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ABSTRACT
Rainfall regime, the amount and timing of annual precipitation, can influence the breeding phenology, individual fitness, 
and population dynamics of tropical birds. In Neotropical regions with rainfall seasonality (i.e. wet and dry seasons), the 
warm phase of the El Niño Southern Oscillation (ENSO) can exacerbate seasonal drought and negatively impact avian 
survival and reproduction. However, the mechanisms underlying associations between seasonal drought conditions 
and avian demography are largely unexplored. One hypothesis is that nutritional condition mediates demographic 
responses to seasonal drought: individuals in poor condition may be less capable of balancing their energy budgets and 
consequently suffer reduced survival, lower reproductive output, or both. We estimated nutritional condition (i.e. scaled 
mass index, percent hematocrit, plasma lipid metabolites) as a proxy of energy balance in understory forest birds with 
contrasting population-level responses to dry season length. This study took place across two dry seasons of differing 
intensity in central Panama: an El Niño dry season (2016, severe drought) and a more typical dry season (2017). Scaled 
mass index remained relatively constant throughout both dry seasons and across years for 5 common focal species and 
among 4 foraging guilds (22 additional species, 27 species total). Three of 5 focal species did exhibit reduced nutritional 
condition (i.e. lower hematocrit and/or higher β-hydroxybutyrate) during the El Niño dry season but not during the more 
typical dry season. However, foraging guilds did not show consistent nutritional responses to seasonal drought and we 
found little evidence of the reduced nutritional condition at the guild level, suggesting that many Neotropical forest bird 
species are capable of tolerating seasonal drought.
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La intensidad de la estación seca tiene efectos equívocos sobre la condición nutricional de las aves del 
sotobosque en un bosque neotropical

RESUMEN
El régimen de lluvia, entendido como la cantidad y el momento de la precipitación anual, puede influir la fenología de 
cría, la adecuación biológica individual y las dinámicas poblacionales de las aves tropicales. En las regiones neotropicales 
con estacionalidad de lluvias (i.e. estaciones húmeda y seca), la fase cálida de la Oscilación del Sur El Niño (ENSO por 
sus siglas en inglés) puede exacerbar la sequía estacional e impactar negativamente la supervivencia y la reproducción 
de las aves. Sin embargo, los mecanismos que subyacen las asociaciones entre las condiciones de sequía estacional 
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LAY SUMMARY

• The amount and timing of rainfall influences the ecology, phenology, and population dynamics of tropical organisms.
• Seasonal drought can negatively impact the survival, reproduction, and breeding phenology of tropical forest birds, 

although the mechanisms underlying these impacts remain unclear.
• We tested the hypothesis that seasonal drought negatively impacts the nutritional condition of resident forest birds in 

Central Panama.
• We estimated body condition, hematocrit, and plasma lipid metabolite concentrations in 27 bird species across two 

dry seasons of differing intensity—an El Niño year (2016, very dry) and a more typical year (2017).
• We found some evidence of reduced nutritional condition (i.e. lower hematocrit and greater concentrations of 

β-hydroxybutyrate) during the El Niño dry season in certain focal species, but little evidence of nutritional stress 
among foraging guilds.

• Our findings suggest that many tropical forest species can tolerate seasonal drought without exhibiting evidence of 
energetic stress.
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y la demografía de las aves permanecen en gran medida inexplorados. Una hipótesis es que la condición nutricional 
determina las respuestas demográficas a la sequía estacional: los individuos en mala condición pueden ser menos 
capaces de balancear sus presupuestos energéticos y consecuentemente sufrir una menor supervivencia, un menor 
rendimiento reproductivo, o ambos. Estimamos la condición nutricional (i.e. índice de masa escalado, porcentaje de 
hematocritos, metabolitos de lípidos plasmáticos) como un indicador del balance energético en aves del sotobosque 
con respuestas poblacionales contrastantes a la duración de la estación seca. Este estudio fue realizado durante dos 
estaciones secas de diferente intensidad en el centro de Panamá: una estación seca El Niño (2016, sequía severa) y 
una estación seca más típica (2017). El índice de masa escalado permaneció relativamente constante a lo largo de 
ambas estaciones secas y a través de los años para cinco especies focales comunes y para cuatro gremios de forrajeo 
(22 especies adicionales, 27 especies en total). Tres de las cinco especies focales mostraron una condición nutricional 
reducida (i.e. hematocritos más bajos y/o β-hidroxibutirato más alto) durante la estación seca El Niño, pero no durante 
la estación seca más típica. Sin embargo, los gremios de forrajeo no mostraron respuestas nutricionales consistentes a 
la sequía estacional y encontramos poca evidencia de una condición nutricional reducida a nivel de gremio, sugiriendo 
que muchas especies de aves de bosques neotropicales son capaces de tolerar la sequía estacional.

Palabras clave: aves neotropicales, condición corporal, condición nutricional, hematocrito, metabolitos, sequía 
estacional

INTRODUCTION

The amount and timing of annual rainfall strongly impact 
the ecology and phenology of tropical organisms (Leigh 
et al. 1985). For example, rainfall patterns can affect leaf, 
flower, and fruit phenology (van Schaik et al. 1993, Wright 
et  al. 1999); the activity and abundance of arthropods 
(Levings and Windsor 1985, Denlinger 1986, Silva et  al. 
2017); and the reproduction and survival of tropical birds 
(Brawn et  al. 2017). Predicted changes in tropical rain-
fall regimes due to climate change (Karmalkar et al. 2011, 
Turner and Annamalai 2012, Feng et al. 2013) motivate a 
need to further understand possible associations between 
rainfall seasonality and the biology of tropical species. The 
magnitude, timing, and duration of rainfall have already 
been altered by climate change, with increased dry season 
length and intensity observed throughout both the Old 
World and New World tropics (Feng et al. 2013, Fu et al. 
2013, Jiang et al. 2019).

Drought in the seasonal tropics can impact individual 
fitness and population dynamics of birds (Wunderle 1982, 
Faaborg et al. 1984, Wolfe et al. 2015, Brawn et al. 2017). 
For example, extended seasonal drought has been associ-
ated with depressed population growth rates and reduced 
abundance of tropical resident birds (Faaborg et al. 1984, 
Brawn et al. 2017). In particular, the warm phase of the El 
Niño Southern Oscillation (ENSO) can lead to severe sea-
sonal droughts across much of Central America and the 
Caribbean (Lyon 2004, Malhi and Wright 2004, Jiménez-
Muñoz et  al. 2016). These severe seasonal droughts can 
have widespread negative effects on resident birds, in-
cluding reduced survival (Wolfe et  al. 2015) and delayed 
or inhibited reproduction (Duca and Marini 2011, Nesbitt-
Styrsky and Brawn 2011, Oppel et al. 2013).

Whereas the negative impacts of ENSO-induced 
seasonal drought on tropical bird populations are be-
coming evident, the mechanisms linking reduced rain-
fall to demographic responses remain poorly understood. 

One possible mechanism is direct physiological sensi-
tivity to the xeric conditions induced by ENSO events. 
However, recent studies have not found evidence of mi-
croclimate selectivity or avoidance of xeric microclimates 
among tropical forest birds (e.g., Patten and Smith-Patten 
2012, Pollock et al. 2015), suggesting that more indirect 
mechanisms may be involved. For example, lack of rain-
fall could depress resource availability, indirectly affecting 
bird populations through a bottom-up trophic cascade. 
The availability of food resources, such as arthropods 
(Levings and Windsor 1985, Karr and Brawn 1990, Poulin 
et  al. 1992, Poulin and Lefebvre 1996), is often reduced 
under xeric conditions associated with seasonal drought. 
Many tropical birds synchronize breeding with food 
availability, particularly arthropod abundance (Poulin 
et al. 1992, Aranzamendi et al. 2019), which may be es-
pecially important for raising nestlings and provisioning 
fledglings. Reduced food availability could negatively im-
pact an individual’s energy balance (i.e. the difference be-
tween an individual’s energy intake and energy output), 
which may subsequently limit reproductive effort (Drent 
and Daan 1980) and/or reduce survival of adults or 
nestlings (Grant and Grant 1980, Wunderle 1982), with 
cascading population effects.

Because many tropical insectivorous birds have special-
ized diets (Poulin and Lefebvre 1996) or foraging strategies 
(e.g., obligate army ant followers), direct measures of 
overall arthropod abundance may not reflect food availa-
bility for insectivorous birds (Cooper and Whitmore 1990, 
Hutto 1990). Measuring nutritional condition is a common 
proxy for assessing an individual’s energy state or balance. 
Indices of the condition can be morphological (e.g., body 
size, mass, composition) or physiological (e.g., metabolic 
rate, blood chemistry) and convey information about an 
organism’s current energetic state. Thus, changes in nu-
tritional condition should presumably reflect changes in 
food intake. However, very few studies have successfully 
linked changes in nutritional condition to the climate in 
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tropical birds. One study from Costa Rica found that sea-
sonal storms negatively impacted the nutritional condition 
of White-ruffed Manakins (Corapipo altera), presum-
ably via food limitation, and drove altitudinal migration 
(Boyle et  al. 2010). Yet nutritional responses to seasonal 
drought remains, to our knowledge, virtually unexplored 
in tropical birds.

To explore the impact of seasonal drought on the energy 
balance of Neotropical forest birds in central Panama, we 
estimated 4 complementary indices of nutritional condi-
tion (scaled mass index [SMI]; hematocrit; and 2 plasma 
lipid metabolites, β-hydroxybutyrate and triglyceride) 
across 2 dry seasons. The El Niño dry season in 2016 was 
exceptionally long (172  days) and began with a precip-
itation deficit (>500  mm below the long-term average), 
whereas the 2017 dry season was more typical (157 days, 
no precipitation deficit). We made the general prediction 
that nutritional condition would decrease over the dry 
season and would decrease more during the longer El Niño 
dry season than in the subsequent 2017 dry season. We fo-
cused on 5 focal species (see Table 1) that were abundant 
and easily captured at the study site. Additionally, our focal 
species exhibit contrasting population-level responses to 
dry season length as previously shown by a 33 year mark–
recapture study at our study site (see Brawn et al. 2017). 
Increased dry-season length was associated with negative 
population growth rates in 2 focal species: a ground insec-
tivore (Song Wren [Cyphorhinus phaeocephalus]) and an 
understory frugivore (Red-capped Manakin [Ceratopipra 
mentalis]; Brawn et al. 2017). We, therefore, predicted that 
individuals of these species would exhibit greater decreases 
in nutritional condition in response to seasonal drought 
relative to the other 3 focal species, which either did not 
exhibit associations between dry season length and pop-
ulation growth rates or for which the effect of dry season 
length on population growth rate is unknown. In addition 

to the 5 focal species, we also sampled 22 other under-
story species (27 species total; Supplementary Material 
Table S1) and compared nutritional responses to seasonal 
drought among 4 foraging guilds (ant-follower, frugivore, 
above-ground insectivore, ground insectivore). Increasing 
dry season length had the most significant negative impact 
on population growth rates in the frugivore guild at our 
study site (Brawn et al. 2017), we, therefore, predicted that 
frugivores would exhibit greater decreases in nutritional 
condition during seasonal drought relative to the other 
foraging guilds.

METHODS

Study Site, Focal Species, and Field Sampling
We sampled understory forest birds across the 2016 (here-
after “El Niño”) and 2017 dry seasons on a long-term 104 
ha research plot (hereafter “Limbo Plot”) of lowland trop-
ical moist forest in the 22,000 ha Soberanía National Park 
(9.15°N, 79.73°W) in the Republic of Panama (see Robinson 
et al. 2000 for more details). The study site is classified as 
Tropical Monsoon (AM) under the Köppen climate classi-
fication system (Croat 1978) and is characterized by a dis-
tinct dry season that occurs between late December and 
mid-April, although its length is highly variable and can 
range from 66 to 177  days (Paton 2019). Approximately 
90% of annual precipitation at the study site (x̅ = 2,600 mm) 
occurs during the rainy season.

Our sampling efforts focused on 5 of the most abundant 
understory species on Limbo Plot (Table  1): Red-capped 
Manakin, Bicolored Antbird (Gymnopithys bicolor), 
Spotted Antbird (Hylophylax naevioides), Chestnut-
backed Antbird (Poliocrania exsul), and Song Wren. The 
Red-capped Manakin is a lekking frugivore for which 
increased dry season length has a significant negative 

TABLE 1. Ecological characteristics of the 5 focal species and sample sizes collected in the 2 dry seasons. The predicted effect of 
seasonal drought is based on demographic data from Brawn et al. 2017. Mass ± SE calculated from birds captured on the study plot 
between 2016 and 2017.

Common 
name Scientific name Mass (g) ± SE 

Sexually  
dimorphic?

Length of 
breeding season

Foraging 
guild

Predicted 
effect of 
seasonal 
drought

Sample size

2016 2017

Red-capped  
 Manakin

Ceratopipra 
mentalis

14.37 ± 0.08 Yes March-August Frugivore Negative 11 7

Bicolored 
Antbird

Gymnopithys 
bicolor

29.23 ± 0.18 No April-August Ant-follower None 15 20

Spotted 
Antbird

Hylophylax 
naevioides

16.77 ± 0.10 Yes May-October Ant-follower None 32 24

Chestnut-
backed 
Antbird

Poliocrania exsul 27.28 ± 0.25 Yes April-November Above-
ground 
insectivore

No data 12 7

Song Wren Cyphorhinus 
phaeocephalus

24.59 ± 0.17 No May-December Ground in-
sectivore

Negative 51 28
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effect on population growth rate (Brawn et al. 2017). The 
Bicolored Antbird and Spotted Antbird are obligate and 
facultative army-ant followers, respectively (Willis and 
Oniki 1978), in which population growth rates are not sig-
nificantly affected by increased dry season length (Brawn 
et al. 2017). While the effect of increased dry season length 
on population growth rate is unknown for the Chestnut-
backed Antbird, this above-ground insectivore can persist 
in small forest fragments and may be able to tolerate more 
xeric conditions than most tropical insectivores (Visco and 
Sherry 2015). The Song Wren is a ground insectivore that 
is less abundant and exhibits greater physiological stress 
on the drier Pacific side of the rainfall gradient across the 
Panamanian isthmus (Busch et  al. 2011), and its popula-
tion growth rate decreases significantly with increasing 
dry season length (Brawn et  al. 2017). All focal species 
typically initiate breeding at our study site near the tran-
sition between the dry and rainy season (April–May), ex-
cept Red-capped Manakin, which can initiate breeding 
as early as March (Willis and Oniki 1972, Wikelski et al. 
2003). Several studies have shown that tropical birds in 
seasonal environments often initiate breeding at the onset 
of the wet season when food resources are highest (Poulin 
et al. 1992, Aranzamendi et al. 2019), and at least one focal 
species at our study site (Spotted Antbird) delays breeding 
in particularly dry years (Nesbitt-Styrsky and Brawn 2011).

We captured birds using mist-nets and conspecific play-
back recordings within 4.5  hr after sunrise (x̅  =  2.42  ± 
1.10 h) to minimize the confounding effect of diel varia-
tion in food intake on plasma lipid metabolites (Guglielmo 
et  al. 2002, Mandin and Vézina 2012). We marked birds 
with uniquely numbered aluminum bands to facilitate in-
dividual identification, weighed them to the nearest 0.5 g, 
and recorded several morphometric measurements (i.e. 
exposed culmen and right tarsus, ± 0.01  mm). We were 
able to recapture some but not all individuals throughout 
each dry season, so we were unable to track longitu-
dinal changes in nutritional condition within individuals. 
Therefore, seasonal trends in nutritional condition rep-
resent species-level averages rather than individual reac-
tion norms. We also collected blood samples (50–150 μL) 
within 15 min (x̅ = 5.20 ± 2.17 min) of capture (following 
recommendations of Jenni-Eiermann and Jenni 1996) 
because capture stress can influence plasma metabolite 
concentrations after only 15–20 min (Jenni-Eiermann and 
Jenni 1996, Guglielmo et al. 2002). We held blood samples 
on ice until centrifuging (ZIPocrit hematocrit centrifuge, 
LW Scientific Inc., Lawrenceville, GA). All samples used 
for metabolite assays were centrifuged on the day of cap-
ture. Plasma was stored at –20°C until laboratory analysis.

Rainfall Data
For each dry and rainy season, we used the start and end 
dates of each season (e.g., the dry season was defined 

as day 1 of the dry season until the day before day 1 of 
the rainy season in a given year) as designated by the 
Panama Canal Authority (https://micanaldepanama.com/
nosotros/cuenca-hidrografica/anuario-hidrologico/) and 
the Smithsonian Tropical Research Institution Physical 
Monitoring Program (http://biogeodb.stri.si.edu/phys-
ical_monitoring/research/barrocolorado). These dates are 
determined each year based on multiple factors, such as 
the location of the Intertropical Convergence Zone, wind 
patterns on both coasts, and daily rainfall at multiple sta-
tions in the Gatun Lake watershed crossing threshold 
values. Because dry season length was negatively associ-
ated with population growth rates of certain species at our 
study site (Brawn et al. 2017), we used the day of the dry 
season as an index of seasonal drought. Thus, by capturing 
birds throughout the dry season, we were able to detect 
changes in nutritional condition as the season progressed. 
Moreover, during our study cumulative moisture deficit 
(i.e. the sum of daily rainfall minus daily evapotranspira-
tion) from the start of the dry season and day of the dry 
season were highly correlated (Pearson correlation coeffi-
cient = −0.953, P < 0.0001).

A strong El Niño event in 2015–2016 led to a substan-
tial precipitation deficit (i.e. >500 mm below average May–
November cumulative precipitation) at the start of the 
2016 El Niño dry season in central Panama. Moreover, the 
El Niño dry season lasted 172 days (November 27, 2015, 
to May 18, 2016), 44 days longer than the Barro Colorado 
Island long-term average of 127.9  ± 23.25  days (Paton 
2019). In contrast, there was not a precipitation deficit 
entering the 2017 dry season, which lasted for 157  days. 
Thus, we also used year as an index of seasonal drought. 
Estimates of soil moisture from environmental monitoring 
on nearby Barro Colorado Island (see Paton 2019) re-
veal that physical conditions were significantly drier from 
March to April 2016 than the same period in 2017 (paired 
t-test, t = –7.6, df = 69, P < 0.001).

Indicators of Nutritional Condition
SMI.  We used the scaled mass index (SMI; Peig and 

Green 2009), calculated as 

Wi

ï
L0
Li

òbSMA

,

as a longer-term, integrated indicator of nutritional con-
dition. We considered higher SMI as indicative of better 
nutritional condition, as greater relative mass adjusted for 
structural size, such as tarsal length, is expected to reflect 
accumulated energy reserves (Peig and Green 2009). To 
create species-specific SMIs, we calculated bSMA, the scaling 
exponent, following Peig and Green (2009) using mass and 
tarsal measurements sampled from 10 or more individuals 
during previous work (e.g., long-term monitoring; 1998–
1999, 2003, 2013–2015) at the study site (J. D. Brawn and 
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H. S. Pollock, personal observations) or during the 2016 and 
2017 rainy seasons (E.T. Nishikawa, personal observation). 
We used the arithmetic mean tarsal length of individuals 
captured outside of the focal dry seasons as L0. Wi and 
Li are individual mass and tarsal length, respectively. We 
then standardized each of these species-specific SMIs by 
subtracting the long-term mean SMI from each individual 
SMI and dividing by the long-term SMI standard deviation 
(e.g., setting the mean SMI for individuals captured outside 
of the focal dry seasons to zero and the standard deviation 
to one) to facilitate multi-species analyses.

Percent hematocrit. Hematocrit is the proportion of 
packed red blood cells in a blood sample (Fair et al. 2007), 
and reductions in hematocrit have been documented in 
response to low food intake, unpredictable food supply, 
or other forms of energetic stress (Piersma et  al. 2000, 
Cucco et al. 2002, and reviewed in Fair et al. 2007). These 
changes can occur on a relatively rapid timescale (i.e. 
within days to weeks; Birkhead et al. 1998, Piersma et al. 
2000) and are often due to reductions in erythrogenesis. 
Therefore, we interpreted individuals with lower hemato-
crit percentages as being in poorer nutritional condition, 
as anemic individuals may be unable to sustain normal 
daily activity (Glomski and Pica 2011). We calculated per-
cent hematocrit by dividing the length of the packed red 
blood cells over the total length of the blood sample in the 
capillary tube.

Plasma lipid metabolites.  Lipid metabolites are small 
molecules produced in one organ and transported via the 
bloodstream to another organ that are sensitive to vari-
ation in energy intake (Jenni-Eiermann and Jenni 1998, 
Zajac et  al. 2006), respond rapidly to changes in food 
supply (i.e. within hours; Jenni-Eiermann and Jenni 1991, 
Landys et al. 2004, Khalilieh et al. 2012), and can be used to 
determine metabolic responses to extreme environmental 
conditions (Boyle et al. 2010). To characterize nutritional 
condition, we estimated circulating concentrations of 2 
plasma lipid metabolites, triglyceride (hereafter “TRIG”) 
and β-hydroxybutyrate (hereafter “BUTY”). TRIG is de-
rived from the diet and is indicative of the build-up of 
fat stores (Jenni-Eiermann and Jenni 1998). Circulating 
TRIG concentrations decline significantly within 2  hr of 
food deprivation in controlled and field settings (Jenni-
Eiermann and Jenni 1991, Khalilieh et al. 2012); thus lower 
levels of TRIG are interpreted as indicative of poorer nu-
tritional condition. Conversely, BUTY is a ketone body 
that largely replaces glucose as a fuel source when food in-
take is low (Jenni-Eiermann and Jenni 1998, McCue 2010). 
Controlled fasting studies of small passerines found BUTY 
concentrations reaching an average of 2.96 mMol L–1 after 
3–4 hr (Landys et al. 2004, Khalilieh et al. 2012) with av-
erage values ≥5 mMol L–1 seen in individuals fasted for 
6 hr (Khalilieh et al. 2012). Thus, higher levels of BUTY are 
interpreted as indicative of poorer nutritional condition. 

If seasonal drought reduces nutritional condition, we ex-
pected to see lower average concentrations of TRIG and 
higher average concentrations of BUTY as the dry season 
progressed.

We conducted all metabolite assays at the Instituto de 
Investigaciones Científicas Y Servicios de Alta Tecnología 
(INDICASAT) in Panama (http://indicasat.org.pa/home/). 
We used colorimetric-endpoint assays from Cayman 
Chemical to estimate concentrations of circulating TRIG 
(Item No. 10010303)  and BUTY (Item No. 700190)  fol-
lowing manufacturer instructions. Plates were read at 
540  nm for TRIG and 450  nm for BUTY with a Biotek 
Synergy HT II reader (BioTek Instruments, Winooski, VT). 
We ran a standard curve in duplicate on all plates. Most 
plasma samples were assayed in duplicate or triplicate for 
both BUTY (intra-assay CV  =  0.071) and TRIG (intra-
assay CV  =  0.066). For samples in which plasma volume 
was insufficient to conduct both metabolite assays in du-
plicate (9.06% of samples, n =30), we assayed either BUTY 
or TRIG in duplicate. BUTY concentrations are stable for 
up to 180 days when stored at –20°C (Carragher et al. 2003) 
and TRIG concentrations are stable for up to 189  days 
when stored at –20°C (Tiedink and Katan 1989). Thus, we 
expected that samples frozen from the day of capture until 
laboratory analysis (range: 3–188 days) remained stable.

Statistical Analysis
We conducted all statistical analyses using R version 
3.5.1 Feather Spray (R Core Team 2018). We constructed 
2 sets of generalized linear mixed models (for focal spe-
cies and for foraging guilds) using packages lme4 (Bates 
et  al. 2014), glmmTMB (Brooks et  al. 2017), stats (R 
Core Team 2018), and betareg (Cribari-Neto and Zeileis 
2010) to examine trends in 4 metrics of nutritional con-
dition (body condition, hematocrit, and concentrations 
of both plasma lipid metabolites) in response to seasonal 
drought. We fit all models examining trends in lipid me-
tabolite concentrations with a log-link function. Given 
that hematocrit is a proportional response variable (i.e. 
the proportion of red blood cells in a blood sample), we fit 
all hematocrit models using beta-regression (Ferrari and 
Cribari-Neto 2004).

For each of the 5 focal species, we ran a model for the 4 
metrics of nutritional condition (5 focal species × 4 met-
rics  =  20 models), with the metric of interest as the re-
sponse variable. Because the duration of the dry season 
and precipitation in the preceding rainy season both af-
fect the intensity of seasonal drought, we included the year 
(i.e. El Niño vs. 2017) along with the day of the dry season 
and their interaction as fixed effects. Due to differences of 
scale among the predictor variables, we performed a linear 
transformation on the day of the dry season to facilitate 
model convergence and we report the back-transformed 
parameter estimates. To account for repeated sampling 
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of individuals, we included individual identity (i.e. band 
number) as a random effect for all focal species except 
Red-capped Manakins (none were recaptured). We in-
itially included sex as an additional fixed effect in focal 
species models for the 3 sexually dimorphic focal species 
(Table 1) but found little evidence for the effect of sex on 
nutritional condition and subsequently pooled males and 
females. We excluded 2 female Bicolored Antbirds and 1 fe-
male Red-capped Manakin with clear evidence of breeding 
(e.g., vascularized brood patch or an egg present in the ovi-
duct) from all analyses because body mass and plasma lipid 
metabolites are affected by egg production (Bryant 1988, 
Kern et al. 2005).

To assess guild level patterns, we ran models for all 4 
condition metrics, with the metric of interest as the re-
sponse variable. Models included fixed effects of foraging 
guild and the 2- and 3-way interactions of a guild with year 
and day of the dry season, as well as individual as a random 
effect. Similar to focal species models, we performed 
a linear transformation on the day of the dry season to 
facilitate model convergence and we report the back-
transformed parameter estimates. To control for phyloge-
netic relationships among the focal species in the foraging 
guild models, we obtained 1,000 phylogenetic trees from 
birdtree.org using the Hackett tree backbone (Hackett 
et al. 2008, Jetz et al. 2012), built a phylogenetic consensus 
tree using package ape (Paradis et al. 2004), and estimated 
phylogenetic signal by calculating Pagel’s λ (Pagel 1999) 
using package phytools (Revell 2012). We found little ev-
idence of phylogenetic signal in median measures of nu-
tritional condition (λ < 0.001 for all metrics). Nonetheless, 
we followed Wingfield et  al. (2018) and included species 
nested in family as a random effect to account for phyloge-
netic inertia. We conducted post-hoc pairwise interaction 
analyses for estimated marginal means using a Bonferroni 

correction to examine differences among the 4 guilds 
between years or across the dry season using package 
emmeans (Lenth 2018).

To further explore the importance of terms in the 
mixed-effects models, we calculated marginal and condi-
tional R2 values (Nakagawa and Schielzeth 2013). Marginal 
R2 is an estimate of variance explained by the fixed ef-
fect terms whereas the conditional R2 is a measure of 
variance explained by both the fixed and random effects 
(Nakagawa and Schielzeth 2013). For generalized linear 
models without random effects, we report Nagelkerke’s 
pseudo-R2-value, which compares the proportion of vari-
ance explained between the null (intercept only) versus the 
fitted models (Nagelkerke 1991). For the beta-regression 
models on hematocrit counts without random effects, we 
report the correlation between the logit link-transformed 
response and the linear predictor as a pseudo-R2 (Ferrari 
and Cribari-Neto 2004). We considered a given effect 
to be important if the 95% confidence interval around 
the estimated regression coefficient did not include zero 
(Table 2).

RESULTS

Throughout the 2 dry seasons, we collected 380 blood 
samples from 27 species in 14 families (Supplementary 
Material Table S1). We assayed 320 samples from 277 
individuals for plasma lipid metabolites, of which 208 were 
from the 5 focal species.

Focal Species Patterns
Seasonal drought did not strongly influence body condi-
tion in any focal species (Figure 1A, Table 2). Estimates of 
SMI throughout the El Niño and 2017 dry seasons were 

TABLE 2. Associations between dry season length (e.g., per day of the dry season) and standardized SMI, hematocrit, β-hydroxybutyrate 
concentration, and triglyceride in 2016 (El Niño year) and 2017. Bullet (•) indicates models in which the 95% confidence interval around 
the estimated regression (beta) coefficient included zero. Down arrow (↓) indicates models in which beta was negative and the 95% 
confidence interval did include zero. Up arrow (↑) indicates models in which beta was positive and the 95% confidence interval did 
not include zero. Decreased nutritional condition is indicated by a ↓ for SMI, hematocrit, or triglyceride and a ↑ for β-hydroxybutyrate.

SMI Hematocrit β-hydroxybutyrate Triglyceride

2016 2017 2016 2017 2016 2017 2016 2017

Focal species
Red-capped Manakin (C. mentalis) • • • • • • • •
Bicolored Antbird (G. bicolor) • • ↓ • • • • •
Chestnut-backed Antbird (P. exsul) • • ↓ • • • • •
Spotted Antbird (H. naevioides) • • • • • • • •
Song Wren (C. phaeocephalus) • • ↓ • ↑ • • •
Guild
Frugivore • • • • ↑ • • •
Ant-follower • • ↓ • ↑ ↑ • •
Above-ground insectivore • • ↓ • ↓ ↓ ↑ •
Ground insectivore • • ↓ • • • • •
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similar to the long-term average SMIs for all 5 focal species 
(Supplementary Material Figure S1A–E).

We found a significant interaction between day of the 
dry season and year on hematocrit in 3 of the 5 focal species 
(Bicolored Antbird, Chestnut-backed Antbird, and Song 
Wren). These 3 focal species showed significant decreases 
in hematocrit concentrations, indicative of reduced nutri-
tional condition, as the El Niño dry season progressed but 
not in the 2017 dry season (Figure 1B, Table 2). Specifically, 
throughout the El Niño dry season, average percent hemat-
ocrit decreased 12% (51.2% to 39.2%) in Bicolored Antbirds, 
9.6% (50.3% to 40.7%) in Chestnut-backed Antbirds, and 

3.4% (44.8% to 41.4%) in Song Wrens. We did not observe 
significant decreases in hematocrit concentrations in any 
of the focal species during the 2017 dry season.

Seasonal drought had little impact on the plasma lipid 
metabolites of the 5 focal species. TRIG concentrations 
did not vary significantly throughout the dry season 
or between years for any species (Figure  1D, Table  2). 
Plasma concentrations of BUTY were similarly invariable 
(Figure 1C, Table 2) with the exception of the Song Wren, 
which exhibited significant increases in BUTY as the El 
Niño dry season progressed. Estimated average BUTY 
concentrations in Song Wrens increased 115% (i.e. from 

FIGURE 1.  Estimated regression (β) coefficients and 95% confidence interval characterizing associations between dry season 
length (e.g., per day of the dry season) and (A) standardized scale mass index, (B) hematocrit, (C) β-hydroxybutyrate concentration, 
(D) triglyceride concentration in 2016 (orange) and 2017 (blue) for the 5 focal species. Coefficients are reported on the log-scale for 
β-hydroxybutyrate and triglyceride concentrations and on the logit-scale for hematocrit due to model link-functions. The figure was 
created with R package ggplot2 (Wickham 2016).
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1.34 mMol L–1 to 2.88 mMol L–1) throughout the El Niño 
dry season (Supplementary Material Figure S4d), a trend 
suggestive of poor nutritional condition. We observed 
notably high BUTY concentrations (≥5 mMol L–1) in 4 
individuals, 2 pairs, captured in April and May of the El 
Niño dry season (Supplementary Material Figure S4d). One 
individual captured in May with BUTY concentrations ≥5 
mMol L–1 had strong influence (Cook’s Distance Di = 0.39); 
removal of this individual from the sample resulted in a 
parameter estimate with a 95% CI that spanned zero. 
We observed no trend in BUTY concentrations in Song 
Wrens during the 2017 dry season (Figure 1C, Table 2) nor 

did we observe any individuals with notably high BUTY 
concentrations (≥5 mMol L–1) during the 2017 dry season.

Guild-level Patterns
Mean SMI did not vary significantly among guilds 
(Supplementary Material Table S2), during the El Niño and 
2017 dry seasons or between years in any of the 4 foraging 
guilds (post-hoc Bonferroni-adjusted P > 0.05 in all pair-
wise contrasts of estimated marginal means; Figure  2A, 
Table 2).

We found a significant 3-way interaction with year, day 
of the dry season, and guild on hematocrit (Supplementary 

FIGURE 2.  Estimated regression (β) coefficients and 95% confidence interval characterizing associations between dry season length 
(e.g., per day of the dry season) and (A) standardized scale mass index, (B) hematocrit, (C) β-hydroxybutyrate concentration, (D) 
triglyceride concentration in 2016 (orange) and 2017 (blue). Coefficients are reported on the log-scale for β-hydroxybutyrate and 
triglyceride concentrations and on the logit-scale for hematocrit due to model link-functions. The figure was created with R package 
ggplot2 (Wickham 2016).
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Material Table S3). As the El Niño dry season progressed, 
but not the 2017 dry season, average hematocrit decreased 
significantly in the 3 insectivorous foraging guilds but 
did not decrease in the frugivore guild (p  <  0.02 in all 
Bonferroni-adjusted pairwise contrasts of estimated mar-
ginal means; Supplementary Material Table S3).

We also observed considerable heterogeneity in trends 
of circulating lipid metabolite concentrations among 
foraging guilds during the 2 dry seasons (Figure  2C, D; 
Table 2). In the ant-follower guild, BUTY concentrations 
increased significantly as the dry season progressed 
in both the El Niño and 2017 dry seasons (Figure  2C; 
Supplementary Material Figure S8b). Frugivores showed 
increased BUTY concentrations across the El Niño dry 
season, but not during the 2017 dry season (Figure  2c; 
Supplementary Material Figure S8a). Frugivores 
captured during the 2017 dry season had significantly 
lower BUTY concentrations than ground and above-
ground insectivores (Bonferroni-adjusted P  <  0.05 in 
both pairwise contrasts of estimated marginal means; 
Supplementary Material Table S3). TRIG concentrations 
in the frugivore and ant-follower guilds did not change 
across either dry season (Figure  2D; Supplementary 
Material Figure S7a, b), but frugivores maintained greater 
average TRIG concentrations compared to the 3 insec-
tivorous guilds (p < 0.03, Bonferroni-adjusted contrasts; 
Supplementary Material Table S4) during the El Niño dry 
season. Average BUTY and TRIG concentrations in the 
ground-foraging insectivorous guild did not vary signif-
icantly throughout either dry season or between years 
(Figure 2C, D, Table 2). We found significant interactions 
between year and day of the dry season for both TRIG 
and BUTY in above-ground insectivores. Predicted av-
erage TRIG concentrations in above-ground insectivores 
increased threefold throughout the El Niño dry season 
(Supplementary Material Figure S7c), although TRIG 
concentrations were not associated with dry season 
length in 2017. Moreover, average BUTY concentrations 
of above-ground insectivores decreased twofold during 
the El Niño dry season and fourfold during the 2017 dry 
season (Supplementary Material Figure S8c).

DISCUSSION

We estimated seasonal changes in the nutritional condi-
tion of Neotropical forest birds in which seasonal drought 
(i.e. the length of the dry season) can lead to population 
declines (Table  1, see Brawn et  al. 2017). Overall, we 
found mixed evidence that seasonal drought negatively 
impacts the nutritional condition and energy balance of 
these species. In short, the species we sampled appear 
largely capable of coping with seasonal drought and 
exhibited little evidence of reduced nutritional condi-
tion as the dry season progressed. The negative effects of 

increased dry season length on population growth rates 
reported by Brawn et  al. (2017) were driven largely by 
reduced recruitment, rather than reduced adult survival; 
results here are consistent in that adult birds were gener-
ally able to meet energetic requirements even during an 
El Niño dry season.

In contrast, Song Wrens showed some evidence of 
reduced nutritional condition in response to seasonal 
drought. Of the samples collected from Song Wrens, 9 
(12.5%) showed BUTY concentrations at or above 2.96 
mMol L–1, which is indicative of prolonged fasting in small 
passerines (Landys et  al. 2004, Khalilieh et  al. 2012). Six 
of those samples were collected ≥95 days into the 2016 El 
Niño dry season. Notable declines in hematocrit levels of 
Song Wrens across the El Niño dry season are also sug-
gestive of reduced food intake. These results are consistent 
with a previous study in Panama that found lower hemat-
ocrit levels in Song Wrens under more xeric conditions 
(Busch et al. 2011). Although our results do not establish 
a direct link between reduced nutritional condition and 
demography, they are consistent with the comparatively 
strong negative association between dry season length 
and Song Wren population growth rates reported by 
Brawn et al. (2017). Conceivably, Song Wrens that initiate 
breeding in relatively poor condition are less able to invest 
in reproduction.

However, Red-capped Manakins, a frugivore that also 
exhibited reduced population growth rates following longer 
dry seasons (Brawn et  al. 2017), showed no evidence of 
reduced nutritional condition. Understory fruit can be con-
spicuous and abundant in the dry season (Morton 1973) and 
El Niño conditions in central Panama can lead to unusu-
ally high levels of dry-season fruit production (Wright et al. 
1999). However, nestlings of frugivorous or omnivorous spe-
cies consume 3× to 5× more arthropods than adults (Riehl 
and Adelson 2008, del Rosario Avalos 2015) and will starve 
when exclusively fed on fruit (Morton 1973, Dyrcz 1983). 
Therefore, while Red-capped Manakins and perhaps other 
frugivores may be able to sustain positive energy balance in 
the dry season, other, as yet unknown, processes may reduce 
recruitment following relatively severe seasonal drought.

We also observed substantial variation in the nutritional 
responses to seasonal drought at the guild level. Whereas 
all 3 insectivorous guilds exhibited decreases in hemat-
ocrit across the El Niño dry season, frugivores did not. 
Similarly, frugivores maintained lower BUTY levels and 
higher TRIG levels than the insectivorous guilds across 
the El Niño dry season, indicative of greater resilience to 
seasonal drought. Studies in central Panama are generally 
consistent in reporting that arthropods are less abundant 
under dry conditions and that fruit availability is more 
constant throughout the wet and dry seasons (e.g., Poulin 
and Lefebvre 1996). Thus, frugivores may be less affected 
by seasonal food scarcity compared to insectivores that 

D
ow

nloaded from
 https://academ

ic.oup.com
/auk/advance-article/doi/10.1093/ornithology/ukaa085/6167844 by guest on 11 M

arch 2021

https://academic.oup.com/auk/article-lookup/doi/10.1093/ornithology/ukaa085#supplementary-data
https://academic.oup.com/auk/article-lookup/doi/10.1093/ornithology/ukaa085#supplementary-data
https://academic.oup.com/auk/article-lookup/doi/10.1093/ornithology/ukaa085#supplementary-data
https://academic.oup.com/auk/article-lookup/doi/10.1093/ornithology/ukaa085#supplementary-data
https://academic.oup.com/auk/article-lookup/doi/10.1093/ornithology/ukaa085#supplementary-data
https://academic.oup.com/auk/article-lookup/doi/10.1093/ornithology/ukaa085#supplementary-data
https://academic.oup.com/auk/article-lookup/doi/10.1093/ornithology/ukaa085#supplementary-data
https://academic.oup.com/auk/article-lookup/doi/10.1093/ornithology/ukaa085#supplementary-data
https://academic.oup.com/auk/article-lookup/doi/10.1093/ornithology/ukaa085#supplementary-data
https://academic.oup.com/auk/article-lookup/doi/10.1093/ornithology/ukaa085#supplementary-data


10

Ornithology 138:1–13 © 2021  American Ornithological Society

Seasonal drought and nutritional condition in Neotropical birds E. T. Nishikawa, H. S. Pollock, and J. D. Brawn

rely on an invertebrate prey base (Levings and Windsor 
1985). Nevertheless, unlike the ant followers and ground 
insectivores, the above-ground insectivores exhibited sea-
sonal declines in BUTY in both years and increases in 
TRIG throughout the El Niño dry season. This suggests 
that above-ground insectivores not only tolerated seasonal 
drought but actually realized improved nutritional state 
under unusually dry conditions. The complex and vari-
able responses among guilds suggest that, although food 
scarcity may be mediating population responses to sea-
sonal drought for some species, the ecology of forest birds 
during seasonal drought merits more research. Our finding 
that insectivores with contrasting foraging substrates and 
behaviors can experience a negative, neutral, or positive 
energy balance during dry conditions motivates a compar-
ison of the foraging efficiency, time budgets, and diet of 
insectivores during dry and wet seasons.

CONCLUSIONS

Whereas food availability and nutritional condition during 
the dry season are associated with the population dy-
namics of some species, our results highlight the variability 
among species and the need for further studies exploring 
the linkages between seasonal drought, availability and 
utilization of food resources, and recruitment and survival 
of Neotropical birds. The importance of seasonal rainfall 
regimes as a selective pressure is becoming increasingly 
recognized, though the factors dictating species’ “hygric 
niches” still remain poorly understood (Boyle et al. 2020). 
Climate change and ocean warming are projected to in-
crease the frequency and intensity of ENSO events (Cai 
et  al. 2014, 2018) and increase annual variation in trop-
ical rainfall regimes (Karmalkar et  al. 2011, Turner and 
Annamalai 2012) and the intensity of seasonal drought 
(Feng et al. 2013, Fu et al. 2013, Jiang et al. 2019). Thus, it 
is urgent to understand the mechanisms (e.g., food availa-
bility, physiological tolerances, etc.) connecting rainfall to 
the demographic responses of resident tropical species.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Ornithology online.
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