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thermal exposure secondarily:
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Introduction: Multifarious selective pressures can interact to affect species’ life
history evolution, with predation and thermal exposure as selective pressures for
nesting birds. Gray Vireos (Vireo vicinior) seemingly nest on the periphery of their
nesting substrate because of lower predation rates, thereby increasing exposure
to weather. We explored how nest placement and vegetation structure can be
used to account for the increased weather exposure that Gray Vireos experience
when nesting on the periphery of the nesting substrate to avoid predation.

Methods: For each Gray Vireo nest, we placed temperature and light data loggers
at three locations: at the nest site, at the opposite orientation of the nest within
the nesting tree, and at the same orientation of the nest but in an adjacent tree.
To measure nest orientation, we recorded the inverse compass azimuth (+/-1°)
from the nest toward the trunk of the nesting tree, while accounting for
declination. Nest temperatures and light exposure were compared across
various dimensions of nest placement.

Results: The orientation of nests was cooler than the opposite orientation in the
mornings and in the late afternoons. When nests were placed in hotter orientations
(e.g., south- or west-facing), nests surrounded by more foliage or placed closer to
the interior of trees could compensate for the increased exposure.

Discussion: Our findings suggest Gray Vireos accounted for the increased
thermal exposure that comes from predator avoidance by using secondary
dimensions of nest placement. Specifically, nests could be placed in
orientations with cooler temperatures or in hotter orientations with greater
shade potential. These results highlight how the interactive selection pressures
of predation risk and microclimate can be tiered and shape life-history
characteristics of birds.

KEYWORDS

Gray Vireo, microclimate, multifarious selection, natural selection, nest-site selection,
tiered selective forces, weighted selection
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1 Introduction

For birds, breeding life-histories and nesting ecology demonstrate
unique ecological interactions and important insights needed for
conservation and habitat management (Martin, 1995). The
importance of natural selection as a dynamic force that controls
nest-site selection and structure is well documented (Martin, 1993,
Martin, 1995; Mainwaring et al., 2014). Selective forces, such as nest
predation (Martin, 1993), brood parasitism (Moreras et al., 2021),
and microclimate (Amat-Valero et al., 2014) continually shape nest-
site selection at multiple scales. However, studies that consider the
interactions of selective forces and their relative contributions are
rare. Additionally, nest placement within a substrate and nest
morphology may provide a unique framework for understanding
multifarious selection because they manifest in spatial dimensions.
Nest placement operates at three spatial dimensions within the
nesting substrate (i.e., nesting tree or shrub), being nest height
from the ground (Wilson and Cooper, 1998), distance from the
foliar edge (Harris et al, 2021a), and orientation (Burton, 2006),
being the cardinal direction of nests relative to the center of the
nesting substrate. Nest morphology can vary in at least two additional
spatial dimensions within a nesting substrate, being nest height and
circumference. These five spatial dimensions are likely continually
being optimized by dynamic, multifarious selective forces to increase
nest survival, thereby shaping fine-scale nest placement and structure.

Nest predation is generally the primary selective pressure on
nest placement and structure (Martin, 1988, Martin, 1992, Martin,
1993), resulting in species accounting for all other ecological
pressures secondarily. Microclimate at nests may be an important
secondary selective pressure, particularly for birds in arid
environments (Marzluff, 1988). The influence of microclimate at
nest sites has been shown to affect nest-site selection, nest
placement within a substrate, and nest morphology (Amat-Valero
et al., 2014; Mainwaring et al., 2014; Perez et al., 2020). Nest sites
may be selected for cooler microclimates around nests (Hartman
and Oring, 2003; Tieleman et al., 2008; Carroll et al., 2015). Cooler
microclimates in arid environments have also been linked to
increased survival probabilities (Carroll et al., 2015; Grisham
et al., 2016) and normal rates of embryo development (Webb,
1987). Consequently, species-specific nesting strategies tend to
minimize thermal variances and lower maximum temperatures in
arid environments (Hartman and Oring, 2003; Tieleman et al,
2008; Carroll et al., 2015) via increased visual obstruction for shade
(Carroll et al., 2015) or selecting an orientation of cavity openings to
increase shade (Hartman and Oring, 2003; Ardia et al., 2006). The
thermal environment is also thought to be one of the most
important selective forces to nest morphology and composition
(Perez et al., 2020). The construction of domed nests, for example,
likely plays an important role in microclimate stability by
minimizing direct exposure to sunlight (Griffith et al., 2016).
However, the significance of the thermal environment as a driver
of nest placement and morphology may be more important in
environments with thermal extremes.

Species in the Vireonidae family tend to nest on the periphery of
nesting substrates (Bent, 1965). This is common in species such as
Bell’s Vireo (Vireo belli) (Kus et al., 2020), Plumbeous Vireo (Vireo
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plumbeus) (Goguen and Curson, 2020), Black-capped Vireo (Vireo
atricapilla) (Grzybowski, 2020), and Gray Vireo (Vireo vicinior) (Harris
et al, 2020). This strategy may be a mechanism to avoid high rates of
predation by snakes and mammals. For example, Gray Vireos in New
Mexico have higher predation and brood parasitism rates in the
interior of nesting trees compared to nests on the exterior,
particularly when trees have high foliage density (Harris et al,
2021a). Although Harris et al. (2021a) did not identify predators at
nests, they hypothesized that interior predation pressure from
mammals and snakes is greater than the exterior predation and
parasitism pressure from corvids and Brown-headed Cowbirds
(Molothrus ater), respectively. Consequently, this primary selection
pressure likely forces Gray Vireo nests towards the exterior of trees
(Harris et al,, 2021a), which may increase thermal exposure.

Gray Vireos are short-distance migrants that predominantly
breed in the southwestern United States (Barlow et al., 2020) from
May-August. Breeding habitat is generally in pinyon pine (Pinus
edulis) and juniper (Juniperus spp.) woodlands or in juniper
savannas (Schlossberg, 2006; Harris et al., 2020; Harris et al.,
2021b). In pinyon-juniper woodlands, Gray Vireos will almost
exclusively nest in junipers (Harris et al, 2020) and nests are
commonly located on the periphery of junipers (Barlow et al,
2020; Harris et al., 2020). Orientation of nests relative to the center
of the nesting tree varies. Hargrove and Unitt (2017) found that
Gray Vireo nests in California tended to be located on the south side
of nesting shrubs, however nests in other regions can be north or
west facing (Barlow et al., 2020).

A subset of these data were previously used to demonstrate that
Gray Vireo nest survival is higher at the periphery of the nesting
substrate, with predation as the primary cause of nest failure (Harris
et al, 2021a). Therefore, we explored how variation in nest placement
and morphology could account for the increased thermal exposure that
is caused by nesting in these areas. We tested multiple hypotheses:
i) Gray Vireos would choose nest orientations that are cooler (possibly
due to light exposure or foliage density) relative to the opposite
orientation of the nesting tree, ii) nests would have lower variance in
temperature throughout the day than the opposite orientation, iii) when
nests occurred on the south- and west-facing side of trees, they would
utilize vegetation structure and nest placement to compensate for higher
temperatures, and iv) smaller nests would be cooler given that they are
more easily concealed and shaded. Additionally, we measured how light
exposure varied by nest orientation and vegetation structure as a
method to understand the mechanism and timing of nest warming.

2 Methods
2.1 Study site

We monitored Gray Vireo nests on Kirtland Air Force Base
(KAFB) in 2016-2020. KAFB is located south of Albuquerque, New
Mexico, and consists of approximately 108 ha of pinyon-juniper
woodlands and juniper savannah (U.S. Air Force 2012). The area is
immediately west of the Manzanita mountains, with elevation
ranging from 1600-2400 m (US Air Force, 2012). During June 1-
August 1 of 2016-2020, the mean daily precipitation total was
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0.64 mm (range: 0-26.9 mm) (New Mexico Climate Center, 2019).
The mean high and low daily temperatures from June 1-August 1 in
2016-2020 were 31.4°C (+ 4.5°C SD) and 15.8°C (+ 4.5°C SD),
respectively (New Mexico Climate Center, 2019). There was a
minimum ambient temperature of 2.8°C and a maximum
ambient temperature of 40.9°C (New Mexico Climate Center,
2019) (https://weather.nmsu.edu).

2.2 Nests placement and morphology

We located Gray Vireo territories using call-back surveys at 50
random points in pinyon-juniper woodlands and juniper savannahs
(US Air Force, 2012). For detailed methods on Gray Vireo nest
searching, see Harris et al. (2020). Briefly, we surveyed Gray Vireos
using methods from Kubel and Yahner (2007). When Gray Vireos
were observed at a point, we recorded a distance and direction to
determine the approximate location of the territory. Once a breeding
territory had been identified, we searched for nests using behavioral
cues, such as carrying nesting material, males singing from nests, or
following females. Nests were monitored once a week until
completion (i.e., fledged, depredated, parasitized, or abandoned).

At each nest, we measured the nest orientation relative to the
center of the nesting tree, the distance of the nest from the edge of the
nesting substrate (hereafter: distance to edge), nest height, and foliage
density. To measure nest orientation, we recorded the inverse
compass azimuth (+/— 1°) from the nest toward the trunk of the
nesting tree, while accounting for declination. Foliage density was
measured using a modified Braun-Blanquet method (Wikum and
Shanholtzer, 1978; Harris et al,, 2021a), where each nesting tree was
categorized by the percentage of woody limbs obstructed by foliage: 1
(0-25%), 2 (26-50%), 3 (51-75%), or 4 (76-100%). For each nesting
tree, we estimated a foliage density score at the four primary cardinal
directions, which was then averaged as a single foliage density score.

We collected a subset of nests to measure nest morphological
characteristics. Nests were clipped from the terminal fork of their
branch to preserve nest dimensions during removal from nesting
trees. We used digital calipers (+/— 0.2 mm accuracy, Fisher
Scientific) and flexible rulers (+/— 1 mm accuracy, Avinet) to
measure outer and inner diameter, depth, height, and wall
thickness of nests. We recorded two orthogonal measurements of
outer and inner diameter for each nest, along with four, equally
distanced measurements of wall thickness. These measurements
were then averaged for each nest prior to analysis.

2.3 Microclimate monitoring

Within one week after a nest had completed, we recorded air
temperature (°C) (Ty) and light exposure (Im") (Ly) at the nest site,
at the opposite orientation of the nest (T, Lo) within the nesting
tree, and at the same orientation of the nest but in an adjacent tree

1 Lumens (Im) is the unit for luminous flux, which is a measure for visible

light according to the International System of Units (SI).
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to account for variation in vegetation structure (Ts, Lg) (Figure 1).
Ty and Ly were measured with a temperature/light data logger
(HOBO pendant, Onset Computer Corporation, Bourne, MA)
within the nest, yet situated so that the light sensor was above the
rim of the nest. For destroyed nests, data loggers were hung in the
tree at the location of the nest prior to destruction. To and Lo were
measured by placing a data logger at the opposite orientation of the
nest within the nesting tree, yet at the same relative location as the
nest (i.e., same nest height and distance from the edge of the tree).
Similarly, data loggers used to measure T and Lg were placed in the
nearest adjacent tree of the same species, with the same orientation,
nest height, and distance from the edge of the tree (Figure 1). For
example, if a nest was located on the east side of a tree (90°), we
placed data loggers at the nest site, at the west side of the nesting
tree (270°), and at the east side of an adjacent tree (90°). This
sampling method allowed us to test the relative importance of nest
orientation and vegetation structure on nest microclimate. Data
were recorded every 30 minutes from 0700-1900 hr. (approximate
hours of sunlight) for five consecutive days. Five days were chosen
arbitrarily but allowed us to avoid single-day weather extremes in
analysis. Data were averaged for each time interval across the five
days, as to have a single temperature and light exposure value for
each time interval at each nest.

2.4 Statistical analyses

We used multiple models to test our various hypotheses
(Appendix A); however, most models had the general model
structure of temperature and light exposure as dependent
variables and “Nest ID” as a random effect using linear mixed
effect models (LME). Models were created via the “nlme” package in
Rstudio (2019, v. 1.2.1; Pinheiro et al., 2020; R Core Team, 2016).
We used the “Ime” function to assign an autocorrelation structure
to our model, to account for temporal autocorrelation among 30-
minute temperature/light readings. We used a first-order
autoregressive process as an autocorrelation structure, with “T'ime

<

of Day “ as time variable.

To test our hypothesis that Gray Vireos use nest orientation to
minimize thermal exposure, we used “Sample Location” (Nest,
Opposite Orientation, or Adjacent Tree), “Time of Day”, and
“Year” as independent variables, which included an interaction
between “Sample Placement” and “Time of Day” to account for
changing effects of sample locations during hotter or cooler times of
the day. Similarly, we used the same model structure but included
distance to edge, nest height, and foliage density as additive
independent variables to test the hypothesis that Gray Vireos
would use vegetation structure and plasticity in nest placement to
compensate for orientations with higher temperatures. As a post-
hoc analysis, we used the “emmeans” package (Lenth et al., 2020) to
calculate estimated marginal means (or least squares means) with a
Bonferroni correction and a Tukey-adjusted pairwise comparison.

To test the hypothesis that nest orientation may be selected to
decrease the thermal variance throughout the day, we compared
mean hourly change in temperature between Ty, To and Ts using a
LME with “Nest ID” as a random effect and “Sample” as a fixed
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FIGURE 1

An illustration of the experimental design with the three sample
locations. The black dot represents the location of a Gray Vireo nest
(location of Ty and Ly samples). The orange dot represents the
opposite orientation of the Gray Vireo nest but at the same relative
position (To, Lo). And the blue dot represents the same orientation
of the Gray Vireo nest in an adjacent tree to compare differences in
vegetation structure (Ts, Lg).

effect. We used an alpha value of 0.05 as a threshold for statistically
significant differences for all analyses, and 0.05 < P < 0.10 indicate
weak evidence of an effect (Muff et al., 2022).

Lastly, we constructed a global model with all nest morphology
parameters as independent variables to test the hypothesis that
smaller nests would be cooler than larger nests. We dredged the
global model to identify nest morphology parameters correlated
with maximum nest temperatures. If a parameter was included in a
model with a delta Akaike Information Criterion (AIC) < 2.0, we
determined if the 95% confidence interval of the estimate
overlapped with zero. Models with a parameter that overlapped
with zero were not considered competitive. If nest morphology
parameters were correlated with cooler nest temperatures, then we
included them in a two-way ANOVA with nest orientation to
determine if morphology of nests could be used to compensate
orientations with higher temperatures.

3 Results
3.1 Nest temperatures and rate of change

Gray Vireos initiated nesting on KAFB as early as 24 April
(2019) and as late as 03 August (2017). We monitored the
temperature of 94 nests, with subsets of 59 and 48 nests for light
exposure and nest morphology, respectively. The subset for light
exposure monitoring was due to a limited number of data loggers
with light detection capabilities, while the subset for nest
morphology was based on the number of nests that were
undamaged and safely retrievable. The distribution of nest
orientations was similar among the eight cardinal directions, with
the most common orientations being east-northeast and south-
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southeast (n=15) and the least being west-southwest (n=4)
(Table 1). Orientation data were missing for six nests (Table 1).
We recorded nest temperatures ranging from 4.6°C-46.3°C. Nests
began cooling at approximately 1600 hr., compared to To, which
began cooling at approximately 1730 hr. (Figure 2). Additionally,
the rate of cooling for Ty was faster than for Tq in the afternoon
(Figure 2). From 1600-1800 hr., Ty decreased at a rate of 3.1°C/hr,
while Ty decreased at a rate of 1.5°C/hr. We also found weak
evidence that the hourly change in temperature at nests were lower
than the opposite orientation (P = 0.08).

3.2 Nest orientation

Both “Sample Placement” (nest, opposite orientation, or adjacent
tree) and “Time of Day” significantly influenced differences in average
temperature (P <0.001), but there was not a significant interaction of
“Sample Placement” and “Time of Day” (P = 0.977) (Table 2). While
average Ty was less than average T and T at all times of the day
(except at 0700 hr.), significant differences only occurred in the
morning (0800-1030 hr.) and in the late afternoon (1700-1900 hr.)
(Appendix B; Figure 2), with most of these differences occurring
between Ty and To. During these times Ty was on average 2.0°C
(+ 0.3°C) cooler than T (Appendix B; Figure 2). Ty was only
significantly cooler than Tg at 1800-1830 hr. (Appendix B).
Differences in Ty at different orientations were minimal. West-facing
nests were significantly cooler than other orientations from 0730-1000
hr. South-facing nests were significantly warmer than north-facing
nests from 0900-0930 hr. (Figure 3). Generally, north and east-facing
nests had the most variability in temperature throughout the day, while
south-facing nests tended to have lower variation (Figure 3). However,
we found little evidence that any one orientation created an optimal
microclimate (i.e., less thermal variation and/or fewer
temperature extremes).

Light exposure was different between “Sample Placement” at
various times (Table 2; Appendix C). On average, nests received less
light throughout the day than Lo and Lg, where the average Ly was
6,569 Im (+ 4,153 lm) less than the average Lo and 9,780 Im
(£ 9,624 Im) less than Lg (Appendix C; Figure 4). The degree of

TABLE 1 Distribution of 88 Gray Vireo nest orientations found on
Kirtland Air Force Base in Albuquerque, NM in 2016-2020.

North-Northeast 10
East-Northeast 15
East-Southeast 10
South-Southeast 15
South-Southwest 10
West-Southwest 4

West-Northwest 11
North-Northwest 13

Orientation data were missing for six nests.
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FIGURE 2
Average temperatures at Gray Vireo nest sites (Ty), the opposite orientation (To), and in different vegetation structures (Ts) with 95% confidence
intervals. Significant differences between Ty and To occurred between 1700-1830 hr.

difference changed by time (P = <0.001). Differences between Ly  than other orientations (Figure 8); however, this relationship was
and Lg occurred between 1000-1200 hr. and 1300-1400 hr.  not statistically significant (P = 0.212). Similarly, nests with the
(Appendix C). Similarly, differences between Ly and Lo occurred  highest foliage density scores (i.e., 75-100%) were most common on
between 0930-1030 hr. and then sporadically in the afternoon  the south and west-facing sides of trees (Figure 9), but there was no
(Appendix C; Figure 4). Variation in Ly was less throughout the  statistical difference in nest proportions across the four foliage
day (0 = 35,439 Im) than L (0 = 39,413 Im) and Ls (0 =40,702Im).  density scores and orientations (P = 0.54).
Additionally, variance of light exposure within time periods was
also less for Ly than Lo and Lg (Figure 4). We did not find a link
between nest orientation and light exposure with time of 3.4 Nest morphology
day (Figure 5).
The top model testing nest morphology characteristics on

maximum nest temperature was the null model, suggesting that

3.3 Foliage density and distance to edge there was no relationship between nest morphology and microclimate.

We found that nest-tree foliage density and plasticity in nest
placement can compensate for orientations with higher 4 Discussion
temperatures. Nests located on the south-facing side of nesting
trees were hotter than other orientations if nesting trees had low Evolutionarily, Gray Vireo nests have been pushed to the
foliage density (P = <0.001) (Figure 6) or if nests were located closer ~ periphery of nesting trees (Bent, 1965; Barlow et al., 2020),
to the edge of the nesting tree (Figure 7). South-facing nests were  seemingly to reduce nest predation (Harris et al., 2021a). In New
statistically cooler when nesting on the interior of nesting trees at ~ Mexico, nests on the periphery of the nesting tree had high survival
1230 hr. (P = 0.05) and 1800 hr. (P = 0.02), with statistical trends  probabilities when nest-tree foliage density was high (Harris et al.,
occurring sporadically throughout the afternoon. Nests on the  2021a), and nests were located in areas where junipers had higher
south-facing orientations were on average farther from the edge  foliage density than what was available at random (Harris et al,

TABLE 2 Results from linear mixed-effect models testing differences in temperature and light exposure as functions of sample (i.e., nest, opposite
orientation, different vegetation structure), nest orientation, and time.

Intercept Sample Time Sample*Time Pseudo R?
16.7 <0.001 <0.001 0.977 0.31
Temperature
Intercept Orientation Time Orientation*Time Pseudo R®
16.3 0.133 <0.001 0.39 0.41
Intercept Sample Time Sample*Time Pseudo R?
i 302.7 <0.001 <0.001 <0.001 0.428
Light
Exposure Intercept Orientation Time Orientation*Time Pseudo R?
200.8 0.11 <0.001 0.763 0.434
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FIGURE 3

Average temperatures at Gray Vireo nest sites (n=71) in each cardinal direction with 95% confidence intervals. South-facing nests were significantly
warmer than north-facing nests from 1700-1800 hr. West-facing nests were significantly cooler than other orientations from 1730-1000 hr.

2020). In these areas, nesting at the periphery of nesting trees is
predicted to decrease predation risk and therefore, pose a selective
advantage. We sought to understand how Gray Vireos compensate
for the increased thermal exposure that comes from nesting on the
periphery of trees. We found that Gray Vireos may use a
combination of nest orientation, nest placement, and nest tree
characteristics to reduce nest temperatures and thermal variance
throughout the day. We did not find evidence that Gray Vireos use
variation in nest morphology to minimize thermal stress.
Although Gray Vireos selected all nest orientations similarly, we
found that the orientation of nests was cooler on average than the
opposite orientation of the nesting tree, with the greatest difference
occurring from 1700-1830 hr. In Albuquerque during the summer
months (May-August), the highest ambient temperature occurs
between 1600-2000 hr. (https://weatherspark.com/y/3318/Average-
weather-in-Albuquerque-New-Mexico-United-States-Year-
Round). These findings suggest that the nests had a cooler
microclimate during the hottest times of the day than the
opposite orientation of the nesting tree, with an average
temperature difference of 2°C. This pattern was strongest for
north-, east-, and west-facing nests, while south-facing nests were

slightly warmer than the north side of nesting trees (Appendix D).
Nests also had a smaller range of temperatures throughout the day
and began cooling in the evenings faster than the
opposite orientation.

The use of nest orientation to optimize microclimate has been
shown in a variety of species. Some cavity nesting species, such as
Tree Swallow (Tachycineta bicolor), use the orientation of nest
openings to maximize wind exposure (Ricklefs and Hainsworth,
1969) and to increase solar exposure during colder mornings (Ardia
et al.,, 2006). Conversely, Horned Larks (Eremophila alpestris) have
been shown to nest disproportionately on the north-facing side of
their substrate to increase the amount of shade the nest experiences
throughout the day (Hartman and Oring, 2003). Some studies have
found that Gray Vireos more commonly nest on the south side of
the nesting tree (Hargrove and Unitt, 2017; Barlow et al., 2020),
however we did not see this trend. Gray Vireos did not show a
preference to any one orientation, yet still selected the cooler side of
nesting trees. This suggests that Gray Vireos may be able to select
the best nest orientation for any given nesting tree. Nest sites were
commonly situated in valleys with slopes immediately to the north,
east, or south. Such topographic variation could result in shade

20000 r
E Sample
S— W Nest
5, 10000 | # Orientation
b % Structure

0 L
0700 0900 1100 1300 1500 1700 1900
Time

FIGURE 4

Average light exposure at Gray Vireo nest sites (Ly), the opposite orientation (Lo), and in different vegetation structures (Ls) with 95% confidence
intervals. Significant differences were generally greatest between Ly and Ls, with greatest differences occurring between 1000-1130 hr.
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FIGURE 5

Average light exposure at Gray Vireo nest sites (n=37) in each cardinal direction with 95% confidence intervals. There were no clear differences in
light exposure between orientations except for western orientations receiving more light at 1500 and 1700 hrs than other orientations.

effects that vary light exposure by time of day. Additionally, unlike
the Hargrove and Unitt (2017) study, our nests were in wooded
areas, where nesting trees were likely to receive shade from taller
adjacent vegetation. These factors may lead to inconsistency in light
exposure and temperature by orientation, resulting in Gray Vireos
using all nesting orientations.

Although differences in light exposure between Ly and Lo were
observed, almost all differences occurred in morning, when there
were no temperature differences. The biggest differences in light
exposure were between Ly and Lg which suggests that Gray Vireos
utilize vegetation structure (more so than orientation) to increase
shade and minimize variance in light exposure at nests. Seemingly,
relative differences observed in light exposure did not translate into
differences in temperatures. Part of this may be accounted for by
latency effects, where locations exposed to more light in the
mornings maintain greater heat throughout the day. However,
this may also be due to differences between ambient and
operative temperatures. We measured ambient temperature

instead of operative temperature because we were more interested
in relative comparisons of thermal conditions than modeling
thermal stress. Operative temperature directly accounts for solar
radiation and convective heat transfer (Campbell and Norman,
1998). Another explanation for why light exposure did not translate
into differences in temperature is that variation between light
readings was high, particularly in Lo and Lg. Light exposure was
measured instantaneously every 30 minutes, which could result in
high variation between readings. Our study site frequently had high
winds and tall, adjacent vegetation which may have resulted in
inconsistent shade when collecting instantaneous samples.

When nests were in hotter, south-facing orientations, plasticity in
nest placement and nest-tree characteristics could be used to counter
greater thermal exposure. If nests were located closer to the interior of
nesting trees or if nesting trees had greater foliage density, then nest
temperatures were similar or cooler than other orientations. Harris et al.
(2020) found that Gray Vireos select nesting areas where the foliage
density of junipers was higher than what was randomly available.
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by the percentage of wood limbs obstructed by foliage. South-facing nests were significantly cooler if they were in nesting trees with higher foliage
density. Foliage density did not affect the temperature of nests in other orientations.
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Although foliage density contributed to cooler microclimates in hotter
orientations, we did not find evidence that Gray Vireos
disproportionately selected high foliage density when nesting on
south- and west-facing orientations. Similarly, south-facing nests were
on average closer to the interior of nesting trees than other orientations,
although this result was not statistically significant. It may be difficult to
statistically detect differences in “distance to edge” because variation in
that variable is limited by predation risk, as well. In other words, when
nesting on the south side of trees, Gray Vireos seemingly move slightly
closer to the interior but are limited in how far they can go by higher
predation risk in the interior of nesting trees (Harris et al., 2021a). This
example may illustrate why it is difficult to detect negatively interacting
selective forces, particularly when one selective force is more heavily
weighted than another. As predation risk forces nests outward (Harris
et al,, 2021a) and microclimate forces nests inward, the total variation in
nest placement may be minimal from neutralizing selective forces.

Predation of nests has been shown to be the most influential
selective pressure on nest-site selection for certain species (Martin,
1988, Martin, 1992, Martin, 1993). Predation risk can act on various
scales (Schmidt et al., 2006), which can affect nest-site selection at
multiple scales. At the finest scale, nest placement within a substrate
can seek to increase visual obstruction and minimize predation risk
(Harris et al,, 2021a). Consequently, nest predation is considered the
primary selective pressure on the evolution of nest placement and
structure (Ibafiez-Alamo et al, 2015).This is likely also true for Gray
Vireos, given that predation is the most common cause of nest failure
(Hargrove and Unitt, 2017; Harris et al., 2021a). Therefore, Gray Vireos
likely must consider microclimate secondarily after minimizing
predation risk. This may be an example of multifarious or tiered
(e.g., primary, secondary) selective forces, where predation risk pushes
nests outward toward the exterior of nesting trees, and thermal
extremes as a secondary selective force, push nests inwards,
particularly for south-facing nests. Microclimate is likely a weaker
selective force because the thermal extremes in our study would not
likely induce direct mortality of embryos (Webb, 1987). However, Gray
Vireo nests did experience temperatures that could affect other aspects
of reproductive success and embryonic development. Grend et al.
(2008) found a negative correlation between nest temperatures and
fledgling survival probabilities. Additionally, several studies have
shown that nest temperatures greater than 34°C can negatively affect
nestling physiology for a variety of songbirds (Ardia, 2013;
Cunningham et al,, 2013; Rodriguez and Barba, 2016). Specifically,
nestlings can experience higher hematocrit levels (Ardia, 2013), stunted
growth (Rodriguez and Barba, 2016), and delayed fledging
(Cunningham et al,, 2013). The threshold of 34°C was reached by 89
of our Gray Vireo nests (95%) and 93 of the opposite orientation
samples (99%). Temperatures we measured could have even greater
adverse effects on nestling physiology, considering we measured
ambient temperature as opposed to operative temperature, which
may be higher when accounting for relative humidity (Yahav et al,
1995) and solar radiation (Dzialowski, 2005).

Examples of multifarious selection are rare (Egea-Serrano et al.,
2014) and we have not found an example where selective forces are
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considered tiered. However, selective forces are known to be dynamic
(Rodewald et al., 2011), multidimensional (Orsini et al.,, 2012), and
interactive (Egea-Serrano et al., 2014). It is probable that these
multidimensional forces are weighted, with weights changing based
on dynamic environmental conditions (Rauter et al, 2002). For
example, as climates warm, nest microclimate may become the
primary selective pressure shaping nest placement, particularly in
warmer parts of the species’ ranges. The evolutionary origins of nest
placement behavior provide an ideal framework for studying
multifarious, tiered, or weighted selective pressures, as these forces
manifest in three-dimensional space within a nesting substrate.
However, more data are needed to understand the frequency of
weather-induced nest failure and if frequencies change through time.
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