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fruit abundance. Body condition of birds also declined (esti-
mated ~5 % decline over the wintering period), with no sig-
nificant difference by habitat. Relatively poor condition (low 
body condition index, low fat and pectoral muscles scores) 
was equally apparent in all habitat types in March. Climate 
change is predicted to increase the severity of dry seasons 
in Central America, and our results suggest that this could 
negatively affect the condition of individual wood thrushes.

Keywords Wood thrush · Belize · Winter ecology · 
Carry-over effects · Climate change

Introduction

Effective conservation of declining populations of migra-
tory animals requires an understanding of when and where 
they are most limited (Faaborg et al. 2010; Martin et al. 
2007). Many Neotropical migratory songbirds spend most 
of the year and are more spatially concentrated at overwin-
tering sites in the Neotropics (Mills 2006). Ecological fac-
tors during the non-breeding period are expected to have a 
large impact on overall population dynamics (Calvert et al. 
2009), but they remain relatively understudied for most 
species (Faaborg et al. 2010). Winter habitat quality can 
affect bird fitness directly by driving within-season mortal-
ity. Winter habitat can also cause indirect carry-over effects 
(Taylor and Norris 2010), where non-lethal consequences 
of habitat occupancy in winter affect subsequent fitness 
during migration or at breeding sites (Harrison et al. 2011). 
For many Neotropical migratory birds, the amount of rain-
fall during the winter period is an important limiting fac-
tor (Sillett et al. 2000; Smith et al. 2010; Studds and Marra 
2007). Predictions of a warmer and drier climate in the 
Neotropics under various global change scenarios (Hidalgo 
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of climate change. We studied habitat quality for a declin-
ing tropical forest-dwelling songbird, the wood thrush 
(Hylocichla mustelina), and tested the hypothesis that habi-
tat moisture and arthropod abundance are drivers of body 
condition during the overwintering period. We examined 
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et al. 2013; Neelin et al. 2006) underscores the importance 
of determining how winter-site ecological factors affect 
migratory birds.

Migratory songbirds arrive in the Neotropics at the end 
of the tropical wet season, when arthropod food resources 
are relatively abundant (Janzen 1973). As the environment 
becomes increasingly dry (~February–May), plant produc-
tivity slows and invertebrate abundance declines (Johnson 
and Sherry 2001; Sherry and Holmes 1996; but see Smith 
and Robertson 2008). This effect is more pronounced in 
drier habitats (Smith et al. 2011a). For migratory birds pre-
paring for spring migration, accumulating and maintaining 
adequate levels of pre-migratory fuel (fat) and large flight 
muscles may be challenging (Johnson et al. 2006; Studds 
and Marra 2011). In parallel with seasonal ecological 
changes, overwintering migrants may decline in condition 
over the non-breeding season (Johnson et al. 2006; Sherry 
and Holmes 1996; Strong and Sherry 2000), especially in 
poor-quality habitats (Marra and Holberton 1998).

Habitat moisture (a correlate of rainfall) varies consid-
erably by habitat type and season, and drives patterns of 
arthropod abundance, which supplies the mechanism for 
changes in the condition or survival of birds (Smith et al. 
2010; Studds and Marra 2007). Research on wintering 
grounds has found that habitat moisture correlates with fit-
ness in at least three migratory warbler species (Brown and 
Sherry 2006; Smith et al. 2010; Studds and Marra 2007). 
Experimental manipulation of moisture at a non-breeding 
site in Jamaica, however, was unsuccessful in affecting 
body condition in American redstarts (Setophaga ruticilla) 
(Wilson et al. 2013). Abundance or biomass of arthropods 
has also been directly correlated with individual bird con-
dition (Strong and Sherry 2000), habitat occupancy (Smith 
et al. 2011a), and within-winter movements (Smith et al. 
2011c). Experimental evidence supports the theory that 
arthropod abundance is a limiting factor on the body condi-
tion of overwintering songbirds (Brown and Sherry 2006).

To date, most studies on habitat quality for non-breeding 
migrants have focused on species that feed primarily on 
invertebrates. Many migratory songbirds consume fruit or 
other non-invertebrate prey during non-breeding periods 
(Blake and Loiselle 1992). The ability for migrants to con-
sume an alternate food source may help to offset the effects 
of declining arthropod abundance, if the abundance of 
alternate resources, such as fruit, increases or is sufficient 
for preparing for spring migration. The local abundance 
of wintering yellow-rumped warblers (Setophaga coro-
nata) was shown to increase with experimentally increased 
abundance of fruit (Borgmann et al. 2004). In Costa Rica, 
wood thrushes (Hylocichla mustelina) appeared to increase 
their consumption of fruit in late winter (Blake and Loi-
selle 1992). It remains unclear whether the patterns of 
resource and bird condition decline observed through the 

overwintering period in primarily insectivorous species are 
also true for species with omnivorous diets.

Many overwintering Neotropical migratory songbirds 
occupy tropical humid forests (Hutto 1980), yet much of 
the research on habitat quality for migrants has occurred in 
relatively rare mangrove–scrub ecotones (Smith et al. 2010; 
Studds and Marra 2007) or tropical dry limestone forests 
or thorn-scrub (Brown and Sherry 2006; Strong and Sherry 
2000). Tropical humid forests are expected to be more moist 
overall, and more stable in terms of moisture, relative to dry 
tropical forests (Reich 1995). As such, rainforest habitats 
may be relatively buffered from seasonal change during the 
dry season (Reich 1995) and thus able to retain a relatively 
steady abundance of arthropods throughout the overwinter-
ing period of migratory birds. It is not known whether the 
strong association between habitat moisture and migrant 
songbird condition would occur in a more moist and sta-
ble environment such as a tropical forest understory, where 
many migrants spend the winter (Hutto 1980).

In this study, we examined overwintering habitat quality 
for wood thrushes in Belize, Central America. Wood thrushes 
in North America are rapidly declining (2.2 %/year over the 
last 10 years) (Sauer et al. 2012), and information on habi-
tat use during the non-breeding season is urgently needed to 
inform conservation measures. Tropical forest degradation 
and loss is thought to be a major factor in population declines 
for this species (Stanley et al. 2015), but the drivers of wood 
thrush condition during the non-breeding season have not 
been studied. We compared food abundance (arthropods and 
fruit), habitat moisture, and four indicators of condition for 
the wood thrush across three habitat types from early (wet 
season) to late winter (dry season). We predicted that wood 
thrushes would be in better condition in habitats that are wet-
ter, and that body condition would correlate with arthropod 
abundance, but not fruit abundance, if arthropods were a better 
or preferred food source, as has been shown in other thrushes 
(Diggs et al. 2011). We predicted that seasonal declines in 
moisture and associated condition of wood thrushes would be 
buffered in high-quality habitat (mature moist forests) relative 
to poor-quality habitat (disturbed forest and riparian scrub). 
Finally, we expected high-quality habitat to be relatively male-
populated and adult-biased compared with poor-quality habi-
tat (Diggs et al. 2011; Marra and Holberton 1998; Stutchbury 
1994), assuming limited high-quality habitat and competitive 
exclusion by older (adult) and larger (male) birds.

Materials and methods

Study site

We conducted this study at the Belize Foundation for 
Research and Environmental Education (BFREE; 16.5°N, 
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88.7°W), a 467-ha private reserve in the Toledo District 
of Belize, Central America (Fig. 1). The reserve is a low-
land tropical evergreen forest bordering the Bladen River 
(Brewer et al. 2003). The site receives most of its rainfall 
(2,500–3,000 mm annually) from June through January, 
with a strong dry season from February through May (S. 
Brewer, BFREE, unpublished data). Please see Supple-
mental Information for details of monthly rainfall for the 
region during the specific years of this study. Human dis-
turbance to the region is limited owing to the small popu-
lation size in Toledo (population 30,538 persons; density 
6.6 persons/km2) and in Belize as a country (population 
334,297; density 14.5 persons/km2, concentrated in five 
larger towns). Three protected areas border BFREE: the 
Bladen Nature Reserve (39,200 ha; off-limits for every-
thing except research), the Cockscomb Basin Wildlife 
Sanctuary and Jaguar Preserve (~38,900 ha; minimal 
tourism and research permitted), and the Maya Mountain 
Forest Reserve (15,400 ha; sustainable forest harvesting 
permitted).

We studied wood thrushes in three habitat types: undis-
turbed forest, disturbed forest, and ‘scrub’. The undisturbed 
forest (hereafter, ‘forest’) and scrub plots overlapped with 
sites actively monitored by BFREE avian technicians using 
mist-net captures for migratory birds following MoSI 
[Monitoreo de Sobrevivencia Invernal] protocols (Desante 
et al. 2009). Each plot was located within a continual 
matrix of forest and natural early successional scrub. We 
expected wood thrush to show a territorial-floater social 
system, with territorial individuals occupying a core area 
with a radius of ~150 m for the duration of the overwinter-
ing period (Rappole et al. 1989). During our MoSI moni-
toring, no wood thrushes were ever banded at one site (for-
est or scrub) and recaptured in the other within the same 
season (J. Rotenberg, BFREE, unpublished data), suggest-
ing that these two sampling areas were independent.

The southern forests of Belize, including all habitats 
in our study, were heavily affected by hurricane Iris in 
2001. Therefore, most of the vegetation in the region was 
9–14 years old at the time of our study, with the exception 

Fig. 1  Map of study site in 
Belize and photographs of habi-
tat types. a Wood thrush winter 
range in Mexico and Central 
America is shown in blue 
shading (natureserve.org), with 
study site indicated by a star. b 
Map of Belize (yellow shading) 
with political districts outlined 
and study site indicated by a 
star. c–e Three habitat types 
sampled in this study: mature 
moist forest, forest disturbed by 
buildings and trails, and dense 
riparian scrub (colour figure 
online)
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of a few residual trees (e.g. Ceiba spp.) that survived the 
hurricane. All sites were located in an alluvial area where 
the Maya Mountains drain into the Bladen River, a tributary 
of the Monkey River watershed that empties into the Carib-
bean Sea (Brewer et al. 2003). The forest habitat consisted 
of closed-canopy secondary forest interspersed with sea-
sonal ponds and creeks. Central American palms (Orbig-
nya cohune) were a dominant feature of both the forest and 
disturbed forest sites, often making up a significant propor-
tion of the canopy, as they can reach heights of >20 m. The 
forest and disturbed forest habitats had deep, well-drained 
rocky (limestone) and loamy clay soil, typical of forests 
dominated by the Central American palm (McSweeney 
1995). The forest habitat type had minimal human dis-
turbance; only a few narrow and infrequently used trails 
allowed access. The ‘disturbed’ forest habitat was similar 
in all respects to the forest habitat with the exception of 
increased human presence. Disturbed habitat was located 
within the vicinity of BFREE field station buildings (com-
munal thatched-roof kitchen, small cabins, outhouses), 
single-track dirt roads, a small, loosely maintained garden 
(primarily fruit trees), and hiking trails. The field station 
population varied from fewer than 5 staff and researchers 
during quieter times to over 30 people for short periods 
at its busiest, including field course students, researchers, 
staff, and infrequently, tourists. We captured wood thrushes 
around the field station buildings in small forest patches or 
at the edges of hiking trails and clearings for buildings. The 
third habitat type, ‘scrub’, was a seasonally flooded area 
along the Bladen River. This area consisted of sandy soil, 
and ranged from dense riparian thickets dominated by wild 
cane (Gynerium sagittatum) to more established forests of 
Pterocarpus, river figs (Ficus insipida and F. guajavoides), 
balsa (Ochroma pyramidale), quamwood (Schizolobium 
parahybum), cecropias (Cecropia spp.), dogwood (Lon-
chocarpus heptaphyllus), and acacias (Acacia glomerosa), 
where disturbance was milder. The area was typically 
flooded for at least part of the rainy season (June–August), 
and thus fewer taller trees and more early-succession veg-
etation were present.

General field methods

Fieldwork was conducted from October through April from 
2010 to 2013 (four overwintering periods: 2009/2010, 
2010/2011, 2011/2012, and 2012/2013). In each habi-
tat type, we used approximately 20–40 unique net-lanes 
connected by narrow trails, separated by 10–30 m. Wood 
thrushes were captured between 550 and 1200 hours and 
1500 and 1800 hours, in arrays of 16–20 36-mm mesh mist 
nets. We used playback of wood thrush song to increase 
capture rates of birds without biasing captures by age or 
sex (Chin et al. 2014). Every 2–3 days we moved all of 

the nets to a new location to avoid repeated captures of the 
same individuals.

Each captured bird was given a numbered metal band 
and a unique combination of three plastic colour bands. 
Birds were aged as juveniles or adults based on three main 
plumage characters: shape of the tenth primary feather, tail 
feather shape, and shape and colouring of wing coverts 
(Pyle 1997). We collected a small (<100 μl) blood sample 
for genetic sexing from each bird by using brachial veni-
puncture with a sterile 26-gauge 1/2-in. needle and a hep-
arinised capillary tube. Blood samples were stored dried on 
filter paper (generic unbleached coffee filters) or in Queen’s 
lysis buffer at 4 °C until DNA extraction and analysis by 
polymerase chain reaction (PCR), using a modified primer 
set based on Griffiths et al. (1998). See Chin et al. (2014) 
for a detailed description of PCR methods.

Quantifying habitat moisture

To determine habitat moisture, we collected three replicate 
soil samples along a 10-m transect perpendicular to each 
mist-net lane. Soil samples from a depth of ~3-cm were 
collected at 1, 5 and 10 m from the centre of the net-lane 
extending into the surrounding habitat. Soil was loosely 
placed into glass vials, which were capped and weighed 
immediately. Samples were then dried completely (24 h at 
100 °C, or until weight no longer decreased). The differ-
ence between dry and wet weight was converted to a per-
centage for further analysis. The three samples per transect 
were averaged to create one mean soil moisture content 
percentage value per transect.

Quantifying arthropod abundance

Wood thrushes are primarily ground foragers (Evans et al. 
2011); therefore, we focused prey sampling on the forest 
floor by using pitfall traps. At 8–16 net sites per habitat 
type, we deployed three pitfall traps along 10-m transects. 
Traps consisted of 16-oz plastic cups placed in holes at 1, 
5 and 10 m along the transect such that the edge of the cup 
was flush with the ground. Traps were filled with water 
and a drop of dish soap to a depth of 2 cm, and emptied 
and reset every 24 h for a total of 72 h of trapping (3 days) 
in each habitat in each season. We used a plastic plate 
mounted on two wooden skewers to create a lid ~1 cm over 
the top of the trap to avoid overflow from rain or capture 
of small vertebrates. Arthropods collected from three traps 
per transect were pooled to create one sample per transect. 
All arthropods collected in the traps were stored frozen or 
in ethanol until they were identified to family or order. The 
body length of each arthropod was measured to the near-
est 1 mm. Since some arthropods captured in the pitfall 
traps are more likely than others to be consumed by wood 
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thrushes (namely beetles, ants, and spiders) (Evans et al. 
2011), we calculated an index of edible arthropod biomass. 
Following length–weight equations published for Neotropi-
cal arthropods (Strong and Sherry 2000), we calculated the 
dry weight of Coleoptera, Formicidae, and Araneae and 
summed them into one measure of edible arthropod bio-
mass per transect.

Quantifying fruit abundance

To assess fruit abundance, we searched for fruit on trees or 
shrubs within 2 m of the ground and for fruit on the ground 
(fallen from canopy) in 10 m × 4 m plots adjacent to each 
net-lane (same location as pitfall traps and soil samples). 
We counted the number of individual fruits and types of 
fruits. To create an index of fruit abundance, we multi-
plied the number of fruits by the number of types of fruits. 
Values <10 were classified as ‘low abundance’, 10–20 as 
‘moderate abundance’ and >20, ‘high abundance’.

Condition of birds

The condition of the birds was assessed by four meas-
ures: (1) a general body condition index (mass corrected 
for size) (Labocha and Hayes 2012), (2) scores of visible 
body fat (Conway et al. 1994), (3) scores of pectoral mus-
cle size (Salewski et al. 2009), and (4) a measure of the 
packed blood cell volume (hematocrit) (Hatch et al. 2010). 
We used multiple measures, since each may vary differ-
ently in relation to conditions experienced by an individual 
bird, and each measure has limitations (Labocha and Hayes 
2012). Body condition provides an overall indication of 
nutrient stores (fat + muscle), but looking at both fuel (fat) 
and flight muscle separately is also useful. For example, 
high levels of fat may be associated with unreliable access 
to food during times when birds are not actively preparing 
for migration (Witter and Cuthill 1993). Very low levels of 
fat may not be a sign of poor condition, but very low pecto-
ral muscle scores are likely a sign of muscle catabolism and 
emaciation. Hematocrit provides a physiological index of 
condition. Recent studies have found that higher hematocrit 
(relatively more red blood cells) is associated with earlier 
spring arrival at breeding sites for gray catbirds (Dumetella 
carolinensis) (Hatch et al. 2010) and American redstarts 
(Tonra et al. 2011). Because high hematocrit can improve 
flight efficiency (Jenni et al. 2006), it should increase as 
birds prepare for migration (Hatch et al. 2010). Hematocrit 
should also decrease with high energy expenditures (Jenni 
et al. 2006); thus, birds expending more energy foraging 
in poor-quality habitats should have lower hematocrit than 
birds in high-quality habitats.

To calculate a general body condition index, we used 
methods similar to other studies of migrating songbirds in 

the tropics (Bayly et al. 2013; Gomez et al. 2013; Strong 
and Sherry 2000) and estimated lean body mass for each 
bird using a regression equation of mass versus tarsus 
length for fat-free birds. The bird’s actual body mass was 
then compared to the estimated body mass, and the dif-
ference converted to a percentage. Birds with a positive 
body condition index were heavier than expected, i.e. 
body condition index of 7.2 % indicates an individual 
7.2 % larger than its expected lean mass; and birds with 
negative body condition indices are lighter than expected, 
i.e. body condition index of −5.3 % indicates an indi-
vidual 5.3 % lighter than its expected lean mass. Fat was 
scored by examining the torso of the bird for visible fat 
deposits, and followed a standardized 7-point scoring 
system to estimate the amount of visible fat (Desante 
et al. 2009). We truncated our measures at five categories 
(0–4) and considered the largest category as ‘4 or greater’ 
because few birds had fat scores >4. Pectoral muscles in 
birds are the primary means of powering flight and are 
catabolised to produce energy (protein fuel) when needed 
(Salewski et al. 2009). Pectoral muscles were scored by 
visual examination of the muscles and by feel to deter-
mine a score from 0 to 4, with 0 as concave muscle and 4 
as bulging convex muscle. Muscle scores approximate the 
scoring system described by Gosler (1991), but instead of 
a 2-point scale with half-point values, we simply used a 
4-point scale.

Statistical analyses

Condition and environmental variables were collected in 
two time periods: October–November (wet season) and 
February–March (dry season). We compared soil moisture, 
food abundance (arthropod abundance and edible biomass), 
and condition indices (body condition and hematocrit) 
across habitats using nested analysis of variance (ANOVA), 
with season (wet or dry) and habitat (forest, disturbed, 
scrub) as independent factors. Habitats were nested by 
season, since we were interested in within-season differ-
ences by habitat type, and season was nested by year, as 
some years were only sampled in one season (e.g. winter 
2009/2010 only dry season values). To assess where sig-
nificant differences were occurring (i.e. which habitats and 
seasons), we conducted post hoc Tukey’s honest significant 
difference (HSD) tests to compare means. To assess fat, 
muscle, and fruit score differences by season and habitat, 
we used generalized linear models (GLMs) with a Poisson 
error distribution, and assessed the best model by compar-
ing values of full models to reduced (or null) models with 
likelihood ratio tests. We used a Poisson error distribution 
because fat, muscle, and fruit scores were all nominal count 
data (Faraway 2006). Full models included habitat nested 
by season and year.
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After observing that bird body condition generally 
declined from wet to dry seasons, we tested for differences 
in the slope of this decline by habitat using an analysis 
of covariance (ANCOVA) model, with body condition of 
birds captured throughout the entire winter (October–April) 
as the response and the interaction between date of capture 
and habitat as the independent factor. We compared the 
slope of the decline to the rate of change (total change in 
body condition/days since first capture) for 58 birds recap-
tured at least 7 days after their first capture within the same 
winter in order to determine whether the overall rate of 
body condition decline for all birds was similar to the pat-
tern for individual birds.

To compare sex and age ratios across seasons and habi-
tats, we used GLMs with a binomial error distribution. 
Binomial error distribution was used to account for the 
binary response variables, i.e. male or female, adult or 
juvenile (Faraway 2006). We used the package lme4 for 
GLMs (Bates et al. 2014). The package lmtest (Hothorn 
et al. 2014) was used to conduct likelihood ratio tests and 
generate model P values for GLMs. Predictor estimates 
and P values were calculated using the package lmerT-
est (Kuznetsova et al. 2014). All statistical analyses were 
performed using the R software program (R Development 
Core Team 2014).

Results

Soil moisture levels

Near the beginning of the overwintering period (wet sea-
son) for wood thrush in Belize, soil moisture levels were 
more than double (12–14 %) those at the end of the win-
ter (dry season; 2–6 % soil moisture), when wood thrushes 
should have been starting to prepare for migration (~12–
20 days prior to departure) (Berthold 2001). The median 
date of spring migration departure for wood thrushes at 
our study site was 7 April (based on 26 birds tracked using 
light-level geolocators), with the earliest bird departure 
on 27 March and the latest on 25 April (E.A. McKinnon, 
unpublished data). Soil moisture differences were signifi-
cant both by season and habitat (Fig. 2d). Post hoc tests 
indicated that scrub habitat was significantly drier than for-
est across seasons (Fig. 2d). Habitat term (nested within 
season and sampling year) was a significant factor in the 
model for soil moisture (Table 1), indicating that habi-
tat differences were apparent in some seasons and years, 
but not all. Soil moisture levels in the 2010 wet season 
were significantly higher than those in 2011 (df = 1,156, 
F = 17.13, P <0.001), resulting in significant interaction 
between habitat, season, and year. Total rainfall in October 
at a nearby weather station was actually higher in 2011 than 

in 2010 (Supplemental Information, Fig. S1); however, soil 
moisture levels are dependent on the saturation of the soil, 
which varies depending on the amount of rain in a given 
precipitation event and or the cumulative effects of rainfall 
over the entire rainy season (June–October).

Wood thrush food

Soil moisture was positively correlated with abundance 
of arthropods (r = 0.36, df = 1,78, F = 12.95, P <0.001). 
Overall arthropod abundance was significantly lower in the 
dry season relative to the wet season (Fig. 2a), but within-
season abundance was significantly different by habitat, 
and not all habitats were significantly different by season 
(Table 1). Post hoc tests revealed that in the early winter (wet 
season), scrub had significantly more arthropods per transect 
than disturbed and forest habitats. In late winter (dry season), 
there was no significant difference among habitat types. In 
terms of seasonal change, post hoc tests showed that only 
forest habitat demonstrated no significant difference over 
the season (P = 0.31). Both disturbed and scrub habitats had 
significantly lower numbers of arthropods, with scrub habitat 
showing the largest difference (Fig. 2a).

Edible arthropod biomass did not differ by season 
(Table 1), but there was a non-significant trend toward dif-
ference by habitat, in that forest tended to have more edible 
arthropod biomass (Fig. 2b). The best model for fruit abun-
dance was tied between habitat + season and season alone 
(model comparison: χ2 = 1.36, P = 0.51). Both models 
were significantly better than the null model (intercept only). 
The model with season only indicated that fruit abundance 
was significantly higher in the wet season (estimate ± SE 
0.58 ± 0.21, z = 2.77, P = 0.006) (Fig. 2d). In the model with 
habitat and season, the habitat effects were not significant.

Wood thrush condition, age and sex ratios

We captured 418 individual wood thrushes over the course 
of the study period for which we could calculate body 
condition (n = 150 in forest, n = 180 in disturbed habitat, 
n = 88 in scrub). Wood thrush body condition was poorer 
in late winter (dry season) than early winter (wet season) 
(Fig. 3a). Body condition was not significantly different by 
habitat overall, but was significant when nested by season 
and year (Table 2). In examining patterns of body condi-
tion by habitat separately for each year using a Tukey HSD 
post hoc test, we found an effect of habitat on body con-
dition only in the wet season (in both years measured). 
Body condition in the wet season was significantly worse 
in scrub than disturbed habitat in 2010 (P = 0.005), and 
poorer in scrub than forest in 2011 (P = 0.02). In examin-
ing all birds captured throughout the entire wintering period 
(from October to April), we found no significant interaction 
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between habitat and date of capture, indicating that the rate 
of decline in body condition (slope) did not differ signifi-
cantly by habitat (df = 2, 412, F = 0.43, P = 0.65). Capture 
date was a significant factor affecting body condition over 
the entire winter, with an estimated loss of 0.04 ± 0.008 % 
lean body mass per day from October through April (df = 1, 
414, F = 19.08, P <0.001) (Fig. 4). For the 58 birds cap-
tured more than once in the same winter (on average, 
48.9 ± 4.4 days apart; range, 9–135 days), the daily rate of 
change in body condition was similar to the overall pattern, 
at 0.02 ± 0.04 % lean body mass lost per day.

Hematocrit (average 43 ± 0.06 %) did not show any sig-
nificant pattern by season or habitat (Table 2; Fig. 3b). The 
top model for fat scores included only season (Table 3), 
which had a positive effect for wet season, indicating that 
fat scores were higher in early winter than late winter 

(estimate ± SE 0.32 ± 0.07, z = 4.21, P <0.001) (Fig. 3c). 
The two top models for muscle scores were habitat + sea-
son and season alone, which were both significantly dif-
ferent from the null model (intercept only) and not sig-
nificantly different from each other (Table 3). In both 
models, muscle scores were higher in the wet season (esti-
mate ± SE 0.15 ± 0.06, z = 2.55, P = 0.01; season-only 
model) (Fig. 3d). In the season + habitat models, muscle 
scores tended to be higher in the forest (estimate ± SE 
0.11 ± 0.01, z = 1.70, P = 0.09) and lower in the scrub 
(estimate ± SE −0.02 ± 0.08, z = −0.30, P = 0.76) rela-
tive to disturbed habitat (Fig. 3d).

Sex ratios for 291 known-sex birds were significantly dif-
ferent by season only in the scrub habitat (Fig. 5a; Table 3). 
Initial GLM results using all habitats indicated a habitat–
season interaction in the scrub. However, this model was a 

Fig. 2  Seasonal changes in biotic (a–c) and abiotic (d) resources 
for wood thrushes in three habitat types. Barplots indicate marginal 
means by habitat and season, with error bars extending to 95 % 
confidence intervals, except in c, where bars show total sum fruit 
scores. Sample sizes (# transects) for wet and dry seasons, respec-
tively, in each habitat were: forest, n = 15, 16; disturbed, n = 9, 21; 
scrub, n = 16, 16. Each 10-m transect consisted of three pitfall traps 
and three soil samples, and fruit was surveyed along the transect in 
a 4 × 10 × 2 m area. a Arthropod abundance declined significantly 
from wet to dry, and was significantly different by habitat only in the 
wet season (where scrub had the highest abundance). b Edible arthro-

pod biomass (dry weight of ants, beetles, and spiders) was not sig-
nificantly different by season or by habitat. c Total fruit scores were 
higher overall in the wet season relative to the dry season. Values 
shown are transect fruit scores (none, low, medium, or high abun-
dance, classed as 0–3) weighted by percentage of transects in that 
habitat with that score (e.g. wet season forest: 18 % of transects with 
high fruit scores, 18 × 3 = 54). d Soil moisture (average % moisture 
by weight) declined significantly across all habitats from wet to dry, 
and forest was significantly wetter relative to scrub overall (disturbed 
habitat was not significantly different from either)
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poor fit to the data overall (deviance residuals significant 
with chi-square test), and therefore we analysed each habi-
tat with separate GLMs using season as the predictor. The 
sex ratio in the scrub was male-biased in the wet season 
(2:1 male-to-female, z = 2.03, P = 0.04) and female-biased 
during the dry season (0.5:1 male-to-female, z = −1.70, 
P = 0.09). The other two habitats were slightly but not sig-
nificantly male-biased overall (~1.3:1 male-to-female), and 
did not change significantly between seasons (Fig. 4a).

The best model to explain differences in age ratios retained 
season as a factor but was not significantly different from a 
null model (Table 3), indicating no significant difference 
in age ratios by season or habitat. We consistently captured 
more juveniles than adults (60 % juveniles of 428 known-age 
captures). There were slightly more juveniles captured in all 
habitats during the wet season (63 % of 171 known-age cap-
tures) (Fig. 5b) than the dry season (59 % of 258 known-age 
captures), although the difference was not significant (esti-
mate ± SE 0.31 ± 0.21, z = 1.47, P = 0.14). There was no 
significant difference in body condition between juveniles 
and adults at our study site (McKinnon et al. 2014).

Discussion

The habitat where wood thrushes overwinter in Belize 
underwent a seasonal reduction in soil moisture and food 

Table 1  ANOVA results for the effects of season and habitat on total 
arthropod abundance, edible arthropod biomass, and soil moisture 
content

* Significant factor
a Year was included as an interaction factor for arthropod abundance 
and biomass and as a nesting factor in soil moisture, since there was 
1 year with only dry season soil moisture measurements

Source df Mean square F P

Total arthropod abundance

 Season 1 81,256 49.38 <0.001*

 Habitat 2 14,821 9.01 <0.001*

 (Habitat)season 2 8713 5.29 0.007*

 (Habitat)season × yeara 3 666 0.40 0.75

 Residuals 85 1645

Edible arthropod biomass

 Season 1 0.01 0.02 0.88

 Habitat 2 1.42 2.93 0.058

 (Habitat)season 2 0.46 0.94 0.39

 (Habitat)season × year 3 0.03 0.06 0.98

 Residuals 84 0.48

Soil moisture

 Season 1 2671.4 552.77 <0.001*

 Habitat 2 177.6 36.76 <0.001*

 (Habitat)season 2 21.4 4.44 0.014*

 [(Habitat)season]year 5 37.7 7.80 <0.001*

 Residuals 124 4.8

Fig. 3  Seasonal and habitat 
differences in mean measures 
of four condition indicators 
for individual wood thrushes 
in Belize. Vertical error bars 
indicate 95 % confidence inter-
vals around the marginal means 
by habitat and season. a Body 
condition index declined signifi-
cantly from wet to dry seasons. 
Body condition differed by 
habitat only during the wet sea-
son, in that birds in scrub were 
in poorer condition. b Hemato-
crit (% packed red blood cells) 
did not differ significantly by 
season or habitat. c Fat scores 
(scale of 0–4) were significantly 
higher in the wet season than 
the dry season in all habitats. d 
Pectoral muscle scores (scale of 
0–4) were significantly higher 
in the wet season, and tended to 
be higher in the forest and lower 
in the scrub relative to the dis-
turbed habitat (although habitat 
estimates were not significant in 
the model)
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resources from October, when birds arrived onsite, to late 
March, when birds were departing northward on spring 
migration. As we expected, declines in soil moisture cor-
related with declines in arthropod abundance (Fig. 2). Fruit 
abundance was also lower during the dry season. Support-
ing our prediction that drier habitats would correspond with 
poorer body condition of wood thrushes, we documented a 
small but steady decline in body condition over the winter 
(Fig. 4), and significantly lower fat and muscle levels in the 
dry season (Fig. 3). This pattern is similar to that reported 
in dry habitats for ovenbirds (Seiurus aurocapillus) (Strong 

and Sherry 2000), American redstarts (Studds and Marra 
2011), and northern waterthrush (Smith et al. 2010). How-
ever, in contrast to these studies and our predictions, we 
found that declines in condition were equally apparent in 
all habitats. Overall, our results suggest that late winter is a 
challenging period for this forest-dwelling omnivore, espe-
cially since birds must accumulate enough fat and muscle 
for the upcoming spring migration and breeding. Occupy-
ing humid forested habitat and consuming fruit as well as 
arthropods did not buffer wood thrushes from suffering a 
decline in condition during the dry season. The body con-
dition we documented in the dry season amounted to an 
estimated ~5 % decrease in body mass on average over the 
wintering period for wood thrushes, which is larger than 
declines reported for northern waterthrush (Smith et al. 
2010) and ovenbirds (Strong and Sherry 2000). American 
redstarts in poor-quality habitat lost up to 8 % of their body 
mass over the winter, which resulted in a 6-day delay on 
spring migration (Studds and Marra 2005).

We expected forest habitat to be of relatively high qual-
ity for wood thrushes (i.e. contain more food and be wetter 
overall) (Richards and Windsor 2007; Strong and Sherry 
2000). Contrary to our predictions, relative habitat qual-
ity (assessed by food and moisture) varied significantly 
only in the wet season, and in fact, the scrub habitat was 
the highest quality during this period. During the dry sea-
son, expected to be the most stressful period for birds, all 
habitats were equal in terms of food abundance, although 
the scrub habitat was slightly drier. During the wet season 
in the Tropics, arthropod abundance is related to produc-
tivity of vegetation, which is high in early successional 
habitats compared with mature forests (Richards and Wind-
sor 2007). This likely explains the high arthropod abun-
dance we observed in scrub habitats during the wet season. 

Table 2  ANOVA results for differences in body condition and hema-
tocrit for wood thrush by habitat and season

* Significant factor
a Year was included as a nesting factor since there was 1 year with 
only dry season measurements

Source df Mean square F P

Body condition

 Season 1 1775.1 26.03 <0.001*

 Habitat 2 172.4 2.53 0.08

 (Habitat)season 2 54.8 0.80 0.45

 [(Habitat)season]yeara 12 268.1 3.93 <0.001*

 Residuals 400 68.2

Hematocrit

 Season 1 99.71 2.18 0.14

 Habitat 2 22.91 0.50 0.61

 (Habitat)season 1 73.94 1.62 0.20

 [(Habitat)season]year 3 28.76 0.63 0.60

 Residuals 134 45.67

Fig. 4  Seasonal pattern in body condition index for wood thrushes 
(n = 418) overwintering in Belize captured between 25 October and 
7 April. There was no significant difference in the slope of the decline 
(−0.04 % per day) by habitat

Table 3  Likelihood ratio tests for top generalized linear models ver-
sus null models for fat and muscle scores (Poisson error structure) 
and sex and age ratios (binomial error structure) of wood thrushes

* Significant model
a Habitat nested by season and year were included in full models but 
were not retained in any of the best models except sex ratio
b Full sex ratio models included a significant interaction between 
season and sex; therefore we analysed seasonal change in each habi-
tat separately

Modelsa χ2 df P

Fat score: season 17.54 1 <0.001*

Muscle score: season 6.46 1 0.01*

Muscle score: season + habitat 10.53 3 0.01*

Sex ratio in scrub: seasonb 4.37 1 0.04*

Sex ratio in forest: season 1.30 1 0.25

Sex ratio in disturbed: season 1.12 1 0.29

Age ratio: season 2.19 1 0.14
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Arthropod abundance in the dry season is limited by tem-
perature and humidity, both of which decrease in lower, 
open-canopy habitats relative to closed-canopy forests 
(Richards and Windsor 2007). Following this pattern, scrub 
habitat declined sharply in arthropods in the dry season, 
while forest habitat (more stable in terms of humidity and 
temperature) retained a similar abundance of arthropods in 
both seasons. In forest habitat, there was a trend for edible 
arthropod biomass (which includes dry weights of ants, 
beetles, and spiders) to increase from the wet to dry season, 
possibly owing to larger arthropods taking refuge in a wet-
ter environment (Janzen 1973). However, our results over-
all suggest that food was equally scarce in the dry season in 
all habitat types we studied, and that the forest habitat was 
not of markedly higher quality for wood thrushes in terms 
of resource abundance.

Overall, wood thrushes in the forest were not in better 
condition than those in scrub habitat, contrary to our pre-
dictions. We found significant condition differences by 

habitat only in the wet season, where birds in the scrub 
were in poorer condition than those in the disturbed habitat 
in 2010 and the forest habitat in 2011. This result is sur-
prising, given that scrub habitat actually had higher abun-
dance of both arthropod and fruit resources during the wet 
season. One possibility is that the body condition of birds 
measured during the wet season was more a reflection 
of their arrival condition and not of habitat occupancy. If 
this was the case, then birds in poorer condition settled at 
higher rates in the more food-rich scrub sites than in forest 
and disturbed sites. The question then becomes why birds 
in better condition settled in relatively food-poor habitats. 
This result might be explained by a tradeoff if the habi-
tats differed in some other important limiting factor—for 
example, predation rate (Brown and Kotler 2004). Food-
limited individuals may choose a riskier habitat because 
of higher food abundance (i.e. scrub), while birds in good 
condition may choose a less food-rich but safer habitat (i.e. 
forest or disturbed habitats). There is little information on 
potential predators of wood thrushes or many Neotropi-
cal migrant songbirds during the non-breeding season (but 
see Townsend et al. 2009). Anecdotal information suggests 
that snakes may be important predators of wood thrushes 
in Costa Rica (Roberts 2007). It is also important to note 
that food abundance does not equate with availability, and 
the presence of competitors such as tropical resident birds 
may have influenced wood thrush access to food. A bet-
ter understanding of the habitat choices of wood thrushes 
in varying body conditions and of other limiting factors 
(i.e. predator abundance and predation rate, abundance of 
competitors) could clarify the patterns we observed during 
the wet season, where body condition was apparently mis-
matched to local food abundance.

We found that birds in all habitats were in equally poor 
body condition by the end of their overwintering period. 
Both the 2010–2011 and 2011–2012 winter seasons were 
classified as La Niña years (NOAA 2014), which typi-
cally result in less rainfall on the Caribbean slope of Cen-
tral America, including Belize (Malhi and Wright 2004) 
(2012–2013 winter was neither an El Niño or La Niña 
year). American redstarts in scrub habitat were not always 
in worse condition than birds in ‘high-quality’ mangrove 
habitat; it was dependent on the amount of precipitation 
in a given year (Studds and Marra 2007). Likewise, Brent 
geese (Branta bernicla hrota) showed winter carry-over 
effects only in years where environmental conditions at 
breeding sites were favourable (Harrison et al. 2013). If cli-
mate cycles caused particularly dry winters for most of our 
study, this could explain why birds in all habitats were in 
equally poor condition by the end of the dry season. Cli-
mate change may already be reducing the ability of forests 
to provide moist refuges during the dry season; climate 
models for the Caribbean show that from 1991 to 2013, 

Fig. 5  Seasonal differences in sex and age ratios of wood thrushes 
in different habitats. Horizontal line indicates even sex and age ratio 
(i.e. y = 1). a Sex ratios were significantly different by season only in 
the scrub habitat, switching from male-biased to female-based in the 
wet and dry seasons, respectively. b Age ratios were similar across 
habitats, with no significant seasonal difference
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mean dry season (December–February) temperatures in the 
region of our study site increased by 0.5–0.6 °C (Caribbean 
Community Climate Change Centre, http://www.caribbe-
anclimate.bz). By 2050, dry season averages are predicted 
to increase by another 1.2–1.3 °C above 2013 levels. Over-
laying climate models with winter distributions of birds 
and information about the effects of habitat drying on body 
condition could help predict which populations will be 
most at risk with increasing temperatures.

We predicted that high-quality habitats would be male-
biased owing to a dominance hierarchy, with larger males 
forcing females out of optimal habitats (Marra 2000). Our 
results partially supported this prediction, in that the habi-
tat with the highest food abundance during the wet season 
(the scrub) was strongly male-biased. This habitat shifted 
to strongly female-biased during the dry season, when hab-
itat quality (as assessed by food abundance and moisture) 
declined. However, contrary to our predictions, sex biases 
were not observed in the other habitats, despite food abun-
dance during the dry season similar to that of the scrub. 
The scrub sex ratio shift could be a result of local-scale 
within-winter movements and/or female preference for 
dense, shrubby habitat, a pattern that has been suggested 
for wintering female hooded warblers (Morton 1990) and 
female Bicknell’s thrush (Catharus bicknelli) (Townsend 
et al. 2012). The greater number of males detected during 
the wet season may have been capitalizing on the abundant 
arthropod prey during this period, and moved away as the 
habitat became less productive. Female wood thrushes are 
smaller-bodied than males, and leave later on spring migra-
tion. Females may therefore be less constrained by food 
availability or habitat dryness, leading them to remain in 
drier habitats. A female bias in wintering wood thrushes 
was detected by researchers in small (20 ha) forest frag-
ments in Costa Rica, but similar to our study, no negative 
effects of occupying a female-biased habitat were found 
(Roberts 2007). In American redstarts, where significant 
sex segregation by habitat was documented, there were 
clear negative consequences for the condition of birds of 
both sexes occupying a female-biased scrub habitat (Norris 
et al. 2004), and removal experiments showed that females 
readily moved to territories in a wetter habitat (Marra et al. 
1993). Regardless of the mechanism, our results show 
that the scrub should not be discounted in providing high-
quality habitat for wood thrushes, especially during wetter 
times of year, when early successional vegetation supports 
high arthropod abundance.

Overall, our results show that the condition of birds 
was poorer for all habitat types in the dry season com-
pared with the wet season. Under current forecasts of 
global climate change, tropical forests in Central America 
and Mexico are expected to face more frequent periods 
of severe drought and decreased annual rainfall (Hidalgo 

et al. 2013; Karmalkar et al. 2011; Neelin et al. 2006). Our 
study site is located in the central core wintering range 
for wood thrush, which includes adjacent Guatemala, the 
southern Yucatan Peninsula of Mexico (Campeche and 
Quintana Roo states), and Honduras, and is estimated to 
contain more than 50 % of the remaining wood thrush hab-
itat in Central America (Stanley et al. 2015). It is unknown 
whether relatively poor body condition we observed in 
wood thrushes could affect spring migration performance 
and mortality, or, for birds surviving migration, breed-
ing productivity. Tracking devices that transmit locations 
remotely would illuminate the location and timing of 
mortality for birds that do not return to their winter sites. 
This could be used to understand the more far-reaching 
consequences of tropical habitat quality on wood thrush 
populations.
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