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Abstract
Breeding seabirds must balance the energetic demands of feeding themselves and their offspring while coping with the con-
straints imposed by central-place foraging. As such, foraging strategies and parental care patterns are usually linked. Here, 
the foraging behavior of the Red-billed Tropicbird (Phaethon aethereus; n = 161) of Peña Blanca Islet, Mexico (19° 06ʹ 11ʺ 
N, 104° 29ʹ 12ʺ W) during the incubation and chick-rearing (≤ 4 weeks of age) stages was characterized with the aid of 
GPS loggers. Blood samples from adults and chicks were collected to determine δ15N and δ13C, and parental presence at the 
nest, meal size, and parent-chick feeding events were recorded. During incubation, parents made long trips offshore to areas 
far from the colony; however, immediately after their chicks hatched, the parents switched to a bimodal foraging strategy 
by undertaking both short and long foraging trips. The δ15N values indicated that trophic differences were present between 
parents and their offspring, with chicks being fed prey enriched in 15N. Parental presence at the nest was greater during early 
chick-rearing, which was associated with a higher provisioning rate. Parents adopted a strategy in which the parent on nest 
duty only made short foraging trips to provide for its offspring without leaving it unattended for long periods, while its mate 
undertook long trips to feed itself. After the early chick-rearing period, the parents gradually reduced the time spent at the 
nest and increased the time spent foraging, compensating with larger meal sizes for their offspring.
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Introduction

The breeding season is an essential and energetically 
demanding period in the annual cycles of seabirds. During 
this period, seabird parents must strike a balance between 
feeding themselves and their offspring given the constraints 
of central-place foraging (Orians and Pearson 1979; Harding 
et al. 2013; Cleeland et al. 2014). In the marine environment, 
resources are generally sparse and patchy, making it difficult 
for pelagic seabirds to gather enough food for themselves 
and their chicks (Weimerskirch 2007; Shoji et al. 2015). If 
food resources in the vicinity of a seabird breeding site are 
limited, parents may be unable to simultaneously meet the 
needs of their offspring while maintaining their body condi-
tion (Welcker et al. 2009). In response to this limitation, sea-
bird species can employ a bimodal foraging strategy, which 
has been reported in the families Laridae, Sulidae, Sphenis-
cidae, Diomedeidae, Procellariidae, Alcidae, Fregatidae, and 
Phaethontidae (Baduini and Hyrenbach 2003; Steen et al. 
2007; Welcker et al. 2009; Sommerfeld and Hennicke 2010; 
Campos et al. 2018; Austin et al. 2019; Phillips et al. 2023).

The bimodal foraging strategy is characterized by either 
alternating short and long trips or long trips interspersed 
with multiple short trips (Weimerskirch 1998; Congdon 
et al. 2005). Short trips enable parents to feed their chicks 
frequently, albeit at the expense of adult body condition, 
while long trips allow the adults to restore their reserves 
(Weimerskirch 1998; Weimerskirch et al. 2003). However, 
this bimodal foraging strategy may be influenced by the dis-
tance of profitable prey patches from the colony (Suryan 
et al. 2000). The bimodal foraging strategy has also been 
interpreted as a means of regulating parental investment in 
offspring (Granadeiro et al. 1998). Originally, the decision 
to undertake a short or long trip was thought to be under the 
exclusive control of parental body condition (Weimerskirch 
1998). However, chick begging was found to strongly influ-
ence seabird parents in later studies (e.g., Quillfeldt 2002; 
Hamer et al. 2006), although its influence on bimodal forag-
ing has not been investigated. The bimodal foraging strategy 
is relatively common among seabirds distributed in temper-
ate and tropical-subtropical areas, and the factors affecting 
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the decisions of the parents to undertake either long or short 
foraging trips may be species-specific (Baduini and Hyren-
bach 2003).

The Red-billed Tropicbird (Phaethon aethereus) is 
a pelagic seabird distributed in the tropical areas of the 
Atlantic, Indian, and Pacific Oceans (Nelson 2006). This 
species exhibits foraging plasticity in response to the vary-
ing oceanographic conditions in its breeding sites (Castillo-
Guerrero et al. 2011; Diop et al. 2018). In the eastern Pacific, 
red-billed tropicbirds live in the open ocean most of the 
year, where they forage in patchy oligotrophic waters char-
acterized by shallow thermoclines and low salinity (Spear 
and Ainley 2005). During the breeding period, which lasts 
approximately six months, they become central-place forag-
ers, alternating between tending to their chicks in nesting 
colonies and undertaking foraging trips that take them up 
to 600 km from their breeding sites (Nelson 2006; Diop 
et al. 2018).

During the rearing period, parents must feed their chicks 
frequently. In turn, parents exploit the trophic resources sur-
rounding the colony by undertaking short foraging trips last-
ing 3–4 h (Sommerfeld and Hennicke 2010; Campos et al. 
2018). Nevertheless, the amount of available food near these 
colonies may be insufficient to maintain parental body con-
dition and meet the needs of growing chicks. In response, 
red-billed tropicbirds appear to switch from a unimodal to 
bimodal foraging strategy (see Sommerfeld and Hennicke 
2010). Nevertheless, it is unknown whether the use of a 
bimodal foraging strategy is widespread among tropicbirds 
or if it is employed only by individuals in breeding colonies 
located in highly oligotrophic environments or during years 
of low prey availability (Campos et al. 2018). Furthermore, 
little information is available regarding the habitat use, 
behavior, or foraging ecology of the Red-billed Tropicbird 
(e.g., Diop et al. 2018; Madden et al. 2022, 2023). Indeed, no 
study has linked foraging variables to Red-billed Tropicbird 
breeding parental presence at the nest, meal mass, chick-
feeding rates, or foraging behavior at sea.

In this study, we assessed the foraging ecology and paren-
tal care patterns of breeding red-billed tropicbirds on Peña 
Blanca Islet, Mexico. We characterized the foraging areas 
surrounding the islet and their oceanographic characteris-
tics, including sea surface temperature (SST), chlorophyll-a 
(Chl-a), and bathymetry, and monitored the at-sea behav-
ior of red-billed tropicbirds during the egg incubation and 
chick-rearing stages with the aid of GPS data loggers over 
six breeding seasons (2017–2022). In addition, we measured 
the isotopic values of carbon (δ13C) and nitrogen (δ15N) in 
whole blood samples from adults and chicks to evaluate if 
differences were present in the assimilated foods. The pres-
ence of parents at nests, feeding frequency, and amount of 
food given to chicks were also evaluated, considering the 
age of the chicks. We hypothesized that (1) breeding adults 

would switch from a unimodal to bimodal foraging strategy 
between the incubation and chick-rearing stages, undertak-
ing more short than long trips during the latter stage; (2) the 
bimodal strategy would allow for a high parental presence 
at the nest and frequent chick feeding during the first weeks 
after hatching, which would be reflected in the presence of 
at least one parent at the nest, who would be in charge of 
undertaking short trips to provide food for the chick, while 
its mate would undertake long trips for self-provisioning; (3) 
variations in isotopic composition would be present between 
the blood of parents and their offspring, with chicks showing 
enriched δ15N values and impoverished δ13C values com-
pared to those of their parents because chicks would be fed 
prey from high trophic levels found in areas near the colony; 
(4) a gradual decrease in adult presence at the nest would be 
apparent along with an increase in foraging activity, which 
would be reflected in an increase in chick meal size as the 
chicks grew.

Materials and methods

Study area

The study was carried out on Peña Blanca (19° 06ʹ 11ʺ N, 
104° 29ʹ 12ʺ W), an islet located 1.9 km from the coast 
of Colima, Mexico (Supplementary Information, Fig. S1). 
Peña Blanca supports a colony of 1200–1600 pairs of red-
billed tropicbirds (Hernández-Vázquez et al. 2018). Accord-
ing to the climatic conditions and primary productivity of 
the sea in the region, there are two marked climatic periods 
during the year: winter-spring (Dec–May) and summer-
autumn (Jun–Nov). During winter-spring, SST values range 
between 23.5 and 30 °C, while salinity (34.3) and Chl-a 
(up to 10 mg  m−3) are both high at the beginning of the 
period, with Chl-a later decreasing (1 mg  m−3). Summer-
autumn is characterized by high SST values that increase 
to 31 °C, while salinity and Chl-a values decrease to 33.5 
and ~ 0.1 mg  m−3, respectively (Kono-Martínez et al. 2017). 
The topographic and physiographic features of the coast pro-
mote the formation of dynamic mesoscale structures (i.e., 
marine current systems spanning 1–100 km), such as anticy-
clonic and cyclonic eddies, over the continental shelf (Salas 
et al. 2006).

GPS deployment and sampling

Fieldwork was conducted from January to May during six 
consecutive breeding seasons (2017–2022; Table S1), cover-
ing the egg-laying peak (Jan–Feb) and hatching and fledg-
ling periods (Mar–Apr) of this colony (Hernández-Vázquez 
et al. 2018). GPS data loggers (i-gotU GT-120, Mobile 
Action, Taiwan; CatLog-S, Catnip Technologies, Hong 
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Kong, China; and CatLog-S2, Perthold Engineering LLC, 
Dallas, USA) were attached to 161 breeding adults, which 
were captured by hand directly from nest burrows during 
incubation and the first 4 weeks of the chick-rearing period 
(early chick-rearing; ECR). Each nest was located within a 
pre-established study plot used for long-term monitoring. 
The loggers were programmed to record time, latitude, and 
longitude every 5 min and water-proofed with heat-shrink 
casing.

Data loggers were attached with TESA® tape (Norder-
stedt, Germany) to the tops of four to five central rectrices 
directly below the uropygial gland. The loggers and tape 
weighed between 8–16 g, which was ~ 2.4% (1.5–2.9%) of 
adult body mass (536.85 ± 50.56 g; range: 432.9–664.6 g, 
n = 54; Piña-Ortiz et al. 2023) and below the recommended 
3% weight threshold for devices attached to birds (Wilson 
and McMahon 2006; Vandenabeele et al. 2012). Adults 
from targeted nests were captured during the first hours 
of daylight (0600–0900 h) and the last hours before dusk 
(1800–2000 h) to protect the birds from sunstroke. The han-
dling time never exceeded 10 min. Data loggers were recov-
ered 1–15 days after being attached by carefully removing 
the tape from the tail feathers. In addition, blood samples 
(~ 0.5 mL per bird) were obtained by brachial vein puncture 
with a syringe (3 mL, 23G, 0.5 mm × 16 mm) from adults 
(n = 84) and chicks (n = 39), including those tagged with 
GPS devices during the 2020–2022 breeding seasons. The 
blood samples were transferred to 1.5-mL plastic tubes and 
kept on ice in the field. Once in the laboratory, they were 
frozen at − 20 °C for stable isotope analysis. While the adults 
were handled, assistants cared for the eggs or chicks until 
the adults were returned to the nests. Continual monitoring 
of the nests and parental breeding success confirmed that no 
adults abandoned the nests after being handled.

Analyses of foraging trajectories

We visually reviewed every GPS trajectory obtained from 
all individuals in Google Earth or CatLog_Data-viewer and 
removed all anomalous trajectories and those over land. 
Next, following the approach applied by Diop et al. (2018), 
we eliminated those fixes that would have resulted in an 
average velocity of > 80 km  h−1 (i.e., the species flight speed 
threshold). Then, foraging parameters from the tracking data 
were determined in R v. 4.3.1 (R Core Team 2023) with 
RStudio v. 2023.06.1 + 524 “Mountain Hydrangea” (RStu-
dio Team 2023) using the function ‘tripSplit’ provided in 
the ‘track2KBA’ package (Beal et al. 2021). This function 
allowed us to split individual GPS trajectories from multiple 
foraging trips from individual birds, which were separated 
by the return of the individual to the colony. For each forag-
ing trip, we calculated the maximum linear distance from the 
colony, the total duration of the trip, and the total distance 

traveled. Incomplete foraging trips (i.e., foraging trips that 
could not be fully tracked prior to the return of an individual 
to the colony) were removed from all subsequent analyses. 
To guarantee the accurate splitting of individual foraging 
trips, given that subsequent trips with burrow-nesting spe-
cies may be lumped into a single trip, a 1.5-km radius filter 
was applied to the colony to discard these locations (Beal 
et al. 2021).

A total of 178 complete foraging trips were recorded 
from 140 Red-billed Tropicbirds during the incubation and 
ECR stages from 2017 to 2022 (Table S1). Individual forag-
ing trips were classified as either short (≤ 0.5 days) or long 
(> 0.5 days) using the method proposed by Welcker et al. 
(2009), who used two log-normal distributions to determine 
the best fit and set the cut-off value as that which minimized 
the sum of the variances of both trip types given their log-
normal distribution. For subsequent analyses, data from all 
years were pooled according to the lowest number of com-
plete foraging trips for 2017, 2018, and 2019 (3, 3, and 12 
trips, respectively; Table S1, Fig. S1).

Once all individual foraging trips were classified, they 
were grouped based on behavior with Hidden Markov Mod-
els (HMM) with the ‘moveHMM’ package (Michelot et al. 
2016). Four behavioral states were defined based on the 
speeds and turning angles of the trajectories: resting (low 
speed and low turning angles), intensive search (low speed 
and high turning angles), extensive search (high speed and 
high turning angles), and relocation (high speed and low 
turning angles). Similar to what has been obtained in other 
studies that have classified the foraging behavior of trop-
icbirds (see Diop et al. 2018), the HMM algorithm does not 
effectively categorize intensive search and resting behaviors 
(Fig. S2–S5). Therefore, fixes classified as intensive search 
and resting behaviors were grouped into the single category 
of “resting-intensive search”. Foraging behavior was then 
inferred from locations classified as “extensive search” and 
“resting-intensive search”. Extensive searches involved 
individuals foraging over large areas to locate prey patches, 
whereas intensive searches occurred when individuals con-
ducted area-restricted searches after locating prey (Weimer-
skirch 2007; Bennison et al. 2017; Clay et al. 2019; dos 
Santos et al. 2022). Subsequently, “extensive search” and 
“resting-intensive search” locations were selected to clas-
sify the habitat use of red-billed tropicbirds using kernel 
density estimations (KDEs) through the transformation of 
all positions into utilization distributions (Wood et al. 2000).

To estimate the kernel utilization distributions (KUD), we 
made use of the functions ‘hr_kde_ref’ and ‘hr_kde_pi’ in 
the ‘amt’ package (Signer et al. 2019) to calculate the refer-
ence bandwidth and the bandwidth with the plug-in equation 
method in two dimensions, respectively (Wand and Jones 
1994; Gitzen et al. 2006). Due to its simplicity and wide 
use in other studies, we selected the reference bandwidth as 
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the ideal smoothing parameter for estimating KUDs (Beal 
et al. 2021). A smoothing parameter of 6.75 km was used for 
short trips, and a smoothing parameter of 27.89 km was used 
for long trips. We calculated the 50% and 95% KUDs using 
the function ‘hr_kde’ in the package ‘amt’ to represent the 
core and general foraging areas used by adults, respectively 
(Fig. S6). The representativeness (the degree to which the 
space use of a tracked sample of animals represents that 
of the larger population) of short and long foraging trips 
was tested separately for the incubation and ECR stages, 
resulting in a low representativeness for the population 
(Fig. S7–S8). However, the representativeness for short and 
long foraging trips pooling both breeding stages was suitable 
(Fig. S9–S10; Beal et al. 2021). The overlap of the KUD 
contours for core areas between short and long trips was 
calculated with the function 'hr_overlap' using the utilization 
distribution overlap index (UDOI). The UDOI ranges from 
0 (when two home ranges do not overlap) to 1 (when two 
utilization distributions are uniformly distributed and show 
100% overlap). However, the UDOI can be > 1 if the utiliza-
tion distributions are non-uniformly distributed and exhibit a 
high degree of overlap (Fieberg and Kochanny 2005).

Oceanographic variables

The oceanographic characteristics of the core areas (KUD 
50%) of short and long foraging trips were assessed. Raster 
data for SST (°C), Chl-a (mg  m−3), and bathymetry (m) were 
downloaded from the ERDDAP database (http:// coast watch. 
pfeg. noaa. gov/ erddap). The SST and Chl-a values were col-
lected from the Aqua MODIS satellite model “Net Primary 
Production (NPP), 0.025 degrees, Pacific Ocean, Daytime, 
2006–present (8 Day Composite), Lon ± 180.” Bathymetry 
values corresponded to the model “Topography, ETOPO1, 
0.0166667 degrees, Global (longitude -180 to 180), (Ice 
Sheet Surface).” The raster images used for SST and Chl-a 
had a monthly period from December to May between 2017 
and 2022, which were the months during which the forag-
ing tracks were recorded (Hernández-Vázquez et al. 2018). 
Finally, the values of the oceanographic variables within 
each core area (i.e., short and long trips) were obtained.

A Chi-square homogeneity test was used to compare 
the proportion of short and long foraging trips between the 
incubation and ECR stages. Two-way analyses of variance 
(ANOVA) were used to compare SST values and Chl-a con-
centrations between the core areas, including the type of 
foraging trip (i.e., long or short) and month as categorical 
factors. Bathymetry differences between the core areas were 
tested with a one-way ANOVA with the type of foraging trip 
as a factor.

Parental presence

The presence of parents caring for chicks at the nests was 
based on the results of monitoring 68, 108, and 100 nests 
during December–April of the 2020, 2021, and 2022 breed-
ing seasons, respectively. The number of active nests, 
chick age, and the presence or absence of the parents were 
recorded within pre-established study plots by punctual 
observations of all nests in these plots. The time required 
to survey all pre-established plots was approximately 4 h 
(0800–1100 h), and the plots were surveyed in the same 
order each time. We knew the hatching dates for most chicks; 
however, when hatching occurred between visits, chick age 
was estimated based on plumage and body measurements. 
In the 2020 season, we conducted 5 surveys (3 December, 
28 January, 10 February, 9 and 21 March). In the 2021 and 
2022 seasons, we conducted 9 and 8 surveys during each 
season (2021: 18 December; 15, 22 and 31 January; 9 and 
16 February; 19 and 27 March; and 4 April; 2022: 12 and 
14 December; 18 and 24 January; 1 February; and 11, 22, 
and 31 March), respectively. On Peña Blanca, red-billed 
tropicbirds are not sexually dimorphic; thus, it was not pos-
sible to sex the adult individuals. However, to identify each 
member of a breeding pair, individuals were tagged with 
alphanumeric bands affixed to the tarsus.

Stable isotope analyses

To assess differences in the assimilated foods between 
parents and offspring, carbon and nitrogen isotope analy-
ses were conducted on whole blood samples that reflected 
the dietary integration period of 2–4 weeks prior to sam-
pling (Bearhop et  al. 2002). Therefore, the blood sam-
ples taken from the individuals in this study during the 
ECR (adults = 53 [2020 = 15, 2021 = 16, and 2022 = 22], 
chicks = 17 [2020 = 5, 2021 = 1, and 2022 = 11]) and late 
chick-rearing (LCR; adults = 31 [2020 = 8, 2021 = 11, and 
2022 = 12], chicks = 22 [2020 = 9, 2021 = 3, and 2022 = 10]) 
periods should reflect the dietary items consumed during 
those stages. Blood samples were oven-dried at 50 °C for 
24–48 h and then finely ground and homogenized. Subsam-
ples (0.3–0.5 mg) were packed in tin capsules and analyzed 
for %N, %C, δ15N, and δ13C using a Flash 2000 elemental 
analyzer (Thermo Scientific, Milan, Italy) coupled with a 
Delta V Plus isotope ratio mass spectrometer with a Con-
flo IV interface (Thermo Scientific, Bremen, Germany). 
Analyses were conducted at the Littoral, Environnement et 
Societés (LIENSs) Joint Research Unit stable isotope facil-
ity (CNRS – La Rochelle Université, France). Results are 
expressed as δ (‰) for δ15N and δ13C and were calibrated 
against the international isotopic references of atmospheric 
nitrogen for δ15N and Vienna-Pee Dee Belemnite for δ13C. 
The analytical precision was ± 0.15 ‰ δ15N and ± 0.10 

http://coastwatch.pfeg.noaa.gov/erddap
http://coastwatch.pfeg.noaa.gov/erddap
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‰ for δ13C based on the internal standards USGS-61 and 
USGS-62, which were inserted every ten measurements. All 
samples had low C:N mass ratios (< 4.0), indicating low 
lipid content, and no lipid extraction was required (Cherel 
et al. 2005).

Physiological and metabolic differences between sea-
bird adults and chicks may influence their isotopic ratios 
(Harding et al. 2008; Sears et al. 2009; Micklem et al. 2021). 
Therefore, the isotopic composition between parents and off-
spring may reflect some differences not linked to dietary 
intake. As chicks grow, their δ15N values gradually change 
due to ontogenetic changes in tissue turnover rates (Harding 
et al. 2008; Sears et al. 2009; Micklem et al. 2021). Blood 
analyses of captive African penguins (Spheniscus demersus) 
showed that chick growth resulted in a depletion of 15N in 
whole blood of 0.30 ‰ with respect to that of the adults 
(neither breeding, fasting, nor molting) under the dietary 
regime established by the researchers (see Micklem et al. 
2021 for details). To compare adult and chick δ15N values, 
we adjusted our δ15N data by subtracting 0.30 ‰ from the 
adult values.

General linear models (GLM) were used to assess the dif-
ferences in δ15N and δ13C isotope ratios between chicks and 
adults (i.e., age class), including the effects of the breeding 
season (2020–2022) and breeding stage (ECR and LCR) as 
factors and sample collection date (days since 1 January) as a 
continuous predictor. All GLMs were applied based on com-
plete initial models that considered all variables and inter-
actions. Subsequently, all non-significant interactions and 
variables (P < 0.05) were eliminated to simplify the models. 
The initial models, which included all variables and interac-
tions, are presented in Table 3. However, the accompanying 
statistics correspond to the level at which non-significant 
interactions and variables were removed from the model. 

Furthermore, t-tests that included a Bonferroni correction 
(α = 0.025, 2 comparisons) were used to compare differences 
in isotopic signatures between adults and chicks during the 
ECR and LCR stages.

Chick feeding events

Parental food supply and chick meal sizes were determined 
in the 2020, 2021, and 2022 breeding seasons by weighing 
82 chicks (1–12 weeks old) three times (events) each day 
at dawn (0700 h), noon (1300 h), and dusk (1800 h). Chick 
body mass was measured with a portable electronic scale 
to the nearest 5 g. For each breeding season, chicks were 
selected from nests located in five different islet sections 
exhibiting different nest densities. Body mass was measured 
in 34, 20, and 28 chicks in either March or April of 2020 
(13–20 March), 2021 (27 March–2 April), and 2022 (23–31 
March), respectively. The maximum number of nests with 
chicks and the highest annual values of Chl-a surrounding 
the study area are present during these months (Hernández-
Vázquez et al. 2018). For each time event, the weighing 
time was ~ 40 min, and each chick was always weighed in 
the same order. Increases in chick mass between weighing 
events were attributed to parental feeding and were used to 
estimate daily feeding events and meal sizes.

Due to the sensitivity of the scale and the unlikeliness of 
adults feeding chicks with only small amounts of food, all 
increases in weight < 10 g were omitted from the analyses. 
To obtain the number of feeding events per day, we divided 
the number of events in which a chick gained weight by the 
number of days it was weighed. Mass increments between 
weighing events can be considered a proxy of the meal sizes 
parents deliver. However, with this approach, the amount of 
food is inevitably underestimated because chicks also lose 
mass through excretion. Therefore, we evaluated mass loss 
after feeding events using linear mixed models (LMMs), to 
estimate the relationship between chick mass loss rates at Fig. 1  Frequency distribution of foraging trip duration (days) of the 

Red-billed Tropicbird of Peña Blanca Islet, Mexico. Short trips are 
indicated by dark bars, and long trips are indicated by gray bars

Table 1  Number and proportion of long and short foraging trips in 
red-billed tropicbirds in the incubation and early chick-rearing (ECR) 
stages from 2017 to 2022 at Peña Blanca Islet, Mexico

A Chi-square test revealed significant differences in the distribution 
of the number of long and short foraging trips between the incubation 
and ECR stages (Chi-square test, X1 = 7.90, df = 1, P = 0.005)

Foraging 
trip length

Incubation
n = 11

Early chick-rearing
n = 167

Number 
of trips

Proportion 
(%)

Number 
of trips

Proportion 
(%)

Long 10 90.9 71 42.5
Short 1 9.1 96 57.5
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post-feeding intervals and initial mass, chick age, and meal 
size, with individuals considered a random factor.

The rate of mass loss following a feeding 
event was related to the initial mass of the chick 
and meal size but not to chick age [ANOVA Sat-
ter thwaite’s method, Meal size:  F(1,273) = 11.90, 
P < 0.001; Initial mass:  F(1,273) = 7.45, P = 0.006; 
Age:  F(1,273) = 1.96, P = 0.16]. The equation obtained, 
Masslossrate

(

gh−1
)

= −0.235 − 0.030(mealsize) − 0.009
(initialmass) , was used to estimate mass loss between weigh-
ing events and correct the calculated meal size and the total 
amount of food provided to the chicks. Meal size corrections 
were made under the following extreme possibilities: (1) the 
maximum possible meal size, assuming that chicks were fed 
immediately before weighing, and (2) the minimum pos-
sible meal size (no adjustment required), assuming that the 
chicks were fed just after they were weighed. Considering 

such possibilities, a consumption threshold (i.e., the range 
between these two possibilities) was obtained for each age 
group. In addition, we recorded culmen, ulna, and tarsus 
lengths for all chicks on both the first and last weighing 
days (Table S2). All statistical analyses were conducted in 
STATISTICA 7.1 (Hill and Lewicki 2007), except for the 
LMMs, which were implemented with the ‘lme4’ package in 
R (Bates et al. 2015). All values are expressed as mean ± SD 
throughout the results section. The significance level was 
set to P ≤ 0.05.

Results

Foraging strategy of breeding adults

Overall, the foraging trips exhibited a bimodal distribution, 
with more short trips (97 trips; up to 0.5 d) than long trips 
(81 trips; up to 12 d; Fig. 1). Short and long foraging trips 
were recorded for all breeding seasons (see Table S3). How-
ever, during the incubation period, tropicbirds conducted 
long trips > 90% of the time. After the eggs hatched, trop-
icbirds undertook long and short trips 42.5 and 57.5% of 
the time, respectively (Table 1). This pattern was consistent 
for both reproductive stages throughout the breeding sea-
son of the species (Fig. S1). Short trips took the tropicbirds 
31 km from the islet, lasted 0.14 ± 0.10 d (mean ~ 3 h, range 
1.03–12.85 h, n = 97), and covered a mean total distance 
of ~ 75  km. Individuals on long trips traveled approxi-
mately 770 km (mean maximum distance from the colony 
of 245 ± 173 km, n = 81), with these trips lasting from 0.60 
to 12.3 d (Table 2). Most trips were conducted southwest of 
the islet (Table 2; Fig. S1). The core (50% KUD) and general 
(95% KUD) areas used by red-billed tropicbirds on long 
trips were an order of magnitude larger in size than those of 
the short trips (Table 2, Fig. 2 and S2).

The core area of the short trips was located over the con-
tinental shelf and exhibited mean SST values ranging from 
25.5 to 28.5 °C and mean Chl-a concentrations as high as 
14 mg  m−3 (Fig. 3). In contrast, the long-trip core area was 
located in deeper waters with higher SST (27.5–29.0 °C) 
and lower Chl-a concentrations (< 1 mg  m−3; Fig. 3) than 
those of the short-trip core area. The bathymetry and ocean-
ographic variables were significantly different between 
the two core areas throughout the breeding seasons of the 
Red-billed Tropicbird in the study area (ANOVA, Depth: 
 F(1,5058) = 534.13, P < 0.001; SST:  F(5,181667) = 238.46, 
P < 0.001; Chl-a:  F(5,181775) = 950.33, P < 0.001; Fig. 3a–c). 
In addition, the overlap between the short- and long-trip core 
areas was minimal (2.24 ×  10–2 ± 0.00), underlining different 
spatial utilization related to trip type (Fig. 2, Table 2).

Table 2  Foraging and spatial ecology parameters (mean ± SD) of red-
billed tropicbirds on short and long trips during incubation and ECR 
stages at Peña Blanca Islet during six consecutive breeding seasons 
(2017–2022)

Breeding season and reproductive stage data are pooled. Direction (°) 
was measured from the origin (islet) to the furthest point of the for-
aging trip. The overlap of the core areas (50% KUD) was estimated 
between trip categories using the utilization distribution overlap index 
(UDOI). n = number of individuals from which the foraging and 
spatial ecology parameters were obtained. The UDOI ranges from 0 
(when two home ranges do not overlap) to 1 (when two utilization 
distributions are uniformly distributed and exhibit 100% overlap; Fie-
berg and Kochanny 2005)

Foraging parameters Short trips Long trips

n = 41 49
Number of foraging 

trips
97 82

Trip duration (days) 0.1 ± 0.1 3.7 ± 2.9
Maximum distance 

to colony (km)
31.1 ± 21.3 245.8 ± 173.1

Total distance trav-
elled (km)

75.3 ± 52.7 771.8 ± 554.6

Direction (°) 228.2 ± 55.6 205.8 ± 51.6
Spatial ecology parameters
Number of foraging 

trips
39 35

Core areas (50% 
KUD;  km2)

545.2 ± 635.4 10,761.9 ± 8072.4

General areas (95% 
KUD;  km2)

2169.1 ± 2745.6 46,701.8 ± 35,222.5

Core areas overlap 
between foraging 
trip category

2.24 ×  10–2 ± 0.0

General areas overlap 
between foraging 
trip category

0.10 ± 0.00
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Fig. 2  Utilization distributions of core areas (50% KUD) used by red-billed tropicbirds on short and long foraging trips during the incubation 
and early chick-rearing (ECR) stages between 2017–2022 on Peña Blanca Islet, Mexico
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Presence of adults at the nest

During nests checks, a total of 709 records (241 presence 
and 468 absence) allowed us to determine that parental pres-
ence gradually decreased during the first 4 weeks after chick 
hatching (86% during week 1, 29% during week 4). After the 
chicks reached 4 weeks of age, parental presence remained 
low until fledgling, fluctuating between 2–23% (Fig. 4a).

Variation in isotopic values between adults 
and chicks

The δ15N and δ13C values differed significantly between 
adults and chicks (GLM, δ15N:  F(1,116) = 299.23, P < 0.001; 
δ13C:  F(1,119) = 16.10, P < 0.001), with a significant year-
stage interaction for δ15N  (F(2,116) = 5.10, P = 0.008). The 
δ15N values from ECR individuals in 2021 were higher 
than those from 2020 (t =  − 0.35, P< 0.001), and the values 
from LCR individuals during 2021 were higher than those 
from 2020 and 2022 (t-tests with Bonferroni correction, 
t =  − 0.54, P < 0.001 and t = 0.50, P < 0.001, respectively). 
Furthermore, the δ15N values differed between these stages 
during 2021 (t =  − 0.36, P < 0.001). All other factors and 
interactions were not significant (Table 3). Chicks (in both 
the ECR and LCR stages) exhibited significantly higher 
δ15N and lower δ13C values than those of the adults (Fig. 5). 
The δ15N and δ13C values of chicks were also consistent 
between years. Late-reared chicks had similar δ15N values 
and slightly lower but not significantly different δ13C values 
than those of early-reared chicks (Table 3; Fig. 5).

Meal sizes provided to the chicks

The chicks were fed more than once per day from 2–4 weeks 
of age, with the average amount of food they received not 

exceeding 50 g per meal (Fig. 4b,c). From the fifth week of 
age onward, the chicks were fed approximately once per day, 
although the feeding frequency increased in weeks 7 and 
9 and then continued to increase as the chicks approached 
fledgling age. The amount of food delivered to the chicks 
increased during the first 5 weeks and peaked in weeks 
6–7, after which it gradually decreased (Fig. 4b,c). Chicks 
received between 8.5 to 127 g of food, with the greatest 
amount being given when the chicks were 5–7 weeks in age 
(Fig. 4c).

Discussion

Foraging strategy of breeding adults

This research demonstrates 1) Red-billed Tropicbird adults 
switch from unimodal to bimodal foraging strategies imme-
diately after their chicks hatch, 2) the existence of different 
core utilization areas between adults on short and long forag-
ing trips, 3) a pattern of parental presence in the nest during 
chick development, and 4) the presence of differences in the 
isotopic signatures of blood samples from adults and chicks 
during ECR and LCR. Adults appear to use short trips to 
feed chicks and long trips to feed themselves, indicating that 
bimodal foraging is bound to patterns of parental care. Dur-
ing the first few weeks of life, chicks require high parental 
presence at the nest and must be fed frequently, and conse-
quently, parents take turns caring for their chicks. While one 
parent remains at the nest to care for its chick, making short 
trips to feed its offspring, its mate conducts long trips to feed 
itself. Adults gradually decrease the time they spend at the 
nest and increase the time they spend foraging. During this 
time, parents carry more food to their chicks as they grow, 
with the maximum chick meal sizes being delivered when 
the chicks are ~ 6 weeks old (Fig. 4c).

Fig. 3  Unweighted monthly mean ± S.E. of a sea surface temperature, 
b chlorophyll-a concentrations, and c bathymetry (absolute value) in 
the core areas (50% KUD) of red-billed tropicbirds during short and 

long foraging trips during incubation and early chick-rearing (ECR) 
stages over six breeding seasons (2017–2022) at Peña Blanca Islet, 
Mexico
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Bimodal foraging

Recent studies on the foraging ecology of red-billed trop-
icbirds have provided insights into their foraging grounds 
at-sea and colony-specific foraging movements (Diop et al. 
2018; Madden et al. 2022, 2023). However, this study is 
the first to identify a bimodal foraging strategy during the 
chick-rearing period in this species (Fig. 1, Table S3). In 
other colonies, the frequency distribution of the duration of 
Red-billed Tropicbird foraging trips also shows a bimodal 
pattern during chick-rearing (see Fig. S12; data from Mad-
den et al. 2022, 2023). Together these findings may indi-
cate that bimodal foraging is an intrinsic mechanism of the 
species and perhaps even for Phaethontidae (Le Corre et al. 
2003; Sommerfeld and Hennicke 2010; Campos et al. 2018; 
Phillips et al. 2023), instead of being adopted occasionally 
to cope with low resource availability or only by specific 
populations, as has been reported for other seabirds such 
as the Cory’s Shearwater (Calonectris borealis; Granadeiro 
et al. 1998).

Bimodal foraging in which parents alternate or mix 
short and long trips is a behavioral strategy that is mainly 
implemented by pelagic seabirds (e.g., Procellariiformes, 
Alcids, Sphenisciformes, Suliformes, and Phaethonti-
formes) while caring for their chicks to meet the conflict-
ing energy demands of self-maintenance and chick feed-
ing (Weimerskirch et al. 1993, 1994; Weimerskirch 1998; 
Ropert-Coudert et al. 2004; Congdon et al. 2005; Steen 
et al. 2007; Welcker et al. 2009; Sommerfeld and Hennicke 
2010; Saraux et al. 2011; Shoji et al. 2015; Campos et al. 
2018, Austin et al. 2019; Phillips et al. 2023). Adult sea-
birds that engage in bimodal foraging are generally thought 
to make long trips to productive areas to feed themselves 
and avoid the high travel costs of commuting, whereas short 
trips to resource-poor areas near their nesting colonies are 
conducted to obtain resources for their offspring (Weimer-
skirch et al. 1994; Weimerskirch 1998; Jakubas et al. 2012; 
Welcker et al. 2012). Our findings indicate that red-billed 
tropicbirds follow this general pattern, making short trips 
(average of ~ 30 km) to areas around their colony and long 
trips (> 240 km) to pelagic areas far from the colony. How-
ever, during long trips, red-billed tropicbirds forage in areas 
with lower Chl-a concentrations and higher SST than those 
used during short trips (Fig. 3a,b).

Variation in isotopic values between adults 
and chicks

The different isotopic signatures in the blood samples from 
adults and chicks strongly suggest that parents and offspring 
consume different prey from different areas. In particular, 
parents fed their offspring with prey enriched in 15N, which 
may be associated with elevated energetic content that could 

Fig. 4  Parental care and chick feeding of red-billed tropicbirds breed-
ing on Peña Blanca Islet, Mexico. (a) Presence of the parents in 
active nests during the chick-rearing stage in the 2020–2022 breed-
ing seasons; (b) mean ± S.E. of chick-feeding rates per day; and (c) 
mean ± S.E. of chick meal size, and fitted lines (black dots) of the 
total amount of food delivered to 1–12  week old Red-billed Trop-
icbird chicks (N = 82) during the breeding seasons of 2020 to 2022. 
The gray shading represents the threshold between the minimum and 
maximum consumption estimates. The numbers above each error bar 
indicate the sample sizes from which the mean and S.E. were calcu-
lated [number of records for (a) and number of nests for (b) and (c)]
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improve growth and body condition (Albano et al. 2011; 
González-Medina et al. 2017). The isotopic δ15N compo-
sition differed by ~ 0.90 ‰ and 0.78 ‰ between adults 
and chicks during the ECR and LCR periods, respectively. 
Hence, the isotopic signatures are consistent with the change 
in feeding grounds exhibited by adult red-billed tropicbirds 
during the chick-rearing period being associated with 
the specific function of providing food and care to their 
offspring.

However, the question arises of why parents make long 
trips to less productive pelagic areas when short trips seem 
more profitable. Tropicbirds are distributed in tropical oce-
anic areas characterized by low resource productivity and 
predictability (Weimerskirch 2007). The use of both coastal 
and pelagic areas during the chick-rearing period could be 
linked to the energetic and nutritional demands of offspring, 
resource availability, and inter- and intraspecific competi-
tion for shared resources. According to the Chl-a values, 
a proxy of primary productivity, obtained during the study 
period and the relationship between areas with high primary 
productivity and fish and crustacean aggregation zones for 
spawning, rearing, and feeding (Franco-Gordo et al. 2008; 
Ambriz-Arreola et al. 2012; Capuzzo et al. 2017; Kozak 
et al. 2020), greater resource availability in foraging areas 
close to the colony was expected, as Chl-a values near the 
colony were higher than those offshore (Fig. 3b). Hence, uti-
lizing areas near the colony requires less travel time, which 
would be reflected in more time spent caring for chicks 
and a regular food supply. However, this would involve a Ta
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Fig. 5  Stable isotope ratios (δ15N and δ13C) of whole blood in Red-
billed Tropicbird adults and chicks during early chick-rearing (ECR; 
white symbols) and late chick-rearing (LCR; gray symbols) at Peña 
Blanca Islet, Mexico, during the breeding seasons of 2020 to 2022. 
Symbols differentiating adults (circles) and chicks (triangles) are 
shown. The δ15N and δ13C values represent means ± SE. The number 
of samples analyzed is indicated next to each symbol. Adult δ15N val-
ues were adjusted by subtracting 0.30 ‰ to account for metabolic dif-
ferences between adult and chick seabirds
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trade-off because competition near the colony may also be 
high; therefore, the resource availability in these areas would 
likely be depleted at some point during the season (Birt et al. 
1987; Weber et al. 2021). Thus, exclusively using nearby 
areas to obtain prey for chick provisioning would result in 
resources becoming scarce prior the chick is old enough for 
the parents to begin making longer trips.

On the other hand, foraging far from the colony may 
prove profitable for parents trying to maintain their own 
body condition, either because they are more success-
ful in capturing prey far from the colony or because they 
encounter low competition, as has been observed in other 
tropical seabirds (Weimerskirch 1998; Austin et al. 2019). 
Peña Blanca supports approximately 2,500–3,300 breed-
ing adults, without considering that several thousand other 
seabirds also breed on the islet and use nearby foraging 
areas (Hernández-Vázquez et  al. 2017). These breed-
ing adults exploit an area of ~ 550  km2 surrounding the 
colony during chick-rearing, resulting in a high density 
of users per  km2. Thus, despite the expense of traveling 
further, individuals forage in oceanic areas with low pri-
mary productivity but with few users per  km2, which may 
increase capture success and reduce competition for prey 
(Weimerskirch 2007). Furthermore, red-billed tropicbirds 
have been reported to be mostly solitary at sea, exhibiting 
an opportunistic foraging pattern that often depends on 
predatory fish for prey availability and foraging over wide 
areas with very low densities to avoid intra- or interspe-
cific feeding flocks (Spear and Ainley 2005). Extending 
travel time and distance to these areas may also increase 
the probability of finding high-quality prey, as these prey 
are usually scarce and less reliably caught (Shoji et al. 
2015). In addition, the observed pattern of directionality 
of most Red-billed Tropicbird foraging trips towards the 
southwest of the islet could be influenced by wind patterns 
(southwest during the breeding season), resource distri-
bution, or even by inter-colony segregation of foraging 
areas (Tarroux et al. 2016; Goto et al. 2017). However, 
future research is required to elucidate which factors and 
the extent to which they influence the directionality of 
foraging trips of breeding red-billed tropicbirds.

Relationship between bimodal foraging 
and parental care

The bimodal foraging strategy in seabirds is assumed to have 
evolved in response to the scarcity of resources near their 
colonies, with parents meeting their energetic requirements 
and those of their chicks, by using different foraging areas 
and increasing the size of those areas to reduce competi-
tion for prey (Welcker et al. 2012). This strategy evolved in 
pelagic foragers in response to prolonged parental care and 

the constraints of central-place foraging (Ropert-Coudert 
et al. 2004). For red-billed tropicbirds, which have a breed-
ing period of about 112–125 days until the fledgling leaves 
the nest (Castillo-Guerrero et al. 2011; Boeken 2016), this 
strategy seems to be an appropriate mechanism to deal with 
these constraints, especially at the beginning of the chick-
rearing phase when the demands of altricial chicks are high 
(e.g., brooding, feeding, and protection) and must be met 
by their parents (Wittenberger and Tilson 1980; Dial 2003). 
Parental presence of red-billed tropicbirds from other colo-
nies has been reported in ~ 82% and 10% of nests with small 
and large chicks, respectively (Nelson 2006). These find-
ings are similar to our results, as the parents in our study 
exhibited a higher presence at the nest and a stable upward 
chick-feeding frequency during the ECR period than during 
the later rearing stages (Fig. 4a,b).

Based on what has been reported of the foraging behavior 
of Adélie penguins (Pygoscelis adeliae), there are two stages 
that parents must navigate during chick-rearing to deliver 
food to their chicks efficiently (Ropert-Coudert et al. 2004). 
The first stage comprises the beginning of brooding when 
the chicks are small, and parents frequently deliver food to 
maximize their food intake. If parents can maximize the rate 
at which energy is supplied to their chicks, the likelihood 
of reproductive success will increase. Conversely, when the 
sizes of the chicks and parents are the same, the travel time 
of foraging trips increases. Optimally, parents should alter-
nate short trips and long trips, as this maximizes the rate at 
which they obtain food for themselves and, consequently, 
improves their future breeding fitness (Ropert-Coudert et al. 
2004).

Meal sizes provided to the chicks

The results of this study suggest that the foraging ecology 
of red-billed tropicbirds is linked to their parental duties. 
The Red-billed Tropicbird adults of Peña Blanca seem to 
maximize food delivery to their chicks during the ECR stage 
by making both short and long trips. Young chicks, which 
lack the reserves to withstand prolonged periods of fast-
ing, require regular parental provisioning during the first 
weeks after hatching, as this is a particularly critical stage 
for chick survival (Phillips and Hamer 1999). Once the Red-
billed Tropicbird chicks nearly reach adult size at 5–6 weeks 
of age (Table S2), parents can spend more time foraging 
and less time at the nest (see Fig. 4a), as the lipid reserves 
of chicks allow them to tolerate longer periods of fasting, 
which the parents compensate for by increasing meal size 
(see Fig. 4c; Chaurand and Weimerskirch 1994), although 
larger meal sizes and food provisioning gradually decrease 
prior to fledgling when parents are unable or unwilling 
to maintain earlier levels of food provisioning (Riou and 
Hamer 2010; Riou et al. 2012; Arnold et al. 2016). This is 
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consistent with what has been reported for other seabirds in 
which high levels of coordination between mates regarding 
their foraging trips ensure a consistent supply of food for 
their chicks, although this coordination begins to decline 
as the chick-rearing period progresses (Tyson et al. 2017; 
Wojczulanis-Jakubas et al. 2018). However, these patterns 
can vary between species and even between conspecific indi-
viduals (Clutton-Brock 1991; McGraw et al. 2010; Royle 
et al. 2012).

On the other hand, studies of sooty shearwaters (Ardenna 
grisea) have shown that the parental decision to make either 
short or long trips after feeding chicks depends exclusively 
on the mass of the adult and not on other factors (e.g., 
chick nutritional status, duration of the previous trip, or 
endogenous rhythm), as birds always undertake long trips 
when their body mass falls below the threshold of 750 g 
(Weimerskirch 1998). Although we weighed the adults in 
this study, we did so only once when we retrieved the GPS 
devices. This prevented us from assessing whether adults 
undertook long trips when they reached a mass threshold, 
and we cannot rule out the involvement of parental body 
condition in foraging decisions or that factors influencing 
parental decisions to undertake long or short foraging trips 
may be species-specific (Baduini and Hyrenbach 2003). Fur-
ther research employing a body condition index in red-billed 
tropicbirds could demonstrate the existence of a threshold 
value for this behavioral decision.

Bimodal foraging strategy could be controlled by differ-
ent, but not mutually exclusive, factors to regulating parental 
investment in offspring (Granadeiro et al. 1998) or exclu-
sively by adult body condition (Weimerskirch 1998). The 
extent to which each factor influences the foraging deci-
sions of Red-billed Tropicbird parents is a key question that 
should be answered in future studies.

Conclusion

Based on the GPS data obtained from the foraging trips 
conducted by red-billed tropicbirds of Peña Blanca Islet, 
we can conclude that parents switched from a unimodal 
foraging strategy during the incubation stage to a bimodal 
foraging strategy once their chicks hatched. Parents under-
took short and long foraging trips during the ECR period 
(chicks < 4 weeks old). Short trips were made to shallower 
areas (depths < 200 m) surrounding the breeding site with 
high Chl-a concentrations and low SST, whereas long forag-
ing trips were made to deeper, less productive waters. The 
most plausible explanation for this bimodal strategy is that 
red-billed tropicbirds undertook long foraging trips to arrive 
in areas with low oceanic productivity that were undisputed 
by other birds and thus had low user density, thereby increas-
ing the probability of finding high-quality prey by extending 

their travel time and distance. Concurrently, parental pres-
ence at the nest was greater during the ECR period, which 
was associated with a higher rate of chick-feeding. The for-
aging strategy used by red-billed tropicbirds in this study is 
therefore clearly linked to parental duties. As young chicks 
require a high level of parental care at the nest and frequent 
feedings, parents alternated caring for their chicks. The par-
ent on duty made short trips to provide for their chick with-
out leaving it unattended for long periods, while its mate 
made long trips to feed itself. Adults then gradually reduced 
the time spent at the nest and increased the time spent forag-
ing, compensating with larger meal sizes for their chicks as 
they grew. Our results seem to indicate that parental obliga-
tions trigger foraging decisions in red-billed tropicbirds dur-
ing the chick-rearing period. The bimodal foraging strategy 
used by adults is a means to simultaneously meet their own 
high energetic demands and those of their young during the 
breeding season without sacrificing their own future breed-
ing fitness.
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