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Journal of Avian Biology Migratory birds employ a variety of mechanisms to ensure appropriate timing of 
migration based on integration of endogenous and exogenous information. The cues 
to fatten and depart from the non-breeding area are often linked to exogenous cues 
such as temperature or precipitation and the endogenous program. Shorter distance 
migrants should rely heavily on environmental information when initiating migration 
given relatively close proximity to the breeding area. However, the ability to fatten 
and subsequently depart may be linked to individual circumstances, including cur-
rent fuel load and body size. For early and late departing migrants, we investigate 
effects of temperature, precipitation, lean body mass, fuel load and day of year on the 
initiation of migration (i.e. fuel load and departure timing) from the non-breeding 
region by analyzing 21 years of banding data for four species of short- and medium-
distance migrants. Temperatures at the non-breeding area were related to temperatures 
at potential stopover areas. Despite local cues being predictive of conditions further 
north, the amount variation explained by local weather conditions in our models dif-
fered by species and temporal period but was low overall (< 33% variation explained). 
For each species, we also compared lean body mass and fuel load between early and late 
departing migrants, which showed mixed results. Our combined results suggest that 
most individuals migrating short or medium distances in our study did not time the 
initiation of migration with local predictive cues alone, but rather other factors such 
as lean body mass, fuel load, day of year, which may be a proxy for the endogenous 
program, and those beyond the scope of our study also influenced the initiation of 
migration. Our study contributes to understanding which factors influence departure 
decisions of short- and medium-distance migrants as they transition from the non-
breeding to the migratory phase of the annual cycle.
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Introduction

Appropriate timing of arrival at the breeding area is critical to 
match the local phenology of resources and maximize repro-
ductive success in migratory birds (Lack 1968, Winkler et al. 
2014). Migratory birds employ a variety of mechanisms to 
ensure appropriate timing of migration and arrival, which 
are based on the integration of endogenous and exogenous 
information. For example, individuals use photoperiod as an 
initial predictive cue and a ‘Zeitgeber’ for endogenous circan-
nual rhythms initiating the developmental phase of spring 
migration, including the completion of prenuptial molt, 
initiation of pre-migratory fattening, and migratory depar-
ture (Wingfield 1983, Berthold 1984, Schwabl and Farner 
1989, Dawson  et  al. 2001, Ramenofsky 2011). Additional 
endogenous factors, such as individual-specific traits (e.g. 
age, sex, body size, fuel stores), may impact the ability to 
compete for resources and influence the decision to engage in 
migratory flight (Ellegren 1991, Moore et al. 2003, Jakubas 
and Wojczulanis-Jakubas 2010, Smolinsky  et  al. 2013, 
Sjöberg  et  al. 2015, Zenzal  et  al. 2021). In contrast, exog-
enous factors, such as temperature or precipitation, can influ-
ence the decision to fatten and depart from the non-breeding 
area by directly affecting food abundance and, subsequently, 
an individual’s ability to deposit fuel for long-distance flights 
(Wingfield 1983, Studds and Marra 2011, Ramenofsky 
2012, Tøttrup et al. 2012).

Observations suggest that individuals making long- ver-
sus shorter-distance migrations differ in the degree to which 
they rely on exogenous versus endogenous information when 
making departure decisions (Butler 2003, Lehikoinen et al. 
2004, Tøttrup et  al. 2010, Cohen et  al. 2015). Individuals 
moving short or medium distances, which use non-breeding 
areas closer to their breeding grounds (i.e. north of the Tropic 
of Cancer within the Nearctic-Neotropical migration system; 
(DeGraaf and Rappole 1995, Carlisle et al. 2004)) compared 
to long-distance migrants, experience climatic changes and 
weather patterns at the non-breeding area that may be rela-
tively similar to conditions at their prospective breeding area. 
Individuals migrating short or medium distances may thus 
be able to more accurately predict the advancement of spring 
at the breeding area based on local environmental cues such 
as temperature and precipitation, allowing more reliance on 
local cues when making departure decisions compared to 
individuals migrating long distances. On the other hand, 
individuals migrating long distances spend the non-breeding 
season further from the breeding area (i.e. south of the Tropic 
of Cancer) (DeGraaf and Rappole 1995, Carlisle et al. 2004) 
and experience climatic conditions independent of those at 
the breeding area, which are not reliable cues for making 
departure decisions. Therefore, the departure decision of an 
individual migrating a long distance is thought to be influ-
enced more by endogenous circannual rhythm, and less so 
by local predictive cues, than that of an individual migrat-
ing a shorter distance (Butler 2003, Lehikoinen et al. 2004, 
Tøttrup et al. 2010, Cohen et al. 2015). This hypothesis is 
supported by observations of higher variation in migration 

timing of individuals migrating short versus long distances 
(Mason 1995, Jonzén  et  al. 2006, Rubolini  et  al. 2007, 
Knudsen et al. 2011). Some tracking studies provide further 
support by showing high repeatability of migratory depar-
ture timing across years in long-distance migratory birds 
(Vardanis et al. 2011, Stanley et al. 2012), but more recent 
studies do not (Hasselquist et al. 2017, Amélineau et al. 2021, 
Conklin et al. 2021). The difference in the value of available 
local predictive cues on which to base migratory departure 
decisions is the basis of phenological mismatch. Individuals 
that mistime arrival at the breeding area and do not match 
their breeding phenology with that of local resources suffer 
reproductive costs (Both and Visser 2001, Coppack and Both 
2002, Both et al. 2006, Winkler et al. 2014).

Individuals migrating shorter distances may aim to time 
departure from the non-breeding area based on endogenous 
or exogenous cues, but their ability to depart may be depen-
dent on their ability to secure resources sufficient to initiate 
migration. An individual with insufficient fuel stores may be 
forced to remain at the non-breeding area longer or be lim-
ited in their migratory movements (Marra et al. 1998, Studds 
and Marra 2005, 2011, Woodworth et al. 2014, Zenzal et al. 
2021), which may delay arrival at the breeding area and nega-
tively impact fitness (Both and Visser 2001, Coppack and 
Both 2002, Both et al. 2006, Winkler et al. 2014). Factors 
such as current fuel stores and body size have been shown 
to influence access to resources (Brown and Maurer 1986, 
Moore et al. 2003, Funghi et al. 2015, Francis et al. 2018), 
which are needed to initiate migratory flights. Individuals 
able to gain priority access to resources or high quality non-
breeding habitats will be able to quickly fuel and depart 
earlier, which may enable early access to limited breeding 
resources (i.e. territory, mate) and increase the likelihood of 
reproductive success (Lozano et al. 1996, Smith and Moore 
2005, McKellar et al. 2013). Of course, mass gain increases 
later in the non-breeding season as they ready themselves for 
migratory departure (Hou et al. 2015, Risely et al. 2015, Hou 
and Welch 2016, Bayly et al. 2020) and those spending the 
non-breeding season in temperate North America may find 
greater resource abundance later in spring when arthropods 
tend to be more abundant compared to earlier in the season.

Most studies investigating the departure decisions of 
migratory songbirds use data collected at stopover sites dur-
ing passage (Dänhardt and Lindström 2001, Dierschke 
and Delingat 2001, Marra  et  al. 2005, Deppe  et  al. 2015, 
Sjöberg  et  al. 2015, Dossman  et  al. 2016, Packmor  et  al. 
2020) or from the breeding area in terms of stable isotope 
samples or tracking technologies (Woodworth  et  al. 2016, 
2017, Cooper et al. 2017, Ouwehand and Both 2017). Few 
studies have directly examined departure from the non-
breeding area (Marra  et  al. 1998, Studds and Marra 2005, 
2011, Gordo 2007). Therefore, for most species, relation-
ships between endogenous and exogenous factors and the 
decision to initiate migration remains poorly understood. 
More observations from the non-breeding area would not 
only increase understanding of the decision to initiate migra-
tion, but would also shed light on how much of the observed 
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migration phenology is influenced by the timing of departure 
from the non-breeding area versus adjustments made during 
passage (Tøttrup et al. 2008).

In this study, we investigate the relationships between local 
predictive environmental cues at the non-breeding area (i.e. 
temperature and precipitation) and endogenous factors (day 
of year, fuel load, lean body mass (LBM)) on the decision to 
depart on migration by analyzing 21 years of banding data 
for four species that migrate short and medium distances. 
Our first objective was to test whether temperature and 
precipitation from the non-breeding grounds are correlated 
with temperature and precipitation, respectively, at potential 
stopover and breeding areas. A positive correlation between 
non-breeding conditions and those further north would sug-
gest individuals may benefit if using local predictive cues 
for departure decisions. Our second objective was to exam-
ine which endogenous and local weather variables have the 
strongest association with departure decisions for individuals 
departing early and late in the season. We analyzed early- and 
late-departing individuals separately as these groups may rep-
resent different attributes (i.e. age, sex, breeding latitude) and 
may operate under different pressures (Marra and Holmes 
2001, Moore  et  al. 2003, Conklin  et  al. 2010). Thus, we 
predict early-departing individuals will have strong associa-
tions with body size (due to priority access to resources) and 
temperature (if correlated with temperatures further north), 
while late-departing individuals will have strong associations 
with fuel load. Our third objective was to determine if fuel 
stores and body size differ between early and late departing 
individuals. We predict early-departing individuals will be of 
larger body size but carrying lower fuel loads compared to 
late-departing individuals due to resources being more abun-
dant later in spring.

Methods

Study site and focal species

Our study site is uniquely positioned to investigate decisions 
surrounding migratory departure from the non-breeding 
area as it is located on the northwestern coast of the Gulf of 
Mexico (near Johnson Bayou, LA, USA; 29°45′N, 93°37′W). 
Birds were captured using 28–30 mist nets (12 or 6 × 2.6 m; 
30-mm mesh) as part of a long-term banding operation in a 
coastal chenier forest embedded within a wetland landscape 
(see Barrow et al. 2000 and Lain et al. 2017 for habitat descrip-
tion). Netting was conducted daily from 7:00 to 16:00 CST 
from late March until early May 1993–2014, excluding 1997. 
Each captured individual was fitted with a U.S. Geological 
Survey aluminum leg band, had subcutaneous fat assessed 
according to Helms and Drury (1960), unflattened wing chord 
(0.5 mm) and mass (0.1 g) measured, as well as age and sex 
determined when possible (Pyle 1997). Permission to capture 
wild birds was granted by the U.S. Bird Banding Laboratory 
(permit no. 21221) and the Louisiana Department of Wildlife 
and Fisheries (permit no. LNHP-15-040). All protocols were 

approved by the University of Southern Mississippi institu-
tional animal care and use committee (protocol no. 11092210).

We included short- and medium-distance migrant species 
in our analyses based on the following criteria: 1) station-
ary non-breeding range is restricted to continental North 
America and does not reach into Central America, 2) non-
breeding and breeding ranges do not overlap at the study site, 
and 3) we captured ≥ 10 individuals during at least 5 of the 
21 years sampled, which was based on the methods of past 
studies analyzing long-term banding datasets (Paxton et  al. 
2014, Cohen et  al. 2015, Lain  et  al. 2017). The following 
four species within our dataset met the above criteria and were 
used to assess the importance of endogenous factors and local 
weather on migratory departure decisions: white-throated 
sparrow Zonotrichia albicollis, swamp sparrow Melospiza geor-
giana, ruby-crowned kinglet Corthylio calendula and house 
wren Troglodytes aedon. While it is apparent we captured birds 
that did not reside during the non-breeding season at our 
study site, we believe they likely resided in the region during 
the non-breeding season and were exposed to similar exog-
enous conditions (Falls and Kopachena 2020, Hebert and 
Mowbray 2020, Johnson 2020, Swanson et al. 2021), thus 
they likely pass through our site shortly after departure and 
their behavior should closely represent departure behavior 
(i.e. timing).

Bird data

For each focal species, we were interested in determining 
which factors influence the decision to depart on migration. 
We analyzed captures from the study site on days encompass-
ing the first or last 25% of total captures, which made up 
the early and late temporal periods, respectively. From our 
banding data and a mark–recapture approach (below), we 
used capture date and fuel load as our indicators of departure 
from the non-breeding area. For capture date, we used the 
ordinal date of final capture of retrapped birds or initial cap-
ture of birds never retrapped to determine when individuals 
departed the study area (all presented calendar dates are based 
on non-leap years). To estimate fuel load for each species, we 
followed methods described by Ellegren (1992) using wing 
chord, fat score and body mass of all initial captures from 
our study site. Following this method, we first performed a 
regression between body mass and fat score for each 1 mm 
wing chord class. After eliminating any wing chord classes 
with low sample sizes (n < 10), we then used a second regres-
sion between the remaining wing chord classes and inter-
cepts generated during the first set of regressions. The second 
regression provides the equation parameters to estimate mean 
LBM, which was subtracted from each individual’s final cap-
ture mass. Any individual without a mass or wing chord mea-
surement at capture were omitted from further analysis.

Weather data

We assumed temperature and precipitation are linked to 
resource availability and serve as a proxy for phenological cues 
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used by our focal species (Studds and Marra 2011, Wood and 
Pidgeon 2015, Burnside et al. 2021). We collected monthly 
mean temperature (°C) and total precipitation (cm) data 
for the months of February, March, April and May 1993–
2014 from NOAA’s National Centers for Environmental 
Information for the non-breeding area as well as potential 
breeding areas and stopover locations (Fig. 1). We selected 
the Louisiana and extreme eastern Texas coasts along the Gulf 
of Mexico to represent the non-breeding region for all spe-
cies (Fig. 1), which includes our banding station in south-
west Louisiana. For each species, we sampled conditions from 

potential breeding and stopover areas guided by eBird abun-
dance maps of each species using data from 1993 to 2014 
(eBird 2021) since we are unaware of any population-specific 
tracking data from our non-breeding area to better justify 
connectivity. We selected areas of highest abundance used 
exclusively for breeding or stopover that were north of our 
non-breeding area during April and June for stopover and 
breeding areas, respectively. For each non-breeding, breeding 
and stopover region, we averaged climatic data for each spe-
cies from stations found within our defined spatial extents 
(Fig. 1). We only included weather station locations without 

Figure 1. Location of weather stations in the non-breeding, stopover and breeding areas for (A) house wren Troglodytes aedon, (B) ruby-
crowned kinglet Corthylio calendula, (C) swamp sparrow Melospiza georgiana and (D) white-throated sparrow Zonotrichia albicollis.
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missing temperature and precipitation data over the temporal 
scope of this study.

Site persistence models

In our study, accuracy in departure date and fuel load are 
critical in investigating departure decisions. To make the 
most prudent inferences, we need to know how long indi-
viduals persist after initial capture and their daily fueling rates 
(sensu Schaub et al. 2001, Moore et al. 2017). We followed 
methodology similar to that described in Moore et al. (2017) 
and used a mark–recapture modeling approach to estimate 
the amount of time our focal species remained at the study 
site after initial capture. The model’s estimates can help 
determine the most likely date of departure, especially for 
individuals only captured once, and allows us to adjust fuel 
loads based on the fuel deposition rates of birds recaptured at 
our study site, which accounts for changes in fuel load after 
capture (Supporting information). Fuel deposition rates are 
calculated by subtracting fuel load at final capture from fuel 
load recorded during the initial capture and dividing the dif-
ference by the number of bird use days, which generates a rate 
in grams per day.

We ran capture–mark–recapture models (White and 
Burnham 1999) to estimate persistence, which provided bet-
ter estimates of departure date and fuel load. For each focal 
species, we used the capture history of every individual to 
generate model estimates. We attempted to estimate year-
specific persistence measures for each species, but this was 
not always possible. If sample sizes in an individual year were 
too low, we grouped years within species in sequential order 
until we had enough samples. Across species, this approach 
resulted in 21 individual years with enough data to estimate 
persistence and 11 groups of years (Supporting information). 
We attempted to include age and sex in the analyses but over 
75% of individuals were recorded with a non-specific age or 
sex class, which typically resulted in inadequate sample sizes 
to run the models. In the few instances where sample sizes 
were adequate, age and sex were never in the final best model. 
Therefore, we pooled data across sex and age.

‘Survival’ estimates generated from the mark–recapture 
models represent daily probabilities of persistence for the 21 
individual years and 11 groups of years (Supporting infor-
mation), modified for imperfect capture probability since 
birds were not always recaptured despite being present at the 
site on subsequent days. Generated ‘survival’ estimates were 
converted into persistence estimates (number of days) using 
the life expectancy formula that estimates expected stopover 
duration after the initial capture (Efford 2005). While most 
recaptured birds remained at the study site beyond the mod-
eled estimates of persistence, those only captured once, which 
accounted for 63% of our data, would have been biased with 
earlier departure dates – supporting our decision to address 
imperfect recapture probability.

We scrutinized candidate models that incorporated effects 
of mass and ordinal date at initial capture day on daily per-
sistence and recapture probability using Akaike’s information 

criterion adjusted for small sample sizes (AICc; Burnham and 
Anderson 2002). We first ran all the possible models (n = 16) 
for each of the 21 individual years and 11 groups of years and 
input models with sufficient sample size that did not result 
in singularities in the estimates or terms that were not sig-
nificant into the AICc model selection. In some cases, this 
approach resulted in only the model with a constant daily 
persistence probability being considered (Supporting infor-
mation). However, the persistence estimates from the con-
stant only models were similar to models where we pooled 
data across all years for each species (i.e. one estimate per 
species).

Statistical analysis

We tested our first objective, that annual temperature and 
precipitation (n = 22 years) may be correlated between the 
non-breeding area and breeding as well as stopover areas, 
using Spearman Rank correlations analyzing each month 
separately for each species. We included all region and month 
combinations where an individual might use a local cue to 
predict conditions further north (i.e. each test included one 
variable from the non-breeding area). We considered any cor-
relation test with an absolute value of rho ≥ 0.60 to exhibit 
a meaningful relationship between factors, opposed to evalu-
ating p-values, which may be spurious given the number of 
tests (Rice 1989).

To test our second objective, which examines the relation-
ship between endogenous factors and local weather on the 
initiation of migration (departure date and fuel load), we 
used partial least squares regressions (PLSR) to analyze each 
species and temporal period (early or late) separately. PLSR is 
a non-parametric approach, which combines characteristics 
of multiple regression and principal components analysis , 
that allows small sample sizes and highly correlated predictor 
variables, while performing at least as similarly as, or better 
than, either parent test (Abdi 2007, Carrascal  et  al. 2009, 
Hair et al. 2019). In each species PLSR model, we specified 2 
components and input our response variable as departure date 
or fuel load with predictor variables consisting of monthly 
temperatures and precipitation for the non-breeding area as 
well as LBM. Fuel load and departure day exchanged roles 
as predictor and response variables (Table 1, 2, 3 and 4). We 
included weather conditions for the month in which an indi-
vidual was captured as well as the previous month. We off-
set monthly weather condition bins by 7 days to account for 
birds departing early in the month likely experiencing condi-
tions more similar to the previous month (i.e. birds captured 
during: 8 February–7 March assigned February conditions, 
8 March–7 April assigned March conditions and 8 April–7 
May assigned April conditions). For each model, we present 
the meaningful independent variables, which are based on 
the amount of weight they contribute to each component of 
the model. Variable component weights > 0.2 when squared 
are considered important (Carrascal  et  al. 2009). Model 
goodness of fit is assessed using the R2 statistic for explained 
variation and goodness of prediction assessed using the Q2 
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statistic for predictive power based on cross-validation where 
Q2 > 0.0975 indicates predictive model significance.

To address our third objective, which directly compares 
fuel load and LBM between temporal periods, we used spe-
cies-specific Mann–Whitney U-tests and adjusted alpha to 
account for multiple comparison testing using the Holm–
Bonferroni correction (Mann and Whitney 1947, Holm 
1979). All statistics were performed in the R statistical lan-
guage (www.r-project.org). Our first objective was addressed 
by leveraging packages ‘dplyr’, ‘Reshape2’ and ‘Hmisc’ 
(Wickham 2007, Harrell and Dupont 2021, Wickham et al. 
2021). Our second objective was addressed by using the ‘pls-
depot’ package (Sanchez 2012). Results are reported as mean 
± standard deviation.

Results

Regional weather relationships

Spearman Rank correlations for the various spatiotemporal 
combinations found temperatures at non-breeding areas dur-
ing certain months to exhibit meaningful associations with 
species-specific geographic regions further north across all 
species (Fig. 2), but precipitation at the non-breeding area did 
not display any meaningful relationships (rho < 0.60) with 

conditions further north. House wren and white-throated 
sparrow non-breeding region temperatures during February, 
March and April were positively correlated with stopover 
region temperatures occurring within the same month (p < 
0.01, rho ≥ 0.60; Fig. 2A and E). House wren also had a posi-
tive correlation between breeding and non-breeding region 
temperatures in March (p < 0.01, rho = 0.61; Fig. 2B). For 
ruby-crowned kinglet and swamp sparrow, non-breeding 
region temperatures in March and April were positively cor-
related with stopover area temperatures occurring within the 
same month (p < 0.01, rho ≥ 0.61; Fig. 2C and D). All other 
combinations that included non-breeding area temperature 
did not result in a meaningful relationship (rho < 0.60).

Local weather and endogenous factors on departure 
decisions

Local weather
Based on the departure dates (Supporting information; 
Table 1, 2, 3 and 4) of the first 25% of departures by our 
focal species, we were able to determine associations between 
early season departure day and local weather variables. For 
house wren (n = 41), we found temperature during the 
month before departure to a show strong positive association 
with departure day in the first component, while precipita-
tion the month of departure had a strong negative association 

Table 1. Results from partial least squares regression (PLSR) for the departure day and fuel load models in the first quarter and last quarter of 
house wren Troglodytes aedon departures from southwest Louisiana. Mean and standard deviation of each variable is also provided. 
W1 = weight of predictor variable based on the first component, W2 = weight of predictor variable based on the second component. Weights 
> 0.2 when squared and Q2 > 0.0975 are shown in bold (see text).

First 25% of final captures Last 25% of final captures

Departure day model Fuel load model

Mean (± SD)

Departure day model Fuel load model

Mean (± SD)W1 W2 W1 W2 W1 W2 W1 W2

Lean body mass (g) 0.62 0.01 0.01 0.48 10.02 ± 0.12 −0.75 0.03 0.07 0.38 9.95 ± 0.13
Previous precipitation (cm) −0.09 0.04 0.44 0.45 8.95 ± 5.06 −0.06 −0.45 0.08 0.40 6.51 ± 3.16
Previous temperature (°C) 0.65 0.14 −0.47 −0.42 13.59 ± 1.39 −0.10 0.40 0.57 −0.17 15.34 ± 1.93
Current precipitation (cm) 0.27 −0.90 0.48 −0.06 9.97 ± 6.14 −0.13 −0.31 0.67 −0.11 8.26 ± 5.58
Current temperature (°C) 0.20 0.24 0.54 −0.55 16.37 ± 1.92 0.45 −0.52 −0.14 0.67 19.71 ± 0.80
Departure day NA NA −0.26 0.29 85 ± 4 NA NA 0.44 0.46 110 ± 5
Fuel load (g) −0.26 −0.32 NA NA 0.97 ± 0.67 0.45 0.51 NA NA 1.24 ± 1.03
R2 0.09 0.01 0.16 0.02 0.18 0.02 0.19 0.03
Q2 −0.09 −0.27 −0.11 −0.24 0.03 −0.07 −0.04 −0.09

Table 2. Results from partial least squares regression (PLSR) for the departure day and fuel load models in the first quarter and last quarter of 
ruby-crowned kinglet Corthylio calendula departures from southwest Louisiana. Mean and standard deviation of each variable is also pro-
vided. W1 = weight of predictor variable based on the first component, W2 = weight of predictor variable based on the second component. 
Weights > 0.2 when squared and Q2 > 0.0975 are shown in bold (see text).

First 25% of final captures Last 25% of final captures

Departure day model Fuel load model

Mean (± SD)

Departure day model Fuel load model

Mean (± SD)W1 W2 W1 W2 W1 W2 W1 W2

Lean body mass (g) −0.25 0.87 0.28 −0.64 5.64 ± 0.16 −0.05 −0.40 0.14 0.41 5.62 ± 0.13
Previous precipitation (cm) 0.76 0.18 −0.01 0.69 12.10 ± 4.78 −0.05 −0.03 −0.41 −0.73 8.94 ± 4.52
Previous temperature (°C) −0.26 −0.15 0.19 0.28 12.56 ± 1.77 0.51 −0.66 −0.48 0.29 14.97 ± 2.72
Current precipitation (cm) −0.25 −0.09 −0.15 0.13 8.78 ± 6.02 0.17 −0.38 −0.13 0.28 9.40 ± 4.46
Current temperature (°C) 0.04 0.43 −0.65 −0.15 15.57 ± 2.03 0.74 0.51 −0.47 0.37 18.16 ± 1.96
Departure day NA NA −0.67 −0.07 82 ± 4 NA NA −0.58 0.10 101 ± 6
Fuel load (g) −0.48 0.01 NA NA 0.60 ± 0.41 −0.39 0.00 NA NA 0.44 ± 0.43
R2 0.26 0.03 0.13 0.01 0.32 0.02 0.14 0.03
Q2 0.09 −0.24 −0.07 −0.22 0.20 −0.29 0.04 −0.13
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in the second component (Table 1, 5 and Fig. 3A). For ruby-
crowned kinglets (n = 61), we found precipitation during the 
month before departure to show a strong positive associa-
tion with departure day in the first and second component, 
respectively (Table 2, 5 and Fig. 4A). Our swamp sparrow 
(n = 159) model found departure day to be positively asso-
ciated with temperature during the month before departure 
in the second component, which suggests little influence 
of local weather conditions on this species (Table 3, 5 and 
Fig. 5A). In white-throated sparrows (n = 115), we identified 
meaningful associations between departure day and condi-
tions during the month of departure, such that there was a 
positive association with precipitation in the first component 
and a negative association with temperature in the second 
component. (Table 4, 5 and Fig. 6A).

Based on the departure fuel loads (Supporting informa-
tion; Table 1, 2, 3 and 4) of the first 25% of departures by 
our focal species, we were able to determine associations 
between early season departure fuel load and local weather 
variables. In house wren, fuel load was strongly positively 
associated with temperature and precipitation during the 
month of departure and strongly negatively associated with 
temperature the month before departure in the first compo-
nent. Interestingly, we found a conflict in the second com-
ponent where house wren fuel load was strongly negatively 

associated with temperature the month of departure in the 
second component; precipitation the month of departure 
showed a strong positive association with fuel load in the 
second component (Table 1, 5 and Fig. 3B). For the ruby-
crowned kinglet model, temperature the month of departure 
in the first component was negatively associated with fuel 
load; precipitation the month before departure was positively 
associated with fuel load in the second component (Table 
2, 5 and Fig. 4B). The swamp sparrow model only identi-
fied temperature the month prior to departure in the second 
component to be negatively associated with fuel load, which 
suggests little influence of local weather conditions on this 
species (Table 3, 5 and Fig. 5B). The white-throated sparrow 
model found a negative association in the first component 
between fuel load and precipitation during the month before 
departure, while there was a positive association with tem-
perature the month of departure in the second component 
(Table 4, 5 and Fig. 6B).

From the departure dates (Supporting information; Table 
1, 2, 3 and 4) of the last 25% of departures by our focal 
species, we were able to determine associations between 
departure dates late in the season and local weather variables. 
In house wren (n = 38), temperature during the month of 
departure was positively associated with departure day in the 
first component. In the second component, precipitation the 

Table 3. Results from partial least squares regression (PLSR) for the departure day and fuel load models in the first quarter and last quarter of 
swamp sparrow Melospiza georgiana departures from southwest Louisiana. Mean and standard deviation of each variable is also provided. 
W1 = weight of predictor variable based on the first component, W2 = weight of predictor variable based on the second component. Weights 
> 0.2 when squared and Q2 > 0.0975 are shown in bold (see text).

First 25% of final captures Last 25% of final captures

Departure day model Fuel load model

Mean (± SD)

Departure day model Fuel load model

Mean (± SD)W1 W2 W1 W2 W1 W2 W1 W2

Lean body mass (g) 0.21 −0.28 0.83 −0.10 14.59 ± 0.41 −0.83 0.10 0.67 0.67 14.39 ± 0.35
Previous precipitation (cm) 0.28 −0.28 0.05 −0.14 11.59 ± 5.21 −0.41 0.05 0.14 0.08 6.75 ± 3.18
Previous temperature (°C) −0.06 0.80 −0.17 −0.92 11.91 ± 2.41 −0.08 0.53 −0.40 0.28 15.68 ± 2.00
Current precipitation (cm) −0.35 −0.04 0.14 0.07 8.95 ± 5.22 0.09 0.75 −0.38 0.47 8.33 ± 5.37
Current temperature (°C) −0.38 0.27 0.06 0.29 15.89 ± 2.18 0.23 −0.10 0.46 −0.43 19.55 ± 0.84
Departure day NA NA 0.51 −0.17 86 ± 3 NA NA 0.13 0.26 110 ± 4
Fuel load (g) 0.78 0.35 NA NA 1.64 ± 1.06 0.28 0.37 NA NA 2.02 ± 1.20
R2 0.05 0.01 0.16 0.01 0.04 0.01 0.11 0.02
Q2 0.00 −0.05 0.11 −0.04 −0.01 −0.03 0.06 −0.01

Table 4. Results from partial least squares regression (PLSR) for the departure day and fuel load models in the first quarter and last quarter of 
white-throated sparrow Zonotrichia albicollis departures from southwest Louisiana. Mean and standard deviation of each variable is also 
provided. W1 = weight of predictor variable based on the first component, W2 = weight of predictor variable based on the second compo-
nent. Weights > 0.2 when squared and Q2 > 0.0975 are shown in bold (see text).

First 25% of final captures Last 25% of final captures

Departure day model Fuel load model

Mean (± SD)

Departure day model Fuel load model

Mean (± SD)W1 W2 W1 W2 W1 W2 W1 W2

Lean body mass (g) −0.14 −0.66 0.43 0.66 23.75 ± 0.75 0.10 −0.11 0.19 0.06 23.70 ± 0.67
Previous precipitation (cm) 0.20 −0.18 −0.19 0.23 9.58 ± 5.63 0.42 −0.14 0.36 −0.18 9.84 ± 5.50
Previous temperature (°C) 0.44 −0.16 −0.78 −0.02 13.05 ± 1.49 −0.06 −0.19 0.17 0.22 16.24 ± 1.73
Current precipitation (cm) 0.80 0.26 −0.28 0.53 8.85 ± 4.98 −0.33 0.37 −0.03 0.93 9.74 ± 5.40
Current temperature (°C) 0.32 −0.49 −0.31 0.28 16.15 ± 2.13 0.40 −0.66 0.53 −0.15 19.78 ± 1.26
Departure day NA NA −0.06 0.38 84 ± 4 NA NA 0.72 0.17 110 ± 4
Fuel load (g) −0.09 0.45 NA NA 0.99 ± 1.59 0.74 0.60 NA NA 1.96 ± 1.84
R2 0.04 0.01 0.10 0.01 0.09 0.01 0.11 0.03
Q2 −0.01 −0.07 0.01 −0.03 −0.01 −0.09 −0.01 −0.10
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month prior to departure and temperature during the month 
of departure were negatively associated with departure day 
(Table 1, 5 and Fig. 3C). For ruby-crowned kinglets (n = 56), 
local weather variables were the only ones found to be impor-
tant by the departure day model. Departure day was posi-
tively associated with temperature during both the month 
of and the month before departure in the first component. 
In the second component, temperature during the month 
of departure was positively associated with departure day, 
but temperature the month before departure was negatively 
related to departure day (Table 2, 5 and Fig. 4C). For swamp 
sparrows (n = 165), we only found local weather variables to 
be associated with departure day in the second component, 
which included positive associations with temperature the 
month prior to departure and precipitation the month of 
departure (Table 3, 5 and Fig. 5C). Similar to swamp spar-
row, the white-throated sparrow (n = 105) model only found 
local weather conditions to be important in the second com-
ponent, which included a negative association with tempera-
ture the month of departure (Table 4, 5 and Fig. 6C).

From the departure fuel loads (Supporting information; 
Table 1, 2, 3 and 4) of the last 25% of departures by our 

focal species, we were able to determine associations between 
departure fuel loads late in the season and local weather vari-
ables. In our house wren model, we found positive associa-
tions with temperature the month before departure occurred 
and precipitation during the month of departure in the first 
component and temperature during the month of depar-
ture in the second component (Table 1, 5 and Fig. 3D). For 
ruby-crowned kinglets, we found negative associations with 
temperature the month of and prior to departure in the first 
component as well as the previous month’s precipitation in 
the second component (Table 2, 5 and Fig. 4D). The swamp 
and white-throated sparrow models both found fuel load to 
be positively associated with temperature and precipitation 
during the month of departure in the first and second com-
ponents, respectively (Table 3, 4, 5 and Fig. 5D, 6D).

Endogenous factors
Using data from departure dates (Supporting information; 
Table 1, 2, 3 and 4) of the first 25% of departures by our focal 
species, we were able to determine associations between early 
season departure day and various endogenous factors. For 
the house wren model, we only found a meaningful positive 

Figure 2. Relationships between temperature at the non-breeding area and temperature at the stopover (A) and breeding (B) areas for house 
wren Troglodytes aedon as well as stopover areas for ruby-crowned kinglet Corthylio calendula, (C) swamp sparrow Melospiza georgiana, (D) 
white-throated sparrow Zonotrichia albicollis, (E) shaded area around trendline indicates 95% confidence intervals and an asterisk (*) indi-
cates |rho| ≥ 0.60.
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association between departure day and LBM in the first com-
ponent (Table 1, 6 and Fig. 3A). For ruby-crowned kinglet, 
we found a meaningful negative association between depar-
ture day and fuel load in the first component and a positive 
association of LBM in the second component (Table 2, 6 
and Fig. 4A). Like the house wren model, the swamp spar-
row departure day model only found one strong association, 
which was positive with fuel load in the first component 
(Table 3, 6 and Fig. 5A). The white-throated sparrow model 
only showed meaningful associations in the second compo-
nent, which were positive between departure date and fuel 
load but negative with LBM (Table 4, 6 and Fig. 6A).

Using data from departure fuel loads (Supporting infor-
mation; Table 1, 2, 3 and 4) of the first 25% of departures 
by our focal species, we were able to determine associations 
between early season departure day and various endog-
enous factors. In the house wren and white-throated spar-
row models, we only found a positive association between 
fuel load and LBM in the second component (Table 1, 4, 6 

and Fig. 3B, 6B). The ruby-crowned kinglet model showed 
a strong negative association between fuel load and depar-
ture day as well as LBM in the first and second components, 
respectively (Table 2, 6 and Fig. 4B). For swamp spar-
row, we found meaningful positive associations with LBM 
and departure day in the first component (Table 3, 6 and 
Fig. 5B).

From the departure dates (Supporting information; Table 
1, 2, 3 and 4) of the last 25% of departures by our focal 
species, we were able to determine associations between 
departure dates late in the season and endogenous factors. 
For house wren, LBM was negatively associated with depar-
ture day in the first component, but fuel load was positively 
associated with departure day in both the first and second 
components (Table 1, 6 and Fig. 3C). In the swamp sparrow 
model, the first component contained the only meaningful 
relationship, which was the negative association with LBM 
(Table 3, 6 and Fig. 5C). The white-throated sparrow model 
identified positive relationships between departure day and 

Table 5. The percent of information each local weather variable has on the first and second components when departure day and fuel load 
are the response variables for the first 25% and last 25% of birds departing within each focal species. In parenthesis, positive signs indicate 
a positive relationship between the response and predictor variable and negative signs indicate a negative relationship between the response 
and predictor variable.

Species Departure group Predictor variable

Departure day Fuel load
Percent of 

information in 
component 1

Percent of 
information in 
component 2

Percent of 
information in 
component 1

Percent of 
information in 
component 2

House wren Early Current precipitation 7% (+) 81% (−) 23% (+) < 1% (−)
Early Previous precipitation 1% (−) < 1% (+) 19% (+) 20% (+)
Late Current precipitation 2% (−) 10% (−) 45% (+) 1% (−)
Late Previous precipitation < 1% (−) 20% (−) 1% (+) 16% (+)
Early Current temperature 4% (+) 6% (+) 29% (+) 30% (−)
Early Previous temperature 42% (+) 2% (+) 22% (−) 18% (−)
Late Current temperature 20% (+) 27% (−) 2% (−) 45% (+)
Late Previous temperature 1% (−) 16% (+) 32% (+) 3% (−)

Ruby-crowned 
kinglet

Early Current precipitation 6% (−) 1% (−) 2% (−) 2% (+)
Early Previous precipitation 58% (+) 3% (+) < 1% (−) 48% (+)
Late Current precipitation 3% (+) 14% (−) 2% (−) 8% (+)
Late Previous precipitation < 1% (−) < 1% (−) 17% (−) 53% (−)
Early Current temperature < 1% (+) 18% (+) 42% (−) 2% (−)
Early Previous temperature 7% (−) 2% (−) 4% (+) 8% (+)
Late Current temperature 55% (+) 26% (+) 22% (−) 14% (+)
Late Previous temperature 26% (+) 44% (−) 23% (−) 8% (+)

Swamp sparrow Early Current precipitation 12% (−) < 1% (−) 2% (+) < 1% (+)
Early Previous precipitation 8% (+) 8% (−) < 1% (+) 2% (−)
Late Current precipitation 1% (+) 56% (+) 14% (−) 22% (+)
Late Previous precipitation 17% (−) < 1% (+) 2% (+) 1% (+)
Early Current temperature 14% (−) 8% (+) < 1% (+) 8% (+)
Early Previous temperature < 1% (−) 64% (+) 3% (−) 85% (−)
Late Current temperature 5% (+) 1% (−) 21% (+) 19% (−)
Late Previous temperature 1% (−) 28% (+) 16% (−) 8% (+)

White-throated 
sparrow

Early Current precipitation 64% (+) 7% (+) 8% (−) 28% (+)
Early Previous precipitation 4% (+) 3% (−) 4% (−) 5% (+)
Late Current precipitation 11% (−) 14% (+) < 1% (−) 86% (+)
Late Previous precipitation 18% (+) 2% (−) 13% (+) 3% (−)
Early Current temperature 10% (+) 24% (−) 10% (−) 8% (+)
Early Previous temperature 19% (+) 3% (−) 61% (−) < 1% (−)
Late Current temperature 16% (+) 44% (−) 28% (+) 2% (−)
Late Previous temperature < 1% (−) 4% (−) 3% (+) 5% (+)
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Page 10 of 19

fuel load in both the first and second components (Table 4, 
6 and Fig. 6C). The ruby-crowned kinglet model showed no 
important relationships between departure day and endog-
enous factors (Table 2, 6 and Fig. 4C).

From the departure fuel loads (Supporting information; 
Table 1, 2, 3 and 4) of the last 25% of departures by our focal 
species, we were able to determine associations between depar-
ture fuel loads late in the season and endogenous factors. Fuel 
load in the house wren model only showed a positive associa-
tion with departure day in the second component (Table 1, 6 
and Fig. 3D). We found a negative association between fuel 
load and departure day in the first component of the ruby-
crowned kinglet model (Table 2, 6 and Fig. 4D). For swamp 
sparrow, we found fuel load to be positively associated with 

LBM in the first and second components (Table 3, 6 and 
Fig. 5D). In the white-throated sparrow model, we found 
fuel load and departure day to have a positive association in 
the first component (Table 4, 6 and Fig. 6D).

Fuel load and lean body mass during early and late 
departures

To address our third objective, we compared species-specific 
fuel load and LBM between the first 25% and last 25% of 
birds to depart. While house wren showed no significant dif-
ference in fuel load (W = 592; p = 0.07; adjusted α = 0.03; 
Supporting information) or LBM (W = 1008.5; p = 0.02; 
adjusted α = 0.02; Supporting information) between early 

Figure 3. Circle of correlations based on the partial least squares regression for house wren Troglodytes aedon departure behaviors. Response 
variables appear in black and predictor variables appear in gray. Predictor variables in the same direction as the response variable indicate a 
positive relationship, while those opposite (i.e. 180°) indicate a negative association; predictor variables perpendicular (i.e. 90°) to the 
response variable signify no relationship. Longer lines specify a stronger influence on (predictors) or relationship with (response) the 
component(s). Within each plot, ‘DOY’ = departure day; ‘current month precip/temp’ = mean precipitation or temperature, respectively, 
the month of departure; ‘pre month precip/temp’ = mean precipitation or temperature, respectively, the month before departure; ‘lean body 
mass’ = mass of individuals without fuel; and ‘fuel load’ = mass of individuals above or below lean body mass. (A) Departure day model for 
first 25% of departures, (B) fuel load model for first 25% of departures, (C) departure day model for the last 25% of departures and (D) 
fuel load model for the last 25% of departures.
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Page 11 of 19

and late departing individuals, differences appeared to 
approach significance. Early departing house wrens tended to 
be slightly larger but carry less fuel (Table 1, Supporting infor-
mation; see previous section for all sample sizes) compared 
to later departing wrens. Ruby-crowned kinglets showed no 
difference in LBM between early and late departing birds 
(W = 1784.5; p = 0.68; Table 2, Supporting information), but 
we detected a marginally significant difference between fuel 
load with early departing individuals carrying more fuel than 
late departing individuals (W = 2040.5; p = 0.07; α = 0.05; 
Table 2, Supporting information). Swamp sparrow differed 
in both fuel load (W = 11 012; p = 0.01; adjusted α = 0.02; 
Table 3, Supporting information) and LBM (W = 17 052; p 
< 0.01; adjusted α = 0.01; Table 3, Supporting information) 

between the early and late departure periods. Early departing 
swamp sparrows tended to be larger but carry less fuel com-
pared to individuals departing later (Table 3). White-throated 
sparrow showed a similar difference with fuel load greater in 
late departing individuals (W = 3869.5; p < 0.01; adjusted 
α = 0.01; Table 4, Supporting information), but LBM did 
not differ (W = 6176; p = 0.77; Table 4, Supporting informa-
tion) between the early and late departure periods.

Discussion

When resource availability is synchronized to allow timely 
arrival with sufficient energy stores at the breeding area, 

Figure 4. Circle of correlations based on the partial least squares regression for ruby-crowned kinglet Corthylio calendula departure behav-
iors. Response variables appear in black and predictor variables appear in gray. Predictor variables in the same direction as the response 
variable indicate a positive relationship, while those opposite (i.e. 180°) indicate a negative association; predictor variables perpendicular 
(i.e. 90°) to the response variable signify no relationship. Longer lines specify a stronger influence on (predictors) or relationship with 
(response) the component(s). Within each plot, ‘DOY’ = departure day; ‘current month precip/temp’ = mean precipitation or temperature, 
respectively, the month of departure; ‘pre month precip/temp’ = mean precipitation or temperature, respectively, the month before depar-
ture; ‘lean body mass’ = mass of individuals without fuel; and ‘fuel load’ = mass of individuals above or below lean body mass. (A) Departure 
day model for first 25% of departures, (B) fuel load model for first 25% of departures, (C) departure day model for the last 25% of depar-
tures and (D) fuel load model for the last 25% of departures.
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Page 12 of 19

migratory animals should enjoy greater reproductive success 
and associated fitness benefits (Lack 1968, Smith and Moore 
2003, 2005, Winkler et al. 2014). Given their relatively close 
proximity to the breeding area, individuals migrating short 
or medium distances should be able to time their spring 
arrival with local resource phenology (Winkler et al. 2014). 
These individuals should be more reliant on local environ-
mental cues and adjust non-breeding area departure timing 
with resource availability further north, at both stopover 
and breeding areas (Butler 2003, Lehikoinen  et  al. 2004, 
Tøttrup et al. 2008, Cohen et al. 2015). Indeed, all focal spe-
cies at the non-breeding area in our study would benefit from 
relying on local predictive cues because non-breeding area 

temperatures during most months were positively correlated 
with temperatures at potential stopover areas, and potential 
breeding area temperatures for the house wren, during the 
same month. Despite local cues being predictive of condi-
tions further north for our four focal species, the amount 
variation explained by local weather conditions in our models 
differed by species and temporal period but was low overall 
(< 32% variation explained). Only the ruby-crowned kinglet 
departure day model for the last 25% of birds found local 
weather conditions to be the only important predictor vari-
ables, which was only one of two models to exhibit predictive 
power. All other models included non-weather predictor vari-
ables. These results suggest that most individuals migrating 

Figure 5. Circle of correlations based on the partial least squares regression for swamp sparrow Melospiza georgiana departure behaviors. 
Response variables appear in black and predictor variables appear in gray. Predictor variables in the same direction as the response variable 
indicate a positive relationship, while those opposite (i.e. 180°) indicate a negative association; predictor variables perpendicular (i.e. 90°) 
to the response variable signify no relationship. Longer lines specify a stronger influence on (predictors) or relationship with (response) the 
component(s). Within each plot, ‘DOY’ = departure day; ‘current month precip/temp’ = mean precipitation or temperature, respectively, 
the month of departure; ‘pre month precip/temp’ = mean precipitation or temperature, respectively, the month before departure; ‘lean body 
mass’ = mass of individuals without fuel; and ‘fuel load’ = mass of individuals above or below lean body mass. (A) Departure day model for 
first 25% of departures, (B) fuel load model for first 25% of departures, (C) departure day model for the last 25% of departures and (D) 
fuel load model for the last 25% of departures.
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Page 13 of 19

short or medium distances in our study did not time the 
initiation of migration with local predictive cues alone, but 
rather other factors such as body size, fuel load, day of year, 
which may be a proxy for the endogenous program, and 
those beyond the scope of our study (e.g. breeding latitude, 
winds aloft, previous year temperatures) also influenced the 
initiation of migration.

Local weather

Local environmental cues, such as temperature and precipita-
tion, are most reliable to inform initial departure decisions 
when non-breeding areas are in relatively close proximity to 
breeding areas. Indeed, temperatures in our non-breeding 

area were indicative of temperatures en route and, to a lesser 
degree, breeding areas over a 21-year period. However, pre-
cipitation in the non-breeding area was not related to precipi-
tation in the northern geographic regions, which is possibly 
due to differences in the type of precipitation between non-
breeding and northern regions during our seasonal period 
(i.e. rain versus snow). The relationship with temperature is 
important because arthropod abundance in temperate habi-
tats increases with warming temperatures during late win-
ter and early spring (Diggs et al. 2011, Wood and Pidgeon 
2015). There is also a link between precipitation and food 
abundance, but this linkage is more important in dryer 
regions (Morrison and Bolger 2002) as well as during fruit 
production (Karr 1976). Given these relationships, our data 

Figure 6. Circle of correlations based on the partial least squares regression for white-throated sparrow Zonotrichia albicollis departure behav-
iors. Response variables appear in black and predictor variables appear in gray. Predictor variables in the same direction as the response 
variable indicate a positive relationship, while those opposite (i.e. 180°) indicate a negative association; predictor variables perpendicular 
(i.e. 90°) to the response variable signify no relationship. Longer lines specify a stronger influence on (predictors) or relationship with 
(response) the component(s). Within each plot, ‘DOY’ = departure day; ‘current month precip/temp’ = mean precipitation or temperature, 
respectively, the month of departure; ‘pre month precip/temp’ = mean precipitation or temperature, respectively, the month before depar-
ture; ‘lean body mass’ = mass of individuals without fuel; and ‘fuel load’ = mass of individuals above or below lean body mass. (A) Departure 
day model for first 25% of departures, (B) fuel load model for first 25% of departures, (C) departure day model for the last 25% of depar-
tures and (D) fuel load model for the last 25% of departures.
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suggest that if short- and medium-distance migrants spend-
ing the non-breeding season along the northern Gulf of 
Mexico began to fuel for migration when resources become 
locally available, they would likely experience similar resource 
availability en route but less so at the breeding area.

While species- and temporal-specific differences did exist 
in the amount of variation explained by local weather cues 
to make departure related decisions, we documented some 
commonalities across species and/or temporal periods. For 
example, we found in all species but kinglet that tempera-
tures during the month before departure appeared to have an 
inverse relationship with fuel load in early departing individ-
uals. Temperature the month of departure explained mean-
ingful variation in the first or second components of the fuel 
load models across all species for late departing individuals, 
with all species but kinglets showing a positive relationship. 
A positive relationship between fuel load and temperatures 
during the month of departure may be indicative of an 
increase in arthropod prey abundance (sensu Morrison and 
Bolger 2002, Diggs et al. 2011, Wood and Pidgeon 2015). 
Overall, wrens and kinglets had more information explained 
by weather variables compared to the sparrow species, which 
may be due to sparrows being much less reliant on arthro-
pods during the non-breeding season compared to wrens or 
kinglets (Falls and Kopachena 2020, Hebert and Mowbray 
2020, Johnson 2020, Swanson  et  al. 2021). Alternatively, 

differences we observed may be due to differences in 1) body 
size as kinglets and wrens are smaller than either sparrow 
species or 2) sample sizes, which were approximately three 
to four times greater for the sparrow species compared to 
kinglets and wrens, respectively. Interestingly, we found tem-
perature during the month of departure to be positively asso-
ciated with ruby-crowned kinglet departure day during the 
late period, opposite the pattern found for fuel load during 
both temporal periods. The contrasting effect of temperature 
during the month of departure in ruby-crowned kinglets, 
when both fuel load and departure day behave as response 
variables may be a result of the positive association between 
temperature and bird abundance (Lepthien and Bock 1976). 
During warmer months, a higher abundance of individuals 
in the non-breeding area could depress fuel loads (Moore and 
Yong 1991, Kelly et al. 2002, Zenzal and Moore 2019) and, 
consequently, delay the initiation of migration.

Endogenous cues

Despite evidence of individual variation (Conklin  et  al. 
2010, 2021), change in photoperiod is considered one of 
the strongest drivers in the endogenous program that migra-
tory birds use to initiate migratory fueling and movements 
(Wingfield 1983, Berthold 1984, Schwabl and Farner 1989, 
Dawson  et  al. 2001, Ramenofsky 2011, Ramenofsky and 

Table 6. The percent of information each endogenous factor has on the first and second components when departure day and fuel load are 
the response variables for the first 25% and last 25% of birds departing within each focal species. In parenthesis, positive signs indicate a 
positive relationship between the response and predictor variable and negative signs indicate a negative relationship between the response 
and predictor variable.

Species Departure group Predictor variable

Departure day Fuel load
Percent of 

information in 
component 1

Percent of 
information in 
component 2

Percent of 
information in 
component 1

Percent of 
information in 
component 2

House wren Early Departure day NA NA 7% (−) 8% (+)
Early Lean body mass 38% (+) < 1% (+) < 1% (+) 23% (+)
Early Fuel load 7% (−) 10% (−) NA NA
Late Departure day NA NA 19% (+) 21% (+)
Late Lean body mass 56% (−) < 1% (+) < 1% (+) 14% (+)
Late Fuel load 20% (+) 26% (+) NA NA

Ruby-crowned 
kinglet

Early Departure day NA NA 45% (−) < 1% (−)
Early Lean body mass 6% (−) 76% (+) 8% (+) 41% (−)
Early Fuel load 23% (−) < 1% (+) NA NA
Late Departure day NA NA 34% (−) 1% (+)
Late Lean body mass < 1% (−) 16% (−) 2% (+) 17% (+)
Late Fuel load 15% (−) 0% (+) NA NA

Swamp sparrow Early Departure day NA NA 26% (+) 3% (−)
Early Lean body mass 4% (+) 8% (−) 69% (+) 1% (−)
Early Fuel load 61% (+) 12% (+) NA NA
Late Departure day NA NA 2% (+) 7% (+)
Late Lean body mass 69% (−) 1% (+) 45% (+) 45% (+)
Late Fuel load 8% (+) 14% (+) NA NA

White-throated 
sparrow

Early Departure day NA NA < 1% (−) 14% (+)
Early Lean body mass 2% (−) 44% (−) 18% (+) 44% (+)
Early Fuel load < 1% (−) 20% (+) NA NA
Late Departure day NA NA 52% (+) 3% (+)
Late Lean body mass 1% (+) 1% (−) 4% (+) < 1% (+)
Late Fuel load 55% (+) 36% (+) NA NA
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Németh 2014). Therefore, it is not surprising that over half 
of the models investigating fuel load found a relationship 
with day of year, which suggests some reliance on the endog-
enous program to build fuel stores and depart by individuals 
migrating shorter distances. The species-specific differences 
in the use of local predictive cues we observed may be due 
to differences in breeding habitat, distance to the breeding 
area, migratory strategies, prey preferences or ability to secure 
resources. Given the overall low amount of variation explained 
by the departure date and fuel load models for most species, 
it may be that most individuals migrating shorter distances 
initiate migration with little respect to local weather cues 
and adjust their pace of migration as they encounter envi-
ronmental conditions further north, similar to long-distance 
migrants (Tøttrup et al. 2008, Cohen et al. 2015).

Individual circumstances (i.e. fuel load and body size) 
appeared to be important in the initiation of migration across 
all species. For example, LBM was the variable to explain the 
most variation in the first component of 1) departure date 
and fuel load for late departing swamp sparrows, 2) fuel load 
for early departing swamp sparrows and 3) departure day in 
late departing house wrens. Despite LBM being important 
with respect to the decision to depart, we only found LBM 
in swamp sparrow to differ between early and late periods. 
Larger body size tends to convey dominance (Brown and 
Maurer 1986, Funghi et al. 2015, Francis et al. 2018), which 
suggests larger individuals may be able to gain priority access 
to resources or higher quality non-breeding habitats and 
subsequently gain fuel faster before migrating earlier. In our 
study, larger bodied individuals within a species tended to 
initiate migration earlier. It is possible that there is a latitu-
dinal trend in body size (i.e. larger-bodied individuals breed 
further north and initiate migration earlier) and/or larger-
bodied individuals may have been able outcompete smaller 
individuals for food and migrate earlier. While our results 
may infer a sex-dependent migration strategy where larger 
bodied males leave earlier as they are under greater time selec-
tion compared to smaller bodied females, which may favor 
energy or risk minimization, our inability to determine the 
sex of the majority of captured birds does not allow us to 
disentangle this potential pattern.

Fuel load explained departure day in late departing house 
wrens and white-throated sparrows as well as early depart-
ing swamp sparrows, such that individuals carried more fuel 
later in the season. Additionally, in all species but kinglet, we 
found late departing individuals tended to carry more fuel 
compared to those initiating migration earlier in the season. 
Interestingly, fuel load also had a strong inverse relationship 
with departure day in early departing kinglets, which may 
explain the lack of difference in fuel load between early and 
late departing individuals. The relationship between fuel load 
and the decision to migrate is no surprise as numerous other 
studies have also documented this relationship during the 
migratory and pre-migratory phases (Lindstrom and Alerstam 
1992, Marra  et  al. 1998, Studds and Marra 2005, 2011, 
Deppe et al. 2015, Sjöberg et al. 2015, Dossman et al. 2016, 
Zenzal et al. 2021; but see Zenzal et al. 2018). The difference 

in condition may suggest that early-departing migrants may 
be attempting to minimize time while late-departing migrants 
may be attempting to minimize the energetic cost of migra-
tion (sensu Alerstam and Lindström 1990, Lindstrom and 
Alerstam 1992, Alerstam 2011). Alternatively, differences in 
fuel load may simply be a result of greater resource abun-
dance later in the season.

Conclusions

It is clear from our study that behavioral decisions related 
to the initiation of migration (i.e. hyperphagia and depar-
ture from the wintering area) are based on a complex set 
of cues for individuals migrating short or medium dis-
tances. While we did find that local predictive cues vary in 
the degree to which they are associated with the initiation 
of spring migration for most species and temporal periods, 
other factors, such as the endogenous program, internal cir-
cumstance and factors beyond the scope of our study (e.g. 
breeding latitude, winds aloft, previous year temperatures), 
are clearly at play and, in some cases, appear stronger than 
local weather cues. For example, fuel load in early departing 
swamp sparrows, departure day in early and late departing 
swamp sparrows, and departure day in early departing white-
throated sparrows were only explained by non-weather vari-
ables in the first component. While individuals may use local 
cues to gauge the optimal time for departure, other factors 
may influence an individual’s ability to depart as found in 
other non-breeding systems (Marra et al. 1998, Studds and 
Marra 2005). Indeed, when our models were able to pre-
dict departure day in late departing ruby-crowned kinglets 
and early departing swamp sparrows, the most important 
variables were temperature for kinglets and LBM as well as 
departure day for swamp sparrows. Our study contributes 
to our understanding of factors that influence the departure 
decisions of species migrating short and medium distances 
as they transition from the non-breeding to the migratory 
phase of the annual cycle.
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