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Abstract: Many species of plants and animals thrive in urban habitats and stand to gain from
the global trend in increased urbanization. One such species, the Red-crowned Parrot (Amazona
viridigenalis), is endangered within its native range but seems to thrive in urban landscapes. While
populations of endangered synanthropic species may be uncommon, they can act as genetic reservoirs
and present us with unique conservation and research opportunities. We sought to determine the
red-crowned parrot’s level of dependency on urban areas, as well as the climatic and anthropogenic
drivers of their distribution throughout the United States. We built national level species distribution
models for the USA using Maxent and correlated presence points derived from field work and
citizen science databases to environmental variables for three Red-crowned Parrot populations:
two naturalized (California and Florida) and one native (Texas). We found current occupancy to
be 18,965 km2 throughout the three states. These three states also contained 39,429 km2 of high-
and medium-quality habitats, which, if occupied, would represent a substantial increase in the
species range. Suitable habitat showed a strong positive correlation with urbanization in areas
where average monthly temperatures were at least 5 ◦C. The current and predicted distributions
of Red-crowned Parrots were closely aligned with urban boundaries. We expected populations of
Red-crowned Parrots and other synanthropic species to grow due to a combination of factors, namely,
continued urbanization and the effects of climate change, which increase the size and connectivity of
a suitable habitat. For some imperiled species, urban habitats could prove to be important bastions for
their conservation.

Keywords: parrots; urbanization; species distribution modeling; synanthrope; maxent; anthropogenic

1. Introduction

Urbanization is one of the leading causes of biodiversity loss and can result in habitat
degradation and fragmentation [1–3]. However, many species of plants and animals can
thrive in urban habitats and stand to gain from this conversion [4]. The global trend in
increased urbanization is likely to continue for the foreseeable future [2]. Species that thrive
in urban areas (synanthropes) are generally viewed as neutral or invasive in terms of their
ecological or economic impacts [5]. Synanthropes can be intentionally brought to urban areas
(i.e., ornamental plants), can be accidentally introduced (i.e., escaped pets), or can be species
naturally expanding their ranges into these novel habitats [6–8]. They rarely have declining
populations within their native ranges, are infrequently considered to be threatened or
endangered, and, as such, are not usually considered to be conservation priorities [4,9].
But, when endangered species are synanthropic and thrive in urban landscapes, we are
presented with unique conservation, research, and social opportunities [10,11].
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While populations of endangered synanthropic species are uncommon, they can
provide valuable information on the natural history of the species and can act as genetic
reservoirs or backup populations for possible translocations [10,11]. One endangered
synanthropic species, the Red-crowned Parrot (Amazona viridigenalis), is a medium-sized
parrot endemic to northeastern Mexico and southern Texas. It has been popular in the
domestic and international pet trade [12–14], and, like many other parrot species, Red-
crowned Parrots have declined in their native range due to threats from the pet trade and
habitat destruction [12]. However, three significant populations occur within the United
States. Two of these populations, one in southern California and another in southern Florida,
are considered naturalized and owe their origins to released or escaped pets. Roughly
3700 individuals make up the California population, whereas a smaller population of an
unknown size is found in Florida [15,16]. The third US population is recognized as native
by the State of Texas and the United States Fish and Wildlife Service and consists of roughly
675 birds located in the two southernmost Texas counties Hidalgo and Cameron [13].

Some authors have equated urban areas to “arks”, in which endangered species
could persist while the drivers of their declines in their native range are remedied [11,17].
However, different species likely depend on urban areas with unique conditions [18–20].
To determine the Red-crowned Parrots’ levels of dependency on urban areas, as well as
the drivers of their distribution throughout the United States, we utilized the Species
Distribution Modeling (SDM) algorithm Maxent which estimates likelihoods of presence
under different environmental conditions [21].

Understanding habitat use of threatened species is a prerequisite for identifying where
and how to manage and maintain populations, as well as to ascertaining a population’s level
of synanthropy [22,23]. Species distribution models correlate climatic and environmental
data with areas of known species presence and are useful in determining the drivers that
may influence a species’ potential distribution and in predicting geographic regions where
a species may occur [24–27]. Although climate is usually considered the main driver of
species distributions [28], many ecologically relevant variables, e.g., land-use variables [29]
or edaphic factors [30], have been added to SDMs to increase the predictive abilities of
species distributions. As land use has been shown to influence the distribution of animals,
we also include land use/cover variables in our models [31,32]. Frequently, SDMs are used
to identify critical habitat for species with reduced ranges and predict areas where these
species might expand their ranges [30,33]. Coupled with expert knowledge, SDMs have
played an important role in determining protected areas for target species important to the
maintenance of biodiversity [23,24].

In this study, we produce coarse-scale, national level SDMs for three isolated popula-
tions of the Red-crowned Parrot (Amazona viridigenalis) to answer the following questions:

(1) What is the current geographical range of Red-crowned Parrots in the USA, and what
is the potential for range expansion?

(2) Does a combined model that includes all populations predict presence similarly to
individual population models?

(3) What are the important climatic and environmental (anthropogenic) drivers for Red-
crowned Parrot presence in the USA?

(4) Are all populations of Red-crowned Parrots in the contiguous USA responding to
climate and environmental (anthropogenic) variables similarly?

2. Methods
2.1. Occurrence Data

We obtained occurrence data (presence-only records) for Red-crowned Parrots from
two sources: sightings entered into the citizen science database eBird [34] and locations
from four years of field work in South Texas (2016–2019). Records obtained through eBird
and other citizen science databases have been shown to be valuable for building accurate
SDMs [35].
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The eBird presence records (n = 36,680) were from March 1973 through February 2020.
Only the states of California (n = 23,717), Texas (n = 11,956), and Florida (n = 1007) contained
presence points for Red-crowned Parrots. We included points from both “complete” and
“incomplete” checklists but excluded “random” and “historical” checklists due to their
potential inaccuracies. All travelling checklists over 10 km in distance were removed, as
were all points with duplicate coordinates and all points located over water. Additionally,
we removed all locations of single birds located over 20 km from another presence point,
as these likely represented released or escaped pets that were not part of established
populations. We then scrutinized the points individually as a final quality check and
removed any point that was likely from list-building checklists or placed at a county level.
After data refinement, we retained a total of 4784 eBird presence points for use in modeling
(n = 2740 California; n = 1826 Texas; n = 217 Florida).

We also included 415 presence locations gathered during field work in South Texas
from June 2016 through February 2020. These points consisted of foraging, roosting, and
nesting locations and were obtained throughout all four seasons [13]. For the purpose of
this nationwide study, all points were lumped and considered as presence only. A fine-scale
study comparing specific habitat use of foraging, roosting, and nesting of Red-crowned
Parrots in South Texas is currently in preparation.

2.2. Environmental Data

The environmental data we used as potential drivers in our SDMs included climatic
variables commonly regarded as important, such as rainfall and temperature data [36,37], as
well anthropogenic variables frequently suspected to drive species distribution, including
land-use and human density data [38,39].

As variables used in Maxent must have identical cell sizes, we resampled all datasets
to a resolution of ~300 m × 300 m using bilinear interpolation for continuous data layers,
and nearest neighbors for categorical data, calculated with QGIS V3.12.0. The cell size
chosen represented a balance of the original datasets’ grid sizes, which ranged from 1 km
to 30 m, and allowed us to easily detail the range of Red-crowned Parrots. Previous studies
on parrot distributions generally used rather coarse grid sizes (>1 km) [40,41], so, while
300 m2 may not have been detailed enough to specify tree species or microhabitats, it could
adequately describe important drivers of distribution at a broad scale.

2.2.1. Climatic Variables

We used 19 world bioclimatic layers (30 arc-second resolution) that included vari-
ables that represented minimum, maximum, and average temperatures and precipitation
throughout the seasons, as well as indexes of climatic variance. The bioclimatic variables
used were averages from the years 1970–2000 and represented biologically meaningful
environmental data [42] (see complete list in Table S1).

2.2.2. Anthropogenic Variables

As a proxy of anthropogenic activity at a landscape level, we included an estimation
of human population density during 2015 (30 arc-second resolution, represented as persons
per km2) [43]. We also included three land cover layers: (1) the GAP/LANDFIRE National
Terrestrial Ecosystems data layer, (2) the National Land Cover Databases (NLCD) land
cover data layer, and (3) an urban imperviousness layer [44–47]. These layers represent
land cover and vegetation at a 30 m × 30 m scale and detail the level of developed surfaces
such as roads and core urban areas throughout the contiguous United States. Finally, we
included percent tree canopy cover estimates from the NLCD [48] as well as a Normalized
Difference Vegetation Index (NDVI) derived from early 2020. See Table S1 for a detailed list
of all variables used in the modeling process.

Many naturalized parrot populations have been shown to be at least partially reliant on
urban parks and the diversity of flora that is associated with human settlements [15,49,50].
To analyze this phenomenon in our current study, we use post hoc analysis to detail land
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use (urban vs. nonurban) where presence, foraging, nesting, and roosting sites occurred.
We utilized a data layer denoting urbanization that considered areas urban if over 50% of
land cover consisted of non-vegetated human constructed elements [51,52]. We did not use
this binary layer in the SDMs since urban imperviousness and land cover layers provided
a more detailed image of urbanization for modeling.

2.3. Species Distribution Modeling

We determined the relationships between environmental variables and Red-crowned
Parrot presence using maximum entropy modeling (Maxent V3.4.0) [21]. Maxent is widely
used with presence-only data [53] and for modeling nonnative species distributions [54,55].

2.3.1. Model Settings

To detail any potential differences in habitat use among the three US populations, we
also created SDMs analyzing each population independently [56,57]. We parameterized
four models using presence points from only (1) California (California model), (2) Texas
(Texas model), and (3) Florida (Florida model), and (4) using presence points from all three
states (combined model).

Maxent considered any cell with at least one presence point within its bound as a
“presence” cell, which helped to reduce spatial autocorrelation of presence points. After
Maxent removed spatially correlated presence points, the final combined model used
2922 presence locations (eBird and field data combined), including 1995 in the California
model, 779 in the Texas model, and 148 in the Florida model.

All models utilized 75% of presence records for training and 25% for testing, which
exceeded the minimum recommended number of presence locations (30) for accurate model
production [58]. We used default Maxent parameters for all other options. We did not
spatially bias background data for pseudo-absence point creation since the presence of
Red-crowned Parrots was not limited by any physical or geographical barriers because
they are popular in the pet trade and moved by humans throughout the United States [15].
We ran five replicates for each model, utilizing random seeds and bootstrapping during
each run. We reported the averages of the 5 replicates (±1 SD) for each of the four models
unless otherwise stated below.

2.3.2. Model Evaluation

As a measure of model validity, we used the area under the receiver operating charac-
teristic curve (AUC), which is commonly used for Maxent and other ecological distribution
models [59]. Interpretation of the AUC measurements ranged from random (0.5) to perfect
(1.0), with values >0.9 considered very good, >0.8 considered good, and <0.8 considered
poor [60]. To analyze variable importance and to determine the correlations among similar
variables, we used jackknifing [61,62].

2.3.3. Distribution

We use Maxent’s default Cloglog output to estimate occurrence probability [63]. For
analyses, including map creation and calculating the area of predicted Red-crowned Parrot
presence, we divided habitat suitability into three categories consisting of “High-quality”,
“Medium-quality”, and “Unsuitable”. We defined a high-quality habitat as all areas ranking
at or above the Cloglog threshold, denoting the 10th percentile training presence (P10). The
P10 threshold excluded the bottom 10% of training occurrence points with the lowest predicted
habitat suitability. We defined medium-quality habitat as areas with values half of P10 up to P10.
We defined all areas below half of the P10 threshold as unsuitable. (High-quality habitat ≥ P10;
0.5 × P10 ≤ medium-quality habitat < P10; unsuitable < 0.5 × P10).

We determined actual distribution by applying a 10 km radius buffer to all presence
points. Red-crowned Parrots are known to make daily flights from roost to foraging or
nesting areas of roughly 10 km one-way (Kiacz pers. obvs.). Although Red-crowned Parrots



Diversity 2023, 15, 878 5 of 16

can undergo much longer flights [12], we used 10 km to represent a normal daily use range,
which excluded long-distance winter foraging flights.

To determine the percent of each habitat class that was currently occupied (high-
quality, medium-quality, and unsuitable), we used the predicted presence of the combined
model overlaid with current (actual) presence. We made all calculations using RStudio
Version 1.2.5033.

3. Results
3.1. Current Red-Crowned Parrot Distribution

The current distribution of Red-crowned Parrots in the United States was estimated at
18,965 km2–11,890 km2 (2.9% of state) in California, 3573 km2 (0.5%) in Texas, and 3502 km2

(2.4%) in Florida (Figure 1). Using the combined model, 57% of the current Red-crowned
Parrot distribution in California was classified as high-quality habitat, 29% as medium-
quality habitat, and 14% as unsuitable habitat. In Texas, 39% of the current distribution was
classified as high-quality habitat, 55% as medium-quality habitat, and 6% as unsuitable
habitat. In Florida, 37% of the current distribution was classified as high-quality habitat,
39% as medium-quality habitat, and 24% as in unsuitable habitat.

In the combined model, 1950 km2 of high-quality habitat and 21,199 km2 of medium-
quality habitat throughout the contiguous USA is unoccupied; 17% of high-quality habitat
and 80% of medium-quality habitat in California is unoccupied, 9% of high-quality habitat
and 65% of medium-quality habitat in Texas is unoccupied; and 23% of high-quality habitat
and 72% of medium-quality habitat in Florida is unoccupied.
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Figure 1. Maxent predicted high-quality, medium-quality, and unsuitable habitat for Red-crowned
Parrots (Amazona viridgenalis) in (a) California, (b) Florida, and (c) Texas. High-quality habitat is shaded
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dark green, medium-quality habitat is shaded medium green, and unsuitable habitat is shaded light
green. Current Red-crowned Parrot presence is outlined in a dashed black line, and urbanized areas
are outlined in solid black. Only the areas within each state that contain medium or high-quality
habitat are shown.

Presence points used by the models were distributed almost entirely in urban areas.
In California, 92% of all presence points (n = 2740) were in urban areas, in Texas 96%
(n = 2241), and in Florida 62% (n = 217). Almost all points not in urban areas were <1 km
from the edge of land classified as urban.

3.2. Predicted Habitat Distribution

The combined model predicted 11,463 km2 of high-quality habitat across the con-
tiguous USA (8250 km2 in California; 1523 km2 in Texas; 1690 km2 in Florida) and
27,966 km2 of medium-quality habitat (17,489 km2 in California; 5623 km2 in Texas;
4854 km2 in Florida; Table 1). Models created to predict nationwide habitat suitabil-
ity by using only one state’s presence locations (state-level models) each gave radically
different results, as they predicted high- and medium-quality habitats only in the state
from which the presence points originated. For each state-level model, all areas outside the
state of origin were predicted as unsuitable. Of note is that the medium- and high-quality
areas predicted by single-state models were similar to that state’s predicted area using the
combined model (Table 2).

Table 1. Combined model area predictions of high-quality, medium-quality, and unsuitable habitat
for Red-crowned Parrots (Amazona viridigenalis) in each state. The percentage of the state that each
predicted habitat type covers is also included.

Predicted High
Quality (km2) % of State Predicted Medium

Quality (km2) % of State Predicted
Unsuitable (km2) % of State

California 8250 2% 17,489 4.30% 383,661 94%

Texas 1523 0.20% 5623 0.80% 677,208 99%

Florida 1690 1.20% 4854 3.30% 139,117 96%

Total 11,463 27,966 1,199,986

Table 2. Model predictions of Red-crowned Parrot (Amazona viridigenalis) habitat availability using
single-state models and the percent of the state that each habitat type covers. State models predicted
only unsuitable habitat outside of their own state.

Predicted High
Quality (km2) % of State Predicted Medium

Quality (km2) % of State Predicted
Unsuitable (km2) % of State

California 7999 2% 14,577 3.60% 386,824 94%

Texas 1486 0.20% 4546 0.70% 678,322 99%

Florida 1986 1.40% 1722 1.20% 141,953 97%

3.3. Variable Importance

All three state-level models and the combined model had a very good AUC (>0.91),
averaging 0.95 (Table S2). Variable importance for each model was similar, with colin-
ear variables related to temperature playing a large role in three of the four final models
produced, with the exception being the California model, where precipitation variables
played a larger role (Table S3). With regard to permutation importance (found by randomly
permuting values for each variable at presence locations and determining the resulting drop
in AUC [62]), temperature seasonality (Bio04_250; the difference between the warmest and
coldest seasons) played the largest role in the combined model (93%) (Table S3). Human
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population density also played an important role in the combined model, precipitation-
related variables were important in the California model, and temperature-related variables
played important roles in the Florida model and Texas model (Table S3). Additionally, jack-
knifing results supported the conclusion that temperature seasonality, population density,
and mean coldest temperature played important roles in all models, whereas precipitation
variables (specifically Bio15_250; precipitation seasonality, Bio18_250; precipitation of the
warmest quarter) were increasingly important in the California model. The percent contri-
butions representing variable importance should be interpreted with caution since they are
only heuristically defined and can express multicollinearity with one another [62,64]. How-
ever, Maxent accounts for variable correlation reasonably well, and excluding correlated
variables does not significantly influence model performance [65].

Response Curves

In Maxent, response curves depict model responses from changing each variable
while holding other variables at their average sample values. Predicted habitat suitability
generally showed a strong positive correlation with urbanized areas (Figure 1). In all
models, ideal habitat suitability was mostly constrained to developed areas at a low-to-
medium intensity (defined as 20–79% impervious surfaces, generally including single-
family homes). Human population density was positively correlated with high habitat
suitability in all models. However, this effect was limited in the Texas and Florida models
where suitability dropped off at densities higher than ~2500 people/km2. The decrease in
habitat suitability was much more pronounced in the Florida model (Figure 2). The most
suitable human population density in the Texas model was 500–2500 people/km2, in the
Florida model 1000–8000 people/km2, and in the California model and combined model at
densities greater than 1000 people/km2.

Diversity 2023, 15, x FOR PEER REVIEW 

Diversity 2023, 15, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/diversity 

 

precipitation-related variables were important in the California model, and temperature-

related variables played important roles in the Florida model and Texas model (Table S3). 

Additionally, jackknifing results supported the conclusion that temperature seasonality, 

population density, and mean coldest temperature played important roles in all models, 

whereas precipitation variables (specifically Bio15_250; precipitation seasonality, 

Bio18_250; precipitation of the warmest quarter) were increasingly important in the Cali-

fornia model. The percent contributions representing variable importance should be in-

terpreted with caution since they are only heuristically defined and can express multicol-

linearity with one another [62,64]. However, Maxent accounts for variable correlation rea-

sonably well, and excluding correlated variables does not significantly influence model 

performance [65]. 

3.3.1. Response Curves 

In Maxent, response curves depict model responses from changing each variable 

while holding other variables at their average sample values. Predicted habitat suitability 

generally showed a strong positive correlation with urbanized areas (Figure 1). In all mod-

els, ideal habitat suitability was mostly constrained to developed areas at a low-to-me-

dium intensity (defined as 20–79% impervious surfaces, generally including single-family 

homes). Human population density was positively correlated with high habitat suitability 

in all models. However, this effect was limited in the Texas and Florida models where 

suitability dropped off at densities higher than ~2500 people/km2. The decrease in habitat 

suitability was much more pronounced in the Florida model (Figure 2). The most suitable 

human population density in the Texas model was 500–2500 people/km2, in the Florida 

model 1000–8000 people/km2, and in the California model and combined model at densi-

ties greater than 1000 people/km2. 

 

Figure 2. Response curves characterizing the probability of Red-crowned Parrot (Amazona 

viridigenalis) presence versus human population density from each of the four models. The 

response curves were created by Maxent using only human Population Density as a predictor 

variable. Solid lines represent the average response of five replicate models and dashed lines 

represent the mean ± one standard deviation. 

Figure 2. Response curves characterizing the probability of Red-crowned Parrot (Amazona viridigenalis)
presence versus human population density from each of the four models. The response curves were
created by Maxent using only human Population Density as a predictor variable. Solid lines represent the
average response of five replicate models and dashed lines represent the mean ± one standard deviation.
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Habitat suitability was positively correlated with the mean annual temperature in
all models, with ideal minimum annual means of at least ~17 ◦C (Figure 3). Temperature
seasonality (standard deviation of monthly values × 100) did not play a significant role in
the state-level models, but, in the combined model, any variation above 5.5 ◦C showed a
strong negative correlation with habitat suitability. Additionally, this negative correlation
was noticeable in all models when building models using only temperature seasonality,
and the correlation occurred at roughly the same temperature (5.5 ◦C). In all models,
the mean temperature of the coldest month strongly suggested that temperatures below
~5 ◦C were unsuitable for Red-crowned Parrots. Annual precipitation showed no consis-
tent correlation among all models, but ideal habitat suitability seemed to require at least
~400 mm.
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were created by Maxent using only mean Annual Temperature as a predictor variable. Solid lines
represent the average response of five replicate models.

4. Discussion
4.1. Current Geographical Range and Potential for Expansion

Previous studies have indicated that Red-crowned Parrots in Mexico have lost an
estimated 127,278 km2 of habitat from 1995 through 2016, whereas the current amount
of suitable habitat in Mexico is estimated to be 94,988 km2 [66]. Our study shows that
39,429 km2 of suitable habitat (occupied and unoccupied high- and medium-quality habitat)
is available for Red-crowned Parrots within the contiguous United States. These data
suggest that roughly 30% of the suitable worldwide range lies within the United States, and
almost all high-quality habitat is in urban areas. Thus, similar to other endangered species
like Sociable Lapwings (Vanellus gregarious) and Rhinolophus sp. bats, synanthropy may play
an important role in the future conservation and recovery of Red-crowned Parrots [67,68].

A large percentage of the high-quality habitat predicted by our models is currently
inhabited by Red-crowned Parrots. Only 23% of high-quality habitat in Florida, 17% in
California, and 9% in Texas are unoccupied. In Florida, most of the unoccupied high-quality
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habitat is south of the parrot’s current range in recently urbanized areas and throughout
the Florida Keys. Although our models identified high-quality habitat in the Florida Keys,
individual islands are likely not large enough to maintain populations, owing to the large
sizes of individual home ranges [12]. Frequent hurricanes, which destroy nesting, feeding,
and roost resources and cause high mortality, may also limit use of the Keys [69,70].

In California and Texas, we predict range expansion into high-quality habitats neigh-
boring currently occupied areas, but such expansion may not include large enough areas to
significantly impact the overall populations within these states. However, California and
Texas are urbanizing rapidly, and we expect recently developed urban and suburban areas
will become high-quality habitat as urban vegetation matures [71].

Our model identified 21,200 km2 of unoccupied medium-quality habitat, which, if
occupied, would represent a 112% increase in range. Most medium-quality habitat is urban-
ized or abuts urban areas but lacks the mature vegetation and favorable climatic conditions
to be classified as high-quality. Also, most medium-quality urban areas are smaller and
more isolated than the currently inhabited metro centers in our three states and, therefore,
have lower levels of propagule pressure and lower connectivity to current Red-crowned
Parrot populations. Climate change may increase the suitability of these areas [72], and
continued urban growth may decrease their isolation and increase connectivity to current
populations. Thus, given climate change and urbanization, medium-quality habitats may
represent important future resources and drive the future spread of the red-crowned par-
rot. However, increased propagule pressure, climate matching, and range connectivity
alone will not guarantee spread and establishment success. Site-specific factors, such as
availability of nesting and foraging substrate, as well as species-specific factors, such as
behavioral flexibility and life history traits, will also play important roles in the success of
the red-crowned parrot, as well as other synanthropic species [5,73,74].

4.2. Variation among Models

When building SDMs, it is assumed that species respond to environmental conditions
similarly across their ranges. In our case, it was clear that the three disjunct populations
of Red-crowned Parrots in the contiguous USA were responding to their environments in
slightly different ways. State-level models predicted suitable habitats only within the states
where presence locations originated, whereas the combined model predicted presence in all
three states. This regional variability could have been caused by biological processes, includ-
ing biotic interactions, genetic differentiation, or resource availability [75–77]. Additionally,
models built with confined populations such as ours may not be easily generalized to novel
environments because of the specificity of the species response to its surroundings or over-
fitting of the model [78], which was likely the situation in our case. Regardless, this finding
suggested that Red-crowned Parrot populations were responding to their environments
similarly but uniquely throughout the United States. The following discussion will explore
these nuances.

4.3. Important Climatic and Environmental Drivers of Presence

All four of our models indicated the importance of minimum temperatures and
minimum annual precipitation. They also showed that urbanization and population
density were extremely important. However, they also indicated that Red-crowned Parrots
have a rather wide niche relative to other variables we explored. This pattern is similar to
other nonnative birds, including parrots [79–83]. Red-crowned Parrots have established
populations in the United States in regions that are similar but unique, so, while strict
climate matching can increase spread rates of nonnative species, it is often not necessary
for their successful establishment [36,84].

4.4. Temperature

Our data suggest that Red-crowned Parrots have a low tolerance for low temperatures,
as the minimum temperature in suitable habitats is relatively constant among all models at
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roughly 5 ◦C, and all models indicate a high tolerance to high temperatures. Temperature
plays an important role in predicting the establishment of other nonnative tropical birds, with
minimum temperatures limiting the northward expansion of many species [50,66,79,80,85].
Our results suggest that warming trends associated with climate change will likely increase
suitable areas for Red-crowned Parrots within the United States. Other authors have
similarly suggested that climatically suitable areas likely will increase for subtropical and
tropical synanthropes, especially nonnatives [72,86].

4.5. Precipitation

The ideal annual precipitation was at least 400 mm in all four models. While the use
of urban areas likely lessened dependency on precipitation due to increases in irrigation,
otherwise suitable urban areas in drier regions, such as Phoenix, Arizona (204 mm/y),
Tucson, Arizona (294 mm/y), and El Paso, Texas (250 mm/y), may not maintain the
vegetation required for foraging, roosting, and nesting. In Arizona, multiple naturalized
populations of the rosy-faced lovebird (Agapornis roseicollis) inhabit urban areas, but its
native desert distribution, high trade volume in aviculture (i.e., high propagule pressure),
and small size likely explain its presence [15,80]. The presence of medium-to-large-sized
cavity nesters may be precluded by the lack of precipitation sufficient for large tree growth.
Although sizable Red-crowned Parrot populations exist in southern California, the areas
of Los Angeles and San Diego are relatively dry (~300 mm precipitation annually), well
below what our models indicated as ideal (>400 mm annually). Our California model
was also the only model where precipitation variables played outsized roles in predicting
parrot presence. It is likely that high levels of residential irrigation offset the lack of
precipitation in this region. Southern California imports ~90% of their water supply
from outside the region [87], and residential areas in southern California utilize twice as
much water for outdoor irrigation than northern California [88,89]. Additionally, affluent
neighborhoods irrigate landscapes at higher levels compared to less affluent areas [90],
which may help explain why these neighborhoods have increased numbers of large trees
and more wildlife. In short, our results suggest that suitable Red-crowned Parrot habitats
depend on a minimum level of at least 400 mm of precipitation and/or irrigation.

4.6. Urbanization and Population Density

Most high- and medium-quality habitats predicted by our models closely followed
urban boundaries (Figure 1), which was consistent with some of the earliest observations
of these birds in the United States [15,91,92]. While the California model, Florida model,
and combined model predicted high- and medium-quality habitats in areas that had at
least 1,000 people/km2, the Texas model predicted high- and medium-quality habitats
in the Lower Rio Grande Valley at levels above 500 people/km2, which was similar to
previous models focused on San Diego County in California [91]. Overall, all models
indicated a similar lower limit to human population density (500–1000 people/km2), but
upper limits were extremely variable (2500–15,000 people/km2). In general, regions with
Red-crowned Parrot populations in southern California, including Los Angeles and San
Diego, and in the Miami area of southeastern Florida had much higher human population
densities than South Texas, but these regions did not seem to harbor higher densities of
Red-crowned Parrots [13,93]. These wide tolerance ranges may explain why our three
state-level models did not predict suitable habitat outside of the state from which the
presence points originated. The lower bounds for climatic and anthropogenic variables
may have been suitable in many areas, but the upper bounds were overfit. Therefore, when
modeling distributions for species that may have wider physiological constraints than
realized or that may not be in equilibrium with their environment, it is important to include
presence locations from as many viable populations as possible.

Human population density alone is not likely to be the driving factor of occupancy for
this synanthropic species. Instead, density is likely a proxy for an array of anthropogenic
changes (i.e., urban landscaping, irrigation, bird feeders, etc.) [91,92,94]. Given that many
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Red-crowned Parrots were released or escaped pets, higher human density also correlated
with higher levels of propagule pressure [95]. Additionally, human density could be seen
as a proxy of human activity or of socio-economic drivers, and studies have shown that
these factors alter bird behavior, habitat selection, distribution, and IUCN status [96,97].

Previous studies have noted that wildlife presence in urban ecosystems can increase
with the presence of resources such as bird feeders, large street trees, and berry-bearing
plants—all of which are abundant in mature suburban areas of southern California, Texas,
and Florida [98,99]. Another well-noted pattern is that affluent neighborhoods harbor
more and larger trees and thus a greater diversity of wildlife [99,100]. While we did not
integrate data on neighborhood income into our work in South Texas, it was evident that
parrots favored areas with larger homes and more mature trees. As Red-crowned Parrots
in South Texas were utilizing roughly 70% nonnative tree species for roosting, nesting,
and feeding (Kiacz, personal communication), it was apparent that urban landscaping
was a large driving force behind species occupancy, supporting previous observations and
modeling outcomes [91,92]. While native trees are generally better for native birds in urban
areas [99,101,102], nonnative trees in urban areas can be beneficial for native and nonnative
birds alike [103], which appeared to be the case for the Red-crowned Parrots in our three
US populations.

Although Red-crowned Parrots in Texas are considered native, they depend on a
completely modified urban ecosystem similar to naturalized populations in California
and Florida [13,91]. Urban and suburban areas with ample and mature landscaping on
residential and commercial properties are likely the main non-climatic drivers of Red-
crowned Parrot occupancy, which seems to be a dependence commonly exhibited by other
synanthropic species, including other naturalized parrot populations [15,104].

Urbanization was an extremely influential predictor for occupancy, and our presence
locations contained few sightings in natural areas. These findings suggested that it was
unlikely that Red-crowned Parrots would inhabit surrounding natural or wild areas in large
numbers. While many “urbanized” species are dependent on remnant patches of native
habitat within or adjacent to urban areas, Red-crowned Parrots do not seem to utilize these
natural habitats often [13]. The reasons why are unknown, but we suspect that populations
learn to survive in these urban areas and pass this knowledge to subsequent generations
since urban areas are generally where individuals or groups are initially released or escape
into. This urban adaptation likely limits the species ability to disperse into and survive in
more natural areas, leading to isolation by adaptation [105]. This has important implications
for the future of populations of Red-crowned Parrots within the United States and should
alleviate most threats they may represent as a potential invasive species. It also implies
that synanthropic species like the Red-crowned Parrot are likely to persist as long as
currently inhabited urban areas do not drastically change their vegetation structures or
landscape mosaics. Moreover, if urbanization continues along its recent trajectory, and
urban yards and landscaping are maintained at similar levels, populations of these and
other synanthropes are likely to grow in California, Texas, and Florida.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/d15070878/s1, Table S1: Descriptions and units of all climatic and en-
vironmental variables included in all models; Table S2: AUCs for each model; Table S3: Percent
contribution and permutation importance for all variables.
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