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Short-term weather patterns 
influence avian body condition 
during the breeding season
Michael W. D. McCloy * and Jacquelyn K. Grace 

Department of Ecology and Conservation Biology, Texas A&M University, College Station, TX, United States

Despite a large body of literature investigating the effects of long-term climate 
trends on birds, the effects of short-term weather on individual body condition 
are less established. Poor body condition is associated with declines in individual 
fitness for many avian species, thus changes to body condition may result in altered 
population productivity. We utilized a large existing dataset from the Monitoring 
Avian Productivity and Survivorship program to analyze the effects of daily 
maximum temperature, daily minimum temperature, and monthly precipitation 
on avian body condition over a 15-year period across 79 sampling sites in the 
southeastern United States. We used a model selection approach with generalized 
additive models at both species and guild levels and found largely nonlinear 
responses of avian body condition to weather variables. For many species and 
guilds, a threshold effect was evident, after which the relationship between body 
condition and weather changed drastically. As extreme weather becomes more 
common under climate change, species will be pushed further towards or away 
from these thresholds. Non-linear effects were also highly species-specific and 
not easily explained by expected effects on food availability. Thus, avian responses 
to altered weather may be  difficult to predict across species. We  discuss the 
implications of these results for individual fitness and population productivity.
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Introduction

Predicting the effects of climate change on wild animals is one of the major challenges facing 
modern ecologists (Walther et al., 2002; Moritz and Agudo, 2013). Our current rate of climatic 
warming is already producing changes to climate and weather patterns, including more frequent 
heatwaves and drought, increased average over-land precipitation, more frequent intense 
precipitation events, and shifts in storm tracks (IPCC, 2021). The effects of current and future 
weather patterns on birds are of particular interest because birds are valuable providers of 
ecosystem services (Sekercioglu, 2006) and perform a diverse array of ecological functions, 
making them important indicators of ecosystem health (Fischer et al., 2007; Bregman et al., 
2016). Moreover, birds are conspicuous to the public, leading to an abundance of available 
community science data (Neate-Clegg et al., 2020; Binley et al., 2021), and this conspicuousness 
drives conservation efforts in many regions (Myers et al., 2000; Larsen et al., 2012).

Many bird species are vulnerable to the wide-ranging effects of climate change (Jetz et al., 2007; 
Langham et  al., 2015), through a combination of exposure to changing climatic means and 
extremes, and intrinsic sensitivity to those changes (McCloy et al., 2022). Although several studies 
have provided predictions regarding phenological responses of species (Reed et  al., 2013) to 
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changing environmental variables (Crick, 2004; Jetz et al., 2007; Reif, 
2013; Scridel et al., 2018), and on trait-specific responses to climate 
change (Jenouvrier, 2013; McLean et al., 2020), less emphasis has been 
placed on physiological responses to short-term weather, which can vary 
at fine (e.g., taxonomic grouping) and broad scales (e.g., local community 
and population; Parmesan et  al., 2000; Maxwell et  al., 2019). For 
example, individual physiological changes such as body size and body 
condition are widely accepted effects of climate change (Gardner et al., 
2011), and can also be affected by short-term weather (Romero et al., 
2000; Skagen and Adams, 2012; Gardner et  al., 2016) and acute 
disturbance events. They may also indicate potential shifts in fitness and 
overall health (Parmesan et al., 2000; van de Pol et al., 2016; Kouba et al., 
2021). Existing studies regarding the effects of short-term weather on 
individual wild birds tend to focus on either (a) a single species (Angelier 
et al., 2011; English et al., 2018), (b) a particular geographic region 
(McLean et al., 2018), or (c) within the context of migratory ecology 
(Danner et  al., 2013). However, the effects of weather patterns on 
individual avian physiology can vary greatly by species and region 
(McLean et al., 2018; Lindenmayer et al., 2019), and understanding these 
effects is critical to accurately predict animal responses under climate 
change. For these reasons, more studies are needed- particularly multi-
species studies in regions that are vulnerable to an increase in severe 
weather events, such as the coast of the Gulf of Mexico (Reece 
et al., 2018).

While the exact definition of body condition varies within the 
literature, it is commonly used as a wide-ranging indicator of avian 
health (Stevenson and Woods, 2006; Peig and Green, 2010; English 
et al., 2018) and can provide insights to disease prevalence and the 
health of the individual (Granthon and Williams, 2017), while also 
indicating a phenotypic response to climatic and environmental 
variables (McLean et  al., 2018, 2020; Kouba et  al., 2021). An 
individuals’ body condition can reflect early-life stressor exposure 
(Grace et al., 2017), and affect survival and intra-specific population 
dynamics (McLean et al., 2016). Body condition can also indicate 
phenotypic responses to climatic and environmental variables 
(McLean et al., 2018, 2020). For example, warmer temperatures are 
correlated with lower body condition in a variety of songbirds (van 
Buskirk et al., 2010; Gardner et al., 2016; McLean et al., 2018) an effect 
that is exacerbated by climate change (van Buskirk et al., 2010).

Body condition is dynamic in birds and can be  affected by 
previous and current environmental conditions and activities (Tonra 
et al., 2011; Rockwell et al., 2012; Akresh et al., 2019a,b, 2021). Existing 
literature establishes that temperature and/or precipitation patterns 
may have lasting, spillover effects from the wintering grounds to 
breeding grounds in various passerine species (Tonra et al., 2011; 
Rockwell et al., 2012; Akresh et al., 2019a,b, 2021), with these effects 
generally being more pronounced in younger birds (Rockwell et al., 
2012). The active breeding season may place additional energetic 
demands on adult birds through incubation and raising young. 
Adaptive anorexia may occur to cope with these increased energy 
demands, thus adaptively decreasing body condition (Walsberg, 
2003). Additionally, body condition reflects fat storage for 
thermoregulation as well as energetic storage (Stevenson and Woods, 
2006); thus, lower body condition may be  adaptive under high 
temperatures because it results in more rapid cooling (McLean et al., 
2020). Temperature and precipitation may vary greatly between 
exposed and sheltered sites within the same local area and can 
consequently affect the metabolic rates, and thus body condition, of 

birds (Weathers, 1979). Microhabitat variation promotes preferential 
use of microhabitat refugia by a number of taxa (Scheffers et al., 2013), 
including birds (Walsberg, 1985; Martin et al., 2015). For example, 
phainopeplas (Phainopepla nitens) use of microhabitat in interior 
woodland reflects an avoidance of more exposed areas (Walsberg, 
1993) while African songbirds have been shown to preferentially select 
trees with a higher shade density on hot days (Martin et al., 2015).

In this study, we utilize the Monitoring Avian Productivity and 
Survivorship (MAPS) dataset (Institute for Bird Populations) to evaluate 
how passerine body condition is influenced by breeding-season weather 
patterns (i.e., temperature and precipitation). We chose to use breeding 
season data because of their widespread availability at a large scale, 
recognizing that high energy expenditures during the breeding season 
may introduce variability into the dataset. We extracted breeding season 
data from 79 locations of the MAPS project across the Gulf of Mexico 
region of the southeastern United States, including: Texas, Louisiana, 
Mississippi, Alabama, and Florida. We  used data from these states 
because of the strong projected impacts of climate change in this region 
(Savonis et al., 2008; Anthony et  al., 2009) coupled with their high 
ecological importance as migratory stopover locations for Neotropical 
migrant songbird species (Moore et  al., 1990; Hobson et  al., 2007). 
We generated a series of hypotheses predicting differential responses to 
weather patterns by bird species, habitat and dietary guild, and migratory 
status of the species (Figure 1). Keeping in mind the complexities posed 
by thermal microhabitat refugia, we chose broad guild classifications 
because of our ability to accurately classify each species and our ability 
to retain an adequate sample size in each category for analysis.

We predicted that: (H1) precipitation would have a positive effect on 
granivorous species until a certain threshold is reached because low 
precipitation typically decreases seed production, after which flooding 
and excess precipitation destroys seed-producing herbaceous vegetation 
(Oram et al., 2021); (H2) insectivorous bird species will be positively 
affected by warmer temperatures and higher precipitation because 
insects themselves are highly sensitive to temperature and precipitation 
changes (Rebaudo et al., 2016; Møller, 2019; Ma et al., 2021); and (H3) 
omnivorous species would show little to no effect of any weather 
parameter on body condition because of their high foraging plasticity. 
For habitat guilds, we  predicted that: (H4) the body condition of 
bottomland species would be negatively affected by precipitation after a 
certain threshold is reached, because flooding can decrease seed and 
insect abundances (Beja et al., 2010; Oram et al., 2021). Additionally, 
we predicted that (H5) bottomland species would be less affected by 
temperature than early-successional species because of the strong 
dichotomy in overstory cover between these habitats. As a result of the 
ability of habitat generalists to select a wider range of favorable 
microhabitats, we also predicted that (H6) temperature and precipitation 
would have minimal effects on this guild. Lastly, we predicted that (H7) 
migratory species would be positively affected by warmer temperatures 
and higher precipitation because the energetic expenditure of migration 
may make them more sensitive to changes in food sources.

Materials and methods

Avian data collection

Data were collected for this study during a 15-year period from 
2005 to 2019 at 79 avian banding stations in Texas, Louisiana, 
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Mississippi, Alabama, and Florida (United States of America) as part 
of the MAPS program. The MAPS program is a nationwide program 
operated in adherence to a standardized protocol detailed in DeSante 
et al. (2015). In brief, ten to twelve 30 mm mesh, 12-m mist nets were 
operated for one morning in each 10-day period at each station 
between May and August. Each captured bird was banded with a nine-
digit USGS aluminum band, weighed, wing length was measured, and 
if possible, the species, sex, and age was determined according to Pyle 
(1997). Not all 79 MAPS stations were operated during the entirety of 
the 15-year period, but all stations were operated for at least 1 year 
between 2005 and 2019. Data were downloaded through the Institute 
for Bird Populations from the MAPSPROG database, formatted in 
Microsoft Excel, and statistical analyses were performed in program 
R (v. 3.6.0).

Sampling design

Across all station locations, we analyzed body condition from 
mass and wing length for 18 avian passerine species in relation to 
weather data (see “Weather Data” section below). We also categorized 
each species into three guild classifications (Table 1) using the Birds 
of the World database species accounts (Billerman et al., 2022). First, 
we  grouped each species by primary habitat: bottomland forest 
specialist (B), early successional specialist (E), or habitat generalist (G) 
(Table  1). We  also categorized each species by dietary guild: 
insectivorous (I), granivorous (G), or omnivorous (O) (Table  1). 
Finally, since many Neotropical migrant species are declining and of 
conservation concern (Rosenberg et al., 2019) we classified species as 
either Neotropical migrants (N) or resident (R) species (Table 1). The 
sample size for each species across all sites and years, after all outliers 
were removed (see “Data Analysis”), ranged from 300 (Bewick’s wren; 
Thryomanes bewickii) to 5931 (Northern cardinal; Cardinalis 
cardinalis), with an average sample size per species of 1963 and total 

sample size across species of 35326 (Supplementary Table S2). Sample 
sizes for guilds were: bottomland (n = 10731), early successional 
(n = 11995), habitat generalist (n = 12685), resident (n = 13226), 
migratory (n = 22100), omnivorous (n = 1703), granivorous 
(n = 11541), and insectivorous (n = 22821). Guild-level analyses have 
long been established as an effective means of analyzing avian data 
(Gray et  al., 2007), and can provide insights that species-specific 
analyses oftentimes cannot. We chose these specific guilds because of 
our hypotheses that habitat preference and dietary habits may 
influence the degree to which temperature and precipitation effect 
individual body condition, and because of the steep population 
declines experienced by many North American Neotropical migrant 
songbird species (Rosenberg et al., 2019).

Weather data

Weather data was downloaded from DayMet (Thornton et al., 
2021) via the Single Pixel Extraction Tool, which provides a 1 km2 
resolution of surface weather data from each set of MAPS station 
coordinates. We  analyzed total precipitation, average maximum 
temperature, and average minimum temperature for the 30 days prior 
to the capture of each individual bird. Thus, if a bird was captured on 
30 May, weather data for that bird was collected for the period between 
01 May and 30 May. We chose to analyze temperature and precipitation 
because the existing literature allowed us to make a priori predictions 
(Gardner et  al., 2016; McLean et  al., 2018) and there was high 
availability of data on a fine spatio-temporal scale. To avoid model 
overfitting, we did not include additional weather variables (e.g., wind, 
relative humidity, solar radiation) because they were not available for 
all sites and we had an a priori expectation that these variables would 
not have strong influences on avian body condition. The effects of 
weather on animals can be temporally heterogeneous (Salewski et al., 
2013; English et al., 2018), and we chose to use a 30-day time frame 

FIGURE 1

Predicted effects of average daily minimum temperature, average daily maximum temperature, and total monthly precipitation on guilds. (H4) was not 
included as no effects were expected. Created with BioRender.com.
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instead of annualized weather data to capture shorter-term effects of 
extreme weather (e.g., dehydration due to high heat), along with 
slightly longer-term changes in resource availability.

Scaled mass index

Numerous condition indices exist for quantifying body condition. 
Multivariate indices are widely considered to provide the most robust 
and accurate assessment of the body condition of an individual 
(Freeman and Jackson, 1990). Although there is still ongoing debate 
as to which method of quantifying body condition is “best” (Labocha 
et al., 2014; Akresh et al., 2019b), here we chose to use scaled mass 
index (Peig and Green, 2009), which is an effective measure of 
condition in birds (Peig and Green, 2009; Danner et al., 2013; English 
et al., 2018). The scaled mass index approach scales body mass to body 
size (Danner et  al., 2013), while accounting for changes in the 
relationship between body mass and size in an individual over time 
(Peig and Green, 2010). In the scaled mass index equation:
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i represents scaled mass index value, Mi is body mass, L0 is the 
mean of a body size measure (in this study: wing length) across the 
population, Li is individual wing length, and bSMA is the scaling 
exponent, calculated as the slope of the Standardized Major Axis 
(SMA) regression of the log of body mass on the log of wing length 

(Peig and Green, 2009). We  calculated scaled mass index scores 
separately for each species, and then standardized these scores to a 
mean of zero through z-scoring for guild analyses.

Data analysis

Exploratory data analysis through linear regression indicated that 
avian body mass was not strongly affected by time of day, Julian date, 
amount of body molt, and breeding condition (i.e., cloacal 
protuberance or brood patch), thus we  did not incorporate these 
variables into our subsequent analyses. To evaluate the effects of 
temperature, precipitation, and age on avian body condition we used 
the ‘mgcv’ package (Wood, 2011) in the R statistical programming 
language (v 4.2.1; R Core Team, 2021) to construct a series of 
nonparametric generalized additive models (GAMs; Gaussian, identify 
link function) that separately predicted the scaled mass index of each 
species and guild. GAMs are a popular technique with large ecological 
datasets for modeling multiple regression functions (Yee and Mitchell, 
1991; Wood, 2013; Wood et al., 2015). Moreover, unlike generalized 
linear models or linear mixed effects models, GAMs avoid making a 
priori assumptions regarding the relationship between the dependent 
variable and covariates. Effects are additive instead of linear, and 
smooths are fitted via smoothing splines using cubic polynomials.

We used a restricted maximum-likelihood approach to estimate the 
degree of smoothness of the model terms (Viana and Chase, 2022). Our 
GAMs included total precipitation, average daily maximum temperature, 
average daily minimum temperature, year (2005–2019), and age (hatch 
year or after hatch year, subsequently referred to as “juvenile” or “adult”). 

TABLE 1 Species analyzed and the corresponding guild designations of each species.

Species Scientific name Code Guild

Habitat Dietary Migratory

Acadian flycatcher Empidonax virescens ACFL B I M

Bewick’s wren Thryomanes bewickii BEWR E I R

Carolina chickadee Poecile carolinensis CACH G O R

Carolina wren Thryothorus ludovicianus CARW G I R

Common yellowthroat Geothlypis trichas COYE G I R

Field sparrow Spizella pusilla FISP E G R

Hooded warbler Setophaga citrina HOWA B I M

Indigo bunting Passerina cyanea INBU E G M

Kentucky warbler Geothlypis formosa KEWA B I M

Northern cardinal Cardinalis cardinalis NOCA G G R

Painted bunting Passerina ciris PABU E G M

Prothonotary warbler Prothonotaria citrea PROW B I M

Red-eyed vireo Vireo olivaceous REVI B I M

Swainson’s warbler Limnothlypis swainsonii SWWA B I M

Tufted titmouse Baeolophus bicolor TUTI G O R

White-eyed vireo Vireo griseus WEVI E I M

Wood thrush Hylocichla mustelina WOTH B I M

Yellow-breasted chat Icteria virens YBCH E I M

Habitat guilds were comprised of bottomland forest (B), early successional (E), and generalist (G) classifications, dietary guilds were comprised of insectivorous (I), granivorous (G), and 
omnivorous (O) classifications, and migratory guilds were comprised of either migrants (M) or resident (R) species.
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The relative strength of the partial effects in each model can be inferred 
from the y-axis values, in units of scaled mass index (or in the case of 
guilds, units of z-scored scaled mass index), where higher values 
represent stronger partial effects of the plotted variable. A positive partial 
effect which does not bound zero indicates that the given weather 
variable has a generally positive effect on body condition for that species 
or guild. We included “station” as a random effect (i.e., the MAPS station 
from which each bird was captured) to account for potential effects of 
geographic variation and site-specific human bias on scaled mass index.

We used the ‘dredge’ function in the ‘MuMIn’ package (Bartoń, 
2009) in R to perform model selection using Akaike’s Information 
Criterion (AIC) on all possible models derived from our base model 
for each species and guild. We composed our global model using our 
a priori hypotheses and examined each derived model for biological 
relevance. Thus, we feel that the use of this dredging function was 
appropriate for this analysis and that our risk of post-hoc hypotheses 
and inadvertent inclusion of biologically improbable models was low 
(Delgado-Rodríguez and Llorca, 2004; Johnson and Omland, 2004). 
We considered all models with Δ AICc <2 (Supplementary Table S4) 
and then used the top model of each species and guild for assessment 
of parameters (Supplementary Table S3). We checked for concurvity 
of weather variables in all top models.

Only initial captures of each individual were analyzed to prevent 
potential bias from repeated captures of the same individual, an 
approach that was possible given the large overall sample size of our 
dataset. Across all species 54.2% of all records were removed, and 51% 
of these excluded records were recaptures. The remaining excluded 
records were due to missing values (48.8% of removed records), or 
outlying measurements (less than 1% of removed records) attributable 
to human error in data collection or entry. The total percentage of 
records removed per species ranged from 21.6% (red-eyed vireo; Vireo 
olivaceous) to 66.3% (prothonotary warbler; Prothonotaria citrea) with 
a mean of 44.7% of records removed for each of the 18 species 
analyzed (Supplementary Table S2).

Results

Model selection

Model selection through AICc of all possible parameter 
combinations indicated multiple competing top models with Δ AICc 
<2 in 14 of 18 species and 4 of 8 guilds, with as many as 14 models with 
Δ AICc <2 present for wood thrush. However, 9 of 18 species and all 8 
of 8 guilds contained fewer than 5 models with Δ AICc <2. For all 
species and guilds, the null model (i.e., intercept-only) ranked 
considerably below the Δ AICc <2 set (intercept only, 
Supplementary Table S4). Selected top models frequently contained age 
(23 of 26 species and guilds), and weather parameters of precipitation 
(19 of 26), maximum temperature (18 of 26), and minimum temperature 
(17 of 26) were also comparably represented (Supplementary Table S3). 
The random effect of station was present in 16 of the 26 top models 
(Supplementary Table S3). Top models that included both minimum 
temperature and maximum temperature exhibited a high level of 
concurvity in each case (>0.90). Concurvity between all other pairs of 
predictor variables was significantly lower (typically <0.40).

Our global model was the top model for Carolina chickadee, white-
eyed vireo, Carolina wren, hooded warbler, and northern cardinal, 

which incorporated the linear effect of age and the random effect of 
station in addition to the three weather variables. The top model for 
indigo bunting and prothonotary warbler contained spline effects of 
only precipitation. For Bewick’s wren and common yellowthroat, the 
top model contained the spline effect of maximum temperature 
alongside the linear effect of age. The top model for red-eyed vireo 
included the spline effect of precipitation alongside the linear effect of 
age and random effect of station (Supplementary Table S3).

For Acadian flycatcher and Kentucky warbler, the top model 
included the spline effect of minimum temperature alongside the linear 
effect of age and random effect of station. For wood thrush, the top 
model consisted of the spline effects of maximum temperature and 
minimum temperature along with the linear effect of age. The top model 
for field sparrow included the spline effects of minimum temperature 
and precipitation, alongside the linear effect of age and random effect of 
station. The top models for painted bunting and yellow-breasted chat 
included only the spline effects of maximum temperature and 
precipitation. For tufted titmouse, the top model included the spline 
effects of maximum temperature and minimum temperature alongside 
the linear effect of age and random effect of station. Finally, the top 
model for Swainson’s warbler included no weather parameters and only 
the linear effect of age (Supplementary Table S3).

Our global model containing all three spline effects of maximum 
temperature, minimum temperature, and precipitation alongside the 
linear effect of age and random effect of station were the top model for 
five of the eight guilds: the granivorous and insectivorous dietary 
guilds, the resident (nonmigratory) guild, the bottomland guild, and 
the habitat generalist guild. Additionally, the top model for the early 
successional guild contained all three parameters while dropping the 
random effect of station. For the migrant and resident guilds, the top 
model included all three spline effects of maximum temperature, 
minimum temperature, and precipitation alongside the random effect 
of station. Finally, the dietary generalist guild had only the spline effect 
of precipitation along with the linear effect of age in its top model 
(Supplementary Table S3).

Effects of weather parameters on scaled 
mass index

Average minimum temperature
We found that average daily minimum temperature had varied 

effects across species and guilds. For six species (Carolina chickadee, 
northern cardinal, hooded warbler, tufted titmouse, Carolina wren, 
and white-eyed vireo), daily minimum temperature had a negative 
effect on scaled mass index, up to a critical point between 10 and 
15°C, after which this negative effect either stabilized (Carolina wren, 
hooded warbler, and white-eyed vireo) or reversed (Carolina 
chickadee, northern cardinal, and tufted titmouse; Figure 2). The 95 
and 85% CIs for minimum temperature did not overlap zero for any 
of these six species (Supplementary Table S5). We found a dynamic 
but generally negative relationship between average daily minimum 
temperature and scaled mass index for the Acadian flycatcher, field 
sparrow, and Kentucky warbler (Figure  3). Again, the negative 
effect was strongest prior to 10–15°C. The 95 and 85% CIs did not 
overlap zero for the Acadian flycatcher and field sparrow 
(Supplementary Table S5), but closely approached zero for the 
Kentucky warbler, indicating a weak effect. The effect of minimum 
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temperature was negligible for wood thrush (Supplementary Figure S4), 
where both the lower 95 and 85% CIs closely approached zero (lower 
95% CI: 2.23e-47; lower 85% CI: 7.92e-36).

At the guild level, we also found a negative effect of minimum 
temperature on body condition at very low temperatures (i.e., below 
10°C). This inflection point remained relatively even across all guilds. 
After this there was a generally a weak, positive effect of minimum 
temperature on body condition (Figures 4, 5). The 95 and 85% CIs for 
minimum temperature did not overlap zero for any guild analyzed 
(Supplementary Table S5).

Average maximum temperature
For six of the eighteen species (Carolina chickadee, northern 

cardinal, tufted titmouse, hooded warbler, Carolina wren, and 
white-eyed vireo), we  found that average daily maximum 
temperature had an inverse relationship with body condition 
compared to that of daily minimum temperature, such that its 

effect on scaled mass index was positive until a certain point 
(between 20 and 30°C), after which the effect either stabilized or 
became negative (Figure  6). We  found a dynamic relationship 
between average daily maximum temperature and scaled mass 
index for common yellowthroat, painted bunting, and yellow-
breasted chat, with unclear overall directionality (Figure 7). The 
effect of maximum temperature on scaled mass index was 
negligible for wood thrush (Supplementary Figure S4), where both 
the lower 95% CIs (3.07e-37) and 85% CIs (2.29e-28) very closely 
approached zero (Supplementary Table S3).

In terms of guilds, we  found a generally positive relationship 
between average daily maximum temperature and scaled mass index 
until approximately 20°C, after which the relationship appeared to 
reach a threshold. This relationship remained remarkably similar 
across all guilds (Figures 8, 9). For all species and guilds analyzed, the 
95 and 85% CIs for maximum temperature did not overlap zero 
(Supplementary Table S5).

FIGURE 2

Partial effect of average daily minimum temperature (degrees Celsius) on scaled mass index for six species. Left: Carolina chickadee (CACH, top), 
northern cardinal (NOCA, center), hooded warbler (HOWA, bottom); Right: tufted titmouse (TUTI, top), Carolina wren (CARW, center), white-eyed vireo 
(WEVI, bottom). Black lines along the x-axis reflect the distribution of individual data points.
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Precipitation
For four species (Carolina wren, indigo bunting, northern cardinal, 

and hooded warbler), we found that low levels of precipitation were 
negligibly or negatively related to body condition until a threshold was 
reached (between 10 and 17 cm), after which precipitation was 
positively related to body condition (Figure 10). For painted bunting 

and yellow-breasted chat, we found a highly dynamic, though generally 
positive, relationship between precipitation and scaled mass index 
(Figure 10). Neither the 95% nor 85% CIs overlapped zero for Carolina 
wren, northern cardinal, painted bunting, yellow-breasted chat, or 
hooded warbler. However, for indigo bunting the lower 95% CI closely 
approached zero (4.62e-03), suggesting a potentially weak effect of 
precipitation (Supplementary Table S5). Precipitation was also 
positively related to scaled mass index for Carolina chickadee, 
prothonotary warbler, red-eyed vireo, and white-eyed vireo, although 
these effects were quite weak (Figure  11). The lower 95% CI for 
Carolina chickadee (2.76e-35) closely approached zero, and for 
prothonotary warbler, red-eyed and white-eyed vireos both the lower 
95% CI (prothonotary warbler: 5.46e-20, red-eyed vireo: 1.94e-06, 
white-eyed vireo: 1.10e-21) and lower 85% CI (prothonotary warbler: 
9.32e-16, red-eyed vireo: 1.58e-05, white-eyed vireo: 4.20e-17) both 
closely approached zero (Supplementary Table S3). Precipitation was 
negatively related to scaled mass index for field sparrow (S.5), however 
this effect was very weak as the lower 95% CI (2.64e-32) and 85% CI 
(7.51e-25) both closely approached zero (Supplementary Table S5).

In terms of guilds, we  found a generally variable but generally 
negative effect of precipitation on scaled mass index in the bottomland 
and granivorous guilds until approximately 17 cm for the bottomland 
guild and just above 10 cm for the granivorous guild, after which the 
effect of precipitation was generally positive (Figure 12). Our results for 
the early successional, insectivorous, and Neotropical migrant guilds 
largely mirrored those for indigo bunting, Carolina wren, northern 
cardinal, and hooded warbler in that precipitation was negligibly 
related to body condition until a certain precipitation threshold was 
reached (16 - 20cm for these guilds), after which precipitation positively 
related to body condition (Figure  13). Finally, we  noted a strong 
positive relationship between precipitation and scaled mass index above 

FIGURE 3

Partial effect of average daily minimum temperature (degrees 
Celsius) on scaled mass index for Acadian flycatcher (ACFL, top), field 
sparrow (FISP, center), and Kentucky warbler (KEWA, bottom).

FIGURE 4

Partial effect of average daily minimum temperature (degrees 
Celsius) on scaled mass index for the bottomland guild (top), early 
successional guild (center), and habitat generalist guild (bottom).

FIGURE 5

Partial effect of average daily minimum temperature (degrees 
Celsius) on scaled mass index for the granivorous guild (top), 
insectivorous guild (second from top), Neotropical migrant guild 
(third from top), and resident guild (bottom).
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FIGURE 6

Partial effect of average daily maximum temperature (degrees Celsius) on scaled mass index for six species. Left: Carolina chickadee (CACH, top), 
northern cardinal (NOCA, center), tufted titmouse (TUTI, bottom); right: hooded warbler (HOWA, top), Carolina wren (CARW, center), white-eyed vireo 
(WEVI, bottom).

10cm for the habitat generalist and resident guilds, while the 
relationship between precipitation and scaled mass index for the 
omnivorous guild was weak overall (Figure 14). The 95 and 85% CIs for 
all guilds analyzed did not overlap zero (Supplementary Table S5).

Effects of age on scaled mass index

Species
The effect of age was present in the top models for 16 out of the 18 

species analyzed (Supplementary Table S3). Juveniles had higher scaled 
mass indices than adults (i.e., a negative effect of age) for Acadian 
flycatcher (p < 0.001), hooded warbler (p < 0.01), indigo bunting 
(p < 0.001), Kentucky warbler (p < 0.001), northern cardinal (p < 0.001), 
prothonotary warbler (p < 0.01), red-eyed vireo (p < 0.001), Swainson’s 
warbler (p < 0.001), and white-eyed vireo (p < 0.001; 
Supplementary Table S6). However, this directionality was not uniform, 

and scaled mass index was higher in adults than juveniles for Carolina 
chickadee (p < 0.01), Carolina wren (p < 0.001), common yellowthroat 
(p < 0.001), field sparrow (p < 0.001), and tufted titmouse (p < 0.01; 
Supplementary Table S6). Although age was included in the top models 
for Bewick’s wren and wood thrush, it did not significantly influence 
scaled mass index for these species (p > 0.05; Supplementary Table S6). 
The top models for painted bunting and yellow-breasted chat did not 
include the effect of age (Supplementary Table S3).

Guilds
Age was present in the top models for 7 out of 8 guilds. Scaled 

mass index was higher in juveniles than adults for the granivorous, 
bottomland, and early successional guilds (p < 0.001), and the 
insectivorous guild (p < 0.01; Supplementary Table S6). Conversely, 
scaled mass index was higher in adults than juveniles for the 
omnivorous guild (p < 0.001; Supplementary Table S6). Age was in the 
top models for the resident and habitat generalist guilds, but it did not 
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have a significant effect on scaled mass index for either group (p > 0.05; 
Supplementary Table S6). The top model for the migrant guild did not 
include the effect of age.

Discussion

We observed strong heterogeneity in the relationships between 
scaled mass index and weather parameters across species and guilds. 
The response of avian body condition to weather has previously been 
established as dynamic and complex, driven in part by a balance 
between competing weather variables (Gardner et  al., 2018). Our 
results are consistent with this observation and highlight the role of 
weather thresholds in relation to avian body condition during the 
breeding season. For many species and guilds, the body condition 
response shifted dramatically after reaching a certain threshold of 
temperature or precipitation. For temperature this threshold tended 
to occur around 10°C for minimum and 20–30°C for maximum daily 
temperature, and for precipitation the threshold typically occurred 
between 10 and 20 cm. As expected for datasets this large and varied, 
weather parameters typically explained a low amount of overall 
variance in our top models (r2 < 0.25 for all models). Thus, our results 
establish that relatively short-term weather parameters are important 
external drivers of avian body condition, but body condition is 
complex and likely influenced by many additional variables including 
seasonality and the availability of local thermal refugia.

Effects of temperature on body condition

We predicted that warmer temperatures would positively 
impact body condition for insectivorous and migratory species but 

would have little effect on omnivorous species. Although we did 
find positive effects of warmer temperatures on body condition for 
some species, these effects were more dynamic than the predicted 
linear relationship. Regarding minimum daily temperatures, body 
condition tended to decrease with increasing minimum 
temperature until approximately 10°C, after which body condition 
either increased or became generally unrelated to minimum 
temperature. At low minimum temperatures, body condition may 
be  influenced by fat storage for thermoregulation and limited 
activity (Stevenson and Woods, 2006), and thus not follow simple 
food-availability trends. The scale of the y-axis values for minimum 
temperature partial effects plots indicates that the observed effects 
of minimum temperature were generally stronger than those 
observed for other weather variables. For maximum temperature, 
we  observed a similar threshold effect at 20–30°C, with many 
species exhibiting a positive relationship between body condition 
and increasing maximum temperatures until this point, after 
which the relationship became slightly negative or negligible. At 
the guild-level, the threshold effect largely mirrored that of 
individual species with inflection points for minimum temperature 
occurring around 10°C, and maximum temperature around 
20°C. We  also found that early-successional species hit their 
threshold in positive response to maximum temperature sooner 
than bottomland or generalist species (18 vs. 20°C), and exhibited 
stronger effects of temperature (indicated by CIs further from 
zero), which are consistent with our predictions in (H6). High 
levels of concurvity in top models that included both minimum 
temperature and maximum temperature indicate large confidence 
intervals and suggest that detailed interpretations of these results 
may be limited.

Effects of precipitation on body condition

Like our temperature findings, we observed effects of average 
daily precipitation on many individual species and some, but not 
all, guilds. For most of our species and guilds, we  observed a 
threshold effect, where body condition was negatively or negligibly 
related to body condition until a threshold of precipitation was 
reached (10–20 cm), after which body condition tended to increase 
with more precipitation. A smaller proportion of species and 
guilds exhibited a generally positive relationship between 
precipitation and body condition, and only one species and guild 
(i.e., field sparrow and the omnivorous guild, for which the effect 
was weak) exhibited generally negative relationships between 
precipitation and body condition. Thus, contrary to our 
predictions, we  found little evidence of high precipitation 
correlating with a decline in body condition due to flooding for 
the granivorous (H1) or bottomland guilds (H4). Instead, 
precipitation tended to have the strongest positive effects after 
approximately 17 cm. For some species, such as painted bunting, 
the effects of precipitation appeared to change quickly within 
relatively small windows of precipitation totals. This variation in 
response to precipitation seems biologically improbable, and may 
be due to confounding, unaccounted for factors (e.g., microhabitat 
selection) or interactions between weather variables which were 
not considered in this study. Therefore, interpretation of these 
results is limited.

FIGURE 7

Partial effect of average daily maximum temperature (degrees Celsius) 
on scaled mass index for common yellowthroat (COYE, top), painted 
bunting (PABU, center), and yellow-breasted chat (YBCH, bottom).
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FIGURE 8

Partial effect of average daily maximum temperature (degrees Celsius) on scaled mass index for the bottomland guild (top), early successional guild 
(second from top), habitat generalist guild (third from top), and resident guild (bottom).

Age effects

We found that for most species analyzed (14 out of 18), age was 
an important driver of scaled mass index. Age-dependent responses 
to weather variables have been demonstrated previously via numerous 
pathways including differential migratory phenology (Jarjour et al., 
2017), phenological (Bonamour et al., 2020) and phenotypic plasticity 
(Ward et al., 2021), and existing studies on body condition (Gardner 
et  al., 2016, 2018; McLean et  al., 2018). A wide body of existing 
literature also suggests that body condition fluctuates as birds age 
(Angelier et al., 2011; Rockwell et al., 2012; Welcker et al., 2015), due 
in part to the fact that adult birds may outcompete juvenile birds for 
more limited resources in times of extreme weather (Rockwell et al., 
2012). For most species (i.e., nine of the 14 species) juvenile birds 
exhibited higher body condition than adults. This result may have 

been influenced by both age-specific adaptation and species-specific 
factors such as fledging date, clutch size, or quality of parental care, for 
which we were unable to control. Additionally, this finding could 
reflect a different mass-wing scaling component in younger birds 
compared to adults. Results from our guild-level analysis largely 
mirrored this, with the directionality of age effects remaining 
inconsistent across guilds, although adults had higher body condition 
for all three dietary guilds.

Implications for fitness

Our findings demonstrate the importance of short-term weather 
patterns to individual avian body condition, which can have broad 
ramifications across entire populations, including altered levels of 
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individual fitness. Relationships between avian body condition, 
external variables such as habitat and climate, and fitness are not well 
established and frequently inconclusive at best (Kleist et al., 2017; 
Kouba et  al., 2021) or suggest climate changes affect population 
growth rates predominantly independently of simultaneous body 
condition declines (McLean et al., 2020). However, body condition has 
been found to influence individual fitness in a large number of species, 
including a wide variety of birds (Stevenson and Woods, 2006) and 
other vertebrate taxa such as marine iguanas (Romero et al., 2001) and 
bison (Vervaecke et al., 2005). This is a result, in part, of reduced body 
condition negatively affecting the foraging success of an individual 
(Jakob et al., 1996) along with increasing susceptibility to disease and 
predators (Kouba et al., 2021). This uncertainty in the literature may 
reflect complexity in the interpretation of body condition, which can 
be influenced by fat storage for thermoregulation as well as energetic 
storage (Stevenson and Woods, 2006). Thus, high body condition may 
not always be adaptive, for example under high heat conditions where 
lower body mass results in more rapid cooling (McLean et al., 2020).

The results of our study indicate that a further increase in body 
condition past certain temperature and precipitation thresholds (i.e., 
average daily maximum temperature exceeding 20°C) may no longer 
be beneficial. Future research may help further elucidate if long-term 
changes to temperature and precipitation have negative effects on 
body condition, fitness, and population dynamics. In some cases, 
subsequent consequences such as reduced nestling survival may 
become apparent if individuals must spend more time foraging. 
Future studies could explore the relationship between fitness, body 
condition, and weather further by pairing adult body condition data 
with nesting success and annual survival, or by correlating current 
year population estimates with prior year body condition data. 
We also anticipate that these effects will differ across scale, species, and 
geographies, consistent with data from this study.

Conclusion

Overall, our results demonstrate that maximum temperature, 
minimum temperature, and precipitation frequently relate to avian 
body condition in a non-linear fashion and that threshold effects of 
weather are important for many species and guilds. We anticipate that 
threshold effects, such as those found for several species in this study 
(e.g., northern cardinal and indigo bunting), will become more 
relevant in the future as climate change increases extreme weather 
(Bregman et al., 2016) and pushes species closer to, or further from, 
these thresholds. Threshold effects are often witnessed at the scale of 
ecosystems (Burkett et al., 2005) and interactions between ecosystem, 
community, and species-specific thresholds may be  expected and 
should be investigated in the future. Relationships between weather 
and body condition were also remarkably similar between most 
dietary, migratory, or habitat guilds. These trends often did not mirror 
those for individual species within guilds due to strong species-
specific heterogeneity that was masked in a guild-level analysis. Thus, 
responses of birds to weather may be difficult to predict across species, 
at least regarding body condition. For migratory species, this may 
be partially due to spillover effects from conditions on the wintering 
grounds (Rockwell et al., 2012; Akresh et al., 2019a). For example, 
migratory species may arrive on their breeding grounds in variable 
energetic states because of conditions on their wintering grounds or 
migratory route, that then influence body condition during the 
breeding season. Finally, our results also suggest that temperature may 
have stronger effects than precipitation on avian body condition, 
which is consistent with existing literature indicating stronger effects 
of temperature than precipitation on avian populations (Pearce-
Higgins et al., 2015).

Future directions

The strong species-specific heterogeneity that we observed in 
this study suggests that caution should be used when evaluating the 
effects of short-term weather on birds at the guild level, and that 
species-level approaches may be  more informative albeit less 
consistent. This would be particularly important when dealing with 
imperiled or engendered species, or species of conservation 
concern, for which more exact knowledge of their responses are 
warranted. Dietary and habitat preferences of some species may 
change across seasons (Billerman et al., 2022), thus future studies 
should explore alternative guild assignments that may capture more 
nuance in species response. Future studies at different spatial or 
temporal scales may also further elucidate the drivers behind 
species-specific heterogeneity, and scales at which guild-level 
analyses are appropriate.

We foresee additional future research opportunities investigating 
the consequences of our observed relationships between weather 
dynamics and body condition for individual fitness (i.e., reproductive 
success and survival), and the implications of these relationships for 
short-term population dynamics and long-term evolutionary 
processes. Developing a better understanding of how birds respond to 
short-term weather at the level of the individual complements existing 
research at the level of the population/community and is an urgent 
area of research as climate change continues to shift short-term 
weather patterns (Jenouvrier, 2013; Langham et al., 2015).

FIGURE 9

Partial effect of average daily maximum temperature (degrees 
Celsius) on scaled mass index for the granivorous guild (top), 
insectivorous guild (center), and Neotropical migrant guild (bottom).
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FIGURE 10

Partial effect of precipitation on scaled mass index for six species. Left: Carolina wren (CARW, top), indigo bunting (INBU, center), yellow-breasted chat 
(YBCH, bottom); right: hooded warbler (HOWA, top), northern cardinal (NOCA, center), painted bunting (PABU, bottom).
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FIGURE 11

Partial effect of precipitation on scaled mass index for Carolina chickadee 
(CACH, top), prothonotary warbler (PROW, second from top), red-eyed 
vireo (REVI, third from top), and white-eyed vireo (WEVI, bottom).

FIGURE 13

Partial effect of precipitation on scaled mass index for the early 
successional guild (top), the insectivorous guild (center), and the 
Neotropical migrant guild (bottom).

FIGURE 12

Partial effect of precipitation on scaled mass index for the 
bottomland guild (top) and the granivorous guild (bottom).

FIGURE 14

Partial effect of precipitation on scaled mass index for the habitat 
generalist guild (top), the omnivorous guild (center), and the 
resident guild (bottom).
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