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Abstract 
The complexity of global anthropogenic change makes forecasting species responses and planning effective conservation actions challenging. 
Additionally, important components of a species’ adaptive capacity, such as evolutionary potential, are often not included in quantitative risk 
assessments due to lack of data. While genomic proxies for evolutionary potential in at-risk species are increasingly available, they have not yet 
been included in extinction risk assessments at a species-wide scale. In this study, we used an individual-based, spatially explicit, dynamic eco-
evolutionary simulation model to evaluate the extinction risk of an endangered desert songbird, the southwestern willow flycatcher (Empidonax 
traillii extimus), in response to climate change. Using data from long-term demographic and habitat studies in conjunction with genome-
wide ecological genomics research, we parameterized simulations that include 418 sites across the breeding range, genomic data from 225 
individuals, and climate change forecasts spanning 3 generalized circulation models and 3 emissions scenarios. We evaluated how evolutionary  
potential, and the lack of it, impacted population trajectories in response to climate change. We then investigated the compounding impact 
of drought and warming temperatures on extinction risk through the mechanism of increased nest failure. Finally, we evaluated how rapid ac-
tion to reverse greenhouse gas emissions would influence population responses and species extinction risk. Our results illustrate the value of 
incorporating evolutionary, demographic, and dispersal processes in a spatially explicit framework to more comprehensively evaluate the extinc-
tion risk of threatened and endangered species and conservation actions to promote their recovery.

Graphical Abstract 

Key words: CDMetaPOP, computer simulations, conservation genomics, dynamic eco-evolutionary simulation model, Empidonax trailii extimus, local adaptation

mailto:Brenna.Forester@colostate.edu?subject=
mailto:brenna_forester@fws.gov?subject=


342 Journal of Heredity, 2023, Vol. 114, No. 4 

Introduction
In a period of unprecedented transformation of the Earth’s 
climate and ecosystems by human actions, forecasting envi-
ronmental change is challenging due to the novelty and in-
teraction of the drivers, such as habitat degradation and loss, 
climate change, and invasive species (Sage 2020). For con-
servation biologists, this challenge complicates our ability 
to understand and predict species responses to change and 
implement conservation actions to mitigate extinction risk. 
Species responses are multifaceted and can include 1) dis-
persal to track changing conditions, 2) plastic responses, 
such as changes in behavior or physiology, and 3) rapid ev-
olutionary adaptation mediated by evolutionary potential 
(Dawson et al. 2011). Here, we define evolutionary potential 
as the capacity to evolve genetically based changes in traits 
that increase population-level fitness in response to novel or 
changing environmental conditions (Forester et al. 2022). 
Together, these 3 responses constitute a species’ adaptive ca-
pacity—its ability to accommodate, cope with, or respond to 
dynamic environmental conditions (Foden et al. 2019).

The prospect for evolutionary potential to mitigate declines 
in at-risk species has been difficult to evaluate due to a lack of 
informative proxies for evolutionary potential in these species 
(Forester et al. 2022). However, the increasing availability 
of genomic-scale data in species of conservation concern is 
improving our ability to incorporate evolutionary potential 
into quantitative models of vulnerability. Quantifying extinc-
tion risk is itself challenging, however, and there have been 
few evaluations of the impact of evolutionary potential on 
population-level extirpation risk (e.g. Bay et al. 2017b) or 
species-wide extinction. Evaluating extinction risk in a con-
text that includes evolutionary potential requires the inte-
gration of both evolutionary and demographic dynamics 
in response to environmental change, i.e. eco-evolutionary 
modeling. While genomic proxies for evolutionary potential 
account for only 1 potential mechanism of a species’ com-
plex response to multivariate environmental change, their 
incorporation into eco-evolutionary simulation models can 
help us better understand how adaptive evolutionary change 
interacts with demographic and environmental parameters 
across space and time (Chevin et al. 2010; Pierson et al. 2015; 
Bay et al. 2017a; Xuereb et al. 2021). Specifically, spatially 
explicit, individual-based models can be used to evaluate how 
heterogeneity in individual genotypes, behaviors, and fine-
scale interactions between individuals and the landscape scale 
up to produce emergent properties of the larger population 
(DeAngelis and Mooij 2005; Bach et al. 2006). This process 
produces models that are more mechanistic and therefore 
transferable to novel scenarios or environments (Radchuk et 
al. 2019). These models, in turn, can be useful in conserva-
tion planning, providing a more comprehensive assessment 
of how species will respond to complex, interacting environ-
mental change drivers (Forester et al. 2022; Funk et al. 2019).

In this study, we investigate the interaction of evolutionary 
potential, dispersal, demographic processes, climate change, 
and environmental stochasticity in driving population dy-
namics of an endangered songbird. The southwestern willow 
flycatcher (Empidonax trailii extimus) is a neotropical mi-
grant that was listed as endangered under the United States 
Endangered Species Act (ESA) in 1995 (USFWS 1995). This 
small songbird winters in Costa Rica and Nicaragua (Ruegg 
et al. 2021) and breeds in the desert southwest of the United 

States and extreme northern part of Mexico. Southwestern 
willow flycatchers nest adjacent to water in dense riparian 
habitats with spatially complex vegetation structure. They 
will nest in native and non-native (e.g. saltcedar and Russian 
olive) vegetation, in both contiguous vegetation and mosaics 
of vegetation and open areas, and along rivers, reservoirs, 
marshy seeps, or areas with saturated soil (Sogge et al. 2010). 
Patch disturbance history (i.e. from flooding) and vegetation 
successional status influences patch quality, occupancy, and 
demographic patterns for breeding flycatchers (Theimer et al. 
2018). The patchy distribution of riparian habitats across the 
breeding range in combination with variable patch quality 
dynamics leads to metapopulation structure on the breeding 
grounds, with birds often moving among patches within 
drainages (Paxton et al. 2007).

Factors triggering the listing of southwestern willow 
flycatchers under the ESA included negative effects of invasive 
species and brood parasites, demographic and genetic effects 
of small population sizes, and stressors on the migration and 
wintering grounds (USFWS 2002). However, the most impor-
tant historical factor driving population declines has been the 
widespread loss, modification, and fragmentation of riparian 
breeding habitats, including extensive loss of cottonwood-
willow riparian habitats (Unitt 1987; Sogge et al. 2010). 
Ongoing climate change is compounding the impacts of this 
historical and current habitat loss. First, increasing summer 
temperatures in the desert southwest are already impacting 
bird communities through direct physiological mechanisms 
such as dehydration and increased cooling costs (Albright et 
al. 2017; Smith et al. 2017; Riddell et al. 2019). Secondly, 
the quality of riparian vegetation and habitats continues to 
be negatively impacted by increasing temperatures and more 
frequent and intense droughts, along with associated changes 
in hydrologic regimes (Archer and Predick 2008; Perry et al. 
2012; Zhang et al. 2021). In particular, the increasing magni-
tude, frequency, and duration of drought is directly affecting 
productivity of desert birds (Saracco et al. 2018), and is linked 
to nest failure in southwestern willow flycatchers (Paxton et 
al. 2007). Finally, ecological genomics research has identified 
the southwestern willow flycatcher as highly vulnerable to 
climate change due to a substantial mismatch between cur-
rent adaptive genotypes and those predicted to be needed to 
adapt to future climate conditions (Ruegg et al. 2018). Future 
projections of breeding season maximum temperatures and 
drought conditions at flycatcher breeding sites indicate that 
these ongoing stressors will only increase in magnitude and 
severity over the next century (Fig. 1).

The interaction of these climate-driven impacts with overall 
small population sizes and metapopulation dynamics of south-
western willow flycatchers, in addition to their expansive and 
spatially disjunct distribution on the breeding grounds (Fig. 2) 
makes assessment of extinction risk challenging for this endan-
gered species. The potential for flycatcher populations to adapt 
to warming and drying conditions from standing genetic vari-
ation across this complex landscape adds another challenge to 
projecting population trajectories (Razgour et al. 2019).

In this study, we tackle this complexity using an individual-
based, spatially explicit, dynamic eco-evolutionary simulation 
model parameterized with data from long-term demographic 
research and a genome-wide ecological genomics study. We 
first evaluate how existing adaptive genetic variation asso-
ciated with temperature across the breeding range may fa-
cilitate adaptive responses (via selection and dispersal) to 
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Fig. 1. Frequency of (a) average maximum temperatures and (b) climatic moisture deficit during the southwestern willow flycatcher breeding season 
(May, June, and July) at 418 breeding sites for 1981 to 2010 (30-year climate normal) and 2091 to 2100, projected using the EC-Earth3 (middle impact) 
GCM under climate scenario SSP5-8.5 (high emissions scenario).

Fig. 2. Southwestern willow flycatcher breeding grounds in the southwestern United States showing initial patch occupancy of 418 breeding sites used 
for the simulation study and USFWS Recovery Units (colored polygons representing major watersheds).
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increasing summer temperatures due to climate change. We 
investigate how population trajectories would be impacted 
if existing evolutionary potential were fixed, with no ca-
pacity to evolve in response to rising temperatures. We then 
assess the compounding impact of drought and warming 
temperatures on population trajectories through the mech-
anism of increased nest failure. Finally, we evaluate how 
rapid action to reverse greenhouse gas emissions would in-
fluence population responses and species extinction risk. Our 
results illustrate the importance, when data are available, 
of incorporating evolutionary processes in extinction risk 
assessments for threatened and endangered species. Even with 
incomplete estimates of evolutionary potential, we can use 
available information in conjunction with demographic and 
spatial data to better understand how evolutionary processes 
may play a role in facilitating population persistence under 
changing environmental conditions.

Methods
Simulation model
To simulate southwestern willow flycatcher population 
dynamics, dispersal, and evolutionary potential, we used 
CDMetaPOP, a dynamic eco-evolutionary simulation pro-
gram that incorporates spatially explicit modeling of dem-
ographic, genetic, and environmental variability (Landguth 
et al. 2017). CDMetaPOP uses forward-in-time modeling of 
individual dispersal, demography, and genetic variability as 
a function of temporally dynamic selection surfaces, habitat 
variability, and cost distances. Briefly, individuals interact 
across patches, which are areas sharing common environ-
mental conditions. Within patches, parameters related to 
class structure (e.g. age, mortality, fecundity) are used to 
simulate demographic processes, while individual move-
ment between patches is determined by species-relevant 
dispersal surfaces (e.g. Euclidean distance or an effective dis-
tance generated from a resistance surface). Genetic processes 
are simulated at the individual level, where neutral and/or 
adaptive population structure emerges as a function of dem-
ographic properties, dispersal, and (for adaptive genotypes) 
natural selection as a function of environmental conditions 
in patches. In the willow flycatcher case, we focus on the 
impacts to overall species persistence and occupancy on the 
breeding grounds as a function of adaptive evolution in re-
sponse to temporally dynamic environmental conditions 
and demographic change.

Study system
The simulation extent of our study includes the entire oc-
cupied breeding range for southwestern willow flycatchers 
in the United States (Fig. 2). This includes 6 recovery units 
representing major watersheds that are used to assess re-
covery status under the United States Fish and Wildlife 
Service’s (USFWS) recovery plan for the species (USFWS 
2002). Management units (referenced below) are smaller 
watershed units nested within recovery units. Occupancy 
of nesting sites across the breeding range is highly vari-
able and can shift over time in response to riparian vegeta-
tion dynamics and environmental conditions (Paxton et al. 
2007; Theimer et al. 2018). In any given year, as many as 
half of potential breeding sites will not be occupied by any 
nesting willow flycatchers (Durst 2017). Based on survey 

data collected between 1993 and 2012, the largest and most 
consistent aggregations of willow flycatcher breeding sites 
include those along the Gila River (Gila Recovery Unit in 
blue, Fig. 2) and Rio Grande River (Rio Grande Recovery 
Unit in purple, Fig. 2). By contrast, other breeding sites 
are more spatially disjunct and have temporally variable 
occupancy.

Demographic parameterization
We used a modified Leslie matrix (Miller and Ankley 2004) 
to produce an age-structured logistic model of population 
growth represented by 6 age classes, hatch year through 
sixth year. We used age-specific survivorship and seasonal 
fecundity data derived from a long-term study at 2 locations 
in central Arizona (Paxton et al. 2007) to parameterize 
the Leslie matrix (Supplementary Table S1). Survivorship 
estimates were based on return rates to the breeding 
grounds, integrating mortality across the annual migra-
tory cycle (Paxton et al. 2007, 2017). Birds matured and 
were able to reproduce in their second year on the breeding 
grounds. We calculated the proportion of birds in each age 
class in our simulations and compared the distributions to 
empirical data from the Arizona study as a check on the 
demographic parameters.

Patch attributes
We parameterized 418 patches on the breeding grounds based 
on compiled breeding site data from Durst (2017) and genetic 
sampling locations from Ruegg et al. (2018). Due to incon-
sistency in survey reporting between 1993 and 2012, Durst 
(2017) defined sites as generalized locations where birds 
establish a territory, where a territory is an area defended 
by birds within sites. Sites therefore ranged from small dis-
crete areas of riparian habitat holding a few territories up to 
long riparian corridors with several hundred territories. For 
each patch, we set a carrying capacity (K) and initialized the 
starting number of birds (N0) to reflect compiled data from 
Durst (2017) on the number of sites per management unit 
and the number of territories per site, where each territory 
is assumed to include 2 birds (Fig. 2). In order to more real-
istically represent habitat availability and dispersal behavior 
along riparian corridors, sites identified in Durst (2017) with 
>10 territories were split into multiple patches distributed 
within 3 km of each other (a distance with a high probability 
of connectivity, see Dispersal parameterization). Patches were 
distributed within suitable riparian habitat, identified using 
an updated (2017) satellite-derived model of southwestern 
willow flycatcher breeding habitat (Hatten and Paradzick 
2003; Hatten 2016). All simulations were initialized with an 
overall breeding ground carrying capacity of 5,860 individuals 
and a starting number of birds of 3,258 (roughly equivalent 
to the total estimated number of individuals species wide as 
of 2012, Durst 2017). We simulated birds migrating to their 
wintering grounds in Central America each year by moving 
all birds to a single patch with sufficient carrying capacity for 
all individuals (e.g. K = 1,000,000).

Dispersal parameterization
In the following section, we discuss 3 classes of dispersal: 
patch fidelity, where birds return to the patch they occupied 
the previous breeding season, local dispersal, where birds 
move within management units (smaller scale watersheds), 

http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esac067#supplementary-data
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and long-distance dispersal, where birds move between re-
covery units (large scale watersheds, Fig. 2). We used data 
from the long-term study in central Arizona to parameterize 
dispersal on the breeding grounds (Paxton et al. 2007). 
Juvenile birds show low natal site fidelity (i.e. only ~2% re-
turn to their natal patch), with most juvenile birds (93%) 
dispersing locally (mean distance = 9 km, range = 0.3 to 40 
km). About 6% of juveniles show long-distance dispersal 
(mean distance = 214 km, range = 52 to 444 km). By compar-
ison, adult birds show higher patch fidelity when they return 
to the breeding grounds each season (~33% of adults). About 
64% of adult birds exhibit local dispersal (mean distance = 
11.3 km, range = 0.3 to 44 km), while long-distance dispersal 
was less common in adults (3% of birds, average distance = 
108 km, range = 59 to 179 km).

In each simulation year, birds travel from the wintering to 
the breeding grounds, returning to the patch they left in the 
previous breeding season. When the birds arrive, we apply a 
dispersal parameterization as follows. Reflecting the empir-
ical data discussed above, only 2% of the returning juvenile 
birds will show patch fidelity (no dispersal), while 33% of 
adult birds will show patch fidelity. For birds who do not 
show patch fidelity (i.e. dispersing individuals), the dispersal 
location is selected using a random draw from a cost ma-
trix that defines the relative probability of moving a given 
Euclidean distance between 2 patches. Generally speaking, 
and reflecting the empirical data presented above, birds that 
do not exhibit patch fidelity are more likely to disperse lo-
cally (i.e. move within management units) than exhibit long-
distance dispersal (i.e. move between recovery units). To 
parameterize the cost matrix representing these probabilities 
of dispersal, we first set Euclidean distances less than 100 m 
(representing only 0.2% of dispersal distances in the matrix) 
to a probability of zero (meaning no dispersal), since these 
distances are within the average southwestern willow fly-
catcher territory size of 1 ha. For distances between 100 m 
and 3 km, we assigned the maximum dispersal probability 
of 0.95, reflecting a very high probability of local dispersal 
within 3 km. We then used a truncated normal distribution 
to set dispersal probabilities for distances between 3 and 
44 km (reflecting average local, within-drainage dispersal 
distances in the empirical data). The truncated normal dis-
tribution was calculated in R (v. 4.0.3; R Core Team 2020) 
and scaled from a dispersal probability of 0.95 (3 km) to 
0.001 (44 km), with a mean of 2.6 km (the median of local 
dispersal distances across juveniles and adults) and SD of 
11.4 km (average of SDs of local dispersal distances across 
juveniles and adults).

At distances greater than 44 km (long-distance dispersal), 
dispersal probabilities in the cost matrix were much lower 
as a function of Euclidean distance: probability of 0.001 be-
tween 44 and 100 km; probability of 0.0009 between 100 
and 200 km; probability of 0.0008 between 200 and 300 
km; and probability of 0.0005 for very long distances be-
tween 300 and 444 km (with zero probability at distances 
greater than the maximum recorded movement of 444 km). 
We calculated the distribution of dispersal distances across 
juvenile and adult age classes and compared them to empir-
ical data from the Arizona study to evaluate this dispersal 
parameterization. Finally, we used a simplified approach 
for the mating cost distance matrix, which is used to iden-
tify all possible male mates for a given female in a patch. 
For distances less than 3 km the probability of selecting an 

available male as a mate was set to 0.95, while distances 
between 3 and 50 km used the same truncated normal dis-
tribution as for dispersal above; all distances greater than 50 
km were set to zero.

Climate data
All climate data were derived from ClimateNA v7.20 (Wang 
et al. 2016). Three downscaled CMIP6 general circulation 
models (GCMs) were selected using the CMIP6-NA model 
ensemble selection tool (Mahony et al. 2022) for western 
North America: EC-Earth3, GFDL-EDM4, and MRI-
ESM2-0. These GCMs meet stringent quality control criteria 
while spanning the range of climate change projections 
within Shared Socioeconomic Pathway (SSP) scenarios for 
western North America (Mahony et al. 2022). EC-Earth3 
generally represents a middle impact GCM (Fig. 1), bracketed 
by GFDL-EDM4 (lower impact, Supplementary Fig. S1), 
and MRI-ESM2-0 (higher impact, Supplementary Fig. S2). 
For all applications of climate data, we used the following 
2 parameters: average breeding season maximum tempera-
ture (the average of maximum temperatures in May, June, 
and July, Tmax_MJJ) and the sum of Hargreave’s climatic 
moisture deficit (CMD, a measure of drought) during the 
breeding season (the sum of CMD for May, June, and July, 
CMD_MJJ). We used the 1981 and 2010 climate normal 
as a reference, and annual data from 2011 to 2100 for 
Tmax_MJJ and CMD_MJJ for the following SSP scenarios: 
SSP5-8.5, SSP2-4.5, and SSP1-2.6 (IPCC 2021). SSP5-8.5 is 
a high greenhouse gas emissions scenario with no additional 
climate policy implemented; CO2 emissions roughly double 
from current levels by 2050, leading to average global 
warming of ~4.4 °C (range 3.3 to 5.7 °C) by 2100. SSP2-4.5 
is an intermediate greenhouse gas emissions scenario with 
CO2 emissions remaining at current levels up to 2050 and 
socioeconomic factors following historical trends; average 
global warming is ~2.7 °C (range 2.1 to 3.5 °C) by 2100. 
SSP1-2.6 is a scenario with strong greenhouse gas emissions 
mitigation; warming stays at ~1.8 °C globally (range 1.3 to 
2.4 °C) by 2100 with implied net zero CO2 emissions after 
2050, followed by net negative CO2 emissions.

Parameterization of evolutionary potential
In each simulation year, birds return to the breeding grounds 
and exhibit either site fidelity or dispersal (see Dispersal 
parameterization). Under climate change scenarios (see 
Simulation scenarios), each bird will then experience max-
imum breeding season temperatures (Tmax_MJJ) in their 
breeding season patch for that year. Depending on the 
genotype of individual birds at 2 adaptive loci (discussed 
below), each bird will experience a fitness penalty, in the 
form of an increased chance of mortality, as a function of 
Tmax_MJJ in their patch. Thus, evolutionary potential 
across the species as a whole is mediated by the dispersal 
of birds on the breeding grounds and the resulting move-
ment of and selection on adaptive alleles at the 2 loci under 
selection.

To parameterize evolutionary potential, we compiled 
allele frequency data for 20 candidate adaptive single nu-
cleotide polymorphisms (SNPs) for 15 southwestern 
willow flycatcher sites from Ruegg et al. (2018). The total 
sample size was 239 individuals, with sites averaging 15.7 
individuals (median = 11, range 4 to 31). Because 7 of the 8 
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top environmental predictors used to identify candidate loci 
across the willow flycatcher species complex were related 
to temperature (Ruegg et al. 2018), we used southwestern 
willow flycatcher breeding season maximum temperature 
(Tmax_MJJ) for the 1981 to 2010 climate normal to iden-
tify the candidate SNPs with the strongest relationships to 
biologically relevant temperature across the southwestern 
willow flycatcher range. We calculated linear models of al-
lele frequencies and Tmax_MJJ at each site for the 20 can-
didate adaptive loci, retaining 2 SNPs with P values <0.1. 
We then used these models to predict allele frequencies for 
the 418 breeding sites at the retained SNPs as a function of 
Tmax_MJJ for each site (again using the 1981 to 2010 cli-
mate normal) to establish starting adaptive allele frequencies 
for individuals at each location.

We fit a relationship between the count of warm-
associated alleles at the 2 selected loci and fitness, based on 
the observed distribution of alleles across sites. Histograms 
of allele counts across site temperatures (Supplementary Fig. 
S3) indicate that high counts of warm-associated alleles are 
found at all sites but are at higher frequency in the hottest 
locations. By contrast, low counts of warm-associated 
alleles are at low frequency across sites. Based on these 
relationships, we used a Gompertz function (analogous to a 
logistic curve with an asymmetrical inflection point) to fit a 
relationship describing a mortality penalty for each genotype 
(i.e. count of 0, 1, 2, 3, or 4 warm-associated alleles) across 
current and future maximum breeding season temperatures, 
using the R package aomisc (Onofri 2020). For each count, 
we set the lower and upper asymptotes of the curve (lowest 
and highest fitness penalties) to 0 and 25, respectively. The 
slope of the curve at the inflection point was set to 0.6, and 
the temperature value of the inflection point varied by allele 
count (Supplementary Fig. S4). All genotypes experienced 
increased mortality (up to the maximum of 25%) at 37 °C, 
which approximates an upper critical limit for temperature 
in similarly sized desert songbirds (Owen et al. 2005; Smith 
et al. 2017). For simulations evaluating no capacity for ev-
olutionary response, we fixed all individuals for either 2 or 
3 warm-adapted alleles for the simulation period of 2011 
to 2100.

Drought effects on egg mortality
To investigate the interaction of climate-mediated selection 
and environmental stochasticity on population trajectories, we 
evaluated the impact of severe drought events on southwestern 
willow flycatcher nest success. A severe drought in 2002 caused 
almost complete reproductive failure at Roosevelt Lake sites in 
central Arizona, with an average female nest failure rate of 94% 
(95% CI 86% to 100%) (Paxton et al. 2007). Using breeding 
season CMD (CMD_MJJ) as our indicator of drought (where 
higher CMD_MJJ indicates more severe drought), we set a 
threshold for drought effects in our simulations by subtracting 
the 2002 CMD_MJJ data for the 12 Roosevelt Lake sites from 
1981 to 2010 average CMD_MJJ values to produce an index 
of severe drought. We selected the highest value (59, range: 
46 to 59) as our severe drought indicator, which sets a higher 
(more conservative) threshold for initiating drought effects on 
nesting success. For each year, if the difference between CMD_
MJJ and the 1981 to 2010 average for that site was greater 
than or equal to 59, we imposed an 86% egg mortality penalty, 

equivalent to the lower CI of nest failure identified at Roosevelt 
Lake sites in 2002.

Simulation scenarios
For every simulation scenario, we ran 10 replicates (Monte 
Carlo, MC), each for 120 years, with 15 years of demographic 
burn-in (no selection on adaptive genotypes), 15 years of se-
lection burn-in (temperatures in each patch held at the 1981 
to 2010 normal), followed by 90 years of climate change 
(2011 to 2100). We ran the following scenarios:

1.	 Demography only: selection module turned off; this sce-
nario was used to evaluate demographic and dispersal 
parameterization.

2.	 Constant temperature (no climate change): selection 
module turned on, with maximum breeding season tem-
perature held at its 1981 to 2010 value in every patch 
from 2011 to 2100; this scenario was used as a baseline 
to compare against climate change scenarios.

3.	 Climate change with evolutionary potential: evolution-
ary change in response to climate change. This scenario 
was run across 3 GCM projections of climate change, 
each of which used 2 climate change scenarios (SSP2-4.5 
and SSP5-8.5).

4.	 Climate change with no evolutionary potential: all 
populations (species-wide) are fixed for the same num-
ber of warm-associated alleles and have no capacity to 
adapt. We consider both 2 and 3 warm-associated al-
lele fixation scenarios. Uses the same GCMs and SSPs 
as #3.

5.	 Climate change with evolutionary potential interacting 
with drought effects on nest failure: evolutionary 
change in response to climate change (as in #3), with 
additional drought impacts on egg mortality as a func-
tion of CMD.

6.	 Rapid action to reduce climate change: changes in fly-
catcher population trajectories under a climate change 
scenario reflecting substantial and rapid mitigation 
efforts to keep warming below 1.8 °C (SSP1-2.6). Uses 
the same 3 GCMs and includes both evolutionary po-
tential alone and evolutionary potential interacting with 
drought effects on nest failure.

Results
Simulation model evaluation
Using the demography only simulation (selection module 
turned off), we evaluated demographic and dispersal 
parameters across MC replicates. Age class structure was 
similar between the simulations and empirical data col-
lected in central Arizona (Paxton et al. 2007), with a slight 
bias toward older age classes in the simulations compared 
with empirical data (Supplementary Table S2). Natal and 
adult dispersal in the simulations were similar to empir-
ical data from central Arizona, with the largest difference 
being a 3% underestimate of long-distance dispersal in ju-
venile birds (Supplementary Table S3). For parameterization 
of evolutionary potential, we retained 2 climate-associated 
SNPs (climate_01 and climate_14 from Ruegg et al. 2018) 
with the strongest relationships (P < 0.10) with average 
breeding season maximum temperature (Tmax_MJJ) across 
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southwestern willow flycatcher genomic sampling sites (cli-
mate_01 R2 = 0.689, P value = 0.0001; climate_14 R2 = 
0.241, P value = 0.063).

Climate change with evolutionary potential
A baseline scenario where maximum breeding season 
temperatures were held at their 1981 to 2010 levels showed 
increasing population size trajectories (Fig. 3, constant 
line), likely due to predictable environmental conditions 
that facilitated local adaptation and associated increasing 
fitness and population sizes (Senner et al. 2018). By con-
trast, both intermediate (Fig. 3a) and high (Fig. 3b) green-
house gas emission scenarios showed population declines 
due to fitness impacts of increasing maximum breeding 
season temperatures over time. As expected based on GCM 
selection (bracketing the range of GCM projections for 
the region), there was substantial variability across GCMs 
within emissions scenarios, including some overlap across 
scenarios (e.g. population size at 2100 for SSP2-4.5 scenario 
for MRI_ESM2-0 and SSP5-8.5 scenario for GFDL-ESM4, 
Fig. 3, Supplementary Table S4). Consistent with no addi-
tional climate policies, SSP5-8.5 GCMs show increasing 
climate change impacts on flycatcher population trends rel-
ative to SSP2-4.5 starting around 2050.

Climate change with no evolutionary potential
To evaluate how evolutionary potential may mitigate popula-
tion declines under climate change, we ran 2 sets of simulations 
where flycatchers were unable to evolve in response to warming 
conditions. Flycatchers were provided at least some resilience 
to warming temperatures by fixing populations at either 3 (out 
of 4) warm-adapted alleles (better case) or 2 warm-adapted 
alleles (worse case). In both cases, population declines relative 

to evolutionary potential runs were rapid, with total popula-
tion sizes falling below 700 birds for EC-Earth3 (middle im-
pact GCM) projections (Fig. 4), and total population declines 
ranging from 70% to 96% across all fixed (no evolutionary 
potential) runs (Supplementary Table S4). Population declines 
in fixed runs for the GFDL-ESM4 (lower impact) GCM were 
similar to EC-Earth3 (Supplementary Fig. S5a) and were 
much steeper for the MRI_ESM2-0 (higher impact) GCM 
(Supplementary Fig. S5b).

Climate change with evolutionary potential 
interacting with drought effects
We simulated the interactive effects of rising temperatures 
and increasing drought from climate change on flycatcher 
population trajectories. Temperature effects were modeled 
through selection as a function of adaptive genotype (as 
above), while drought was modeled through egg mortality 
(i.e. nest failure) when moisture deficits reached a critical 
threshold. The impact of drought-induced nest failure on pop-
ulation trajectories (gray lines in Fig. 5 and Supplementary 
Fig. S6) was pronounced relative to climate change only 
simulations (red lines) across all climate change scenarios and 
GCMs. The maximum total population size at 2100 across 
all drought scenarios was only 491 individuals, with an av-
erage across GCMs for SSP2-4.5 (intermediate emissions) of 
214 birds, and only 40 birds for SSP5-8.5 (high emissions, 
Supplementary Table S4). Spatial assessment of population 
extirpation across simulations with and without drought 
effects (Fig. 6) illustrates how drought impacts are spa-
tially heterogeneous across the breeding range, with greatest 
impacts in recovery units that show the largest increases in 
breeding season temperatures and drought (Supplementary 
Figs. S7 and S8).

Fig. 3. Population trajectories for southwestern willow flycatchers under constant selection (1981 to 2010 average maximum breeding season 
temperature) and variable selection due to climate change under (a) an intermediate emissions scenario (SSP2-4.5), and (b) a high emissions scenario 
(SSP5-8.5). Each scenario shows responses to 3 generalized circulation models (GCMs) that bracket GCM projections across western North America. 
Solid lines are the mean of 10 MC replicates (dotted lines).
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Rapid action to reduce climate change impacts
Under very strong greenhouse gas emissions reduction meas-
ures (SSP1-2.6), climate-driven threats to southwestern 
willow flycatchers are substantially reduced, though not com-
pletely eliminated. When considering only climate change, 
populations remained relatively stable (Fig. 7, MRI-ESM2-0 
[high emissions scenario] plot provided in Supplementary Fig. 
S9). Relative to a starting population size of 3,258, the av-
erage population decline at the year 2100 across all SSP1-2.6 
GCMs was 17%. However, drought impacts were highly var-
iable across GCMs, with overall declines ranging from 38% 
(EC-Earth3, middle impact) to 97% (MRI_ESM2-0, higher 
impact, more analogous to results from the intermediate 
emissions scenario, SSP2-4.5, using the EC-Earth3 [middle 
impact] GCM).

Discussion
Evolutionary potential is an important component of 
adaptive capacity in response to changing environmental 
conditions, providing a reservoir of genetic variation that can 
underlie rapid adaptive responses that increase population-
level fitness. Genomic assessments of adaptive variation in 
at-risk species can provide a proxy for evolutionary poten-
tial, however incorporation of these data into extinction risk 
assessments has been limited to date. This is largely due to 2 

major challenges: the difficulty of identifying genotype–fitness 
relationships in wild populations of at-risk species, and the 
complexity of integrating ecological and evolutionary drivers 
of species persistence across spatially and temporally shifting 
environmental conditions. In the first case, genomic proxies 
for evolutionary potential are still relatively uncommon in 
threatened and endangered species, and studies linking can-
didate adaptive markers to fitness-relevant traits are even 
more scarce. However, even when we have direct estimates 
of genotype–fitness relationships, the complexity of selective 
and genomic landscapes in wild systems makes prediction ex-
tremely difficult (e.g. Fournier-Level et al. 2016). In this con-
text, viewing genomic proxies of evolutionary potential as 
hypotheses to be assessed in a larger context of demographic 
change, environmental variability, and species vulnerability 
will be more useful in a management context than a focus on 
targeted management of specific loci (e.g. Kardos and Shafer 
2018; Kardos et al. 2021). This is the approach taken in this 
study, where empirical genotype–environment relationships 
and their potential fitness impacts are evaluated across a 
range of alternative scenarios of climate change, assessing the 
interaction of selection, gene flow, demographic factors, and 
spatially heterogeneous environmental change in overall ex-
tinction risk trajectories.

In the second case, eco-evolutionary simulation models 
can provide a comprehensive framework for incorporating 

Fig. 4. Population trajectories for southwestern willow flycatchers under variable selection due to climate change under the intermediate (SSP2-4.5) 
and high (SSP5-8.5) emissions scenarios for the EC-Earth3 (middle impact) GCM. Each scenario compares responses where populations can adapt to 
warming conditions (“EP” or evolutionary potential runs), and 2 cases where populations cannot adapt and are fixed for either 3 or 2 warm-associated 
alleles. Solid lines are the mean of 10 MC replicates (dotted lines).
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genomic proxies of evolutionary potential with other in-
formation, such as demographic, dispersal, habitat, cli-
matic, and behavioral data, to evaluate extinction risk under 
scenarios of environmental change (Forester et al. 2022). 
For example, a novel study of a single population of brush 
coral (Acropora hyacinthus) in the South Pacific evaluated 
extirpation risk under climate change by integrating demo-
graphic parameters and genomic data related to thermal tol-
erance as a proxy for evolutionary potential in response to 
warming ocean temperatures (Bay et al. 2017b). This study 
did not include a spatial component however, which is es-
sential to determining how dispersal and resulting gene flow 
across populations might facilitate evolutionary responses 
to warming conditions. Here, we build off of this work by 
evaluating species-level extinction risk across temporally and 
spatially dynamic environments in the endangered south-
western willow flycatcher using an individual-based, spatially 
explicit, eco-evolutionary simulation model. Efforts such as 
these that link evolutionary potential and extinction risk with 
a focus on conservation applications are still uncommon, 
making this an important area for additional development in 
at-risk species (reviewed in Forester et al. 2022).

In our simulations, evolutionary potential across the spe-
cies as a whole was mediated by the dispersal of birds on the 
breeding grounds and the resulting movement of and selec-
tion on adaptive alleles across the landscape. We found that 
this capacity to adapt in response to climate change mitigated 

extinction risk relative to scenarios where populations could 
not evolve. Even when all individuals were fixed for 3 of 
4 adaptive alleles (providing some resilience to warming 
conditions), population declines were rapid and precipitous 
(e.g. Fig. 4). By contrast, the capacity to evolve in response to 
temperature change mitigated population declines even under 
high greenhouse gas emissions scenarios (e.g. Fig. 3). Despite 
rapid adaptation, however, declines were significant across in-
termediate and high emissions scenarios, averaging 31% for 
SSP2-4.5 and 62% for SSP5-8.5. Breeding season maximum 
temperatures under these emissions scenarios (e.g. Fig. 1) fre-
quently surpassed the ~37 °C upper critical limit for small 
desert passerines like southwestern willow flycatchers (Owen 
et al. 2005; Smith et al. 2017), potentially contributing 
to increased mortality through both direct physiological 
mechanisms (Albright et al. 2017; Riddell et al. 2019) and in-
direct trade-offs associated with behavioral thermoregulation 
(Ricklefs and Hainsworth 1968; Austin 1976).

When considering the compounding effects of drought on 
nest failure, population declines were even more significant, 
averaging 93% for the intermediate (SSP2-4.5) and 99% for 
the high (SSP5-8.5) emissions scenarios (Supplementary Table 
S4). These overall population declines provide an incomplete 
assessment of flycatcher extinction risk, however, as climate-
driven impacts play out across a demographic and spatial 
template of small population sizes and metapopulation dy-
namics. For example, under climate change without drought 

Fig. 5. Population trajectories for southwestern willow flycatchers under variable selection due to climate change with and without drought effects on 
egg mortality under intermediate (SSP2-4.5) and high (SSP5-8.5) emissions scenarios for the EC-Earth3 (middle impact) GCM. Solid lines are the mean 
of 10 MC replicates (dotted lines).

http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esac067#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esac067#supplementary-data


350 Journal of Heredity, 2023, Vol. 114, No. 4 

effects, many isolated breeding sites remained occupied due 
to maintenance of larger core populations (e.g. in the Rio 
Grande and Gila Recovery Units) that act as sources for the 
colonization of more isolated patches (Fig. 6a, USFWS 2002). 

However, stochastic nest failure due to drought reduces pop-
ulation sizes at these larger core sites, resulting in disrupted 
metapopulation dynamics and extirpation of isolated breeding 
sites (e.g. Fig. 6b). Extirpation of large populations in the 

Fig. 6. Patch occupancy at simulation year 2100 across Recovery Units contrasting climate change scenarios with (a) no drought effect on nesting 
success and (b) a drought effect on nesting success for the EC-Earth3 (middle impact) GCM under the intermediate emissions scenario (SSP2-4.5).
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central portion of the breeding grounds will also effectively 
eliminate gene flow that otherwise facilitates the movement 
of adaptive alleles across the breeding range. These results 
illustrate how interacting demographic, spatial, and genetic 
impacts of climate change can substantially alter population 
vulnerability.

Previous ecological genomics research identified the 
southwestern willow flycatcher as highly vulnerable to cli-
mate change due to a mismatch between current genotypes 
and future climatic conditions (Ruegg et al. 2018). Our 
results largely agree with the spatial distribution of vulner-
ability identified in that study. For example, we found that 
the southern part of the Coastal California Recovery Unit, 
identified as a low-mismatch region, persisted in most sim-
ulation scenarios, including climate change coupled with 
drought effects (e.g. Fig. 6b). By contrast, areas of the Rio 
Grande Recovery Unit, largely identified as high-mismatch 
regions, showed reduced occupancy, though not complete 
extirpation under most climate change simulation scenarios 
(e.g. Fig. 6a). Population persistence in the face of high mis-
match between current genotypes and future climate is likely 
due to the movement of adaptive alleles into this recovery 
unit facilitated by dispersal that can be explicitly modeled 
in our simulations. This ability to incorporate evolutionary 
change due to gene flow illustrates an advantage over static 
mismatch assessments (Capblancq et al. 2020; Rellstab et al. 
2021) when using a spatially and temporally dynamic frame-
work for assessing climate change vulnerability.

Our results also provide evidence that flycatcher declines 
can be substantially reduced by immediate and deep 
reductions in greenhouse gas emissions (i.e. emissions sce-
nario SSP1-2.6, Fig. 7). While it is currently still feasible to 
implement the mitigation efforts required to meet emissions 
reductions targets as laid out in SSP1-2.6, it will require 
major transitions in the energy, industry, and land use sectors, 
as well as accelerated investment to meet sustainable devel-
opment goals (IPCC 2022). Given high uncertainty in the 
likelihood of meeting these targets, additional mitigation and 
conservation efforts will be needed to ensure the recovery of 
the southwestern willow flycatcher. Though not included in 
this study, vegetation restoration efforts coupled with water 
conservation policies could buffer populations under cli-
mate change by increasing the quality of available breeding 
habitat and providing thermal refugia to reduce exposure 
during extreme heat events (Wolf et al. 1996; Albright et al. 
2017). Our results indicate that targeting restoration and 
habitat rehabilitation efforts in recovery units that will main-
tain lower temperatures and drought indices under climate 
change will be most effective. However, these efforts must be 
implemented under a broader consideration of maintaining 
sufficient connectivity across the breeding range to facilitate 
metapopulation dynamics and gene flow for evolutionary ad-
aptation and the maintenance of genome-wide genetic diver-
sity (USFWS 2002). Future simulations will focus on testing 
the relative effectiveness of these and other conservation 
actions beyond climate change mitigation.

Fig. 7. Population trajectories for southwestern willow flycatchers under variable selection due to climate change with and without drought effects on 
egg mortality under a strong emissions mitigation scenario (SSP1-2.6) for the EC-Earth3 (middle impact) and GFDL-ESM4 (lower impact) GCMs. Solid 
lines are the mean of 10 MC replicates (dotted lines).
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The importance of genetic factors in both the extinction 
risk and recovery of threatened and endangered species 
has been debated for decades (e.g. Lande 1988; Schemske 
et al. 1994; Bürger and Lynch 1995; Soulé and Mills 1998; 
Frankham 2005). However, novel insights into neutral and 
adaptive components of genetic diversity in at-risk species, 
driven by the increasing ease of genomic data production and 
decreased sequencing costs, have provided growing evidence 
for the importance of genetic factors, such as inbreeding de-
pression and loss of evolutionary potential, in the decline of 
at-risk species (Kardos et al. 2016, 2021; Allendorf 2017). 
These data have also provided new opportunities for the 
integration of genetic factors, including evolutionary po-
tential, into extinction risk assessments, creating a frontier 
in eco-evolutionary research and applied conservation sci-
ence (Forester et al. 2022). Uncertainty about the rate and 
magnitude of anthropogenic change, the complexity of mul-
tivariate environmental change, novel selection pressures, 
and incomplete knowledge of species responses means 
that eco-evolutionary simulation models will be most val-
uable as problem-solving tools, rather than predictors of a 
highly uncertain future (Starfield 1997). Mechanistic models 
that focus on fine-scale interactions are especially robust to 
simulating alternative scenarios of global change or conser-
vation actions, and are therefore valuable for understanding 
relative scenario outcomes and quantifying outcome un-
certainty (Johnston et al. 2019). As we continue to gain in-
sight into the genomic landscape of evolutionary potential 
in at-risk species, the integration of these data into models 
of extinction risk will provide more comprehensive insights 
into the adaptive capacity of threatened and endangered spe-
cies, and its importance in conservation planning to mitigate 
declines and facilitate population recovery.
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Supplementary material is available at Journal of Heredity 
online.
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