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and to evaluate its ability to replicate empirical data 
on demography and distribution from California 
(1995–2019).
Methods  We built a female-only spatially explicit 
California condor IBM in HexSim, using a daily 
timestep that allowed us to simulate the foraging 
behavior of condors, changes in food distribution 
and availability, and the ephemeral threat of lead in 
decaying food resources.
Results  Simulated population size was highly cor-
related with annual population census data once the 
population became established with > 50 females 
(r2 = 0.99). Mean simulated fecundity and mortality 
estimates were not significantly different from empiri-
cal trends (p > 0.05), although empirical data had 
higher interannual variability. The geographic distri-
bution of modeled condors was similar to the empiri-
cal distribution with an overall accuracy of 79%, a 
commission error of 27%, and an omission error of 
9%. Simulated movement density corresponded mod-
erately well to the density of observed GPS locations 
(weighted kappa = 0.44).
Conclusions  We developed a spatially explicit Cali-
fornia condor IBM that is well-calibrated to empirical 
data from California. Given its mechanistic underpin-
nings and flexibility to incorporate a variety of spa-
tial and demographic inputs, we expect our model 
to be useful for assessing the relative risks and ben-
efits of future condor reintroduction and management 
scenarios.

Abstract 
Context  Existing demographic models of California 
condors have not simultaneously considered individ-
ual condor movement paths, the distribution and jux-
taposition of release sites, habitat components, or the 
spatial distribution of threats.
Objectives  Our objectives were to develop a 
dynamic spatially  explicit and individual-based 
model (IBM) of California condor demography 
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Introduction

Population simulation models have proven useful in 
threatened and endangered species conservation as a 
tool to develop defensible predictions of future con-
ditions, challenge long-held assumptions, and explore 
the consequences of management strategies through 
structured thought experiments (Schumaker and 
Brookes 2018, DeMaso and Sands 2019). To date, 
population simulation models for the critically endan-
gered California condor (Gymnogyps californianus; 
hereafter CACO) have been aspatial (e.g., Meretsky 
et al. 2000; Finkelstein et al. 2012), or have accounted 
for space only as averaged across broad geographic 
zones (e.g., Green et al. 2008; Bakker et al. 2017). By 
design, these models do not incorporate mechanisms 
linking individual search behavior to environmental 
conditions. The advantages  accrued from explicitly 
accounting for space and individual movement deci-
sions in population simulations include the ability to: 
(1) identify patterns of population change that emerge 
when demography and behavior are mechanistically 
linked to landscape features; (2) evaluate heteroge-
neous  risk across the landscape (e.g., Mateo-Tomás 
et  al. 2016); (3) incorporate information on animal 
movement and activity-specific habitat requirements 
that allow for the evaluation of exposure to potential 
hazards; and (4) model the geographic spread and 
connectivity of populations over time (Grimm and 
Railsback 2005). Further, for species like the CACO 
that rely on conservation breeding and reintroduc-
tions or supplementation, spatially explicit individ-
ual-based models (IBMs) make it possible to evaluate 
hypothetical future reintroduction scenarios by releas-
ing simulated individuals at specified intervals any-
where within the modeling domain (e.g., Carroll et al. 
2003; Andersen et al. 2021).

Previous population models for the CACO have, 
for the most part, been designed to perform extrapo-
lations from existing demographic data (e.g., Mertz 
1971; Verner 1978; Meretsky et  al. 2000), or to 
develop statistical relationships between predic-
tor variables and observed demographic rates (e.g., 
Finkelstein et al. 2012; Bakker et al. 2017; Poessel 

et al. 2018a). Such non-mechanistic models describe 
individual components of a system rather than the 
underlying causal mechanisms (Peck 2004). In con-
trast, IBMs encode causal theories describing how 
system components interact to produce observed 
outcomes (Heinrichs and Marcot 2019; van der 
Vaart et al. 2016), which help to illuminate gaps in 
our knowledge of a species’ ecology, and can foster 
innovative science that improves our understanding 
of the system (Nathan et al. 2008).

In investigations involving species transloca-
tions, mechanistic models of population dynamics 
have inherent advantages over  phenomenological 
approaches. This is because modeling translocations 
frequently requires forecasting population dynamics 
in parts of a species range for which there are little 
if any empirical data available to drive correlative 
inference. Population models that are both spatially 
explicit and mechanistic have been developed to 
evaluate conservation translocations for a number 
of species, including the European beaver (Castor 
fiber) (South et  al. 2000), gray wolf (Canis lupus) 
(Carroll et  al. 2003), tule elk (Cervus elaphus 
nannodes) (Huber et  al. 2014), bull trout (Salveli-
nus confluentus) (Mims et  al. 2019), and greater 
sage-grouse (Centrocercus urophasianus) (Hein-
richs et  al. 2019). Given the inherent ecological 
and socio-economic risks associated with moving 
organisms for conservation purposes (IUCN/SCC 
2013), modeling efforts that account for individual 
movement and the spatial distribution of habitats 
can be particularly useful  for comparing the effi-
cacy of proposed translocation strategies (Seddon 
et al. 2007; Dunham et al. 2016).

The development of spatially explicit IBMs realis-
tic enough to use in reintroduction programs is often 
complicated by a dearth of empirical data on organ-
isms’ resource selection preferences, movement 
dynamics, dispersion of unobvious threats, effec-
tive survivorship, and other factors. Additionally, the 
risk of error propagation can be magnified in highly 
parameterized models of species having complex 
movement regimes that expose them to threats that 
are dynamic in space and time. Nevertheless, explic-
itly accounting for space and individual movement 
in population models is sometimes necessary for 
describing behaviors of complex systems with emer-
gent properties that cannot be inferred from the sum 
of their parts (Oro 2013).



1433Landsc Ecol (2022) 37:1431–1452	

1 3
Vol.: (0123456789)

Our primary objective was to develop an IBM of 
CACO demography that accounts for the geographic 
distribution of release sites, spatially and temporally 
dynamic resources and threats, and CACO move-
ment. We also sought to evaluate our model’s abil-
ity to predict known patterns of CACO population 
growth, mortality, fecundity, and distribution in Cali-
fornia over a quarter-century, from 1995 to 2019. To 
achieve these objectives, we designed and constructed 
a model that would be useful for assessing the relative 
risks  and benefits of future condor reintroduction and 
management scenarios.

Methods and model development

Study species

The CACO is a critically endangered species with 
a global population of < 350 free-flying individu-
als occurring in three disjunct populations in parts 
of western North America (BirdLife International 
2021). It experienced one of the most severe genetic 
bottlenecks ever recorded for a bird species (D’Elia 
et al. 2016), but still retains a high degree of ancestral 
genomic diversity that signals the potential for future 
adaptation (Robinson et al. 2021). Ongoing efforts to 
restore the species to its former range in southern and 
central California, Baja California, and Arizona have 
been well-chronicled (Walters et al. 2010). Presently, 
CACOs remain reliant on releasing captive bred indi-
viduals and on human intervention for survival and 
population growth, primarily to offset or reduce mor-
tality from lead poisoning (Finkelstein et  al. 2012; 
Bakker et al. 2017; Viner et al. 2020). The main path-
way for lead poisoning is through scavenging on dead 
animals or gut piles contaminated with spent lead 
ammunition (Church et al. 2006).

CACOs are one of the most intensively managed 
species in the world. In addition to captive breed-
ing operations spread across multiple zoos, ongoing 
CACO releases are occurring in Mexico and across 
six US. release sites, with an additional planned 
release site in Redwood National Park (D’Elia and 
Haig 2013; D’Elia et  al. 2019; NPS et  al. 2021). In 
the wild, the locations of virtually all CACOs are 
tracked via some form of telemetry, and many indi-
viduals are outfitted with GPS-Global System for 
Mobile Communications (GSM) transmitters where 

location, altitude, and accuracy information are 
recorded at 2–30 min intervals. During nesting, nest-
lings are monitored and, if necessary, crews enter 
nests to intervene and occasionally extract chicks to 
nearby veterinary facilities for treatment. Field crews 
provide supplemental clean food at release sites, and 
attempt to re-trap as many CACO as possible for 
semi-annual health checks, vaccinations, and to take 
individuals into captivity for chelation therapy if they 
have high levels of lead in their blood (Walters et al. 
2010).

The CACO presents a rare opportunity in reintro-
duction modeling because we have tracked the num-
ber of individuals as well as their fate for 25  years. 
Because CACOs are derived entirely from a captive 
population, we essentially have complete knowledge 
of changes in the population through time, since its 
inception. Furthermore, the distribution and den-
sity of the population is intensively tracked due to 
the large number of individuals outfitted with GPS 
transmitters. Thus, we have an exceptional dataset to 
parameterize and evaluate the accuracy of a spatially 
explicit demographic model.

Study area

Our study area included the current range of the 
CACO in California, USA (Fig.  1). To allow future 
modeling scenarios to incorporate a planned rein-
troduction site in Redwood National Park in north-
western California (NPS et  al. 2021), our modeling 
domain also encompassed northern California, Ore-
gon, and Washington, USA. Data limitations pre-
cluded expanding our modeling domain to other 
areas, including where CACOs currently exist in the 
southwestern United States and Baja California, Mex-
ico. However, we designed our model structure to 
allow for an expanded modeling domain in the future.

In California, the current range of the CACO is 
limited to the mountains and foothills of southern 
and central part of the state, where reintroductions 
are ongoing at four release sites: one in southern 
California operated by the US. Fish and Wildlife 
Service, two in central California along the Pacific 
coast operated by Ventana Wildlife Society, and one 
inland central California site operated by Pinnacles 
National Park (Fig.  1). Our model also accounts for 
several release sites in southern California that were 
in use during our study period but that are no longer 
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operational. The climate within the study area is 
highly variable, with a Mediterranean-climate along 
the coast, alpine-climate in the mountains of the high 
Sierra, and desert-climate in the Mojave Desert east 
of the Tehachapi Mountains. Variability in climate 

across these regions corresponds with significant 
variation in ecological communities. Due to substan-
tial topographic relief in the study area, climate and 
ecological communities can change rapidly over short 
distances.

Fig. 1   Study Area and 
California condor release 
sites in southern and central 
California, 1995–2019. 
Release sites: (1) Pinnacles 
National Park, (2) Big Sur, 
(3) San Simeon, (4) Castle 
Crags (5) Lion Canyon 
(6) Bitter Creek National 
Wildlife Refuge (7) Hop-
per Mountain National 
Wildlife Refuge (see Online 
Resource 3 for the number 
of California condors 
released at each site each 
year)
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Simulation model

We developed our CACO life history and movement 
simulator in HexSim (Fig.  2; Online Resource 1; 
Schumaker and Brookes 2018), hereafter referred to 
as our CACO model. HexSim is a software applica-
tion for constructing spatially explicit IBMs of plant 
and animal species. HexSim incorporates spatial 
information via input maps, which are tessellated with 
hexagonal cells. For our CACO model, we selected a 
5-km center-to-center hexagon spacing (2165 ha per 
hexagon), which approximates the distance at which 
large vultures can perceive food resources while in 
flight (Spiegel et al. 2013). This cell-size resulted in 
a model landscape of 39,835 hexagonal cells encom-
passing California, Oregon, and Washington, USA. 
HexSim input maps, subsequently referred to as 
hexmaps, can be static, or can contain a sequence of 
maps corresponding to changes over specific simula-
tion time periods. HexSim also facilitates map con-
struction on-the-fly as a simulation progresses, and 
we made extensive use of this feature in our work to 
describe time-specific population distributions and 
dynamics. We subsequently refer to these dynamic 
map-based depictions of model states as generated 
hexmaps.

HexSim models subject one or more simulated 
populations to a user-defined sequence of life his-
tory events. A time step consists of one cycle through 
this event sequence, and thus its duration is defined 
implicitly by event details. Here, we used HexSim to 
impose a daily time step upon our simulated CACOs, 
but with many life history events being experienced 
seasonally or annually. Our choice of a time-step 
allowed us to model daily movement, carcass depo-
sition and degradation, resource consumption, and 
cumulative exposures to threats over the annual cycle. 
We used an ordinal day calendar in which day 1 cor-
responds to January 1. Our models ran for 25 simu-
lated years, or 9125  days, and we used 50 replicate 
simulations to capture the variation in model output.

Our development procedure included  inviting 
6  experts on  condor biology  and management to 
review an initial draft model. We selected the review-
ers  to represent a diversity of geographic, research, 
and management experiences. The reviews were 
solicited  and conducted  individually, although a 
few reviewers communicated with each other on 
their  responses. Our review requests consisted of a 

document explaining our  overall  project objectives 
and the general structure of the model, plus ques-
tions related to specifications of condor stage classes 
and releases, stage class vital rates (fecundity, survi-
vorship, life span), rates of lead exposure leading to 
mortality, foraging parameters, daily activity budgets, 
and nestling feeding dynamics  (see Online Resource 
2). We compiled the individual review responses 
and used the results to guide model corrections and 
enhancements. We then updated specific model ele-
ments accordingly, essentially calibrating our model 
with the experts’ knowledge.

Simulating the environment

We simulated the environment using six static hex-
maps and two hexmap time series (Table  1). These 
maps influenced the timing, numbers, and locations 
of released condors, the nesting, roosting and forag-
ing processes, and the addition of carrion and lead to 
the landscape.

Carrion deposition and degradation

We simulated carrion deposition and degrada-
tion across the landscape (Fig.  3; Online Resource 
2). The carrion deposition processes distinguished 
between three carrion classes: coastal, inland, and 
proffered. We quantified all classes of carrion in 
units of CACO meals (the amount of food consumed 
by one CACO in a single day) and estimated that a 
meal was equal to approximately 1 kg of food (more 
precisely, 0.907 kg or 2 lbs. of food) (Koford 1953; 
Wilbur 1972). All classes of carrion were added to 
the landscape daily. Only inland carrion contained 
lead, which was also distributed in integer units of 
meals. That is, when a carcass containing M meals 
was added to the landscape, some number L of those 
meals would be designated as containing lead, with 
0 ≤ L ≤ M (see “Lead contamination of carcasses”, 
below). When a condor consumed a meal contain-
ing lead, it then experienced a single lead exposure 
event. All classes of carrion degraded at a rate of 
2 meals per day, which was a simplification due to 
uncertainty in the actual rate of carrion degrada-
tion. Carrion degradation was intended to capture 
both decomposition and consumption by competing 
scavenger species, and lead within degraded carrion 
was made permanently unavailable to CACOs. This 
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Fig. 2   Schematic overview of the California condor HexSim individual-based model
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process resulted in a spatial distribution of carrion, 
a portion of which contained lead, that changed 
daily (Fig. 3).

For inland carrion, we first estimated the daily 
probability of adding a carcass to each hexagon, and 
then calculated the actual amount of carrion to add 
(Table 1; see Online Resource 2). We computed the 
probability of adding a carcass to each hexagon (P) 
using the formula:

where X was the inland carrion potential (Table  1) 
hexmap value and Y was the inland carrion rate of 
addition parameter. After experimenting with various 
rates of Y to achieve reasonable values of emergent 
landscape-wide distribution of carrion meals, we set 
Y = 0.01 for all simulations. Inland carrion potential 
maps were based on a time series of Normalized Dif-
ference Vegetation Index (NDVI) maps rescaled from 
0 to 100, that changed every 2 weeks (see Online 
Resource 2). NDVI is a measure of primary produc-
tivity that is known to correlate with ungulate densi-
ties in our study area (D’Elia et  al. 2015). Because 
of the stochastic nature of carrion deposition, we 
drew a uniformly distributed random number in the 
range 0–1 (R) to compare with P (defined above), and 
added carrion to those hexagons where P-R > 0. For 

P = X × Y∕100

each hexagon where P-R > 0, the size of the carcass 
to add was specified as a number of meals (M). Due 
to uncertainty of carcass size distribution across the 
landscape we drew M from a uniform random distri-
bution between 0 and the maximum number of inland 
meals, which we set to 50 to approximate the size of 
an adult male California mule deer (Odocoileus hemi-
onus californicus). Fifty meals translate to 45  kg of 
carrion, assuming an average male deer weighs 90 kg 
and half of the carcass contains unconsumable parts 
of the animal, such as bone and hide (Wilbur 1972).

Coastal carrion was less frequently added to the 
landscape, tended to be larger in size, and never 
contained lead. Similar to inland carrion, we first 
determined which (if any) hexagons would receive 
a new coastal carcass each day, and then specified 
the amount of coastal carrion to add. Our map of 
coastal feeding habitat was binary and static, so a 
fixed set of hexagons (those considered coastal 
feeding habitats) were eligible to receive coastal 
carrion (see Online Resource 2). Unlike inland car-
rion, all eligible  hexagons had the same probabil-
ity of receiving a new carcass (the coastal carrion 
rate of addition parameter), which we set to 0.001. 
This reflects an assumption that coastal carrion is, 
on average, deposited at 10% of the maximum rate 
associated with inland carrion. For those hexa-
gons receiving coastal carrion, M was drawn from 

Table 1   Map-based data inputs to the CACO HexSim model

Title Type Data values Use and source

Release sites Time
series

Integer Provides the time, location, and number of CACOs released. Changes once every 
year. Based on actual release locations and number of condors released (see Online 
Resource 3)

Inland carrion potential Continuous Indicates the likelihood that new carrion will be added to inland areas. Changes 
every 2 weeks but repeats annually. Based on a time-series of NDVI maps (see 
Online Resource 2)

Foraging mask Static Binary Restricts where inland carrion can be added to the landscape. Based on a model 
developed using CACO feeding locations (D’Elia et al. 2015)

Landscape conductance Continuous Used to guide movement. Based on a model developed using CACO movement data 
(D’Elia et al. 2019)

Coastal carrion potential Binary Indicates locations where coastal carrion is likely to be deposited and accessible to 
CACOs (see Online Resource 2)

Lead potential Continuous Used to determine how much lead will be assigned to newly deposited carcasses (see 
Online Resource 2)

Nesting potential Integer Indicates the number of nests possible per hexagon, which varies from 0 to 3. Based 
on a model developed using CACO nesting locations (D’Elia et al. 2015)

Roosting potential Binary Used to identify roosting sites for newly released CACOs. Based on a model devel-
oped using roosting locations (D’Elia et al. 2015)
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a uniformly distributed random number between 0 
and the maximum number of coastal meals, which 
we set to 200 (i.e., 181 kg) to approximate the edi-
ble biomass of an adult male California sea lion 
(Zalphus californianus) weighing approximately 
362 kg (Schusterman and Gentry 1971).

Proffered carrion was only added to hexagons con-
taining an active release site (i.e., a release site where 
CACOs were released that year). We set the carcass 
size of proffered carrion to the maximum number of 
meals for an inland carcass. Proffered carrion never 
contained lead.

Fig. 3   Foraging sub-model 
flowchart for the California 
condor HexSim individual-
based model
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Due to large uncertainties in decomposition 
rates and the size distribution of carcasses, as well 
as the lack of data sufficient to establish a relation-
ship between feeding rates and survival or reproduc-
tion, we did not directly link resource acquisition to 
demographic rates. As a result, any introduction of 
additional realism into carrion size distributions or 
decomposition rates would have had a minor influ-
ence on the spatial arrangement of meals, and thus on 
emergent foraging patterns; and, such a change could 
not have affected the simulated CACO vital rates 
(Fig.  4). Nevertheless, our incorporation of these 
carrion deposition and degradation mechanisms will 
make it possible to introduce more realistic parameter 
values into future versions of the model, and to even-
tually link carrion distribution and decomposition to 
CACO demographic rates.

Lead contamination of carcasses

Each newly deposited non-proffered inland carcass 
had a probability of being assigned lead. The fraction 
of meals that were contaminated was set equal to the 

site-specific lead potential (Table  1) hexmap value, 
multiplied by a fitting coefficient. This sole model-
fitting coefficient, which we refer to subsequently as 
the lead rate of addition, affected observed CACO 
population sizes via lead-derived mortality. Based on 
results from a collection of replicated tuning simula-
tions, we adjusted the lead rate of addition (a unitless 
parameter) to recover the observed population size at 
the end of 2019, and ultimately assigned this param-
eter a value of 7.9 × 10–4. When a carcass was added 
to the landscape, the number of meals contaminated 
with lead was obtained by rounding α × β × M to the 
nearest integer, with α representing the mapped lead 
potential, β being the lead rate of addition parameter, 
and M equaling the number of meals present in the 
carcass.

Simulating individuals

Our CACO model was female-only, individual-based, 
and spatially explicit. We assumed no difference in 
movement behavior by males and females, an asser-
tion supported by Rivers et al. (2014), who found that 

Fig. 4   The landscape-wide daily distribution of carrion (indi-
vidual scatter plot points) emerging from a single 25-year 
model replicate. The carrion resource depicted here does not 
include proffered carcasses. The daily carrion distribution 
is characterized by a simple measure of spatial distribution 
(X-axis) and the overall quantity of available resource (Y-axis). 

Inset maps illustrate the spatial arrangement of the carrion 
resource in limiting cases that are relatively sparse (bottom 
right) and abundant (top right). The red square illustrates the 
portion of the California condor’s range corresponding to the 
inset maps, and the color bar relates inset map color to carrion 
abundance at the scale of individual 2165 ha hexagons
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male and female CACOs used monthly home ranges 
of similar size throughout the year, and that breeding 
adults did not differ from non-breeding adults in their 
average monthly home range size. Whereas there is a 
gradual increase in average daily travel distances as 
CACOs age (Hall et al. 2021), we assumed no differ-
ence in movement behavior by adults and subadults 
because both stage classes are known to forage across 
extremely large home ranges (Meretsky and Snyder 
1992), and the difference in average daily travel dis-
tance was minimal compared to the resolution of our 
simulated environment.

Simulated CACOs were classified into five distinct 
chronological stage classes, and our model distin-
guished between wild-hatched and released birds, in 
order to account for wild-hatched chick dependence 
on parents during the first two years of life. At the 
time of hatching, individuals were labeled fledglings, 
and they subsequently moved through three imma-
ture stages: immature chick (1-year-olds), mature 
chick (2-year-olds), and subadult (3–5-year-olds). At 
age 6, when CACOs typically reach their full breed-
ing plumage (Snyder and Snyder 2000), subadult 
CACOs transitioned into the adult class. Only adult 
CACOs were reproductive. In actuality, adult CACOs 
bring food back to their nests to feed fledglings and 
are accompanied on foraging trips by immature and 
mature chicks (Snyder and Snyder 2000). For com-
putational efficiency, our wild fledglings and chicks 
(i.e., 1–2 year old birds; hereafter dependent CACOs) 
were assigned resources equivalent to those of their 
parents, avoiding the need to simulate congruent par-
ent and dependent foraging paths. Dependent CACOs 
also experienced lead exposure events identical to 
those of their parents. Lead consumption during for-
aging increased the probability of mortality from both 
acute and chronic exposure (see Online Resource 2). 
Here, acute refers to a single exposure, while chronic 
refers to the multiple exposures that cumulatively 
increase the probability of death. Released CACOs 
were added to the simulations on November 1st 
of their second year of life, making them immature 
chicks of age 22 months. Survival rates for released 
immature CACOs were prorated to reflect their being 
subjected to mortality in the wild during just the last 
2 months of the immature stage (see “Mortality”, 
below). Unlike wild-hatched fledglings that fed with 
their parent, released CACOs foraged independently 
in our model.

Releases

We simulated the entire history of CACO releases 
conducted yearly during 1995–2019. We did not 
include the earlier releases that started in 1992 
because those condors were eventually all brought 
back into captivity due to behavioral issues (Meret-
sky et al. 2000). The year and location of releases, as 
well as the number of CACOs released at each loca-
tion, were specified by the release sites hexmap time 
series (Table  1), which was assembled from official 
records (Online Resource 3). Because our model was 
female-only, we assumed a balanced sex-ratio and 
always introduced one-half of the actual number of 
released CACOs, rounded up to the nearest integer. 
Our entire population of simulated CACOs descended 
from released individuals. Simulated releases always 
involved immature chicks of age 22  months, and 
took place on November 1 (ordinal day 305). Upon 
release, CACOs selected a nearby roosting site based 
on the roosting potential map (Table 1), and used that 
roost as a launching point for foraging flights until 
they became an adult and acquired a nest. Due to the 
complexities of CACO roosting ecology, we did not 
attempt to simulate subadult use of overnight roosts 
other than the roost they selected upon release; how-
ever, we recognize that these roosting events occur 
and may influence exposure to threats.

Nest site acquisition

Adults selected nest sites once per year on February 
24 (ordinal day 55), which is the estimated median 
egg-lay date for CACOs in California. The number 
of nest sites that could be formed per hexagon ranged 
from zero to three, and was dictated by the nesting 
potential map (Table 1). Adults searching for a nest 
site attempted to acquire one at, or adjacent to, their 
roosting or previous nest site but continued to expand 
their search area until they were successful (see Sny-
der et al. 1986). In cases where the maximum number 
of nests were already claimed, competition with other 
CACOs could cause a returning adult to relocate its 
nest to a nearby site. Because nesting habitat does not 
appear to be limiting (D’Elia et al. 2015), and because 
CACOs can use a variety of nesting substrates (Sny-
der et al. 1986), we designed our model to ensure that 
all adults in search of a nest successfully established a 
nesting site; however, not all adults reproduced. As a 
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simplification, simulated adults always initiated daily 
foraging flights from their nests. In reality, non-breed-
ing adults and subadults can use overnight roosts far 
from their nest sites (Snyder and Snyder 2000).

Reproduction and senesce

We adopted fecundity values from Finkelstein et  al. 
(2012), who estimated a mean observed field-based 
reproductive rate of 0.210 fledglings per adult female 
per year. This equates to 0.105 female fledglings per 
adult female per year. We conservatively assumed a 
maximum lifespan of 60  years (see Meretsky et  al. 
2000), and no changes in adult fecundity with age 
or maturity of the release program. Reproduction 
(i.e., hatching) took place once per year on April 22 
(ordinal day 112), which is the median hatch date for 
CACOs in California. Clutch sizes were restricted to 
zero and one.

Foraging

We simulated daily foraging throughout the year 
(Fig.  3). Foraging involved CACOs leaving a nest-
ing or roosting site, searching for carrion, and sub-
sequently returning to the locations from which they 
departed. Foraging CACOs could either go back to 
a previously visited carcass or search for a new car-
cass. New carcass identification was guided by maps 
representing the gradient of carrion density con-
structed daily from simulated carrion location data 
(Fig. 3). Based on feedback from CACO experts, our 
simulated adult CACOs with fledglings had a 50:50 
chance each day of foregoing foraging to instead 
remain in the nest with their fledgling.

Simulated CACOs made use of two separate strate-
gies for locating carrion. First, we assumed individu-
als that fed on a carcass the previous day would return 
to that site if at least ten meals remained. Although 
somewhat arbitrary, we chose ten meals to represent 
a sufficient amount of food to be energetically advan-
tageous for a CACO to return to the site. All other 
CACOs used generated carrion gradient hexmaps to 
travel to, and explore, areas of higher carrion densi-
ties until a new carcass was located. Each hexagon 
in a gradient map was assigned a value equal to its 
distance from the nearest carcass. The model con-
structed these maps daily, after carcass addition and 
degradation, in advance of foraging movements. 

When the number of CACOs visiting a carcass 
exceeded the available meals, some condors would be 
unable to eat. In such cases, the carrion gradient map 
was updated, and these CACOs continued searching 
for an alternate carcass.

Our model recorded simulated foraging-related 
movements using a pair of generated hexmaps we 
referred to as movement flux and excursion end-
points. The movement flux hexmap tracked hexagons 
traversed by CACOs as they searched for a carcass, 
but for computational simplicity, the maps excluded 
return trips to carcasses already visited, and move-
ments from a carcass back to nesting or roosting sites. 
We designed the movement flux hexmap to facilitate 
comparison with GPS records of CACO movement 
in the wild, including collecting this information for 
just the years in which empirical data were avail-
able (2013–2019). The excursion endpoints hexmap 
recorded the starting and ending points of all forag-
ing trips. This map shows where CACOs were nest-
ing and roosting, but also illustrates the spatial distri-
bution of the carrion upon which they fed. Both the 
movement flux and the excursion endpoints hexmaps 
were updated each time foraging took place, repre-
senting cumulative per-hexagon visitation.

Mortality

We derived stage-specific survival rates by averaging 
age-specific values found in Finkelstein et al. (2012) 
within each stage-class. To avoid overfitting the model 
to the data, we did not use the time-specific survival 
rates from Finkelstein et  al. (2012) that accounted 
for improvements in management early in the release 
program. Instead, we began with the survival rates 
for the last year of their analyses (2010), and then 
calculated the increase in those rates to infer what 
survival would be without mortality from lead toxi-
cosis (as described in Finkelstein et  al. 2012, based 
on Rideout et al. 2012), which was the only mortal-
ity factor, other than age, that we explicitly accounted 
for in our model. Fledging survival rates were based 
on the probability of surviving from fledging to the 
end of the calendar year, as our fecundity rate already 
accounted for the probability of chicks surviving to 
fledging. Consequently, we set annual stage-specific 
survival rates to 0.879 (fledglings), 0.825 (immature 
chicks), 0.912 (mature chicks), 0.965 (subadults), and 
0.973 (adults).
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Finally, we simulated mortality resulting from lead 
exposure using a mathematical function that related 
the annual and lifetime number of lead exposures 
to the probability of death (Online Resource 2). We 
used this approach rather than attempting to simulate 
the amount of lead in a condor’s blood because the 
number of chronic lead exposures appears to correlate 
better with mortality outcomes than singular episodes 
of elevated blood lead levels (Nguyen et  al. 2018). 
Our approach also required estimating fewer param-
eters than simulating blood lead dynamics (e.g., see 
Green et al. 2008), which can be influenced by CACO 
nutritional status and genetic predisposition, as well 
as by size and surface area of lead fragments (Pattee 
et al. 2006); these additional parameters, each carry-
ing high uncertainty, would have greatly and unnec-
essarily complicated the model. Instead, tracking 
lead exposures allowed us to account for the prob-
ability of acute mortality from a single exposure as 
well as an increased probability of death from annual 
and lifetime chronic lead exposure. Because the 
exact relationship between the number of exposures 
and the probability of death is unknown, we devel-
oped three different functions representing a range 
of scenarios from optimistic to pessimistic (Online 
Resource 2). From these, we selected the linear 
function y = 1.5385x for our simulations, which was 
intermediate between optimistic and pessimistic sce-
narios. Here, x is the number of cumulative exposures 
over each condor’s lifetime, and y is the incremental 
increase in mortality from lead exposure. At the end 
of each calendar year (i.e., ordinal day 365), the num-
ber of annual and cumulative exposures is recorded 
for each individual. Then, a probability of dying from 
lead is calculated as the product of the incremental 
probabilities of death along the cumulative lead risk 
curves.

Model hindcast testing and calibration

We evaluated the model’s performance with a hind-
casting analysis to compare model results with 
empirical data on CACO reintroductions and popu-
lation responses. Hindcasting, also called backcast-
ing (Becker 2010), is an analysis of model predic-
tion accuracy made by comparing model predictions 
to known, historic events (e.g., Beever et  al. 2010; 
Findlay et al. 2010; Levinsky et al. 2013). Hindcast-
ing results can be used to calibrate a model to known 

outcomes (e.g., Challinor et  al. 2005). In order to 
compare the effectiveness of our initial model and of 
its subsequent revision based on expert reviews and 
input, we conducted the hindcasting analysis before 
and after the invited peer reviews and associated 
model modifications (Online Resource 2).

Our hindcasting analysis involved comparing 
final model results from 50 replicate runs to aspa-
tial and spatial empirical data on CACOs collected 
1995–2019. The yearly aspatial empirical data 
included means, minimums, maximums, standard 
deviation (SD), and temporal trends of population 
size, numbers of fledglings, overall mortality, and 
lead-caused mortality, as well as number of CACO 
releases and number of CACO release sites. We eval-
uated model precision as year-specific and overall 
mean predicted range (maximum–minimum), coef-
ficient of variation (CV), and standard error (SE) of 
the mean population size. We evaluated model accu-
racy as the percent of years in which the observed 
population size fell within minimum and maximum 
modeled values, and within modeled means ± 1SD. 
The spatial empirical data included the density of 
6,120,951 GPS locations from 167 CACOs tallied 
within each hexagon from July 2013 through Decem-
ber 2019 (see Online Resource 2); we compared these 
data with modeled movement flux densities from the 
model years corresponding to 2013–2019. Densities 
were calculated based on land area to account for 
hexagons straddling the land–ocean interface along 
the coast. Because the frequency distributions of both 
datasets were highly skewed, with a few hexagons 
around release sites containing extremely high den-
sities, we rescaled densities to log(x + 1). Modeled 
data were rounded to integers prior to the log trans-
formation so that very rarely visited hexagons (those 
with an average of < 0.5 CACO movements across 50 
model replicates of 9125 time-steps) were treated as 
unused. We calculated overall accuracy, specificity, 
and sensitivity to compare CACO presence between 
modeled and empirical CACOs (Allouche et  al. 
2006). We calculated Cohen’s kappa (Cohen 1960) 
to quantify the agreement among the modeled and 
empirical densities while accounting for chance, and 
penalizing larger disagreements more than smaller 
disagreements.

To evaluate the sensitivity of modeled population 
size to lead mortality parameters, we ran 5 replicate 
simulations using our optimistic lead risk curve, and 
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5 replicate simulations using our pessimistic lead risk 
curve (see Online Resource 2). We also ran 5 repli-
cate simulations of higher (+ 10%) and lower (− 10%) 
values of our lead rate of addition parameter. Each of 
the 5 replicate sets served to capture variation of the 
response variables. We visually compared the result-
ing simulated population sizes with the simulated 
minimum, maximum, and mean population sizes 
obtained from the original model parameterization. 
We also calculated and compared mean differences in 
population size at the end of the 25-year simulations.

Results

In each of our 50 simulations, we released a total 
of 155 female CACOs from eight release sites, over 
a 25-year period (9125 daily time-steps). Due to 
rounding necessitated by ours being a female-only 
model, this ended up being slightly more than the 
144 CACOs actually released (Fig. S4.1a). Trends of 
mean simulated population size were not significantly 
different from the empirical population size (Fig. 
S4.1b.; t = 1.794, p = 0.08), although the minimum 
simulated population sizes exceeded the empirical 
population size in years 4–12 (Fig. 5). Despite devia-
tions in population size early in the release program, 
annual simulated mean population size and empiri-
cal population size were highly correlated, especially 
after the population became established with > 50 
females (Fig. 5; r2 = 0.99).

Trends in simulated mean fecundity (i.e., num-
bers and rates of female fledglings per female) were 
not significantly different from empirical trends 
(Fig. S4.2a; t = 0.967, p = 0.34; Fig. S4.2b; t = 1.449, 
p = 0.15, respectively), although empirical values had 
greater interannual variability than mean simulated 
values (Figs.  6, S4.2, S4.5). Whereas the simulated 
population successfully produced offspring as soon 
as there were adults present (year 6), CACOs did not, 
in reality, produce any successful fledglings until the 
10th year of releases (Fig. 6; Online Resource 3).

Trends in simulated mean mortality (i.e., num-
ber of CACOs mortalities and CACO mortality rate) 
were not significantly different from empirical trends 
(Fig. S4.3a, t = 0.736, p = 0. 47; Fig. S4.3b, t = 1.876, 
p = 0.07, respectively), although empirical values 
had greater interannual variability than mean simu-
lated values (Fig. 6, S4.6). Empirical mortality rates 

exceeded maximum simulated mortality rates in 3 
of the first 10  years of the reintroduction program 
(Figs. 6, S4.3b).

Simulated mean lead-caused mortalities encom-
passed the range of unadjusted empirical lead-caused 
mortalities (Figs.  6, S.4.4). However, the trend of 
the unadjusted empirical number of lead-caused mor-
talities was significantly different than its simulated 
analog, with empirical values showing more inter-
annual variation than modeled mean values (Figs. 6, 
S4.4, t = 2.532, p = 0.01). If, however, a proportion-
ate annual number of lead-caused mortalities from 
known causes were applied to mortalities of unknown 
causes, then the adjusted empirical lead-caused mor-
talities were closer to simulated values in some years 
but were higher than mean simulated values as the 

Fig. 5   (top) HexSim model output for 50 model runs (light 
gray area = range; dark gray area =  ± 1 standard deviation; 
dashed line = mean values) compared to empirical data (solid 
black lines) for female population from 1995 (Year 1) to 
2019 (Year 25); (bottom) Correlations between the number of 
females predicted by HexSim and the number of condors from 
empirical data (divided by 2 to represent females only) for the 
establishment phase (< 50 females) and growth phase (> 50 
females) of the population
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population grew larger (Fig. 6). Trends in simulated 
mean rates of lead-caused mortality were not sig-
nificantly different from empirical rates (Fig. S4.4b, 
t = 0.229, p = 0.82) although the two were weakly cor-
related temporally (Fig. S4.7b, r2 = 0.16).

The geographic distribution of simulated CACOs 
was similar to the empirical distribution, with an 
overall accuracy of 79% (Fig.  7, Online Resource 
Table S2.1). Commission error (27%) was higher than 
omission error (9%) (Fig.  7c). The log (density) of 
simulated CACOs was similar to the GPS log (den-
sity), although overall accuracy (66%) was less than 
for the simple comparison of geographic distribution 

(Fig.  7, Online Resource Table  S2.1). Weighted 
kappa for the comparison of simulated and empirical 
log (density) was 0.44 (i.e., classification 44% greater 
than chance), denoting moderate agreement (Cohen 
1960).

Our model was sensitive to selection of a lead 
risk curve and to changes in our lead rate of addition 
parameter (Fig. 8). Changing the lead risk curve from 
linear to optimistic (lower acute and chronic mortality 
from lead exposure) resulted in a population that was, 
on average, 31% larger at the end of the simulation, 
while using a pessimistic lead risk curve (higher acute 
and chronic mortality from lead exposure) resulted in 

Fig. 6   HexSim model 
output for 50 model runs 
(light blue area = range; 
dark blue area =  ± 1 
standard deviation; white 
lines = mean values) 
compared to empirical data 
(black lines) for: a number 
of fledglings, b fledgling 
rate (number of fledglings/
total population), c number 
of deaths, d mortality rate, 
e number of lead deaths, 
f mortality rate from lead. 
Red lines for lead mortality 
in e and f indicate estimated 
lead mortalities adjusted 
to account for deaths 
from unknown causes and 
California condors missing 
in the wild. All numbers 
represent females only. 
(Color figure online)
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a mean population that was 53% smaller, on average, 
at the end of the simulation. A 10% decrease in our 
lead rate of addition parameter resulted in a popula-
tion that was, on average, 16% larger at the end of the 
simulation, while a 10% increase in our lead rate of 
addition parameter resulted in a population that was, 
on average, 19% smaller at the end of the simulation.

Discussion

Our spatially explicit IBM for the CACO was well 
calibrated to empirical data, and should be a use-
ful decision aid for evaluating the efficacy of 
future CACO reintroduction scenarios. While spa-
tially  explicit IBMs for other avian scavengers 
(mostly African vultures) have been constructed to 
assess food availability and energy budgets (Kane 
et al. 2014), the effect of social facilitation on forag-
ing success (Jackson et al. 2008), the impact of food 
predictability on social facilitation (Deygout et  al. 
2010), factors influencing foraging search efficiency 
(Spiegel et  al. 2013), and the impact of spatially 
explicit poisoning risk on  survival rates (Monadjem 

et  al. 2018), our IBM is unique in several respects. 
Importantly, our extensive use of input maps makes 
it easier to construct population projections for future 
scenarios, and allows for easy updating of the mod-
eling environment as new information becomes avail-
able. For example, to aid reintroduction planning, our 
model makes it possible to specify a dynamic series 
of maps that control changes in the number and tim-
ing of released CACOs and proffered food. While 
other vulture IBMs simulate the deposition and deg-
radation of carcasses (e.g., Monadjem et  al. 2018), 
we added a component to track cumulative exposure 
rates to a toxin (lead) found in carcasses, and linked 
such exposures to acute and chronic mortality. We 
also simulated changes in the distribution of carrion 
across annual environmental productivity cycles, and 
separately modeled inland and coastal feeding habi-
tats, thereby allowing us to simulate differences in 
carcass size and lead exposure among CACOs feed-
ing on inland or marine food resources.

Hindcasting analysis revealed that our CACO 
model reasonably approximated empirical sizes and 
trends of the population, fledgling numbers and rates, 
total mortality and lead-caused mortality rates. We 

Fig. 7   Comparison of (a) HexSim movement flux log(density) with (b) empirical California condor occupancy and GPS 
log(density), 2013-2019. Panel (c) shows areas of model overprediction and underprediction
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also demonstrated how the peer-review and model-
revision process improved accuracy (Online Resource 
Table S2.1); nevertheless, emergent simulated demo-
graphic values did not always exactly match year-spe-
cific empirical values. This was expected, given the 
highly stochastic nature of this very small population, 
in both the model universe and real world. Of greater 
importance was the general agreement in trends, 
and the ability of our simulation to largely capture 
the real-world stochasticity within the ranges of pre-
dicted values (Table 2). These results suggest that our 
IBM should be useful for comparing future proposed 
or hypothesized reintroduction scenarios, provided 
that care is taken to test its sensitivity to the param-
eterization of key variables and input maps. This is 

particularly important for the lead risk map and lead 
exposure parameters, as our model results are sen-
sitive to changes in the amount of lead in the envi-
ronment, the relationship between acute and chronic 
lead exposure, and the probability of lead-caused 
mortality.

There were two notable differences between our 
simulations and empirical data. First, observed rates 
of total mortality early in the release program were 
greater than indicated by our simulations, and fell 
outside of the range of predicted values. This was 
likely associated with the increased rates of demo-
graphic stochasticity experienced by small reintro-
duced populations that are in the establishment phase, 
and because management interventions became more 
sophisticated and effective over time. Second, our 
simulations predicted an earlier onset of successful 
reproduction than occurred in the real world. This 
was likely due, at least in part, to initial problems with 
actual nestlings ingesting garbage and dying (Mee 
et al. 2007; Bakker et al. 2017). These problems were 
later reduced, although not fully eliminated, through 
management interventions (Viner et al. 2020).

The overall accuracy of our simulation in repro-
ducing the spatial distribution of CACOs was rela-
tively high (79%). We attempted to lower the model 

Fig. 8   Simulated female population from 1995 (Year 1) to 
2019 (Year 25) for 50 HexSim model runs assuming a linear 
lead risk curve (solid black lines = minimum and maximum 
female population size; dashed line = mean female population 
size) compared to: (top) HexSim model output for 5 simula-
tions parameterized with our pessimistic lead risk curve (red 
lines) and 5 simulations parameterized with our optimistic lead 
risk curve (blue lines); and (bottom) HexSim model output for 
5 simulations parameterized with + 10% lead rate of addition 
(red lines) and 5 simulations parameterized with − 10% lead 
rate of addition (blue lines). (Color figure online)

Table 2   Performance of our CACO simulations in recon-
structing empirical demographic trends (1995–2019) and spa-
tial distribution and density of flights as estimated with CACO 
GPS data (2007–2019)

Demographic parameter Years within simu-
lated range of values 
(%)

Female population size 68
Number of fledglings 100
Fledgling rate 100
Mortalities 100
Mortality rate 88
Lead mortalities (unadjusted) 100
Lead mortality rate (unadjusted) 100
Lead mortalities (adjusted) 84
Lead mortality rate (adjusted) 96
Spatial performance measures
Overall accuracy (%) 79
Sensitivity (%) 91
Specificity (%) 73
Weighted kappa 0.44
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omission error rate (9%) at the expense of higher 
commission error rate (27%). We viewed omission 
error rates (false negatives) to be more concerning, 
as they led to underestimates of the CACO’s use of 
potentially important nesting, roosting, and feeding 
sites. In contrast, commission errors simply suggest 
where CACOs might someday be found. Our calcu-
lated commission error of 27% was likely biased high 
because GPS data were not available for the entire 
population. For example, CACOs without GPS have 
been observed in San Mateo and Alameda counties 
(ebird 2021); if those flight paths had been included 
in our empirical dataset, then model commission 
error would have been lower. Areas our model pre-
dicted would be used by CACOs, but for which there 
were no GPS locations, occurred mostly along the 
northern and southern periphery of the realized dis-
tribution (Fig.  7). The largest area where our model 
failed to predict CACO presence was in the south-
ern Sierra Nevada—an area where released CACOs 
have recently begun exploring. However, our model 
did predict presence of CACOs in the portion of the 
southern Sierra where CACOs were recorded feed-
ing during a study conducted from 2013 to 2015 (Hall 
et al. 2019). Our model did not predict CACOs cross-
ing the Central Valley (Fig.  7), a phenomenon that 
is extremely rare (only one recorded instance in our 
empirical dataset) because condors need upward air 
movement to maintain soaring flight and risk being 
grounded over large expanses of flat terrain (Poessel 
et  al. 2018a). The highest log (density) of empirical 
and modeled CACOs was around release sites and in 
CACO foraging habitat in the Tehachapi Mountains 
(Fig. 7).

Recommendations for improvement

We will improve our model as our knowledge of 
CACO ecology, population dynamics, and distur-
bance regimes grows. Model improvements will 
also result from the incorporation of other land-
scape influences on CACO demography, and from 
the ongoing intensive monitoring of CACOs via 
biotelemetry. Specifically, we anticipate potential 
improvements in: (1) incorporating social interac-
tions among individuals and information sharing, 
and the role of tradition and learning in CACO 
foraging ecology; (2) disentangling our fecundity 
parameter into its component parts, (3) improving 

our carrion deposition and degradation submodel, 
and linking it to demographic outcomes; (4) incor-
porating other threats and catastrophes; (5) collect-
ing more accurate information on the spatial distri-
bution of carcasses and consumable lead, as well 
as the relationship of acute and chronic lead expo-
sures to CACO mortality; (6) incorporating addi-
tional information to capture the impact of seasonal 
changes in the weather on CACO movements; and, 
(7) examining the impact of management interven-
tions on CACO demography. In the meantime, our 
first-generation IBM for the CACO is an important 
step forward.

We lack a complete understanding of how CACOs 
make foraging or overnight roosting decisions, and 
expect that future opportunities to improve our model 
will arise as new insights emerge from the study 
of condor behavior, social interactions, and tradi-
tions (e.g., Bronson and Welch 2020). Our model 
assumed that CACO feeding behavior was driven 
by carcass densities within suitable feeding habitats, 
and that CACOs return to carcasses that have suffi-
cient meals remaining. In reality, we know vultures 
use conspecific and interspecific social cues to for-
age more efficiently (Cortés-Avizanda et  al. 2014; 
Kane et al. 2014) and occasionally make exploratory 
movements independent of feeding events. In addi-
tion, CACOs are known to frequent certain areas out 
of memory or tradition, particularly roost sites near 
foraging grounds (Snyder and Snyder 2000); yet, our 
model did not incorporate sociality or tradition in 
selecting roosting locations near foraging sites. This 
may partially explain why our model did not predict 
the distribution of CACOs extending further north in 
the southern Sierra Nevada foothills, where there are 
extensive feeding areas for CACOs, but which require 
flying over other high-quality feeding areas in the 
Tehachapi Mountains (Fig. 7, D’Elia et al. 2015; Hall 
et al. 2019).

Our fecundity parameter—the number of females 
produced per adult female per year—is an amalgam 
of several important demographic components that 
we did not model separately. Future modeling efforts 
could separate out the egg-laying, chick-rearing, and 
fledgling processes, to more clearly address mortal-
ity factors at each of these stages. Tracking the egg-
laying process, and the possibility of renesting when 
an egg is lost, would also allow us to explore the con-
sequences of higher rates of egg mortality in CACOs 
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feeding on marine mammals (Burnett et al. 2013), as 
well as the possibility that egg-laying females may be 
at higher risk of lead mortality due to mobilization of 
medullary bone to create eggshells (Franson and Pain 
2011; but see Viner et al. 2020).

Due to data limitations, our carrion submodel 
was imperfect and was not directly linked to CACO 
fecundity or mortality rates. Although our simulated 
carrion influenced condor movement, the daily addi-
tion of condor meals meant that food availability was 
more reflective of patterns of landscape productivity 
(Fig.  4) and was less influenced by carcass size or 
decomposition rate. Further, although lead decom-
posed with carrion, the lead rate of addition param-
eter was tuned to replicate the empirical population 
size at the end of the modeling period; therefore, our 
model parameterization was not sensitive to carcass 
size or decomposition rates. Future model iterations 
could more realistically replicate the carrion depo-
sition and degradation across the annual cycle, and 
better estimates of these parameters would make it 
possible to link carrion resource acquisition to demo-
graphic outcomes.

Next-generation CACO IBMs might also address 
other threats and catastrophes. In particular, we see 
opportunities to incorporate the threat of collisions 
with wind turbines and powerlines (e.g., Wiens et  al. 
2017), the threat of wildfire, and the uptake of other 
toxins (e.g., DDE and mercury from consuming marine 
mammal carcasses; Kurle et al. 2016) that may impose 
additional acute or chronic impacts on fecundity or mor-
tality (see García-Ripolles and López-López 2011). 
Catastrophic environmental events can have a swamp-
ing effect on small-population demography (Hart and 
Avilés 2014), and outside of lead poisoning, are not 
presently captured in our IBM. Yet, we know that catas-
trophes can occur, as observed in 2020 when the Dolan 
Fire killed approximately 10% of the CACO population 
near Big Sur (USFWS 2020). Explicitly accounting for 
such catastrophes could allow future model projections 
to more realistically capture environmental stochasticity 
(Lande 1993).

Our simulations made use of simplifying assumptions 
to track the deposition of lead in carrion across the land-
scape, and the fate of CACOs exposed to lead, because 
we lacked sufficient data to empirically parameterize 
these model components. Nevertheless, we tuned the rate 
of lead deposition to match the observed population size 
at the end of the modeled timeframe, assuming a linear 

relationship between mortality risk and repeated lead 
exposures, and a static map of lead risk. Recognizing 
uncertainties in the rate of lead deposition, the distribu-
tion of lead exposure risk, and the relationship between 
lead exposure and mortality risk, we constructed the 
model to allow us to easily update these parameter val-
ues and maps as new information surfaces. A significant 
advantage of explicitly modeling the distribution of lead 
across the landscape, and its impact on CACO demog-
raphy, is the ability to examine the utility of future man-
agement scenarios designed to reduce or remove lead 
in specific areas. This is important because policy and 
management can alter the distribution of lead across 
the landscape, and the efficacy and implementation of 
lead reduction efforts are likely to vary across space and 
time. For our simulations, we assumed that the primary 
source of lead was from hunting, and that there were no 
changes in the distribution of lead deposition potential 
over time. Regulations have restricted the legal use of 
lead ammunition within the range of the CACO since 
2007 (California Assembly Bill 821), and have become 
incrementally more restrictive from 2013 to 2019, when 
California phased out the use lead ammunition when tak-
ing any wildlife (California Assembly Bill 711); yet, the 
impact of these regulatory actions on the bioavailabity of 
lead has not been adequately assessed, and CACOs are 
still dying of lead poisoning. Although our model did a 
fair job of replicating the amount of lead mortality from 
1995 to 2019, further analysis of the distribution of lead 
and its acute and chronic impacts on individual CACOs 
would likely improve our predictions because popula-
tion outcomes in our model are sensitive to changes in 
lead parameters. Additionally, studying the mechanisms 
behind changes in movement patterns, as CACO popu-
lations grow and become less reliant on proffered food 
(Kelly et al. 2014; Glucs et al. 2020), could also result 
in a more nuanced model that explicitly tracks behavior-
driven demographic changes through time.

Our IBM did not directly incorporate meteorologi-
cal variables and their influence on flight behavior and 
decision-making (see Poessel et al. 2018a; Bonner et al. 
2021). While our landscape conductance map made use 
of information on updraft potential, those variables were 
incorporated as annualized means instead of dynamic 
maps across the annual cycle. Given that weather and 
photoperiod affect monthly home range sizes (Riv-
ers et al. 2014), and knowing that daily travel distances 
change throughout the year (Hall et  al. 2021), incor-
porating dynamic meteorological data and simulating 
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changes in the length of the photoperiod could improve 
our ability to predict CACO movement. If collision risks 
were added to the model, incorporating dynamic mete-
orological maps that influenced CACO movement would 
become even more important, given that flight altitude is 
also highly variable across the annual cycle (Poessel et al. 
2018b).

We did not directly model management interventions 
(e.g., nest guarding, chelation therapy, providing veteri-
nary care to injured or sick individuals) in our simula-
tions. Instead, we assumed management was consistently 
applied throughout the duration of our simulations, as 
reflected in our constant fecundity and base mortality 
rates. Yet, we know that there were significant changes 
in mortality rates early in the release program (Finkel-
stein et al. 2012), and that there was a delay in successful 
breeding at the outset of the reintroduction program. As 
a result, our population projections overestimate female 
population size in the first half of the study period. Bak-
ker et al. (2017) found that the age of the release program 
had a positive correlation with survival rates, largely due 
to improvements in management interventions over time 
(Bakker et al. 2017). It is possible that demographic sto-
chasticity within an extremely small establishing popu-
lation also played a role. Untangling the age of the pro-
gram and population size was not possible because they 
are highly correlated (Bakker et  al. 2017). Given that 
CACOs released into new areas will benefit from our 
modern management interventions, longitudinal mortal-
ity data from these new areas could eventually be used to 
parameterize future versions of the model.

Effective prediction and mitigation of the risks asso-
ciated with contaminants requires an understanding of 
their spatio-temporal distribution (Mateo-Tomás et  al. 
2016). Therefore, we anticipate that management of the 
CACO population will benefit from our model, which 
explicitly links risks to both dynamic landscape spatial 
structures and individual behaviors. Spatially  explicit 
IBMs are particularly well-suited for assessing alter-
native proposals for future CACO releases and lead 
reduction efforts, and for exploring the implications of 
environmental conditions, and of uncertainties in causal 
relationships. As CACO IBMs mature, we anticipate 
they will become even more useful for informing rein-
troduction decisions and the development of quantitative 
and spatially explicit recovery targets that are linked to 
demography and disturbance.
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