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1  |  INTRODUC TION

Classically, gene flow or the interbreeding of individuals from geneti-
cally distinct taxonomic units is often expected to result in outbreed-
ing depression (Abbott et al., 2013; Barton, 2013; Mallet, 2007), 
with sustained exchange of genetic material eventually leading to 
the loss of either one (i.e. loss of taxa) or both (i.e. formation of a 

hybrid swarm) interacting species (Kearns et al., 2018; Seehausen 
et al., 2008). However, secondary contact between taxa can also 
lead to the formation and maintenance of hybrid zones, which can 
cause reproductive reinforcement, and perhaps eventual completion 
of the speciation process (Abbott et al., 2013; Grant & Grant, 1992; 
López-Caamal & Tovar-Sánchez, 2014; Rhymer, 2006; Todesco 
et al., 2016). While gene flow is now recognized as an important 
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Abstract
Anthropogenic hybridization, or higher and non-natural rates of gene flow directly 
and indirectly induced by human activities, is considered a significant threat to bio-
diversity. The primary concern for conservation is the potential for genomic extinc-
tion and loss of adaptiveness for native species due to the extensive introgression of 
non-native genes. To alleviate or reverse trends for such scenarios requires the direct 
integration	 of	 genomic	 data	within	 a	model	 framework	 for	 effective	management.	
Towards	this	end,	we	developed	the	simRestore	R	program	as	a	decision-making	tool	
that integrates ecological and genomic information to simulate ancestry outcomes 
from	optimized	conservation	strategies.	In	short,	the	program	optimizes	supplemen-
tation and removal strategies across generations until a set native genetic threshold is 
reached	within	the	studied	population.	Importantly,	in	addition	to	helping	with	initial	
decision-making,	simulations	can	be	updated	with	the	outcomes	of	ongoing	efforts,	
allowing for the adaptive management of populations. After demonstrating function-
ality, we apply and optimize among actionable management strategies for the en-
dangered	Hawaiian	duck	for	which	the	current	primary	threat	 is	genetic	extinction	
through ongoing anthropogenic hybridization with feral mallards. Simulations demon-
strate that supplemental and removal efforts can be strategically tailored to move the 
genetic	ancestry	of	Hawaii's	hybrid	populations	towards	Hawaiian	duck	without	the	
need to completely start over. Further, we discuss ecological parameter sensitivity, 
including which factors are most important to ensure genetic outcomes (i.e. number 
of offspring). Finally, to facilitate use, the program is also available online as a Shiny 
Web application.
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natural phenomenon in the evolutionary history of many animal 
species, human activities have dramatically increased the rates of 
hybridization worldwide (Allendorf et al., 2001; Mallet, 2005; Nolte 
& Tautz, 2010). Specifically, direct and indirect human activities (e.g. 
increased urbanization, augmenting wild lands and the intentional 
and unintentional release of invasive and often domestic species) 
are leading to unnaturally high rates of secondary contact among 
historically allopatric species (Crispo et al., 2011; McFarlane & 
Pemberton, 2019). Such anthropogenic hybridization has become a 
focal cause of concern for the conservation of many species (Crispo 
et al., 2011;	Lavretsky	et	al.,	2023; Leitwein et al., 2018; McFarlane 
& Pemberton, 2019; Wells et al., 2019). Among activities that result 
in such human-mediated gene flow is the common practice of using 
captive-reared	populations	for	conservation	or	restocking	purposes	
in forestry, fisheries and game management (Brennan et al., 2014; 
Söderquist et al., 2017). However, the selective pressures on wild (i.e. 
natural selection) versus domestic (i.e. artificial selection) individu-
als often results in contrasting trait selection, with those specific to 
human-modified environments often being maladaptive in the wild 
(Christie et al., 2012; Crispo et al., 2011). Thus, the interbreeding 
between domestic and wild counterparts has frequently been found 
to lead to outbreeding depression or reduced local adaptation in the 
wild (Crispo et al., 2011).	 Increasing	 incidence	of	such	 interactions	
has brought understanding the impacts of anthropogenic hybrid-
ization on wild populations to the forefront of conservation science 
(Hirashiki	et	al.,	2021).

Gene flow is both perceived as a problem and heralded as a 
potential solution, depending on the taxonomic organism of inter-
est within conservation science (Flanagan et al., 2018).	On	the	one	
hand, a species under threat of genetic extinction can require man-
agement involving the removal of the invading species, translocation 
of the threatened population, or habitat improvement (Rieseberg 
& Gerber, 1995; Wolf et al., 2001). Conversely, gene flow has been 
used to a limited extent as a conservation strategy to rescue the 
viability	(i.e.	improve	the	fitness)	of	small,	inbred	populations,	known	
as	 ‘genetic	rescue’	 (Frankham,	2015;	Hedrick	&	Fredrickson,	2010; 
Miller et al., 2012; Todesco et al., 2016). Traditional methods for 
evaluating these conservation actions have been based on in-
creases in positive (e.g. population size, reproductive success and 
survival rates) and decreases in negative (e.g. deleterious traits and 
mortality rate) ecological factors of the species to be conserved 
(Frankham,	2015;	Hedrick	&	Fredrickson,	2010; Miller et al., 2012). 
Advances in next-generation DNA sequencing technologies along 
with novel analytical methods have been useful to provide genetic 
information, such as rates of hybridization, to complement conser-
vation plans (Anderson & Thompson, 2002; Flanagan et al., 2018; 
Hohenlohe et al., 2021;	van	Wyk	et	al.,	2017). However, integrating 
genomic data into conservation management requires significant ge-
netic	knowledge	and	bioinformatics	expertise,	which	is	often	lacking	
(Flanagan et al., 2018; Hoban et al., 2013; Hohenlohe et al., 2021).

To	 reach	 policymakers	 and	 managers,	 the	 development	 of	
more user-friendly programs and clear guidelines for applying ge-
netic information to wildlife biology and management is needed. 

In	 particular,	 methodologies	 in	 which	molecular	 and/or	 ecological	
data can be annually updated would provide a means for adaptive 
management planning. Towards this end, we developed simRestore, 
a	decision-making	R-based	program	that	simulates	the	time	(in	gen-
erations) until a population may attain genetic native status under 
differing	management	strategies.	The	program	makes	use	of	back-
crossing and admixture as a mechanism to establish genetic integ-
rity	(Lavretsky	et	al.,	2016, 2019),	and	provides	users	a	framework	
to incorporate management actions (e.g. augmenting and removal 
efforts) in combination with ecologically informative variables (e.g. 
survival rate) and genetic information (e.g. ancestry assignment) to 
simulate the expected time in generations to achieve the native sta-
tus of the threatened species. Thus, the program consists of two 
intertwined models covering ecological and genetic data (Table 1). 
Importantly,	 as	 most	 conservation	 programs	 are	 resource-limited,	
the program is also designed to simulate under those limitations, in-
cluding the total number of individuals that can be released and/or 
removed, as well as any temporal restrains for project completion. 
Finally,	in	addition	to	helping	with	initial	decision	making,	simulations	
can be updated with the outcomes of ongoing efforts, allowing for 
the adaptive management of populations. Here, we demonstrate 
software functionality, as well as its utility through optimization of 
actionable management strategies for the endangered Hawaiian 
duck	(Anas wyvilliana) for which the current primary threat is genetic 
extinction through ongoing anthropogenic hybridization with feral 
mallards (Anas platyrhynchos) (USFWS, 2012; Wells et al., 2019).

1.1  |  Study system

Once	found	across	the	main	Hawaiian	Islands,	Hawaiian	ducks	once	
again	only	reside	on	the	Island	of	Kauai	(Wells	et	al.,	2019). Although 
habitat loss and overhunting were in part responsible for their de-
cline (Engilis & Pratt, 1993), it is the establishment of feral mallard 
populations that appear to be the proximate cause of conservation 
concern today (Engilis Jr. et al., 2020, see also Wells et al., 2019). 
Although captive-rearing programs and reintroductions were at-
tempted from the1960s to the 1980s (Browne et al., 1993; Engilis 
& Pratt, 1993), these efforts ultimately failed due to not handling 
the burgeoning feral mallard populations that eventually interbred 
with	translocated	Hawaiian	ducks	 to	 form	feral	mallard × Hawaiian	
duck	hybrid	populations	across	Islands	(Wells	et	al.,	2019). Although 
the	 conservation	 of	 the	 Hawaiian	 duck	 could	move	 forward	with	
restarting	 all	 populations	 from	 Kauai	 stock	 after	 the	 extirpation	
of	 existing	 feral	mallard × Hawaiian	 duck	 hybrids,	 such	 efforts	 are	
often not financially sustainable but also are complicated by human 
dimensions (Stronen & Paquet, 2013).	Instead,	there	is	potential	to	
maximize	management	strategies	by	varying	restocking	and	partial	
removal efforts optimized for each wetland's characteristics. Given 
that	sequential	backcrossing	into	the	same	gene	pool	has	the	poten-
tial	to	re-establish	the	genetic	signature	of	the	backcrossed	paren-
tal	population	within	only	a	few	generations	(Lavretsky	et	al.,	2016, 
2019), the genetics of a hybrid population can thus be artificially 
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    |  3 of 15HERNÁNDEZ et al.

TA B L E  1 Overview	of	available	parameters	available	in	the	simRestore	R	package	as	well	as	their	range	of	values	to	modify	depending	the	
studies species.

Function Function description Range of values
Hawaiian duck simulation input 
values

Morgan Size of the chromosome in Morgan 0+ 1	(Lavretsky	et	al.,	2019)

K Carrying capacity 1+ 400 (Robinson et al., 2017)

Reproductive success 
rate

Frequency of females that yield offspring at the 
end of the breeding season (e.g. a fraction of 
1 – reproduction_success_rate of females). This 
is	a	joint	effect	of	breeding	females	getting	killed	
(see female_death_rate) and other sources of 
failure	to	complete	a	clutch.	Other	sources	of	
failure are calculated from nest_success_rate and 
female_death_rate, such that reproduction failure 
rate = 1 − reproduction_success_rate/(1 – female	
breeding	risk)

From 0 to 1 0.387	(Malachowski	&	Dugger,	2018)

Reproductive	risk Additional death rate of females or males because of 
breeding (e.g. as a result of protecting the offspring 
against predators). Provide as a vector where the 
first	index	indicates	the	risk	for	females,	the	second	
the	risk	for	males

From 0 to 1 0.2	for	females	(Malachowski	
(personal communication, 
November 2020))

Mean number of 
offspring

Mean number of offspring per female 1+ 6	(Malachowski	&	Dugger,	2018)

Sd offspring size Standard deviation of number of offspring per female 
(assuming the number of offspring is always 0 or 
larger)

1+ 1	(Malachowski	&	Dugger,	2018)

Extra pair copulation Probability per offspring to be the result of extra pair 
copulation

From 0 to 1 0

Maximum age Organisms	maximum	age	(Default	6) 0+ 6	(Malachowski	(personal	
communication, November 2020))

Smin Minimum survival rate 0+ 0.5 (Robinson et al., 2017)

Smax Maximum survival rate 0+ 0.9 (Robinson et al., 2017)

b Steepness of the survival rate From	−3	to	0 −2	(Robinson	et	al.,	2017)

p Density at which the survival rate changes most relative From 0 to 2 0.5 (Robinson et al., 2017)

Number of 
generations

Number of generations to simulate From 2 to 100 20

Target frequency Target ancestry From 0 to 1 0.99

Optimize	
supplementation

When set to 0, FALSE or a negative number, it will 
not be optimized. When negative, the absolute 
value	will	be	taken	as	a	fixed	contribution	to	each	
generation (but will not be optimized)

User preference TRUE

Optimize	REMOVAL When set to 0, FALSE or a negative number, it will 
not be optimized. When negative, the absolute 
value	will	be	taken	as	a	fixed	contribution	to	each	
generation (but will not be optimized)

User preference TRUE

Number of replicates Number of replicates (bootstraps) From 0 to 10 100

Verbose provides verbose output if TRUE User preference User preference

Initial	population	size Starting Population size From 0 to 1000 100

Starting frequency Initial	focal	population	ancestry	frequency	in	the	
population

From 0 to 1 Wetland specific (Table S1)

(Continues)
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Function Function description Range of values
Hawaiian duck simulation input 
values

Genetic model The model can either use a simplified model (‘point’) 
of underlying genetics, which speeds up simulation 
considerably, but underestimates genetic variation. 
Alternatively, a more detailed genetic model is 
available,	making	use	of	the	theory	of	junctions,	this	
can be accessed using the option ‘junctions’. Default 
is ‘simplified’

• Point
• Junctions

Junctions

Ancestry put Average ancestry of individuals being used for 
supplementation.	If	the	target	is	high	focal	ancestry	
(e.g. aiming for focal ancestry of 1.0), ancestry put 
should reflect this and be set to 1.0 (which is the 
default value). When supplementing with non-native 
individuals, this value can consequently be lowered

From 0 to 1 1

Ancestry pull Maximum ancestry of individuals used for pulling From 0 to 1 1

Sex ratio put The sex ratio of individuals that are added (if any) to 
the population. Sex ratio is expressed as males/
(males + females),	such	that	0.5	indicates	an	even	
sex ratio, 0.9 indicates a male biased sex ratio and 
0.1 indicates a female biased sex ratio

From 0 to 1 0.5

Sex ratio pull The sex ratio of individuals that are removed (if any) 
from the population. The sex ratio is expressed as 
males/(males + females),	such	that	0.5	indicates	an	
even sex ratio, 0.9 indicates a male biased sex ratio 
and 0.1 indicates a female biased sex ratio

From 0 to 1 0.5

Sex ratio offspring Sex ratio of newly born offspring. The sex ratio is 
expressed	as	males/(males + females),	such	that	
0.5 indicates an even sex ratio, 0.9 indicates a male 
biased sex ratio and 0.1 indicates a female biased 
sex ratio

From 0 to 1 0.5

Establishment burn-in Number of generations since admixture or population 
establishment

User preference 30

Note:	All	values	used	across	functions	for	Hawaiian	duck	simulations	are	also	provided.

TA B L E  1 (Continued)

F I G U R E  1 Overview	of	the	simRestore	shiny	app	display.	(Left)	Display	of	the	main	variables	to	modify,	and	(Right)	the	three	graphs	using	
a simple simulation.
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moved towards a target parental through directed management ef-
forts. However, the number of individuals required to be added and/
or removed is dependent on many ecological factors (see Table 1; 
Hennessy et al., 2022). Fortunately, continued conservation efforts 
surrounding	Hawaiian	ducks	have	resulted	in	in-depth	biological	and	
genetic	knowledge	for	the	species	that	can	be	used	to	optimize	man-
agement strategies among populations.

2  |  METHODS

Simulation	code	for	the	simRestore	package	can	be	accessed	directly	
via the R programming language, and can be incorporated into analysis 
scripts.	It	is	available	as	an	R	package,	accessible	via	CRAN,	or	via	www. 
github. com/ thijs janzen/ simRe store . However, for those unfamiliar with 
the R programming language the simulation code can also be used via 
a Shiny Web application (Chang et al., 2022); which can be run either 
locally, or hosted online. The Shiny Web application presents a user-
friendly	graphical	interface	(GUI)	in	which	the	user	can	manipulate	con-
ditions through direct value input, buttons and sliders to adjust chosen 
parameters (Figure 1).	Once	the	parameters	are	set,	 the	user	 is	 then	
presented	with	direct	graphical	feedback	indicating	the	required	sup-
plementation or removal efforts, resulting change in focal ancestry and 
population size change. The Shiny Web application is publicly available 
at https:// thijs janzen. shiny apps. io/ simRe store App/ .

2.1  |  Life-history model

Life-history model simulations are implemented using a population 
with overlapping generations and explicit sexes, where offspring 

may compete next year for mating opportunities and superfluous 
males or females may be excluded from mating. We assumed den-
sity-dependent population growth, such that over time, an equilib-
rium density of individuals is reached. The model proceeds through 
‘seasons’ during which the following events occur in sequence: (1) 
survival, (2) human intervention, (3) mating and offspring survival 
and (4) offspring recruitment (Figure 2a).

Each season of the life cycle, survival is assumed to be the same 
and irrespective of sex. However, survival is density-dependent such 
that at higher densities, individuals have a lower survival rate due to 
a shortage of resources (Gunnarsson et al., 2013). We model density 
dependence of survival following Robinson et al. (2017), who model 
survival	in	American	Black	Duck	(Anas rubripes) using the following 
equation:

where S is the survival probability (and max and min indicate the max-
imum and minimum survival probabilities), D is the density (e.g. N/K, 
where N is the number of individuals, and K is the carrying capacity), p 
is a variable that indicates the reflection point (e.g. the point at which 
survival is 50% of Smax − Smin), and b is a variable that indicates the 
steepness of the curve (Figure 2b).	In	addition	to	annual	survival	prob-
ability, we also include the capacity for users to include additional mor-
tality for either or both sexes, as breeding animals often have higher 
rates of mortality (Lima, 2009;	Norrdahl	&	Korpimäki,	1998; Simmons 
& Kvarnemo, 2006).

Human intervention is modelled as the supplementation or re-
moval of individuals from the population. When supplementing, 
individuals are by default added in an equal sex ratio (50% males, 

(1)S = Smax +
Smin − Smax

1 +

(

D

p

)b

F I G U R E  2 Overview	of	the	ecological	and	genomic	information	used	in	the	simRestore	program.	(a)	Schematic	of	annual	life-history	of	
Hawaiian	duck,	(b)	Survival	curve	based	on	Robinson	et	al.	(2017) equation, dashed line indicating calculated carrying capacity K = 400,	(c)	
Genetic	model:	Point	ancestry	model	and	Junction	ancestry	model	using	genetic	ancestry	of	Hawaiian	duck	(yellow)	and	mallard	(brown).
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50% females), and assuming that the added individuals carry the 
ancestry of the focal system of interest. When removing, individu-
als are removed irrespective of sex and can be removed depending 
on their maximum genetic ancestry. For example, if this variable is 
chosen to be 0.5, only individuals with less than 50% native species 
ancestry are removed. By default, the value is chosen to be 1, which 
means individuals are removed irrespective of their native species 
ancestry. Additionally, the sex ratio of individuals added or removed 
can be changed by the user, as can the ancestry of the individuals 
supplemented.

To simulate mating, we consider two models designed to emu-
late the diverse range of social and behavioural aspects of repro-
ductions observed across species: (1) ‘Strict Pair Bonding’, where 
females and males pair up in such a way that each female mates 
with	 one	 available	male.	 If	 there	 are	 fewer	males	 than	 females,	
some females remain unmated (and vice versa). (2) ‘Random mat-
ing’, characterized by mating probabilities being equal among all 
individuals in a population. Additionally, we introduced a vari-
able accounting for the probability of offspring resulting from 
EPC (i.e. extra-pair copulation), a behaviour primarily observed in 
birds but also present in other species (Brouwer & Griffith, 2019; 
Soulsbury, 2010;	Uller	&	Olsson,	2008). Furthermore, we do not 
model multi-season pair bonding to retain simplicity of the model. 
Thus, in smaller populations, offspring of a pair might mate with 
one of their parents in the next season (albeit this chance is rel-
atively low, in the order of 1/N, which is usually less than 1%). 
Other	factors	affecting	population	growth	are	also	considered	in	
the model, such as reproductive success (i.e. the probability of 
successfully breeding; Table 1).

After mating, offspring recruitment is lower than the total 
number of offspring produced due to a multitude of factors such 
as predation (natural and human), parasitism and deteriorating en-
vironmental	conditions	like	food	abundance	(Bortolotti	et	al.,	2011; 
Gaillard et al., 2008; Hoover & Reetz, 2006; Knights et al., 2012; 
Rigby, 2008). Thus, we modelled the contribution of variation in re-
cruitment to changes in the population growth as density depen-
dence.	For	simplicity,	we	have	chosen	to	make	recruitment	identical	
to adult survival and use the same equation (see above Equation 1) 
with identical parameters (Robinson et al., 2017).

2.2  |  Genetic model

The implementation of the genetic model assumes a diploid genome 
(Zhang et al., 2020), where each chromosome undergoes crossover 
during meiosis, and the user can specify the total number of chromo-
somes to be simulated. Upon creation of new offspring, both mother 
and father provide a single copy of the genome, which are combined 
to form the diploid offspring genome. Sex is determined randomly 
(Trivers & Willard, 1973),	 independent	of	 the	genetic	makeup	and	
ignoring any potential processes driving sex determination or sex 
skew.	Two	models	are	implemented	to	track	ancestry	in	the	genome:	

(1)	 an	explicit	 crossover	model	 tracking	 ‘junctions’,	 and	 (2)	 a	point	
ancestry model (Figure 2c).

In	 the	 explicit	 crossover	 model,	 local	 ancestry	 is	 explicitly	
tracked	along	 the	genome	and	we	explicitly	model	crossovers,	 re-
sulting recombination events and the effect this has on changes in 
ancestry.	The	effects	on	ancestry	are	 tracked	by	keeping	account	
of the number of switches in ancestry along the genome, coined 
‘junctions’ by Fisher (1954). Junctions inherit similar to point muta-
tions,	provide	a	computationally	efficient	method	to	track	changes	in	
ancestry (Baird, 1995) and are well studied mathematically (Janzen 
et al., 2018; Janzen & Miró Pina, 2022 and references therein). 
Furthermore,	 using	 junctions	 to	 track	 local	 ancestry	 (in	 contrast	
to, for instance, using high-density SNP maps), allows us to retain 
high-resolution	 tracking	of	 Linkage	Disequilibrium,	while	 retaining	
high computational efficiency (see Janzen & Diaz, 2021 for more ex-
pansive scenarios utilizing junctions). Changes in ancestry and the 
resulting junctions arise from crossover events, and we draw the 
number of crossovers per chromosome from a Poisson distribution, 
with the mean rate equal to the size of each chromosome expressed 
in Morgan, with a default value of 1. The location of each crossover 
on a chromosome is assumed to be independent of the location of 
other crossovers on the same chromosome, and crossovers are as-
sumed to be distributed uniformly across the genome. Crossovers 
are independent between chromosomes. Crossovers on locations 
with differing ancestry between chromosomes result in recombi-
nation and the formation of a junction in the resulting recombined 
chromosome.	Over	time,	the	accumulation	of	recombinations	then	
creates the ancestry-mosaic observed in admixed individuals.

Alternatively,	 in	 the	 point	 ancestry	 model,	 we	 only	 track	 the	
average ancestry along the genome and each copy of the genome 
is represented by a single floating-point number per chromosome, 
indicating the average proportion of ancestry belonging to either of 
the two parental species. To create a new copy, the average genome 
ancestry of both copies per chromosome existing in the parent is 
used. For example, if the parent has one chromosome copy with 20% 
focal ancestry, and one chromosome copy with 80% focal ancestry, 
the resulting single chromosome copy that is being given to the off-
spring has 50% focal ancestry. Thus, this model assumes that recom-
bination acts as a process that uniformly mixes the two genomes. 
Although this model assumes an overly simplistic representation 
of the underlying ancestry dynamics, it provides a computationally 
efficient method to obtain results that, on average, behave very 
closely to the junctions method. The reason these two methods are 
so similar, is that although the accumulation of junctions changes the 
spatial arrangement of ancestry along a genome, it does not change 
the average ancestry along the genome, as this is mainly driven by 
population size effects such as drift. To test whether the genetic 
ancestry means estimated using the point ancestry and junction 
genetic model are different, we performed statistical tests using R 
Statistical Software (v 4.1.3, R Core Team, 2023). Shapiro tests were 
used to evaluate the normal distribution of the data; however, this 
assumption was not met to perform a parametric test. Therefore, we 
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performed	 the	Wilcoxon	 rank-sum	 test	 to	 compare	our	 two	 inde-
pendent samples.

To initialize simulations, an ancestry mosaic is derived by per-
forming 30 generations of Wright-Fisher admixture (e.g. non-over-
lapping generations, random mating, constant population size) using 
the	known	genetic	ancestry	of	an	admixed	population	as	a	starting	
point. We use Wright-Fisher admixture instead of the life-history 
model previously described to generate the starting mosaic to save 
computation time, and to constrain the population size such that it 
matches the initial population size. For example, if the current fre-
quency is 80/20, then we start the Wright-Fisher admixture with 
80% focal ancestry and 20% non-focal ancestry, allowing this ‘pop-
ulation’ to then inbreed over 30 generations to obtain an approxi-
mate	ancestry	mosaic	previously	shown	to	generate	ancestry	blocks	
of correct size and distribution (Janzen et al., 2018; Janzen & Miró 
Pina, 2022).

2.3  |  Static versus adaptive simulation model 
optimizations

Apart from providing functionality to forward simulate a chosen set 
of	parameters,	the	package	also	provides	functionality	to	optimize	
parameters to reach a target level of focal ancestry. First, static op-
timization attempts to find a fixed per-generation amount of input 
and removal efforts to reach the target level of genetic integrity. 
Alternatively, an adaptive optimization model provides more spe-
cific information by attempting to optimize the distribution of indi-
viduals to be added or removed over a set of generations to reach 
the target level of genetic integrity. To reduce the degrees of free-
dom for fitting such a distribution, adaptive optimization does not 
directly	 fit	 the	 number	 of	 individuals	 per	 generation	 (keeping	 the	
total constant), but rather fits two parameters of a beta distribution, 
which is used to determine the number of individuals per generation. 
Optimization	can	be	performed	for	supplementation,	for	removal,	or	
for the joint effort of both supplementation and removal.

2.4  |  Ecological parameter sensitivity analysis

We wanted to understand how the accuracy of the ecological data 
may impact modelling outputs, and thus, also determine how each 
ecological parameter influences management strategies. To do so, we 
tested	and	ranked	how	supplementation	estimates	were	affected	by	
successively varying each ecological parameter (Table 1). Sensitivity 
analyses were based on the static optimization of supplementation, 
assuming a population (N) size of 400, a starting genetic ancestry 
of 20:80 for parental A versus B, with a target ancestry of 99% for 
focal parental A, and using the junction as the genetic model. Each 
analysis was run 100 times with optimized supplementation and 
estimated population sizes following management strategy summa-
rized as boxplots and including the mean value of the percent change 
in optimized value given a starting value per ecological parameter. 

In	our	 sensitivity	 analysis,	we	 first	explored	 the	 impact	of	density	
dependence by varying the steepness/slope of the survival curve 
(varied	as	−4,	−3.5,	…,	−0.5;	 see	parameter	b	 in	Table 1). Similarly, 
we explored sensitivity of results to the mean number of offspring 
(i.e.	varied	as	1,	2,	…,	10),	maximum	individual	age	(i.e.	varied	as	1,	
2,	…,	 10),	 reproductive	 risk	 of	 females	 and	males	 (i.e.	 varied	 as	 0,	
0.05,	…,	0.4)	and	reproductive	success	(i.e.	varied	as	0.0,	0.1,	…,	1.0).	
Specifically,	sensitivity	ranking	of	ecological	parameters	was	based	
on the magnitude of changes in estimated supplementation number 
and population size for each assessed parameter value expressed 
as	percentage.	In	short,	the	magnitude	of	change	was	based	on	the	
subtraction of the current estimated number (CE) of individuals/
population size and previous estimates (PE), divided by the current 
value, and all multiplied by 100% [((CE-PE)/CE)*100%]. For example, 
to understand differences between the mean numbers of offspring 
of two compared to one, the magnitude of change was determined 
for estimated supplementation and population size as the PE and 
CE values under the mean number of offspring of one versus two 
respectively.	In	the	end,	ecological	parameters	with	the	largest	mag-
nitude of changes between values were considered more sensitive. 
We plotted and visualized percent change of the absolute values as 
boxplots using R.

2.5  |  Case study: Simulating potential conservation 
strategies for Hawaiian duck

To illustrate the performance of the developed program, we tested 
whether any set of management efforts could reverse the genetic 
constitution	 of	 the	 Hawaiian	 duck × feral	 mallard	 hybrids	 found	
across	Hawaiian	 Islands.	 The	 history	 and	 constant	monitoring	 of	
Hawaiian	duck	provides	high-quality	ecological	and	genetic	 infor-
mation, including demographic and vital rate differences between 
native	 Hawaiian	 duck	 on	 Kauai	 and	 hybrids	 elsewhere,	 allowing	
us to optimize management strategies based on wetland-specific 
conditions (Table 1; Table S1). Note that given that we used the 
Hawaiian	duck	 as	 a	 case	 example,	 ecological	models	were	based	
on their life cycle traits (Table 1). All simulations were done with an 
initial population size (N) of 100, and a starting fraction of focal (i.e. 
Hawaiian	duck)	ancestry	specific	to	the	Oʻahu	wetlands	Hamukua,	
Kawainui and Ki'i (Table 1 and Table S1; Wells et al., 2019, 
Lavretsky	et	al.,	2019), with a target frequency of 0.99 for the focal 
ancestry to be achieved over 20 generations, zero probability of 
extra-pair copulation, and considering an additional death rate of 
females during breeding (Table 1). Note that we followed Robinson 
et al., 2017 for density dependence, setting a moderately steep 
b	 (−2),	 along	 with	 parameter	 sets	 as	 p = 1.0,	 Smin = 0.5,	 Smax = 0.9	
(see Figure 1b). Both static and adaptive optimization models were 
run 100 times for each wetland. Moreover, 30 generations were 
used	as	this	reflects	when	Hawaiian	duck	were	re-introduced	from	
Kauai	into	the	other	Hawaiian	Islands;	and	thus,	hybridization	with	
already established feral mallards would have started (Engilis Jr 
et al., 2004).
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3  |  RESULTS

3.1  |  Genetic and mating models

Whether using the point ancestry or ‘junctions’ genetic methods, 
final outputs were statistically identical if inputting values across 
parameters or optimizing outputs in either the static or adaptive 
optimization models (Figure 3).	Importantly,	when	using	the	point	
ancestry or the ‘junctions’ genetic models, simulations in which no 
management	strategies	were	undertaken	(i.e.	no	supplementation	
or removing individuals) resulted in no change in the average local 
ancestry over time, and the population remained at the starting 
ancestry proportions (Table S1). However, the desired popula-
tion ancestry goal of 0.99 for the focal population was achieved 
by supplementing individuals (Table 2). Even though the average 
behaviour between the point ancestry and ‘junctions’ methods 
was identical, there was higher variance among replicates under 
the ‘junctions’ model, indicating that the point model tends to un-
derestimate the observed standing genetic variation (Figure 3), as 
expected.

Next, we found no statistical differences when evaluating be-
tween mating models (i.e. strict pair bonding vs. random mating) 
whether in the absence of a management strategy or when optimiz-
ing the management approach (Figure S1). This absence of differen-
tiation between mating models is further reflected in the outcomes 
of management strategies (i.e. number of supplemented individuals 
and population size), even when evaluating a spectrum of extra-pair 
copulation rates ranging from 0 to 1 (Figure S2).

3.2  |  Static versus adaptive simulation model 
optimizations

All analyses were based on the junctions ancestry genetic model. 
First, optimization of removing only resulted in no change of focal 
ancestry (e.g. Table 2), even when exploring variations in the genetic 
ancestry of the removed individuals across different levels of focal 
species ancestry (Table S2). Conversely, optimizing supplementation 
only reaches the target frequency over the time by consistently add-
ing a greater number of individuals per generation with the static 
as compared to the adaptive model. However, focal ancestry was 
always reached with fewer individuals per generation when optimiz-
ing both supplementation and removal (e.g. Table 2). Applying totals 
that were recovered in the static simulation into the adaptive simu-
lation model further optimized strategies for each generation (e.g. 
Table 2).

3.3  |  Ecological parameter sensitivity

Sensitivity analyses were based on changes in the optimized num-
ber of individuals added to the population, which was estimated by 
changing each ecological parameter (Figure 4) while maintaining the 
target	genetic	frequency.	Overall,	we	found	that	the	required	indi-
viduals to supplement per generation strongly correlated with the 
obtained population size as permitted by the used parameters that 
included, (a) lenient parameters allowed for large populations also 
caused large estimates for the required individuals to supplement, 

F I G U R E  3 Comparing	outputs	for	point	ancestry	(orange)	and	the	junctions	(green)	genetic	methods	based	on	a	(a)	no	management	
strategy versus (b) optimization of supplementation only, each run 100 times. As expected, no substantial change between the starting and 
final ancestries were attained with either genetic method if no management is done, whereas statistically similar (Wilcox-test p-value = 0.95)	
results of substantial ancestry improvement was recovered with both genetic methods when optimizing supplementation.
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whereas (b) stringent parameter settings causing reduced popula-
tion sizes and low estimates for the number of required individuals.

At the population level, we found that increasing the strength of 
density	dependence	(e.g.	making	the	slope	more	negative)	resulted	
in smaller populations and decreasing supplementation require-
ments (Figure 4a). Conversely, with the slope becoming closer to 
0.0	and	density	dependence	weakening,	we	found	that	population	
sizes became exponentially larger, and consequently the supplemen-
tation requirement per generation increased exponentially as well. 
Therefore, it seems better to underestimate the strength of density 
dependence as this results in overestimating the number to supple-
ment; although, over-supplementation will still result in reaching the 
target genetic frequency. Next, we find that a shorter life expec-
tancy reduces the required amount to be supplemented, plateauing 
for	 any	maximum	 age	 extending	 past	 6–7 years	 of	 age	 (Figure 4c) 
that	is	likely	due	to	other	mortality	effects	(density	dependence,	re-
productive	risk)	acting	before	the	focal	individual	reaches	the	maxi-
mum life expectancy.

At the mating stage, we find that the mean number of off-
spring is particularly important, with a 24% error in management 
strategy if the average number of offspring is inaccurate by even 

±1 offspring (Figure 4b). As expected, population trends show an 
exponential increase with each increase in +1 offspring per breed-
ing event. Next, miscalculating additional female or male mortality 
during reproduction causes deviations in the true supplement num-
ber with errors ranging from 3%–22% for females and 0%–16% in 
males (Figure 4e,f); as with density-dependence, overestimating re-
productive	risk	results	in	reaching	the	desired	focal	ancestry	albeit	
over-supplementation. As expected, we find that population trends 
are inversely associated with increases in mortality of either sex. 
Finally, both supplemental need and population growth follow an S 
curve as reproductive success rate increases, with an inflection point 
for reproductive success of ~50%, and plateauing once reproductive 
success	is	≥80%.	Generally,	optimized	supplementation	was	under-
estimated by ~25% for every 0.1% inaccuracy in estimated repro-
ductive success (Figure 4d).

The ecological parameters showed different influences on the 
number of individuals to supplement and the population size in each 
generation (Figure 4g). At the population level, both parameters (i.e. 
density	dependence	and	maximum	age)	showed	a	weak	influence	in	
the supplemental of individuals in a population, and therefore the 
population size. Specifically, the life expectancy parameter had the 

F I G U R E  4 (a–f)	Changes	in	optimized	supplementation	and	final	population	sizes	when	varying	ecological	parameters	present	in	
the	‘simRestore’	R	package.	(g)	Magnitude	of	change	expressed	as	percentage	when	varying	(a–f)	ecological	variables	in	estimating	
supplementation and population size and depicted as box plots with mean values denoted (grey circle).
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lowest	rank.	At	the	mating	stage,	the	number	of	offspring	and	repro-
ductive success rate showed the strongest influence on the num-
ber of individuals needed to add to the population and therefore, 
the population size. However, the additional mortality rate of males 
during	reproduction	had	the	lowest	rank	among	the	parameters	that	
influence the mating stage.

By default, the sex ratio of offspring is equal (e.g. offspring has a 
50% probability to be of the male sex). Deviations from this even sex 
ratio significantly influenced outcomes if populations are strongly 
sex biased (e.g. 0.9 indicates a male biased sex ratio and 0.1 indi-
cates a female biased sex ratio; Figure 5b,d). Similarly, the number of 
individuals required to supplement also deviated if the sex ratio of 
the supplementation population was not even (Figure 5a,c).	In	short,	
male biased supplementation resulted in overall population size de-
clines, whereas female biased input resulted in population growth. 
Furthermore, female biased supplementation caused an increase in 
the number of individuals required to be put to reach the target ge-
netic frequency, whereas male biased supplementation reduced this. 
Thus, the sex composition of the supplementing population can be 
skewed	towards	male	or	female	if	managers	are	attempting	to	simply	
change the genetic ancestry or also increase their population size 
respectively.

3.4  |  Simulating potential Hawaiian duck 
conservation strategies

We simulated optimized management strategies to reverse the 
population's	genetic	ancestry	for	several	wetlands	on	Oʻahu,	Hawaii	

with	varying	starting	average	Hawaiian	duck	ancestry	(Table 2). First, 
however, all simulations clearly show that the removal of individuals 
does not substantially change the focal ancestry (Table 2). More im-
portantly, whereas management strategies employing supplementa-
tion only eventually reach ancestry goals, these require substantially 
more individuals than what would be required if strategies included 
a mix of supplementation and removal efforts (Table 2). Finally, 
by varying the management strategy generationally, the adaptive 
model generally decreases the number of generations to reach an-
cestry goal as compared to the static model (Table 2). For example, 
static simulations suggest that the ancestry can be moved from 74% 
to	99%	Hawaiian	duck	on	Oʻahu's	Ki'i	wetland	complex	by	adding	60	
Hawaiian	ducks	and	removing	3	hybrids	per	generation	for	20	gener-
ations. Conversely, applying the adaptive simulation model reaches 
99%	Hawaiian	duck	ancestry	in	five	generations	by	varying	the	sup-
plementation and removal strategies across generations (Table 2).

4  |  DISCUSSION

Our	software	package	simRestore	uses	a	forward	simulator	plat-
form that optimizes available management strategies to meet set 
conservation goal(s). We provide functionality to the program 
through	 a	 user-friendly	GUI	 interface	where	 anyone	 can	 change	
ecological parameters and genetic ancestry information to for-
ward	 simulate	 actionable	 management	 strategies.	 Importantly,	
simRestore was developed to permit for management strategy 
optimization	at	any	geographical	(i.e.	wetland,	Island)	and	tempo-
ral (i.e. number of generations) scale, as well as under any project 
limitations (i.e. number of individuals available for input, time for 
project completions). Finally, assessing offspring ancestry allows 
for a direct test of the implemented strategy; and thus, permit-
ting researchers to determine ecological or other factors that 
were not accurately accounted for in situations where simulated 
values	are	unaligned	to	empirical	ones.	In	short,	assessing	simula-
tion accuracy can be done annually by comparing genetic ances-
try of offspring in the simulation with genetic ancestry assessed 
empirically.	If	genetic	integrity	is	reversed	but	set	ancestry	goals	
are not attained following the required number of generations of 
stocking,	 then	 the	newly	established	genetic	 information	can	be	
fed	back	into	models	to	help	guide	the	following	year's	strategies.	
In	the	end,	the	simRestore	program	provides	a	means	for	the	adap-
tive management planning for species' conservation.

4.1  |  Model considerations

Although the point and junctions genetic models resulted in identical 
average behaviour in resulting ancestry, there was a higher degree 
of variation when using the junctions model (Figure 3). We conclude 
that whereas the point model is a strong oversimplification of the 
underlying genetics, its fast computation and high similarity in out-
come provides a great benefit over the more complex and demanding 

F I G U R E  5 Changes	in	optimized	supplementation	(top	row)	
and final population sizes (bottom row) when varying sex ratios 
of offspring (first column) or individuals added (second column) 
in	the	‘simRestore’	R	package.	Sex	ratio	is	expressed	as	males/
(males + females),	such	that	0.5	indicates	an	even	sex	ratio,	0.9	
indicates a male biased sex ratio and 0.1 indicates a female biased 
sex ratio.
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junctions model. We suggest the use of the point model in manage-
ment strategy optimization followed by an assessment in outcome 
variability and robustness with the junctions model. More impor-
tantly, for organisms for which more detailed genomic information 
remains	lacking	(i.e.	chromosome	size,	recombination	rate,	etc.),	and	
thus the use of the junctions genetic model is perhaps inappropriate, 
the point genetic model will still provide robust inferences. Similarly, 
varying both the mating models (strict and pair-bonded) and the EPC 
variable produced comparable changes in ancestry and management 
strategies, as they are not inherently tied to a particular ancestry 
type	(e.g.	males	of	native	ancestry	show	a	greater	 likelihood	of	 in-
volvement in EPC). However, we strongly recommend setting up the 
mating	system	of	the	studied	organism	to	the	best	of	our	knowledge	
to ensure inference reliability.

Next, assessing the utility of the three management strategies, 
we conclude that removing only is similar to a no management 
strategy as the local ancestry is unaffected (Table 2; Table S2). This 
is not unsurprising, as removing individuals of a hybrid swarm still 
results in remaining breeding individuals being hybrid; confirming 
that a parental gene pool is required to reverse the genetic ancestry 
of a hybrid pool (Wells et al., 2019). Whereas supplementing only 
can reverse the genetic signature towards the focal species, the 
total number required to be supplemented is consistently higher 
and requiring more generations than when combining supplemen-
tation and removal efforts (Table 2; Table S2). Thus, the optimum 
management strategy is combining supplementation and removal 
when possible.

In	addition	to	starting	genetic	ancestry,	researchers	will	also	need	
to	know	a	suite	of	ecological	parameters	 for	 their	population(s)	of	
interest. Life-history traits can influence how much maternal versus 
paternal genetic variation contributes to each generation (Table 1). 
Life-history traits therefore need to be correctly incorporated to en-
sure	accurate	model	predictions.	In	short,	we	find	that	each	of	the	
ecological parameters within our model affects simulations differ-
ently, and with some being largely insensitive, while others are highly 
sensitive and require accurate estimates (Figures 4 and 5). Among 
parameters,	researchers	need	to	take	particular	care	to	have	accu-
rate estimates of the number of offspring (i.e. annual fecundity) and 
reproductive success rate in particular, as these have a dispropor-
tionate effect on population size, which in turn dictates management 
strategies.	Moreover,	 researchers	working	 in	a	 female	biased	pop-
ulation and/or r-selected species will require substantial increases 
in supplemental efforts (Figure 5). More generally, however, we 
find that miscalculating most ecological parameters may not impact 
management outcomes, since doing so still typically results in the 
achievement of management goals, albeit on slightly different time 
frames	and/or	supplementation	efforts.	Specifically,	unless	known,	
we recommend that it is better to underestimate density depen-
dency,	overestimate	reproductive	risk,	and	assume	a	50:50	number	
of offspring as all of these will result in optimum management strat-
egies that can still achieve ancestry goals (Figures 4 and 5); though 

at the expense of additional resources that would otherwise not be 
required.

4.2  |  Conservation implications

The incorporation of genetic data has become a fundamental source 
of information for species conservation (Walters & Schwartz, 2020). 
Genomic data have been used to shed light into species' effec-
tive population size, inbreeding demographic history and popula-
tion structure that not only aid in management efforts (Hohenlohe 
et al., 2021), but are critical in efforts of biodiversity monitoring, 
resolving taxonomic uncertainty, wildlife forensics and designation 
of	 conservation	 units	 (Funk	 et	 al.,	2012; Hohenlohe et al., 2021). 
However,	 there	 has	 been	 a	 severe	 lag	 and	 lack	 in	 the	 implemen-
tation of genomic data into management decisions (Walters & 
Schwartz, 2020);	 in	 part	 due	 to	 the	 lack	 of	 user-friendly	methods	
(Hohenlohe et al., 2021). From the perspective of wildlife manage-
ment, understanding the population genomics of wild populations 
can aid multiple traditional wildlife activities such as transloca-
tions, reintroductions, population augmentation and the identifica-
tion	of	units	of	conservation	concern	(Funk	et	al.,	2012; Hohenlohe 
et al., 2021; Tallmon et al., 2004; Walters & Schwartz, 2020; Whiteley 
et al., 2015). Among conservation efforts, understanding rates 
of hybridization and its implication to wildlife populations is now 
at the forefront of conservation science (Cooper & Shaffer, 2021; 
Hohenlohe et al., 2021; Searcy et al., 2016). Towards these efforts, 
our developed simRestore program provides a tool where manag-
ers can couple genetic and ecological data to optimize management 
strategies	that	directly	feed	into	decision	making	when	attempting	
to	resolve	hybridization	issues.	Once	again,	the	ability	to	feed	empir-
ical	data	(i.e.	genetic	assignment	probabilities	of	a	population)	back	
into models provides a powerful tool for management to be adaptive 
and specific to the species' needs.

We apply developed methods to understand the potential in ar-
tificially reversing genetic ancestry through directed management 
efforts	 for	 the	 endangered	 Hawaiian	 duck.	 Given	 the	 proximate	
threat	to	the	Hawaiian	duck	 is	genetic	extinction	through	ongoing	
anthropogenic hybridization with feral mallards (USFWS, 2012; 
Wells et al., 2019), we demonstrate that the reversal to a genetic na-
tive status of these hybrid swarms is theoretically possible (Table 2). 
Importantly,	 both	 molecular	 data	 (Lavretsky	 et	 al.,	 2019; Wells 
et al., 2019)	 and	 telemetry	 movement	 data	 (Malachowski,	 2013; 
Malachowski	et	al.,	2019, 2020;	Malachowski	&	Dugger,	2018) sug-
gest	 that	movement	 is	 not	 only	 limited	 between	 Islands,	 but	 also	
among	 wetlands	 within	 Islands.	 Consequently,	 each	 wetland	 on	
Islands	can	be	effectively	considered	a	closed	system,	providing	an	
important means to closely monitor how optimized management 
strategies impact the genetic integrity of that wetland's popula-
tion (Table 2). We conclude that the developed models can help 
guide	 future	 Hawaiian	 duck	 conservation	 efforts,	 with	 work	 the	
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implementation of optimized strategies in a pilot program to deter-
mine real-world feasibility of the simulations.

5  |  CONCLUSIONS

Conceptually, hybrid individuals are simply conduits of genes stem-
ming from divergent lineages (Allendorf et al., 2001); and as a result, 
hybrids still possess the genetic diversity of the species of interest. 
Though hybrids pose a conservation concern due to the maladaptive 
potential when divergent genomes are admixed (i.e. outbreeding; 
Templeton, 1986), the genetic diversity of the focal species remains 
present. Given that species of conservation concern often suffer in 
population size and standing genetic diversity, continued losses in 
both are often detrimental. Here, we demonstrate that directed ma-
nipulation of hybrid populations can potentially reconstitute a hy-
brid population towards the focal population without additional loss 
of individuals and the genetic diversity they carry. However, what 
wildlife biologists are able to do to mitigate or reverse the continued 
loss of individuals to hybridization can be further limited by human 
dimensions (i.e. social rejection of particular management strate-
gies; Cinque et al., 2012). Thus, the functionality of the simRestore 
program provides biologists and managers attempting to mitigate or 
reverse	such	trends,	a	decision-making	tool	for	management	optimi-
zation specific to the species or population of concern in an adap-
tive	framework.	By	doing	so,	biologists	not	only	have	the	means	to	
evaluate possible conservation scenarios but critical information to 
explain and with which to engage their constituents.
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