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Experimental reduction of winter food decreases body condition
and delays migration in a long-distance migratory bird
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Abstract. Many tropical habitats experience pronounced dry seasons, during which
arthropod food availability declines, potentially limiting resident and migratory animal
populations. In response to declines in food, individuals may attempt to alter their space use to
enhance access to food resources, but may be socially constrained from doing so by con- and
heterospecifics. If social constraints exist, food declines should result in decreased body
condition. In migratory birds, correlational evidence suggests a link between body condition
and migration timing. Poor body condition and delayed migration may, in turn, impact fitness
in subsequent seasons via carry-over effects. To determine if winter food availability affects
space use, inter- and intraspecific competition, body composition (i.e., mass, fat, and pectoral
muscle), and migration timing, we experimentally decreased food availability on individual
American Redstart (Setophaga ruticilla) territories in high-quality mangrove habitat.
Redstarts on control territories experienced ;40% loss of food due to the seasonal nature
of the environment. Redstarts on experimental territories experienced ;80% declines in food,
which closely mimicked natural declines in nearby, low-quality, scrub habitat. Individuals on
food-reduced territories did not expand their territories locally, but instead either became non-
territorial ‘‘floaters’’ or remained on territory. Regardless of territorial status, food-reduced
American Redstarts all deposited fat compared to control birds. Fat deposits provide
insurance against the risk of starvation, but, for American Redstarts, came at the expense of
maintaining pectoral muscle. Subsequently, food-reduced American Redstarts experienced, on
average, a one-week delay in departure on spring migration, likely due to the loss of pectoral
muscle. Thus, our results demonstrate experimentally, for the first time, that declines in winter
food availability can result in a fat–muscle trade-off, which, in turn, delays departure on
spring migration. Previous work has demonstrated that, for each day delayed after the first
male arrival on the breeding grounds, American Redstarts experience an 11% decrease in the
chance of successfully reproducing. Therefore, such delays in departure likely lead to fitness
costs for migratory birds. Because tropical seasonal forests are expected to become drier in
response to global climate change, Neotropical migratory bird populations may experience
significant winter food limitation, further exacerbating population declines in the coming
decades.
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INTRODUCTION

Tropical regions often experience large seasonal

declines in arthropod abundance during the dry season

(Parrish and Sherry 1994, Strong and Sherry 2000,

Williams and Middleton 2008), which may limit resident

and migratory animal populations that depend on

arthropods for food. For example, many Neotropical

migratory birds arrive to their tropical non-breeding

grounds during the wet season, and persist through the

dry season until departing on migration just as the wet

season resumes. Thus, individuals often face intense

food shortages just prior to spring migration, one of the

most energetically demanding and dangerous periods of

the annual cycle. How animals respond to these food

shortages and whether they can compensate in terms of

short- and long-term fitness consequences remains

unclear.

A potential response to declining food availability is

to modify space use by expanding territory size or

moving into neighboring areas. If an individual facing

food shortages is socially constrained from doing so

(e.g., Brown and Long 2006, Brown and Sherry 2008), it

may instead disperse outside the immediate area to hold

a territory elsewhere or change space use strategies and

become a non-territorial wanderer (i.e., a floater).

Brown (1964) theorized that territoriality should only

be advantageous when food resources are abundant and
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predictable enough to be spatially and temporally

defendable. Evidence suggests that floaters may be

better able to track unpredictable resources than

sedentary individuals (Brown and Long 2007). Thus,

severe food declines may induce individuals to try and

maintain body condition by becoming floaters. Manip-

ulative studies of food availability to determine the

underlying drivers of space use strategies are rare.

However, two experiments performed on flocking

songbirds demonstrated that individuals temporarily

became territorial when food was supplemented (Zahavi

1971, Tye 1986), suggesting that territorial behavior is

flexible and dependent upon food availability. In

contrast, two territorial songbird species showed no

measureable changes in space use after a winter food

manipulation (Brown and Long 2006, Brown and

Sherry 2008).

If wintering individuals are unable to adapt their

space-use patterns and must contend with increased

competition in response to seasonal declines in food

supply, subsequent declines in body condition should

occur. Strong correlational evidence links food avail-

ability with body condition during the non-breeding

season. For example, several studies have linked habitat-

mediated differences in food availability with non-

breeding season body condition (Marra and Holberton

1998, Latta and Faaborg 2002, Studds and Marra 2005,

Brown and Sherry 2006, Smith et al. 2010).

Measures of body condition differ widely by species

and study, but often include body mass, fat, and/or

muscle content. Both fat and protein can readily be

catabolized (Schwilch et al. 2002) and therefore

provide some insurance against starvation when food

availability is low or unpredictable (Rogers and Reed

2003). However, protein has no storage form

(Schwilch et al. 2002), and muscle and other protein-

rich organs are needed for daily activities, especially

flight. While fat is preferred as a means of energy

storage, carrying fat may be costly because it

potentially hinders both efficient foraging and escape

from predators. Moreover, maintenance of fat in-

creases metabolic demands and requires longer forag-

ing times, which may result in increased exposure to

predators (reviewed by Witter and Cuthill [1993]). Fat

storage in birds wintering in temperate zones has been

modeled as a balancing of starvation and predation

risks (e.g., Lima 1986, Houston and McNamara

1993). Rogers (2005) argued that the Houston and

McNamara (1993) model applies to tropical settings

because it assumes that starvation risk is related to

within-day interruptions in foraging associated with

competition, rather than day-to-day interruptions

associated with severe winter weather (e.g., snow

and ice). Under the Houston and McNamara model,

decreases in food availability are predicted to lead to

increases in fat storage to lower starvation risk.

However, because food is limited, increases in fat

storage may come at the price of maintaining non-fat

body mass (Rogers 2005). Pectoral muscles are the

largest component of non-fat body mass in most birds

and also provide the main power for flapping flight.

Increased fat storage at the cost of maintaining

pectoral muscle could, therefore, induce constraints

on the timing of migration.

Body condition is thought to influence spring

departure date on migration (Studds and Marra 2005,

2007, 2011, Fox and Walsh 2012). Departure and arrival

dates are correlated in a number of species (e.g.,

McKinnon et al. 2013), and arriving early to the

breeding grounds enhances mate and territory acquisi-

tion, early breeding, extra-pair mating opportunities,

and opportunities for re-nesting (e.g., Cooper et al.

2011, Tonra et al. 2011). Thus, through its effects on

body condition and migration timing, non-breeding

food availability may carry over to affect breeding

season performance, recruitment, and population dy-

namics in general.

Although the correlational evidence linking food

availability, body condition, and migration timing is

fairly strong, manipulative studies are needed to

determine mechanisms and demonstrate causation. Only

a few food manipulation experiments have been carried

out in the tropics during the non-breeding season.

Wolda and Wright (1992) irrigated large forested plots

during the tropical dry season but found no clear effects

on insect abundance. Wilson et al. (2013) irrigated scrub

habitat in Jamaica, and found that insect abundance

increased, but not significantly so, probably because of

low statistical power. Brown and Sherry (2006, 2008)

increased food available to Ovenbirds (Seiurus auroca-

pilla) by attracting insects with fruit piles and also

decreased food available through the use of an ant

insecticide. They found that supplementation resulted in

increased body mass, fat, and pectoral muscle size, while

food reduction resulted in the opposite pattern. How-

ever, they did not attempt to document changes in

migration timing related to increased or decreased body

condition.

Here, we describe an experimental reduction of

arthropod food available to American Redstarts

(Setophaga ruticilla) wintering in old-growth man-

grove habitat in Jamaica. Like many regions of the

tropics, Jamaica experiences pronounced wet and dry

seasons. The dry season extends from November to

April and results in significant declines in arthropods

in both second-growth scrub (hereafter, scrub) and

old-growth mangrove (hereafter, mangrove) forests

(Parrish and Sherry 1994). However, mangrove

typically harbors higher dry-season arthropod abun-

dance than scrub, which appears to partly buffer

mangrove birds from the dry-season declines in

precipitation (Studds and Marra 2005). Correspond-

ingly, American Redstarts in scrub habitat are often

in poorer body condition and depart on migration

later than American Redstarts in mangrove, regardless

of age or sex (Studds and Marra 2005). Thus,
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mangrove is considered to be a higher quality habitat

than scrub, and is typically dominated by males and

older females (Marra 2000).

Our goal in reducing arthropod abundance was to

mimic the dry-season declines that occur in forests

throughout the tropics to understand how migratory

birds respond to seasonal declines in food availability in

terms of space use, agonistic interactions with neighbors,

body composition (i.e., mass, fat, pectoral muscle), and

migration timing. We first predicted that food-reduced

birds would increase territory size, shift their territories

into adjacent areas with more food, or adopt a floating

space use strategy. Second, we predicted that due to a

decrease in the carrying capacity of the local environ-

ment, competition over food would increase on food-

reduced territories, resulting in increased agonistic

interactions between focal American Redstarts and their

con- and heterospecific neighbors. Third, we predicted

that American Redstarts on food-reduced territories

would gain fat, lose muscle (Rogers 2005), and show an

overall decrease in body mass. Previous work has shown

that birds in scrub habitat lose body mass over the non-

breeding season compared to mangrove birds and this

difference is thought to be food related (Studds and

Marra 2005). Furthermore, Marra and Holberton

(1998) showed that mass loss was due to catabolization

of muscle and not fat. Finally, we predicted that birds on

food-reduced territories would depart on spring migra-

tion later than birds on control territories due to their

reduced body condition.

METHODS

Study species and site

The American Redstart is an insectivorous, long-

distance, Nearctic–Neotropical, migratory bird that

breeds across Canada and the eastern United States.

American Redstarts winter throughout the Caribbean,

eastern Central America, and northern South America

(distribution data available online).4 All fieldwork was

carried out in 2013 at the Font Hill Nature Preserve

(188020 N, 778570 W), which is located on the southwest

coast of Jamaica in St. Elizabeth Parish. At Font Hill,

American Redstarts are most abundant in mangrove

and scrub. Mangrove has an open park-like understory

with a canopy dominated by black mangrove (Avicennia

germinans) with both red (Rhizophora mangle) and white

mangrove (Laguncularia racemosa) patchily inter-

spersed. Mangrove often maintains shallow pools of

water well into the dry season. In contrast, scrub has no

standing water and is dominated by logwood (Haema-

toxylon campechianum) and several other facultatively

deciduous trees (e.g., Crescentia alata, Bursera simaru-

bra, and Terminalia latifolia).

Experimental design

To remove the confounding effects of age and sex, we
restricted the experiment to after-second-year (ASY)

males. We selected 16 control males spread across five
mangrove plots and 18 experimental males located

across five other mangrove plots located adjacent to
control plots. All focal males were individually marked

(see Methods: Field methods) and held stable territories
for two months prior to spraying. Before insecticide

spraying, we estimated food availability, body condi-
tion, territory size, and the rate of agonistic interactions

with neighbors. After insecticide spraying, we reassessed
each of these variables and determined departure date

on spring migration.

Field methods

To experimentally reduce the amount of arthropod

food on individual American Redstart territories, we
sprayed Cypermethrin (Latin America Exporters, Kings-
ton, Jamaica) via an ultra low-volume (ULV) fogger

(Twister XL 3, Curtis Dyna-Fog, Dayton, Ohio, USA).
Cypermethrin is a pyrethroid, a synthetic compound

related to the naturally occurring insecticide pyrethrum.
Pyrethroids are toxic to arthropods but exhibit low

toxicity to birds and mammals (Elliott et al. 1978,
Hudson et al. 1984). We avoided spraying near large

lagoons because of toxicity to aquatic organisms.
Cypermethrin adsorbs to soil particles (Palmquist et al.

2012) and rapidly degrades in the sun (8–16 days;
Walker and Keith 1992), so was unlikely to spread far

outside of sprayed areas. We obtained Cypermethrin
from local farm stores in a 5% solution, and added water

to make a 0.2% solution. ULV foggers produce a mist
with 20-lm droplets that easily spread from ground level

to the top of the canopy, but work best when cool and
calm conditions limit evaporation and maximize settling
of the insecticide on the vegetation. We therefore carried

out all spraying between 06:00 and 11:00 on calm, rain-
free days. We began spraying at the outside edge of each

territory and thoroughly sprayed all vegetation using
;1 L of the 0.2% solution per territory. Spraying began

on 1 March, and was repeated every two weeks until 30
April. This was based on the manufacturer’s recommen-

dations and pilot data collected in 2012, which indicated
the return of arthropods to pre-spray levels two weeks

after spraying (N. W. Cooper, unpublished data). Each
territory took ;15–20 min, and we were able to spray all

18 territories in two consecutive days. All sprayed
territories were located at least 200 m (range of 200–

650 m) away, through dense vegetation, from control
territories to eliminate the possibility of contamination

of control sites by the insecticide.
Food availability was estimated one week prior to

spraying, one week after spraying and again, five weeks
after spraying. To estimate food availability, we used a
sweep net mounted to a 1.5-m pole to take 20 sweeps

through green vegetation while walking a 5–7 m circle
around the center of each territory. Cooper et al. (2012)

4 http://bna.birds.cornell.edu/bna/species/277/articles/
introduction
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validated this method, but also found inter-observer

bias, and therefore N. W. Cooper carried out all

sampling. Following oven drying and processing, we

estimated dry biomass (60.0001 g) of arthropods per

territory (Cooper et al. 2012).

Between 15 January and 10 February, we captured

focal American Redstarts in mist nets and banded them

with one U.S. Geological Survey band and two plastic

colored bands. We then weighed (60.01 g) each bird and

took standard morphological measurements (i.e., wing

chord, and bill, tarsus, and tail lengths). We scored the

amount of furcular fat using an ordinal scale modified

from Holmes et al. (1989), 0¼no visible fat, light trace¼
1–3 thin strands of fat, trace ¼ strands of fat merging

into a continuous sheet in some places, heavy trace¼ fat

nearly forming a continuous sheet but with some holes,

and 1 ¼ continuous sheet of fat. We scored pectoral

muscle following Tonra et al. (2013), 0 ¼ muscle

concave, 1¼muscle not concave or convex, 2 ¼muscle

slightly convex and sternum still visible, and 3¼muscle

convex and sternum not visible. Focal males were

recaptured between 14 March and 5 April to assess

changes in body mass, fat, and muscle.

To estimate three-dimensional (3-D) territory size and

location, we collected ;90 locations per bird (07:30–

12:00 h) both in the three weeks before and again in the

three weeks after the insecticide treatment (Cooper et al.

2014). Due to time and manpower constraints, we were

only able to estimate territory size and location for 11

control males and 12 experimental males. We used burst

sampling (Barg et al. 2005), which involved following an

individual and collecting one location every 30 s (no

more than 30 locations per bird per day). To achieve

biological independence (see Barg et al. [2005] and

Cooper et al. [2014] for discussion of biological vs.

statistical independence), we chose this 30-s interval

because it allowed enough time for American Redstarts

to travel to any point inside their relatively small (1580

6 197 m2; mean 6 SE) winter territories. We marked all

bird locations with numbered staked flags, and two

observers estimated height in the canopy visually (61 m)

with the aid of premeasured reference trees located on

each territory. Later in the day, we recorded the

universal transverse mercator (UTM) location (,1 m)

of each flag using a GPS Pathfinder ProXRT Receiver

(Trimble Navigation, Sunnyvale, California, USA). We

then used the ks package (Duong 2007) in R (R

Development Core Team 2008) to create 3-D utilization

distributions for each bird before and after the

insecticide treatment. To estimate how much focal males

changed the location of their territories, we calculated

how much each individual’s pre-spray territory over-

lapped with its post-spray territory. High values of

overlap indicate little change in territory shape and

location after the spraying, while low values of overlap

indicate that birds made larger changes to their territory.

To quantify spatial overlap, we used two measures that

explicitly take the frequency of use into account (Fieberg

and Kochanny 2005), the volume of intersection index

(VI) and the utilization distribution overlap index

(UDOI). We adapted each for use with 3-D data

following Cooper et al. (2014). VI varies between zero

(no overlap) and one (perfect overlap; Fieberg and

Kochanny 2005). Similarly, UDOI equals zero with no

overlap, one when both utilization distributions are

uniformly distributed and overlap is high, and values

greater than one when the utilization distributions are

not uniformly distributed and overlap is high. While

collecting spatial data, we recorded any agonistic

interactions (e.g., chases, displacements, and fights) with

either con- or heterospecific birds.

We began monitoring all focal males on 1 April to

estimate departure date on spring migration. Following

Marra et al. (1998), we attempted to locate each bird

every three days. If an individual was not seen on the

first day, we attempted again on the second and third

day if necessary. A final attempt was made on the first

day of the next three-day cycle by broadcasting a mix of

American Redstart song and chip notes. Once a bird

could not be located, even with playback, we considered

it to have departed on the last day of the previous 3-day

period in which it was seen (1 April was day 1). Six

control birds deserted their territories prior to the

beginning of the departure period (see Results), and to

increase sample size we included, in the departure

analysis, an additional eight ASY males found on

control plots.

Statistical analyses

To compare body mass of control and experimental

birds prior to the insecticide treatment, we used the

scaled mass index (SMI; Peig and Green 2009). The SMI

standardizes body mass by taking into account a

measure of structural body size, in our case tarsus

length. This allows for direct comparisons of body mass

without the confounding effects of body size. When

comparing body mass before and after the insecticide

treatment, we did not use the SMI because we were

comparing changes in mass within the same individual.

Testing for normality with small samples sizes is

problematic, and both fat and pectoral muscle were

measured with ordinal scales, so we used nonparametric

statistics throughout. We report the median as a

measure of central tendency and the interquartile range

as a measure of dispersion, unless otherwise noted.

When comparing control and experimental territories,

we used Wilcoxon rank-sum tests for independent

samples. When determining if variables changed after

the insecticide treatment we used the Wilcoxon signed

rank test for related samples. Both tests were carried out

using the coin package (Hothorn et al. 2008) in R (R

Development Core Team 2008). All other analyses were

carried out in PASW 18.0 (IBM, Armonk, New York,

USA).

To assess whether the effects of the insecticide

treatment on furcular fat were biologically meaningful,
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we compared early spring (10 March–15 April) fat

scores by year using a long-term (2002–2013), American

Redstart data set from our field site. We used fat scores

from 374 scrub birds and 377 mangrove birds, but did

not include 2006 or 2007 in the analysis because of small

sample sizes (,15). We used a Kruskal-Wallis ANOVA

to determine if fat score differed among years in habitat

separately, and then correlated the annual mean fat

score rank from this analysis with March precipitation

data obtained from the Jamaican Meteorological Service

(available online).5 March precipitation has previously

been shown to be an important predictor of food

availability and departure date for American Redstarts

(Studds and Marra 2007, 2011). We did not perform a

similar analysis on pectoral muscle because the mea-

surement scale was not applied consistently among

years.

RESULTS

Prior to the insecticide treatment, arthropod biomass

did not differ between control and experimental

territories (Z ¼ �1.17, N ¼ 34 males, P ¼ 0.248;

Appendix: Fig. A1). One week after spraying, arthropod

biomass decreased on both control (Z ¼ 2.48, N ¼ 16

males, P¼ 0.011) and experimental territories (Z¼ 3.72,

N ¼ 18 males, P � 0.001). Five weeks after the first

spraying, arthropod biomass was still lower than pre-

spray levels on both control (Z¼ 3.00, N¼16 males, P¼
0.001) and experimental territories (Z ¼ 3.72, N ¼ 18

males, P � 0.001). However, one week after spraying,

experimental territories (4.3 6 4.25 mg) had significantly

less arthropod biomass than control territories (7.7 6

7.63 mg; Z¼ 2.04, P¼ 0.042, N¼ 34 males), as was also

the case five weeks after spraying (experimental, 3.4 6

3.15 mg vs. controls, 8.3 6 5.25 mg; Z ¼ 2.66, N ¼ 34

males, P ¼ 0.007; Appendix: Fig. A1). Because

experimental territories lost 66% and 80% of arthropod

biomass after one and five weeks, respectively, compared

to only 38% and 43% on control territories, we

considered our insecticide treatment successful, and

refer to it hereafter as a food reduction.

Effects of food reduction on American Redstart space use

While overall abandonment rates after the food

reduction were similar in the experimental (6 of 18

males, 33%) and control (6 of 16 males, 38%) groups, the

timing and nature of the abandonments differed. In the

first week after the food reduction, three experimental

males were seen only infrequently on territory despite

extensive searches both on territory and in neighboring

habitat. These three birds were, however, seen on several

other more distant plots, but were not found to hold

consistent territories there. We, therefore, assumed they

had become floaters. In contrast, all other focal birds

(control and experimental) that ultimately abandoned

their territories were seen reliably on their territories

after the food reduction until the two weeks prior to the

departure period (1 April), at which point, they were not

seen again that year. Over the past five years, this latter

abandonment pattern has become somewhat common

amongst ASY males in our study area. In fact, several of

the control birds that abandoned their territories in this

study, also abandoned their territories in past years, and

yet, returned in the following year to defend the same

territory. None of the control birds that abandoned

territories were seen after desertion, and were not in pre-

migratory condition when captured. Also, the earliest

departures recorded are not until early April (Studds

and Marra 2007, 2011) and, therefore, control birds that

abandoned their territories likely shifted territories

outside of our study area or dispersed elsewhere on the

island. Thus, these latter abandonments were apparently

unrelated to the food reduction.

Prior to food reduction, control territories (10 715 6

7886.4 m3) tended to be larger than experimental

territories (7860 6 6027.0 m3), but the difference was

not significant (Z ¼ 1.97, N ¼ 23 males, P ¼ 0.051).

Following the food reduction, neither control (Z ¼
�0.98, N¼ 11 males, P¼ 0.365) nor experimental males

that remained territorial (Z ¼ 0.16, N ¼ 12 males, P ¼
0.910) significantly changed the size of their territories.

However, control males (VI ¼ 0.43 6 0.192, UDOI ¼
0.36 6 0.278) changed the shape and/or location (i.e.,

reduced overlap with their earlier territories) significant-

ly more than experimental males (VI ¼ 0.55 6 0.207,

UDOI ¼ 0.55 6 0.289), using both indices (VI, Z ¼
�2.03, N¼ 23 males, P¼ 0.044; UDOI, Z¼�2.34, N¼
23 males, P ¼ 0.019). Visual inspection of plots of the

territories before and after the food reduction revealed

no obvious patterns in the changes. For example, some

individuals shifted their territories horizontally, while

others increased or decreased territory height.

Effects of food reduction on agonistic behavior

Before food reduction, we found no significant

difference in the rate of agonistic interactions between

control (1.3 6 2.67 interactions/h) and experimental

males (1.2 6 1.33 interactions/h; Z¼ 0.58, N¼ 23 males,

P¼ 0.579). Following the food reduction, control males

showed no change in the rate of agonistic interactions

(1.3 6 2.67 interactions/h; Z¼ 0.27, N ¼ 11 males, P ¼
0.836). In contrast, 10 out of 12 experimental males

(83%) showed an increased rate of agonistic interactions

(1.9 6 2.43 interactions/h; Z¼�2.28, N¼ 12 males, P¼
0.021).

Effects of food reduction on body condition

Prior to food reduction, mass corrected for body size

did not differ (Z¼�0.68 N¼ 28 males, P¼ 0.517). Fat

score tended to be higher in control individuals (8 out of

11 had no fat, while 3 out of 11 had a light trace) than in

experimentals (17 out of 17 were 0; Z ¼ 2.24, N ¼ 28

males, P ¼ 0.050), and pectoral muscle score tended to5 http://www.metservice.gov.jm/
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be lower in control (3 out of 11 had a score of 1, while 8

out of 11 had a score of 2) than experimental birds (17 of

17 had a score of 2). After food reduction, we recaptured

11 of 16 control birds compared to 17 of 18 experimental

birds. Following the food reduction, body mass did not

change significantly in either control birds (Z¼0.99, N¼
11 males, P¼0.372) or experimental birds (Z¼0.98, N¼
17 males, P¼ 0.349). Fat score in control birds also did

not change significantly (Z ¼�1.73, N ¼ 17 males, P ¼
0.250), but 17 of 17 experimental males (100%) gained

fat after food reduction (Fig. 1A; Z ¼ �3.67, N ¼ 17

males, P � 0.001). Similarly, the pectoral muscle of

control birds did not significantly change (Z¼�1.73, N
¼ 11 males, P¼ 0.250), while 15 of 17 experimental birds

(88%) lost pectoral muscle after food reduction (Fig. 1B;

Z ¼ 3.87, N ¼ 17 males, P � 0.001).

Using our long-term data set (2002–2013), we found

that fat score differed significantly by year in both scrub

(Kruskal-Wallis v2 ¼ 43.34, df ¼ 9, P � 0.001) and

mangrove habitat (Kruskal-Wallis v2 ¼ 89.29, df ¼ 9,

P � 0.001). Mean fat rank was negatively correlated

with March rainfall in scrub (q¼�0.733, N¼ 10 years,

P¼ 0.016), and the trend was similar, but not significant

in mangrove (q ¼�0.491, N ¼ 10 years, P ¼ 0.150).

Effects of food reduction on migration schedule

Experimental birds departed (day 30 6 6) on spring

migration significantly later than control birds (day 24.0

6 15.8; Z ¼�2.52, N ¼ 30 males, P ¼ 0.011; Fig. 1C).

The change in fat score from before to after the food

reduction and departure date were correlated in

experimental birds in such a way that birds that gained

the most fat departed on migration latest (q¼ 0.579, N¼
12 males, P¼0.049). However, in control birds this same

relationship was not significant (q¼ 0.401, N¼ 10 males,

P ¼ 0.251). We did not carry out this same analysis for

pectoral muscle score, because there was little variation

in the response of food-reduced birds in terms of

pectoral muscle loss.

DISCUSSION

Our goal was to quantify individual birds’ changes in

space use, body condition, and migratory performance

in response to a reduction of arthropod food that

mimicked seasonal declines found in many dry forests

throughout the tropics, including Jamaica. For example,

March precipitation was low at our field sites in both

2009 (18 mm) and 2010 (8 mm) compared to the long-

term average (1994–2013, 67 6 14.5 mm, mean 6 SE).

Subsequently, arthropod abundance declined in scrub

from mid-winter (1–15 February) to early spring (1–15

April) by 58% and 77%, respectively (N. W. Cooper,

unpublished data). Our insecticide treatment, in combi-

nation with the natural declines observed on control

territories (;40%), reduced arthropod abundance ;66–

80%. Thus, losses of food on food-reduced territories

closely mimicked declines in scrub habitat during the

most severe dry years.

As predicted, we found that some (3 of 17) food-

reduced males abandoned their territories, became

floaters, and did so within a week after the first

insecticide treatment. The large losses of food on food-

reduced territories may have changed the cost–benefit

ratio of territorial vs. floating behavior for some males.

While the ultimate cause of floating behavior is likely

related to population density, food availability, and

social dominance hierarchies (Brown and Long 2007),

the proximate causes of floating behavior in winter are

less clear. Brown and Long (2007) reviewed evidence to

support the idea that high levels of corticosterone are

associated with a range of floater-like behaviors

including reduced neophobia, increased exploration,

and increased dispersal in a variety of taxa. Marra and

Holberton (1998) found that American Redstarts in

scrub habitat experienced high levels of baseline

corticosterone at the peak of the dry season when food

was most limited. Losers of territorial contests may also

experience increased levels of corticosterone (Brown and

Long 2007). American Redstarts in our study experi-

enced an increase in agonistic interactions with neigh-

bors after food reduction, and most of these interactions

involved American Redstarts being chased by the larger

and socially dominant resident Yellow Warbler (Den-

droica petechia eoa). Thus, food-reduced males in our

study were exposed to at least two conditions that could

have increased baseline corticosterone levels, and this

may have induced floating behavior in the three males.

Contrary to our first prediction, food-reduced males

did not increase territory size. Little, if any, space

surrounding food-reduced territories was unoccupied by

other American Redstarts. Thus, food-reduced males

were likely socially constrained from increasing territory

size through the aggressive behavior of neighbors (see

also Brown and Long [2006], Brown and Sherry [2008]).

We also found that food-reduced males were less likely

than control birds to shift the location of their territory

within the immediate area. Given that both control and

food-reduced birds had similar numbers of American

Redstart neighbors, this perhaps indicates that food-

reduced birds were hindered from shifting location of

the territory by their poor body condition and the

subsequent competitive disadvantage with neighbors.

Given that most American Redstarts did not alter

their space use, it is not surprising that we found

consistent changes in body composition. We predicted

that food-reduced birds would lose overall body mass

because seasonal change in mass has been shown to

correlate strongly with habitat-mediated differences in

food-availability at our sites in Jamaica (Studds and

Marra 2005). However, we found no consistent change

in body mass and instead found that food-reduced birds

gained furcular fat (see also Katti and Price 1999, Strong

and Sherry 2000) and lost pectoral muscle (see also Latta

and Faaborg [2002]). Thus, the increase in fat and

decrease in muscle offset each other in terms of total

body mass. It is important to emphasize that we
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measured fat two to four weeks before pre-migratory

fattening begins. Our results contrast with a similar food

manipulation carried out with Ovenbirds in Jamaica, in

which reduced food led to decreases in both fat and

muscle (Brown and Sherry 2006). Brown and Sherry

(2006) suggested that food might have been reduced to

such a large degree that storage of fat was not possible,

but do not explain why birds on supplemented plots

increased fat levels. It is possible that the birds perceived

the localized food supplementation as temporally or

spatially unpredictable.

Although contrary to those of Brown and Sherry

(2006), our results provide the first experimental

confirmation of predictions from adaptive fat theory

for birds wintering in the tropics (Rogers 2005),

indicating that when facing food shortages, birds carry

fat to insure against the risk of starvation. Moreover,

over the last 12 years, birds in scrub carried more

furcular fat in dry years (i.e., low food) than wet (i.e.,

FIG. 1. Response to food reduction by
experimental and control wintering American
Redstarts in terms of (A) fat, (B) muscle, and
(C) migration timing. (A) Relative furcular fat
score frequency before and after food reduction.
Possible fat scores include no fat (0), 1–3 thin
strands of fat (LT), strands of fat merging into a
sheet in some places (T), and nearly forming a
sheet but with some holes (HT), with darker
colors indicating higher fat scores. (B) Relative
pectoral muscle score frequency before and after
a food reduction. A score of one (bottom
drawing) indicates a muscle shape that is neither
concave nor convex while a score of two (top
drawing) indicates a larger muscle with a convex
shape. (C) Date of departure on spring migration
(day 1 is 1 April) for control (white) and food-
reduced (shaded) birds. Boxes represent the
interquartile range (25th to 75th percentile), mid
lines indicate the median for each group, and
whiskers signify the range of values.
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high food). By documenting this correlation, we further

support Roger’s (2005) predictions, and also provide

strong evidence that the results from our manipulative

experiment are biologically meaningful. We found a

similar, but non-significant, long-term trend in man-

grove. Mangrove birds probably showed less response

because, compared to scrub birds, they appear to be

buffered against the natural seasonal declines in food-

availability (Studds and Marra 2005).

In addition to putting on fat, food-reduced birds lost

pectoral muscle (see also Latta and Faaborg 2002).

Rogers (2005) suggested that, when birds are food-

limited, an increase in fat might only come at the

expense of maintaining muscle, and our results provide

the first field verification of this prediction. In other

words, food-reduced American Redstarts increased fat

storage to offset the risk of starvation, but could not find

enough food to avoid catabolization of muscle. A

similar fat–muscle trade-off has been documented in

subantarctic fur seals (Arctocephalus tropicalis; Verrier

et al. 2011). Pectoral muscles are the main flight muscles

in birds, and their size is increased prior to migration

(Lindström et al. 2000). Therefore, having smaller

pectoral muscles in the weeks before pre-migratory

preparation provides a plausible mechanism for the

delay we observed in departure on migration.

Our results demonstrate the first causal link between

food availability, body condition, and the timing of

spring migration, and corroborate previous observa-

tional work by Studds and Marra (2007, 2011), which

showed that spring migration timing in American

Redstarts was correlated with annual fluctuations in

rainfall. Seasonal changes in food availability likely

impact body condition and migration timing in other

migratory taxa as well. In our study, food-reduced birds

delayed migration by nearly a week compared to

controls. The long-term (2003–2014) median departure

date for ASY males in mangrove (N ¼ 198 males) and

scrub (N¼88 males) was day 27 6 9 d and day 30 6 9 d,

respectively (Studds and Marra 2011; N. W. Cooper,

unpublished data). This indicates that the departure of

food-reduced birds (30 6 6 d) was delayed relative to the

long-term average in mangrove, but similar relative to

the long-term average in scrub habitat. This makes sense

as the total reduction of food on food-reduced territories

mimicked seasonal declines found in scrub habitat and

provides further evidence that our food reduction

resulted in biologically realistic delays in spring migra-

tion timing.

Technological limitations prevent us from being able

to track small-bodied birds like American Redstarts

during migration, and thus we cannot determine

whether delayed departure from the wintering grounds

led to delayed arrival on the breeding grounds.

However, in a number of other migratory birds,

departure date strongly predicts arrival date (Stanley

et al. 2012, Tøttrup et al. 2012, Callo et al. 2013, Jahn et

al. 2013, Lemke et al. 2013, López-López et al. 2014),

and often does so better than other factors, such as

migration speed or route (McKinnon et al. 2013). This

suggests that birds cannot compensate for late departure

by changing migration speed or route. Moreover, we

know from isotopic evidence that American Redstarts

occupying drier, and presumably food-limited habitats,

depart on spring migration later (Marra et al. 1998) and

subsequently arrive later on the breeding grounds than

birds in wetter habitats (Marra et al. 1998, Tonra et al.

2011). Thus, while the size and weight of geolocator

technology prohibits direct tracking of American

Redstarts, the currently available evidence suggests that

individuals that depart the wintering grounds late also

arrive late on the breeding grounds.

The benefits of early arrival to the breeding grounds

are well documented, and Tonra et al. (2011) found that

male American Redstarts decreased their chance of

successfully reproducing by 11% for each day they

arrived after the first male. Furthermore, McKellar et al.

(2013) experimentally delayed arrival of male American

Redstarts on the breeding grounds and showed that

delayed arrival led to reductions in mate and/or territory

quality that ultimately reduced reproductive success.

Thus, food-reduced males in our study likely experi-

enced declines in reproductive success because of their

delayed departure from the wintering grounds. Similar

carry-over effects have been documented in a diversity

of taxa (Harrison et al. 2011). In our study, American

Redstarts may have also faced costs in terms of annual

survival. Johnson et al. (2006) found that American

Redstarts’ ability to maintain body mass during the dry-

season explained ;90% of the variation in annual

apparent survival among habitats, and that losing 0.1 g

of mass over the course of the winter led to a 6.8%
decrease in annual survival. Over-winter and over-

summer survival rates are much higher than annual

estimates, implying that most mortality occurs during

migration (Sillett and Holmes 2002). Therefore, while

food-reduced birds in our study did not lose body mass

because of gains in fat, they did lose muscle mass, and

may have experienced lower survival during migration.

Sea level rise associated with global climate change is

expected to decrease mangrove habitat globally by 10–

15% by 2100, and mangrove habitat is being lost to

deforestation at a rate of 1–2% per year (Alongi 2008).

Thus, many species currently occupying mangrove

habitat may be forced into other habitats, especially

tropical dry forests. However, because many tropical

forests are expected to increase in temperature and

receive less precipitation in response to climate change

(Meir and Pennington 2011), the moisture content of

many tropical dry forests will decrease, leading to lower

arthropod abundances (Toms et al. 2012). Our food-

reduction experiment clearly demonstrates the link

between food availability and winter body condition.

Because of correlations between American Redstart

winter body condition and annual survival (Johnson et

al. 2006) and between American Redstart breeding
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abundance and winter weather conditions (Wilson et al.

2011), we expect that further reduction in the winter

carrying capacity of the environment could severely limit

many avian populations throughout the annual cycle.

Furthermore, delayed departure on migration may make
birds less able to adapt to the advances in vegetative and

insect phenology already occurring on the breeding

grounds, thus causing greater mismatches between peak

food availability and spring arrival (Both and Vis-

ser 2001).

ACKNOWLEDGMENTS

Four anonymous reviewers provided many helpful com-
ments that improved the manuscript. We thank the Petroleum
Corporation of Jamaica and the Jamaican National Environ-
mental Planning Agency for access to field sites and permits.
We thank J. Hazlehurst for the American Redstart drawings in
Fig. 1. We thank all field assistants for their hard work, and L.
Smith and the Whitehouse Football Club for ongoing support.
All research was supported by NSF LTREB grants to P. Marra
and T. Sherry, and a Smithsonian predoctoral fellowship to
N. W. Cooper.

LITERATURE CITED

Alongi, D. M. 2008. Mangrove forests: resilience, protection
from tsunamis and responses to global climate change.
Estuarine, Coastal and Shelf Science 76:1–13.

Barg, J. J., J. Jones, and R. J. Robertson. 2005. Describing
breeding territories of migratory passerines: suggestions for
sampling, choice of estimator, and delineation of core areas.
Journal of Animal Ecology 74:139–149.

Both, C. E., and M. E. Visser. 2001. Adjustment to climate
change is constrained by arrival date in a long-distance
migrant bird. Nature 411:296–298.

Brown, D. R., and J. A. Long. 2006. Experimental fruit
removal does not affect territory structure of wintering
Hermit Thrushes. Journal of Field Ornithology 77:404–408.

Brown, D. R., and J. A. Long. 2007. What is a winter floater?
Causes, consequences, and implications for habitat selection.
Condor 109:548–565.

Brown, D. R., and T. W. Sherry. 2006. Food supply controls
the body condition of a migrant bird wintering in the tropics.
Oecologia 149:22–32.

Brown, D. R., and T. W. Sherry. 2008. Alternative strategies of
space use and response to resource change in a wintering
migrant songbird. Behavioral Ecology 19:1314–1325.

Brown, J. L. 1964. The evolution of diversity in avian territorial
systems. Wilson Bulletin 76:160–169.

Callo, P. A., E. S. Morton, and B. J. M. Stutchbury. 2013.
Prolonged spring migration in the Red-eyed Vireo (Vireo
olivaceus). Auk 130:240–246.

Cooper, N. W., M. T. Murphy, L. J. Redmond, and A. C.
Dolan. 2011. Reproductive correlates of spring arrival date in
the Eastern Kingbird Tyrannus tyrannus. Journal of Orni-
thology 152:143–152.

Cooper, N. W., T. W. Sherry, and P. P. Marra. 2014. Modeling
three-dimensional space use and overlap in birds. Auk:
Ornithological Advances 131:681–693.

Cooper, N. W., M. A. Thomas, M. B. Garfinkel, K. L.
Schneider, and P. P. Marra. 2012. Comparing the precision,
accuracy, and efficiency of branch clipping and sweep netting
for sampling arthropods in two Jamaican forest types.
Journal of Field Ornithology 83:381–390.

Duong, T. 2007. ks: kernel density estimation and kernel
discriminant analysis for multivariate data in R. Journal of
Statistical Software 21:1–16.

Elliott, M., N. F. Janes, and C. Potter. 1978. The future of
pyrethroids in insect control. Annual Review of Entomology
23:443–469.

Fieberg, J., and C. O. Kochanny. 2005. Quantifying home-
range overlap: the importance of the utilization distribution.
Journal of Wildlife Management 69:1346–1359.

Fox, A. D., and A. Walsh. 2012. Warming winter effects, fat
store accumulation and timing of spring departure of
Greenland White-fronted Geese Anser albifrons flavirostris
from their winter quarters. Hydrobiologia 697:95–102.

Harrison, X. A., J. D. Blount, R. Inger, D. R. Norris, and S.
Bearhop. 2011. Carry-over effects as drivers of fitness
differences in animals. Journal of Animal Ecology 80:4–18.

Holmes, R. T., T. W. Sherry, and L. Reitsma. 1989. Population
structure, territoriality, and overwinter survival of two
migrant warbler species in Jamaica. Condor 91:545–561.

Hothorn, T., K. Hornik, M. A. van de Wiel, and A. Zeileis.
2008. Implementing a class of permutation tests: the coin
package. Journal of Statistical Software 28:1–23.

Houston, A. I., and J. M. McNamara. 1993. A theoretical
investigation of the fat reserves and mortality levels of small
birds in winter. Ornis Scandinavica 24:205–219.

Hudson, R. H., R. K. Tucker, and M. A. Haegele. 1984.
Handbook of toxicity of pesticides to wildlife. Resource
Publications 84. United States Department of the Interior,
Fish and Wildlife Service, Washington, D.C., USA.

Jahn, A. E., et al. 2013. Migration timing and wintering areas of
three species of flycatchers (Tyrannus) breeding in the Great
Plains of North America. Auk 130:247–257.

Johnson, M. D., T. W. Sherry, R. T. Holmes, and P. P. Marra.
2006. Assessing habitat quality for a migratory songbird
wintering in natural and agricultural habitats. Conservation
Biology 20:1433–1444.

Katti, M., and T. Price. 1999. Annual variation in fat storage by
a migrant warbler overwintering in the Indian tropics.
Journal of Animal Ecology 68:815–823.

Latta, S. C., and J. Faaborg. 2002. Demographic and
population responses of Cape May Warblers wintering in
multiple habitats. Ecology 83:2502–2515.

Lemke, H. W., M. Tarka, R. H. Klaassen, M. Akesson, S.
Bensch, D. Hasselquist, and B. Hansson. 2013. Annual cycle
and migration strategies of a trans-Saharan migratory
songbird: a geolocator study in the Great Reed Warbler.
PLoS ONE 8:e79209.

Lima, S. L. 1986. Predation risk and unpredictable feeding
conditions: determinants of body mass in birds. Ecology 67:
377–385.

Lindström, A., A. Kvist, T. Piersma, A. Dekinga, and M. W.
Dietz. 2000. Avian pectoral muscle size rapidly tracks body
mass changes during flight, fasting, and fuelling. Journal of
Experimental Biology 203:913–919.
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