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ABSTRACT. Most small birds wintering in the tropics should show little subcutaneous fat deposition
(SED), except in habitats where food availability may decline in late winter or, for some resident species, to
prepare for incubation or brooding fasts. However, these predictions need re-examination in light of a new,
precise, cross-validated method to compare SFD among habitats and species. We sampled 170 Nearctic-
Neotropical migrant and 279 resident birds during early and late winter in 1993 and 1994 in Jamaica, West
Indies. Habitats, from greatest to least expected availability of insect prey, were (1) mangrove forest, (2)
montane/foothills forest and cultivation, (3) dry limestone forest, and (4) acacia scrub. Percent lipid, estimated
from multiple-regression models using visual fat scoring (0—8 scale), total-body electrical conductivity, and a
variety of morphometrics, was categorized by percentile ranks to determine if SFD varied by habitat, season,
or age for all species, resident species, migrant species, and several individual species. SFD averaged ~ 13%
total mass for all birds, ranging from 8-24% for well-sampled species. The few bird species in acacia scrub,
primarily two facultative long-distance migrants, averaged ~ 26% lipid content, significantly more than birds
in other habitats. Most birds did not vary in SFD in the other three habitats, although Common
Yellowthroats (Geothlypis trichas) had greater SFD in dry limestone habitat than in montane habitat.
Bananaquits (Coereba flaveola) and Jamaican Euphonias (Euphonia jamaica) in montane habitat, especially in
early winter, had higher SFD than other resident species. Contrary to our prediction, adults and juveniles had
similar SFD, with the exception of juveniles having more SFD than adults in acacia scrub habitat. Winter fat
deposition (or, in some cases, muscle-protein catabolism) in the tropics may be an overlooked strategy,
potentially important as a hedge against fasting for floaters, facultative migrants, some territorial migrants in
habitats with seasonal declines in food resources, and some resident species prior to breeding.

RESUMEN. Efectos del habitat, la estacion y la edad en el almacenamiento de grasa en invierno
por aves migratorias y residentes en Jamaica

La mayoria de las aves pequenas que pasan el invierno en los tropicos deben mostrar poca deposicion de
grasa subcutdnea (SFD), excepto en los hdbitats donde la disponibilidad de alimentos puede disminuir al fin
del invierno, o para algunas especies residentes que prepararan para los ayunos durante la incubacién. Sin
embargo, estas predicciones requieren un nuevo examen a la luz de un método nuevo, preciso y con validacion
cruzada para comparar el SFD entre habitats y especies. Tomamos muestras de 170 aves migratorias
Neotropicales y 279 aves residentes durante el invierno temprano y tardio en 1993 y 1994 en Jamaica, Indias
Occidentales. Los habitats, de mayor a menor disponibilidad de presas de insectos, fueron (1) bosque de
manglar, (2) bosque montano / laderas y campos de cultivo, (3) bosque seco de piedra caliza y (4) matorrales
de acacia. El porcentaje de lipidos, estimado a partir de modelos de regresion mdltiple que utilizan la
puntuacion visual de la grasa (escala 0-8), la conductividad eléctrica total del cuerpo y una variedad de
morfometria, se clasificé por rangos percentiles para determinar si el SFD vari6 segtn el habitat, la estacién o
la edad de todas las especies, especies residentes, especies migratorias y varias especies individuales. El SFD
promedié fue ~ 13% de la masa total para todas las aves, con un rango de 8 a 24% para las especies bien
muestreadas. Las pocas especies de aves en matorrales de acacia, principalmente dos migrantes facultativos de
larga distancia, promediaron un contenido de lipidos de aproximadamente 26%, signiécativamente mds que
las aves en otros hdbitats. La mayoria de las aves no variaron en SFD en los otros tres habitats, aunque
Mascaritas comunes (Geothlypis trichas) tuvieron mayor SFD en el habitat seca de piedra caliza que en el
habitat montano. Las Reinita-mieleras (Coereba flaveola) y las Euphonia jamaica en habitat montano,
especialmente al principio del invierno, tuvieron mayor SFD que otras especies residentes. Contrariamente a
nuestra prediccion, los adultos y los juveniles tenfan SFD similar, con la excepcion de los juveniles que tienen
mds SFD que los adultos en el hibitat de matorral de acacia. La deposicion de grasa en el invierno (o, en
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algunos casos, ¢l catabolismo de proteinas musculares) en los tropicos puede ser una estrategia pasada por alto,
potencialmente importante como una cobertura contra el ayuno para flotadores, migrantes facultativos, algunos
migrantes territoriales en habitats con disminuciones estacionales en los recursos alimenticios, y algunas

especies residentes antes de la reproduccion.

Key words: energy stores, fasting, Neotropical migrant, winter ecology, total-body electrical conductivity

(TOBEC)

Many species of Neotropical migrant war-
blers (Parulidae) winter in tropical habitats in
the West Indies, seasonally augmenting com-
munities occupied by year-round residents.
These habitats vary in quality for migrant
warblers, most of which are insectivores, due
to differences in population densities and
availability of arthropod prey (Sherry and
Holmes 1996, Johnson et al. 2006, Marra
et al. 2015, Sherry et al. 2016a).

To survive over winter in non-breeding
habitats, birds must maintain energy reserves
sufficient for foraging, self-maintenance, and
preparation for timely migration (Blem 1990,
Marra et al. 2015). Fat reserves are generally
considered the most important energy stores
for birds, providing twice the metabolic
energy yield as carbohydrates (Hochachka
1973). Therefore, variation in fat deposition
among birds in different habitats could pro-
vide a measure of habitat quality (Johnson
2007). However, this possibility is compli-
cated by the various costs and benefits of
stored fat. Subcutancous fat deposition (SFD)
represents energy that can be used later, pro-
vides thermoregulatory insulation (important
in some habitats; Rogers and Smith 1993),
and is a source of metabolic water that may
be important in arid regions (Rutkowska
et al. 2016) or during dry periods (Katti and
Price 1999). However, SFD may also increase
predation risk by reducing maneuverability
(Gosler et al. 1995) and may be accom-
plished by a reduction in protein reserves
(Katti and Price 1999). Consequently, models
of how migrant birds wintering in the
Neotropics adaptively regulate body mass and
fat in response to food-limitation and preda-
tion risk offer conflicting predictions concern-
ing the mass components (fat vs. lean mass)
most responsive to changes in food availabil-
ity and other components of habitat quality
(Rogers 2005, Cooper et al. 2015).

Although SFD is normally associated with
birds wintering in cold climates, as fuel for
impending long-distance migration or for
impending periods of high-energy demand

like reproduction or molt, wintering birds in
suboptimal habitats, even in the tropics, may
store fat as a hedge against periods of fasting
or water shortage. This should be particularly
true for migrants overwintering in habitats
already occupied by residents and for surplus
migrant individuals that must seek resources
in less optimal habitats where food availability
may periodically be inadequate (Blem 1990).
Significant amounts of SFD in birds winter-
ing in the tropics (at least prior to the spring
pre-migratory period) can indicate a lower-
quality habitat (Cooper et al. 2015) and, pos-
sibly, socially subordinate individuals that
might use these habitats (e.g., females and
first-winter males; Studds and Marra 2005).
Birds in the lowest-quality habitats may be
the only migratory individuals wintering
in the tropics with elevated SFD (Lindstrom
and Piersma 1993, Rogers 2005). This may
apply primarily to facultative long-distance
migrants, such as Palm Warblers (Setophaga
palmarum) and Yellow-rumped Warblers
(Setophaga coronota), that arrive in the Greater
Antilles later in the fall than obligate migrants
(Dunn and Garrett 1997) and, in many years,
not at all (eBird 2018).

Higher-quality habitats characterized by con-
sistently high food availability may reduce the
need for winter-long SFD and thus are
expected to be saturated with resident and
obligate long-distance migrant species, espe-
cially more socially dominant adults. In
Jamaica, these may include mangrove forests
(Sherry et al. 2016a) and montane or foothill
forests, particularly where the latter occur
within a mosaic of gardens, orchards, and cof-
fee plantations (Sherry et al. 2016b) because
these habitats maintain relatively high levels of
arthropod abundance throughout winter, espe-
cially compared to dry limestone and scrub
habitats where arthropod availability declines
to a greater degree during the late-winter dry
season (Johnson and Sherry 2001, Studds and
Marra 2005, Cooper et al. 2015).

For resident birds in the Neotropics during
winter, fat storage may be differently constrained
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because many of these species have extended
breeding seasons and some may breed year-
round, e.g., Bananaquits (Coereba flaveola)
and Jamaican Euphonias (Euphonia jamaica).
SED, if it occurs, may signal preparation for
incubation or brooding fasts (Milenkaya et al.
2013) and may be particularly pronounced in
high-quality habitac with plentiful resources.
For resident birds not breeding in the
Neotropics in winter (i.e., when Nearctic-
breeding migrants are still present), we would
expect minimal SFD, although some eleva-
tional migrants may store fat to guard against
unpredictable food supplies or weather (Lima
1986, Rogers 2005).

Although we hypothesize that habitat qual-
ity is negatively correlated with SFD for win-
tering birds, the distribution of individuals
among these habitats could also help explain
why habitat quality may correlate with fat
storage. Age class affects the distribution of
bird species in some habitats. Holmes et al.
(1996) reported that more experienced and
socially dominant older birds generally pre-
empted first-winter birds from high-quality
habitats. Birds in lower-quality habitats with
unpredictable food availabilitcy may store
more fat as a hedge against fasting (Lima
1986), although late-winter (dry season) food
reduction has been shown to reduce SFD in
migrants wintering in Jamaican mangrove
habitat (Brown and Sherry 2006) and other
Caribbean forests (McKinnon et al. 2015).
Assessing these SFD predictions for environ-
mental and demographic variables requires
precise estimates of actual body fat content in
wintering birds. We used a multivariate tech-
nique, cross-validated with actual laboratory
lipid extractions, that provides accurate and
precise estimates of percent lipid in small
birds (Bergstrom and Sherry 2008).

Our objective was to examine the possible
effects of habitat quality, age, residency status,
and season (early winter vs. late winter) on
fat stores of birds wintering in Jamaica, West
Indies. We hypothesized that resident species,
with the opportunity to secure optimal habi-
tats through year-round territory defense,
would have minimal SFD (except possibly for
winter-nesting  species) and serve as a null
comparison for non-breeding Neotropical
migrants wintering in the West Indies. We
also hypothesized that, for Nearctic-breeding
warblers wintering in Jamaica, greater SFD
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would be associated with lower-quality habitat
and socially subordinate status (i.c., age) and
we tested two predictions: (1) birds in habi-
tats with more reliable winter food supplies
would have lower SFD, and (2) first-winter
birds would have more SFD than older birds
regardless of habitat.

METHODS

Study sites. Four habitats in Jamaica,
West Indies, that vary in quality for overwin-
tering songbirds, particularly migrant insecti-
vores, are (1) mangrove forest, (2) montane
and foothills forests and cultivated areas, (3)
dry limestone forest and scrub, and (4) acacia
(Acacia wvillosa) scrub (hereafter, mangrove,
mixed montane, dry limestone, and scrub,
respectively; Downer and Sutton 1990). Man-
grove and dry limestone (three sites at 0—
10 m and two sites at 40—130 m elevation,
respectively) were largely undisturbed habitats,
whereas the three higher-elevation (650—
1100 m) sites we sampled in mixed montane
habitat (Appendices S1 and S2) were a
mosaic of intact montane and foothills forest
and cultivated landscapes in the form of agri-
culture (e.g., coffee farms), orchards, and gar-
dens (Johnson et al. 2006). Our site for scrub
(Vernam Fields, elevation 110 m) was an
abandoned airfield in Clarendon Parish.
Based on relative abundance and reliability of
arthropod resources (direct indicators) and a
variety of demographic data (indirect indica-
tors), mangrove is considered one of the high-
est-quality wintering habitats for many
migratory warblers (Studds and Marra 2005,
Johnson et al. 2006, Sherry et al. 2016a),
providing an adequate supply of insects for
migrant and resident species (Cooper et al.
2015). Mangrove tends to have more consis-
tent arthropod abundance throughout the
winter, possibly due to the buffering effect of
regular tidal inundation on declining precipi-
tation (Lefebvre and Poulin 1996). However,
mixed montane habitat may provide similarly
consistent winter abundance of insect prey
attracted to the crops that grow there (John-
son and Sherry 2001, Kellerman et al. 2008,
Sherry etal. 2016a), as well as food for
fruit- and nectar-consuming birds (most of
which also consume insects; see Table 2).
Dry limestone and scrub are considered
lower-quality habitats than mangrove for
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wintering migrants because arthropod abun-
dance decreases during the winter dry season
to a greater degree than in mangrove (Febru-
ary—March; Sherry and Holmes 1996, John-
son et al. 2006).

Field methods. Birds were captured
with mist-nets, weighed (£ 0.1 g), measured,
and marked with bands at various locations
in mixed montane, dry limestone, and scrub
habitats (Appendix S1) in Jamaica during
two different time intervals (28 December
1993 to 3 January 1994 = early winter, and
23 March to 5 April 1994 = late winter;
Tables 1 and 2). Mangrove forest was sam-
pled only during late winter. Each site was
sampled for a period ranging from one to
two-and-a-half days consecutively (per season)
using 10-12 12-m mist-nets per period per
site. This design was intended to minimize
recaptures during any one sampling period
while providing a representative sample of
birds present (sampling was extended beyond
1 day at sites with greater abundance, i.e.,
higher capture rates). Morphometric measure-
ments included bill length, bill depth, bill
width, head length, wing chord, rtarsus
length, and tail length (Appendix S1; for
details, see Bergstrom and Sherry 2008).
Visual subcutaneous fat score was assigned
using the technique of Kaiser (1993) that,
unlike the more typical fat scoring (0—4; Pyle
et al. 1987), is based on a 0-8 scale. Birds
were also scanned several times (until read-
ings stabilized) in a total-body electrical
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conductivity machine (TOBEC using EM-
SCAN SA-3000 with 3044 detection cham-
ber, 44-mm diameter; Em-Scan, Inc., Spring-
field, IL USA; Appendix S2) to obtain a net
E-value (minus the E-value of the restraining
tube) that correlates positively with lean body
mass (Bergstrom and Sherry 2008). All scan-
ning, measuring, weighing, and fat-scoring
was done by BJB after practicing these proce-
dures on several hundred birds in the months
preceding this study.

Each bird was also aged when possible
using plumage, feather condition, and/or
visual observation of degree of skull ossifica-
tion (Pyle et al. 1987). First-year birds were
in their hatch year (HY) through 31 Decem-
ber 1993 and were categorized as second-year
(SY) birds from 1 January 1994 on. Remain-
ing birds were ecither ASY (after second year)
or AHY (after hatch year) and thus consid-
ered adults.

Statistical analyses. Before statistical
analysis, equations for predicting body com-
position were applied to the mass, morpho-
metric, and visual categorical (e.g., fat score)
variables recorded in the field. Lipid mass
was estimated using the most appropriate
best-multiple regression equation for the spe-
cies, group, or size of bird; all lipid mass-pre-
diction equations included body mass and
visual fat score as predictors, all included
some combination of the above-mentioned
morphometric  variables, and some also

included TOBEC (Bergstrom and Sherry

Table 1. Number of first-year and adult birds captured in each of the four Jamaican habitats during early
winter and late winter combined (numbers included in the analysis are lower, due to partial missing data or
poor fit of multiple-regression models for certain species; see Methods).

Habitat Number of first year ~ Number of adult ~ Age unknown  Total
A. Non-resident species (Nearctic-Neotropical migrants)
Mangrove forest 17 20 7 44
Blue Mountains and foothills 13 12 8 33
Dry limestone forest 35 37 3 75
Acacia scrub 5 12 0 17
Total 71 80 19 170
B. Resident species®
Mangrove forest 2 13 18 33
Blue Mountains and foothills 60 97 4 161
Dry limestone forest 18 45 19 82
Acacia scrub 1 1 0 2
Total 81 157 41 279

“Includes 12 Yellow Warblers of the resident race, Sezophaga petechia gundlachi.
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2008). Estimated lipid mass was divided by
live body mass recorded in the field and
expressed as percent body fat. Fat category
constituted an ordinal variable from 1 to 10
(in our case) representing increasing 5%
intervals in regression-estimated percentage
body fat (0—4.9%, 5.0-9.9%, and so on) and
was used as the primary dependent variable
(Appendix S1). We attempted to use the
most specific prediction equation to estimate
body fat mass for each bird, some species-
specific, others group-specific (e.g., warblers),
still others body-size specific (large, medium,
and small; all lipid-prediction equations are
shown in Appendix 1 in Bergstrom and
Sherry 2008). However, some equations
designed for certain bird species or groups
did not work on our dataset either because of
missing measurements or consistently negative
estimated percent body fat. As a result, all
estimates of lipid for large birds were deter-
mined using the “all-birds” equation instead
of the “large-bird” equation (Bergstrom and
Sherry 2008). Lipid indices for Orangequits
(Euneornis campestris), Black-faced Grassquits
(Tiaris bicolor), Jamaican Euphonias (Eupho-
nia jamaica), and Yellow-shouldered Grass-
quits  (Loxipasser — anoxanthus) were also
estimated using the all-birds equation. For
similar reasons, instead of the warbler equa-
tion, larger warblers, including Worm-eating
Warblers (Helmitheros vermivorum) and Com-
mon Yellowthroats (Geothlypis trichas), were
modeled with the medium-bird equation, and
the smaller Magnolia Warblers (Setophaga
magnolia), Prairie Warblers (S. discolor), and
Blue-winged Warblers (Vermivora cyanoptera)
with the small-bird equation. Lipid mass for
other warbler species was modeled with the
warbler equation (Bergstrom and Sherry
2008). Jamaican Todies (7odus todus) were
excluded from analysis because of their nega-
tive estimated percent body fat (resulting
from unusual body measurements, i.e., very
long bills for their small body size). Habitat
type, season (early vs. late winter), residency
status (year-round breeding resident vs. non-
breeding winter resident or migrant), and age
were potential predictors of body condition for
further analysis (see Methods; Appendix S1,
Table 2).

For one set of analyses, fat category served
as the response or dependent variable, and
habitat, residency status (resident vs. migrant),
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age (first-year vs. adult), and season (early vs.
late winter) served as independent variables.
For another set of analyses, habitat served as
the dependent variable, with age and resi-
dency status serving as independent variables.
Minitab 17.3.1 (Minitab 2016) was used to
perform general linear models (GLM) when
covariates were declared (i.e., ANCOVA,
yielding F statistics), linear regression, and,
for two- or mult-group comparisons when
covariates were not used, two-sample #tests
with the unequal variances option (when sam-
ple sizes were large; F and #tests are robust to
deviations from normality or homoscedasticity
when sample sizes are large and/or when
groups are of approximately equal size; Glass
et al. 1972), and the non-parametric Mann—
Whitney (W) or Kruskal-Wallis (H) tests for
two- or multi-sample comparisons when sam-
ple sizes were smaller, or greatly unequal
between groups, and/or when covariates were

not declared. Values are provided as
means = 1 SD.

RESULTS

Sample sizes by habitat, residency sta-
tus, season, and age. Of 447 birds sam-
pled, 62% were residents representing 30
species, and the remaining 38% were
migrants representing 16 species, mostly war-
blers (Table 1). The latter were predomi-
nantly insectivorous, but insects also form
either a primary or an important part of the
diet for the resident species we sampled
(Table 2). Of the total sample of birds, 194
(43%) were captured in mixed montane habi-
tat, of which 83% were resident species, 19
birds were captured in scrub, 77 in mangrove,
and 157 in dry limestone (Table 1). Contrary
to our prediction, 68% of birds captured in
scrub, the lowest-quality habitat, were adults,
slightly more than the overall composition of
61% adults in all habitats combined, and an
older age structure than the 53% adult in the
subsample of migrant birds in all habitats.
However, overall age structure did not differ
among the four habitats (45 = 0.7, P = 0.90,
N = 384). Across all habitats, migrant species
comprised a more equal mix of age classes
than did resident species (Table 1). Birds
were captured during both seasons in three
habitats, but mangrove was sampled only in
late winter. We captured 162 birds in early
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winter and 285 in late winter (Appendix S1).
No species was captured in all four habitats
(Table 2). There were no recaptures within
either season. Twelve birds banded in early
winter were recaptured in late winter (4% of
late-winter captures), including one each of
White-eyed Thrush, Orangequit, Black-faced
Grassquit, Common Yellowthroat, and Oven-
bird, and two Bananaquits at Green Hills
(montane habitat); and one Worm-eating
Warbler and two each of American Redstarts
and Ovenbirds at Alligator Hole (dry lime-
stone habitat; see Table 2 for scientific
names).

Fat storage by habitat, residency status,
season, and age. The modal fat category
for all 362 birds with estimable lipid was 1 (re-
gression-estimated, 0—4.9% lipid), the mean
was 2.7 £ 1.8, which is equivalent to 13%
lipid, and the maximum per individual was a
Black-faced Grassquit in mixed montane habi-
tat with a fat category of 10 (~ 47% lipid).
SED varied significantly among the four habi-
tats (GLM, 5 355 = 13.3; P< 0.001), pri-
marily because birds captured in scrub had a
mean fat category of 5.2, whereas birds in the
other three habitats had similarly low amounts
of SFD (all means between 2.5-2.7, Fig. 1;
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Kruskal-Wallis test of fat category among the
three habitats excluding scrub: H, = 3.4,
P = 0.18). In the above GLM, residency status
was a non-significant covariate (F, 357 = 0.01,
P =0.91). There was no difference in SFD
between  resident and  migrant  birds
(p7 = 1.5, P=0.14). SFD among all birds
did not differ between early winter and late
winter (£, 314 = 0.43, P = 0.51; with age as a
non-significant  covariate:  Fy, 314 = 2.4,
P = 0.12). For all birds in all habitats, SFD of
adults and first-year birds did not differ signifi-
cantly (F}, 358 = 3.2, P = 0.076; mean fat cat-
egory = 2.9 &+ 1.7 for 190 adults, vs. 2.6 =
1.9 for 127 first-year birds), with residency as a
non-significant  covariate  (Fy, 353 = 2.5,
P =0.12). However, for birds in scrub only,
five first-year birds had a significantly higher
mean fat category (7.2 & 1.9) than 12 adults
(4.4 £ 2.0; H, = 4.8, P=0.03). All but one
bird in this sample with estimable percent body
fat were migrants representing just two species,
Western Palm Warblers (S. p. palmarum) and
Yellow-rumped Warblers (/V =4, mean fat
category = 6.2), and neither species was cap-
tured in any other habitat. The remaining bird
in scrub was an adult male Yellow-faced Grass-
quit with a fat category of 7.

Mangrove

Montane

Dry limestone
Habitat

Acacia scrub

Fig. 1. Multdple-regression estimated percentage body fat (categorized by 5-percentile ranks) among the
whole sample of wintering birds in four Jamaica habitats. Error bars represent 95% confidence intervals
based on pooled standard deviation. See Methods for further descriptions of variables and fat estimation
techniques. Numbers of birds with estimable percentage body fat per habitat were as follows: mangrove
(65), montane (132), dry limestone (148), and scrub (17).
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Patterns of SFD among species. Of
species with at least eight individuals where
we were able to estimate percent lipid, only
two migrant species (Prairie Warblers and
Palm Woarblers) and two resident species
(Jamaican Euphonias and Bananaquits) had
mean regression—estimated fat categories > 3,
with Palm Warblers having the highest at 4.8
(Fig. 2). Jamaican Euphonias and Banana-
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significantly greater SFD than the seven
lowest-mean  migrant  species  combined
(W= 1219.5, P = 0.0008), and Prairie War-
blers did not differ from these species (Fig. 2,
P=0.8).

Single-species comparisons. Seven spe-
cies had sufficient sample sizes (V> 15) to
test for the same predictor variables as above
with fat category as the response variable.

quits had significanty greater SFDs than

Four of these species occurred in mangrove,
the other seven resident species combined

mixed montane, and dry limestone habitats,

(W=799.5, P=0.002 and W=25006, including two migrants (Ovenbirds, N = 39;
P <0.001, respectively). Palm Warblers had American Redstarts, N =28) and two
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Fig. 2. Mean (+ SD) body fat category for each of nine migrant and nine resident species of Jamaica
birds where estimates of percentage lipid were obtained by multiple-regression estimation for > 8 birds
(see Methods). Of these, only two migrant species (black bars: Prairie Warbler and Palm Warbler) and
two resident species (medium gray bars: Jamaican Euphonia and Bananaquit) had mean estimated fat
categories > 3. Not shown here because V=5, Yellow-rumped Warblers had a mean fat category of 6.2
(~ 31% body fat). Banders codes as follows: Ovenbird (OVEN), Common Yellowthroat (COYE), Amer-
ican Redstart (AMRE), Northern Waterthrush (NOWA), Worm-eating Warbler (WEWA), Black-
throated Blue Warbler (BTBW), Prairie Warbler (PRAW), Palm Warbler (PAWA), Black-and-white
Warbler (BAWW), and Yellow Warbler (YEWA). Abbreviations for resident species are as follows: Jam
Vireo, Jamaican Vireo; YS Grassquit, Yellow-shouldered Grassquit; BF Grassquit, Black-faced Grassquit;
JamEuphonia, Jamaican Euphonia; GA Bullfinch, Greater Antillean Bullfinch; and Sad Flycatch, Sad
Flycatcher. For these and other species, scientific names and additional information are found in
Table 2.
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residents  (Bananaquits, N = 40; Greater
Antillean Bullfinches, N = 28). Orangequits
(residents, N = 37) were captured only in
mangrove and mixed montane habitats, and
Common Yellowthroats (migrants, N = 16)
were captured only in mixed montane and
dry limestone habitats. Orangequits stored lit-
te fat (mean fat category = 1.6, or ~ 8%),
and SFD of Orangequits did not differ either
between mangrove and mixed montane habi-
tats (F, = 0.1, P = 0.77) or between seasons
(H; =0.1, P=0.73). Eight Common Yel-
lowthroat individuals in dry limestone habi-
tat had significantly more SFD (3.3 £ 1.0)
than eight individuals in montane habitat
(14 + 05, GLM, F1’13 = 14, P= 0002,
with secason a non-significant covariate,
F15=0.01, P=0.93). For Ovenbirds,
American Redstarts, and Greater Antillean
Bullfinches, we found no differences in esti-
mated fat category among mangrove, mixed
montane, and dry limestone habitats (/s, all
P> 0.20). For American Redstarts, season
was a significant covariate (Fj,3 = 5.4,
P =0.03) of habitat (with habitat a non-sig-
nificant main effect, /5,3 = 1.6, P=0.22) in
a two-factor GLM predicting fat because
eight individuals in dry limestone habitat in
late winter had mean fat scores of 3.6,
whereas 18 individuals in other combinations
of season and habitat had mean fat scores of
2.1.

Bananaquits had more fat in mixed mon-
tane (mean fat category 4.9, or 24.5%) than
mangrove (2.0, or 10%) habitat, with inter-
mediate levels in dry limestone habitat (3.7,
or 18.5%; H, = 10.5, P = 0.005). However,
this may have been confounded by our lack
of early winter sampling of mangrove habitat,
and we note there was also significantly
greater fat storage by Bananaquits in early
winter (5.2, or 26%) than late winter (2.7, or
13.5%; H; = 10.6, P < 0.001). However, in
a GLM ANCOVA, after removing the nearly
significant effect of season as a covariate
(F125 = 3.8, P=0.06), habitat was not sig-
nificant as a main effect on estimated fat cate-
gory (Fhos = 1.6, P = 0.23).

Body mass: relationships to SFD, sea-
son, and habitat for some species. As an
a posteriori test, we found a significant posi-
tive relationship between total body mass and
estimated fat category for Bananaquits (linear
regression, Fj,; = 6.1, P=10.02; for the
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entire sample of Jamaica birds, we found no
relationship between total body mass and esti-
mated fat category; linear regression,
Fi361 = 3.1, P=0.08). Ovenbirds had the
same significant positive regression of esti-
mated fat category on body mass
(F137 =8.0, P=0.008) as Bananaquits. In
contrast, lower-mass American Redstarts had
higher estimated fat categories (F,s5 = 5.9,
P =0.02) and, although they did not vary
among all three habitats in SFD, American
Redstarts were significantly heavier in mon-
tane habitat (7.9 g) than in mangrove and
dry limestone habitats combined (~ 6.9 g;
H, =54, P=0.02). American Redstarts
were significantly heavier in early winter
(7.4 g) than in late winter (6.8 g; H; = 8.8,
P =0.003), but there was no age effect on
body mass (H; = 0.1, P=0.72). The body
mass of Bananaquits and Greater Antillean
Bullfinches did not differ by habitat, season,
or age (non-parametric, or GLM, with or
without covariates). The body mass of Oven-
birds did not differ either among habitats
(H, =25, P=0.29) or between seasons
(H; = 0.54, P = 0.46), but 12 adult Oven-
birds (20.6 = 2.2 g) were heavier than 18
first-year  birds (19.3 £ 1.7 ¢ H; = 4.4,
P =0.04).

DISCUSSION

Effect of winter habitat quality on sub-
cutaneous fat deposition (SFD). We
expected SFD to be greater in migrant than
resident species of birds and to increase grad-
ually from reputedly highest-quality (man-
grove) to lowest-quality (scrub) habitats, with
birds wintering in the other two habitats hav-
ing intermediate levels of SFD. However, we
found that habitat quality was associated with
SFD only when comparing one reputedly
poor habitat, i.e., acacia scrub, where birds
stored significantly more fat, to all other habi-
tats where SFD generally averaged 5-15% of
body mass (except for Bananaquits and
Jamaican Euphonias in mixed montane habi-
tat and Prairie Warblers found mostly in dry
limestone habitat that averaged 17-24% body
fat). This result provides little insight con-
cerning resource availability or conditions in
acacia scrub habitat (or dry limestone), but
we can infer that maintaining greater SFD
is a survival strategy in a habitat with low or
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inconsistent food or water availability, and
allows birds to either cope with periods of
fasting or have the fuel needed to leave the
habitat if necessary (Lima 1986). Coping may
be associated with larger territories or home
ranges facilitated by lower densities of com-
petitors (Fretwell and Lucas 1968), and main-
taining sufficient fuel to leave a habitat may
help explain the frequency of transients in
many warbler species (Peele et al. 2015).

An alternative explanation for elevated SFD
in acacia scrub habitat is that most of the birds
captured there were Western Palm Warblers
and Yellow-rumped Warblers, species known
to use different non-breeding habitats than the
other warbler species in our study, and tend-
ing to be nomadic flocking species even in
their annual winter range in the southern Uni-
ted States (Dunn and Garrett 1997). In
Jamaica, these two species are facultative rather
than regular migrants, tending to arrive late, if
they arrive at all in any given winter, and to
select and move among habitats already occu-
pied by other small insectivorous songbirds
(Downer and Sutton 1990, eBird 2018). This
suggests that the wintering strategies of these
species are transience rather than territory
defense. Because of this and their occurrence
in acacia scrub habitat allotopically from other
Neotropical migrants, we were unable to make
direct comparisons of SFD among habitats
(Sherry and Holmes 1996). However, no obli-
gate wintering migrant species and only one
resident species of songbird (which had
~ 33% estimated body fat) were captured in
acacia scrub, suggesting its unsuitability as
habitat for obligate winter songbirds. Our
sampling year was not meteorologically aber-
rant; actual rainfall in Jamaica from October
1993 through April 1994 was 1382 mm,
which was typical based on the 24-year mean
for that seven-month period from 1991
through 2015 of 1190 + 78 (SE) mm
(range = 630-2357 mm; World Bank 2018).

Whether as transients (including inter-habi-
tat migrants; Loiselle and Blake 1991) or
longer-term winter residents in poor, low-
density wintering habitats such as acacia
scrub, birds found there would be expected to
maintain higher SFD during the pre-migra-
tion late-winter period. The 17 migrant and
two resident birds in acacia scrub were all
captured at a single site (Vernam Fields), and
the habitat at that location may have been
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atypical for acacia scrub in bird species com-
position or diversity. However, acacia scrub is
particularly inhospitable compared to several
other types of Jamaican scrub habitats that
host a greater abundance and diversity of
birds (e.g., xeric logwood scrub; Peele et al.
2015). The dry limestone ecosystem includes
a more species-diverse (plants as well as birds)
scrub habitat interspersed with dry forests
(Downer and Sutton 1990; Fig. 3e in
Appendix S2).

Among the other three habitats, insect
abundance in dry limestone has been reported
to decline more during the winter months,
due to less rainfall, than in mangrove and
mixed montane habitats (Sherry and Holmes
1996, Johnson and Sherry 2001, Kellerman
et al. 2008). Although we found that the
SED of birds overwintering in dry limestone
was similar to that of birds in mixed mon-
tane and mangrove habitats, our sample of
migrant, insectivorous Common  Yel-
lowthroats (split evenly between two habitats)
had significantly greater SFD in dry limestone
than in montane, providing single-species
support for the above-cited studies, and for
our initial hypothesis that SFD would be
higher in the lower-quality habitat.

For two resident species, Bananaquits and
Jamaican Euphonias, we found significantly
greater fat storage than for other resident spe-
cies (as well as for many migrants) in our
study; SFD was significantly higher for Bana-
naquits in mixed montane habitat and in
early winter (nine of 10 Jamaican Euphonias
were captured in montane habitat and eight
of those in early winter so that no similar
comparisons could be made). Bananaquits in
locations  with greater access to fruit in
Dominica had significantly greater SFD than
in other localities, especially in January, with
levels declining dramatically by April (a simi-
lar seasonal pattern to our data; Douglas
et al. 2013). Bananaquits breed by February
or earlier in the West Indies (Diamond 1973,
Wunderle 1982). Bananaquits and Jamaican
Euphonias breed eatlier than most other resi-
dent birds in Jamaica, and have previously
been documented to have significantly more
SFD during December and January than
other resident species (Diamond 1973). This
suggests that Bananaquits and Jamaican
Euphonias may have had elevated SFD at our
montane sites because of the availability of
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ample fruit and insect food sources, and in
preparation for early winter breeding.

Our higher-elevation sites included gardens,
orchards, and coffee plantations that provided
abundant fruit and nectar sources and insects
attracted to both (Johnson and Sherry 2001,
Sherry et al. 2016b). In fact, the abundance of
arthropods has been found to increase toward
late winter in Jamaican coffee plantations
(Johnson and Sherry 2001), allowing better
maintenance of over-winter body mass by
American Redstarts in this habitat than in dry
limestone and scrub habitats (Johnson and
Sherry 2001). Because of this, a significant
positive relationship between elevation and
body size previously reported for Bananaquits
in Jamaica (Diamond 1973) may also explain
our finding of a positive relationship between
body size and SFD in this species. In our
study, American Redstarts overall lost signifi-
cant mass over the winter period (but no dif-
ference in SFD) and were also heavier at the
higher-elevation sites, which may reflect size-
based habitat selection. Diamond (1973)
found the same elevational pattern for migrant
Black-and-white Warblers in winter and
attributed it to Bergmann’s Rule. Body-mass
changes decoupled from changes in SFD have
been reported in Palearctic-breeding migrants
during winter in the tropics, and this has been
attributed to higher SFD in poor habitats or
during lean periods being offset by loss of
muscle mass (Riddington and Gosler 1995,
Katti and Price 1999). Because we did not
find elevated SFD in American Redstarts in
any habitat or season, we conclude that winter
SED is not a bet-hedging strategy the species
employs, so over-winter mass loss may repre-
sent loss of muscle mass in response to late-
winter food shortage and/or the gradual reduc-
tion in the pectoralis muscle hypertrophy that
occurred prior to southward fall migration,
i.e., birds not needing to power long-distance
flight could increase maneuverability and
reduce energy demands by reducing pectoralis
muscle mass (Dietz et al. 2007).

Age differences in SFD. Overall, adults
and first-year birds had similar amounts of
SED. First-year birds might be expected to
store more fat than adults because they usu-
ally occupy lower-quality habitats due to their
subordinate status and lack of experience in
finding and defending high-quality winter ter-
ritories (Sherry and Holmes 1996, Peele et al.
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2015), a pattern not observed in our data
(Table 1). In some cases, however, juveniles
might occupy high-quality habitats by relying
on cues from adults. Because adults tend to
have more experience in choosing winter
habitats, they could reliably indicate high-
quality habitats to later-arriving naive juve-
niles trying to secure habitac (Sherry and
Holmes 1996) by occupying vacancies in
unsaturated habitats, competing for territories,
or surviving as floaters among territorial birds
(Peele et al. 2015). However, in the one habi-
tat where SFD was pronounced in our study
(acacia scrub), juveniles had significantly more
fat than adults, as hypothesized. Contrary to
our predictions, less than a third of the
migrant birds captured in scrub habitat were
first-year birds, proportionately less than any
of the other three habitats that we predicted
would provide greater and more reliable over-
winter arthropod availability.

With the above exceptions noted, and some
arguably complex interactions among vari-
ables, season (early or late winter) and resi-
dency status (resident or migrant) did not
affect the amount of fat stored by birds in the
habitats we sampled. These results contradict
the findings of Holmes et al. (1996) and
Johnson et al. (2006). The less-than-expected
variation in fat storage among the three habi-
tats in our study, other than the harshest
(scrub), parallels the results of a recent study
of Wood Thrushes (Hylocichla mustelina)
overwintering in Belize (McKinnon et al.
2015) where birds were found to be in
equally poor body condition in each of three
habitats due to late-winter drying and
reduced abundance of arthropods and fruits.
Another possible source of variation in SFD
that may have obscured patterns, and which
our study was not designed to detect, is subtle
within-habitat variation in wintering strategy,
particularly by species of wintering migrants,
especially transient versus territorial behavior.
Up to 50% of individuals occupying some
habitats in Jamaica are transient individuals
that can be difficult to detect without inten-
sive survey methods such as territory mapping
(Peele et al. 2015). Fat levels might be
expected to be greater in transient individuals
as a bet-hedging strategy (references in Intro-
duction), particularly if they tend to be
socially subordinate, which could obscure pat-
terns among habitats.
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We conclude with several observations.
First, the mean percentage body fat among
tropical wintering birds in our study
(~ 13 £ 1.8%) was slightly greater (although
much less variable) than that reported in a
previous study using the same estimation
techniques on Nearctic-Neotropical ~ birds
sampled largely at spring and fall migration
stopover sites in the southeastern United
States (12 £ 9.6%; Bergstrom and Sherry
2008), where birds often have considerable
SEFD related to migration (but may some-
times have depleted fat stores following a
long migration bout, especially in the
spring). Thus, fat stores in these tropical
wintering birds were far from negligible. Sec-
ond, a few species of resident and migrant
birds in our study, and in different habitats,
had significantly greater winter SFD than
other species, reinforcing the idea that birds
store fat for different ecological reasons and
that no one hypothesis is likely to explain all
the patterns. Third, lean-mass loss during the
winter may be a survival strategy for some
species that do not have winter SFD. Fourth,
more research is needed in a variety of habi-
tats and seasons to better understand factors
that influence fat deposition and changes in
lean mass, ideally in conjunction with esti-
mates of food availability and predictability,
and with information on the status of indi-
viduals as either territorial or transient.
Finally, experiments (Cooper et al. 2015)
will be valuable for testing specific hypothe-
ses. Studies like ours, that are comparative
and can identify patterns, are important in
helping to determine where experimentation
will be most productive. For example, in
conjunction with assessment of body condi-
tion over winter in different habitats, terri-
tory mapping of individual birds and
experimental food supplementation are two
possible experimental approaches for examin-

ing what drives SFD.
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