.

These were used as the thermally adapted rescuer populations.

4.3.3 Inbred lines

Teninbred populations were created from the ten thermallines described above. Adult beetles
from each thermal line were isolated for two weeks to ensure any fertilized eggs were laid.
Pairs from the same line were formed from these isolated adults resulting in a single pair
bottleneck for each thermal line. Their full sibling offspring were paired again for a second

bottleneck. After these two single pair bottlenecks, populations of 10 male and 10 female
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beetles were created. These beetles were full sibling offspring of full sibling pairs. Six inbred
experimental populations were created from each of the ten inbred thermal populations,
creating 60 experimental populations. However, one inbred population only produced enough
offspring for four experimental populations, resulting in 58 experimental populations split over
two temporalblocks-30in set one and 28 in set two. The two blocks were maintained one day
apart for ease of handling but otherwise treated the same. Each population received a random
ID number to blind the experiment and avoid bias. These experimental populations initiated
every generation at a size of ten males and ten females sourced from the offspring of the
previous generation to reduce the effects of density dependence (Duval et al., 1939; King and
Dawson, 1972; Janus, 1989). All these experimental inbred recipient populations were kept at
38°C in A.B. Newlife 75 Mk4 forced air egg incubators (A.B. Incubators, Suffolk, UK); all other

conditions were kept as described in the husbandry section.

4.3.4 Genetic rescue protocol

Populations were maintained at a populations size of 10 males and 10 females in 125 mltubs
containing 70 ml of standard fodder. After seven days of oviposition eggs were left to develop
for ~21 days to the pupal stage when pupae (10 Male, 10 Female) were taken to establish the
next generation. The remaining individuals in the populations were left for another ten days to
complete development and then were frozen before manual counting. Pupae taken at day ~21
were kept in plastic dishes containing 10ml standard fodder in single-sex groups until they
matured into adults after 10+2 days, and the next generational cycle began with virgin adults,

avoiding overlapping generations.

A single male from each inbred recipient population (10 males and 10 females) was removed
and replaced with a single male rescuer to avoid demographic rescue effects (increased
population fithess due to increased population size) (Bell et al., 2019; Ingvarsson, 2001). Three
treatments were undertaken, with each of the 10 initial inbred thermal population represented
by two experimental populations in every treatment, except for one inbred thermal population,
which only produced four experimental populations resulting in one fewer control and one
fewer thermally adapted rescue populations (See figure 4.1). The three treatments were as
follows: 1) controls — nineteen populations received no rescue (the male was not removed). 2)
locally adapted rescue — 19 populations received a 38°C-adapted rescuer (a male from a
different initial thermally adapted population than the one from which the inbred line was
derived). 3) non-locally adapted rescue — 20 populations received a non-thermally adapted

rescuer (a KSS male, see above).
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Population fitness was measured using productivity, i.e. the number of mature adult offspring
the population produced each generation. Populations were maintained for three non-
overlapping generations following rescue (each generation initiated with 10 females and 10
males). Fifty-eight populations were initiated, but two populations were lost after generation
two from human error in maintenance. Generation three therefore consisted of 19 control
populations 18 thermally adapted rescue populations and 19 non-thermally adapted rescue
populations. Data for those populations lost in generation three was still included in the

analysis for generations one and two.
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Figure 4.1: Experimental design for the attempted genetic rescue of inbred thermally
adapted T. castaneum populations by a single thermally adapted or non-thermally
adapted rescuer. Inbred, thermally adapted lines were created by inbreeding lines thermally
adapted to 38°C over ca 150 generation (Dickinson, 2018) with two generations of full sibling
matings, before being kept for three generation at n =20 (10 females and 10 males) during the
experiment. The ten inbred thermal lines were replicated to be represented in each
experimental treatment twice. The final sample size was 56 experimental populations (see

main text).

4.3.5 Statistical analysis

R V.4.4.1 (R Core Team, 2024) was used with R Studio version 2024.04.2+764 (Posit team,
2024). Data management and exploration were performed with Tidyverse (Wickham et al.,
2019), stats (R Core Team, 2024), Rmisc (Hope, 2022) and googlesheets4 (Bryan, 2023).
Ggplot2 (Wickham, 2016) was used to visualise results. Data distribution was checked using

the shapiro.test function (R Core Team, 2024). The glmmTMB package (Brooks et al., 2017)
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was used to fit generalised linear mixed models (GLMMs). DHARMa (Hartig, 2022) was used to
check model fit and the check_collinearity function from the performance package (Ludecke
et al., 2021) to test variance inflation factor scores (VIF). No overdispersion or collinearity
(VIF<3 for all variables) was found. R*was determined using the r.squaredGLMM function in

MuMiIn (Barton, 2024).

A GLMM was run using the productivity data for all generations as the response variable to test
if there were differences between the treatments. Fixed variables included treatment,
generation and, generation? as well as interactions between these variables, the random
factors of ID nested within thermal line were included. There was no significant interaction
with generation? so the interaction was dropped from the model. A negative binomial
distribution was used as productivity is count data and the fit was better than Poisson
distribution. The Control (no rescue) treatment was set as the baseline factor for comparison.
The baseline was changed to non-adapted to compare between the two rescue treatments

post-hoc. Generation 0 was not included as it was before treatment (rescue) was applied.

GLMMs, constructed as described above, but excluding the generation variable, were then run
on each generation individually to test if there were significant differences between the
treatments in each generation. The baseline was changed to non-adapted rescuers, to

compare between the two rescue treatments post-hoc.

4.4 Results

Only the thermally adapted rescuer treatment resulted in significant interaction with
generation compared with the no rescue control treatment (Table 4.1, Figure 4.2). In a post
hoc test, the two rescue treatments interactions with generation were not significantly

different (Estimate = 0.038, SE=0.037,z=1.01, P=0.312, 95% Cl = -0.035, 0.111).
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Figure 4.2: The effect of introducing a 1) thermally adapted (orange) or 2) non-adapted
(blue) rescuer, compared to control populations (green) on the mean productivity of small
inbred thermally adapted populations of T. castaneum (Population size = 20, Number of
experimental populations = 58 (56 in generation 3)) over three generations after a single
introduction event (dotted vertical line) while maintained at 38°C. A single adapted or non-
adapted male rescuer replaced one male in the inbred population containing ten males and
ten females. There was a significant difference in productivity between both rescue treatments
and control treatments (Table 4.1), but no significant difference between the two rescue
treatments (Estimate = 0.038, SE = 0.037,z=1.01, P=0.312, 95% Cl = -0.035, 0.111). Plot is

jittered to aid in visualisation, standard errors are shown.
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Table 4.1: Summary of a GLMM fitted to model the productivity of small, inbred, thermally
adapted T. castaneum populations (Population size = 20, Number of populations = 58)
after receiving a rescue by a thermally adapted, or non-adapted, male rescuer or no
rescue over three generations. Predictors in bold are significant (P < 0.05). Marginal R* =

0.637, Conditional R? = 0.740. “Two populations were lost in Generation 3.

Predictor Estimate SE z P
Intercept 5.192 0.118 44.01 <2e-16
Treatment (No Rescue)
Thermally Adapted Rescue 0.022 0.092 0.23 0.815
Non-adapted Rescue 0.029 0.092 0.31 0.755
Generation 0.724 0.110 6.56 <0.001
Generation? -0.122 0.026 -4.71 <0.001
Treatment (No Rescue) * Generation
Treatment (Thermally Adapted 0.093 0.039 2.38 0.017
Rescue) * Generation
Treatment (Non-adapted Rescue) * 0.055 0.039 1.41 0.160
Generation
Random 172 observations Variance
ID:Thermalline 58* 0.003
Thermalline 10 0.007

Independent tests of productivity differences in each separate generation were then
undertaken (Table 4.2). In generation one, no significant differences existed between any of
the treatments (Non-Adapted — Adapted: Estimate = 0.015, SE=0.057, z=0.26, P =0.794). In
both generation two and three, productivity in the rescue treatments both differed significantly
from the no rescue control (Table 4.2), they were not significantly different from each other in
generation 2 (Estimate = 0.095, SE = 0.057, z = 1.67, P = 0.095) but they were in generation 3
(Estimate =0.097, SE =0.045,z=2.17, P=0.030).
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Table 4.2: Composite table of three GLMM results for each generation of the productivity

of small, inbred, thermally adapted T. castaneum populations (Population size = 20,

Experimental populations = 58 or 56) after receiving a rescue by a thermally adapted, or

non-adapted, male rescuer or no rescue.

Gen 1 SE z P
Estimate

Intercept 5.810 0.055 105.84 <2e-16

(No Rescue)

Thermally Adapted 0.061 0.058 1.05 0.291

Rescue

Non- Adapted Rescue 0.056 0.057 0.81 0.420
Gen 1 observation Gen 1 variance

Random 58

ID:Thermal 58 <0.001

Thermal 10 <0.001
Gen 2 SE z P
Estimate

Intercept 6.100 0.057 107.29 <2e-16

(No Rescue)

Thermally Adapted 0.284 0.058 4.90 <0.001

Rescue

Non- Adapted Rescue 0.188 0.057 3.28 0.001
Gen 2 observation Gen 2 variance

Random 58

ID:Thermal 58 0.030

Thermal 10 0.005
Gen 3 SE z P
Estimate

Intercept 6.263 0.051 122.93 <2e-16

(No Rescue)

Thermally Adapted 0.277 0.045 6.20 <0.001

Rescue

Non- Adapted Rescue 0.180 0.044 4.07 <0.001

Gen 3 observation

Gen 3 variance

Random 56
ID:Thermal 56 0.017
Thermal 10 0.016
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4.5 Discussion

We tested the effect of introducing a thermally adapted or a non-adapted genetic rescuer on
the fitness of inbred, thermally adapted populations of T. castaneum. Results show that
populations receiving thermally adapted rescue had increasing productivity over the
generations compared to the no-rescue populations. When looking at each generation
individually, both rescue treatments improved productivity compared to the no-rescue control
in the second and third generations. In the third generation, thermally adapted rescue had

improved productivity over both the no-control and non-adapted rescue treatments.

Introducing new genetic diversity into an inbred population via augmented gene flow (the
introduction of a rescuer individual from another populations) should improve population
fitness, i.e. genetic rescue, as has been shown previously (Madsen et al., 2020; Johnson et al.,
2010). The results of our study support this, we show that the productivity of the inbred
populations improved when rescued (with a single introduced male) by either rescue
treatment. Importantly, in our present study we also found that non-adapted rescuers
improved productivity compared with no rescue, despite the risk of disrupting adaptations.
There was only a statistically significant difference between the productivity of the two rescue
treatments in the final generation, despite our hypothesis of reduced fitness from non-
adapted rescue (Bachmann et al., 2020). The non-adapted rescue population was a highly
outbred ancestral population, the type recommended for use in genetic rescue (Ralls et al.,
2020). However, our experimental populations have been genetically isolated for 150
generations, considerably more than the ‘less than 20 generations’ of divergence
recommended for genetic rescue if the populations are in different environmental conditions
(Frankham et al., 2011). Guidelines suggest geneflow within the last 500 years, 150
generations reflects, for example, ca 675 years in the Florida panther (Hostetler et al., 2013).
Our results show that despite the length of isolation and different adaptations genetic rescue
improved fitness, adding to the growing evidence that the risk of outbreeding depression in
genetic rescue may be exaggerated (Powell, 2023; Fitzpatrick and Reid, 2019; Fitzpatrick et al.,
2015).

The rescue by a thermally adapted rescuer had the highest productivity, showing more
effective rescue than a non-thermally adapted male. This matches with recommendations
that genetic rescue should utilise source populations from similar environmental conditions
as it reduces the risk of disrupting local adaptation (Lenormand, 2002). The ten thermal lines

all originated from the same, very genetically diverse, KSS stock populations but were
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separated prior to experimental evolution for adaptation to 38°C (Vasudeva et al., 2019).
Consequently, while being very closely related, the different lines may all contain different
subsets of genetic variation, thus providing the substrate for genetic rescue between the
inbred thermal populations. The different lines mimic populations that have diverged from a
larger outbred population into similar environmental conditions, higher temperatures in this
case, under natural conditions. The selection process for thermal adaptation did result in
bottlenecking of the lines, they should be much less genetically diverse than the outbred stock
(Dickinson, 2018). The higher productivity from the attempted rescue with these lines is likely

due to the similar adaptations to 38°C.

In our experiment, the productivity difference between the rescue treatments may be caused
by some disruption of local adaptation. The key adaptation for these thermal lines is the
capacity to remain fertile while developing at 38°C which the non-adapted individuals may
disrupt (Sales et al., 2018; Vasudeva et al., 2019; Lewis, 2020). If the increase in fitness were
solely attributable to the introduction of increased genetic variation reducing inbreeding, one
would expect that the outbred (but not thermally adapted) rescue would yield greater
productivity than the thermally adapted rescue (Ralls et al., 2020). However, we see that the
thermally adapted rescue was more productive than the non-adapted (outbred) rescue
suggesting some disruption of local adaptation. This fits with the suggestion that itis important
to rescue from adaptively similar populations (Edmands, 2007). Translocations between
populations have been recommended to enable adaptation to thermal changes in some
species, though they have yet to occur (Miller et al., 2020a). Such conservation translocations
from adapted populations could be important in the future if they improve population

resilience to a changing climate (Fitzpatrick and Reid, 2019).

Our study using experimentally evolved lines T. castaneum provides evidence of how genetic
rescue of an inbred population with an environmental adaptation is affected by the adapted
characteristics of the rescuer population. Rescuing with another similarly locally adapted
population yielded the greatest fitness benefit, supporting current recommendations for
genetic rescue. The increase in fitness conferred by non-adapted rescuers adds to the
evidence that the risks of outbreeding depression may be overstated, or at least that benefits
of alleviating inbreeding depression can surpass any negative impacts of disrupting local
adaptation. This was seen in the Florida panther rescue, where individuals from an arid
environment were used to rescue a tropical population and was very successful at restoring
population fitness. Future work should focus on the genomic and functional basis of
adaptation to study in detail how rescue may disrupt these adaptations. Additionally,

experimental tests on the efficacy of targeted gene flow could improve confidence in its use.
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Clearly, where possible, similarly adapted, closely related, populations should be utilised as
sources of genetic rescue for the best results. Nevertheless, genetic rescue of inbred
populations may be beneficial for improving fitness and survival even if there are adaptive

differences between the populations.
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Chapter 5

General Discussion

5.1 Overview

The overall aim of this thesis was to improve our understanding of the traits that can affect the
outcome of genetic rescue attempts. | used the model species Tribolium castaneum to create
inbred populations that | could then attempt to rescue. My first objective was to see if | could
successfully rescue the inbred populations, measured through increased productivity, i.e. the
number of offspring the population produces. The second objective was to test if utilising
individual rescuers with different traits, or rescuers from source populations evolved under
different conditions, would alter the effectiveness of genetic rescue. This allowed me to
examine if different rescuers or source populations achieved genetic rescue and how the

productivity of the rescued populations was affected by those differences.

In my first data chapter (chapter two) | tested if genetic rescue could be achieved using either
a male or female rescuer from an outbred source population. | found both treatments
improved the productivity of the inbred populations compared with the no rescue control
populations, and there were no significant differences between the two sexes ability to rescue.
Male rescuers improved the productivity of rescued populations earlier than the female
rescuers, likely as a result of differences in reproductive output. | followed the populations for
ten generations post-rescue attempt to capture the effects of rescue beyond the initial fitness
increase. | then tested if a background of sexual selection would produce a better rescuer.
Sexual selection results in improved fitness and can lower genetic load in populations, so
individuals from such populations should be good candidates as rescuers. Using male
rescuers from either a population maintained under sexual selection or a population with no
sexual selection, | attempted to rescue inbred populations. The results show that only the
rescuer from a sexually selected background resulted in a successful rescue. These
populations were monitored for nine generations post rescue to attempt to observe the full

effects of a genetic rescue on the recipient populations.

In chapter three | attempted to rescue inbred populations using male rescuers sourced from
either an outbred population or inbred populations. Outbred populations are genetically
diverse and introducing this diversity should have the greatest fithess effects on the recipient
population. However, this could introduce hidden mutation load which may reduce

population fitness in later generations, inbred populations should have purged their mutation
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load which may make them better rescuers in the long term. Productivity was measured for
nine generations after the rescue treatments were applied to capture the full effects of rescue
on fitness. | also took samples from the fourth-generation post rescue attempt to test how the
inbreeding coefficient, runs of homozygosity and mutation load in the recipient populations
had been affected by the rescue treatments. | found that the outbred rescue was the most
effective at improving productivity and genetic measures. Outbred Rescue lowered the
populations inbreeding coefficient, reduced the proportion of the genome in runs of
homozygosity and reduced the number of deleterious alleles in homozygous state. Introduced
genetic diversity had increased heterozygosity lowering inbreeding and increasing the
adaptive potential of recipient populations. Additionally, mutation load had been converted to

heterozygous, improving population fitness by preventing expression of deleterious alleles.

Inbred rescuers still rescued the populations, but they had lower productivity than the Outbred
Rescue and did not have a significant effect on the genomic measures compared to No
Rescue. Outbred rescuers did introduce more mutation load than the inbred rescuers, but this
load was mostly hidden in a heterozygous state. The fitness of the population inbred rescuers
were sourced from effected the success of genetic rescue. Rescuers from more productive
inbred populations improved the productivity of the recipient populations more than those
from a low productivity source population. The level of fitness of a source population was key

to the outcome of rescue, there was a correlation between fithess and level of inbreeding.

In the fourth chapter, | tested whether genetic rescue disrupted local adaptation, a key
concern in conservation. Using populations that had been adapted to reproduce at 38°C,
ratherthan 30°C, | created small, inbred populations that | could attemptto rescue. The inbred
populations were rescued using either an outbred population not adapted to higher
temperature or another temperature adapted population. The outbred population should have
disrupted the adaptation reducing fithess, while the temperature adapted population should
have improved fitness and not disrupted the adaptation. | found that the non-adapted outbred
rescuer still improved population fithess but the rescue from another thermally adapted
population improved fitness more. This supports recommendations of using source

populations from similar habitats to the recipient populations.

Overall, | find that genetic rescue can be achieved in these small, inbred populations and

selection of the source population is important to the outcome. | will now discuss my findings

and future directions for research.
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5.2 Findings

In all my experiments | observed improvements in the productivity of rescued inbred
populations compared with the controls for at least one rescue treatment. Rescue attempts
using a single rescuerin a single event managed to consistently achieve a genetic rescue effect
despite different source and recipient populations being utilised. Combined with previous
studies testing genetic rescue (Lewis et al., 2024; Hufbauer et al., 2015), and the availability of
genomic resources T. castaneum makes for a suitable system to test genetic rescue. There
are a number of available stock populations that can be utilised in experiments, and
populations are easily manipulated to create unique traits such as the thermally adapted,
sexually selected and inbred populations used in my thesis. The availability of the reference
genome and annotations provided the resources to combine experiments with genomic data

to further our understanding of genetic rescue.

The results of my data chapters also show that introducing genetic diversity to improve
population fitness was a reproducible process, occurring in multiple experiments using
different source populations for rescuers. In addition to my own work and studies in T.
castaneum, other model species have been utilised to test genetic rescue (Pérez-Pereira et
al., 2025; Bijlsma et al., 2010; Zajitschek et al., 2009). Outside of model laboratory species,
experimental tests on populations have also resulted in genetic rescue (Robinson et al., 2017;
Lindsay et al., 2020; Fitzpatrick et al., 2019) as well as the results of planned conservation or
natural occurring genetic rescues (Miller et al., 2020b; Hasselgren et al., 2018). The wide range
of studies on different organisms, in different conditions and with different objectives all
reporting successful fithess increases from rescue attempts shows how reproducible the
process is. The success of genetic rescue attempts across taxa adds to the growing evidence
that genetic rescue is a viable and achievable strategy for the conservation of inbred

populations.

Importantly, my experiments were conducted under benign conditions, unlike wild
populations which may be suffering from environmental stress. Inbreeding depression can be
exacerbated under environmental stress reducing population fitness, genetic rescue
alleviating the inbreeding depression could allow the population to better cope with the
environmental stress (Armbruster and Reed, 2005; Fox and Reed, 2011). Alternatively, the
stress, if harsh enough, could negate the fithess benefits of reducing inbreeding depression,
preventing population recovery despite reduced inbreeding. | specifically set out to test the
interacting effect of environmental stress and genetic rescue in my nutrient stress

experiments, | found that a highly stressful condition repressed the benefits of genetic rescue.
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In all experiments with a stress treatment the productivity differences between treatments
disappeared when replicated onto the nutrient stress (See chapters 2 & 3). The nutrient stress
was reducing the amount of yeast, the primary protein source, that the beetles had access to.
This slows development and can encourage behaviours such as cannibalism which will
reduce the number of individuals surviving to maturity (Sonleitner and Gutherie, 1991). As a
result, this stress may have been too severe for reduced inbreeding depression to counteract

which is why there were no differences between treatments under nutrient stress.

However, another study on T. castaneum found genetic rescue effects when utilising nutrient
stress with reduced yeast and a novel carbohydrate source (Hufbauer et al., 2015). Unlike my
study the whole experiment was on stressful media with populations having a generation to
adjust before rescue occurred. The sudden switch to stressful conditions in my experiment
could explain why there were no differences between treatments as there was no selection for
nutrient stress on the populations until that point. Perhaps if more generations had been
monitored under stressful conditions we may have seen differences in how well the
treatments adapted with the pressure in place. Replicating the rescued populations onto
stress happened multiple generations after the rescue attempt and the benefits of rescue may
have been reduced by multiple generations of inbreeding. If the rescue had been under stress
conditions or stress was applied sooner the populations may have had the genetic diversity to
cope with the stress. Other measures of fitness such as the number of eggs laid, may have
been a better metric under nutrient stress as this would be less affected by slower
development or cannibalism if counted before hatching began. Genetic rescue alone may
improve fitness and contribute to population persistence, but it is key that other threats such
as habitat degradation or disease are addressed so that populations can recover. Factors like
environmental stress may supress the benefits of genetic rescue preventing an increase in

population numbers.

Some treatments did not provide significant fitness benefits within experiments. Rescuers
from a no sexual selection population (chapter two) and rescuers from a low productivity
inbred population (chapter three) did not significantly change the productivity of recipient
populations from the no rescue treatments in those experiments. These two source
populations are expected to be low fithess populations due to their population history. In the
no sexual selection populations mate choice is eliminated via isolation of single pairs, the lack
of sexual selection allows unfit individuals to contribute to the next generation meaning low
fitness traits are maintained and preventing the removal of mutation load. They are also
maintained at a small population size of 40 individuals so are unlikely to be highly genetically

diverse. The low productivity inbred populations had been through three bottlenecks of a
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single pair and are expected to be highly inbred and suffering from inbreeding depression.
These were the inbred populations that were showing the lowest fithess, measured by
productivity, likely suffering the most from inbreeding depression. Both these source
populations therefore should have low genetic diversity and low individual fitness. Other
studies have found little to no effect of genetic rescue attempts on inbred populations.
Genetic rescue can fail for numerous reasons such as failure of the translocated individuals
to reproduce or benefits being short lived leading to inbreeding in later generations (Pavlova et
al., 2024; Nichols et al., 2024). Comparing these studies to mine we did not see even short-
term benefits in these treatments, so the resumption of inbreeding was not the issue. Perhaps,
failure of the rescuers to reproduce could explain the lack of rescue effect but this is unlikely
given how promiscuous my study species is. My experiments were lab based with replication
making it even more unlikely that either of these two effects occurred in all populations
preventing rescue, this one of the advantages of model species over wild populations. It is
likely my treatments failed to rescue the inbred populations as they are introducing low
amounts of genetic diversity and may carry weak or mildly deleterious alleles as a result of

genetic drift (Ralls et al., 2020).

It is important to have fithess knowledge of the source populations, the sexually selected
population has the same effective population size as no sexual selection but improved the
productivity of the recipient populations (Lumley et al., 2015). The high productivity inbred
lines underwent the same inbreeding procedure as the low productivity but improved recipient
population productivity nearly as well as an outbred rescue. Despite being the same
population size and having similar demographic histories to their contrasting treatment in the
experiments there were clear differences in how effective they were as rescuers. The
additional fitness information allowed me to separate these source populations and find that
genetic rescue is affected by these differences. While simulations and experiments have been
carried out looking at the differences between outbred and inbred rescue (Kyriazis et al., 2021;
Pérez-Pereira et al., 2025), to my knowledge there is no research on the differences between
inbred populations as sources of rescue. If carrying out a genetic rescue attempt as much
information as possible must be collected on potential source populations to maximise

success and the difference in fitness between inbred populations could be important.

A key criticism of genetic rescue experiments is the lack of long-term monitoring, though this
is increasingly being addressed (Nichols et al., 2024; Pérez-Pereira et al., 2025). In my first
three experiments the populations were monitored for nine or ten generations after the rescue
attempts to try and capture the long-term effects of rescue. In these experiments there was a

clear change in productivity over the generations, with an initial increase in productivity
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following the rescue then a plateau, and in some cases a significant decline (chapter two). The
increase in productivity significantly above control treatments occurred in generation two or
three depending on the treatment and experiment, showing that the rescuers were not having
a significant impact immediately rather it was their offspring that improved population
productivity. The peakin productivity seems to range from generation three to generation five,
again depending on the experiment and treatment, suggesting that by four or five generations
the maximum benefits of rescue are achieved. This is important as many studies on genetic
rescue only observe for a few generations following the rescue and in our experiments this

would only capture the increase and potentially the peak in fitness (Clarke et al., 2024).

Monitoring the populations for nine or ten generations meant that the decline from the peak
productivity was observed. This varied in each experiment with some treatments declining
from the peak (chapter two) and some seeming to slightly decline then plateau (chapter three).
The consistent negative effect of generation on productivity in the models shows that at this
small population size it is likely inbreeding was occurring and affecting productivity. Limiting
the population size in my experiments mimics a populationin a restricted habitatthat prevents
population growth. A restricted population will lead to inbreeding resuming which can reduce
the benefits that the genetic rescue may have introduced, potentially repeating the population
crash of the Isle Royale wolves (Hedrick et al., 2014). The rescue treatments, when effective,
increased productivity but did not seem to prevent this negative generational effect. The
finding that generation was affecting the population fithess shows that genetic rescue can
improve fitness, but without a holistic approach addressing other threats, such as restricted
habitat, these benefits may be short lived. My findings support the criticisms of short-term
genetic rescue studies. | found that generation is a significant factor in my experiments having
a negative effect on the productivity of inbred populations. Short term studies may only be
capturing the initial increase and peak in fitness improvement, missing the decline in later
generations. Even after the peak in rescue effects only in the sexual selection experiment did
the rescued populations productivity return to the same levels as the no rescue. The few long-
term studies on genetic rescue do find beneficial effects many generations after the rescue
attempt, more research is needed to fully understand the duration of genetic rescue and how

long monitoring should be in place (Pérez-Pereira et al., 2025; Madsen et al., 2020).

The no rescue control treatments were highly important in my experiments to identify when
differences in productivity occurred. Notably the control treatments often increased in
productivity in a similar pattern to the rescue treatments. A potential explanation is the
reduction in density as population size was smaller in the experimental setup which can affect

egg-laying (Sonleitner and Gutherie, 1991). T. castaneum females secrete chemicals into the
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fodder to discourage other females from laying eggs, in less dense fodder there are less
secretions encouraging egg laying (El-Desouky et al., 2018). However, these increases in
productivity occurred in generations after the treatments had been applied. Potentially, this
was caused by transgenerational effects, stress has been shown to have transgenerational
effects on offspring production in T.castaneum (Gilad and Scharf, 2019). | tried to account for
transgenerational effects by having populations in the experimental setup for a generation
before treatments were applied, so that they were not directly moved from a dense population.
Another explanation could be fluctuations in the controlled environment, in chapter two the
sexual selection rescue had an increase in productivity for all treatments, including nutrient
stress, in generation nine. This mostly likely is due to some change in their environment
(temperature, humidity, fodder) affecting all populations and treatments equally. The no
rescue treatments show that despite these increases and decreases in productivity that were
part of the experimental setup genetic rescue improved productivity, following the same

patterns but at a higher fitness.

The experiment that tested outbred and inbred source populations utilised genomic
information alongside the productivity data, allowing for a direct comparison of these two
measures of genetic rescue success. Importantly | found that the genomic information very
closely matched the expectations for each treatment, with Outbred Rescue having the biggest
effect on genomic measures. The Inbred Rescue treatments were not significantly different
from No Rescue, but the slight changes were in the expected direction. The Low Rescue
populations were more similar to No Rescue in genomic measures than the High Rescue
populations were. The High Rescue interestingly had nearly as high productivity as Outbred
Rescue, but this wasn’t reflected in the genomic data. This shows that in a conservation
situation where data can be difficult to collect genomic information can give good estimates
of the productivity benefits the population is likely to accrue. However, the difference in
genomic measures and productivity for the High Rescue populations shows that genomic data
may not give the whole picture. It is unlikely we would predict the productivity seen for High
Rescue based on the genomic data, where it was not significantly different from No Rescue.
Genomic data generally correlates with observed fitness data (Pérez-Pereira et al., 2025;
Nichols et al., 2024; Onorato et al., 2024), but my experiment shows that there may be some
exceptions. This could be due to that fact the differences in fithess between similar inbred
populations have not yet been studied in regards to genetic rescue. Genomic data is powerful
and can tell us much about the genetics of a population, through measures such as inbreeding
coefficient and mutation load, allowing us to infer the population fithess. However, as much
data as possible must be collected about a population to be confident in the outcome of a

genetic rescue as shown by the High Rescue treatment in chapter three.
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A criticism of my studies is that these experiments used a model speciesin a laboratory setting
and do not reflect the conditions found in a wild population. The results cannot be directly
mapped on to a conservation scenario because of this, but suggestions for conservation
action can be made. As stated above the rescues were performed in benign controlled
conditions, an extremely unlikely scenario for species of conservation concern. In a wild
population there will be multiple interacting factors that affect a populations fitness and that
cannot be replicated in a laboratory (Soule and Gilpin, 1986). Additionally, our species is highly
productive, so may only be representative of species with similar life history strategies. It could
be difficult to apply these results where twenty individuals can produce hundreds of offspring
to a species where individuals produce one or two offspring a generation. The stochasticity of
a wild population will make genetic rescue more difficult to achieve, than in a laboratory
setting. There are advantages to my approach also, my controlled experiments show that
genetic rescue occurred consistently, and we can improve the chance of success by
accounting for traits of rescuers. The lack of many interacting factors affecting populations
allows the focus to be on the traits being tested. The ability to have replicated populations to
increase sample size improves the power of the findings compared to studies done on
examples in a single wild population (Nichols et al., 2024; Pavlova et al., 2024). Being able to
control the populations allows mimicking of some natural populations. Only twenty
individuals contributed to each generation in the experiments despite the production of many
offspring, artificially restricting the population size and testing the effects this has without risk

to a wild population.

5.3 Future research

The findings of this thesis have opened future avenues to explore how genetic rescue affects
inbred populations. The experimental setup | used was consistent across experiments but
these variables (i.e. population size, number of rescuers, non-overlapping generations) could
be changed to examine how genetic rescue is affected. Increasing the population size may give
males a greater advantage over female rescuers due to differences in reproductive output.
Females are limited by the number of eggs they can lay while males are limited by the number
of mates available. In a larger population a female will still produce the same number of eggs,
whereas a male will be the father of more eggs than it would in a small population. A larger
population size may also help to prevent inbreeding resuming after rescue, this could remove
the effect of generation | found. A larger population means more mate choice so individuals
are less likely to mate with a close relative, this will reduce inbreeding in the population and as

generations pass the resumption of inbreeding will be slowed. Reducing inbreeding should
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also reduce any loss of genetic diversity introduced by the rescuer and prevent the expression
of mutation load. Single rescuer and rescue event may result in a slower rescue effect as the
rescuer and their offspring are a smaller proportion of the population. A larger population size
might result in a slower but longer lasting rescue. In addition to these experiments utilising a
population size of 20 individuals, previous studies of genetic rescue in T. castaneum have used
differing population sizes of 50, 150 and 10,000. The test of genetic rescue at sizes of 50 (one
rescuer) and 150 (three rescuers) under nutrient stress found improved fitness and lower
extinction risk from the rescue treatment (Hufbauer et al., 2015). The other study attempted to
rescue thermally adapted populations by introducing 1000 rescuers into populations of 9000
thermally adapted individuals (Lewis et al., 2024). Fitness was measured by reproductive
output of pairs and survival of individuals in a heatwave, they found no differences between
the treatment receiving migration and the control. These two studies had different
measurements of fithess one looking at the population level and the other at pairs or

individuals, but the difference in population size may also explain the contrasting results.

Using multiple rescuers or multiple rescue attempts may improve fitness more than a single
rescuer/attempt because it would introduce more genetic diversity than a single
rescuer/attempt. Different individuals are unlikely to carry the same alleles if sourced from an
outbred population. Introducing more genetic diversity with more rescuers should improve
fitness more than a single rescuer. On the other hand, more rescuers may also lead to the
introduction of more mutation load, diverse populations carry more deleterious alleles so
multiple rescuers will introduce more mutation load than a single rescuer. However, the
introduction of multiple genomes from multiple rescuers may prevent any deleterious alleles
from being expressed in later generations. If individuals are descended from a single rescuer
they are more likely to carry the same alleles and risk their offspring being homozygous for a
deleterious recessive gene. As multiple rescuers are unlikely to carry the same alleles there is
a reduced risk of offspring becoming homozygous for a deleterious variant. Another risk of
using multiple rescuers is more introduced genetic diversity could lead to the genetic
swamping of the original population, which could be even more of a risk if there is assortative
mating. Using different numbers of rescuers could allow for testing of both expression of
mutation load following rescue and the risk of genomic swamping. Simulations carried out on
the Florida Panther population found that too many rescuers could have a negative impact due
to population size fluctuations. It was calculated that an ideal management would be the
introduction of five rescuers every 20 years (van de Kerk et al., 2019). A similar study on
bobcats found that a single female every four years would be enough to stabilise
heterozygosity (Miller-Butterworth et al., 2021). These two studies show that the number of

rescuers and how often rescue is required can differ greatly between scenarios. Further
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research testing different numbers of rescuers, different numbers of rescue events and the
time between the events could provide crucial information for the planning of genetic rescue

attempts.

Stress is a key area that could be investigated as we know that stress affects inbreeding
depression and therefore may affect genetic rescue (Armbruster and Reed, 2005). In my
experiments nutrient stress was applied five to six generations after rescue was attempted by
replicating populations onto stressful fodder. This removed the differences in productivity
between rescue treatments and the controls that were seen under benign conditions. Testing
different levels of, for example, nutrient stress could find a level where the benefits of genetic
rescue are maintained even under the stress or exaggerate the differences in fitness between
the treatments. In T. castaneum temperature is another commonly used stress (Pointer et al.,
2021), which could be applied. The changing climate makes temperature a stress that many
populations could face, testing the interaction between inbreeding depression and
temperature could provide vital information for conservation efforts. Testing of genetic rescue
under stressful conditions has been done, even in T .castaneum (Hufbauer et al., 2015), but
the stress itself is not the variable being tested. Understanding the interactions between
stress, inbreeding depression and genetic rescue is important to our knowledge of genetic

rescue.

A key criticism of genetic rescue studies is how long populations are monitored following
rescue, and current studies tend to only follow populations for a few generations following the
rescue attempt (Clarke et al., 2024). As discussed above this could miss affects in later
generations such as fitness declines following the resumption of inbreeding. It is key that more
studies look at the duration of genetic rescue, knowing how long the benefits of genetic rescue
will last allows for planning of further conservation action to maintain fitness. A recent study
followed populations of Drosophila melanogaster for 33 generations after a rescue attempt,
finding that a higher proportion of populations survived when rescued compared to non-
rescue populations over all generations (Pérez-Pereira et al., 2025). More studies like this are
needed to improve our understanding of the duration of genetic rescue, finding differences 33
generations after rescue shows that the nine or ten generations in my experiments could have

been too few.

My study was limited to collecting genomic data at a single generation after the rescue,
sampling in multiple generations would allow tracking changes in genetic diversity and genetic
load. Longitudinal genomic data would allow us to monitor how many generations introduced

genetic diversity remains in the recipient population. It could also allow observation of
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mutation load being converted between a hidden and expressed state. Genomic monitoring
over multiple generations is especially important if the recipient population begins to inbreed
again. The duration of genetic rescue is an important avenue of research to enable its use in

the planning of conservation actions.
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Appendix 1 - Supplementary material for Chapter Two

Supplementary Tables

Table S1.1: Factors impacting the productivity of small, inbred populations (N. =20, n =

24) of T. castaneum rescued by either a male or female rescuer in the first five generations

following rescue. Tested using a GLMM. Predictors in bold are significant (P < 0.05).

Predictor Estimate SE z P 95%
Cl
Intercept 6.054 0.073 82.800 <2e-16 5.911
6.197
Treatment (Control)
Female Rescue 0.191 0.054 3.550 <0.001 0.086
0.296
Male Rescue 0.255 0.054 4.760 <0.001 0.150
0.360
Generation 0.070 0.016 4.450 <0.001 0.039
0.101
Random 116 Observations Variance
ID:Inbred line 24 Populations <0.001
Inbred line 8 Lines <0.001

Table S1.2: Factors impacting the productivity of small, inbred populations (N. =20, n =

24) of T. castaneum rescued by either a male or female rescuer in generations five to ten

following rescue. Tested using a GLMM. Predictors in bold are significant (P < 0.05).

Predictor Estimate SE z P 95%
Cl
Intercept 6.638 0.113 58.890 <2e-16 6.417
6.858
Treatment (Control)
Female Rescue 0.259 0.057 4.530 <0.001 0.147
0.371
Male Rescue 0.250 0.057 4.370 <0.001 0.138
0.363
Generation -0.058 0.014 -4.260 <0.001 -0.085
-0.031
Random 116 Observations Variance
ID:Inbred line 23 Populations <0.001
Inbred line 8 Lines <0.001
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Table S1.3: Factors impacting the productivity of small, inbred populations (N. =20, n =

24) of T. castaneum that had been rescued by either a male or female rescuer in the

second generation following rescue. Tested using a GLMM. Predictors in bold are significant

(P<0.05).
Predictor Estimate SE z P 95%
Cl
Intercept 6.360 0.083 76.550 <2e-16 6.198
6.523
Treatment (Control)
Female Rescue 0.035 0.092 0.370 0.708 -0.146
0.216
Male Rescue 0.189 0.092 2.060 0.040 0.009
0.370
Random 23 Observations Variance
ID:Inbred line 23 Populations 0.171
Inbred line 8 Lines 0.135

Table S1.4: Factors impacting the productivity of small, inbred populations (N. =20, n =

24) of T. castaneum rescued by either a male or female rescuer in the third generation

following rescue. Tested using a GLMM. Predictors in bold are significant (P < 0.05).

Predictor Estimate SE z P 95%
Cl
Intercept 6.290 0.073 86.42 <2e-16 6.147
6.432
Treatment (Control)
Female Rescue 0.302 0.077 3.900 <0.001 0.150
0.454
Male Rescue 0.309 0.077 3.990 <0.001 0.157
0.460
Random 23 Observations Variance
ID:Inbred line 23 Populations 0.171
Inbred line 8 Lines 0.135
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Figure S1.1: The effect of introducing a male or female rescuer on the mean productivity
of small, inbred populations of T. castaneum (N. = 20, n =24/23) over 10 generations after
an introduction event with raw data shown. A single male or female rescuer was used to
replace one individual of the same sex (dashed vertical line) within the populations of 10
females and 10 males. Populations were kept in either benign (solid line) or stressful (dashed
line — starting only at generation 6) environmental conditions (fodder with or without yeast
respectively). Under benign conditions, there was a significant increase in productivity for both
male (Blue), and female (Orange) rescue treatments compared to the control treatment
(Black). There was also a quadratic effect of generation (See Table 1). Standard errors are

shown.
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Figure S1.2: The effect of introducing a single male genetic rescuer from a sexual
selection background or no sexual selection background on the productivity of small,
inbred T. castaneum populations (N. = 20, n = 36/34) over nine generations with raw data
shown. Populations were in either a benign (solid line) or stressful (dashed line) environment.
The rescue was a single event (dashed vertical line) where the rescuer replaced a male in the
inbred population. Compared to the control (black) there was a significant increase in
productivity in the sexual selection rescue treatment (orange), which had a quadratic
interaction with generation, but no significant effect of the no sexual selection treatment (blue)

(See Table 3). Standard errors are shown.
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Figure $1.3: A model prediction of the effect of introducing a male or female rescuer on
the mean productivity of small, inbred populations of T. castaneum (N. = 20, n = 24/23)
over 10 generations after an introduction event with raw data shown. A single male or
female rescuer was used to replace one individual of the same sex (dashed vertical line) within
the populations of 10 females and 10 males. Under benign conditions, there was a significant
increase in productivity for both male (Blue), and female (Green) rescue treatments compared

to the control treatment (Red). The grey ribbon shows 95% confidence intervals.
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Globally, many species are threatened by population decline because
of anthropogenic changes leading to population fragmentation, genetic
isolation and inbreeding depression. Genetic rescue, the controlled
introduction of genetic variation, is a method used to relieve such
effects in small populations. However, without understanding how the
characteristics of rescuers impact rescue attempts interventions run the
risk of being sub-optimal, or even counterproductive. We use the red
flour beetle (Tribolium castaneum) to test the impact of rescuer sex, and
sexual selection background, on population productivity. We record the
impact of genetic rescue on population productivity in 24 and 36 replicated
populations for ten generations following intervention. We find little or no
impact of rescuer sex on the efficacy of rescue but show that a background
of elevated sexual selection makes individuals more effective rescuers. In
both experiments, rescue effects diminish 6-10 generations after the rescue.
Our results confirm that the efficacy of genetic rescue can be influenced by
characteristics of the rescuers and that the level of sexual selection in the
rescuing population is an important factor. We show that any increase in
fitness associated with rescue may last for a limited number of generations,
suggesting implications for conservation policy and practice.

1. Introduction

Populations worldwide increasingly face extinction after becoming fragmen-
ted by human activity [1]. Fragmentation reduces population size and
increases risk of genetic isolation, leading to increased impact of genetic drift
and loss of genetic variation. Consequentially, many small populations suffer
inbreeding depression (reduction in fitness when recessive, deleterious alleles
appear in homozygous form and/or the loss of heterozygote advantage) and
reduced adaptive potential [2,3]. Individuals within such populations are
also more prone to environmental stress, which can exacerbate inbreeding
depression [4-8]. The interaction between these factors can lead to population
or species extinction [9-11].

Genetic rescue, increasing population fitness through the introduction
of novel alleles beyond the demographic effects of immigration, is one
way to relieve inbreeding depression [12,13]. This requires the introduction
of rescuers (conspecific individuals from a different population), allowing
reproduction with the inbred population. The aim is to introduce new genetic

© 2025 The Author(s). Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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diversity, reducing homozygosity and the expression of deleterious alleles in offspring. Introducing genetic variation also -

increases adaptive potential, providing standing variation for selection to act on [14,15] and increasing the potential for
evolutionary rescue [16-18].

Genetic rescue has been studied in wild, captive and laboratory populations across many taxa (reviewed in [19-21]) and has
seen many successful implementations [22-27]. Reviews and meta-analyses support its utility as a conservation tool [19,20,28—
30]. Theoretical studies have modelled the outcome of genetic rescue in specific situations to assess the risks and benefits to
wild populations [30,31]. This allows for the exploration of the potential impact of different variables, such as inbreeding in
the rescuing population [32]. There is also a growing body of experimental research testing how factors, such as the sex or
degree of inbreeding in rescuers, and level of environmental stress, impact genetic rescue attempts [33-38]. However, failures
and negative effects have also been observed. For example, the Isle Royal wolf (Canis lupus) population collapsed following
(naturally occurring) genetic rescue [39], in the hihi (Notiomystis cincta) genetic rescue resulted in increased inbreeding 10 years
later [40]; and in the Macquarie perch (Macquaria australasica) little or no mixing occurred between the rescuers and inbred
population [41].

Despite the publication of guidelines as to when and where to attempt genetic rescue [19,42], there is still considerable
reluctance by conservation stakeholders to attempt rescue in wild populations [43]. This is, to some degree, understandable
due to potential risks such as outbreeding depression [44]. This loss of fitness due to the crossing of two genetically divergent
populations [45] is associated with the breakdown of locally adapted gene complexes [46]. An additional risk is genetic
swamping, the rescuing population replacing unique genetic variation in the rescued population [47]. Despite evidence to
suggest such risks may be overstated, and that mixing divergent populations can provide considerable benefits [48-50], these
risks highlight the importance of understanding what characterizes the most effective rescuer(s) [29]. Genetic structure of the
rescuing population is an essential consideration [32,51-53], as well as the number [54,55] and the sex of rescuers [34,56]. These
factors affect how much genetic diversity and load is introduced, how quickly it can introgress, and how long the rescue effect
will last.

A central criticism of many genetic rescue studies is the fact that the longevity of rescue effects is not captured, due to the
number of generations observed [44,57]. Laboratory studies on species with short generation times greatly facilitate our ability
to monitor outcomes over multiple generations. Consequently, we can better test if and how quickly genetic rescue occurs, how
long it lasts and whether there are any negative effects in the long term. In wild studies, where it is often extremely difficult
and/or expensive to follow the rescue long-term, populations are often only monitored over a few consecutive generations
[58,59] or sporadically over generations [22].

Sex of rescuing individuals may be a key factor in the efficacy of genetic rescue as females are typically more limited in the
number of offspring they can produce than males [60]. In many systems (i.e. promiscuous, polygynous, socially monogamous
with extra-pair paternity), this means a male rescuer should speed the impact of genetic rescue. A male should sire more
offspring carrying rescuing alleles and higher heterozygosity [60] than a female, meaning that this additive variation is quicker
to spread in the population. This effect has been shown in both guppies (Poecilia reticulata) [34] and African lions (Panthera leo)
[22,61]. In addition, purging of genetic load is more effective in males due to differences in gamete investment between the sexes
[62,63]. In a rescue scenario, an individual with less genetic load should be favoured under sexual selection and have greater
reproductive success.

Despite putative advantages of male rescue, female rescuers can be advantageous in other systems or scenarios. In the
Florida panther (Puma concolor couguar), females were used for rescue [64] as they were less likely to disperse or cause social
conflict [65]. Genetic load can also accumulate in mitochondrial DNA (mtDNA), which is commonly inherited through females
[66]. Thus, only female rescuers can introduce mtDNA variants to a population to reduce mtDNA genetic load [67]. However,
there is a risk of mitochondrial mismatch reducing offspring fitness [56]. Female rescuers may also introduce maternal effects,
the mother’s phenotype influencing that of the offspring [68], which may affect rescue efficiency.

Another key consideration related to both rescuer sex and the genetic structure of rescuing populations is the background
of sexual selection the rescuing population has experienced. Sexual selection can vary across populations [69] affecting patterns
of genetic variation [70], facilitating adaptation [71] and reducing inbreeding [72]. Stronger sexual selection has been shown to
improve population fitness [73] and can also reduce genetic load in a population [62]. Individuals from high sexual selection
populations should also be more competitive in securing mates, thus gaining greater reproductive success, and increasing the
speed at which genetic diversity introgresses during rescue if preferences for sexually selected traits are shared across the
populations. An increase in population fitness due to sexual selection has been observed in Tribolium castaneum; experimental
populations experiencing elevated sexual selection were shown to be less likely to go extinct under stressful conditions
than those that evolved under monogamy [74,75]. Although beneficial, sexual selection may also promote assortative mating
[76], and potentially reduce subsequent interbreeding between rescuers and rescued, thus hindering rescue attempts. To our
knowledge, no studies have tested if the effect of sexual selection background increases or decreases the efficacy of genetic
rescue.

Here, we use the T. castaneum model [77] to experimentally address key omissions in the understanding of genetic rescue
of inbred populations. T. castaneum has been utilized previously to study genetic rescue with one finding evidence of rescue
[37] and the other not observing a rescue effect [33]. First, we test if the sex of a rescuer has an impact on genetic rescue. We
predict that a male rescuer will result in a greater fitness increase in inbred populations due to the ability of males to produce
more offspring than females, allowing for faster introgression. Second, we test if rescuers evolved under different levels of
sexual selection differentially impact the outcome of genetic rescue. We predict that a rescuer from a strong sexual selection
background will be more effective, due to lowered genetic load. Importantly, we utilize the short generation time of T. castaneum
to follow the effects of genetic rescue over 10 generations, allowing observation of both the speed and longevity of rescue
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effects. Additionally, we replicate our experimental populations under nutrient stress. We predict that stress will exaggerate

the effects of inbreeding depression so that the magnitude of the rescue effect will be greater under stress than under benign
conditions.

2. Methods
(a) Husbandry

T. castaneum were kept in a controlled environment at 30°C and 60% humidity with a 12:12 light-dark cycle. Populations were
kept on standard fodder consisting of 90% organic white flour, 10% brewer’s yeast and a layer of oats for traction unless
otherwise stated. During the husbandry cycle, 2 mm and 850 pum sieves were used to remove pupae and adults from fodder.
The following cycle was started by a set number of adults (line dependent, see below) being placed into containers with fresh
standard fodder. The oviposition phase: populations were given 7 days to mate and lay eggs before adults were removed by
sieving to prevent overlapping generations. The fodder containing eggs was returned to the container. The development phase:
eggs were kept in the containers for 35 days to allow the eggs to develop into mature adults. Around day 21 of the development
phase, pupae were collected to obtain known-sex virgin individuals which were then used to start the next generation. The
pupae were kept as virgins in single-sex groups of 20 for 10 days to allow them to complete development. Once mature, the
cycle began again with those beetles going into fresh fodder to form a population of males and females.

(b) Tribolium castaneum lines

Krakow super strain (KSS) was created by mixing 14 laboratory strains to maximize genetic diversity in a single strain [78]. This
was used as the outbred treatment in the genetic rescue experiments.

Inbred lines were founded from KSS and inbred through three single-pair bottlenecks in the first, fifth and seventh genera-
tions. Between bottlenecks, the lines were maintained at a maximum population size of 100 randomly selected adults. Of the
initial 30 lines, 24 survived the inbreeding treatment and 12 lines were maintained and used for experiments.

Sexual selection lines: polyandrous and monogamous lines were created from the Georgia 1 stock [75,79]. Each polyandrous
line (n = 3) was maintained each generation in 12 groups each consisting of 5 males and one female. Following oviposition, the
eggs from all groups in a line are mixed to form one population from which the next generation’s groups will be sourced. For
each monogamous line (1 = 3), 20 separate mating pairs are bred. Following oviposition, the eggs from all pairs are mixed and
the next pairs are sourced from this population to maintain that line. The number of groups and pairs in each regime results in
a theoretical N, = 40 in each treatment [74]. These regimes had been maintained for 150 generations when rescuers were taken.
The polyandrous lines are hereafter referred to as sexual selection lines, and monogamous as no sexual selection.

(c) Genetic rescue protocol

Replicate experimental inbred populations were created from the inbred lines to serve as populations to be rescued. Pupae were
sexed and placed into plastic dishes with lids, containing 10 ml standard fodder in single-sex groups. 10 + 2 days after eclosion,
10 males and 10 females from a given line were placed in a 125 ml tub with 70 ml of standard fodder creating populations each
containing twenty adult beetles at a 1:1 sex ratio for the oviposition phase. On day 20 + 1 of the development phase, pupae were
again taken from the populations using the method outlined above to create the next non-overlapping generation.

Populations were maintained using 20 reproducing adults per generation, not allowing population growth. This allowed us
to maintain a roughly constant population density during offspring development across generations, avoiding the confounding
influence of negative density dependence on offspring production [80-82].

Each experimental population was randomly assigned an ID number, to avoid bias when handling. After being established
at the experimental size, the populations were maintained in experimental conditions for one generation to avoid transgenera-
tional density effects affecting the genetic rescue results [83]. The rescue treatments were applied in the second generation
under experimental conditions. In each population, a single beetle was replaced with a rescuer thus maintaining the 1:1 sex
ratio and population size, avoiding any increase in productivity due to a demographic rescue. Rescuers taken from their
source populations as pupae were age-matched as closely as possible to individuals in experimental populations. On day 37
of the development phase experimental populations were frozen at -6°C and mature offspring were counted as a measure of
productivity (our metric for population fitness). If a population was removed from the experiment because of slow development
(pupae were not available to establish the next generation), that population was analysed as part of all generations prior but
excluded henceforth.

(d) The sex of the rescuer in genetic rescue

Due to logistic issues with ventilation, 4 out of the 12 experimental inbred populations failed to produce offspring in generation
0. From each of the remaining eight inbred lines, three replicate populations were created and assigned to one of three
treatments; no rescue control (ten inbred line males, ten inbred line females); male rescue (nine inbred line males, one KSS
male, ten inbred line females); and female rescue (ten inbred line males, nine inbred line females, one KSS female; figure 1).
Populations were maintained for ten, non-overlapping generations.
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Figure 1. Experimental set-up of the creation and attempted genetic rescue of small, inbred T. castaneum populations (N, = 20) by a single male or female rescuer
from the outbred ancestral population. Three experimental populations were created from each of 8 inbred lines resulting in 24 experimental populations, every line
represented once in a treatment.

(e) Sexual selection and genetic rescue

We investigated the impact of a rescuer’s sexual selection history on the effectiveness of genetic rescue. From 12 inbred lines,
three replicate populations were created and assigned to one of three treatments; no rescue control (ten inbred line males, ten
inbred line females); sexual selection rescue (nine inbred line males, one polyandrous male and ten inbred line females); no
sexual selection rescue (nine inbred line males, one monogamous male, ten inbred line females; figure 2). A single polyandrous
and single monandrous line were used as the source for rescuers. Populations were maintained for nine generations.

(f) Stressful conditions

To test if genetic rescue makes populations more resilient to environmental change and/or stressful conditions, duplicate rescue
populations were established from each rescued line at generation five in the ‘sex’ experiment, and generation six in the ‘sexual
selection” experiment. This was done at these generations to allow time for the rescuer genome to introgress into the recipient
population before the environmental change. These populations were maintained as in the main experiments (until generation
ten and nine, respectively), but with a reduction in the yeast content of the fodder, which is the main source of protein for the
experimental populations. This reduction generates nutrient stress in T. castaneum [74]. In the “sex” experiment, fodder contained
0% yeast and 1% yeast in the “sexual selection” experiment (because of low survival with zero yeast).

(g) Statistical analyses

Statistical analyses were carried out in R v. 4.4.1 [84] utilizing R studio version 2024.04.2 + 764 [85]. Tidyverse [86], stats [84],
Rmisc [87] and googlesheets4 [88] were used for data management and exploration. Plots were created using ggplot2 [89].
The distribution of data was checked using the shapiro.test function [84]. Generalized linear mixed models (GLMMs) were
fitted to test for differences in productivity between the experimental treatments using glmmTMB [90]. Model fit was checked
using DHARMa [91]. Model parameters were checked for collinearity using variance inflation factor (Vif) scores with the
check_collinearity function from performance [92]. There were no issues with overdispersion or collinearity (VIF: < 3 for all
variables) in any models. R? was determined using the r.squaredGLMM function in MuMIn [93]. Post-hoc pairwise Tukey tests
were carried out using multcomp [94]. Ggeffects [95] package was used for model predictions.

Within each experiment, we fitted GLMMs with the same model structure, using a negative binomial distribution to model
productivity counts, which provided better model fit than a Poisson distribution. Productivity was the response variable, with
treatment, generation and generation® as fixed effects. Inbred line of origin and experimental population ID were included as
random effects, with ID nested within inbred line. Interaction terms (treatment x generation, treatment x generationz) were
initially included but removed from the model if not significant. The generation® factor was not significant in the models for
populations under stressful conditions and was therefore removed. When a quadratic effect of generation was detected in a
model, we plotted the model prediction to show the non-monotonic effect of generation on productivity and to identify the
generation at which the slope changed. Then, to test if there was both a significant increase and, importantly, a significant
decrease in productivity two separate GLMMs (with the same factors as previously) were run on the data split into generations
1-5 and 5-10 (either side of the peak). These GLMMs were fitted with treatment and generation as fixed effects, ID nested
within inbred line as a random effect. GLMMs were also fitted on generations 2 and 3 individually (electronic supplementary
material, tables S3 and S4) in the “sex” experiment, these single-generation models used a Poisson distribution, productivity as
a response variable and treatment as a fixed effect. Random effects were the same as above. This was to test at which point the
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Figure 2. Experimental procedure for the creation and attempted genetic rescue of small, inbred T. castaneum populations (N, = 20) by a single male rescuer from
either a sexual selection or no sexual selection line. Three experimental populations were created from each of 12 inbred lines resulting in 36 experimental populations,
every line represented once in a treatment.

rescue treatments resulted in a significant difference from the control, to see if there were differences in the speed of male or
female rescue.

3. Results

(a) The sex of the rescuer in genetic rescue

Twenty-four populations were initiated, but in generation 2 one population in the control inbred populations failed to pupate in
time for the next generation. Generations 0 and 1 for this population were included in the data set.

Male and female rescuer treatments both resulted in significantly higher productivity than the control (see table 1; figure
3). Generation? also had a significant negative effect. Interactions between rescuer sex treatment x generation (and generation?)
were not significant. In post-hoc tests, there was no significant difference across all generations between the male and female
rescue treatments (estimate = 0.015, s.e. = 0.040, z = 0.374, p = 0.926, 95% CI =-0.079, -0.109).

Post-hoc tests showed that by generation 2 the productivity of the male rescue lines was significantly higher than the control
lines (see figure 3; electronic supplementary material, table S3; estimate = 0.189, s.e. = 0.092, z = 2.060, p = 0.040, 95% CI = 0.009,
0.370), but the productivity of the female rescue lines was not (see figure 3; electronic supplementary material, table S3; estimate
=0.035, s.e. = 0.092, z = 0.370, p = 0.708, 95% CI = -0.146, 0.216). However, the productivity of male and female rescued lines in
that generation 2 was not significantly different (see figure 3; estimate = 0.155, s.e. = 0.088, z = 1.760, p = 0.183, 95% CI = -0.051,
0.361). There was no significant difference between the male and female rescued lines in any other single generation (see figure
3).

Plotting the model prediction shows that productivity increased until generation 5 then began to decline as expected by
the negative estimate (see table 1; electronic supplementary material, figure S3). When modelled separately post-hoc, over
generations 1-5 productivity increased significantly (see electronic supplementary material, table S1; estimate = 0.070, s.e. =
0.016, z = 4.450, p < 0.001, 95% CI = 0.039, 0.101), then over generations 5-10 productivity decreased significantly (see electronic
supplementary material, table S2; estimate = -0.058, s.e. = 0.014, z =-4.26, p < 0.001, 95% CI = -0.085, -0.031).

Under stress conditions (0% yeast in fodder) productivity greatly decreased (figure 3), and there were no significant
differences between the treatments. There was a significant linear effect of generation on productivity (see table 2).

(b) Sexual selection and genetic rescue

Thirty-six populations were initiated, but in both generations two and five one population in the control inbred populations
failed to pupate in time for the next generation. These populations were included in the analyses.

When introducing a rescuer from a sexual selection population productivity interacted with generation® (i.e. there was an
increase in productivity followed by a later decline). There was no evidence of an interaction between ‘no sexual selection’
rescue and generation’ (figure 4; table 3). There was no significant effect when the interaction was removed.

Under stress conditions, there were no significant differences between the treatments’ productivity, but productivity did
increase over generations (figure 4; table 4).

4. Discussion

We tested how the sex and sexual selection evolutionary history of a rescuing individual affects the duration of genetic rescue
using small, inbred populations of T. castaneum. Our results show that a male or a female rescuer was equally effective; both
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Figure 3. The effect of introducing a male or female rescuer on the mean productivity of small, inbred populations of T. castaneum (N = 20, n = 24/23) over
10 generations after an introduction event. A single male or female rescuer was used to replace one individual of the same sex (dashed vertical line) within the
populations of 10 females and 10 males. Populations were kept in either benign (solid line) or stressful (dashed line—starting only at generation 6) environmental
conditions (fodder with or without yeast, respectively). Under benign conditions, there was a significant increase in productivity for both male (blue), and female
(orange) rescue treatments compared to the control treatment (Black). There was also a quadratic interaction with generation (see table 1). Standard errors are shown.

Table 1. Factors impacting the productivity of small, inbred populations of T. castaneum (N, = 20, n = 24) receiving a single male or female genetic rescuer, or no
rescue, tested using a GLMM. Productivity was measured over 10 generations following the rescue event. Predictors in bold are significant (p < 0.05). Marginal R =
0.247, conditional R = 0.330. *One population was lost in generation 2, so there are 23 populations from generation 2 onwards.

predictor estimate s.e. Z p 95%(Cl

intercept 5.944 0.075 79.570 <2e-16 5.798,6.091
treatment (baseline = control)

female rescue 0.220 0.042 5.220 <0.001* 0.138,0.303
male rescue 0.235 0.042 5.590 <0.001* 0.153,0.318
generation 0.160 0.027 6.030 <0.001* 0.108, 0.212
generation’ -0.015 0.002 —6.580 <0.001* -0.020, —0.011
random 231 observations variance

ID:inbred line 24 populations* 7.056e—10

inbred line 8Lines 8.295e—03

improved productivity compared to the control, though there was some evidence that a male rescuer led to faster rescue.
In the second experiment, the introduction of a male from an elevated sexual selection background resulted in a significant
increase in productivity, while a male from a monogamous background did not. Importantly, in both experiments we observed
temporal effects; in the successful rescue treatments, productivity increases were observed in the initial generations after the
introduction of rescuers, before declining in later generations. When these experiments were replicated under severe nutrient
stress conditions we saw no significant effect of rescue on productivity.
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Figure 4. The effect of introducing a single male genetic rescuer from a sexual selection background or no sexual selection background on the productivity of small,
inbred T. castaneum populations (N, = 20, n = 36/34) over nine generations. Populations were in either a benign (solid line) or stressful (dashed line) environment.
The rescue was a single event (dashed vertical line) where the rescuer replaced a male in the inbred population. Compared to the control (black) there was a significant
increase in productivity in the sexual selection rescue treatment (orange), which had a quadratic interaction with generation but no significant effect of the no sexual

selection treatment (blue) (see table 3). Standard errors are shown.

Table 2. Factors impacting the productivity of small, inbred T. castaneum populations (N, = 20, n = 23) under nutrient stress that had either a male or female rescuer
from an outbred population introduced five generations prior, tested using a GLMM. Predictors in bold are significant (p < 0.05).

predictor estimate s.e. Z p 95%Cl
intercept 4.716 0.136 34.570 <2e-16 4.449,4.984
treatment (baseline = control)

female rescue 0221 0.117 189 0059 ~0.008, 0451
male rescue 0.113 0.118 1.040 0.300 —0.109, 0.354
generation 0.038 0.012 3.190 0.001* 0.015, 0.062
random 78 observations variance

ID:inbred line 23 populations 0.040

inbred line 8lines 0.021

Male rescuers have been suggested to enable faster/greater genetic rescue than females due to their higher reproductive
potential, as generating more offspring will spread introduced genetic diversity faster [34]. In our results, females are as
effective at rescuing the inbred populations as males. We did find some evidence that males may enable faster rescue of
productivity; with male rescue lines showing a significantly earlier increase in productivity compared to control lines (by
generation 2) than female (by generation 3) rescue lines (see figure 3 and electronic supplementary material, table S3). This did
not translate into a significant difference between the productivity of male and female rescue lines in generation 2. This result
contrasts with previous studies: in wild lions, males were more effective rescuers despite potential issues of social disruption
and infanticide [61] in guppies, faster population growth was observed following male rescue [34]. One aspect that may
explain these differences is the extreme disparity between the mating systems of target species, coupled with our experimental
approach. We used smaller populations (N, = 20) than in other studies of genetic rescue in T. castaneum [33,37,96], which may
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Table 3. Factors impacting the productivity of small, inbred populations (N, = 20, n = 36) of T. castaneum that received a single rescuer from either a sexual selection n

or no sexual selection background line population, tested using a GLMM. Predictors in bold are significant (p < 0.05). Marginal R* = 0.077, conditional R* = 0.512.
*One population was lost in generation 2 and one in generation 5.

predictor estimate s.e. z ] 95%Cl
intercept 6.482 0.068 94.800 <2e-16 6.348,6.616
treatment (baseline = control)

no sexual selection 0.063 0.090 0.700 0.486 —0.114,0.240
sexual selection —0.082 0.090 —0.920 0.360 —0.259, 0.094
generation —0.047 0.026 -1.760 0.078 —0.100, 0.005
generation? 0.004 0.003 1.560 0.120 —0.001,0.009
treatment x generation (Control)

no sexual selection X generation —-0.019 0.037 —0.500 0.614 —0.091, 0.054
sexual selection X generation 0.082 0.037 2.240 0.025* 0.010,0.154
treatment X generation? (control)

no sexual selection X generation’ 0.001 0.004 0.370 0.710 —0.006, 0.009
sexual selection x generation’ —0.008 0.004 -2.260 0.024* —-0.015, -0.001
random 311 observations variance

ID:inbred line 36* populations 0.013

inbred line 12 0.006

Table 4. Factors impacting the productivity of small, inbred populations (N, = 20, n = 34) of . castaneum under nutrient stress that had been rescued by either a
sexual selection or no sexual selection background male rescuer seven generations prior, tested using a GLMM. Predictors in bold are significant (p < 0.05).

predictor estimate s.e. z p 95%Cl
intercept 5.281 0.180 29.385 <2e-16 4.929,5.633
treatment (baseline = Control)

no sexual selection rescue —0.023 0.066 —0.352 0.725 —0.152,0.106
sexual selection rescue 0.048 0.065 0.741 0.459 —0.080,0.177
generation 0.079 0.021 3.731 <0.001* 0.038,0.120
random 102 observations variance

ID:inbred line 34 populations 0.013

inbred line 12 0.0m

have limited the advantage that male rescuers had over female rescuers. As female T. castaneum can mate with 4-6 males in
an hour [97], the 10 females available to a male in our populations over 7 days is far less than his mating potential, and thus
the impact of genetic rescue. More experimentation is needed, factoring in population size and testing species with different
variations in reproductive success between sexes.

T. castaneum is a promiscuous and highly fecund species [77] and our results are applicable to species with similar life history
strategies and mating systems. Females in this system may act as equivalent rescuers to males as there is evidence of inbreeding
avoidance in the female reproductive behaviour [98,99] meaning negative impacts of inbreeding [100,101] may be minimized.
However, T. castaneum females do not exhibit care for offspring [102], eliminating a potential advantage provided by a female
rescuer [103,104].

We predicted that rescuers drawn from populations with elevated sexual selection would be more fit (with less genetic
load) and more competitive, resulting in a more effective genetic rescue. Our results support this, rescuers with a high
sexual selection background improved productivity in the inbred populations, whereas rescuers from a no sexual selection
background did not. The lines from which our sexually selected rescuers were sourced have previously been shown to resist
extinction in the face of inbreeding, relative to lines with no history of sexual selection [74,75] suggesting that these lines have
a higher fitness due to sexual selection. Using males from these lines as rescuers may have increased productivity for several
reasons, including increased mating competitiveness and increased fitness in offspring with lower genetic load. Furthermore,
lower introduced genetic load should result in less re-emergent inbreeding depression in later generations in these small
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populations. However, the rescue may fail if populations have divergent traits or differences in trait preference. The rescuer, n

and their offspring, may be selected against due to differences in sexual selection, inhibiting introgression and thus reducing
any fitness benefits. Further work is needed to unravel these possibilities.

The effects of inbreeding depression on endangered populations are often exacerbated by exposure to environmental
stress [5,8]. However, when testing rescue treatments under stressful (nutrient) conditions we found no significant differences
between treatments in either sex or sexual selection experiments. This was unexpected as stress should magnify inbreeding
depression and disproportionally affect the productivity of populations that had not been rescued. This lack of effect may be
due to the harshness of the nutrient stress treatment we used, as this has been shown to greatly reduce female fecundity and
slow offspring development [105]. Nutrient stress could also increase cannibalism, which occurs in T. castaneum when food is
scarce [81]. This may have had more impact on rescued populations due to increased competition for resources when initial
productivity (eggs laid) is higher. However, stressful conditions do not always exaggerate inbreeding depression [5,106]. Our
finding that stress-repressed genetic rescue points to the importance of improving environmental conditions for species before
attempting to recover population numbers [44,107,108].

A regular criticism of genetic rescue studies is that they fail to monitor populations over sufficient timescales [57]. Our
study continued monitoring rescue outcomes over multiple (9-10) generations. We see genetic rescue effects begin in the second
generation after rescue. Rescue effects are not seen in the generation immediately following rescue, likely because, even in
a promiscuous population, it will take more than one generation for the variation from a single rescuer to introgress widely
into the population and influence overall productivity. In both experiments, the treatments that result in rescue have peak
productivity around generations 5 and 6. This suggests the beneficial introgression of the rescuer’s genetic diversity into the
population takes several generations, as seen in previous studies [37].

Importantly, we saw productivity benefits of rescue began to decline by the sixth generation in both experiments. Many
genetic rescue studies are relatively short-term projects relative to the generation time of the species involved [19]. Owing to the
short generation times of T. castaneum [77], we are the first to show that rescue effects may be short-lasting. This has important
implications for studies in wild systems, reinforcing suggestions that monitoring must continue in the long-term, but also that
single rescue introductions are potentially not sufficient to rescue populations. We suggest our findings are associated with
the resumption of inbreeding effects in later generations due to small population size (1 = 20). In other systems, increases in
population size resulting from genetic rescue may allow for the introduced genetic diversity to be maintained. If population
growth had been allowed, the decline in productivity seen in our experiment may not have occurred as it may have been
a product of the continued restricted small size of the populations, leading to the re-emergence of inbreeding depression.
However, it must be noted that in some cases endangered populations where genetic rescue may be attempted may also
be restricted to small sizes because of factors such as habitat restrictions, etc. [30]. This does not reduce the relevance to
conservation contexts, as similar effects have been seen in wild systems [39,109,110]. The genetic rescue of the Florida Panther
resulted in benefits for five generations after rescue [111], our results suggest that in the coming generations, these benefits may
start to decline.

In conclusion, we find that both male and female rescuers can be effective genetic rescuers. This is likely linked to the
dynamics of promiscuous mating systems such as that seen in T. castaneum but serves to highlight the importance of such
species-dependent traits when planning conservation interventions. Importantly, and for the first time, we show sexual selection
background affects the efficacy of genetic rescue. Given these results, we suggest that, where feasible, using a rescuer from a
high sexual selection background when attempting genetic rescue could be beneficial in conservation programs. Overall, our
results add important evidence to our understanding of the effectiveness of genetic rescue and support the argument that it
should be considered an important tool to conserve endangered populations.
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Appendix 2 - Supplementary material for Chapter Three

Supplementary Methods

The sample preparation and sequencing for this project was delivered by the Technical
Genomics Team at the Earlham Institute, Norwich, UK with a bespoke protocol using the
[lumina Tagment DNA TDE1 enzyme and buffer kit (Illumina 20034197/20034198).

Atotal of 1Tng of DNA was combined with 0.9ul of Tagment DNA buffer, 0.1pl Tagment enzyme
TDE1 and 2ul nuclease free water in a reaction volume of 5ul and incubated for 10 minutes at
55°C. Following the initial incubation, 5ul of custom barcoded P5 and P7 compatible primers
(2uM), 4pul 5x Kapa Robust 2G reaction buffer B, 0.4ul 10mM dNTPs, 0.1ul Kapa Robust 2G
enzyme (Sigma Aldrich: KK5005) and 5.5l water were mixed, giving a total PCR volume of 20pl.
The DNAwas enriched with 14 cycles of PCR (72 ° C for 3 minutes, 98°C for 3 minutes, 14 cycles
of: 95°C for 10 seconds, 62°C for 30 seconds, 72°C for 3 minutes, final hold at4 °C). Post PCR,
the DNA was cleaned up with 1.25x volume of KAPA Pure Beads from Roche (07983298001)
utilising the Tecan Fluent 780 liquid handling platform and final libraries were eluted in EB. The
size distribution of each library was determined using the Perkin Elmer GX Touch DNA High
Sensitivity assay (DNA High Sensitivity Reagent Kit CLS760672), and a smear analysis on a 450-
650bp size range was performed, to equimolar pool the libraries. The pool of libraries were
then subjected to size selection on a Blue Pippin 1.5% agarose cassette (R2 marker) from
SAGE Science (BDF1510) recovering library molecules between 450-650bp. The final pool was
quantified by g-PCR and sequenced on two lanes of a 300 cycle Illumina NovaSeq X Series 10B
Reagent Kit (Ilumina 20085594). For this run the library was diluted down to 0.75nM using EB
(10mM Tris pH8.0) in a volume of 40ul before spiking in 1% Illumina phiX Control v3. This was
denatured by adding 10ul 0.2N NaOH and incubating at room temperature for 5 mins, after
which it was neutralised by adding 150ul of Illumina’s preload buffer, 160ul of this was loaded
onto the sequencing cartridge. The flow cell, sequencing cartridge, and buffer cartridge were
then loaded onto the NovaSeq X Plus for sequencing. The NovaSeq X Plus had control software
version 1.1.0.18335 and was set up to sequence 150bp PE reads. The data was demultiplexed

and converted to fastq using bcl2fastg2.
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Supplementary Tables

Table S2.1: The average productivity of No Rescue treatments descended from each of
the 12 inbred stock populations from two previous experiments. This productivity measure
was used to select the high and low productivity inbred lines. N varies due to different numbers

of generations and replicates in the experiments for each population.

Inbred Stock N Productivity | SD SE Cl

Iso 12 9 784.222 69.819 23.273 53.668
Iso 23 4 656.500 66.736 33.368 106.192
Iso 14 15 651.800 147.753 38.150 81.823
Iso 15 15 643.533 137.925 35.612 76.381
Iso 1 7 621.857 124.596 47.093 115.232
Iso 8 15 604.800 89.973 23.231 49.825
Iso5 9 572.111 88.632 29.544 68.128
Iso 16 15 553.733 103.138 26.630 57.116
Iso 3 9 539.444 105.156 35.052 80.830
Iso 21 11 478.727 127.042 38.305 85.348
Iso 20 15 440.000 78.258 20.206 43.338
Iso 13 15 419.267 82.213 21.227 45,528

Table S2.2: The DNA concentrations for each individual sample following DNA extraction

and bead clean up. Samples were quantified using Qubit fluorometer.

Sample ID ID Population | Stock Treatment Clean Up
(ng/ulL)

R1 01_C_01 Rescue Iso 21 Control 21
R2 01_C_02 Rescue Iso 21 Control 24.8
R3 02_H_01 Rescue Iso 1 High 24.4
R4 02_H_02 Rescue Iso 1 High 23
R5 02_H_03 Rescue Iso 1 High 22
R6 03_0_01 Rescue Iso 21 Outbred 26.8
R7 03_0_02 Rescue Iso 21 Outbred 26.4
R8 03_0_03 Rescue Iso 21 Outbred 22.2
R9 04_0_01 Rescue Iso 12 Outbred 28.8
R10 04_0_02 Rescue Iso 12 Outbred 31
R11 04_0_03 Rescue Iso 12 Outbred 30.8
R12 05_0_01 Rescue Iso1 Outbred 29.6
R13 05_0_02 Rescue Iso1 Outbred 25.2
R14 05_0_083 Rescue Iso1 Outbred 19
R15 06_0_01 Rescue Iso 8 Outbred 18.5
R16 06_0_02 Rescue Iso 8 Outbred 24
R17 06_0_03 Rescue Iso 8 Outbred 22.4
R18 07_L_01 Rescue Iso 15 Low 15.1
R19 07_L_02 Rescue Iso 15 Low 33.8

118



R20 07_L_03 Rescue Iso 15 Low 21

R21 08_H_01 Rescue Iso 13 High 24.6
R22 08_H_02 Rescue Iso 13 High 17.3
R23 08_H_03 Rescue Iso 13 High 27

R24 09_H_01 Rescue Iso5 High 17.1
R25 09_H_02 Rescue Iso5 High 27.8
R26 09_H_03 Rescue Iso5 High 23.6
R27 10_0_01 Rescue Iso 3 Outbred 10.5
R28 10_0_02 Rescue Iso 3 Outbred 21.6
R29 10_0_03 Rescue Iso 3 Outbred 24.6
R30 11_H_01 Rescue Iso 23 High 27.2
R31 11_H_02 Rescue Iso 23 High 39

R32 11_H_03 Rescue Iso 23 High 36.8
R33 12_L_01 Rescue Iso 1 Low 16.4
R34 12_L 02 Rescue Iso 1 Low 8.86
R35 12_L 03 Rescue Iso 1 Low 12.7
R36 13_0_01 Rescue Iso5 Outbred 18.6
R37 13_0_02 Rescue Iso5 Outbred 16.5
R38 13_0_03 Rescue Iso5 Outbred 8.72
R39 14_0_01 Rescue Iso 14 Outbred 35.4
R40 14_0_02 Rescue Iso 14 Outbred 20.6
R41 14_0_03 Rescue Iso 14 Outbred 13.7
R42 15_C_01 Rescue Iso 13 Control 24

R43 15_C_02 Rescue Iso 13 Control 26

R44 16_C_01 Rescue Iso1 Control 32.6
R45 16_C_02 Rescue Iso1 Control 16.4
R46 17_L_01 Rescue Iso 21 Low 29.6
R47 17_L_02 Rescue Iso 21 Low 30.8
R48 17_L_03 Rescue Iso 21 Low 27

R49 18_C_01 Rescue Iso 3 Control 32.4
R50 18_C_02 Rescue Iso 3 Control 26.2
R51 19 L 01 Rescue Iso 3 Low 38.8
R52 19_L 02 Rescue Iso 3 Low 21.8
R53 19_L 03 Rescue Iso 3 Low 17.8
R54 20_L_01 Rescue Iso 20 Low 33

R55 20_L_02 Rescue Iso 20 Low 38.2
R56 20_L_03 Rescue Iso 20 Low 26.4
R57 21_H_01 Rescue Iso 20 High 53.2
R58 21_H_02 Rescue Iso 20 High 32

R59 21_H_03 Rescue Iso 20 High 17.4
R60 22 1 01 Rescue Iso 13 Low 36.6
R61 22 1 02 Rescue Iso 13 Low 23.4
R62 221 03 Rescue Iso 13 Low 27.8
R63 23_C_01 Rescue Iso5 Control 24.2
R64 23 _C_02 Rescue Iso5 Control 24.6
R65 24 C_01 Rescue Iso 20 Control 28.6
R66 24 C_02 Rescue Iso 20 Control 20.2
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R67 25_H_01 Rescue Iso 12 High 34.2
R68 25_H_02 Rescue Iso 12 High 26

R69 25_H_03 Rescue Iso 12 High 26.8
R70 26_C_01 Rescue Iso 16 Control 26.6
R71 26_C_02 Rescue Iso 16 Control 24.8
R72 27_C_01 Rescue Iso 15 Control 22.6
R73 27_C_02 Rescue Iso 15 Control 32.6
R74 28_L_01 Rescue Iso 23 Low 14.4
R75 28_L_02 Rescue Iso 23 Low 32.8
R76 28_L_03 Rescue Iso 23 Low 24.8
R77 29_H_01 Rescue Iso 8 High 29.2
R78 29_H_02 Rescue Iso 8 High 22.4
R79 29_H_03 Rescue Iso 8 High 33

R80 30_L_01 Rescue Iso 8 Low 37.4
R81 30_L_02 Rescue Iso 8 Low 27

R82 30_L_03 Rescue Iso 8 Low 31.6
R83 31_H_01 Rescue Iso 15 High 20.4
R84 31_H_02 Rescue Iso 15 High 20.2
R85 31_H_03 Rescue Iso 15 High 23.6
R86 32_0_01 Rescue Iso 16 Outbred 22.8
R87 32_0_02 Rescue Iso 16 Outbred 36.4
R88 32_0_03 Rescue Iso 16 Outbred 20.4
R89 33_L_01 Rescue Iso 12 Low 18.2
R90 33_L_02 Rescue Iso 12 Low 18.5
R91 33_L_03 Rescue Iso 12 Low 12.7
R92 34_C_01 Rescue Iso 8 Control 15.7
R93 34_C_02 Rescue Iso 8 Control 26.2
R94 35_H_01 Rescue Iso 21 High 19.3
R95 35_H_02 Rescue Iso 21 High 21.4
R96 35_H_03 Rescue Iso 21 High 19.6
R97 36_0_01 Rescue Iso 23 Outbred 22.8
R98 36_0_02 Rescue Iso 23 Outbred 25.8
R99 36_0_03 Rescue Iso 23 Outbred 21.8
R100 37_0_01 Rescue Iso 13 Outbred 23.4
R101 37_0_02 Rescue Iso 13 Outbred 23

R102 37_0_03 Rescue Iso 13 Outbred 21.4
R103 38_L_01 Rescue Iso5 Low 14.9
R104 38_L_02 Rescue Iso5 Low 20.6
R105 38_L_03 Rescue Iso5 Low 19.2
R106 39_C_01 Rescue Iso 23 Control 24.4
R107 39_C_02 Rescue Iso 23 Control 19.2
R108 40_L_01 Rescue Iso 14 Low 16.8
R109 40_L_02 Rescue Iso 14 Low 17.3
R110 40_L_03 Rescue Iso 14 Low 14.2
R111 41_H_01 Rescue Iso 14 High 15.5
R112 41_H_02 Rescue Iso 14 High 15.7
R113 41_H_03 Rescue Iso 14 High 14.9
R114 42 1 01 Rescue Iso 16 Low 254
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R115 42 _L_02 Rescue Iso 16 Low 21

R116 42 _L_03 Rescue Iso 16 Low 31.8
R117 43_H_01 Rescue Iso 3 High 25.8
R118 43_H_02 Rescue Iso 3 High 19.3
R119 43_H_03 Rescue Iso 3 High 23.2
R120 44_0_01 Rescue Iso 20 Outbred 23.4
R121 44_0_02 Rescue Iso 20 Outbred 23.2
R122 44_0_03 Rescue Iso 20 Outbred 22.8
R123 45_H_01 Rescue Iso 16 High 23.2
R124 45_H_02 Rescue Iso 16 High 26

R125 45_H_03 Rescue Iso 16 High 23.8
R126 46_C_01 Rescue Iso 12 Control 17.1
R127 46_C_02 Rescue Iso 12 Control 18.6
R128 47_0_01 Rescue Iso 15 Outbred 30.4
R129 47_0_02 Rescue Iso 15 Outbred 16.2
R130 47_0_03 Rescue Iso 15 Outbred 15.4
R131 48_C_01 Rescue Iso 14 Control 14.4
R132 48_C_02 Rescue Iso 14 Control 16.8
1 01_1SO_01 Isoline Iso 1 Isoline 13.5
12 01_1SO_02 Isoline Iso 1 Isoline 13.8
13 03_1SO_01 Isoline Iso 3 Isoline 17.7
14 03_1S0O_02 Isoline Iso 3 Isoline 16.2
15 05_1SO_01 Isoline Iso5 Isoline 12.6
16 05_1SO_02 Isoline Iso5 Isoline 20.6
17 08_1SO_01 Isoline Iso 8 Isoline 32.6
18 08_1SO_02 Isoline Iso 8 Isoline 26

19 12_I1SO_01 Isoline Iso 12 Isoline 15.3
110 12_1SO_02 Isoline Iso 12 Isoline 14.9
111 12_1SO_03 Isoline Iso 12 Isoline 17.6
112 13_ISO_01 Isoline Iso 13 Isoline 22.2
113 13_ISO_02 Isoline Iso 13 Isoline 29.4
114 13_ISO_03 Isoline Iso 13 Isoline 17.2
115 14_I1SO_01 Isoline Iso 14 Isoline 17.8
116 14_1SO_02 Isoline Iso 14 Isoline 17.5
17 14_1SO_03 Isoline Iso 14 Isoline 19.4
118 15_ISO_01 Isoline Iso 15 Isoline 23.8
119 15_I1SO_02 Isoline Iso 15 Isoline 29

120 16_ISO_01 Isoline Iso 16 Isoline 30

121 16_ISO_02 Isoline Iso 16 Isoline 23.2
122 20_1SO_01 Isoline Iso 20 Isoline 21

123 20_1S0O_02 Isoline Iso 20 Isoline 18

124 20_1S0O_03 Isoline Iso 20 Isoline 21.4
125 21_1SO_01 Isoline Iso 21 Isoline 22.4
126 21_1SO_02 Isoline Iso 21 Isoline 25.6
127 21_1SO_03 Isoline Iso 21 Isoline 19.7
128 23_1SO_01 Isoline Iso 23 Isoline 33

129 23_1S0O_02 Isoline Iso 23 Isoline 23.8
130 23_1S0O_03 Isoline Iso 23 Isoline 21.2
K1 KSS-1 KSS KSS KSS 47.4
K2 KSS-2 KSS KSS KSS 36.6
K3 KSS-3 KSS KSS KSS 42.8
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K4 KSS-4 KSS KSS KSS 21
K5 KSS-5 KSS KSS KSS 28.6
K6 KSS-6 KSS KSS KSS 11.6

Table S2.3: A GLMM of factors impacting the productivity of small, inbred, T. castaneum

populations (Population size = 20, Populations = 48) receiving either an Outbred Rescue,

High Rescue, Low Rescue or No Rescue. Productivity was measured over nine generations

following the rescue event. Predictors in bold are significant (P < 0.05).

Predictor Estimate ‘ SE ‘ z ‘ P
Intercept 6.358 0.049 129.88 <2e-16
Treatment (No Rescue)

High Rescue 0.012 0.046 0.27 0.788

Low Rescue -0.045 0.046 -0.96 0.337

Outbred Rescue 0.085 0.043 1.88 0.060
Generation 0.051 0.011 4.46 <0.001
Generation? -0.006 0.001 -5.50 <0.001
Treatment*Generation (No Rescue*Generation)
High Rescue*Generation 0.020 0.007 2.89 0.004
Low Rescue*Generation 0.014 0.007 2.07 0.039
Outbred Rescue*Generation 0.016 0.007 2.34 0.020
Random 432 Observations Variance
ID:Inbred stocks 48 Populations 0.004
Inbred stocks 12 stocks 0.012

Table S2.4: A GLMM of factors impacting the productivity of small, inbred, T. castaneum

populations (Population size = 20, Populations = 48) receiving a rescue by either an

outbred male rescuer, inbred male rescuer or No Rescue under nutrient stress.

Productivity was measured over nine generations following the rescue event. Predictors in

bold are significant (P < 0.05).

Predictor ‘ Estimate ‘ SE ‘ z P
Intercept 18.915 0.550 34.42 <2e-16
Treatment (No Rescue)
High Rescue 0.016 0.051 0.32 0.750
Low Rescue 0.026 0.051 0.51 0.611
Outbred Rescue 0.085 0.051 1.67 0.096
Generation -3.181 0.138 -23.06 <0.001
Generation? 0.195 0.009 22.57 <0.001
Random 144 observations Variance
ID:Inbred stocks 48 populations 0.015
Inbred stocks 12 stocks 0.031
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Table S2.5: A pairwise comparison of inbreeding coefficient of small, inbred, T.
castaneum populations (Population size = 20, Population = 48) receiving either Outbred
Rescue, High Rescue, Low Rescue or No Rescue. From the 4" generation after rescue.

Predictors in bold are significant (P < 0.05).

Pair ‘ Estimate SE t P

No Rescue - Low Rescue 0.025 0.023 1.062 0.894
No Rescue - High Rescue 0.060 0.023 2.586 0.118
No Rescue - Outbred Rescue 0.136 0.027 5.072 <0.001
Low Rescue - High Rescue 0.035 0.023 1.503 0.664
Low Rescue - Outbred Rescue 0.111 0.027 4.118 0.002
High rescue — Outbred Rescue 0.076 0.027 2.830 0.068

Table S2.6: A pairwise comparison of the total length of genome in ROH (> 200kbs) of
small, inbred, T. castaneum populations (Population size = 20, Population = 48) receiving
either Outbred Rescue, High Rescue, Low Rescue or No Rescue. From the 4" generation

after rescue. Predictors in bold are significant (P < 0.05).

Pair ‘ Estimate ‘ SE t P

No Rescue - Low Rescue 398 1090 0.367 0.999
No Rescue - High Rescue 944 1090 0.867 0.953
No Rescue - Outbred Rescue 3884 1090 3.565 0.009
Low Rescue - High Rescue 546 1040 0.523 0.995
Low Rescue - Outbred Rescue 3486 1040 3.345 0.018
High rescue — Outbred Rescue 2940 1050 2.803 0.073

Table S2.7: A pairwise comparison of the number of deleterious SNPs of small, inbred, T.
castaneum populations (Population size = 20, Population = 48) receiving either Outbred
Rescue, High Rescue, Low Rescue or No Rescue. From the 4™ generation after rescue.

Predictors in bold are significant (P < 0.05).

Pair ‘ Estimate SE z P

No Rescue - Low Rescue -0.011 0.013 -0.883 0.951
No Rescue - High Rescue -0.024 0.013 -1.886 0.411
No Rescue - Outbred Rescue -0.069 0.013 -5.311 <0.001
Low Rescue - High Rescue -0.013 0.013 -1.041 0.904
Low Rescue - Outbred Rescue -0.057 0.012 -4.600 <0.001
High rescue — Outbred Rescue -0.044 0.013 -3.536 0.005
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Table S2.8: A pairwise comparison of the proportion of homozygous deleterious SNPs of
small, inbred, T. castaneum populations (Population size = 20, Population = 48) receiving
either Outbred Rescue, High Rescue, Low Rescue or No Rescue. From the 4™ generation

after rescue. Predictors in bold are significant (P < 0.05).

Pair ‘ Estimate ‘ SE Z P

No Rescue - Low Rescue 0.067 0.063 1.057 0.898
No Rescue - High Rescue 0.143 0.064 2.253 0.214
No Rescue - Outbred Rescue 0.382 0.064 5.862 <0.001
Low Rescue - High Rescue 0.076 0.061 1.244 0.815
Low Rescue - Outbred Rescue 0.306 0.061 5.005 <0.001
High rescue — Outbred Rescue 0.229 0.061 3.738 0.003
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Figure S2.1: A PCA plot based on genome-wide SNPs within populations of T. castaneum
in the genetic rescue experiment, stock inbred lines, and the stock outbred line. Each
point represents an individual beetle. The inner colour of the circle and the ellipses represent
the line it originated from; the outer colour of a circle is the line that rescued it (Solid colour
means the line was not rescued or was a stock population) and the shape represents the run
it was sequenced on. The central pink cluster represents the ancestral, outbred, stock
population KSS, the surrounding clusters are the 12 inbred lines used to create the inbred
populations that were rescued. Rescuers were sourced from the outbred or inbred stock

populations.
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