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ABSTRACT. Blood sampling is a frequently used method of collecting genetic and physiological data in
natural populations, and understanding the possible impact of blood sampling on individuals and populations is
important, both for the welfare of study organisms and to avoid introducing bias into analyses using bled
individuals. Most studies of birds have revealed minimal negative effects of blood sampling. However, Brown and
Brown (2009. Auk 126: 853–861) found that blood sampling reduced return rates of Cliff Swallows
(Petrochelidon pyrrhonota), suggesting that these results are not always generalizable and that swallows
(Hirundinidae) may be particularly sensitive to blood sampling. We examined the possible effects of blood
sampling on the reproductive performance of female Tree Swallows (Tachycineta bicolor) and the return rates of
both females and offspring in a population in New York state. To reduce the chances of Type II error, we tested
15 possible effects of blood sampling on reproductive performance and return rates using generalized linear mixed
models. Overall, our results suggest that blood sampling had few negative effects on within-year reproductive
success or survival of adult females. The one exception was that bleeding nestlings had a negative effect on the
number of young that fledged in broods of five or six nestlings. Bleeding did not negatively impact return rates of
females or nestlings in our Tree Swallow population. Our results support those of other studies suggesting that
blood sampling has few negative effects on within-year reproductive success or survival of adult females, and
reiterate the importance of systematically testing for possible effects with datasets compiled over multiple years
because such effects may be impossible to detect via direct monitoring during a single breeding season.

RESUMEN. Efectos despreciables de la toma de muestras de sangre en el desempe~no
reproductivo y las tasas de retorno de Tachycineta bicolor
La toma de muestras de sangre es un m�etodo frecuentemente usado para colectar datos gen�eticos y fisiol�ogicos
en poblaciones naturales y es importante entender el posible impacto de la toma de muestras de sangre sobre
los individuos y las poblaciones, por ambas razones, el bienestar de los organismos de estudio y para evitar la
introducci�on de sesgos a los an�alisis usando individuos sangrados. Muchos estudios en aves han revelado que
los efectos negativos de la toma de muestras de sangre son m�ınimos. Sin embargo, Brown y Brown (2009.
Auk 126: 853–861) encontraron que la toma de muestras de sangre reduc�ıa la tasa de retorno en Petrochelidon
pyrrhonota, sugiriendo que estos resultados no son siembre generalizables y que las golondrinas (Hirundinidae)
pueden ser particularmente sensibles a la toma de muestras de sangre. Examinamos los posibles efectos de la
toma de muestras de sangre en el desempe~no reproductivo de Tachycineta bicolor y las tasas de retorno en
hembras y cr�ıas en una poblaci�on en el estado de Nueva York. Para reducir los chances de error Tipo II,
probamos 15 efectos posibles de la toma de muestras de sangre en el desempe~no reproductivo y las tasas de
retorno usando modelos lineales mixtos generalizados. En general, nuestros resultados sugieren que la toma de
muestras de sangre tuvo pocos efectos negativos sobre el �exito reproductivo intra-anual o las tasas de
supervivencia de las hembras adultas. La �unica excepci�on fue que el sangrado de los pichones tuvo un efecto
negativo en el numero de juveniles que sal�ıan del nido en las nidadas de cinco o seis pichones. El sangrado no
tuvo ning�un impacto negativo sobre las tasas de retorno de las hembras o de los pichones en nuestra poblaci�on
de Tachycineta bicolor. Nuestros resultados soportan esos otros estudios que sugieren que la toma de muestras
de sangre tiene pocos efectos negativos sobre el �exito reproductivo intra-anual o sobre la supervivencia de
hembras adultas y reiteran la importancia de comprobar sistem�aticamente los posibles efectos en las bases de
datos recopiladas a trav�es de m�ultiples a~nos por que dichos efectos pueden ser imposibles de detectar por
medio de monitoreos durante una �unica temporada de reproducci�on.

Key words: bleeding, episodes of selection, experi-
mental manipulation, fitness, investigator disturbance

One of the fundamental challenges when
analyzing data is disentangling patterns from
underlying biases. A potential influence on
experimental results is investigator disturbance,
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where the researcher and/or the experimental
process have unintended effects on the study
organism. These effects can vary in severity
depending on experimental design, methods,
and sensitivity of study organisms (G€otmark
1992, Carney and Sydeman 1999, Blumstein
2006, Ib�a~nez-�Alamo et al. 2012, Stein et al.
2017). However, quantifying these effects is
essential because they can influence interpreta-
tion of results and can also impact the welfare
of organisms, ranging from acute consequences
to carryover effects on fitness and survival
(O’Connor et al. 2014). Carryover effects of
an experiment may not be apparent within the
experimental timeframe and may only be
detectable when the protocol or disturbance is
recurrent.
With the advent of molecular biology and

advances in vertebrate physiological ecology,
blood sampling has become a standard part
of the study protocol for many vertebrate
populations, producing a wide array of infor-
mation on parentage, mating systems, and
metabolic, endocrine, and immuno-physiol-
ogy. Several investigators have examined the
possible effects of blood sampling on birds
(Sheldon et al. 2008, Redmond and Murphy
2011, Guillemain et al. 2015, Bowers et al.
2016, Smith et al. 2016). Although most
studies have revealed no detectable effect of
bleeding on fitness, Brown and Brown (2009)
found that Cliff Swallows (Petrochelidon pyr-
rhonota) that were bled were 21–33% less
likely to return the following year. However,
Voss et al. (2010) suggested caution in gener-
alizing the strength of unintended experimen-
tal effects between different populations of
even the same species because they are unli-
kely to be exposed to the same conditions.
Therefore, determining the effect of experi-
mental procedures such as blood sampling on
any long-term study population to identify
possible short- and long-term effects on fit-
ness is important.
The fitness consequences of blood sampling

are context-dependent, and the severity of any
potential effect likely depends on when sam-
pling occurs during the reproductive cycle.
“Episodes of selection” (Arnold and Wade
1984) are based on major life-history stages
in the reproductive cycle (such as hatching
and fledging) and provide a useful framework
for understanding how the fitness conse-
quences of experimental procedures vary

throughout the reproductive cycle. For exam-
ple, blood sampling is likely to have greater
effects on the fitness of birds during incuba-
tion when they are more likely to abandon
nests (Winkler 1991, G€otmark 1992); in con-
trast, parents may be less likely to abandon
nests during the nestling stage. However, if
blood sampling negatively affects parents,
sampling during the nestling period may have
a negative impact on the number of young
that fledge. This could potentially occur via a
reduction in nestling provisioning rates if, for
example, blood sampling affected the foraging
efficiency of adults.
Tree Swallows (Tachycineta bicolor) have

been widely studied as a model organism in
vertebrate ecology (Jones 2003). Readily nest-
ing in man-made nest boxes, these swallows
can be encouraged to breed in large numbers
at experimental sites, and their considerable
robustness to disturbance during the nesting
season has made it possible to study a broad
range of topics (e.g., Jones 2003, Palacios
et al. 2012, Stedman et al. 2017). Many such
studies include blood sampling as part of the
study protocols, and the possible effects of
bleeding should be evaluated carefully.
Toward that end, we analyzed the bleeding
and reproductive performance records of a
population of Tree Swallows near Ithaca,
New York, that has been studied since 1986.
Using this long-term dataset spanning
28 years (1986–2014), we examined the pos-
sible effects of sampling blood (1) on adult
females during the incubation and nestling
stages, (2) on nestlings, and (3) on the proba-
bility of females and nestlings returning to
the study area in the subsequent breeding sea-
son. We investigated the effects of bleeding
on the probability of any eggs hatching, num-
ber of eggs that hatched, probability of any
nestlings fledging, and number of young
fledged.

METHODS

All reproductive data are from the long-
term experimental populations of Tree Swal-
lows near Ithaca, New York. All sites were
within 27.4 km of each other and are
described in Winkler and Allen (1996).

Blood collection. Blood was sampled
sporadically for phylogenetic (Sheldon and
Winkler 1993) and physiological (Hasselquist
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et al. 2001) studies in the earlier years of
study, but regular sampling for a DNA
archive for parentage studies began in 2002.
Since that time, we have sampled blood from
females during 2038 of 3688 (55%) nesting
attempts. About 60% of bled females (1528
of 2038) were sampled during incubation,
and 25% (510 of 2038) during the nestling
period. The rest were bled either before or
after the breeding season after being captured
in mist-nets. About one-third of bled birds
were sampled more than once during a breed-
ing season, again depending on experimental
agendas. Because males were more difficult to
capture, fewer were bled and we focus our
analyses on females.
Except for one study where jugular

venipuncture was used (Palacios et al. 2011,
2012), we sampled blood from brachial veins
using 27 gauge 1/2 inch- (1.27 cm) or 26
gauge 3/8 inch- (0.95 cm) sized needles. In
our blood-collection protocol, we swabbed
the sample site lightly with petroleum jelly
and inserted a needle at a shallow angle
(< 20°). We collected blood in 80-lL hep-
arinized capillary tubes and either immedi-
ately stored samples in sodium dodecyl sulfate
lysis buffer or on ice to be centrifuged later
for plasma extraction. After sampling, we
placed a small swab of cotton on the punc-
ture site and applied pressure, inspecting the
vein again to ensure that bleeding had ceased
before releasing birds. Nestlings were sampled
using the same protocol. For corticosterone

stress series on adults or nestlings (e.g., Sted-
man et al. 2017), we sampled blood from
both wings due to the difficulty of collecting
multiple samples from the same wing in a
short period of time.
We recorded the volume of blood drawn in

units of capillary tubes (1 tube = 80 lL
blood). If less than a tube was taken, we
recorded the fractional amount to the nearest
0.25. Blood samples from females ranged in
volume from 0.25 to 6 capillary tubes
(mean = 1.0 � 0.7 [SD] tube). The mean
blood volume collected represented 0.4 � 0.3
(SD) % of mean body mass of breeding Tree
Swallows, which ranged from 17 to 22 g (we
used 19.5 g for calculations; Winkler et al.
2011). This range is within the Ornithologi-
cal Council’s recommended 1% of body mass
for blood volume taken from wild birds (Fair
et al. 2010). Most of the largest volumes of
blood (≥ 3 tubes) were sampled via jugular
bleeding for a study in 2008 (Palacios et al.
2011). Blood samples from nestlings ranged
in volume from 0.25 to 2 capillary tubes
(mean = 0.6 � 0.3 [SD] tube). The mean
mass of nestlings that were bled was
16.4 � 5.0 [SD] g (mean mass of nestlings
in control nests was 17.9 � 5.0 [SD] g).
Mean nestling mass decreased slightly with
increasing brood size for nests where nestlings
were weighed at 8, 9, or 12 days old (Fig. 1).
Mean blood volume collected represented
0.30 � 0.16 (SD) % of the mean mass of
bled nestlings, with 0.8% of the mean

Fig. 1. Relationship between mean nestling mass and brood size at the time of banding/bleeding with
regression lines for nests measured at the same age. The data are slightly jittered to enhance readability
and consist of 410 records from Analysis 9 for which we had average nestling masses measured on days
8 to 12 post-hatching.
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nestling mass being the highest value for nests
where we had information on both nestling
mass and blood volume collected from nest-
lings (Fig. 2).

Data formatting and filtering. Our
long-term dataset is useful for studying the
effects of blood sampling on Tree Swallow
fitness, but the experimental system was not
explicitly designed to test those effects. We
filtered our data to remove potentially con-
founding issues and ensure valid comparisons
between birds at control (not bled) and exper-
imental (bled) nests. We included only the
first nest record for each female in the dataset
to reduce age-related effects on reproductive
output and remove the bias of variable bleed-
ing status of individuals across different years.
This removed all second nesting attempts and
nesting attempts made by the same female in
the same and all subsequent years. We
excluded nests involved with brood manipula-
tion experiments or experiments that involved
the destructive collection of eggs or nestlings.
We excluded nests where adults had either
been fitted with backpack geologger devices
or some flight feathers had been experimen-
tally shortened. We also excluded years where
sample sizes of control and bled nests were
highly mismatched. To ensure a fair compar-
ison between nests where nestlings were bled

and control nests, we only included nest
records where at least one nestling survived to
be banded in control nests or banded and
bled in experimental nests. We typically
banded and bled nestlings between days 8–12
post-hatching (mean = 9.4 � 2.3 [SD] d,
calculated from Analysis 9 dataset). After this
filtering process, low (< 2 or 3) and high
(> 7 or 8) values of clutch and brood sizes
were not represented in the experimental
group in some analyses. Similarly, not all val-
ues of capture timing were represented in
both groups after the filtering process
described above. To be consistent, we chose
not to filter these variables in any of the data-
sets for each analysis. We decided the param-
eter estimates should be based on all valid
values of these variables, regardless of uncer-
tainty at low or high values.
Our dataset included the band numbers of

female Tree Swallows and relevant informa-
tion about their first nest record at our study
sites, including age, lay date, clutch size,
hatch date, brood size, number of young that
fledged, when and how many times females
were captured and sampled for blood,
whether and at what age nestlings were bled,
and whether females or nestlings returned the
following year. We aged adult females using
either plumage (1-year-old females have

Fig. 2. Relationship between the average amount of blood taken from nestlings (in terms of percent
body mass) and average nestling mass in nests where nestlings were bled. The different shapes indicate
brood size at the time of sampling. The data consist of 178 records from Analysis 9 for which we had
both average nestling masses and average amount of blood taken from nestlings.
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mostly brown upperparts) or previous band-
ing data. We tested whether including females
of unknown age (iridescent adults banded
after year one) changed the overall conclu-
sions of the analysis. Because it did not, we
included those females in the final dataset.
We standardized lay date by calculating the
difference between a nest’s lay date and the
mean lay date during that year. The time
when females were captured during incuba-
tion was the number of days after the date of
clutch completion when females were cap-
tured (mean = 6.9 � 3.0 [SD] d, calculated
from Analysis 1 dataset in Table 1); during
the nestling stage, the time of capture was the
number of days after the hatch date
(mean = 6.2 � 4.8 [SD] d, calculated from
Analysis 5 dataset in Table 1). Nestling age at
the time of banding/bleeding was the number
of days after the hatch date. Brood size in
nestling-bled analyses was the number of nest-
lings alive at the time of banding/bleeding.
For nests where nestlings were bled, the entire
brood was bled in 81.6% of nests (222 of
272, calculated from Analysis 9 dataset in
Table 1). In the remaining nests, one-half to
four-fifths of nestlings were bled. We quanti-
fied the volume of blood taken from females
during each episode of selection. For female-
return analyses, we summed the total volume
of blood taken from each female during the
entire season, and the total number of times a
female was bled throughout the season.
The strength of both long- and short-term

effects can be highly context-dependent (e.g.,
Winkler 1991), so we structured our potential
effects and analyses to test effects of blood
sampling during distinct stages or episodes of
selection. We identified four episodes of selec-
tion to evaluate separately (Fig. 3). We
assessed the potential immediate effects of
bleeding females on (1) hatching outcomes
during the incubation stage, and (2) fledging
outcomes during the nestling stage. We
assessed (3) entire season outcomes in the
form of female return rates. Tree Swallows
with poor reproductive outcomes in a given
breeding season are more likely to disperse,
but, in general, only a small percentage of
breeding females disperse and return rate is
most strongly related to survival (Winkler
et al. 2004). We separately assessed the
immediate effects of bleeding nestlings on
nestling stage outcomes, and effects of

bleeding nestlings on (4) offspring recruit-
ment outcomes. Outcomes for each episode
consisted of one to two response variables
that could potentially have been affected by
bleeding during each episode. To systemati-
cally evaluate consequences of blood sampling
on each outcome, we formulated 15 questions
and divided our dataset into subsets appropri-
ate for each analysis (Table 1). Each subset
contained nests where females or nestlings
were bled, and a control group of nests where
females were captured during the correspond-
ing stage (incubation or nestling) and nest-
lings were banded, but no blood sampling
occurred. Data subsets for incubation-stage
analyses included only females that were first
bled or first captured (controls) during incu-
bation. Subsets for female nestling-stage anal-
yses included only females first bled or first
captured during the nestling period to control
for potential short-term carryover effects of
bleeding during incubation.

Data analysis. We tested the possible
effects of blood sampling on reproductive
metrics using generalized linear mixed models
(GLMMs) and an information-theoretic
approach. We constructed a small set of mod-
els where the blood term (either binary bleed
status or blood sample volume) was added to
a base model as a main effect, or as interact-
ing with covariates when we had reasonable
predictions regarding a potential interaction.
Our base model included female age and lay
date, variables long established as important
predictors of avian reproductive metrics
(Stutchbury and Robertson 1988, Winkler
and Allen 1996, Hasselquist et al. 2001). We
also included clutch size (brood size in nest-
ling-stage analyses) to account for the influ-
ence of varying clutch sizes on our
reproductive metrics.
We incorporated interactions between the

blood term and clutch or brood size to repre-
sent the following predictions regarding
potential effects. (1) In models of hatch prob-
ability, we predicted that the effects of blood
sampling females, if present, would reduce
hatch probability in small clutches (1–3 eggs)
compared to small clutches in the control
group. In other species, smaller clutches rela-
tive to the species’ typical clutch size are
deserted at higher frequencies (Wiggins et al.
1994, Sz�ekely et al. 1996), and desertion rates
are influenced by disturbances (G€otmark

Effects of Blood Sampling on Tree SwallowsVol. 90, No. 1 25
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1992). (2) In models of fledge number, we
included an interaction between the bleed sta-
tus of nestlings and brood size at the time of
sampling because nestling mass in Tree Swal-
lows tends to decrease with brood size due to
lower per capita feeding rates (Murphy et al.
2000, Shutler et al. 2006). Nestlings from
clutches smaller than the typical clutch size of
5 or 6 in our study system (80.9%, or 1436
of 1775 nests in our full dataset had clutches
of 5 or 6) might be more resilient to blood
sampling due to a weight advantage from
higher per capita feeding rates. The potential
effect of bleeding lighter nestlings in typical
or larger-than-typical broods might reduce
the number of nestlings that fledged com-
pared to control nests (nestlings banded, but
not bled). (3) We also included an interaction
between female bleed status (or blood vol-
ume) and clutch size when modeling the
number of eggs that hatched. For Tree Swal-
lows, larger clutches require more days of

incubation (Shutler et al. 2006) and reduced
hatching success for larger clutches has been
reported for Barn Swallows (Hirundo rustica;
Engstrand and Bryant 2002). We predicted
that bleeding females with large clutches dur-
ing incubation might reduce the number of
eggs that hatched compared to large clutches
in the control group. Similarly, parental pro-
visioning rates are higher for larger broods of
Tree Swallows (Murphy et al. 2000, Shutler
et al. 2006, Hainstock et al. 2010). Females
that work harder to provision larger broods
may be particularly sensitive to the effects of
bleeding. We therefore included an interac-
tion between brood size and the blood term
(female bleed status or blood volume). We
also included an interaction between the
blood term and capture timing in all models.
For example, if sampling blood from females
during incubation had an effect, we predicted
that hatch success of females captured and
bled early in incubation would be lower than

Fig. 3. A visual representation of the episodes of selection we examined, and the variables analyzed for
each. Each box represents one of the four episodes of selection. Predictors are listed in gray, within-year
reproductive outcomes in black, and survival outcomes in white. The corresponding numbered analyses
for each episode are listed in brackets. The timeline in the middle shows where each episode lies in rela-
tion to nest phenology. Episodes related to females are shown above the timeline and the one related to
nestlings is shown below.

S. C. M. Orzechowski et al.28 J. Field Ornithol.



for early captures in the control (not bled)
group. Disturbances early in the incubation
stage generally have a greater effect on hatch-
ing success due to nest desertion, which is
also more likely as the disturbance level
increases (Winkler 1991, G€otmark 1992, Ver-
boven and Tinbergen 2002). Year was
included as a random effect in every model to
account for interannual variation in breeding
success. We also included a null intercept-
only model in each model set.
We used a binomial distribution for models

of hatch, fledge, and return probabilities. In
binomial models of the return rates of young
Tree Swallows, we modeled the proportional
response as the number of young in each nest
that returned out of the total number that
fledged. The ratios of the mean and variance
of our dependent count variables (number of
offspring hatched or fledged) were highly dif-
ferent from 1, violating the characteristics of
a Poisson distribution. We opted to use mod-
els assuming a normal distribution of the
response variables instead, which perform
more optimally when count data violate Pois-
son assumptions (McDonald and White
2010).
We compared nested models to determine

the importance of the blood term in each
analysis. We ranked models using AICc,
which contains a correction term for small
sample sizes (our nestling stage datasets for
female analyses were small because only 25%
of records were of females first bled during
the nestling stage) and converges to AIC as
sample size increases (Burnham et al. 2011).
We chose AICc to perform model selection to
avoid Type II errors that might occur with a
criterion like BIC, which has greater term
penalization (Schwarz 1978) and may select
more parsimonious models than AIC (Mur-
taugh 2009). If a nested model that differed
by one additional term had a DAICc score
within two units of the best model, we con-
sidered that term to likely be uninformative
as per Arnold (2010). If a blood term was
present in the model with the lowest DAICc

score, we examined the effect size (standard-
ized coefficient) and significance of the blood
term and compared it to other covariates in
the model. Finally, we used a pluralistic
approach and directly tested, via null hypoth-
esis testing, the importance of a blood term
in the best model identified by AICc

(Stephens et al. 2005). We tested whether the
blood term improved model fit using a Ken-
ward–Roger conditional F-test for our Gaus-
sian models, which is appropriate for linear
mixed models fitted with restricted maximum
likelihood and tends to be more robust than
the likelihood ratio test (Luke 2017). Because
GLMMs in lme4 are fitted with maximum
likelihood, we used a likelihood ratio test
(LRT) rather than an F-test for our binomial
models. LRT statistics calculated on fixed
effects tend to be more conservative than the
default Wald P-values calculated in GLMM
(Bolker et al. 2009). If the best model deter-
mined by AICc did not contain a blood term,
we compared the best model with and with-
out the addition of the bleeding variable as a
main effect. All continuous predictor variables
were standardized to enhance comparability
of effects among covariates. The observed
multicollinearity in our models was within
acceptable limits because the variance infla-
tion factors (VIF) were < 2.25, below a sug-
gested threshold of 10 (Dormann et al.
2013). All analyses were performed in R
v.3.3.1 (R Core Team 2016). We ran mixed
models in the lme4 package (Bates et al.
2015) and created graphs using ggplot2 and
sjPlot (Wickham 2016, L€udecke 2018). We
ran Kenward–Roger F-tests in the pbkrtest
package (Halekoh and Højsgaard 2014).

RESULTS

After filtering for the first record of each
female, removing nests with problematic
records (e.g., missing female band number)
and nests with other experimental manipula-
tions, our full dataset consisted of 1775
unique nest records from 2002 to 2014.
Females were bled at some point during the
breeding season at 1022 nests and, for the
rest (753 nests), females were never bled.
Nestlings were bled at 517 nests and, in the
rest (1258 nests), nestlings were banded, but
never bled.

Model-selection results. The full results
of model selection can be found in
Appendix S1. In most analyses (14 of 15),
the best model did not include a blood sam-
pling term (Table S1). In Analysis 1 (Did
bleeding females [Y/N] during incubation
affect hatch probability?), three models had
DAICc scores less than 2, indicating model
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uncertainty (Table S1). These models were
nested and differed only in inclusion of a
blood term either as a main effect or interact-
ing with clutch size. Bleeding females during
incubation was probably an uninformative
variable (Arnold 2010), however, due to the
observed uncertainty, we report the output of
the full model with the bled:clutch interaction
term (within DAICc = 2) to give estimates of
the potential effects (Table 2). In Analyses 5
and 6 (Did bleeding females [Y/N] or
amount of blood drawn during the nestling
stage affect the probability of young fledg-
ing?), a nested model differing only in the
inclusion of the blood sampling term was also
within DAICc = 2 of the best model, another
indication that the blood term was likely
uninformative. For both, we report the coeffi-
cients of the second-best model within
DAICc = 2 to provide an effect size of the
blood term (Table 2). In Analysis 10 (Did
bleeding nestlings [Y/N] affect the number
that fledged?), the best model contained an
interaction between brood size and bleed sta-
tus of nestlings and was 4.93 AICc units
lower than the next model (Table S1), pro-
viding strong evidence that bleeding nestlings
in larger broods reduced the number of fledg-
lings compared to large control broods
(Table 2, Fig. 4).
None of the best models contained an

interaction between the blood term and cap-
ture timing in any analysis. Capture timing of
females was included as a main effect in the
best model of hatch probability in Analyses 1
and 2 (Did bleeding females [Y/N] or
amount of blood drawn during incubation
affect hatch probability?), and also in the best
model of fledge probability in Analyses 5 and
6 (Did bleeding females [Y/N] or amount of
blood drawn affect fledge probability?;
Table S1). Capture timing of females during
incubation was positively associated with
hatch probability (Analyses 1 and 2, Table 2)
and this was confounded with daily hatch
probabilities increasing for females captured
closer to the hatch date. During the nestling
stage, capture timing of females was similarly
positively associated with the probability of
young fledging (Analyses 5 and 6, Table 2).
This was also confounded by increasing daily
survival-to-fledge probabilities for females
captured closer to the date of fledging, with
nestlings more likely to survive over the

shorter intervening time interval. In Analysis
10 (Did bleeding nestlings [Y/N] affect the
number that fledged?), nestling age at the
time of banding/bleeding was negatively
related to the number of young that fledged,
although the effect was small (nestling age
b = �0.11 � 0.05 [SE]; Table 2).

Significance of the blood term. We
tested whether inclusion of the blood term sig-
nificantly improved fit in the best model iden-
tified by AICc. In one of 15 analyses, the blood
term improved model fit at a significance level
of a = 0.05 (Analysis 10; Did bleeding chicks
[Y/N] affect the number of nestlings that
fledged?; Table 2). The interaction between
brood and nestling bleed status was significant
in the best model (F1,509 = 12.7, P = 0.0004;
brood:nestlingbleedY b = �0.31 � 0.09
[SE]; nestlingbleedY b = �0.40 � 0.09 [SE];
Table 2, Fig. 4). The mean number of nest-
lings that fledged differed between bled and
control nests with broods of 5 (Welch two
sample t-test, t100 = �3.0, P = 0.006, mean
difference in number of fledglings in bled
nests = �0.44 � 0.31 nestlings) and 6 (t40 =
�4.0, P = 0.0007, mean difference in number
of fledglings in bled nests = �1.32 � 0.75
nestlings). In broods of 7, the difference was
not significant (t6 = �0.3, P = 0.80, mean
difference in number of fledglings in bled
nests = �0.4 � 3.8 nestlings). In Analysis 1
(Did bleeding females [Y/N] affect hatch prob-
ability?), the likelihood ratio tests did not sup-
port inclusion of the blood term (Table 2),
despite the results of AICc model selection
indicating some uncertainty regarding the best
model (Table S1).

DISCUSSION

The size of our full dataset allowed us to
filter out potentially biasing data and make
valid comparisons between control and bled
nests in each analysis. For most tests, blood-
sampling variables were inconsequential pre-
dictors of within-year reproductive metrics.
Similarly, bleeding did not negatively impact
return rates of females or nestlings in our
Tree Swallow population. In contrast, Brown
and Brown (2009) found that bleeding
reduced return rates of Cliff Swallows. Our
results suggest that such latent effects of
blood sampling depend on the species and
study system. Similarly, Voss et al. (2010)
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suggested that context is important in under-
standing why Brown and Brown (2009)
found an effect of bleeding on return rates of
Cliff Swallows; this species breeds in an arid
environment where fluid loss from bleeding
may have more detrimental consequences
than in less water-constrained environments,
and Cliff Swallows in the Brown and Brown
(2009) study also suffered from unusually
intense ectoparasitism. Voss et al. (2010) also
suggested that the effects of bleeding may be
influenced by mass and diet, and that side-
effects of sampling blood from brachial veins,
such as hematomas, may have a greater effect
on aerial insectivores because they rely exclu-
sively on flight to obtain food. However, like
Cliff Swallows, Tree Swallows are aerial insec-
tivores, but we detected no effects on females
of blood sampling during the nestling stage
when the demands of feeding nestlings
require frequent provisioning visits (~ 10–13
per hour for females; Leonard and Horn
1996) and when metabolic rates of females
are higher than during the incubation stage
(Williams 1988). The only potential effect of
bleeding females was during the incubation
stage, but inclusion of the blood term in the
full model was not supported by likelihood
ratio tests.
Our results suggest the effect of bleeding

nestlings on the number of young that fledge
was limited to broods of 5 and 6. One reason
why nestlings in larger broods might be more
sensitive to bleeding is that feeding rates are
lower per nestling and therefore masses may
be lower (Leffelaar and Robertson 1986,
Shutler et al. 2006, Hainstock et al. 2010,
Winkler et al. 2011). When comparing nests
where nestlings were weighed at the same age,
we found some evidence that mean nestling
mass was slightly lower as brood size
increased. Nestlings that were comparatively
lighter might have been more sensitive to the
effects of having blood drawn, although over-
all we found the mean amount of blood
taken was still less than 1% of mean nestling
mass. In a small subset of nests where nest-
lings were bled, the proportion of nestlings
with a catalogued blood sample was between
0.5 and 0.8 rather than 1. In most of these
cases, bleeding all nestlings was likely
attempted, but not successful for some nest-
lings, which is why they did not have a blood
sample ID in our blood database. NestlingsT
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without a blood sample in an otherwise-bled
brood were therefore most likely nestlings
subjected to similar stresses as those that actu-
ally had their blood sampled. There was
imprecision in the estimated effect of bleeding
nestlings in larger-than-typical broods because
the number of bled and control broods larger
than six was small or zero. Regardless of that
imprecision, or of what the potential mecha-
nism(s) leading to the reduced number of
young that fledged may be, we conclude that
bleeding nestlings appeared to have measur-
able effects on fledging success for broods of
five and six nestlings. Accordingly, in future
studies of Tree Swallows, steps should be
taken to reduce this observed effect of bleed-
ing nestlings in these broods, such as adopt-
ing a more conservative rule of thumb for the
amount of blood drawn (Voss et al. 2010).
The effect of bleeding nestlings was limited
to fledging outcomes because we found no
effect of bleeding nestlings on the number
that returned the following year relative to
the total number that fledged.
One result that could potentially be inter-

preted as a negative effect of handling females
(not necessarily bleeding) early during the
incubation or nestling stage is that the timing
of female captures was positively correlated
with the probabilities of hatching and fledg-
ing. However, this was confounded with daily
increasing probabilities of hatching or fledg-
ing for females captured closer to those end-
points. An interaction between capture timing

and the blood term was not well supported in
any analysis, suggesting no difference between
the reproductive metrics of early female cap-
tures in the bled or control group (captured
for banding or identification, but not bled).
The slight negative relationship between nest-
ling age and the number of young that
fledged in one of our analyses suggests that
banding nestlings closer to fledge date had an
adverse, although small, effect that was the
same for bled and non-bled nestlings because
an interaction between nestling age and nest-
ling bleed status was not present in the best
model. This result may be an artifact of our
banding protocol; if nestlings in a brood
appeared stunted and too small to band, we
waited several days – sometimes beyond the
usual banding window – before again
attempting to band. Nestlings in these nests
were in poor condition to begin with and,
therefore, might have depressed the number
of young fledging in later-banded nests.
Our analysis was limited to within-year

effects and return rates of young and adult
Tree Swallows in the following year. Our
results do not rule out the possibility of
longer-term accumulating carryover effects if,
for example, individuals were bled in multiple
years. We did not include a comparison of
multi-year histories or interactions or inter-
seasonal changes in reproductive effort and
success over individual lifespans because there
were so many possible combinations of
manipulations, cohort, and return status (i.e.,

Fig. 4. Predicted effect of bleeding nestlings on the number of young that fledged when including an
interaction between nestling bleed status and brood size at banding/bleeding. The lines are shaded with
95% confidence intervals. The original data are overlaid on top and slightly jittered to enhance readabil-
ity. Sample size (number of nests) is reported for each brood size at the time of banding/bleeding. The
values with an asterisk indicate the number of nests where nestlings were bled.
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gaps between capture-years) that sample sizes
would have been inadequate.
Although the effect of blood sampling

depends on the species, locality, and the epi-
sode of selection when samples are taken, our
results support those of other studies suggest-
ing few negative effects of blood sampling on
within-year reproductive success or survival of
adult females (Sheldon et al. 2008, Redmond
and Murphy 2011, Guillemain et al. 2015,
Bowers et al. 2016, Smith et al. 2016). Our
inability to detect an effect on adults suggests
that collecting blood samples from breeding
female Tree Swallows is comparable to that
of routine capture and banding, which studies
have also shown have little or no effect on
birds when implemented properly (Angelier
et al. 2011, Spotswood et al. 2012). Our
study illustrates the importance of using large
datasets to systematically test for possible
effects that may be impossible to detect via
direct monitoring during a single breeding
season. Examining the potential effect of
bleeding nestlings in other systems will be
important, as will taking steps in our experi-
mental system to ensure the welfare of nest-
lings in large broods and prevent blood-
sampling-related mortality of nestlings.
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