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A B S T R A C T   

Habitat loss is one of the greatest threats to biodiversity, but there is considerable debate over the interplay 
between the total amount of habitat lost versus the degree of habitat fragmentation. Previous studies on this topic 
focused on the effects of habitat loss on species richness or genetic diversity over long timescales, while 
neglecting shorter timescales that are of immediate conservation concern. To address this knowledge gap, we 
examined the rate and extent of genetic diversity loss under different non-equilibrium scenarios of habitat loss, 
by performing analytical calculations for a non-spatial setting and individual-based simulations for spatially 
explicit settings, including a real-world case study of malleefowl (Leipoa ocellata, Galliformes) populations in 
Australia. Our work revealed that the total amount of habitat lost had the biggest negative effect on genetic 
diversity via reductions in population abundance and associated genetic drift, with the degree of fragmentation 
having smaller but nonetheless substantial negative effects. The latter result suggested that to optimize the 
conservation of genetic diversity, it is better to preserve a single large reserve over several small ones. 
Furthermore, reductions in population abundance led to loss of genetic diversity in the population only after long 
time-lags, which highlights the potential for genetic rescue shortly after habitat loss. The malleefowl case study 
revealed how sampling uncertainty due to low sample sizes can blur the effects of habitat loss on genetic di
versity, underscoring the limitations of conservation genetic studies based on small sample size and uneven 
spatial distribution.   

1. Introduction 

Evolutionary potential determines the long-term viability of pop
ulations and constitutes a fundamental aspect of biodiversity (Lerouzic 
and Carlborg, 2008). Genetic diversity, as estimated from genome-wide 
markers (Benestan et al., 2016; DeWoody et al., 2021; Harrisson et al., 
2014; Lande and Shannon, 1996), is a sensible indicator of evolutionary 
potential. In a population under equilibrium, the genetic diversity lost 
via drift, selection, and emigration should equal the gain in genetic di
versity via mutation and immigration (Franklin, 1980). However, under 
recent and dramatic anthropogenic pressures such as harvesting and 
habitat loss, the equilibrium often breaks down due to a corresponding 
rapid loss of individuals and hence genetic diversity, which is not fully 
compensated by mutation and immigration (Pérez-Pereira et al., 2022). 
Consequently, the reduced genetic diversity may lead to increased risk 
of population collapse due to environmental fluctuations (Kardos et al., 

2021). Conserving genetic diversity has recently been proposed as part 
of a global arsenal of strategies for biodiversity conservation (Díaz et al., 
2020). However, our current knowledge of how human impacts change 
genetic diversity is in its infancy and there is an urgent need for greater 
understanding (Exposito-Alonso et al., 2022; Miraldo et al., 2016). 

In this study, we focus on habitat loss, which is one of the main 
drivers of reductions in biodiversity in the Anthropocene (Díaz et al., 
2019; Symes et al., 2018). Given the large negative impacts of habitat 
loss, nature reserves that conserve habitat are still one of the most 
effective methods for biodiversity conservation (Gaston et al., 2008). 
But economic development driven by human population growth and 
rapid urbanization has led to intensified competition for land (Kim et al., 
2014). As a result, nature reserves are becoming smaller and more 
fragmented (Lewis et al., 2019; Volenec and Dobson, 2020), thus high
lighting a need for more research on how to design the spatial config
uration of reserves to meet conservation needs. 
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The relative importance of the spatial configuration and extent of 
habitats has been the subject of a recent debate (Fahrig, 2017; Fletcher 
et al., 2018) among conservationists, keen to inform the optimal design 
of reserves to achieve maximum functionality of ecosystems in the face 
of ongoing habitat loss (Cabeza, 2003). This recent exchange is remi
niscent of the classic SLOSS debate on whether to conserve a single large 
or several small reserves of equal combined size (Diamond, 1975; Sim
berloff and Abele, 1982; Wilcox and Murphy, 1985). Empirical evidence 
at different spatial scales often suggests that the total amount of habitat 

lost is the predominant factor (see review in Fahrig, 2017), but ambi
guities regarding the effects of different habitat loss scenarios suggest 
that a more thorough understanding is still required (Fletcher et al., 
2018). Most previous studies have based their conclusions on species 
richness. A few simulation studies have investigated the effects of 
different habitat loss scenarios on genetic diversity (Jackson and Fahrig, 
2016, 2014), but only examined the long-term effects after 1000 gen
erations, with population size and genetic diversity reaching stable 
values. This long-term focus neglects the transient changes that occur on 

Fig. 1. Schematic diagram of the non-spatial model used, illustrating model structure and dynamics. (A) Illustration of the population size dynamics from the model. 
The mean population size (number of individuals) is reduced by a period of habitat loss from time t1 to t2, after which the mean population size stabilizes at a lower 
value. The period of habitat loss corresponds to a period of elevated per-capita mortality rate. (B) Illustration of allele dynamics from the model and how they are 
related to the population dynamics. In the illustration, there is a community of five haploid individuals, each with two biallelic loci. The diagram shows an example of 
allele dynamics for the community of individuals over one short time-step of length δt, from time t to time t + δt. In this time-step, each individual reproduces 
asexually with probability Bδt and dies with probability D(t)δt. In the example dynamics shown, one individual reproduces and one individual dies in the time-step 
considered. The random births and deaths introduce demographic stochasticity (ecological drift) into the model, which in turn causes random changes in allele 
frequencies (genetic drift). The model is non-spatial and hence the spatial locations of the five individuals do not affect model dynamics. 
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shorter timescales, which are relevant to more-immediate conservation 
applications. 

In this study, we address this critical knowledge gap by performing 
mathematical analyses and individual-based simulations to investigate 
transient changes in population abundance and genetic diversity across 
species under various scenarios of habitat loss. These scenarios relate to 
different types of spatial configurations by which habitat is reduced and 
fragmented, thus disrupting population and allele dynamics from their 
equilibrium state. In particular, fragmentation can lead to more isolated 
subpopulations whereas a reduced extent of habitat can lead to a lower 
population size, both of which increase genetic drift and hence cause 
genetic diversity to be temporarily non-equilibrium. Thus, we refer to 
these scenarios as non-equilibrium scenarios of habitat loss. Within the 
parameters of our analyses, our results provide guidance on the poten
tial negative effects of habitat loss on genetic diversity and hence 
evolutionary potential, with implications for efforts to optimize the 
spatial configuration of reserves. 

2. Methods 

2.1. Non-spatial population model 

We first performed mathematical analyses on a simplified non- 
spatial individual-based population model to provide baseline expecta
tions of how habitat loss affects genetic diversity, which were then 
compared with results from simulations of a much more complex 
spatially explicit population model. 

The non-spatial model represented the abundance and allele dy
namics of a population of haploid individuals that reproduced asexually 
and underwent mortality. These individuals were assumed to have the 
same fitness, such that there were no selection effects. The individuals 
experienced random birth and death events at specified (mean) per- 
capita rates, which introduced demographic stochasticity (also known 
as ecological drift) into the population. This demographic stochasticity 
meant that the time trajectory of population size differed each time the 
model was run. In addition, the random births and deaths inherent in 
demographic stochasticity resulted in random changes in the number of 
copies of each allele, i.e., genetic drift. The per-capita birth rate was 
assumed to be constant over time, whereas the per-capita mortality (or 
death) rate was changed over time to represent the effects of habitat loss. 
This habitat loss resulted in a reduction in population size and hence an 
increase in genetic drift, thus causing genetic diversity to be non- 
equilibrium. 

For a particular model run (see Fig. 1 for a schematic diagram), let 
the population size be N(t) at time t. Also, let the constant per-capita 
birth rate be B and the time-varying per-capita mortality rate be D(t)
at time t, which were both assumed to be density-independent. Across 
model runs, denote the mean population size at time t by N(t). To model 
habitat loss, the mean population size was held constant at N(0) over the 
time period [0, t1), before being decreased over [t1, t2) from N(0) to 
N(t2) = pN(0), where 0 ≤ p < 1. Thereafter, during [t2, t3], the mean 
population size remained constant at N(t2). These changes in mean 
population size corresponded to the per-capita birth and mortality rates 
being equal during [0, t1), i.e. B = D(0) = D0; the per-capita mortality 
rate increasing from D0 to D1 > D0 during [t1, t2); and the per-capita 
mortality rate decreasing back to D0 during [t2, t3]. More specifically, 
the dynamics of N(t) were specified by the equation: 

dN(t)
dt

= (B − D(t) )N(t). (1) 

Solving Eq. (1) during [t1, t2) gave: 

N(t2) = N(0)e(B− D1)(t2 − t1), (2)  

which was rearranged to give: 

D1 = B −
ln(p)
t2 − t1

. (3) 

We considered L independent loci each with two alleles, corre
sponding to single nucleotide polymorphisms (SNPs). The mutation rate 
was considered to be so small that it can be neglected during the 
ecological timescales considered. We derived formulae specifying how 
genetic diversity changed before, during, and after habitat loss using two 
indicators of genetic diversity: mean nucleotide diversity (Nei and Li, 
1979) and mean proportion of fixed loci (Hedrick, 1994). These 
formulae together with details of their derivation are novel and are 
hence presented in the Results section. 

In comparison with previous theoretical analyses of neutral models 
in population genetics, our analyses are novel because we consider a 
model with time-varying population size. The classic Wright-Fisher 
model (Fisher, 1923; Wright, 1931) represents the stochastic neutral 
allele dynamics of a population with constant size and non-overlapping 
generations. The Wright-Fisher model has been analyzed to derive 
quantities such as the mean time for an allele to be lost given a particular 
initial number of copies of the allele, and the steady-state distribution of 
allele frequencies at an equilibrium between genetic drift and mutation 
(Ewens, 2004; Kimura, 1955). Another classic model that has been 
analyzed in similar ways is the neutral Moran process, which represents 
the stochastic neutral allele dynamics of a population with constant size 
and overlapping generations (Ewens, 2004; Moran, 1958). If the popu
lation size in the Moran process is large enough, then the assumption of a 
population with constant size can be relaxed to a population with con
stant mean size, with little effect on steady-state dynamics (a result that 
was derived in the context of neutral models in ecology, with a com
munity instead of a population and species instead of alleles; Volkov 
et al., 2003). The Wright-Fisher model and neutral Moran process have 
been extended in various ways, such as by adding selection, geographic 
structure and age structure (Ewens, 2004), but to our knowledge has not 
been extended to include time-varying population size. The neutral non- 
spatial model with time-varying mean population size that we construct 
and analyze in our study can be conceptualized as an extension of the 
neutral Moran process with constant mean population size. 

2.2. Spatially explicit population model 

We produced individual-based, spatially explicit forward-time sim
ulations for diploid populations subjected to different scenarios of 
habitat loss using Geonomics v1.3.8 (Terasaki Hart et al., 2021). The 
model operated in discrete time with timesteps of equal length. In each 
timestep, individuals moved in a random direction and the distance 
traveled was specified by a lognormal distribution, which is a parsi
monious leptokurtic distribution that generally describes animal 
movement in many empirical studies; see Hawkes (2009) and references 
therein. Afterwards, mature individuals randomly searched for and 
chose a mate of the opposite sex within a specified radius (Table 1), with 
successful mating resulting in production of recombinant offspring. 
Lastly, individuals experienced density-dependent mortality according 
to a discrete-time logistic equation. The specific values of the life-history 
parameters that we used were loosely based on birds in general 
(Table 1), with one timestep being defined as one year. We examined 
three species of different mobility, measured as the distance traveled per 
year. To choose values for this distance, we noted that the natal and 
breeding distances of most resident bird species fall within the range 
between 0.1 km to 5 km (Martin and Fahrig, 2018). Thus, mean distance 
traveled per year was on the order of tens of meters to kilometers, and 
we chose to examine the values 0.2 km, 0.6 km, and 1 km. 

For each of the three species, we produced a raster of 20 cells × 20 
cells representing a square habitat of dimension 20 km × 20 km. 
Initially, all 400 cells were designated as pristine habitat, each with a 
carrying capacity of 10 individuals km− 2 that was based on a median 
number from a meta-analysis (Stephens et al., 2019). We tested 18 
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habitat loss scenarios, which were all combinations of two different 
spatial configurations of habitat preservation (random and clumped), 
three different proportional amounts of habitat cleared (20 %, 50 % and 
80 %) and three different carrying capacities in the cleared habitat cells 
(10 %, 20 %, and 50 % of pristine habitat cells). Since the mortality of 
individuals in a cell was calculated based on the individual density 
(number of individuals) and carrying capacity of the cell (according to a 
discrete-time logistic equation), individuals that enter a cleared habitat 
cell experienced greater density-dependent mortality than individuals in 
a pristine habitat cell. Thus, individuals survived and moved about in 
cleared habitat cells but at a lower density than in pristine habitat cells. 
With respect to the two different spatial configurations, the random 
configuration produced habitat maps with a Moran's I of − 0.0105 to 
0.0143, whereas the clumped configuration produced habitat maps with 
a larger Moran's I of 0.0756 to 0.308. The random configuration cor
responded to a high degree of habitat fragmentation and was achieved 
by randomly picking pristine habitat cells to preserve. In contrast, the 
clumped configuration corresponded to a low degree of habitat frag
mentation and consisted of randomly choosing which pristine habitat 
cells to preserve under the constraint that each cell chosen must be 
adjacent (horizontally or vertically) to a cell that has already been 
chosen (see Fig. 2 for examples). 

Each habitat loss scenario started with 4000 individuals randomly 
distributed across the entire area, with allele frequencies for 1000 
biallelic loci (corresponding to SNPs) being chosen randomly according 
to a uniform distribution and alleles distributed randomly among in
dividuals. Results from our non-spatial model indicated that trends in 
genetic diversity under habitat loss were qualitatively robust to use of 
different initial distributions of allele frequencies (see Fig. 3 in the Re
sults and Figs. S1, S2 and S3 in Supplementary material). Thus, we did 
not explore other initial distributions of allele frequencies for our spatial 
model. The 1000 loci were not linked and hence underwent free 
recombination. After initialization of individuals and alleles in the 
spatial model, the model dynamics were simulated for 60–70 years (each 
year corresponding to a timestep) of burn-in until the size and distri
bution of the population had stabilized. After the burn-in period, the 
model was simulated for ten further years without habitat loss, which 
was only applied in year 11 (t = 11). After the habitat loss event, dy
namics were simulated for a further 199 years (until t = 210). For all 
three species, counts of individuals were collected every year whereas 
genetic data for the 1000 loci were collected every five years to calculate 

genetic diversity in the form of nucleotide diversity and the proportion 
of fixed loci (using VCFtools v0.1.16; Danecek et al., 2011). To investi
gate the level of inbreeding and population genetic spatial structuring 
(“genetic structuring” hereafter), which are potential mechanisms 
mediating genetic diversity loss, we calculated the inbreeding coeffi
cient (FIS, as calculated with VCFtools) and the correlation coefficient 
between spatial and genetic distances (Mantel r from Mantel tests as 
calculated with R package vegan; Dixon, 2003). For each species and 
habitat loss scenario, we performed 100 repeat simulations to account 
for stochasticity. In total, we examined 57 different scenarios consisting 
of 18 habitat loss scenarios and a null scenario (with no habitat loss) for 
three species (Table S1). The loss of habitat resulted in a reduction in the 
extent of habitat and fragmentation of the habitat, thus altering popu
lation and allele dynamics and causing genetic diversity to be non- 
equilibrium. 

We also used Geonomics to perform simulations for scenarios of 
habitat loss based on a real-world example from South Australia, the 
malleefowl (Leipoa ocellata, Galliformes). The malleefowl is generally 
monogamous, though not strictly so, and tends to maintain a single 
territory (Weathers et al., 1990). No distinct population structure in 
malleefowl has been observed across the Eyre Peninsula, South Australia 
(Stenhouse et al., 2022), even though dispersal after breeding is rela
tively rare (Stenhouse and Moseby, 2023). The malleefowl is classified 
as vulnerable under the IUCN Red List due to likely future declines under 
a drying climate and more frequent fires (BirdLife International, 2023). 
In our simulations, we used values of biological parameters, such as 
lifespan, mobility and carrying capacity, based on previous studies of 
malleefowl (Table 1). The simulations were performed on seven rasters 
of 20 cells × 20 cells, with each raster corresponding to a 20 × 20 km 
area in South Australia where at least three malleefowl individuals had 
been sampled by an empirical study (Stenhouse et al., 2022). Because 
the sampling was carried out using transects, we refer to each 20 × 20 
km area as a “transect”. Within each transect, the current habitat map 
was constructed using vegetation data collected from the National 
Vegetation Information System (NVIS) Version 6.0. The data was cate
gorized into two classes, namely native vegetation and disturbed vege
tation. The disturbed vegetation was subject to anthropogenic grazing 
and fires, which reduced the carrying capacity of malleefowl by 80 % 
compared with the carrying capacity inside native vegetation (Frith, 
1962). Thus, we considered native and disturbed vegetation to corre
spond to pristine and cleared habitat in the simulation model. The ma
jority of habitat clearing in South Australia occurred during the 19th 
century (Bradshaw, 2012). Thus, we simulated two simple habitat loss 
scenarios: one in which all habitat loss (clearance) occurred instanta
neously during the mid-19th century in 1850, and the other in which 
habitat was lost continuously from 1800 to 1900. For each habitat loss 
scenario, we performed 100 repeat simulations to account for stochas
ticity. Also, counts of individuals were collected every year whereas 
genetic data for 1000 loci were collected every five years to calculate 
genetic diversity in the form of nucleotide diversity and the proportion 
of fixed loci. We calculated genetic diversity under two sampling 
schemes: one in which all simulated individuals were sampled (complete 
sampling scheme) and the other in which individuals were only sampled 
from locations corresponding to the sampling locations in the accom
panying empirical study (Stenhouse et al., 2022; real sampling scheme). 
The simulation results were compared with the empirical data to 
determine the extent to which trends in the data could have been 
explained by habitat loss or by incomplete sampling. 

3. Results 

3.1. Non-spatial population model 

Firstly, we present details on the derivation of formulae specifying 
the mean nucleotide diversity at time t under the habitat loss scenarios 
considered. Let locus l (1 ≤ l ≤ L) have nl1(t) copies of the first allele and 

Table 1 
Biological parameters and values used in simulations of the spatially explicit 
population model.  

Parameter Sp. 
A 

Sp. 
B 

Sp. 
C 

Malleefowl 

Carrying capacity in 
pristine habitat (km− 2) 

10 (Stephens et al., 
2019) 

10 (Frith, 1962) 

Carrying capacity in 
cleared habitat (km− 2) 

Variable 2 (Frith, 1962) 

Age at sexual maturity 
(years) 

1 (Claramunt, 2021) 3 (Department of Parks and 
Wildlife, 2016) 

Sex ratio (male:female) 1 1 (Department of Parks and 
Wildlife, 2016) 

Intrinsic population growth 
rate (year− 1) 

0.5 0.5 

Probability of mating for a 
pair 

0.1 0.1 

Mean no. of offspring per 
mating pair 

7 (Claramunt, 2021) 7 (Department of Parks and 
Wildlife, 2016) 

Mating radius (km) 1 1 
Maximum age (years) 25 (Minias and 

Podlaszczuk, 2017) 
28 (Department of Parks 
and Wildlife, 2016) 

Movement distance (km 
year− 1) 

0.2 0.6 1 1 (Stenhouse and Moseby, 
2023) 

Neutral mutation rate (per 
base) 

1.00 × 10− 9 1.00 × 10–8 (Bergeron et al., 
2023)  
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nl2(t) copies of the second allele at time t. Considering just this locus, the 
nucleotide diversity at time t for an extant population was specified by 
Nei and Li (1979) as 

πl(t) = 2
(

nl1(t)
nl1(t) + nl2(t)

)(
nl2(t)

nl1(t) + nl2(t)

)

= 2
(

nl1(t)
N(t)

)(
N(t) − nl1(t)

N(t)

)

= 2

(
nl1(t)
N(t)

−

(
nl1(t)
N(t)

)2
)

,

(4)  

where nl1(t)+ nl2(t) = N(t), the non-zero population size at time t. Thus, 

πl(t) = 2

(
nl1(t)
N(t)

−

(
nl1(t)
N(t)

)2
)

= 2

(
nl1(t)
N(t)

−

(

V
(

nl1(t)
N(t)

)

+

(
nl1(t)
N(t)

)2
))

,

(5)  

where V denotes the variance (across model runs) due to genetic drift. It 
can be shown (see Supplementary material) that 

nl1(t)
N(t)

≈
nl1(t)
N(t)

(

1+
V(N(t) )
(N(t) )2

)

−
V(nl1(t) )
(N(t) )2 , (6)  

V
(

nl1(t)
N(t)

)

≈
V(nl1(t) )
(N(t) )2

(

1 − 2
nl1(t)
N(t)

)

+

(
nl1(t)
N(t)

)2V(N(t) )
(N(t) )2 , (7)  

where the approximations arose due to a second-order Taylor-series 
expansion of nl1(t)/N(t) around the mean (across model runs) and 

nl1(t)
N(t)

=
nl1(0)
N(0)

, (8)  

V(N(t) )
(N(t) )2 =

∫ t
0 eρ(y)(B + D(y) )dy

N(0)
, (9)  

V(nl1(t) )
(N(t) )2 =

nl1(0)
(N(0) )2

∫ t

0
eρ(y)(B+D(y) )dy. (10) 

Fig. 2. Temporal changes in spatial genetic structure of two species with different mobility from our spatially explicit simulations, under two habitat loss scenarios 
with preserved areas being randomly chosen or spatially clumped. Individuals (represented by circles) are colored according to their genetic structure, which was 
calculated by converting the top two principal components in a principal component analysis into scaled values for red and blue color channels, such that individuals 
with more similar colors were more similar genetically. Species A had low mobility whereas Species C had high mobility, with mean dispersal distances per year of 
0.2 and 1 km respectively. For each species and habitat loss scenario, spatial genetic structure is shown before habitat loss, immediately after habitat loss, and several 
decades after habitat loss, corresponding to the different rows. Light and dark gray cells correspond to pristine and cleared habitat respectively, and in both habitat 
loss scenarios, 80 % of pristine habitat was cleared. Cleared habitat had a carrying capacity that was 20 % of that for pristine habitat. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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In Eqs. (8)–(10), ρ(y) = 0 for [0, t1), ρ(y) = (D1 − B)(y − t1) for [t1, t2)
and ρ(y) = (D1 − B)(t2 − t1) for [t2, t3], where y is a dummy variable used 
in the integrals. Analogously, the mean nucleotide diversity considering 
all L independent loci was 

πL(t) =
1
L

∑L

l=1
πl(t) ≈

2
L

∑L

l=1

(
nl1(t)
N(t)

−

(

V
(

nl1(t)
N(t)

)

+

(
nl1(t)
N(t)

)2
))

.

(11) 

Fig. 3. Mean (A) number of sets of chromosomes, (B) nucleotide diversity and (C) proportion of fixed loci over time from the non-spatial population model, under 
three different habitat loss scenarios with different proportional amounts of habitat lost, as derived using formulae (haploid case) and simulations (diploid case). In 
each habitat loss scenario, habitat loss occurred between t1 = 10 years and t2 = 11 years. The per-capita death rate was D0 = 0.04 year− 1 when there was no habitat 
loss and was given by D1 (Eq. (3)) during habitat loss. The value of 0.04 year− 1 was based on the maximum life span of a typical bird species (Table 1). The per-capita 
birth rate was set constant at B = 0.04 year− 1, such that the mean population size was constant when there was no habitat loss. 100 loci, each with two alleles, were 
considered. For each locus, the initial number of copies of the first allele was drawn from a random uniform distribution bounded by 0 and the initial population size. 
The initial population size was 4000 and 2000 for the haploid and diploid cases, respectively. For comparison, results from a baseline scenario with no habitat loss are 
also shown. We obtained qualitatively similar results when the initial number of copies of the first allele was drawn using the steady-state allele frequency distri
bution of a neutral model with constant population size (Figs. S2 and S3). 
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We note that πL(t) depended on ρ(y) and hence the timing, duration 
and extent of habitat loss. For example, if the extent of habitat loss 

increased, then D1 and hence ρ(y) increased, such that V(N(t) )/N(t)
2 

and V(nl1(t) )/N(t)
2 

increased (as per Eqs. (9) and (10)), with a corre
sponding change in πL(t) (as per Eqs. (7) and (11)). 

It can be shown (see Supplementary material) that if N(t)≫ 
2V(nl1(t) )/nl1(t) for all l, then Eq. (11) can be simplified to 

πL(t) ≈
2

L(N(0) )2

∑L

l=1
nl1(0)nl2(0), (12)  

which was constant and equal to the initial value. The quantity 
V(nl1(t) )/nl1(t) increased with t (see Supplementary material) due to 
genetic drift, such that the inequality N(t)≫2V(nl1(t) )/nl1(t) only held 
when t was sufficiently small (Fig. 3). For large t, the inequality ceased 
to hold and it can be shown (see Supplementary material) that πL(t) was 
lower than its initial value, reflecting loss of nucleotide diversity due to 
genetic drift (Fig. 3). 

Secondly, we derived formulae specifying the mean proportion of 
fixed loci at time t under the habitat loss scenarios considered. Again, let 
locus l have nl1(t) copies of the first allele and nl2(t) copies of the second 
allele at time t. Then following Kendall (1948) and Fung and Chisholm 
(2023), the probability of the number of copies of the first allele being 
zero at time t was 

P(nl1(t) = 0 ) =

(

1 −
1

1 +
∫ t

0 σeρ(y)dy

)nl1(0)

, (13)  

where σ=D0 for [0,t1) and [t2,t3], and σ=D1 for [t1,t2). We note that 
P(nl1(t)=0) depended on ρ(y) and hence the timing, duration and extent 
of habitat loss. For example, if the extent of habitat loss increased, then 
D1 and hence ρ(y) increased, such that P(nl1(t)=0) increased (as per Eq. 
(13)). Analogously, P(nl2(t)=0) was given by Eq. (13) with nl1(0)
replaced by nl2(0), and P(nl1(t)+nl2(t)=0) was given by Eq. (13) with 
nl1(0) replaced by nl1(0)+ nl2(0). Then using Bayes' Theorem, the 
probability that locus l was fixed at time t given that the population was 
still extant was [P(nl1(t)=0)(1− P(nl2(t)=0))+P(nl2(t)=0)(1− P(nl1(t)=0))]/
(1− P(nl1(t)+nl2(t)=0))= f(nl10(0),nl2(0),t). Thus, the mean proportion of 
fixed loci at time t was 

pfixed(t) =
1
L

∑L

l=1
f (nl10, nl20, t). (14) 

We see that pfixed(t) depended crucially on the extinction probabili
ties of alleles at time t, as given by Eq. (13). These probabilities were 
very low if the number of copies of each allele was high, which was often 
the case if the initial population size was large and t was sufficiently 
small, such that the mean population size at time t, N(t), was reasonably 
large and genetic drift was weak. Thus, like the mean nucleotide di
versity πL(t), pfixed(t) changed by little if N(t) was sufficiently large 
(Fig. 3). However, when habitat loss increased from 90 % to 99 %, N(t)
decreased from 400 to a low value of 40, with a corresponding non- 
linear increase in pfixed(t) (Fig. 3). This suggested that with respect to 
preserving genetic diversity, a population size on the order of hundreds 
of individuals at least is required. Given that genetic diversity is required 
for ensuring a high probability of survival of a population, this result is 
related to the idea of a minimum viable population (MVP; Shaffer, 
1981). However, because MVPs depend a lot on context (Flather et al., 
2011), further work is required for our result here to be used for esti
mating MVPs. 

To confirm that our formulae were correct, we compared values of 
N(t), πL(t) and pfixed(t) from our formulae with those from simulations, 
and found that there was very good agreement (Figs. 3, S1 and S3). In 
addition, we expect our formulae to give good approximations in the 
case of diploids with random mating and no linkage disequilibrium, 

because in this case allele dynamics at one chromosome in an individual 
are largely independent of allele dynamics at the other chromosome. We 
confirmed this expectation for the habitat loss scenarios we examined, 
using simulations with randomly mating diploids and no linkage 
disequilibrium (Fig. 3). The initial population size was set to half that in 
the haploid case, to ensure that the total number of chromosomes were 
comparable. The sex of each initial diploid individual was randomly 
assigned as male or female, as was the sex of each newborn individual. 
Birth and death events occurred randomly as per the haploid case, 
except that when an individual reproduced, it randomly chose an indi
vidual of the opposite sex for sexual reproduction. If all individuals were 
of the same sex, then reproduction could not occur. 

3.2. Spatially explicit population model 

Spatially explicit simulations of three stylized bird species under 18 
different habitat loss scenarios demonstrated that the effects of habitat 
loss on genetic diversity were not as pronounced as on population 
abundance (Fig. 4). The population size of each species decreased almost 
immediately after habitat loss under any habitat loss scenario and was 
followed by increasing levels of inbreeding (FIS) and genetic structuring 
(Mantel r), whereas noticeable loss of genetic diversity (both nucleotide 
diversity and proportion of fixed loci) only manifested decades later, if 
at all. In terms of decreases in population size, species with a higher 
mobility were generally more sensitive to a higher proportional loss of 
habitat, lower carrying capacity of cleared habitat and decreasing 
spatial autocorrelation of the preserved habitat (Figs. 4 and S4). How
ever, species with a higher mobility exhibited lower levels of inbreeding 
and genetic structuring after habitat loss (Figs. 2 and 4). For species of all 
mobility, genetic diversity loss was generally small for all the habitat 
loss scenarios and did not substantially deviate from the null scenario, 
regardless of whether the mean nucleotide diversity or the mean pro
portion of fixed loci was used as an indicator. Genetic diversity loss was 
most noticeable under the most extreme habitat loss scenarios: random 
habitat preservation with 50 % or 80 % of the area cleared, and with the 
carrying capacity of a cleared cell being 10 % that of a pristine habitat 
cell (Fig. 4). 

We found that the proportion of total habitat cleared had a greater 
negative effect on population size than the spatial configuration of the 
preserved habitat (Fig. 4). For example, increasing the proportion of 
habitat cleared to 80 % typically reduced population size to below 1000, 
representing a decrease of >75 % of the original population size. In 
contrast, decreasing the spatial autocorrelation of the preserved habitat 
(moving from “clumped” to “random”) typically resulted in decreases in 
population size that were smaller, although the effects can still exceed 
1000 individuals (Fig. 4). The proportion of habitat cleared had a 
nonlinear interaction with the spatial configuration of the preserved 
habitat in determining genetic diversity loss (Fig. 4). A large proportion 
of habitat cleared on its own was typically not sufficient for substantial 
genetic diversity loss. Rather, low spatial autocorrelation of the pre
served habitat was often required as well. Compared with loss of genetic 
diversity when the preserved area was clumped, loss of genetic diversity 
when the preserved area was randomly chosen was up to 60 % higher, 
with the largest differences occurring under the most severe habitat loss 
scenarios of 50 % or 80 % of the area cleared, and the carrying capacity 
of a cleared cell being 10 % or 20 % that of a pristine habitat cell 
(Table S2 and Fig. S4). 

Simulations for the malleefowl in South Australia were overall 
consistent with the simulations for the three stylized bird species, in the 
sense that population abundance and genetic diversity responded more 
negatively to a greater proportional loss of habitat cover and patterns of 
habitat preservation that were more random (Fig. 5). Comparing sim
ulations with instant versus gradual habitat loss, population abundances 
decreased more gradually under gradual habitat loss but by the end of 
the 19th century were comparable to those under instant loss, whereas 
genetic diversity was similar under both types of habitat loss (Fig. 5). 
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Genetic diversity calculated using the real sampling scheme, which 
sampled 0.17 % to 1.69 % of the estimated total number of individuals 
across different transects, tended to be substantially lower than genetic 
diversity calculated using all individuals (complete sampling scheme), 
especially for the proportion of fixed loci. Empirical values of the pro
portion of fixed loci were generally consistent with simulated values 
under the real sampling scheme, whereas empirical values of nucleotide 

diversity tended to be somewhat lower than simulated values under the 
real sampling scheme (Fig. 5). 

4. Discussion 

Among all factors considered, the total amount of habitat loss had the 
greatest negative effect on the loss of genetic diversity, with the spatial 

Fig. 4. Temporal changes in population size, inbreeding, genetic structuring and genetic diversity across 18 habitat loss scenarios from our spatially explicit sim
ulations, for three species with different mobility. For comparison, results from a null scenario with no habitat loss are also shown. Genetic diversity was measured by 
nucleotide diversity and proportion of fixed loci. Species A, B, and C have a mean dispersal distance per year of 0.2 km, 0.6 km, and 1 km respectively. The different 
habitat loss scenarios were distinguished by the proportion of habitat that was lost, the spatial autocorrelation of the preserved area (either randomly chosen or 
clumped), and the carrying capacity of a cleared habitat cell expressed as a proportion of the carrying capacity of a pristine habitat cell. These three factors are 
represented in the figure as different colors, columns, and shades of color, respectively. For each scenario and quantity (population size, inbreeding coefficient, 
amount of genetic structuring or genetic diversity indicators), we show the mean (solid line) and middle 95 % of values (delineated by two dashed lines surrounding 
the solid line) from 100 stochastic simulations. For Species B and C, the population collapsed and went extinct (between the 40th to 60th year) in 98 % of simulations 
in the habitat loss scenario with 80 % of habitat lost, the preserved area being randomly chosen, and the carrying capacity of a cleared habitat cell being 10 % of its 
pristine value. Thus, the inbreeding coefficient, amount of genetic structuring and genetic diversity was only calculated for the first 30 years after the habitat loss in 
these cases, and we have marked these cases with “Collapsed” on the corresponding graphs. 
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configuration of habitat fragmentation exerting smaller but nonetheless 
noticeable negative effects. In contrast to population abundance, which 
generally declined proportionally with the amount of habitat lost, ge
netic diversity only exhibited considerable decreases in extreme cases 
when abundance was reduced substantially, corresponding to the most 
severe habitat loss scenarios associated with highly fragmented habitat 
configurations and large amounts of habitat cleared. This result com
plements previous simulation studies that examined long-term scenarios 
(Jackson and Fahrig, 2016, 2014), in the sense that these previous 
studies found that the amount of habitat loss and – to a lesser extent – the 
degree of fragmentation had negative effects on genetic diversity in the 
long term. However, our result is also in contrast to these previous 
studies in the sense that we found that over shorter timescales corre
sponding to non-equilibrium situations, the amount of habitat loss and 
the degree of fragmentation generally do not have pronounced negative 
effects on genetic diversity, with the exception of extreme scenarios in 
which the amount of habitat loss and the degree of fragmentation 
interacted non-linearly. 

Our results and corresponding conclusions were based on a combi
nation of analyses of a simple non-spatial mathematical model and a 
complex spatially explicit simulation model, in scenarios of habitat loss 
that caused genetic diversity to be non-equilibrium. The two models 
complemented each other in their strengths and weaknesses. The non- 

spatial model was simple enough to allow for the derivation of 
formulae for genetic diversity, which gave clear insights into how ge
netic diversity changed with habitat loss. However, the non-spatial 
model lacked biological realism, notably with no explicit representa
tion of space. Nonetheless, results from the non-spatial model provided a 
useful baseline set of results, in particular in terms of identifying the 
critical dependence of loss of genetic diversity on low population sizes 
with strong genetic drift. The explicit representation of space in the 
spatially explicit model allowed for an investigation of how habitat loss 
resulted in clustering of individuals, which led to a spatial restructuring 
of genetic diversity and inbreeding. By comparing the non-spatial 
(Fig. 3) and spatial models (Fig. 4), we found that the spatial model 
exhibited generally higher rates of loss of genetic diversity after habitat 
loss, which indicated that inbreeding and genetic structuring acted at 
the subpopulation level to accelerate genetic drift. 

Our results indicated a substantial time-lag between the reduction of 
population abundance and subsequent genetic diversity loss, typically 
on the order of decades (Fig. 4). This time-lag – sometimes referred to as 
genetic extinction debt (Plue et al., 2017; Vranckx et al., 2012) – is 
alarming because it implies a locked-in, long-term impact on a pop
ulation's viability. We found that the time-lag was due to the slow rate at 
which genetic drift acted to reduce genetic diversity, and was mediated 
by inbreeding and genetic structuring at a subpopulation level (Figs. 3 

Fig. 5. Temporal changes in population size and genetic diversity of malleefowl across seven transects in South Australia under gradual and instant historical habitat 
loss. The top row shows current habitat maps for the seven transects, with light and dark gray cells representing pristine habitat and habitat that has been disturbed 
by anthropogenic activities, respectively. The black dots in each map indicate the locations of sampled individuals in an empirical study (Stenhouse et al., 2022). The 
proportional amount of habitat lost, the spatial pattern of habitat loss (as measured by Moran's I) and sample size (the percentage in brackets refers to sample size 
expressed as a percentage of the estimated abundance) are shown above each map. For each habitat loss scenario and quantity (population size or genetic diversity 
indicator), the mean (solid line) and middle 95 % of values (delineated by two dashed lines surrounding the solid line) from 100 stochastic simulations are shown. 
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and 4). Thus, management actions that rebuild genetic connectivity and 
prevent inbreeding, such as assisted migration (Fitzpatrick et al., 2023; 
Grummer et al., 2022) and managed breeding (Frankham, 2010), can 
mitigate the loss of genetic diversity within a time window of decades 
after habitat loss. It is possible to draw parallels here with research 
documenting how species richness is reduced by habitat loss via re
ductions in population abundances of species, which increase the 
probability of species extinctions via ecological drift (Thompson et al., 
2019). Like genetic drift, ecological drift is a slow random process and 
hence only acts strongly at very small population abundances (Lande, 
1993). Thus, loss of species richness is expected to occur slowly and the 
extinction debt due to habitat loss would take a long time to be cleared, 
on the order of hundreds of generations for tree communities (Thomp
son et al., 2019). These parallels between the underlying causes of 
extinction debt and genetic extinction debt emphasize the importance of 
conservation measures aimed at maintaining sufficiently high levels of 
population abundances. 

We also found that the effects of habitat loss on genetic diversity in 
non-equilibrium scenarios depended on the mobility of species, with 
more-mobile species suffering greater reductions in genetic diversity. 
This outcome corroborates results presented in another recent simula
tion study, albeit at much longer timescales (Jackson and Fahrig, 2014). 
The underlying mechanism seems to be the same regardless of timescale: 
more-mobile species have a greater chance of dispersing from suitable to 
non-suitable habitat, thus reducing their population abundance and 
genetic diversity. In our simulations, we found that this mechanism 
operated more strongly in landscapes with randomly placed versus 
clumped suitable habitat, because individuals were more likely to 
disperse to unsuitable habitat that surrounded patches of randomly 
placed suitable habitat (Fig. 2). However, we note that this result de
pends on species being unable to choose where they disperse to, which 
may be unrealistic in many contexts. Species that are capable of 
detecting the quality of neighboring habitat would partially be able to 
mitigate the negative effects of dispersing into unsuitable habitat 
(Jackson and Fahrig, 2016). In addition, although less-mobile species 
had lower reductions in genetic diversity overall, they became spatially 
clumped into genetically homogeneous clusters within islands of 
remaining suitable habitat (Fig. 2). Isolated subpopulations, receiving 
little influx of migrants because of the species' low mobility, could be 
especially vulnerable to local extinction because of environmental 
perturbation or ecological drift – indeed, the latter appears to have 
caused local extinctions within some of the habitat islands in our sim
ulations. Therefore, it will be important for future work, especially in 
real systems of conservation concern, to examine temporal trends in 
genetic diversity at multiple spatial scales. 

In terms of the SLOSS debate (Diamond, 1975; Simberloff and Abele, 
1982; Wilcox and Murphy, 1985), our results imply that a single large 
reserve is more beneficial than several smaller reserves of the same total 
area for the conservation of genetic diversity. All species in our spatial 
simulations exhibited larger population size in a single large reserve of 
contiguous pristine habitat, within a matrix of cleared habitat that had 
lower carrying capacity (Figs. 4 and S4). Moreover, within the time 
frame of our simulations of 210 years, all species exhibited a smaller loss 
of genetic diversity when there was a single large reserve, especially for 
species of high mobility under the more severe habitat loss scenarios 
(Table S2 and Fig. S4). Although species of low mobility generally 
exhibited smaller gains in genetic diversity in a single large reserve, they 
often exhibited substantially lower levels of inbreeding and genetic 
structuring (Fig. 4), which may help prevent considerable loss of genetic 
diversity in the long run (beyond the timescale of our simulations). We 
caution that our study is at a spatial scale with thousands of individuals, 
and thus our suggestion regarding the SLOSS debate may not be appli
cable at larger scales (e.g., country-wide scale), with hundreds of 
thousands of individuals that may have adapted to differences in envi
ronmental conditions over a large geographical range. We also caution 
that our results were based on models parameterized for bird species, 

and hence our results should not be simply generalized to other taxa, 
especially those that are unable to fly and hence have much lower ca
pacity for dispersal (e.g., herptiles). We encourage future studies that 
examine loss of genetic diversity under habitat loss for other taxa, which 
together with our results could then be used to inform conservation of 
species richness in whole communities of multiple taxa. 

Our simulation results for the malleefowl case study in South 
Australia followed the general trends described for the stylized bird 
species. Thus, simulations under a complete sampling scheme suggested 
that loss of genetic diversity was greatest for the transect with the 
greatest amount of habitat loss and degree of fragmentation, and genetic 
diversity loss occurred slowly after relatively rapid declines in popula
tion abundance (Fig. 5). However, by comparing results using simulated 
data under a real sampling scheme, which reflected how empirical data 
(Stenhouse et al., 2022) was collected, with results using simulated data 
under a complete sampling scheme, we found that sampling a small 
fraction of the population created substantial uncertainty in estimates of 
genetic diversity. This sampling uncertainty was strong enough to blur 
the effects of habitat loss. In particular, the sixth and seventh transects 
had the greatest amount of habitat loss and degree of fragmentation, 
which led to the greatest loss of genetic diversity in the populations as 
reflected in the simulated data under a complete sampling scheme 
(Fig. 5), yet sample genetic diversity was lowest in the fourth and fifth 
transects as reflected in the simulated data under a real sampling 
scheme, because of sampling uncertainty from small sample sizes. Given 
that empirical studies of genetic diversity often use small sample sizes 
with relatively uneven spatial distributions, mathematical corrections of 
sampling bias can be helpful (Bashalkhanov et al., 2009). However, such 
corrections may not incorporate important factors for accurate estima
tion, such as species-specific relationships between the number of ge
netic variants and area (Exposito-Alonso et al., 2022). In our case study, 
there was generally good agreement between simulated (under a real 
sampling scheme) and empirical values of proportion of fixed loci, but 
simulated values of nucleotide diversity were substantially higher than 
empirical values in four transects. A possible reason was our use of 
random initial allele frequencies for simulated loci, which does not fully 
reflect the actual allele frequencies of malleefowl a couple of centuries 
ago. Another possible reason was our use of simplified habitat loss 
scenarios in simulations (either instantaneous or gradual loss at a con
stant rate), which does not fully reflect the real way in which habitat was 
lost in South Australia. Overall, we recommend interpreting conserva
tion genetic data obtained under partial sampling schemes with caution. 
Moreover, our simulations in the malleefowl case study suggest that the 
use of spatially explicit forward-time simulations, as implemented in 
software packages such as Geonomics (Terasaki Hart et al., 2021), is a 
promising avenue for the correction of sampling bias while accounting 
for spatial unevenness of populations. 

Our study has examined genetic diversity indicators that were 
calculated using neutral genetic markers, which follow neutral evolu
tionary processes. This practice is consistent with previous studies 
(Jackson and Fahrig, 2016, 2014) and hence facilitates comparison with 
these studies. On the other hand, selection – especially linked back
ground selection – can have a pronounced footprint across large portions 
of the genome (Pouyet et al., 2018), which may help mitigate loss of 
genetic diversity (Exposito-Alonso et al., 2022). Therefore, simulations 
purely based on neutral genetic markers may overestimate the total rate 
of genetic diversity loss. The use of neutral genetic markers as a good 
indicator of overall evolutionary potential has become uncertain under 
the recent debate over the neutral gene theory (Jensen et al., 2019; 
Kardos et al., 2021; Teixeira and Huber, 2021). However, accounting for 
adaptive genetic markers in simulations is challenging because of their 
specificity to certain organisms and environments (e. g. Tournebize 
et al., 2022). The incorporation of adaptive genetic markers and corre
sponding genomic linkage information could form part of the next great 
frontier in future simulation studies on diversity loss. 
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5. Conclusion 

Using non-spatial modelling and spatial simulation, our study cap
tures the transient dynamics of genetic diversity at non-equilibrium 
stages after habitat loss. Our results are consistent with the following 
sequence of events leading to a loss of genetic diversity: loss of habitat ➔ 
loss of individuals ➔ elevated levels of inbreeding and population spatial 
structuring ➔ loss of genetic diversity. This sequence of events is asso
ciated with a time lag between habitat loss and genetic diversity loss, 
which could sometimes afford a window of opportunity for conservation 
measures, such as assisted migration and managed breeding, to counter 
the effects of inbreeding. Our spatial simulation explores combinations 
of different amounts and configurations of habitat loss to demonstrate 
that “single large” reserves are overall more suitable for conserving 
genetic diversity than “several small” ones in terms of the SLOSS de
bates. By comparing empirical data with results of simulations, our 
study reveals that spatial modelling is a promising avenue in correcting 
estimates of genetic diversity that may be subject to sampling artifacts. 
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Further results for non-spatial model

Deriving formulae specifying mean nucleotide diversity

We first present details of how we derived formulae specifying mean nucleotide 

diversity for the non-spatial model that we used. As shown in the main text, 

considering just one biallelic locus l, the mean nucleotide diversity for the model 

is given by 

π l (t )=2( nl1 (t )
N (t )

−( nl1 (t )
N (t ) )

2)=2(nl 1 ( t )
N ( t )

−(V (nl 1 (t )
N ( t ) )+( nl1 ( t )

N (t ) )
2

)) , (S1)
where nl 1 ( t ) is the number of copies of the first allele at time t; N (t ) is the number

of copies of both alleles at time t, which is also equal to the population size at 

time t  (because the population consists of haploid individuals); and V  refers to 

the variance arising from genetic drift. By performing a second-order Taylor 

series expansion of nl1 ( t ) /N ( t) about the mean values nl 1 (t ) and N (t ), and then 

taking the mean and variance, we get

nl1 ( t )
N ( t )

≈
nl1 ( t )

N ( t )
−
Cov (nl1 ( t ) , N (t))

(N ( t ) )2
+
nl1 (t )V (N (t ) )

(N (t ))3
, (S2)

V ( nl1 (t )
N ( t ) )≈ V (nl1 (t ) )

(N (t ) )2
−2

nl1 ( t )Cov (nl1 ( t ) ,N (t ) )
(N ( t ) )3

+
(nl 1 (t ) )2V (N (t ) )

(N (t ) )4
,(S3)

where Cov refers to the covariance. Noting that N ( t )=nl1 (t )+nl2 (t ), where nl2 ( t ) is 

the number of copies of the second allele at time t , and that n1 (t ) and n2 (t ) are 

uncorrelated, we have

Cov (nl1 (t ) ,N (t ))=Cov (nl1 (t ) , nl1 ( t )+nl2 (t ) )=Cov (nl1 ( t ) , nl1 ( t ) )+Cov (nl1 ( t ) , nl2 (t ) )=V (nl1 ( t ) ) .(S4)

Using (S4) in (S2) and (S3) gives

2



n1 l ( t )
N ( t )

≈
nl1 ( t )

N ( t )
−
V (nl1 (t ) )
(N (t ) )2

+
n l1 ( t )

N (t )
V (N (t ) )
(N (t ) )2

=
nl1 ( t )

N ( t ) (1+V (N (t ) )
(N ( t ) )2 )−V (n l1 (t ) )

(N (t ) )2
, (S5)

V ( nl1 (t )
N ( t ) )≈ V (nl1 (t ) )

(N (t ) )2
−2

nl1 ( t )

N (t )

V (nl1 ( t ) )
(N ( t ))2

+(nl 1 (t )

N (t ) )
2 V (N ( t ) )

(N ( t ) )2
=
V (nl1 (t ))
(N (t ) )2 (1−2 nl1 (t )

N ( t ) )+(nl1 (t )

N ( t ) )
2 V (N (t ) )

(N ( t ) )2
, (S6)

which are (6) and (7) in the main text. The last expressions in (S5) and (S6) 

depend on three factors that are given explicitly by the following formulae, 

following Kendall (1948) and Fung and Chisholm (2023):

nl1 ( t )

N ( t )
=
nl 1(0)e

− ρ(t )

N (0)e−ρ(t )
=
n l1(0)
N (0)

,(S7)

V (N (t ) )
(N (t ) )2

=
N (0)e−2 ρ (t )∫

0

t

eρ ( y ) (B+D ( y ) )dy

(N (0)e− ρ(t ))2
=
∫
0

t

eρ ( y ) (B+D ( y ) )dy

N (0)
,(S8)

V (nl1 ( t ) )
(N (t ))2

=
nl 1(0)e

−2ρ (t )∫
0

t

eρ ( y ) (B+D ( y ) )dy

(N (0)e−ρ (t ) )2
=
nl1(0)

(N (0))2
∫
0

t

eρ ( y ) (B+D ( y ) )dy , (S9)

where B, D ( y ) and ρ ( y ) are as defined in the main text. (S7)-(S9) are equivalent 

to (8)-(10) in the main text. 

From (S1) and (S7), if V (nl1 ( t ) /N (t ))≪nl1 ( t ) /N ( t), then

π l (t )=2( nl1 (t )
N (t )

−(V ( n l1 ( t )
N (t ) )+( nl1 (t )

N (t ) )
2

))≈2( nl1 ( t )
N (t )

−( nl1 (t )
N (t ) )

2

)=2( nl1 (0 )
N (0 )

−( nl1 (0 )
N (0 ) )

2

)=2 n l1 (0 )
N (0 )

N (0 )−nl1 (0 )
N (0 )

=2
nl1 (0 )nl2 (0 )

(N (0 ) )2
.(S10)

Thus, if there are L loci and V (nl1 ( t )/N (t ))≪nl1 ( t ) /N ( t) for all 1≤l ≤L, then the 

mean nucleotide diversity over L loci is

3



πL (t )= 1
L∑l=1

L

π l (t )≈ 2
L (N (0))2

∑
l=1

L

nl1 (0 )nl2 (0 ) , (S11)

as per (12) in the main text. From (S5) and (S6), the inequality

V (nl1 ( t )/N (t ))≪nl1 ( t ) /N ( t) is approximately 

V (nl1 (t ) )
(N (t ) )2 (1−2 nl1 (t )

N ( t ) )+( n l1 (t )

N (t ) )
2 V (N ( t ) )

(N (t ) )2

≪
nl1 (t )

N (t ) (1+V (N (t ) )
(N (t ) )2 )−V (n l1 (t ) )

(N (t ) )2
. (S12)

Rearranging gives

2
V (n l1 ( t ) )
(N ( t ) )2 (1−nl1 ( t )

N ( t ) )
≪
nl1 ( t )

N (t ) (1+V (N (t ) )
(N ( t ) )2 )−( nl1 (t )

N ( t ) )
2 V (N (t ) )

(N ( t ) )2
. (S13)

A stricter inequality is 

2
V (n l1 (t ) )
(N (t ) )2

≪
nl1 (t )

N (t )
. (S14)

If (S14) holds, then so does (S13). (S14) is equivalent to 

2
V (n l1 ( t ) )
nl1 (t )

≪N (t ) . (S15)

Explicitly, following Kendall (1948) and Fung and Chisholm (2023):

V (nl1 ( t ) )
nl1 ( t )

=
nl 1(0)e

−ρ (t )∫
0

t

eρ ( y ) (B+D ( y ) )dy

nl1(0)e
− ρ(t) =∫

0

t

eρ ( y ) (B+D ( y ) )dy ,(S16)

N (t )=N (0)e−ρ (t ) .(S17)

From (S16), V (nl1 ( t ) ) /nl1 ( t ) increases with t . Thus, (S15) only holds for sufficiently 
small t . When the inequality fails to hold, then the variance term in (S1) becomes
non-negligible and reduces πL ( t ).

Verifying accuracy of formulae
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For the (stochastic) non-spatial model, we derived formulae specifying N ( t ) (as 

per (S17)); πL (t ) (as per (11) in the main text); and the mean proportion of fixed 

loci at time t , p¿ (t ) (as per (14) in the main text). To verify the accuracy of these 

formulae, we compared values from the formulae with those from simulations, 

for the three habitat loss scenarios that we examined and the baseline scenario 

with no habitat loss (see main text). For each scenario, the model was simulated 

1,000 times and values of N ( t ), πL ( t ) and p¿ (t ) calculated for every value of t  that 

is a multiple of 0.01 yr. The model was simulated according to the schematic 

diagram shown in Fig. 1, with a timestep of δt=0.01 yr during the time periods 

when no habitat loss occurred (i.e., t<t1=10 yr and t ≥ t 2=11 yr) and a smaller 

timestep of δt=0.001yr during the time period when habitat loss occurred in the 

habitat loss scenarios (i.e., 10 yr=t1≤t<t2=11 yr), to account for the higher 

mortality rates during this time period. There was very good agreement between

values from formulae and simulations (Fig. S1). Let the percentage absolute error

between a value from a formula and a corresponding value from simulations be 

the absolute difference between the values divided by the value from the 

simulations, expressed as a percentage. Then the mean percentage absolute 

error for N ( t ) across all values of t  was only 0.052–0.809% for the four scenarios. 

Similarly, the mean absolute percentage error for πL (t ) was only 0.001–0.114%. 

For p¿ (t ), the simulated values were often zero, such that the percentage 

absolute error was often undefined. Thus, we considered the absolute error 

instead. The mean absolute error for p¿ (t ) was only 0.005–0.059. 
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Fig. S1. Mean (A) number of individuals, (B) nucleotide diversity and (C)

proportion of fixed loci over time from the non-spatial population 

model, under three different habitat loss scenarios with different 

proportional amounts of habitat lost, as derived using formulae and 

simulations. In each habitat loss scenario, habitat loss occurred between t 1=10 

yr and t 2=11 yr. The per-capita death rate was D0=0.04 yr–1 when there was no 

habitat loss and was given by D1 (eq. (3) in main text) during habitat loss. The 
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value of 0.04 yr–1 was based on the maximum life span of a typical bird species 

(Table 1 in main text). The per-capita birth rate was set constant at B=0.04 yr–1, 

such that the mean population size was constant when there was no habitat loss.

100 loci, each with two alleles, were considered. For each locus on a 

chromosome, the initial number of copies of the first allele was drawn from a 

random uniform distribution bounded by 0 and the initial population size. The 

initial population size was 4,000 (haploid individuals). For comparison, results 

from a baseline scenario with no habitat loss are also shown.

Examining a different distribution of initial allele frequencies 

When deriving results for the non-spatial model presented in the main text 

(graphically illustrated in Fig. 3), we chose the initial allele frequencies by 

randomly sampling from a uniform distribution. Specifically, for each of the L loci

on a chromosome, the initial number of copies of the first allele was drawn from 

a random uniform distribution bounded by 0 and the initial population size. To 

test the robustness of these results, we also derived results when the initial 

number of copies of the first allele was drawn using the steady-state allele 

frequency distribution of a neutral model with constant population size M . 

The neutral model with constant population size is the neutral Moran process 

that describes the dynamics of two alleles at a locus, with mutation from one 

allele to the other. In each discrete timestep of the model, one allele is chosen to 

replicate (representing a haploid individual reproducing asexually) whereas 

another allele is chosen to disappear (representing a haploid individual dying). 

With small probably ν, the new allele in a timestep mutates and changes type. 
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The model eventually reaches a steady-state reflecting a balance between 

genetic drift and mutation, with the steady-state allele frequency distribution 

given by equation (10) in Moran (1958), which is

P(i /M)=P (0)
M!Γ (i+ Mν

1−2ν )Γ (M (1−ν )
1−2 ν

−i)
i ! (M−i )! Γ ( Mν

1−2 ν )Γ (M(1−ν )
1−2 ν )

, (S18)

where P(i /M ) is the probability of the allele frequency being  i /M, and P(0) is 

determined by the probabilities having to sum to 1, i.e. ∑
i=0

M

P( i /M )=1. We use 

(S18) with M=106 and ν=10−9. The value of M=106 corresponds to an arbitrarily 

large population covering approximately 105 km2 of pristine habitat (as per 

carrying capacity used in Table 1), whereas the value of  ν=10−9 corresponds to 

the mutation rate used for the spatially explicit model (see Table 1 in main text). 

To account for SNPs generally being considered to have allele frequencies greater

than 0.01 (Wright, 2005; Keats and Sherman, 2013), we truncate the allele 

frequency distribution given by (S18) at 0.01 (lower bound) and 0.99 (upper 

bound) and renormalize. The resulting allele frequency distribution is given in Fig.

S2, which exhibits a U-shape.
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Fig. S2. Probability distribution of allele frequencies from the steady-

state of a neutral Moran process with two alleles and mutation from 

one allele to another. The distribution was calculated using equation (10) in 

Moran (1958), with population size M=106 and mutation rate ν=10−9, with 

truncation of the distribution to reflect SNPs generally being considered to have 

allele frequencies greater than 0.01. 

For each of the L loci on a chromosome, we randomly choose an allele frequency

according to the distribution shown in Fig. S2 – this specifies how many of the M  

individuals have a copy of the first allele, and hence how many of them have a 

copy of the second allele. Afterwards, we randomly sample N=4,000 of these M  

individuals to use in our non-spatial model of habitat loss. Results for our non-

spatial model with this method of generating initial allele frequencies are shown 

in Fig. S3. Compared with results with the initial allele frequencies generated 

using a uniform distribution (Fig. 3 in main text), the mean nucleotide diversity is

lower and the mean proportion of fixed loci is higher (Fig. S3), reflecting more 

rare alleles arising from the U-shaped initial allele frequency distribution (Fig. 
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S2). However, the trends in these two indicators of genetic diversity are 

qualitatively similar (cf. Figs. 3 and S3). 

Fig. S3. Same as Fig. S1, except that the initial allele frequencies were 

drawn using the steady-state allele frequency distribution of a neutral 

Moran process with two alleles and mutation from one allele to another,

as shown in Fig. S2.
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Further results for spatial model

Table S1. All scenarios for simulations of the spatial model. Names of 
scenarios correspond to the names of folders in the online repository 
(https://github.com/qt37t247/HabitatLossGenetics), which contain the scripts to 
run the simulations.    

Species
A B C
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1
A0C2
D1

B0C2
D1

C0C2
D1

2
A0C2
D2

B0C2
D2

C0C2
D2

5
A0C2
D5

B0C2
D5

C0C2
D5

50
1

A0C5
D1

B0C5
D1

C0C5
D1

2
A0C5
D2

B0C5
D2

C0C5
D2

5
A0C5
D5

B0C5
D5

C0C5
D5
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1

A0C8
D1

B0C8
D1

C0C8
D1

2
A0C8
D2

B0C8
D2

C0C8
D2

5
A0C8
D5

B0C8
D5

C0C8
D5

Clumped

20
1

A1C2
D1

B1C2
D1

C1C2
D1

2
A1C2
D2

B1C2
D2
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B1C2
D5

C1C2
D5
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B1C5
D5

C1C5
D5

80
1

A1C8
D1

B1C8
D1

C1C8
D1

2
A1C8
D2
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D5

N/A N/A N/A Anull Bnull Cnull
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Table S2. Average differences in genetic diversity at the end of 

simulations of the spatial model (each lasting 210 yr) for three stylized 

bird species, comparing random with clumped configuration of 

preserved habitat (positive value means average difference is greater 

in random versus clumped configuration). Significant values are highlighted

with asterisks.

Nucleotide diversity Proportion of fixed loci (%)
Species A      B      C A    B     C
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5
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6
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8*
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1
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2
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2
0.01216

4
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6
1.35034

3
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3.91339

2*

5 -0.00069
-

0.00052
0.00056

3 -0.0833
0.0998

5
0.19556

8

8
0

1
0.20575

3* - -
61.9718

8* - -

2
0.09723

5*
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9
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6
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31
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6
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-

0.00095
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8
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01
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6
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Fig. S4. Genetic diversity at the end of simulations of the spatial model 
(each lasting 210 yr), for three stylized bird species under different 
habitat loss scenarios.
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