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ABSTRACT
Carry-over effects from one stage of the annual cycle to subsequent stages can have profound effects on individual 
fitness. In migratory birds, much research has been devoted to examining such effects from the nonbreeding to the 
breeding period. We investigated potential carry-over effects influencing spring body condition, breeding phenology, 
and performance for 3 species of sympatric, declining Nearctic–Neotropical migratory swallows: Bank Swallow (Riparia 
riparia), Barn Swallow (Hirundo rustica), and Cliff Swallow (Petrochelidon pyrrhonota). To examine carry-over effects, we 
used structural equation modeling and several intrinsic markers, including stable isotope (δ 2H, δ 13C, and δ 15N) and 
corticosterone (CORT

f
) values from winter molted-feathers, and changes in telomere length between breeding seasons. 

We found support for carry-over effects for all 3 species, however, the specific relationships varied between species 
and sexes. Effects leading to lower breeding performance were only observed in male Bank, female Barn, and female 
and male Cliff Swallows. In most cases, carry-over effects were attributed to differences in stable isotope values (most 
commonly with δ 2H) presumably related to differences in winter habitat use, but, for Cliff Swallows, negative carry-over 
effects were also linked to higher CORT

f
 values and greater rates of telomere shortening. This work provides further 

support for the potential role of nonbreeding conditions on population declines, and indicates how multiple intrinsic 
markers can be used to provide information on ecological conditions throughout the annual cycle.

Keywords: corticosterone, Hirundo rustica, path analysis, Petrochelidon pyrrhonota, Riparia riparia, sand martin, 
stable isotope, telomere

Marcadores intrínsecos múltiples identifican los efectos de arrastre desde los sitios de invernada a los 
sitios reproductivos para tres golondrinas migratorias neárticas–neotropicales

RESUMEN
Los efectos de arrastre desde una etapa del ciclo anual a las siguientes etapas pueden tener efectos profundos en la 
adecuación biológica individual. En las aves migratorias, se ha realizado mucha investigación para examinar estos 
efectos desde el período no-reproductivo al período reproductivo. Investigamos los potenciales efectos de arrastre que 
influencian la condición corporal de primavera, la fenología reproductiva y el desempeño para tres especies simpátricas 
de golondrinas migratorias neárticas-neotropicales en disminución —Riparia riparia, Hirundo rustica y Petrochelidon 
pyrrhonota. Para examinar los efectos de arrastre, usamos modelos de ecuaciones estructurales y varios marcadores 
intrínsecos, incluyendo valores de isótopos estables (δ 2H, δ 13C y δ 15N) y de corticosterona (CORT

f
) provenientes de 

plumas mudadas en invierno, y cambios en el largo del telómero entre estaciones reproductivas. Encontramos apoyo 
para efectos de arrastre para las tres especies; sin embargo, las relaciones específicas variaron entre especies y sexos. 
Los efectos que llevaron a un menor desempeño reproductivo fueron solo observados en los machos de R. riparia, las 
hembras de H. rustica, y las hembras y los machos de P. pyrrhonota. En la mayoría de los casos, los efectos de arrastre 
fueron atribuidos a las diferencias en los valores de los isótopos estables (más comúnmente con δ 2H) presumiblemente 
relacionados con las diferencias en el uso del hábitat de invierno, pero, para P.  pyrrhonota, los efectos de arrastre 
negativos también estuvieron vinculados con valores más altos de CORT

f
 y tasas más grandes de acortamiento de los 

telómeros. Este trabajo brinda apoyo adicional al rol potencial de las condiciones no-reproductivas en la disminución de 
las poblaciones, e indica cómo los marcadores intrínsecos múltiples pueden ser usados para brindar información de las 
condiciones ecológicas a través del ciclo anual.

Palabras clave: análisis de rutas, ciclo anual, corticosterona, efecto de arrastre, Hirundo rustica, isótopo estable, 
Petrochelidon pyrrhonota, Riparia riparia, telómero
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INTRODUCTION
Throughout the annual cycle, environmental conditions, 
like weather and habitat quality, affect species fecundity 
and survival. These conditions have important implications 
for species evolution, ecology, and conservation through 
their effects on fitness and population dynamics (Sherry 
and Holmes 1996, Wingfield 2008). For migratory spe-
cies that move large distances over the course of their an-
nual cycle, environmental conditions that affect fecundity 
and/or survival vary spatially and temporally (Sherry and 
Holmes 1996, Rushing et al. 2016). Ecological conditions 
experienced at one stage can affect survival and fecundity 
at a later period (Webster and Marra 2005, Harrison et al. 
2011, O’Connor et al. 2014). When this occurs at the indi-
vidual level, these are known as carry-over effects.

Carry-over effects have been investigated extensively 
in migratory birds, with much of the work focusing on 
how environmental conditions during the nonbreeding 
period affect subsequent migration and breeding. For 
many species, poor conditions during the nonbreeding pe-
riod, especially those associated with reduced food avail-
ability, can result in higher stress levels, lower survival 
rates, and poor body condition, with the latter leading to 
delays in the timing of migration departure or arrival on 
the breeding grounds, and ultimately results in reduced 
breeding performance (e.g., Marra et al. 1998, Norris et al. 
2004, Rockwell et al. 2012, Goodenough et al. 2017). These 
effects may vary with the age and sex of an individual (e.g., 
Saino et al. 2004, 2017; Drake et al. 2013, López-Calderón 
et al. 2017b). For one well-studied species, the American 
Redstart (Setophaga ruticilla), individuals that wintered in 
areas with low food availability had higher levels of stress 
(Marra and Holberton 1998, Angelier et al. 2013) and lower 
body condition (Marra and Holmes 2001, Johnson et  al. 
2006, Angelier et al. 2011) than those that wintered in areas 
with high food availability. During the subsequent breeding 
season, the former individuals also arrived on the breeding 
grounds later, bred later, and raised fewer offspring (Norris 
et al. 2004). Indeed, under some circumstances, carry-over 
effects from the nonbreeding period may have a stronger 
influence on breeding performance than conditions during 
the breeding period (Finch et al. 2014), thus highlighting 
the importance of understanding the effects of environ-
mental conditions throughout the annual cycle.

Many recent studies have used intrinsic markers from 
a variety of tissues to gather information on the hab-
itat used or stress levels experienced by birds during 
the nonbreeding period. In keratinous tissues, like nails 
and feathers, intrinsic markers provide an indicator of 
conditions during the period of tissue growth. Naturally 
occurring stable isotope abundance in avian tissues can 
provide information on habitat conditions experienced 
during the nonbreeding period (e.g., Marra et  al. 1998, 

González-Prieto and Hobson 2013, Werner et  al. 2016, 
López-Calderón et  al. 2017b, Hobson 2019). Stable iso-
tope abundance for several elements vary in response to 
a variety of biogeochemical processes. For example, sev-
eral well-described processes result in predictable patterns 
in H and O stable isotopes (δ 2H, δ 18O) in precipitation 
(Craig 1961, Dansgaard 1964, Bowen et  al. 2005, Bowen 
and West 2019) and these patterns are passed through 
the food web to animal consumers. The use of δ 2H and 
δ 18O measurements in wildlife research is now a popular 
means of tracing origins of individuals and populations 
(Bowen and West 2019, Hobson 2019), but important in-
formation on biomes occupied can also be gleaned from 
these analyses. For example, regions of heavy rainfall are 
often associated with lower δ 2H and δ 18O values (López-
Calderón et al. 2017b) and animal tissues become depleted 
in deuterium (2H) with altitude (Hobson et al. 2003) and 
generally increase in more evaporative xeric conditions 
(but see Hobson and Koehler 2015). Plant photosynthetic 
mechanisms (C3, C4, and CAM) and water stress deter-
mine C stable isotope ratios (δ 13C) in plants (Ehleringer 
1988, Marshall et al. 2007, Powell et al. 2012), forming the 
basis of using these isotopes in terrestrial ecosystem re-
search (Tieszen and Boutton 1988). In general, we expect 
lower δ 13C values in mesic or humid conditions and higher 
values in more xeric conditions (Ehleringer 1988). Climate, 
N fixation, and anthropogenic sources of N influence base-
line food web N stable isotope (δ 15N) abundance (Hebert 
and Wassenaar 2001, Craine et al. 2009), but higher δ 15N 
values are expected with lower precipitation (Austin and 
Vitousek 1998). Thus, while stable isotopes in consumers 
may be used to infer the characteristics of their habitats or 
diet during the nonbreeding period (e.g., Wassenaar and 
Hobson 2000, Norris et al. 2004, Evans et al. 2012), the large 
number of factors that can affect these values can make it 
difficult to predict relationships without knowledge of the 
specific areas where individuals are found and their diets.

Other intrinsic markers can provide information on 
stress. Corticosterone, another commonly used intrinsic 
marker, is a hormone that is released through activation 
of the hypothalamic-pituitary-adrenal axis in response 
to challenging environmental conditions (Romero 2004, 
Landys et  al. 2006, Wingfield 2013). Levels of corticos-
terone vary according to the energetic status of individuals 
(Lynn et al. 2010, Angelier et al. 2015, Krause et al. 2017) 
and elevated corticosterone levels in non-migratory 
individuals are often associated with poor environmental 
conditions (Dickens and Romero 2013), like low food 
availability (Marra and Holberton 1998, Fairhurst et  al. 
2013). Finally, changes in telomere length between sam-
pling periods (referred to as telomere dynamics) can be 
used to determine stress-related aging. Increased rates of 
telomere shortening are associated with oxidative stress, 
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an imbalance between the production of reactive oxygen 
species and antioxidant defences (Reichert and Stier 2017), 
and poor environmental conditions (Angelier et al. 2018), 
like poor habitat quality (Angelier et al. 2013, Young et al. 
2013). Unlike stable isotopes and corticosterone measured 
in keratinous tissues, this method can provide an indicator 
of environmental constraints across a longer period of time 
(Haussmann et al. 2012, Monaghan 2014).

Different intrinsic markers provide insight into aspects of 
the conditions experienced by individuals during different 
stages of their annual cycle, although each marker is associ-
ated with inherent weaknesses. Several studies (e.g., Norris 
et al. 2004, Paxton and Moore 2015, Latta et al. 2016, López-
Calderón et  al. 2017b) have used intrinsic markers to ex-
amine carry-over effects during the annual cycle. However, 
these studies typically rely on a single intrinsic marker for 
determining nonbreeding habitats or stress. In fact, we are 
only aware of one study to date that has used 3 intrinsic 
markers (i.e. δ 15N, CORTf, and telomere dynamics, Young 
et al. 2017). Therefore, using multiple intrinsic markers may 
be an important approach to minimizing these weaknesses 
associated with each individual marker. Furthermore, despite 
the considerable research linking nonbreeding conditions to 
subsequent reproductive success for Palearctic–Afrotropical 
migratory birds and Nearctic–Neotropical migratory birds 
that winter in Central America (e.g., Saino et al. 2004, 2017; 
López-Calderón et  al. 2017b), potential carry-over effects 
from the nonbreeding period on breeding have not been 
examined for Nearctic–Neotropical migrant birds that 
winter in South America. Intrinsic markers may be an im-
portant approach for examining carry-over effects for spe-
cies wintering in this region.

The overarching goal of our research was to determine if 
conditions during nonbreeding result in carry-over effects 
from nonbreeding to breeding for 3 declining species of 
swallows—Bank Swallow (Riparia riparia), Barn Swallow 
(Hirundo rustica), and Cliff Swallow (Petrochelidon 
pyrrhonota)—that winter in South America and breed 
in North America. To determine if there were carry-over 
effects related to nonbreeding habitat conditions, we 
analyzed stable isotopes (δ 2H, δ 13C, and δ 15N) and corti-
costerone (CORTf) in winter-molted feathers (Imlay et al. 
2017, 2018b) to determine nonbreeding habitat conditions 
and stress levels during this period, respectively. We ex-
pect that CORTf levels in winter-molted feathers reflect 
environmental conditions during the winter, rather than 
higher circulating CORT levels for premigratory fattening 
(Holberton 1999, Piersma et al. 2000). To determine stress-
related aging (hereafter stress) across the nonbreeding pe-
riod, we also measured changes in telomere length between 
years from blood. Finally, we determined if carry-over 
effects varied across species and sexes (e.g., Norris et  al. 
2004, Rockwell et al. 2012, Drake et al. 2013, Goodenough 
et al. 2017, López-Calderón et al. 2017b, Saino et al. 2017).

Given the large number of local and landscape level 
factors that can affect stable isotope values, and the 
lack of knowledge around stable isotope values in the 
areas where these species winter (i.e. southern Brazil 
to northern Argentina; Garcia-Perez and Hobson 2014, 
Hobson et al. 2015, Imlay et al. 2018a), we did not make 
strong predictions for the direction of the relationships be-
tween δ 2H, δ 13C, or δ 15N and CORTf, telomere dynamics, 
body condition, and clutch initiation date. We did expect 
all of these isotopes to be higher in more xeric areas and 
lower in mesic regions. Based on past research with other 
migratory birds, including with Palearctic–Afrotropical 
populations of Barn Swallows, we predicted the following 
relationships if swallows experienced carry-over effects 
from the nonbreeding period (Figure 1). First, we predicted 
that higher CORTf levels and greater rates of telomere 
shortening would result in lower body condition and/or 
later clutch initiation dates (Marra and Holberton 1998, 
Harms et al. 2015). Second, we predicted that lower body 
condition and/or later clutch initiation dates would result 
in lower breeding performance, such as smaller clutches, 
fewer surviving nestlings, and/or a decreased probability 
of double-brooding (Saino et al. 2004, 2017; Harms et al. 
2015, López-Calderón et al. 2017b). Although we describe 
these effects in terms of the negative effect they have on 
individuals, we recognize that carry-over effects also have 
beneficial effects on the species that spend the nonbreeding 
period in high-quality habitats.

METHODS

Field Methods
From May to August 2014 to 2016, we monitored Bank, 
Barn, and Cliff swallow nests at several sites in New 
Brunswick, Canada. Bank Swallows were monitored at 3 
colonies along the Tantramar River (45.90°N, 64.34°W), 
and Barn and Cliff swallows were monitored at 3 colo-
nies within 50 km of Moncton (46.09°N, –64.78°W). We 
typically checked nests every 2–3  days using mirrors 
mounted on poles, except when severe rainfall prevented 
nest monitoring at Bank Swallow colonies. From these 
nest checks, we identified clutch initiation and hatching 
dates, clutch size, and the number of surviving nestlings at 
12 days post-hatch. We assumed the number of surviving 
nestlings should reflect fledgling success as survival after 
day 10 is high for these species (Brown and Bomberger 
Brown 1999, Ambrosini et al. 2002).

We captured adult swallows to determine nest owner-
ship and to collect feather and blood samples. For Bank 
Swallows, we used tube traps (Morris 1942) to determine 
nest ownership. For Barn and Cliff swallows, we applied a 
small amount of different colored, non-toxic LA-CO All-
weather Paintstiks (QC Supply, Schuyler, Nebraska, USA) 
to the rim or entrance of nests which then transferred to 
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the feet, breast, belly, and/or tail feathers of the adults. 
Once captured in mist nets, we assigned nest ownership 
based on paint colors. To determine feather stable isotope 
values and CORTf, we collected 3–4 contour feathers from 
the flanks of all 3 species. Based on previous work (Imlay 
et al. 2017), we assumed that these contour feathers were 
molted during the nonbreeding period and would therefore 

reflect habitat stable isotope values and circulating corti-
costerone levels during this time. To determine telomere 
length, we collected a small blood sample (<70 µL) from all 
3 species and transferred those blood samples to Whatman 
FTA classic cards (Smith and Burgoyne 2004). We also 
measured mass and wing cord, and banded all adults with 
a Canadian Wildlife Service aluminum band.

FIGURE 1.  The causal relationships between nonbreeding habitat conditions, stress, and potential carry-over effects for Bank, Barn, 
and Cliff swallows; (A) was used for all corticosterone path analyses, (B) was used for the Barn Swallow telomere dynamics path analysis, 
and (C) was used for Bank and Cliff Swallow telomere dynamics path analysis. The red and black arrows indicate relationships that are 
anticipated to be negative and positive, respectively, and dashed arrows indicate paths where we are uncertain about the relationship.
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Stable Isotope Analysis
Our stable isotope analysis followed the same procedure as 
Imlay et al. (2018a). Briefly, we soaked all feather samples in 
a 2:1 chloroform:methanol solution for 24 hr and then air-
dried them at room temperature for 24 hr in a fume hood. 
Next, small amounts of feather vane were weighed and 
placed into silver (δ 2H) or tin (δ 13C and δ 15N) cups. Then, 
to determine δ 2H, samples were either analyzed using a 
Thermo-Finnigan High Temperature Conversion Elemental 
Analyzer (Thermo-Finnigan, Bremen, Germany) and a 
Delta XP mass spectrometer (Thermo-Finnigan), or using 
a Eurovector elemental analyzer (Eurovector, Milan, Italy) 
with an Elementar Isoprime continuous flow isotope-ratio 
mass spectrometer (Isoprime, Manchester, UK). Results 
were calibrated with 2 keratin reference materials (e.g., 
caribou hoof keratin standard [–197.0‰] and kudu horn 
keratin standard [–54.1‰]). To determine δ 13C and δ 15N, 
samples were either analyzed with a Carlo Erba  (Milan, 
Italy) NC2500 or Costech 4010 Elemental Analyzer 
(Costech Analytical Technologies, Valencia, California, 
USA) with a Delta Plus or XP continuous flow isotope-ratio 
mass spectrometer (Thermo-Finnigan) interfaced with a 
Conflow II or III (Thermo Scientific, Bremen, Germany) 
and calibrated with 3 reference materials (nicotinamide 
[δ 13C: –34.5‰, δ 15N: –1.7‰], bovine liver [δ 13C: –18.8‰, 
δ 15N: 7.2‰], and smallmouth bass Micropterus dolomieu 
muscle [δ 13C: –23.4‰, δ 15N: 12.31‰]), or using a Costech 
ECS4010 Elemental Analyzer with a Delta V Advantage 
mass spectrometer with Conflow IV interface (Thermo 
Instruments, Bremen, Germany)  and calibrated with 2 
reference materials (powdered keratin (Bowhead Whale 
Baleen II) [δ 13C: –20.0‰, δ 15N: –14.1‰] and gelatin [δ 13C: 
–13.6‰, δ 15N: –4.7‰]). These analyses were conducted 
at 3 different labs: Stable Isotopes in Nature Laboratory, 
University of New Brunswick (δ 2H, δ 13C, and δ 15N), Stable 
Isotope Hydrology and Ecology Laboratory, Environment 
and Climate Change Canada (δ 2H), and Department of 
Soil Science Laboratory, University of Saskatchewan (δ 13C 
and δ 15N).

We expressed stable isotope values in standard delta 
(δ) notation as parts per thousand (‰) deviation from 
the international standards: non-exchangeable hydrogen 
(Vienna Standard Mean Ocean Water), carbon (Vienna 
Pee Dee Belemnite), and nitrogen (atmospheric nitrogen). 
From within-run replicates measurements of laboratory 
standards, we estimated the measurement error to be 
±2.0‰ for δ 2H, ±0.1‰ for δ 13C, and ±0.2‰ for δ 15N.

Corticosterone Analysis
To determine CORTf, we used a corticosterone (IgG) assay 
similar to Baxter-Gilbert et  al. (2014). Briefly, feathers 
were first washed with distilled water and air-dried, and 
then sprayed with 100% methanol and air-dried. Next, 
feathers were measured for length and mass, and then fully 

submerged in methanol for 24 hr in a 50°C waterbath. The 
extract was then removed, evaporated under air for up to 
48 hr, and stored at –20°C until analyzed. Prior to conducting 
the enzyme immunoassay (EIA), the evaporated extracts 
were reconstituted with 0.15  mL of EIA buffer resulting 
in a 33.3× concentration of the sample. To obtain CORTf 
values, anti-corticosterone antibody (CJM006, C. Munro, 
University of California, Davis, California, USA) and 
corticosterone-horseradish peroxidase label (C. Munro, 
University of California) were used. On each plate, corti-
costerone standards (Steraloids,  Newport, Rhode Island, 
USA; Q1550, 39–10,000 pg mL–1), assay controls, and 
reconstituted extracts diluted in EIA buffer were loaded in 
duplicate. Assay sensitivity was 107.1 pg mL–1 and inter- 
and intra-assays coefficients of variation were 19.2% and 
4.4%, respectively. Parallelism between serially concen-
trated samples (neat, 5×, 10×, etc.) and the standard curve 
was obtained, and the optimal concentration was selected 
for analysis of the experimental samples. The standard 
error (±SE) in mass around the mean of feather samples 
for Bank, Barn, and Cliff swallows was small (1.7 ± 0.003, 
1.6 ± 0.002, and 1.9 ± 0.005 mg, respectively), suggesting 
that differences in sample mass within species were un-
likely to affect our results (Lattin et al. 2011).

CORTf was standardized by the total feather length, from 
the start of the calamus to the tip of the feathers included 
in assay and expressed as pg mm–1. For samples where 
the exact value of CORTf could not be determined (<0.01 
pg mm–1), we set the numerical value of these samples to 
0.009 pg mm–1 (Bank: n = 115/152, Barn: n = 44/156, and 
Cliff: n = 18/125). These low, undetermined values may be 
due to the small mass of our feather samples, and/or in-
terspecific differences in CORTf levels. For Barn and Cliff 
Swallows, we used the log of CORTf values in our analyses 
to normalize the data. Since 75.7% of the feather extracts 
for Bank Swallows resulted in CORTf levels that were too 
low to measure, we did not include CORTf as a response or 
explanatory variable in our analyses for this species.

Telomere Analysis
To determine telomere length, we cut 2  mm2 of the 
FTA card and extracted DNA using a Mascherey-Nagel 
Nucleospin Tissue kit by following the manufacturer’s 
protocol. DNA purity and quality were then assessed by 
using a Nanodrop spectrophotometer. Telomere length 
was measured by using the monochrome multiplex quan-
titative PCR method (MMqPCR) on a BioRad CFX 96 
(Bio-Rad  Laboratories, Hercules, California, USA). This 
MMqPCR method has been previously used to monitor 
telomere length in humans (Cawthon 2009) and wild birds, 
including European Barn Swallows (Parolini et  al. 2015). 
Therefore, we followed the protocol described by Parolini 
et  al. (2015) with slight modifications, as outlined in the 
Supplementary Material Text.
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To determine telomere length for individuals captured 
in at least 2 subsequent years, we subtracted telomere 
length in the first year the individual was captured from 
the telomere length in the second year. Negative values in-
dicated telomeres that shortened between years and posi-
tive values indicated telomeres that elongated. Since adults 
were first captured about 1 yr apart from the previous 
year’s capture (Bank: 357.8  ±  1.4, Barn: 360.9  ±  1.9, and 
Cliff: 360.6  ±  1.6  days), we did not standardize telomere 
length by the time between captures.

Statistical Analysis
Relationships between nonbreeding habitat, stress, and po-
tential carry-over effects were investigated using piecewise 
structural equation modeling (Lefcheck 2016). This type 
of confirmatory path analysis allows for multiple explan-
atory and response variables in a causal network but does 
not include latent (i.e. unmeasured) variables (Shipley 
1997). This method is appropriate for smaller numbers of 
observations, assuming that the sample size is sufficient 
for each component of the model (Lefcheck 2016), and 
it is recognized as a powerful tool for examining carry-
over effects (Souchay et  al. 2018). The piecewise struc-
tural equation model we selected for our path analysis 
(piecewiseSEM, Lefcheck 2016) analyzes each component 
of the model as a (generalized) linear (mixed) model, such 
that each component includes a response and 1 or more 
explanatory variables. Therefore, below we describe our 
analysis in 3 stages: (1) selection of the variables to include 
in the analyses, (2) selection of the (generalized) linear 
mixed model or linear model to include in the overarching 
path analysis, and (3) testing for missing relationships.

First, we selected 5 groups of variables for the path anal-
ysis (Table 1): (1) nonbreeding habitat measured by δ 2H, 

δ 13C, and δ 15N; (2) nonbreeding stress measured by CORTf 
or telomere dynamics; (3) body condition measured by the 
ratio between mass and wing cord; (4) breeding phenology 
measured by the clutch initiation date for female swallows; 
and (5) breeding performance measured by clutch size for 
female swallows, the number of surviving nestlings, and 
whether or not the individual raised 2 broods. During our 
study, double-brooding was either not observed or only 
observed once for Bank and Cliff swallows, respectively, 
therefore this variable was only included in analyses for 
Barn Swallows; it may be a better metric for annual re-
productive success than the number of surviving nestlings 
from the first brood (Møller 1990). The last 3 groups of 
variables (i.e. body condition, breeding phenology, and 
breeding performance) were all considered potential 
carry-over effects from the nonbreeding period.

Second, using the variables above, we a priori identified 
potential causal relationships between variables for each 
model in our path analysis (Figure 1, Table 1). The first linear 
model examined the effects of nonbreeding habitat on stress 
(CORTf or telomere dynamics ~d2H + d13C + d15N). Our 
second linear model examined the effects of nonbreeding 
habitat and stress on body condition (body condition 
~d2H + d13C + d15N + CORTf or telomere dynamics). Our 
third linear model examined the effects of nonbreeding 
habitat and stress on breeding phenology (clutch initiation 
date ~d2H + d13C + d15N + CORTf or telomere dynamics). 
Our fourth model examined the relationship between body 
condition and breeding phenology. Since the conditions of 
swallows was measured after they began breeding, we were 
uncertain about the relationship between these variables 
(i.e. whether body condition affected clutch initiation date 
or vice versa), therefore, like López-Calderón et al. (2017b), 
we do not define the direction of this relationship, instead 

TABLE 1. Summary of the variables included in our path analyses for each species

Group Variables Details Path analysesa

Bank Barn Cliff

Nonbreeding habitat δ 2H Measured from feathers molted during the winter C,T C,T C,T
δ 13C Measured from feathers molted during the winter C,T C,T C,T

 δ 15N Measured from feathers molted during the winter C,T C,T C,T
Nonbreeding stress CORT

f
Measured from feathers molted during the winter  C C

Telomere dynamics Measured between 2 consecutive breeding seasons T T T
Breeding body condition Body condition (Mass/wing cord) × 100 C,T C,T C,T
Breeding phenology Clutch initiation date Date the first egg was laid b C(F) C(F) C(F)
Breeding performance Clutch size Number of eggs laid b C(F) C(F) C(F)
 Number of surviving 

nestlings
Number of surviving young b C C,T C

 Double-brooded Whether or not an individual produced a second brood 
after successfully raising their first brood 

 C,T  

a Abbreviations: C = included in path analyses for both sexes when CORT
f
 was our indicator of stress; C(F) = included in path analyses 

for female swallows when CORT
f
 was our indicator of stress; and, T = included in path analyses when telomere dynamics was our indi-

cator of stress.
b For Barn Swallows that double-brooded, this refers to the clutch initiation date, and number of eggs laid and surviving young from 
the first brood.
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we examine the correlation between these variables. Our 
fifth model examined the effects of nonbreeding stress, 
body condition, and breeding phenology on breeding per-
formance (clutch size, the number of surviving nestlings, 
or double-brood ~CORTf or telomere dynamics  +  body 
condition  +  clutch initiation date). Finally, our sixth 
model examined the effects of clutch size on the number 
of surviving nestlings (number of surviving nestlings 
~clutch size).

It was not possible to include CORTf and telomere dy-
namics in the same path analysis as we needed an indi-
vidual to be recaptured in at least 2 consecutive years to 
measure telomere dynamics. This resulted in consider-
ably fewer individuals for analyses on telomere dynamics 
than CORTf, so these indicators of stress were modeled 
in separate path analyses, referred to as either the CORTf 
or telomere dynamics analysis. This is unlikely to result in 
missing important relationship as CORTf was unrelated to 
telomere length or dynamics for Barn and Cliff swallows 
(Supplementary Material Table S1).

Therefore, for each species, we undertook 3 path 
analyses. The first 2 used CORTf as our indicator of stress, 
and we modeled the response of females and males sep-
arately (Figure 1A, Table 1). We also undertook a similar 
analysis for both sexes of Barn Swallows when telomere dy-
namics were included as our indicator of stress (Figure 1B, 
Table 1). For Bank and Cliff swallows, our sample size was 
insufficient for a similar analysis with telomere dynamics 
as our indicator of stress. Therefore, for these 2 species, 
we used a less complex path analysis that only included the 
first 2 models described above (Figure 1C, Table 1).

In our analysis, we mostly used linear mixed models with 
individual ID as a random effect to account for the capture 
of the same individual across several years. However, there 
were a few exceptions to the use of linear mixed models. For 
2 dependent variables, we used a generalized linear mixed 
model with a Poisson (number of surviving nestlings) or 
binomial (double-brooding) distribution with individual 
ID as a random effect. We also used a linear regression 
for all dependent variables in the Cliff Swallow telomere 
analysis as all individuals were only included once. Also, 
all explanatory variables were scaled by subtracting the 
mean and dividing by the standard deviation. Prior to per-
forming the path analyses, we calculated variance inflation 
factors (VIFs) for all explanatory variables to determine if 
there was collinearity among our predictors (Petraitis et al. 
1996); all VIFs were ≤1.57, indicating minimal collinearity.

After performing the analyses, we tested whether the 
models were missing relationships among unconnected 
variables for all complex models, using a directed sepa-
ration test (Shipley 2000). Directed separation tests in-
dicated that there were no missing relationships in any 
model (P > 0.05) for Barn Swallows. However, for Bank and 

Cliff swallows in the corticosterone analyses, these tests 
indicated that there were missing relationships between 
δ 13C and the number of surviving nestlings for male Bank 
and Cliff swallows (P = 0.028 and 0.011, respectively), and 
CORTf and the number of surviving nestlings for female 
Cliff Swallows (P = 0.015). Therefore, we also added these 
relationships to the analysis and present the results below.

All analyses were conducted in R 3.4.3 (R Core Team 
2017) with package lme4 (Bates et  al. 2015). Below, we 
restrict our interpretation of these analyses to explan-
atory variables with a significant (P < 0.05) effect on the 
response; this may result in some analyses not describing 
all of the variables identified above. Also, β estimates re-
ported in the results are ±SE. Full model results tables 
with the estimates and standard errors are presented in 
Supplementary Material Tables S2–S4 and the significant 
relationships between many variables are illustrated in 
Supplementary Material Figures S1–S10.

RESULTS

Relationships between nonbreeding habitat, stress, and 
potential carry-over effects varied by species and sex. In 
general, for the 3 species, we observed carry-over effects 
from nonbreeding habitat and/or stress on body condi-
tion, breeding phenology, and/or performance (Figure 2). 
Below, we describe our results for each species and sex in 
greater detail.

Bank Swallow
For female Bank Swallows in the corticosterone path anal-
ysis, there were no relationships between nonbreeding 
habitat and body condition, breeding phenology, or 
breeding performance (Figure 2). Body condition was, 
however, negatively related to the number of surviving 
nestlings, with larger females having fewer surviving young 
on day 12 (β = –0.14 ± 0.07, P = 0.048). Similarly, clutch 
initiation dates were negatively related to clutch size, with 
early nesting birds having larger clutches (β = –0.53 ± 0.09, 
P < 0.001). In turn, clutch size was positively related to the 
number of surviving nestlings with larger clutches having 
higher survival (β = 0.17 ± 0.08, P = 0.041).

For male Bank Swallows in the corticosterone path 
analysis, δ 13C had a negative effect on the number of 
surviving nestlings, with males wintering in areas of higher 
δ 13C having fewer surviving nestlings (β  =  –0.19  ±  0.08, 
P  =  0.026; Figure 2). Body condition was negatively 
correlated with clutch initiation date, with larger males 
nesting earlier (r  =  –0.32, P  =  0.005). Clutch initiation 
dates were negatively related to the number of surviving 
nestlings, with early nesting birds having higher survival 
(β = –0.19 ± 0.09, P = 0.040).
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Finally, we examined potential carry-over effects for both 
sexes of Bank Swallows in the telomere path analysis. In this 
analysis, δ 2H had a positive effect on body condition, with 
individuals wintering in areas with lower δ 2H having lower 
condition (β = 0.01 ± 0.00, P = 0.002; Figure 3).

Barn Swallow
For female Barn Swallows in the corticosterone path anal-
ysis, there was a negative relationship between δ 2H and 

clutch initiation dates, with females wintering in areas with 
lower δ 2H nesting later (β = –0.30 ± 0.12, P = 0.012; Figure 
2). In turn, clutch initiation date had a negative effect on 
clutch size, with early nesting birds having larger clutches 
(β  =  –0.33  ±  0.10, P  =  0.001), and clutch size was pos-
itively related to the number of surviving nestlings, with 
smaller clutches having lower survival (β  =  0.41  ±  0.09, 
P  <  0.001). Clutch initiation date also had a negative ef-
fect on double-brooding, with early nesting birds having 

FIGURE 2.  Path diagrams showing the causal relationships between nonbreeding habitat conditions, CORT
f
, and potential carry-over 

effects for Bank, Barn, and Cliff swallows in the corticosterone path analyses for females and males, respectively. Nonsignificant paths 
are not displayed.
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a higher incidence of double-brooding (β = –2.35 ± 0.74, 
P = 0.002). Values of δ 15N and body condition were neg-
atively related, with females wintering in areas of lower 
δ 15N having higher condition (β = –0.28 ± 0.12, P = 0.024). 
However, neither δ 15N nor body condition had an effect on 
breeding phenology or performance.

For male Barn Swallows in the corticosterone path 
analysis, δ 2H had a positive effect on CORTf, with males 
wintering in areas with lower δ 2H having lower CORTf 
(β = 0.27 ± 0.12, P = 0.029; Figure 2). Also, δ 2H had a neg-
ative effect on body condition, with males wintering in 
areas with more negative δ 2H values having higher body 
condition (β = –0.26 ± 0.12, P = 0.042). Additionally, as we 
observed for females, clutch initiation date had a negative 
effect on double-brooding, with early nesting birds having 
a higher incidence of double-brooding (β = –4.83 ± 2.16, 
P = 0.025).

Finally, for both sexes in the telomere path analysis, δ 2H 
had a negative effect on telomere dynamics, with individuals 
wintering in areas with lower δ 2H experiencing greater 
rates of telomere shortening (β = –0.30 ± 0.13, P = 0.027; 
Figure 3). However, neither δ 2H nor telomere dynamics 
had subsequent effects on body condition, breeding phe-
nology, or performance. Nonetheless, as observed in the 
corticosterone analyses, clutch initiation date had a nega-
tive effect on double-brooding with a higher incidence of 
double-brooding for early nesting birds (β = –1.10 ± 0.53, 
P = 0.038).

Cliff Swallow
For female Cliff Swallows in the corticosterone path anal-
ysis, there was a negative relationship between δ 2H and 
body condition, with females wintering in areas with lower 
δ 2H having higher condition (β = –0.30 ± 0.13, P = 0.027; 
Figure 2). There was also a negative relationship between 
CORTf and the number of surviving nestlings, with females 
with lower CORTf having more nestlings (β = –0.29 ± 0.12, 
P = 0.014). Clutch initiation date had a negative effect on 

clutch size and the number of surviving nestlings, with 
early nesting birds laying larger clutches and having more 
nestlings (β = –0.38 ± 0.12, P = 0.004 and β = –0.28 ± 0.11, 
P = 0.010, respectively), and clutch size was positively re-
lated to the number of surviving nestlings, with smaller 
clutches having lower survival (β = 0.33 ± 0.13, P = 0.010).

For male Cliff Swallows in the corticosterone path anal-
ysis, there was a positive relationship between δ 13C and 
the number of surviving nestlings, with males wintering in 
areas with lower δ 13C having lower survival (β = 0.30 ± 0.12, 
P  =  0.012; Figure 2). Also, there was a negative relation-
ship between CORTf and body condition, with males with 
lower CORTf having higher condition (β  =  –0.25  ±  0.12, 
P = 0.046). In turn, body condition was positively related to 
the number of surviving nestlings, with males in lower con-
dition having fewer nestlings (β = 0.24 ± 0.11, P = 0.036). 
Clutch initiation dates were negatively associated with the 
number of surviving nestlings, with early nesting birds 
having more nestlings (β = –0.51 ± 0.12, P < 0.001).

Finally, we examined potential carry-over effects for 
both sexes of Cliff Swallows in the telomere path analysis. 
There was a positive relationship between telomere dy-
namics and body condition, with individuals which expe-
rienced greater rates of telomere shortening having lower 
condition (β = 0.01 ± 0.00, P = 0.006; Figure 2).

DISCUSSION

Our findings show that environmental conditions during 
the nonbreeding period (as indicated with δ 2H, δ 13C, δ 15N, 
CORTf, and telomere dynamics) resulted in carry-over 
effects during breeding for declining populations of Bank, 
Barn, and Cliff swallows, however, the particular effects 
differed with species and sex. Male Bank Swallows, fe-
male Barn Swallows, and female and male Cliff Swallows 
had carry-over effects from nonbreeding conditions that 
ultimately resulted in lower annual reproductive suc-
cess through fewer surviving young and, for female Barn 

FIGURE 3.  Path diagrams showing the causal relationships between nonbreeding habitat conditions, telomere dynamics, and 
potential carry-over effects for Bank, Barn, and Cliff swallows in the telomere dynamics path analysis for both sexes. Nonsignificant 
paths are not displayed.
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Swallows, a lower incidence of double-brooding. For fe-
male Bank Swallows, there was no support for carry-over 
effects from nonbreeding to breeding, and, for male Barn 
Swallows, nonbreeding conditions only affected CORTf 
and body condition. Most of these relationships were 
consistent with our predictions, including higher CORTf 
resulting in lower body condition for male Cliff Swallows, 
and lower body condition and/or earlier clutch initia-
tion dates resulting in lower reproductive success for all 
3 species.

Many of the relationships we observed were associated 
with varying values of δ 2H. Male Barn Swallows had higher 
CORTf values and both sexes of Barn Swallows had greater 
rates of telomere shortening after wintering in areas with 
higher δ 2H. Additionally, for male Barn Swallows and fe-
male Cliff Swallows, higher δ 2H was also associated with 
lower body condition. Overall, these results support the 
idea that constraining wintering conditions can affect 
stress and body condition. Similar effects have also been 
observed in Palearctic–Afrotropical swallows (Saino et al. 
2004, 2017, López-Calderón et  al. 2017b) wintering in 
areas with higher δ 2H.

Although we did not make any strong predictions 
for these relationships (Figure 1), it is well established 
that feather δ 2H reflects underlying precipitation-based 
isoscapes at continental scales (Hobson et al. 2012, Hobson 
and Wassenaar 2018). For North America, such isotopic 
patterns follow strong latitudinal gradients, but this is 
only the case for the southern half of South America. The 
northern half of South America has a feather δ 2H isoscape 
dominated by fairly constant and lower values through the 
Amazon basin with general enrichment in more equatorial 
regions (Bowen et al. 2005). Using the stable isotope ap-
proach, previous research (Garcia-Perez and Hobson 2014, 
Imlay et al. 2018b) has described wintering areas for all 3 
species from eastern Canada coincident with east central 
and southern Brazil outside of the Amazon and northern 
Argentina. Within that broad area, swallows could de-
rive from several regions differing isotopically. So, feather 
δ 2H values are expected to reflect both continental-level 
patterns as well as potentially much more local effects. 
For example, in West Africa, higher δ 2H values in House 
Martins have been attributed to lower insect abundance 
in areas that receive less rainfall (López-Calderón et  al. 
2017a), and decreased rainfall is associated with lower 
body condition for other Palearctic–Afrotropical migrants 
and Nearctic–Neotropical migrants in Central America 
(Strong and Sherry 2000, van den Brink 2004, Angelier 
et  al. 2011, Wunderle et  al. 2014, López-Calderón et  al. 
2017b). However, those relationships have not yet been 
established in South America, and, at more local scales, 
higher δ 2H could also be associated with other environ-
mental and hydrological processes (summarized in West 

et al. 2006). We acknowledge that our feather δ 2H data are 
challenging to interpret and can reflect both migration dis-
tance (with southernmost wintering swallows reflecting a 
latitudinal gradient with lower δ 2H; see Figure 3 in Garcia-
Perez and Hobson 2014) and more local conditions, where 
swallows wintering in drier or higher evaporative regions 
are expected to show higher feather δ 2H values. Regardless, 
individuals with different feather δ 2H values come from 
different winter areas (within an error of ~10–12‰). 
Ultimately, the strongest inferences will be based on the 
weight of evidence from all isotopes measured.

In contrast to male Barn Swallows and female Cliff 
Swallows, Bank Swallows with lower δ 2H were associated 
with lower body condition, and, for female Barn Swallows, 
lower δ 2H was also associated with later breeding and 
lower performance. Lower δ 2H in this case may be asso-
ciated with longer migration distance vs. higher rainfall in 
the wintering areas. Alternatively, it is possible that, like 
Black and White Warblers (Mniotilta varia; Paxton and 
Moore 2015), Bank and female Barn Swallows wintered in 
higher quality habitats (i.e. lower δ 2H with higher rainfall), 
initiated migration earlier, but due to poor environmental 
conditions during migration either arrived in poor condi-
tion or began breeding later and with lower performance.

We also observed carry-over effects associated with 
δ 13C and δ 15N. In general, lower values of both isotopes 
are associated more with cooler, more mesic conditions, 
but departures from this trend occur due to several (often 
anthropogenic) conditions (e.g., Briones et al. 2001, Drake 
et al. 2013, Fairhurst et al. 2013). In our study, lower δ 13C 
values were associated with higher and lower numbers of 
surviving nestlings for male Bank and Cliff swallows, re-
spectively. Also, for female Barn Swallows, higher δ 15N 
values were associated with lower body condition. Similar 
to the relationships with δ 2H, interpreting the landscape-
level factors that drive these relationships is difficult, es-
pecially as other studies demonstrating carry-over effects 
as a result of these variables vary in their specific findings, 
even within a single species. For example, female House 
Martins (Delichon urbicum) wintering in areas with lower 
food web δ 15N values bred earlier than those wintering in 
areas with high δ 15N values (López-Calderón et al. 2017b). 
However, male House Martins and female Yellow Warblers 
(Setophaga petechia) wintering in areas with lower δ 15N 
values bred later and had poorer performance (Drake et al. 
2013, López-Calderón et al. 2017b).

Like Fairhurst et  al. (2017), we observed carry-over 
effects that were solely driven by nonbreeding stress levels 
(i.e. unrelated to δ 2H, δ 13C, and δ 15N) for female and male 
Cliff Swallows. Consistent with our predictions, higher 
stress levels resulted in lower body condition for both sexes, 
and lower breeding performance for females. However, 
given the lack of relationships with stable isotopes, this 
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indicates that there are important nonbreeding conditions 
not captured by stable isotope values that result in higher 
levels of CORTf and greater rates of telomere shortening. 
Alternatively, higher CORTf levels may not necessarily in-
dicate stressful circumstances (Dickens and Romero 2013). 
Clearly, more work to understand the landscape-level 
factors that drive variation in feather stable isotopes and 
stress levels for these species would help to elucidate the 
specific environmental conditions that drive carry-over 
effects and help to identify the threats potentially associ-
ated with population declines and whether there is annual 
variation in these relationships.

The relationships between levels of intrinsic markers 
and carry-over effects varied across species. Part of this 
variation is likely due to biological differences between the 
3 species we studied. For example, interspecific differences 
in absolute and interstitial telomere length (Foote et  al. 
2013, Tricola et al. 2018) and telomerase activity could af-
fect the relationships between telomere dynamics and other 
variables. It is also possible that our approach explains the 
observed differences. First, for the Barn Swallow, the lack 
of variation in CORTf (28.2% of samples had values <0.01 
pg mm–1, compared with only 14.4% of Cliff Swallows) 
may have made it difficult to detect relationships. Second, 
stable isotopes and CORTf document nonbreeding hab-
itat and stress during a short period of time (i.e. the pe-
riod of feather replacement), therefore, depending on the 
time of molt and nonbreeding movements, these intrinsic 
markers may not fully represent nonbreeding conditions 
that resulted in carry-over effects.

Also, our results with respect to telomere dynamics 
were also limited by several factors that may have affected 
the results of our study. We measured telomere dynamics 
across a full year, potentially masking the effects of poor 
conditions during key times of the nonbreeding period. 
Also, the exact age of birds was unknown; however, our 
telomere analysis relied on older birds (those in their 
second breeding season or older), which may minimize 
any age-effects. Additionally, we were unable to account 
for sex-related differences in telomere dynamics (Barrett 
and Richardson 2011).

Finally, our analysis did not account for annual varia-
tion in nonbreeding conditions and potential carry-over 
effects. Therefore, it is possible that El Niño conditions 
that resulted in less precipitation and reduced vegeta-
tion growth (Paxton et al. 2014) during the latter 2 yr of 
our study (https://origin.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ONI_v5.php) may have 
exacerbated the relationships we observed between 
nonbreeding conditions and carry-over effects. However, 
we anticipate that extreme El Niño conditions would 
be reflected in higher δ 2H values (Van Wilgenburg et  al. 
2012, Gómez et al. 2019), but this is also confounded with 

other environmental and hydrological processes described 
above. More work over a broader timescale would help to 
address annual variation in climatic conditions and the 
relationships with carry-over effects.

CONCLUSIONS

Multiple intrinsic markers can be used in an integrated 
manner to provide a more complete understanding of the 
relationships between conditions during one stage of the 
annual cycle and carry-over effects in subsequent stages. 
In our study, we demonstrate that for at least 3 declining 
aerial insectivores there are carry-over effects from the 
nonbreeding period to breeding which affect body con-
dition, breeding phenology, and/or reproductive perfor-
mance. Indeed, our work shows that while some carry-over 
effects may be driven by nonbreeding characteristics that 
are represented by stable isotopes (often δ 2H), others are 
the result of stressors that are reflected in CORTf levels and 
telomere dynamics. Together, these markers provide an in-
tegrated approach to understanding potential carry-over 
effects from the nonbreeding period. If our study relied on 
a single intrinsic marker, then many of the relationships 
would not have been observed, and we may have concluded 
that nonbreeding conditions do not result in carry-over 
effects for these species. Therefore, the additional cost 
of examining multiple markers was, in our case, justified 
given that it increased the probability of detecting linkages 
between wintering ground environments and subsequent 
life-history events. However, we recognize that it is impos-
sible to generalize the advantages of adding more stable 
isotope measurements or those of other intrinsic markers. 
This is because intrinsic markers can indicate more than 
one environmental condition and that such signals are 
time-integrated and not always unique. Greater power of 
inference is possible when intrinsic markers measure dif-
ferent aspects of environmental conditions. For example, 
stable hydrogen and carbon isotope measurements can be 
used to infer altitude in a C3 environment, but the utility 
of using both isotopes is enhanced when C3, C4, and CAM 
food sources are present (Wolf and Martinez del Rio 2000). 
For systems where the relationships between specific 
nonbreeding conditions and intrinsic markers are known, 
then it is easier to select a few markers that will provide the 
most information. However, if these relationships are not 
known (as in our study), then using multiple markers can 
be beneficial.

This work also adds to the growing body of literature 
demonstrating that differences in nonbreeding conditions 
can result in carry-over effects during breeding that 
affect reproductive success, and may ultimately con-
tribute to population declines (e.g., Marra et  al. 1998, 
Norris et al. 2004, Finch et al. 2014). For these 3 swallow 
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species, whether these carry-over effects ultimately result 
in population declines will depend on how the propor-
tion of high- and low-quality nonbreeding habitats has 
changed, with poor conditions becoming more common. 
Poor winter conditions have been linked to population 
declines in many Palearctic–Afrotropical migratory birds 
(Vickery et al. 2014), and may also be an important factor 
in the decline of Nearctic–Neotropical species, including 
those studied here. However, conditions during migra-
tion may also play a role in how nonbreeding conditions 
result in carry-over effects. Indeed, for some species, 
advantageous conditions during migration can allow 
species to compensate for poor conditions experienced 
during other periods of the annual cycle with shorter 
stopovers and faster flight speeds, or, when conditions 
are poor, may further delay migration and reduce body 
condition (Finch et  al. 2014, Senner et  al. 2014, Paxton 
and Moore 2015). More research is also needed to un-
derstand the potential effects of conditions during migra-
tion on carry-over effects for these species, as well as the 
specific habitats and the proportion of individuals using 
high- and low-quality habitats during the winter to fully 
understand if nonbreeding conditions are contributing to 
population declines.

SUPPLEMENTARY MATERIAL

Supplementary material is available at The Auk: Ornithological 
Advances online. 
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