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Abstract.—The daily nest-survival rates of Red-billed Tropicbirds (Phaethon aethereus) were estimated over six 
breeding seasons on St. Eustatius in the Caribbean. We analyzed 338 nesting attempts between 2013 and 2020. The 
daily survival rate (DSR) of tropicbird nests was modeled as a function of nest initiation date, sea surface tempera-
ture (SST), elevation, vegetation in front of the nest, and year. Yearly nest survival rates (± SE) of the best fitting 
models ranged from 0.21 ± 0.06–0.74 ± 0.13 (n = 338 nests). DSR of the most parsimonious models averaged 0.39 ± 
0.04 during the incubation period, 0.83 ± 0.05 during the chick-rearing period, and 0.30 ± 0.04 during the nesting 
period (incubation through fledging) when data were pooled across all years. Models with linear and quadratic 
trends of nest initiation date combined with SST and elevation received strong support in the incubation and nest-
ing periods. Nests initiated in peak nesting season, when SSTs were lower, had higher DSR estimates than nests 
initiated early or late in the season. Compared to studies of the same species from Saba and the Gulf of California, 
survival probability on St. Eustatius was lower during the incubation stage but higher during the chick-rearing 
period. Similar to populations in the Gulf of California, tropicbird reproduction differed and laying date varied 
among years, and survival was influenced by SST. Our results are consistent with a study on White-tailed Tropicbirds 
(Phaethon lepturus) in Bermuda which found that survival was affected by temporal factors rather than physical site 
characteristics. Our study contributes to a better understanding of the factors that influence Red-billed Tropicbird 
survival on a small Caribbean island. Received 27 Jan 2021, accepted 7 Nov 2021.

Key words.—Daily survival rate, nest initiation, nest survival, Phaethon aethereus, program MARK, predation, Red-
billed Tropicbird, sea surface temperature, St. Eustatius.
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Marine birds are among the most threat-
ened avian species worldwide (Croxall et al. 
2012). Population declines among seabirds 
are often due to long-term and large-scale 
environmental changes that can be exacer-
bated by seabird longevity, large ranges, and 
foraging patterns (Paleczny et al. 2015). Sea-
birds experience substantial threats, both at 
their terrestrial nesting sites and their ma-
rine foraging areas. These threats include 
predation of eggs and chicks (Jones et al. 
2008), overexploitation of food resources 
(Cury et al. 2011; Oppel et al. 2015), climate 
change (Hass et al. 2012), pollution (Wilcox 

et al. 2015), and degradation of nesting ar-
eas (Samways et al. 2010). Both lethal (e.g., 
nest predators; Hobson et al. 1999) and 
sub-lethal threats (e.g., nest disturbance by 
humans; Burger and Gochfeld 1991) can 
have substantial effects on reproductive suc-
cess and site fidelity (Blackmer et al. 2004). 
The extent to which seabirds can cope with 
dynamic marine environments and fluctua-
tions in food availability depends largely on 
their life-history traits (Crawford et al. 2006; 
Sandvik and Erikstad 2008) including timing 
of breeding, adult survival, reproductive out-
put, growth rates of chicks, foraging range, 
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and diet (Weimerskirch 2002). In particular, 
tropical seabirds live in oligotrophic marine 
environments where food resources are 
often scarce and unpredictable (Ballance 
and Pitman 1999; Weimerskirch 2007). As 
a result, variations in sea surface tempera-
ture (SST) can influence food availability 
for tropical seabirds, particularly those with 
long breeding seasons (Barbraud et al. 2008; 
Cubaynes et al. 2011).

The Red-billed Tropicbird (Phaethon aeth-
ereus, hereafter “tropicbird”) is the rarest 
and most vulnerable seabird in the order 
Phaethontiformes (Castillo-Guerrero et al. 
2011). Estimates for the global population 
of tropicbirds range from 5,000 to 20,000 
individuals (BirdLife International 2018). 
Within the Caribbean region, there are ap-
proximately 2,000 nesting pairs, although 
population size is difficult to assess due to the 
species’ preference for inaccessible, remote, 
and scattered nesting sites (Lee and Walsh-
McGehee 2000). In the Lesser Antilles, St. 
Eustatius and Saba together support about 
1,300-2,000 pairs (Delnevo 2013). Stone-
house (1962) observed that tropicbirds on 
Ascension Island in the South Atlantic fol-
lowed a pattern showing marked peaks and 
low points of breeding activity, with peaks 
spaced eleven months apart. This is sup-
ported by Boeken (2016) and Sarmento et 
al. (2014), who documented breeding on 
Saba in the Lesser Antilles and off the coast 
of Brazil between October and June. Trop-
icbirds are the only seabird species known 
to currently nest on St. Eustatius (Lowrie 
et al. 2012), but no formal studies of their 
nesting biology on the island have been pre-
viously conducted. Tropicbird nesting colo-
nies in the Caribbean experience a variety of 
threats, including coastal development (Lee 
and Walsh-McGehee 2000), predation by 
non-native species (Boeken 2016), and site 
disturbance from natural causes (Wiley and 
Wunderle 1993).

This is the first study of Red-billed Trop-
icbird reproduction on St. Eustatius. Our 
objective was to estimate daily survival rates 
(DSR) of tropicbird nests at the core nest-
ing area on St. Eustatius during breeding 
seasons from 2013-2020, and to determine 

the importance of local and regional envi-
ronmental variables on survival. Combined 
with a lack of information about the repro-
ductive success of tropicbirds on St. Eusta-
tius, and given the island’s regional impor-
tance for nesting (Delnevo 2013), we sought 
to identify the main factors influencing their 
survival of tropicbirds on this island. We hy-
pothesized that differences in DSR estimates 
between eggs and chicks would exist, with 
survival being lowest during the incubation 
period (~43 days) compared to the chick-
rearing period (~85 days; Boeken 2016) due 
to predation on eggs by land crabs (Gecarci-
nus ruricola,) and black rats (Rattus rattus). 
We also hypothesized that DSR estimates of 
eggs and chicks would increase with time, 
showing linear or curvilinear relationships 
with nest initiation date (NID and NID²; Ra-
mos et al. 2002). A curvilinear relationship 
would indicate that nest initiation beyond a 
certain threshold date would result in a de-
cline in DSR. Timing of breeding, and thus 
nest initiation, may be viewed as a coarse in-
dex of food availability; previous studies have 
demonstrated a causal relationship between 
timing of breeding and food availability in 
terns (Safina et al. 1988; Ramos et al. 2002, 
Reynolds et al. 2014). We predicted that DSR 
in the incubation period would be linked to 
sea surface temperature (SST), associated 
with the effects of food availability (Castillo-
Guerrero et al. 2011). We expected nests at 
higher elevations to have higher DSR esti-
mates than those at lower elevations due to 
decreased predator accessibility (Hervías et 
al. 2013). Lastly, we used year as a covariate 
to assess interannual variability in nest sur-
vival rates.

Methods

Study Area

St. Eustatius (21 km2), a special municipality in the 
Caribbean Netherlands, is a volcanic island that sup-
ports two Important Bird Areas (IBA): The Quill IBA to 
the south and Boven IBA to the north (BirdLife Interna-
tional 2020). Our study took place at Pilot Hill (~1.1 ha; 
17.4894°N, 62.9972°W; Fig. 1), which is located inside 
the boundary of Boven IBA. The study area supports an 
estimated 30% of known nest sites for tropicbirds on St. 
Eustatius, and unlike other nesting areas on the island, 
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can be accessed for monitoring relatively easily. The ter-
rain consists of rocky slopes and sheer cliffs. Due to the 
topography and safety concerns, we were only able to 
monitor nests at elevations < 50 meters above sea level. 
These nests are located individually along the lower 
parts of the cliff and are occasionally clumped where 
large clusters of boulders provide suitable nesting con-
ditions. We estimate that the higher, inaccessible nest 
cavities on Pilot Hill can reach a maximum elevation 
of 150 meters.

Nest Monitoring

Adult tropicbirds breed annually, laying a single 
egg in a natural cavity (Castillo-Guerrero et al. 2011). 
Breeding in the Lesser Antilles generally occurs from 
mid-October to June, with a peak between January and 
April (Sarmento et al. 2014). Similar to other tropi-
cal seabirds with asynchronous breeding, nesting can 
overlap with hurricanes and tropical storms (Nicoll et 
al. 2017). Incubation lasts ~ 43 days, and after hatch-
ing the chick remains in the nest for ~ 85 days where 
it is provisioned by both parents (Boeken 2016). We 
located nests by opportunistically walking through the 
nesting area, watching for adults entering or leaving 
cavities, searching cavities, and by listening for alarm 
calls of adults and chicks. At discovery, we recorded nest 
locations with a GPS and affixed a numbered metal tag 
nearby the cavity.

We monitored 471 nesting attempts between 2013 
and 2020, of which 338 were included in our analyses 
(we excluded nesting attempts for which we did not 
know the outcome i.e., success/fail). We generally fol-
lowed nest-monitoring methods described in Brooks 
et al. (2013) and Boeken (2016). Due to difficulties in 
determining sex among tropicbirds in the field (Nunes 
et al. 2013), adults were not sexed. To estimate DSR of 
eggs and chicks, we checked all accessible cavities week-
ly between October and June in 2013-2020, but not in 
the 2016-2017 season. Chicks were extracted from cavi-
ties by hand and subsequently banded at least two weeks 
post-hatching using individually numbered metal leg 
bands. In cases where hatch dates were not known and 
the chicks were inaccessible, we estimated hatch dates 

and chick ages based on nesting activity during subse-
quent visits. Chicks were monitored until they fledged, 
disappeared, or until the date of the final visit. Any 
chicks still present with an estimated age of seven or 
more weeks, or weighing ≥ 450 grams, were assumed to 
have fledged (Mejías et al. 2017). Inactive nests, as well 
as chicks still in the nest on our final visit aged seven 
weeks or less, or weighing ≤ 450 grams, were excluded 
from the analysis (n = 86). This criterion was selected 
based on previous studies that found chick mortality 
in the closely-related White-tailed Tropicbird (Phaethon 
lepturus) to be higher among younger chicks (Phillips 
1987; Malan et al. 2009).

To determine whether predators were responsible 
for failure at a subset of nest sites, we deployed ten RE-
CONYX cameras during incubation and maintained 
them until the nest failed or the chick was approxi-
mately three weeks post-hatch. Cameras were set to take 
a photographonce every 5 minutes during a 24-hour 
period, and a series of photographs when triggered 
by heat or movement. Our decision to move cameras 
after a chick reached three weeks of age was based pri-
marily on the small number of cameras available (n = 
10), and the fact that we were primarily interested in 
determining if predation by rats was occurring during 
the incubation and early chick-rearing stage. If a nest 
with a camera was found to be empty (i.e., egg or chick 
no longer present), we removed the camera and placed 
it inside another active nest. Nests that were installed 
with cameras were chosen opportunistically based on a 
combination of characteristics including accessibility, 
visibility, and stability. We examined photographs from 
failed nests to determine if predators were present at or 
near the failure date. Over the entire nesting period, 
we also classified nests as having been depredated if we 
observed an eggshell with bite marks, remains of dead 
chicks, or predator scat at the nest coincident with egg 
or chick mortality (e.g., Brooks et al. 2013).

Daily survival rate (DSR)

 For the purpose of this paper, we define “daily sur-
vival rate” as the probability that a nest will survive a 
single day, and “nest survival” as the probability that a 
nest will be successful. We used maximum likelihood to 
estimate DSR using the nest survival model as imple-
mented in program MARK (White and Burnham 1999; 
Dinsmore and Dinsmore 2007; Rotella 2009) and the 
package RMark (Laake 2013) in the R environment (R 
Core Team 2020). We tested for correlation among in-
dividual covariates using the Spearman’s rank correla-
tion. In program MARK we first assessed the fit of mod-
els with constant nest survival rate and time-specific nest 
survival rate. After that initial assessment, we included 
constant nest survival as the main factor and limited our 
analyses to a set of 16 a priori models that examined the 
effects of the following covariates: nest initiation date 
(NID; Julian date to explore a linear relationship with 
DSR); NID squared (Julian date² to explore a curvilin-
ear relationship with DSR); vegetation immediately in 
front of the nest (0-4; 0 = no vegetation, 4 = nest en-
trance obscured); elevation of the nest (10-47 m); el-

Figure 1. Map of the Lesser Antilles showing St. Eusta-
tius (black box) and the Pilot Hill study site on St. Eu-
statius (inset, indicated by a star).
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evation squared (elevation2 to explore a curvilinear 
relationship with DSR); Year (1 = 2013-2014, 2 = 2014–
2015, 3 = 2015–2016, 4 = 2017–2018, 5 = 2018–2019, 6 
= 2019–2020); sea surface temperature (SST; monthly 
mean o C at nest fate [success/fail]) measured at moni-
toring locations within 200 km of the island, download-
ed from https://iridl.ldeo.columbia.edu/maproom/
Global/Ocean_Temp/Monthly_Temp.html; Reynolds 
et al. 2002); and combinations of all categorical and 
continuous variables that were not correlated (Table 1). 
DSR was calculated separately for the incubation and 
chick-rearing stages, and across both stages combined 
(i.e., overall).

Model selection was based on minimization of 
Akaike Information Criterion corrected for small sam-
ple size (AICc; Burnham and Anderson 2002). Models 
with DAICc ≤ 2 were considered equally supported by 
the data. We estimated DSR for (1) individual nesting 
seasons (year 1–6); (2) years pooled for the incubation 
period; (3) years pooled for the chick-rearing period; 
and (4) years pooled for the two periods combined (the 
nesting period). We performed a likelihood ratio test 
on the most parsimonious models to ensure goodness 
of fit. We compared DSR of pooled data during the in-
cubation and chick-rearing period with the Z test (Pol-
lock et al. 1990).

Results

Nest monitoring

We monitored 471 nesting attempts from 
2013 to 2020, based on new and repeat nests 
in subsequent years. Of the 253 nest at-
tempts that failed among all years, we were 

unable to determine the cause of failure of 
~79% (Table 2; Tables S1, S2 and S3). Of 161 
nests monitored via camera traps, we classi-
fied 15 failures (9.3%) as rat predation from 
nine camera records, and six observations of 
rat predation via nest monitoring through 
evidence left by predators.

There was a significant difference in DSR 
between the incubation and chick-rearing 
stage, using estimates from the models with 
the strongest support (all years combined 
with NID, SST and elevation as covariates) 
(Z = –2.19, P = 0.03). Based on AICc, the 
time-specific nest survival model performed 
poorly compared to the constant nest sur-
vival model. Thus, we selected the constant 
nest survival model to explore the influence 
of our selected independent variables on 
tropicbird DSR. For incubation and for both 
stages combined, the most parsimonious 
models contained the effects of NID, NID2, 
SST, elevation, and elevation2 (summed wi = 
1.00; Table 3). For the chick-rearing period, 
the most parsimonious models contained 
the effects of NID, NID2, SST, and elevation 
(summed wi = 1.00; Table 3). The results of 
these models suggest that nests initiated at 
the beginning of the year were more likely 
to succeed as Julian date increased during 
all stages of the nesting period. When com-
bined with other covariates, the top models 

Table 1. Models examining daily survival rates of Red-billed Tropicbirds (Phaethon aethereus) during the incubation 
and chick-rearing phases and the entire nesting period on St. Eustatius, Caribbean Netherlands, 2013-2020. NID = 
nest initiation date; SST = sea surface temperature.

 Model Notation

Single estimate of daily survival S(*)

Effect of year only Syear

Effect of elevation only Selev

Effect of vegetation only Sveg

Effect of NID only SNID

Effect of SST only SSST

Effect of year + vegetation Syear+veg

Effect of NID + a quadratic trend SNID+NID
2

Effect of NID + elevation SNID+elev

Effect of NID + SST SNID+SST

Effect of elevation + a quadratic trend Selev+elev
2

Effect of NID + SST + elevation SNID+SST+elev

Effect of NID + a quadratic trend + SST SNID+NID
2

+SST

Effect of NID + a quadratic trend, SST + elevation SNID+NID
2

+SST+elev

Effect of NID + SST + elevation + a quadratic trend SNID+SST+elev+elev
2

Effect of NID + a quadratic trend, SST + elevation + a quadratic trend SNID+NID
2

+SST+elev+elev
2
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contained the covariate NID. The influence 
of vegetation in front of the nest and year 
on nest survival of tropicbirds was negligible.

DSR estimates derived from the model 
that received the most support were 0.56 
± 0.12 (± SE) in 2013-2014 (NID+elev; n = 82), 
0.63 ± 0.134 in 2014-2015 (NID; n = 89), 0.74 
± 0.13 in 2015-2016 (NID +elev; n = 70), 0.32 
± 0.09 in 2017-2018 (SST+elev; n = 59), 0.21 ± 
0.06 in 2018-2019 (NID+NID

2 ; n = 74), and 0.38 
± 0.11 in 2019-2020 (NID+NID

2
+elev+elev

2
+SST ; n = 

62). Overall, when data were pooled across 
all years, survival probability estimates of 
the most parsimonious model NID+NID

2
+elev+SST, 

were 0.39 ± 0.04 during the incubation pe-
riod (Table 3). Models incorporating linear 
and quadratic trends of NID and SST re-
ceived substantial support; in the best model 
were NID = 0.02 (SE = 0.004, 95% confidence 
interval (CI) = 0.01, 0.03); and SST = 1.32 (SE 
= 0.23, 95% CI = 0.87, 1.77) on a logit scale 
and these effects were always positive in mod-
els with constant survival. Beta parameters 
for survival in relation to a quadratic trend 
of NID were inestimable. When the effect of 
elevation featured in the top models, 95% 
confidence intervals included zero. There 
was no evidence of direct effects of year or 
vegetation in front of the nest on DSR dur-
ing the incubation period.

The estimate of the average survival prob-
ability of the most parsimonious model for 
the chick-rearing period, NID+NID

2
+SST, was 0.83 

± 0.05 (Table 3). Models incorporating NID, 
a quadratic trend of NID and SST received 
substantial support; in the best model were 

NID: 1.17 (SE = 0.44, 95% CI = 0.30, 2.04); NID
 

2: 0.05 (SE = 0.007, 95% CI = 0.04, 0.07) on a 
logit scale and these effects were always posi-
tive in models with constant survival. Beta 
parameters for chick survival in relation to 
SST were inestimable. Models with quadrat-
ic and linear trends on DSR received strong 
support. There was no evidence of direct ef-
fects of year or vegetation in front of the nest 
on DSR during the chick-rearing period.

The estimate of the average survival 
probability of the most parsimonious model 
for the nesting period, NID+NID

2
+elev+SST, was 0.30 

± 0.04 (Table 3). Models incorporating NID, 
a quadratic trend of NID and SST received 
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substantial support; in the best model were 

NID: 0.04 (SE = 0.004, 95% CI = 0.03, 0.05); 
and SST: 0.44 (SE = 0.22, 95% CI = 0.02, 0.86) 
on a logit scale and these effects were always 
positive in models with constant survival. 
The slope estimate for elevation was nega-
tive (elev = -0.03, 1 SE = 0.01, 95% CI = -0.05, 
-0.01) on a logit scale. Beta parameters for 
nest survival in relation to a quadratic trend 
of NID were inestimable. There was no evi-
dence of direct effects of year or vegetation 
in front of the nest on DSR during the nest-
ing period.

Discussion

We present the first estimates of DSR for 
tropicbird eggs, chicks, and nests from the 
main nesting area on St. Eustatius. Our re-
sults suggest that temporal factors are strong 
predictors of tropicbird survival, whereas 
the nest-site characteristics derived from 
our study had an apparently negligible ef-
fect. NID was the most important covariate 
for DSR in all stages of the nesting period, 
suggesting that survival was best explained 
by a linear (NID) and non-linear time trend 
(NID2). For the time trend, our models pre-
dicted that survival probability increased 
when nests were initiated between October 
and April, and subsequently decreased when 
nests were initiated after April, congruent 
with observations by Castillo-Guerrero et al. 
(2011) of tropicbird nesting patterns from 
the Gulf of California. Our results are simi-
lar to those from other studies of tropical 
and subtropical seabirds that demonstrated 
an increase in survival rates as the nesting 
season progressed (e.g., Ramos 2001; Mon-
ticelli and Ramos 2012). In contrast, Mejías 
et al. (2017) documented a decline in White-
tailed Tropicbird chick survival as the nest-
ing season progressed. White-tailed Tropic-
birds on Bermuda and Culebra, Puerto Rico 
nest primarily between May and October 
(Madeiros n.d., Schaffner 1988), whereas 
Red-billed Tropicbirds on St. Eustatius nest 
primarily between October and June. Thus, 
the difference in chick survival may be ex-
plained by the fact that tropicbird nesting 

on Bermuda and Puerto Rico coincides with 
the North Atlantic hurricane season, with 
September being the peak month of hurri-
cane activity (Elsner et al. 1999).

We found that elevation did not affect 
nest survival rates. However, the restricted el-
evational range of accessible nests at the site 
likely limited our ability to accurately detect 
an effect. Nevertheless, nests at low eleva-
tions may be more prone to human distur-
bance or damage during extreme weather 
than those at high elevations (Dobson and 
Madeiros 2009). Other studies (e.g., Hervías 
et al. 2013) have demonstrated a positive cor-
relation with elevation on nest survival rates, 
whereby nests at higher elevations were less 
likely to be predated by cats. This may be 
less relevant for rats and crabs (Sarmento et 
al. 2014). A study on Bermuda found that 
White-tailed Tropicbirds preferred nesting 
in cavities on steeper cliffs with smaller en-
trances, and that clutch survival declined in 
cavities with shallower cavity depths and larg-
er entrance heights (Mejías et al. 2017). We 
recognize the possibility that weekly rather 
than more frequent monitoring at Pilot Hill 
and the limited number of camera traps may 
have inhibited detection of predation on 
tropicbird survival on St. Eustatius.

On nearby Saba, Boeken (2016) record-
ed 100% mortality of chicks at one nest site 
in the 2011–2012 breeding season due to 
cat predation. Subsequently Terpstra et al. 
(2015) removed feral cats from two of Saba’s 
tropicbird nest sites in 2013-2014; however, 
the results of their study were inconclusive 
as monitoring ceased before the end of the 
nesting season. Nevertheless, five chicks were 
killed by cats; the cause of mortality of other 
chicks could not be determined (Terpstra 
et al. 2015). The proximity of Saba’s “Great 
Level” nest site to the local landfill was iden-
tified as a major contributor to the presence 
of cats (Boeken 2016). The lack of cats ob-
served at Pilot Hill suggests that cat preda-
tion may not be a significant factor affecting 
tropicbird survival on St. Eustatius. Despite 
documenting 15 rat predation events, we 
were unable to quantify the impact of rats 
(or predation in general) on tropicbird sur-
vival over the study period. Campbell (1991), 
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van Halewijn and Norton (1984) and Schaff-
ner (1988) posit that the larger size of trop-
icbirds and their aggressiveness at the nest 
(compared to other smaller ground-nesting 
seabirds) reduces their vulnerability to rats. 
Nevertheless, we strongly suggest that the ef-
fects of invasive rodents on tropicbird surviv-
al be investigated further. Numerous studies 
(e.g., Daltry et al. 2012; Dunlop et al. 2015; 
Le Corre et al. 2015; Graham et al. 2018) 
endorse or demonstrate the positive effects 
of rat-free seabird habitats, and Schaffner 
(1988) suggested that the majority of dep-
redation of White-tailed Tropicbird eggs on 
Culebra was due to black rats.

In some marine birds, NID has been 
linked to sea surface temperature (Ramos 
et al. 2002; Smithers et al. 2003; Jaquemet 
et al. 2007), likely linked to food availabil-
ity (Vlietstra 2005; Frederiksen et al. 2006; 
Tomita et al. 2009). In oligotrophic tropi-
cal waters, zooplankton and fish abundance 
are often positively correlated with chloro-
phyll abundance (Piontkovski and Williams 
1995), leading to an increase in prey avail-
ability for tropical seabirds in more produc-
tive waters (Monticelli et al. 2007). The abil-
ity of tropicbirds to cope with unpredictable 
food resources and dynamic marine envi-
ronments may be related to their life history 
traits (asynchronous breeding, slow growing 
chicks, diet and foraging areas; Feare 1981; 
Catry et al. 2009). For example, Red-tailed 
Tropicbirds (P. rubricauda) nesting on Al-
dabra and Europa Islands in the western 
Indian Ocean bred when SSTs were higher 
(> 27°C; Prys-Jones and Peet 1980; Le Corre 
2001), apparently linked to an increase in 
food availability during that time period (Le 
Corre et al. 2003). Conversely, Red-billed 
Tropicbirds at Farallón de San Ignacio, Mex-
ico, initiated breeding with lower (< 27°C) 
SST, which in that system marks the onset 
of seasonal upwellings (Castillo-Guerrero 
et al. 2011). Whilst these patterns contrast 
with each other, tropicbird productivity is 
likely influenced by seasonal marine envi-
ronmental changes at a regional scale that 
ultimately increase prey availability. Our re-
sults are congruent with those described by 
Castillo-Guerrero et al. (2011), where trop-

icbirds selected NID to maximize nesting 
success by choosing not to lay eggs too early 
(October–December) or late (April–June) 
in the season. Consequently, tropicbirds on 
St. Eustatius may delay NID to optimize for-
aging availability, which is linked to higher 
SSTs and, thus, food availability (Ramos et 
al. 2002; Smithers et al. 2003; Vlietstra 2005; 
Frederiksen et al. 2006; Jaquemet et al. 2007; 
Tomita et al. 2009).

The western cliffs of St. Eustatius provide 
an important nesting habitat for tropicbirds 
in the Caribbean and globally. Pilot Hill is 
privately owned by GTI Statia and the site 
can only be accessed with their permission, 
thus nesting tropicbirds are rarely disturbed 
by humans. The relative accessibility of the 
study area allows researchers to continue 
fieldwork and build upon existing data to 
form a long-term monitoring program. We 
cannot confirm whether the same variables 
assessed in this study affect tropicbird sur-
vival at higher elevations on Pilot Hill or 
elsewhere on St. Eustatius. However, we rec-
ognize that nest cavities at lower elevations 
and closer to inhabited areas may be more 
accessible to potential nest predators such as 
cats, but not rats (Mejías et al. 2017). In con-
trast to Saba, the landfill is located on the 
eastern coast of St. Eustatius; in recent years 
a recycling facility and incinerator were in-
stalled and the previous landfill – which of-
ten spilled onto Zeelandia beach on the At-
lantic coast – was reclaimed and is no longer 
in use (BES Reporter 2016). Whilst feral cats 
are present on St. Eustatius, their popula-
tions have not been quantified.

As with most cavity-nesting seabirds, trop-
icbirds exhibit relatively high nest site and 
mate fidelity (Madden 2019), potentially 
making them prone to low survival rates 
if poor nesting conditions exist (e.g., nest 
predators, food availability). Within the 
study area and period, however, temporal 
(NID) and oceanographic (SST) rather than 
habitat-related factors were the strongest 
predictors of tropicbird survival. GPS track-
ing provides an excellent opportunity to 
identify behavioral responses of seabirds to 
the marine environment and food resources 
(Weimerskirch et al. 2005). Determining im-
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portant marine habitats and distributional 
trends for tropical seabird species whose 
populations have not previously been stud-
ied can reveal crucial information related 
to population ecology and conservation 
(Thiers et al. 2014). With this in mind, we 
suggest that systematic, long-term nest moni-
toring combined with parallel studies such 
as invasive species control and GPS tracking 
may help conservationists better understand 
the threats faced by tropicbirds at and away 
from the nest site.

Acknowledgments

We are grateful to two anonymous reviewers whose 
feedback improved the quality of this manuscript. We 
thank management of GTI Statia for granting access to 
the Pilot Hill nesting area and for funding camera traps. 
We are also grateful to staff, volunteers and interns 
of St. Eustatius National Parks Foundation and CNSI 
who assisted with fieldwork. Finally, we thank Adrian 
Delnevo for providing training, Rochelle Streker for 
assistance with RMark, and Fred Schaffner and Yvan 
Satge for providing comments on an earlier draft of this 
manuscript. Leg bands were funded by the Dutch Ca-
ribbean Nature Alliance, Naturalis Biodiversity Center, 
and the Caribbean Netherlands Science Institute. Any 
use of trade, firm, or product names is for descriptive 
purposes only and does not imply endorsement by the 
U.S. Government. All capture and handling procedures 
were reviewed and approved by the Netherlands Band-
ing Station (Vogeltrekstation). All research was carried 
out under Dutch permits, including the Netherlands 
Banding Station (Vogeltrekstation) Permit #B97. Our 
methods meet all ethical guidelines for the use of wild 
birds in research, as stipulated by the standards and 
policies of the Netherlands.

Literature Cited

Ballance, L. and R. Pitman. 1999. Foraging ecology of 
tropical seabirds. Pages 2057–2071 in  Proceedings 
22 International Ornithological Congress (N. J. Ad-
ams and R. H. Slotow, Eds.) BirdLife South Africa, 
Durban, S.A.

Barbraud, C., C. Marteau, V. Ridoux, K. Delord and 
H. Weimerskirch. 2008. Demographic response of 
a population of White-chinned Petrels Procellaria 
aequinoctialis to climate and longline fishery by-
catch. Journal of Applied Ecology 45(5): 1460–1467.

BES Reporter. 2018. Saint Eustatius waste management 
N.V. starts recruiting. https://bes-reporter.com/in-
dex.php/2016/12/20/sint-eustatius-waste-manage-
ment-n-v-starts-recruiting/. Accessed 12 October 2020.

BirdLife International. 2018. Phaethon aethere-
us. The IUCN Red List of Threatened Spe-
cies 2018: e.T22696637A132585341. http://

dx.doi.org/10.2305/IUCN.UK.2018-2.RLTS.
T22696637A132585341.en. Downloaded on 05 Feb-
ruary 2019.

BirdLife International. 2020. Important Bird Areas 
factsheet: Boven, Sint Eustatius. Downloaded 
from http://www.birdlife.org on 13 October 2020.

Blackmer, A. L., J. T. Ackerman and G. A. Nevitt. 2004. 
Effects of investigator disturbance on hatching suc-
cess and nest-site fidelity in a long-lived seabird, 
Leach’s Storm-petrel. Biological Conservation 
116(1): 141–148.

Boeken, M. 2016. Breeding Success of Red-Billed Trop-
icbirds Phaethon aethereus on the Caribbean Island of 
Saba. Ardea 104: 263–71.

Bright, J. A., L. M. Soanes, F. Mukhida, R. Brown and 
J. Millett. 2014. Seabird surveys on Dog Island, 
Anguilla, following eradication of black rats find a 
globally important population of Red-Billed Tropic-
birds (Phaethon aethereus). The Journal of Caribbean 
Ornithology 27: 1–8.

Brooks, G. L., F. J. Sanders, P. D. Gerard and P. G. 
Jodice. 2013. Daily survival rate for nests and chicks 
of Least Terns (Sternula antillarum) at natural nest 
sites in South Carolina. Waterbirds 36(1): 1–10.

Burnham, K. P. and D. R. Anderson. 2002. Model se-
lection and multimodel inference: a practical infor-
mation-theoretic approach. 2nd ed. Springer, New 
York, U.S.A.

Burger, J. and M. Gochfeld. 1991. Reproductive vul-
nerability: parental attendance around hatching in 
Roseate (Sterna dougallii) and Common (S. hirundo) 
Terns. The Condor 93(1): 125–129.

Campbell, E. W. 1991. The effect of introduced roof rats 
on bird diversity of Antillean cays. Journal of Field 
Ornithology 62: 343–348.

Castillo-Guerrero, J., M. Guevara-Medina and E. Mel-
link. 2011. Breeding ecology of the Red-billed Trop-
icbird Phaethon aethereus under contrasting environ-
mental conditions in the Gulf of California. Ardea 
99(1): 61–71.

Catry, T., J. A. Ramos, S. Jaquemet, L. Faulquier, M. Ber-
lincourt, A. Hauselmann, P. Pinet and M. Le Corre. 
2009. Comparative foraging ecology of a tropical 
seabird community of the Seychelles, western Indian 
Ocean. Marine Ecology Progress Series 374: 259–272.

Crawford R. J. M., E. Goya, J. P. Roux and C. B. Zava-
laga. 2006. Comparison of assemblages and some 
life history traits of seabirds in the Humboldt and 
Benguela systems. African Journal of Marine Sci-
ence 28: 553–560.

Croxall, J. P., S. H. M. Butchart, B. Lascelles, A. J. Stat-
tersfield, B. Sullivan, A. Symes and P. Taylor. 2012. 
Seabird Conservation Status, Threats and Priority 
Actions: A Global Assessment. Bird Conservation 
International 22: 1–34.

Cubaynes, S., P. F. Doherty Jr, E. A. Schreiber and O. 
Gimenez. 2011. To breed or not to breed: a sea-
bird’s response to extreme climatic events. Biology 
letters 7(2): 303–306.

Cury P. M., I. L. Boyd, S. Bonhommeau, T. Anker-Nils-
sen, R. J. M. Crawford, R. W. Furness, J. A. Mills, E. 

Downloaded From: https://bioone.org/journals/Waterbirds on 25 Jan 2023
Terms of Use: https://bioone.org/terms-of-use	Access provided by Wageningen University & Research-Library



48	 Waterbirds 45(1) – March 2022

J. Murphy, H. Österblom, M. Paleczny, J. F. Piatt 
et al. 2011. Global seabird response to forage fish 
depletion - One-third for the birds. Science 334: 
1703–1706.

Daltry, J. C., K. J. James, O. T. T. O. Andrea and N. Toby. 
2012. Evidence that eradicating black rats has boost-
ed the recovery of rare reptiles and seabirds on An-
tiguan islands. Biodiversité Insulaire 146.

Delnevo, A. 2013. Research of the month: Conservation 
Science: Red-billed Tropicbirds on Saba and St. Eu-
statius. BioNews 04, DCNA.

Dinsmore, S. J., and J. J. Dinsmore. 2007. Modeling avi-
an nest survival in Program MARK. Studies in Avian 
Biology 34: 73–83.

Dobson, A. F. and J. Madeiros. 2009. Threats facing 
Bermuda’s breeding seabirds: measures to assist 
future breeding success. Pages. 223–236 in Tun-
dra to tropics: connecting birds, habitats and peo-
ple. (T. D. Rich, C. Arizmendi, D. Demarest, and 
C. Thompson, Eds.). Proceedings of the 4th In-
ternational Partners in Flight Conference, 13–16 
February 2008. Partners in Flight, McAllen, Texas, 
U.S.A.

Dunlop, J. N., E. Rippey, L. E. Bradshaw and A. A. Bur-
bidge. 2015. Recovery of seabird colonies on Rat 
Island (Houtman Abrolhos) following the eradica-
tion of introduced predators.  Journal of the Royal 
Society of Western Australia 98: 29–36.

Elsner, J. B., A. B. Kara and M. A. Owens. 1999. Fluctua-
tions in North Atlantic hurricane frequency. Journal 
of Climate 12(2): 427–437.

Feare C. J. 1981. Breeding schedules and feeding strate-
gies of Seychelle’s seabirds. Ostrich 32: 179–185.

Fox J. and S. Weisberg. 2019. An R Companion to Ap-
plied Regression, 3rd edition. Sage, Thousand Oaks 
CA, U.S.A. https://socialsciences.mcmaster.ca/
jfox/Books/Companion/index.html

Frederiksen, M., M. Edwards, A. J. Richardson, N. C. 
Halliday and S. Wanless. 2006. From plankton to top 
predators: bottom-up control of a marine food web 
across four trophic levels.  Journal of Animal Ecol-
ogy 75(6): 1259–1268.

Graham, N. A., S. K. Wilson, P. Carr, A. S. Hoey, S. Jen-
nings and M. A. MacNeil. 2018. Seabirds enhance 
coral reef productivity and functioning in the ab-
sence of invasive rats. Nature 559(7713): 250–253.

Hass, T., J. Hyman and B. X. Semmens. 2012. Climate 
change, heightened hurricane activity, and extinc-
tion risk for an endangered tropical seabird, the 
Black-capped Petrel Pterodroma hasitata.  Marine 
Ecology Progress Series 454: 251–261.

Hervías, S., A. Henriques, N. Oliveira, T. Pipa, H. Cow-
en, J.A. Ramos, M. Nogales, P. Geraldes, C. Silva, 
R. R. de Ybáñez and S. Oppel. 2013. Studying the 
effects of multiple invasive mammals on Cory’s 
Shearwater nest survival. Biological Invasions 15(1): 
143–155.

Hobson, K. A., M. C. Drever and G. W. Kaiser. 1999. 
Norway rats as predators of burrow-nesting seabirds: 
insights from stable isotope analyses. The Journal of 
Wildlife Management 63: 14–25.

Jaquemet, S., M. Le Corre, and G. D. Quartly. 2007. 
Ocean control of the breeding regime of the 
Sooty Tern in the southwest Indian Ocean.  Deep 
Sea Research Part I: Oceanographic Research Pa-
pers 54(1): 130–142.

Jones, H. P., B. R. Tershy, E. S. Zavaleta, D. A. Croll, B. 
S. Keitt, M. E. Finkelstein and G. R. Howald. 2008. 
Severity of the effects of invasive rats on seabirds: 
a global review. Conservation Biology 22(1): 16–26.

Laake, J. L. 2013. RMark: An R Interface for Analysis of 
Capture-Recapture Data with MARK. Alaska Fisher-
ies Science Center, NOAA, National Marine Fisher-
ies Service, Seattle WA U.S.A.

Le Corre, M. 2001. Breeding seasons of seabirds at Eu-
ropa Island (southern Mozambique Channel) in 
relation to seasonal changes in the marine environ-
ment. Journal of Zoology 254(2): 239–249.

Le Corre, M., Y. Cherel, F. Lagarde, H. Lormée and P. 
Jouventin. 2003. Seasonal and inter-annual variation 
in the feeding ecology of a tropical oceanic seabird, 
the Red-tailed Tropicbird Phaethon rubricauda.  Ma-
rine Ecology Progress Series 255: 289–301.

Le Corre, M., D. K. Danckwerts, D. Ringler, M. Bastien, 
S. Orlowski, C. M. Rubio, D. Pinaud and T. Micol. 
2015. Seabird recovery and vegetation dynamics 
after Norway rat eradication at Tromelin Island, 
western Indian Ocean. Biological Conservation 185: 
85–94.

Lee, D. S. and M. Walsh-McGehee. 2000. Population es-
timates, conservation concerns, and management of 
tropicbirds in the western Atlantic. Caribbean Jour-
nal of Science 36(3): 267–79.

Lowrie, K., D. Lowrie and N. Collier. 2012. Seabird 
Breeding Atlas of the Lesser Antilles. Environmen-
tal Protection in the Caribbean (EPIC), St. Martin, 
Caribbean Netherlands.

Madden, H. 2019. Reproductive performance, mate-
fidelity and nest-cavity fidelity in Red-billed Tropic-
birds (Phaethon aethereus mesonauta) on St. Eustatius, 
Caribbean Netherlands. Ardea 107(3): 227–237.

Madeiros, J. (n.d.). Breeding Success and Status of 
Bermuda’s Longtail Population (White-tailed Trop-
icbird) Phaethon lepturus catsbyii at ten locations on 
Bermuda 2009–2011. Department of Conservation 
Services, Bermuda.

Malan, G., D. A. Hagens and Q. A. Hagens. 2009. Nest-
ing success of White Terns and White-tailed Trop-
icbirds on Cousine Island, Seychelles. Ostrich 80: 
81–84.

Mejías, M. A., D. B. Wingate, J. L. Madeiros, Y. F. Wi-
ersma and G. J. Robertson. 2017. Nest-cavity selec-
tion and nesting success of Bermudian White-tailed 
Tropicbirds (Phaethon lepturus catesbyi). The Wilson 
Journal of Ornithology 129(3): 586–599.

Monticelli, D., J. A. Ramos and G. D. Quartly. 2007. Ef-
fects of annual changes in primary productivity and 
ocean indices on breeding performance of tropical 
Roseate Terns in the western Indian Ocean. Marine 
Ecology Progress Series 351: 273–286.

Monticelli, D. and J. A. Ramos. 2012. Laying date, body 
mass and tick infestation of nestling tropical Rose-

Downloaded From: https://bioone.org/journals/Waterbirds on 25 Jan 2023
Terms of Use: https://bioone.org/terms-of-use	Access provided by Wageningen University & Research-Library



	T ropicbird Reproductive Success	 49

ate Terns Sterna dougallii predict fledging success, 
first-year survival and age at first return to the natal 
colony. Ibis 154(4): 825–837.

Nicoll, M. A., M. Nevoux, C. G. Jones, N. Ratcliffe, K. 
Ruhomaun, V. Tatayah and K. Norris. 2017. Con-
trasting effects of tropical cyclones on the annual 
survival of a pelagic seabird in the Indian Ocean. 
Global Change Biology 23(2): 550–565.

Nunes G. T., G. D. R. Leal, C. Campolina, T. R. O. De 
Freitas, M. A. Efe and L. Bugoni. 2013. Sex determi-
nation and sexual size dimorphism in the Red-billed 
Tropicbird (Phaethon aethereus) and White-tailed 
Tropicbird (P. lepturus). Waterbirds 36: 348–353.

Oppel, S., A. Beard, D. Fox, E. Mackley, E. Leat, L. 
Henry, E. Clingham, N. Fowler, J. Sim, J. Sommer-
feld and N. Weber. 2015. Foraging distribution of 
a tropical seabird supports Ashmole’s hypothesis of 
population regulation. Behavioral Ecology and So-
ciobiology 69(6): 915–926.

Paleczny, M., E. Hammill, V. Karpouzi and D. Pauly. 
2015. Population trend of the world’s monitored 
seabirds, 1950–2010. PloS one 10(6):e0129342.

Phillips, N. J. 1987. The breeding biology of White-
tailed Tropicbirds Phaethon lepturus at Cousin Island, 
Seychelles. Ibis 129: 10–24.

Piontkovski, S.A. and R. Williams. 1995. Multiscale vari-
ability of tropical ocean zooplankton biomass. ICES 
Journal of Marine Science 52(3-4): 643–656.

Pollock, K. H., J. D. Nichols, C. Brownie and J. E. Hines. 
1990. Statistical inference for capture-recapture ex-
periments. Wildlife Monographs 107: 3–97.

Prys-Jones, R. P. and C. Peet. 1980. Breeding periodic-
ity, nesting success and nest site selection among 
Red-tailed Tropicbirds Phaethon rubricauda and 
White-tailed Tropicbirds P. lepturus on Aldabra 
Atoll. Ibis 122(1): 76–81.

R Core Team. 2018. foreign: Read Data Stored by 
‘Minitab’, ‘S’, ‘SAS’, ‘SPSS’, ‘Stata’, ‘Systat’, ‘Weka’, 
‘dBase’, R package version 0.8-71. https://CRAN.R-
project.org/package=foreign.

R Core Team. 2020. R: A language and environment for 
statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria. URL https://www.R-
project.org/.

Ramos, J. A. 2001. Seasonal variation in reproductive 
measures of tropical Roseate Terns Sterna dougalli 
previously undescribed breeding patterns in a sea-
bird. Ibis 143(1): 83–91.

Ramos, J. A., A. M. Maul, V. Ayrton, I. Bullock, J. Hunter, 
J. Bowler, G. Castle, R. Mileto and C. Pacheco. 2002. 
Influence of local and large-scale weather events 
and timing of breeding on tropical Roseate Tern 
reproductive parameters. Marine Ecology Progress 
Series 243: 271–279.

Reynolds, R. W., N. A. Rayner, T. M. Smith, D. C. Stokes 
and W. Wang. 2002. An improved in situ and satellite 
SST analysis for climate. Journal of Climate 15(13): 
1609–1625.

Reynolds, S. J., G. R. Martin, A. Dawson, C. P. Wearn and 
B. J. Hughes. 2014. The sub-annual breeding cycle 
of a tropical seabird. PLoS One 9(4):e93582.

Rotella, J. 2009. Nest survival models. Ch. 17 in Program 
MARK - ‘A Gentle Introduction’ (E. Cooch and G. 
White, Eds.). Online.

Safina, C., J. Burger, M. Gochfeld and R. H. Wagner. 
1988. Evidence for prey limitation of Common and 
Roseate Tern reproduction.  The Condor  90(4): 
852–859.

Samways, M. J., P. M. Hitchins, O. Bourquin and J. 
Henwood. 2010. Restoration of a tropical island: 
Cousine Island, Seychelles. Biodiversity and Conser-
vation 19(2): 425–434.

Sandvik, H., K. E. Erikstad and B. E. Sæther. 2012. Cli-
mate affects seabird population dynamics both via 
reproduction and adult survival.  Marine Ecology 
Progress Series 454: 273–284.

Sarmento, R., D. Brito, R. J. Ladle, G. R. Leal and M. A. 
Efe. 2014. Invasive house (Rattus rattus) and brown 
rats (Rattus norvegicus) threaten the viability of Red-
billed Tropicbird (Phaethon aethereus) in Abrolhos 
National Park, Brazil. Tropical Conservation Science 
7(4): 614–27.

Schaffner, F. C. 1988. The breeding biology and ener-
getics of the White-tailed Tropicbird (Phaethon lep-
turus) at Culebra, Puerto Rico. Ph.D. Dissertation, 
University of Miami, Coral Gables, Florida, U.S.A.

Schaffner, F. C. 1991. Nest-site selection and nesting 
success of White-tailed Tropicbirds (Phaethon leptu-
rus) at Cayo Luis Pena, Puerto Rico. The Auk 108: 
911–22.

Smithers, B. V., D. R. Peck, A. K. Krockenberger and 
B. C. Congdon. 2003. Elevated sea-surface tem-
perature, reduced provisioning and reproduc-
tive failure of Wedge-tailed Shearwaters (Puffinus 
pacificus) in the southern Great Barrier Reef, Aus-
tralia.  Marine and Freshwater Research  54(8): 
973–977.

Stonehouse, B. 1962. The tropic birds (genus Phaethon) 
of Ascension Island. Ibis 103(2): 124–161.

Terpstra, M., E. Van der Woude, K, Wulf, J. van Rijn and 
A. O. Debrot. 2015. Monitoring the effect of cat re-
moval on reproductive success in Red-billed Trop-
icbird colonies on Saba, 2013-2014: first season of 
results (No. C103/15). IMARES.

Thiers, L., M. Louzao, V. Ridoux, M. Le Corre, S. 
Jaquemet and H. Weimerskirch. 2014. Combining 
methods to describe important marine habitats for 
top predators: Application to identify biological 
hotspots in tropical waters. PloS one 9(12):e115057.

Tomita, N., Y. Niizuma, M. Takagi, M. Ito and Y. Wata-
nuki. 2009. Effect of interannual variations in sea-
surface temperature on egg-laying parameters of 
Black-tailed Gulls (Larus crassirostris) at Teuri Island, 
Japan. Ecological Research 24(1): 157–162.

Van Halewijn, R. and R. Norton. 1984. The status and 
conservation of seabirds in the Caribbean. Pages 
169–222 in Status and conservation of the worlds’ 
seabirds (J. P. Croxall, P. G. Evans and R. W. Sch-
reiber, Eds.). ICBP Technical Publication 2, Cam-
bridge, U.K.

Vlietstra, L. S. 2005. Spatial associations between sea-
birds and prey: effects of large-scale prey abundance 

Downloaded From: https://bioone.org/journals/Waterbirds on 25 Jan 2023
Terms of Use: https://bioone.org/terms-of-use	Access provided by Wageningen University & Research-Library



50	 Waterbirds 45(1) – March 2022

on small-scale seabird distribution. Marine Ecology 
Progress Series 291: 275–287.

Weimerskirch, H. 2002. Seabird demography and its re-
lationship with the marine environment. Pages 115–
135 in Biology of marine birds (E. A. Schreiber and 
J. Burger, Eds.). CRC Press, Boca Raton, FL, U.S.A.

Weimerskirch, H., M. Le Corre, S. Jaquemet and F. Mar-
sac. 2005. Foraging strategy of a tropical seabird, the 
Red-footed Booby, in a dynamic marine environ-
ment. Marine Ecology Progress Series 288: 251–261.

Weimerskirch, H. 2007. Are seabirds foraging for un-
predictable resources?  Deep Sea Research Part II: 
Topical Studies in Oceanography 54(3-4): 211–223.

White, G. C. and K. P. Burnham. 1999. Program MARK: 
survival estimation from populations of marked ani-
mals. Bird study 46: (sup1)S120–S139.

Wilcox, C., E. Van Sebille and B. D. Hardesty. 2015. 
Threat of plastic pollution to seabirds is global, per-
vasive, and increasing. Proceedings of the National 
Academy of Sciences 112(38): 11899–11904.

Wiley, J. W. and J. M. Wunderle. 1993. The effects of 
hurricanes on birds, with special reference to Carib-
bean islands. Bird Conservation International 3(4): 
319–349.

Downloaded From: https://bioone.org/journals/Waterbirds on 25 Jan 2023
Terms of Use: https://bioone.org/terms-of-use	Access provided by Wageningen University & Research-Library




