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ABSTRACT. A survey of Blue-footed Boobies (Sula nebouxii excisa) throughout the taxon’s range in Galapagos, Ecuador found ~6400
adults, compared to a rough estimate of 20,000 in the 1960s. Few pairs bred in 2011-2013 and almost no birds in juvenile plumage were
seen. Long-term data suggest that poor breeding began in 1998. Lack of recruitment over this period would mean that the current
population is mostly elderly and experiencing senescent decline in performance. Anthropogenic effects such as introduced predators
are unlikely to explain this decline because islands with and without such factors exhibited the same low breeding. The poor reproduction
seems to be linked to diet. Previous work indicated that sardine and herring (Clupeidae) supported successful breeding, but these fish
were mostly absent from the diet during this study, except in the central part of Galapagos, where most breeding attempts during this
study occurred. Elsewhere in the eastern Pacific sardine abundance has decreased dramatically by natural processes in the last 15 years,
as part of a well-documented and apparently natural cycle. This cyclic change in abundance provides a possible explanation for the
recent demographic changes in Blue-footed Boobies in Galapagos. Whether natural or anthropogenic in origin, the implications of
senescent decline in breeding ability and survival are dramatic for this genetically distinct icon of biodiversity and ecotourism.

Absence chronique de reproduction chez le Fou a pieds bleus des Galapagos et déclin inhérent de la
population

RESUME. Un inventaire du Fou a pieds bleus (Sula nebouxii excisa) dans I’ensemble de I'aire occupée aux Galapagos, en Equateur,
fait état d’~6 400 adultes, comparativement aux ~20 000 estimés grossierement dans les années 1960. Seulement quelques couples se
sont reproduits en 2011-2013 et presque aucun oiseau en plumage juvénile n’a été observé. Les données a long terme indiquent que la
reproduction est mauvaise depuis 1998. Le manque de recrutement durant la période 1998-2013 laisse supposer que la population
actuelle serait surtout constituée de vieux individus aux performances reproductrices déclinantes en raison du phénomeéne de sénescence.
Les causes de source anthropique, comme les prédateurs introduits, n’expliquent vraisemblablement pas ce déclin, car toutes les iles,
avec ou sans prédateurs, présentent le méme faible taux de reproduction. Ce faible taux semble plutot li¢ a ’alimentation. Ainsi, des
études antérieures ont révélé que les sardines et les harengs (Clupeidae) constituaient la base de I’alimentation d’individus s’étant
reproduits avec succes dans le passé; or, ces poissons étaient pratiquement absents de ’alimentation des fous lors de notre étude, hormis
dans le centre des Galapagos ou la plupart des tentatives de reproduction se sont produites. Ailleurs dans I’est du Pacifique, le nombre
de sardines a diminué¢ dramatiquement durant les quinze derniéres années, selon un cycle bien documenté et apparemment naturel. 11
est donc possible que ce changement cyclique de ’abondance des poissons soit responsable des changements démographiques récents
observés chez le Fou a pieds bleus des Galapagos. Qu’elles soient de source naturelle ou anthropique, les répercussions du déclin des
capacités de reproduction et de la survie des individus attribuables a la sénescence sont désastreuses pour cette icone de la biodiversité
et de I’écotourisme génétiquement distincte.
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INTRODUCTION

The abundance of seabirds across the vast Pacific Ocean basin is
thought to have declined by at least 99% over the past 3000 years,
coincident with the spread of Polynesian humans (Steadman
2006). Human settlements on islands lead to habitat loss, hunting,
and indirect effects of predatory and other invasive animals
accompanying humans (Szabo et al. 2012), and these effects are
thought to explain the local extinction of most seabird species on
colonized islands (Steadman 2006). The seabird populations of
the Galapagos Islands, in the far east of the basin and distant
from source populations of Polynesians, depart from this pattern.

Paleontological data give no evidence of permanent human
habitation before approximately 200 years ago (Latorre 1997),
and also no evidence of local extinction of seabird species
(Steadman 1986, Jiménez-Uzcategui et al. 2006). However, some
species show clear evidence of recent anthropogenic effects that
reduced population size (Vargas et al. 2005, Jiménez-Uzcategui
et al. 2006, Anderson et al. 2008), while other species are too
poorly studied to allow similar evaluations. With a seabird fauna
with most or all of its original members present, evaluation of
possible anthropogenic effects on observed population declines
must be a conservation priority.
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Blue-footed Boobies (S. nebouxii) breed on Galapagos and on
islands and headlands on the west coast of South and Central
America and México. The demography and population biology of
the Galapagos subspecies (S. n. excisa) is poorly known. However,
serial data from two former breeding sites in Galapagos (Daphne
Major and Punta Cevallos [Espaiiola]) indicate an abrupt change
in breeding activity in approximately 1997, from irregular but
frequent breeding to essentially none until the present (Fig. 1). This
pattern is consistent with anecdotal observations of long-term
scientists and tour guides that adults are seen less frequently, and
breeding sites are seldom occupied, in recent years (D. J. Anderson,
unpublished data). If the chronically poor breeding affects the entire
subspecies, then low recruitment should be reflected in a reduced
population size. Population size has been estimated only once, by
Nelson in the 1960s. He concluded that “the total Galapagos
population must exceed 10,000 pairs and could be substantially
more” (Nelson 1978:515). Our goals in this study were to evaluate,
at the archipelago scale, the indication from two colonies of poor
breeding, and to estimate the current size of the Galapagos
population.

Fig. 1. Numbers of active nests of Blue-footed Boobies (Sula
nebouxii excisa) at Punta Cevallos, Espaiiola (D. J. Anderson,
unpubublished data) and Daphne Major (P. R. Grant and B. R.
Grant, unpubublished data). Vertical line indicates March 1 1997,
middle of the 1997-1998 El Niiio Southern Oscillation event, and
roughly the timing of declining sardine abundance in the
Peruvian upwelling. Stars indicate the peak of a rapid increase in
number of nests followed by a mass breeding failure in the
subsequent four weeks.
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Terrestrial anthropogenic factors are unlikely to explain the pattern
observed at the Daphne Major and Punta Cevallos colonies,
because these two islands have no introduced predators and no
permanent human presence. Furthermore, Nazca Boobies (S.
granti), with similar terrestrial ecology, bred successfully at both
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sites before and after 1997 (D. J. Anderson, unpublished data; P. R.
and B. R. Grant, unpublished data). These two islands (Fig. 2) differ
in presence of their main native predator (Galapagos Hawks Buteo
galapagoensis; Anderson 1991, Anderson and Hodum 1993) and
nesting habitat occupied by Blue-footed Boobies (Townsend et al.
2002), yet their respective Blue-footed Booby populations ceased
effective breeding simultaneously, suggesting a regional, marine-
based cause, such as diet. Along the continental margin, S. n.
nebouxii eats primarily schooling, lipid-rich (Schew and Ricklefs
1998, Miillers et al. 2009) members of two families: Clupeidae
(sardines and herrings) and Engraulidae (anchovies; Zavalaga et
al. 2007, Weimerskirch et al. 2009). Before 1997, Galapagos Blue-
footed Boobies showed a similar specialization on a clupeid, the
South American sardine (Sardinops sagax; Anderson 1989). In the
only study after 1997, the most common items were also clupeids
(Galapagos thread herring [Opisthonema berlangai] and European
pilchard [Sardina pilchardus, almost certainly a misidentification of
Sardinops sagax]; Cruz et al. 2012; L. L. Cruz, personal
communication). Engraulids have not appeared in booby diets in
Galapagos and are apparently rare in Galapagos (Anderson 1989,
Grove and Lavenberg 1997, Cruz et al. 2012; D. J. Anderson,
unpublished data). Sardines were common in the diet of Nazca
Boobies at Punta Cevallos before 1997 (Anderson 1989), but
virtually absent after 1997 (D. J. Anderson, unpublished data),
suggesting a food-based cause of the simultaneous regional change
in Blue-footed Booby population biology.

We evaluated several hypotheses regarding breeding, population
size, and environmental factors influencing the Blue-footed Booby
population in Galapagos: (1) breeding activity is less frequent than
in the past; (2) the population of adults is smaller than in the past;
and (3) diet characteristics, and consumption of clupeids in
particular, influences breeding parameters including colony
attendance, breeding attempts, egg and clutch size, and breeding
success.

METHODS

Breeding

From May 2011-June 2013, we monitored breeding at 3- to 5-month
intervals at 4 of the 6 historically largest breeding colonies of Blue-
footed Boobies (Daphne Major, Cabo Douglas [Fernandina],
Punta Vicente Roca [Isabela], and Seymour Norte), and one
additional recently established colony (Playa de los Perros [Santa
Cruz]; Fig. 2). A successful breeding attempt takes 5 to 6 months
(42 d. of incubation, ~100 d. of nestling rearing, and at least 28 d.
of post-fledging feeding at the colony [Nelson 1978, Harris 1982]),
so we were unlikely to have missed successful breeding. We visited
each of these five “focal colonies” at night, when attendance is
highest, recording the number of adults present (birds in juvenile
plumage were never present), band numbers if visible, and the
number of active nests with eggs and the number with nestlings. A
sixth regularly large and active colony, Punta Suarez (Espafiola),
and two others (Punta Pitt [San Cristobal] and Punta Cormorant
[Floreana]; Fig. 2) were selected as “nonfocal colonies” and were
visited less frequently (three or four times each) than were focal
colonies. Breeding was monitored when possible during these visits,
with time of day varying (Table 1). The seventh historically large
colony at Punta Cevallos, was known to be essentially unattended
through our group’s other research activities there. An additional,
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Fig. 2. Location of focal and nonfocal colonies, islands, and sections scanned per day during the coastal

survey of June 2012.
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apparently newly established, nonfocal colony on Baltra was
discovered in the second year of the study and entered the study
in August 2012 as a nonfocal colony.

If diet explains any depression in breeding, this may be reflected
in females’ egg formation (clutch size and egg volume), as has
been observed in this species (Dentressangle et al. 2008) and a
congener (Anderson 1990, Clifford and Anderson 2001). Few eggs
were available to us during this study, but in June 2012 we
measured the length and breadth of 46 eggs from 26 clutches in
the Playa de los Perros colony with calipers (0.1 mm precision)
and calculated egg volume as V = 0.51*LB? (Hoyt 1979), where
L is the length and B the breadth of the egg. We compared these
volumes with data collected during years of high attendance and
successful breeding from Punta Cevallos (136 eggs in 1984 and
69 eggs in 1985). We used an information-theoretic approach to
compare a cumulative logit model incorporating no effect of year
(null model) on the response variable, clutch size, with a model
incorporating the effect of year. We applied a similar approach
to egg volume for eggs from 1 or 2 egg clutches, comparing a
general linear model incorporating no effect of year on egg
volume (null model) with a model incorporating the effect of year
(year model), and we compared these models with a third model
incorporating the effect of clutch size (clutch size model). These
analyses were conducted using ProcLOGISTIC and ProcGLM,
respectively, as implemented in SAS v. 9.3 (SAS Institute, Cary,
North Carolina, USA).

A Focal colony

Population size

Weintended to use mark-resight methods (McClintock and White
2009) to estimate the sizes of the breeding and nonbreeding
components of the Blue-footed Booby population and associated
demographic parameters. We marked 879 adults with two leg
bands (one numbered stainless steel band and one field-readable
plastic band) at the five focal colonies. The majority of the birds
were marked at the beginning of the study, in May 2011. We now
recognize the large number of birds available for banding on this
occasion as an anomaly, and attendance was dramatically lower
in later visits to these colonies. The low attendance probably does
not reflect a disruptive effect of our first visit, based on the
reactions of Blue-footed Boobies to the same techniques at our
Punta Cevallos site (1984-1997) and at the Playa de los Perros
colony, which we visited frequently in 2011-2013. We resighted a
total of only 245 banded birds in the five colonies, with these birds
providing 328 total resights, during six resight sessions (i.e., resight
rate averaged 6.2% per session) conducted at 3-5 month intervals
until June 2013, due principally to low attendance and secondarily
to some loss of plastic bands, rendering the mark-resight
approach unworkable.

We made two surveys of the entire coastline of the islands south
of the equator, including all of Isabela, as an alternative measure
of population size. Blue-footed Boobies seldom visit the tropical,
less productive waters (Houvenaghel 1978, Feldman 1986, Hayes
and Baker 1989) around the five islands north of the Equator
(Genovesa, Marchena, Pinta, Darwin, and Wolf), both
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Table 1. Schedule of visits and activities done on each colony. M;: monitoring breeding, presence of banded adults, diet sampling, at
night; M;: monitoring breeding, presence of banded adults, diet sampling, at day; C: count of adults at day during coastal count across
survey range.

Colony site May Jun Aug Dec 2011/ May Jun Aug  Dec 2012/ Jun

2011 2011 2011 Jan 2012 2012 2012 2012 Jan 2013 2013
FOCAL COLONIES

Playa de los Perros My C My My My C My My My

- Santa Cruz

Daphne Major M C M M, M C M My My

Cabo Douglas M C M M, M C M My My

- Fernandina

Pta. Vicente Roca My C My My My C My My My

- Isabela

Seymour Norte C M M, M C M My My

NONFOCAL COLONIES

Punta Cormorant, Cuevas M,,C M, pC M,

- Floreana

Punta Pitt M,.C My bC My My

- San Cristobal

Punta Suarez M pC My My

- Espaiiola

Punta Cevallos M, M, b M, M,

- Espaiiola

La Millonaria My M b M, M,

- Baltra

historically (Nelson 1978, Harris 1982) and during this study (D.
J. Anderson, personal observation); this fact justifies the exclusion
of these sites from the “survey range” comprising 1100 km of
coastline of 14islands and 20 islets. Almost no birds were breeding
at the times of the two surveys, and we reasoned that nonbreeders
would spend much of their time resting on sea cliffs based on our
experience with this species, justifying the choice of a boat-based
coastal survey. During the 2012 survey we also recorded birds
sighted on the open ocean when the boats moved between islands
as an additional test of the assumption. During both surveys,
observers gave special attention to detecting new colonies, and
counted historical and newly detected colonies on foot.

In the first survey, we made daytime counts in piecemeal fashion,
covering the entire survey range in a boat at 1-m/s between 3 June
and 7 August 2011, with a single observer (D. J. Anchundia) using
binoculars 20-100 m from the coast to count birds. Each Blue-
footed Booby perched on land or flying against the direction of
the boat’s movement was recorded, with adult or juvenile status,
time of day, and latitude and longitude measured by a hand-held
GPS unit.

In the second survey, on 1-3 June 2012, we used a dependent
double observer protocol (Nichols et al. 2000). A “primary”
observer indicated to a “secondary” observer each bird that was
roosting on the cliff faces directly to the side of the boat as the
boat traveled parallel to the island. Birds that were flying away
from the island and toward the boat were also counted if they
flew within 200 m of the boat. At the time of the detections, the
secondary observer recorded these data and any additional birds
that were detected only by the secondary observer. Observers
travelled on a boat moving 2-8 m/s 20-100 m from the coast, using

binoculars to detect birds on land and flying against the direction
of the boat’s travel. In the single exception to this protocol, during
the 2012 count in the northwest part of Santiago, the boat moved
> 1 km from the coast for 19 km (1.7% of the total coastline
surveyed) because of hazardous navigation, so the birds on land
and over water near the coast were missed. Birds sighted were
counted and binned into 30 min travel intervals (“stretches”) by
2-5 pairs of observers, depending on the day, each pair on a
separate boat covering a unique part of the coastline (Fig. 2). GPS
locations were recorded at the start and end locations of each
stretch. To minimize double-counting or missing a bird due to its
movement between parts of the survey range, we conducted the
survey over the smallest time period possible (3 d) given the
availability of suitable boats. All pairs of observers working on a
given day counted in the same area of the survey range, with the
areas chosen to minimize the possibility of birds moving between
the three daily count areas during the survey (Fig. 2). On 1 June,
two observer pairs counted the western archipelago, reasoning
that interchange between that region and the rest of the
archipelago was rare. In particular, few birds cross the narrow
Perry Isthmus in the middle of Isabela each day (Fig. 2;
Anchundia 2013). On 2 June, 5 observer pairs counted eastern
Isabela and the 8 islands and 15 islets in the central part of the
survey range. On 3 June, three observer pairs counted the relatively
isolated islands and islets in the east, southeast, and south of the
archipelago (Fig. 2). The second survey differed from the first in
time frame (compressed in 2012) and in number of simultaneous
observers, enabling estimates of detection probability in 2012,
and it can be expected a priori to provide a more accurate estimate
than the 2011 count.



Data collected during these double-observer surveys resulted in
individual encounter histories of “10” for birds that were detected
by the primary observer and “01” for birds detected only by the
secondary observer. We tabulated the number of birds with each
type of encounter history for each stretch and treated each stretch
as a separate group in our analyses. To estimate the probability
of detection (p), we used a Huggins closed captures model
(Huggins 1989, 1991) as implemented in Program MARK (White
and Burnham 1999), which uses information from the two
observer types to calculate the maximum likelihood value of
detection probability. We developed a set of four models reflecting
four hypotheses for variation in p where p was estimated as (1) a
common probability for all stretches combined (CONSTANT),
(2) a common probability for all stretches counted by each of the
six primary observers (OBSERVERS), (3) a common probability
for all stretches around each island or geographically distinct
section of very large islands (ISLANDS), and (4) a separate
detection probability for all stretches (STRETCHES). We used
an information-theoretic approach for model selection (Burnham
and Anderson 2002, Anderson 2008) and present model-averaged
estimates of population size, N , for each island and for the
entire archipelago as detailed below.

Birds in flight might fly near the coast, where they could be seen
and recorded during our coastal surveys, or fly over the open
ocean outside the visual range of our boat-based observers. To
evaluate the visibility of birds flying during the coastal surveys,
we deployed SIMA® GPS tags on a total of 34 nesting adults (20
females and 14 males) in focal colonies in: May and August 2011;
May, August, and December 2012; and January 2013. At Playa
de los Perros 25 units (on 15 females and 10 males) were deployed,
at Daphne Major six units (on three females and three males),
and at Cabo Douglas three units (on two females and one male).
The tags were deployed at night and usually recovered during the
following night. Previous radio tracking showed that Blue-footed
Boobies foraged only during daylight hours and usually
completed a foraging trip and returned to the nest during one
daylight period (Anderson and Ricklefs 1987, 1992). The tags
recorded the bird’s position every 10 or 15 sec. They were enclosed
in two layers of latex condom and attached to the underside of
four tail feathers using water-resistant Tesa tape®; total weight of
tag and packaging was 27 g, representing 2.1% and 1.5% of mean
adult weight of males and females, respectively (Nelson 2005).
The “generate near table” tool of ArcGIS® 10.0 was used to
determine the proportion of locations within 200 m of a coastline.

Diet

Induced and spontaneous regurgitations were collected during
late afternoon or at night. For induced regurgitation, the bird was
captured in the colony and its head was enclosed in a cloth
weighing bag for 30 sec, with the head and body of the bird
oriented downward. Prey were identified, weighed, and measured
for fork length. Spontaneous regurgitation by a bird not in the
hand was treated similarly. Fork lengths were converted to weights
using taxon-specific equations (FishBase, http://www.fishbase.
org). We examined a set of five models in a logit analysis
(ProcGENMOD:; SAS v. 9.3) comparing the representation of
clupeids in the diet across colonies in different regions of the
archipelago and between years. In this analysis, prey category (1 =
clupeid, 0 = nonclupeid) was the response variable and we
examined models with single, additive, and interactive effects of
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the categorical predictor variables year and region (west, central,
or southeast).

We evaluated the associations between a metric of Blue-footed
Booby foraging (PROPENSITY) and breeding motivation using
logistic regression as implemented in ProcLOGISTIC in SAS v.
9.3. The response variable, the birds’ motivation to breed
(MOTIVATION), was scored “yes” for a given colony (both focal
and nonfocal) on a given visit if the estimated number of pairs
attending a colony exceeded 5% of the historical maximum
number of nests for that colony, and “no” for a given colony and
visitif 5% or fewer of historical nest numbers were observed. The
very low attendance at colonies during this study required such a
low value for this criterion to yield some “yes” scores. Birds were
sexed using the sexually dimorphic iris (Nelson 1978). The ratio
of males to females in this sample was applied to those individuals
that could not be seen clearly. The number of the least numerous
sex was doubled to give an estimate of the total number of
breeding pairs, which was compared to historic breeding numbers.
In many cases, the adults were present but had not laid eggs; we
considered them to be demonstrating “breeding motivation” by
attending the colony.

We were interested in the relative importance of the foraging
metric, PROPENSITY, and the temporal covariates YEAR and
MONTH (a nominal variable approximating seasonal effects) in
predicting the probability of breeding MOTIVATION, where we
modeled the probability of a “yes” response. PROPENSITY is a
measure of the propensity of birds to regurgitate when handled,
which we calculated as the proportion of birds that regurgitated
after capture and confinement in a weighing bag for 30 sec,
providing an index of the general availability of prey items. We
developed a set of eight logistic regression models, including an
intercept-only model, and all single and additive combinations of
the variables of interest, and used an information-theoretic
approach for model selection and to draw inferences from this
model set.

Model selection and inference

For analyses of clutch size, egg volume, population size, and
foraging metrics, we used an information-theoretic approach
(Burnham and Anderson 2002, Anderson 2008) to rank models
and draw inferences from a set of models. Model selection was
based on Akaike’s Information Criterion values corrected for
small sample sizes (AICc). For the three models of egg size (no
effect, year effect, clutch size effect), we computed the residual
sum of squares of each model and calculated AICc following the
equation:

AICc =N *1n(RSS/N) + 2K+ 2K (K+ D/IN-K-1), (D

where N is sample size and K indicates the number of parameters
(Burnham and Anderson 2002, Anderson 2008). The three
models were ranked based on their AICc values, with the model
with the lowest AICc considered to be the best model. We also
report AICc differences (A; the difference between each model, i,
and the top-ranking model) and Akaike weights (w; estimates of
the probability that model i is the best model given the data and
the model set) for each model. Finally, we calculated the ratio of
the model probabilities (w,) to provide a measure of the strength
of evidence for one model over the other (i.e., evidence ratios).
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Table 2. Blue-footed Booby (Sula nebouxii excisa) breeding activity at colonies in Galapagos in 2011, 2012, and 2013 in relation to

historical maxima.

Colony site Historical maximum

Maximum # nests

Maximum # nests Maximum # nests

# nests in 2011 in 2012 in 2013
Daphne Major 836 4 (< 1%) 4 (< 1%) 3(<1%)
Seymour Norte 965 16 (2%) 62 (6%) 59 (6%)
Playa de los Perros No data 73 62 124
- Santa Cruz
Cabo Douglas 1467 1 (< 1%) 1(<1%) 0
- Fernandina
Punta Vicente Roca 1800 67 (4%) 0 15 (1%)
- Isabela
P. Cormorant and Cuevas 134 3 (2%) 6 (4%) 20 (15%)
- Floreana
Punta Pitt No data 2 3 8
- San Cristobal
Punta Suarez 256 29 (11%) 11 (4%) 26 (10%)
- Espaiiola
La millonaria New colony No data 49 94
- Baltra

Similarly, we used AICc to rank models and draw inferences about
detection probability (p) in the process of estimating abundance.
Using the Huggins closed captures approach, population size, N,
is conditioned out of the likelihood, so estimates of population
size, N, were derived parameters from the models of p. To
account for model selection uncertainty among the set of models
of p, here we present model-averaged N values and associated
confidence intervals (Burnham et al. 1987). We also used AICc,
AAICc, and w, values for ranking and drawing inferences from
the model set examining the effect of foraging and season effects
on breeding motivation. For this analysis, we also report relative
importance values (variable weights) for each predictor variable,
expressed as the sum of the Akaike weights for the models in
which a particular variable appeared (Burnham and Anderson
2002).

Distribution in the Eastern Tropical Pacific
Blue-footed Boobies display an easily recognized juvenile
plumage until age 2-3 years (Nelson 1978). Infrequent observation
of Blue-footed Boobies in juvenile plumage could indicate low
breeding success over the previous 2-3 years, or temporary
emigration of juveniles from the range of the adults. To evaluate
the distribution of birds in juvenile plumage, we used data from
ship-based surveys across the eastern tropical Pacific (ETP)
collected between 1988-2006 (L. Ballance and R. Pitman,
unpublished data).

RESULTS
Breeding

Breeding activity was much lower than historical maximum
figures, with all monitored colonies containing < 15% of the
historical maximum on most visits (Table 2; see also Appendix 3
of Anchundia 2013). Summing across all monitored sites, the
largest number of simultaneous nests observed (349) represents
698 breeding birds, only 10.9% of the population size estimate of

6423 adults. Three previously unknown breeding sites were
identified during the study: on Baltra with approximately 49
nesting pairs in 2012 and 94 nesting pairs in 2013 (Table 2); on
the south coast of Fernandina west of Punta Mangle, with
approximately 75 adults present and an unknown number of
nests; and on the south coast of Isabela (Los Tuneles) with 9
nesting pairs in 2013. The formerly large colony at Punta Cevallos
(489 nests in 1994; Townsend et al. 2002) was not monitored as
part of this study, but was checked frequently as part of our
ongoing research there; no more than three nests were ever present
there during this study.

Most breeding attempts did not include a nestling during our
visits. Most clutches failed without producing a nestling: on visits
after one in which nests with eggs were recorded, few or no
nestlings or fledglings, either living or dead, were found, although
incubating adults may have been present, possibly on new
clutches. In the focal colonies in 2011, the total number of
fledglings was 26 (9 at Playa de los Perros, 9 at Cabo Douglas,
and 8 at Seymour), and in 2012, 59 offspring fledged (18 at Playa
de los Perros, 12 at Seymour, 24 at Baltra, 1 at Daphne Major,
and 5 at Punta Sudrez). December and January were the only
months in the 3-year study in which we observed large offspring
and fledglings, with the exception of the newly established Baltra
colony, in which 24 fledglings were present in August 2012.

Clutch sizes in 2012 did not differ from those in 1984 and 1985:
2 eggs was the most common clutch size in all 3 years and the null
model was 3.33 times more likely than a model with the year effect.
However, the mean volume of eggs in 2012 exceeded that in earlier
years (mean,,., = 56.3 cc, SE = 0.44; mean,,,; = 56.5 cc, SE =
0.70; mean,,,, = 61.1 cc, SE = 1.14); the model incorporating an
effect of year on egg volumes carried most of the Akaike weight
(0.73), was 3 x 10° times more likely than the model with no effect
of year on egg volume, and was 2.7 times more likely than the
model with a clutch size effect.



Population size

In the 2011 coastal survey, 7379 individuals were counted, of
which two (0.03% of the total count) were in juvenile plumage.
That survey was conducted over an 11-week period by a single
observer, with significant potential for missing or double-
counting individuals. In the 3-d 2012 coastal survey, detection
probabilities were high and varied by island and stretch. The top-
ranked ISLANDS model of detection probability carried an
AICc weight of 0.68 (Table 3), and estimates of detection ranged
from a low of 0.907 (95% CI: 0.843—0.947) for Espaiiola to 0.994
(95% CI: 0.982—0.998) on the southern portion of Isabela
(Appendix Table A1.1). The model in which detection varied by
stretch (STRETCHES) carried an AICc weight of 0.315 while the
other two models carried no weight. The model-averaged estimate
of population size ( & ) for the entire Archipelago from the 2012
survey was 6423 (95%CI: 6420—6431; Table 4).

Table 3. Candidate model set and ranking of models examining
variation in the probability of detection of Blue-footed Boobies
(Sula nebouxii excisa) during coastal surveys, June 2012. Models
were evaluated with detection probabilities varying by island,
varying among 30-min stretches, varying among observers, and
remaining constant. The number of parameters, deviance, -2 log
likelihood (-2Log(L)), small sample size-corrected AIC values
(AICc), AICc differences (AAICc), Akaike weights (wi) are
reported for the four models of detection.

Model K  -2log(L) AlCc AAICc w,

ISLAND 17 1346.08 1380.13 0.00 0.69
STRETCHES 131 111697  1381.69 1.56 0.32
OBSERVERS 5 1392.91 1402.92  22.79 0.00
CONSTANT 1 1408.38 1410.38  30.25 0.00

These estimates apply to the portion of the population visible
during daylight from boats within 100 m of the coast, and exclude
birds away from the coast. Four lines of evidence indicate that
few birds were outside the visual range of observers on the survey
boats: (1) birds with GPS tags spent most of their foraging time
within 200 m of an island’s coast, well within visual range; (2)
during boat travel between islands during the 2012 survey Blue-
footed Boobies were sighted at a rate of only 2 birds/30 min
compared to an average of 48 birds/30 min on the coast; (3) ~85%
of birds sighted during the 2012 survey were resting on land and
not on the move; and (4) > 90% of the birds seen flying during
the 2012 survey were moving parallel to the coast, rather than to
or from the open ocean.

Movements

Most of the tagged birds did not travel far from the coast: 81.9%
of the GPS points during foraging trips were within 200 m of an
island coastline. Foraging birds did not cross land except to fly
directly from their nests to the water and back, so most flight time
was over coastal water. Considering all GPS points, including
those stationary on land, only 8.8% were more than 200 m from
acoastline. Many of the foraging sites identified by kernel analysis
were within 200 m of an island coast (mean = 44.5 m [S.D. =
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53.5)]). Birds at sea travelled up to 68 km (median = 11.2 km) from
their breeding colony, on trips that ranged in duration from
0.4-18.1 h (median = 2.3 h).

Table 4. Population size estimates ( N) by island, standard
errors (SE) and lower (LCI) and upper (UCI) 95% confidence
intervals for Blue-footed boobies (Sula nebouxii excisa) surveyed
in the Galapagos Archipelago in June 2012. Estimates are derived,
model-averaged estimates from the models of detection
probability using a Huggins closed captures approach.

A

Island N SE LCI UCI
Espaiiola 166 2 165 172
San Cristobal 410 0 410 412
Floreana & Islets 394 1 393 398
Santa Fe 117 0 117 118
Santa Cruz 1026 1 1025 1031
Pinzon 73 0 73 73
Rabida 15 0 15 15
Daphne Minor 94 0 94 94
Daphne Major 77 0 77 717
Seymour 90 0 90 92
Baltra 157 0 157 159
Santiago 856 0 856 858
W. Isabela 1322 1 1322 1326
E. Isabela 466 1 465 469
S. Isabela 529 0 529 530
Fernandina 631 1 630 634
Archipelago 6423 3 6420 6431

Birds from Playa de los Perros foraged at a variety of sites,
including coastal spots like the Canal de Itabaca between Santa
Cruz and Baltra and the coast of Santa Fé, and more pelagic
locations to the south of the breeding colony. In contrast, most
of the birds from Daphne Major foraged close to the coasts of
nearby Santa Cruz, Seymour, Baltra, and Daphne Minor. The
three birds from Cabo Douglas all foraged within 2.1-4.7 km of
the colony and within sight of the coast in shallower water to the
east of the colony and not in much deeper water to the west, north,
and south.

Of the 879 birds banded in breeding colonies, 245 were resighted
during later night visits to colonies. Seven of these resights (0.029)
placed the bird in a different breeding colony from the banding
site (details in Anchundia 2013), indicating high breeding site
fidelity.

Diet

We collected a total of 218 regurgitations, containing 1284 prey
items in total, from 8 colonies. Because of partial digestion, 35
items (2.7%) were not intact and could not be measured, and 6
items (0.5%) could not be assigned to species. Clupeids were the
most common item in the samples, representing 80.2% of all items
and 50.4% of the total weight (Fig. 3). The fork length of the fish
ranged from 3 cm to 35 cm, with a mean of 6.8 cm (SD = 3.2).
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Table 5. Candidate model set and ranking of models representing associations between the foraging metric PROPENSITY and breeding
motivation as well as temporal covariates MONTH and YEAR for Blue-footed Booby (Sula nebouxii excisa) nesting sites studied in
Galapagos, Ecuador. The number of parameters (K) in each model, the -2 log likelihoods (-2log(L)), and small sample size-corrected
AIC values (AICc) are shown. The models are ranked by their AICc differences (AAICc ) relative to the best model in the set and the
Akaike weights (wi) reflect the probability that a model is the best model in the set.

Model K -2log(L) AlCc AAICc w,

MONTH + PROPENSITY 4 43.14 52.25 0.00 0.56
MONTH 3 46.79 53.44 1.18 0.31
YEAR + MONTH + PROPENSITY 6 42.51 56.99 4.73 0.05
YEAR + MONTH 5 46.30 58.01 5.76 0.03
INTERCEPT-ONLY 1 56.81 58.92 6.66 0.02
PROPENSITY 2 54.75 59.07 6.82 0.02
YEAR + PROPENSITY 4 51.94 61.05 8.79 0.01
YEAR 3 54.83 61.48 9.23 0.01

The colonies visited fell into three clusters based on
oceanographic habitat: the western colonies of Fernandina and
Punta Vicente Roca, adjacent to the productive upwelling of the
Equatorial Countercurrent with much lower sea surface
temperature (SST) than elsewhere in the archipelago (Ruiz and
Wolf 2011); the central colonies of Daphne Major, Seymour,
Baltra, and Santa Cruz, adjacent to acomplex merging of currents
and a mosaic of SST and productivity (Witman et al. 2010); and
the southeastern colonies on San Cristobal, Espafiola, and
Floreana, in a generally less complex and less productive marine
habitat. The diet composition in these regions varied, with
clupeids much more common and occurring more regularly in the
central cluster during this study, particularly in 2012. Clupeids
were 68% of the prey items in the central colonies, but 28 and 29%
of those in the western and southeastern colonies, respectively
(Appendix Table A1.2). The top-ranked model in the logit analysis
was that incorporating a year by region interaction; the
probability that a prey item was a clupeid was higher in the central
and south regionsin 2011, was higher in 2012 in the central region,
and was low to zero in the west across the 2 years. This model
carried nearly all of the Akaike weight (w, = 0.9999).

Predictors of breeding motivation

The breeding motivation response was related to the season of
sampling, with the effect of MONTH negatively related to
breeding motivation in December (breeding motivation was low
in December), but not in May or August (for these months, the
effect was positive but the 95% confidence intervals overlapped
0). MONTH was included in all of the top models in our logistic
regression model set (Table 5) and had a high relative importance
value (i.e., MONTH accounted for 94% of the cumulative Akaike
weight in the model set, cumulative Akaike weight = 0.94). This
effect was followed in importance by PROPENSITY, which
carried a cumulative Akaike weight of 0.635 and was in the top-
ranked model with MONTH. Finally, YEAR was relatively
unimportant, appearing in highly ranked models only when
accompanied by MONTH or PROPENSITY and with a
cumulative Akaike weight of 0.096.

Fig. 3. Proportion of each fish taxon in regurgitation samples,
by number of items, n = 1721 and weight, total = 18,117 g. The
two species at the top are Clupeid. Not shown: Panamic
sergeant major (Abudefduf troschelii), three items, 99 g;
Carangids (Caranx spp.), three items, 20 g; Cortez rainbow
(Thalassoma ucasanum), five items, 38 g; squid
Decapodiformes, one item, < 1 g.
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Distribution of Blue-footed Boobies in the

ETP

In December 2010, 6 months prior to the start of this study, we
observed that the Playa de los Perros colony contained 225
fledglings, suggesting good conditions for chick-rearing at that
time for this colony. However, in the coastal survey done in June
2011 we observed only 2 juveniles, and in the coastal survey of
2012 we observed only 75. Did most of these juveniles die, or did



they move away from the archipelago? Ship-based surveys across
the ETP between 1988-2006 show many juveniles near the large
breeding colonies on the northwest coast of South America, mostly
near La Plata Island (Ecuador), Lobos de Tierra Island (Peru), and
the Gulf of California, and very few juveniles away from land (Fig.
4).

Fig. 4. Distribution of juvenile Blue-footed Boobies (Sula
nebouxii excisa) in the eastern tropical Pacific from ship-based
surveys, 1988-2006.
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DISCUSSION

Our results indicate that Galapagos Blue-footed Boobies have
attempted to breed very little between August 2011 and June 2013.
During this period no more than 10.9% of the adult population
had an active nest at any one time, and only 134 fledglings were
noted during this time. During two comprehensive coastal surveys
we recorded a total of only 77 birds in juvenile plumage (maintained
until age 2-3 years; Nelson 1978) compared to an adult population
estimated as 6423 birds. We sighted only 2 juveniles across the
archipelago between May and August 2011, indicating that
essentially no successful breeding occurred in the previous 2 years.
We discount the possibility of temporary emigration of juveniles,
based on the distribution of juveniles at sea (Fig. 4) and the
abundance of juveniles in both coastal areas and between islands
before 1998 (D. J. Anderson, personal observation). The simplest
interpretation of these results is of chronic poor breeding over the
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4 years 2009-2012. Noting the similar situation on Espaiiola and
Daphne since 1997 (Fig. 1), this chronic breeding failure may span
a total of 16 years.

Our population size estimate from 2012 indicates that the adult
population numbers approximately 6423, less than 1/3 of the only
other estimate, from the 1960s. Questions can be raised about the
methodology used for both estimates. Little information is available
regarding the first estimate, and we do not know the technique used.
Nelson (1978:515) provided this estimate, first reviewing early
counts from some islands (1000 pairs on Daphne Major and
500-800 pairs on Espafiola’s Punta Suarez) and then apparently
summarizing unpublished data and impressions from his own year
in Galapagos (mostly in 1964) on a few islands and also from the
more extensive experience of others, such as M. P. Harris, in the
1960s: “the total Galapagos [sic] population must exceed 10 000
pairs and could be substantially more...”. Without further
clarification of methods and measurement error, little more can be
said about this estimate except that it was made by careful scientists
and probably represents at least 20,000 adults. If Nelson’s estimate
omitted temporarily nonbreeding adults (i.e., young adults that
have not yet bred or adults skipping breeding) then 20,000 is an
underestimate of total population size.

Regarding the 2012 estimate, it is based almost exclusively on counts
of birds resting on the coast or coastal waters or flying within sight
of the coast during a short survey. The detection probability of
birds using this method was high for birds within sight of the boat,
and several lines of evidence indicate that the proportion of birds
missed at sea was low: most birds sighted were on land; most birds
sighted flying were moving parallel to the coast; GPS tracking
places most flying time within 200 m of some coast, allowing the
deduction that 3.2% of birds were out of visual range of boats
surveying the coast region; and little breeding was occurring at the
time of the survey, so few to no birds were at nest sites not visible
from the water. Taking the 1960s estimate and our new estimate at
their face values, a trend of a population decline is indicated, with
the current population approximately 33% of Nelson’s (1978)
estimate of the size of the 1960s population. Acknowledging
significant uncertainty in the actual values, especially for the 1960s
estimate, we conclude that the population has declined in size by
at least 50% since the 1960s, and probably by more than 50%.

Birth, death, immigration, and emigration are the demographic
processes affecting population size. Considering birth, very few
adults attempted to breed, and virtually none succeeded during our
study. Even colony attendance at the former colonies in the whole
archipelago was very low during this study compared to historical
attendance, including historical maxima (Table 2). We searched for
potential new colonies during the two surveys and found only one
small colony on Fernandina. Another colony was discovered a
month after the June 2012 survey, on Baltra, but both colonies are
small compared with the size of past colonies. With poor breeding,
the adult population size will continue to shrink until at least 2015,
when new adults would recruit from successful breeding (if any)
after our study ended. Assuming that roughly 10% of adults die
each year (Oro et al. 2010), population growth would require
recruitment that exceeds 10% of the adult population size, which
is apparently not the case currently.

Time series data from Punta Cevallos and from Daphne Major
(Fig. 1) suggest that the chronic poor breeding, and thus the decline
in population size, began during the 1997-1998 El Nifio Southern



Oscillation event. A simple model of population shrinkage is
broadly in agreement. Assuming constant annual adult mortality
of 0.10, an initial adult population size of 20,000, and a
continuous series of years ending in 2012 with no successful
breeding, the hypothetical chronic breeding failure would have
begun in 2001, 11 years earlier (20,000 * 0.90'! = 6276; a larger
starting population would bring this date even closer to 1997.
Since 1997 the formerly large and regularly active Blue-footed
Booby colony at Punta Cevallos has been virtually vacant, and
on Daphne Major few adults currently attend in a small part of
the main crater, whereas in the past the main crater and a side
crater were covered by up to 1600 Blue-footed Boobies at times
(Fig. 1). Now vegetation covers much of the past breeding site.
Neither of these islands supports a possible introduced predator,
and no evidence of the effects of disease has been noted among
breeders or nonbreeders at either site. These two colonies are in
separate oceanographic habitat regions of the archipelago, but
exhibit similar breeding histories, suggesting the possibility that
breeding has been poor across the archipelago since 1997 and
depends little on spatial habitat variation. If so, then the age
structure of the current population must be strongly biased
toward elderly individuals; if Blue-footed Boobies show actuarial
senescence, as Nazca Boobies do (Anderson and Apanius 2003)
in addition to reproductive senescence (Velando et al. 2006), then
the birth and death processes leading to smaller population size
can be expected to accelerate in the future.

Individuals may be added to or subtracted from the Blue-footed
Booby population via immigration or emigration, respectively,
but these processes seem unlikely to be important in this species.
The genetic differentiation and very low gene flow of S. n. excisa
in Galapagos and S. n. nebouxii on the continental coast (Taylor
et al. 2011) imply little movement between Galapagos and the
Americas. Adults studied with electronic tags foraged within 100
km of land but rest at night on land (Nelson 1978, Anderson and
Ricklefs 1987, this study), limiting their ability to move widely on
the open ocean or transfer to the continental shelf of the
Americas. Similarly, temporary movement of juveniles away from
Galapagos is not indicated by ship-based surveys, which instead
show concentrations of juveniles near breeding colonies (Fig. 4).
In contrast to the current situation, in the 1980s and early 1990s,
when breeding conditions were better, birds in juvenile plumage
were seen regularly resting on sea cliffs and flying along the coast
throughout Galapagos (D. J. Anderson, personal observation).
Considering these circumstances, we conclude that the 225
juveniles produced in December 2010 did not move outside the
survey range, and instead died before our coastal surveys. If so,
then breeding and survival are apparently the most important
demographic processes affecting population size in this system.
Why are the birds not breeding, perhaps since 1997?

Two lines of evidence implicate diet. Considering long-term data
from Punta Cevallos, Blue-footed Boobies foraged mostly on
sardines, similar to Nazca Boobies (Anderson 1989), until 1997
(D. ). Anderson, unpublished data). After 1997, sardines
disappeared from the Nazca Booby diet, but Nazca Boobies
continued breeding by switching to other prey (D. J. Anderson,
unpublished data). In contrast, Blue-footed Boobies abandoned
this colony (Fig. 1). Data from Galapagos sea lions (Zalophus
wollebaeki) suggest that sardines have become less available
throughout the archipelago on approximately the same schedule
as that of Punta Cevallos: they foraged mostly on sardines during
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the 1980s (Dellinger and Trillmich 1999), but more recently
(2008-2009) sardines were completely absent from their diet (Paez-
Rosas and Aurioles-Gamboa 2010). Diet samples taken during
our study suggest that the central archipelago has a more regular
availability of sardines currently than the other regions, and
relatively more current breeding attempts have been observed on
these islands. These data implicate clupeid availability in both
initiation and success of breeding.

Consistent with this interpretation are the results of our logistic
regression analysis suggesting that the season (measured as the
month of our sampling) and propensity of a bird to regurgitate
predict breeding motivation. We used PROPENSITY as a metric
of foraging success, reasoning that a successful forager will readily
regurgitate fish prey and because a prey-only metric (e.g.,
proportion of clupeids in prey samples) requires regurgitation
before we can measure it; our metric approximates the feeding
conditions a breeding adult experiences and upon which it bases
breeding decisions. Nonetheless, the final explanation is probably
more complex than our analysis suggests: PROPENSITY was
relatively less important than the timing of our sampling; diet
samples were taken on 1 or 2 d per 4 months, and this coarse-
grain sampling may be unduly influenced by day-to-day variation
in prey availability; and we used a criterion of 5% of the historical
maximum for the breeding motivation response variable, which
may be too lax to indicate breeding motivation reliably.

Noting the almost complete disappearance of the 225 fledglings
observed in December 2010, we offer an additional, alternative
interpretation of food availability and breeding: that clupeid
availability is critical for recently independent young, and not
necessarily for egg-formation and parental care. Under this
hypothesis, parents should initiate breeding when the probability
is high of clupeid availability five months in the future. When
parents time reproduction in this way, their offspring can better
avoid the typically high mortality of recently independent
juveniles (Maness and Anderson 2013) by foraging on higher
quality prey. When Blue-footed Boobies did attempt to breed
during this study, their clutch sizes were similar to those from the
1980s, and egg volumes were actually larger, indicating favorable
current conditions. However, few birds attempted to breed, and
most that initiated then failed. We speculate that parents were
assessing the variable clupeid availability as insufficient to support
independent juveniles several months in the future and so did not
initiate, or initiated and then quickly abandoned the attempt. In
contrast, we suspect that before 1997 sardines were available
consistently in space and time, facilitating breeding motivation
and later juvenile survival. Under this hypothesis, current diet
characteristics are not expected to predict breeding motivation
well in Blue-footed Boobies, if those characteristics vary over
time. Instead, Blue-footed Boobies may not have enough
information about clupeid abundance until after they begin to
breed; this hypothesis predicts abandonment of breeding when
clupeid intake continues to be low. Nazca Boobies provide an
instructive contrast in this respect, continuing to attempt to breed
after 1997, although with lower success, by switching prey (D. J.
Anderson, unpublished data). Unlike Blue-footed Booby
juveniles, which apparently remain in Galapagos until adulthood
and depend on the local habitat, Nazca Booby juveniles leave
Galapagos and spend several years off the Central American
coast (Huyvaert and Anderson 2004). Under the “food-for-
juvenile” hypothesis, voluntary abandonment based on local



habitat conditions should be more likely for Blue-footed Boobies
than for Nazca Boobies, and our data are consistent with this
prediction, although better data are needed on the nature of
breeding failures in Blue-footed Boobies. Our results showed that
food capture predicted breeding motivation in Blue-footed
Boobies, but that temporal variation was a more important
predictor (Table 5), offering support for both a food-for-juvenile
hypothesis and for a current food hypothesis.

Information regarding sardine abundance from the Peruvian
Upwelling, east of Galapagos, shows that the sardine population
there has declined almost to zero, on the same schedule as that
which we infer for Galapagos. Fishery capture declined from
thousands of tonsin the 1990s to 0 tons since 2003, with anchovies
showing a corresponding increase (IMARPE 2008a,b,
Subsecretaria de Pesca de Ecuador 2011). Sardines cycle between
high and low abundance with a period of 25 years in the Pacific,
linked to the Pacific Decadal Oscillation (Chavez et al. 2003). The
decline of sardines in the ETP started in the mid-1990s, matching
the decline in breeding on two colonies in Galapagos (details in
Appendix 3 in Anchundia 2013). Decline of sardines seems to not
affect Blue-footed Boobies on the continental coast because they
can switch to another high-energy fish like anchovies (Zavalaga
etal. 2007), which are abundant during the low part of the sardine
cycle in the Peruvian upwelling system but not in Galapagos. We
suggest that Galapagos populations of clupeid cycle in abundance
on the same schedule, and for the same reasons, as continental
populations. Information about fish populations in Galapagos is
poor, making it difficult to compare past and present populations,
although some artisanal fishers have the perception that the bait
fish (including clupeids) are less abundant than they were in the
past(D. J. Anchundia, unpublished data). The contrast in breeding
regime that we have identified (alternate long periods of good and
poor breeding in Galapagos, consistency near the continent) can
be expected to exert different selection pressures on the life
histories of the two subspecies, with Galapagos birds rewarded
for longevity to endure multidecade food shortages more so than
are continental birds.

Introduced species have been one of the major threats for native
or endemic species (Vitousek et al. 1997). Some have speculated
that the increase in cat (Felis catus) numbers on some islands in
recent decades may affect the breeding cycle of Blue-footed
Boobies, with cats acting as a predator. However, islands with no
cats (e.g., Espaifiola, Daphne Major, Seymour, and Fernandina)
have essentially no current breeding, and Playa de los Perros is
one of the most active, yet is on an island on which cats are
abundant. Furthermore, Punta Vicente Roca historically has had
a large presence of cats, yet Blue-footed Boobies bred in large
numbers until the late 1990s. Little evidence exists for disease as
a cause of population decline. During our 2-year study, including
handling over 1000 birds, we saw no apparently sick birds. Avian
blood parasites of the genus that causes avian malaria
(Plasmodium) are present in Galapagos (Levin et al. 2009, 2013),
though to date only Haemoproteus parasites have been identified
in Sulids and none in Blue-footed Boobies (Quillfeldt et al. 2011).
Blue-footed Boobies are known to have some parasites, including
two endoparasites, a nematode (Contracecum sp.) and a
trematode (Renicola sp.). These parasites have low virulence in
Brown Pelicans (Pelecanus occidentalis) and so probably play only
a secondary role in population fluctuations (Greve et al. 1986).
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In conclusion, our data indicate chronic poor breeding and a
declinein population size of Galapagos Blue-footed Boobies, with
circumstantial evidence implicating low availability of preferred
prey since approximately 1997. During multidecadal periods of
low sardine availability, the food base is sufficient for adults to
exist but not to reproduce. In particular, we suggest that breeding
failure is largely voluntary, triggered by the perception of breeders
and potential breeders that the prey base cannot support the
ineffective foraging of recently independent offspring. If breeding
has been poor since the late 1990s, as we suspect, the age structure
of Galapagos Blue-footed Boobies is probably biased strongly
toward older individuals. Actuarial and reproductive senescence,
documented in Blue-footed Boobies (Velando et al. 2006, Torres
et al. 2011), can be expected to accelerate this iconic and
genetically distinct population’s decline via poor breeding ability
and lower annual survival associated with old age, with important
implications for biodiversity and local ecotourism.

Responses to this article can be read online at:
http://www.ace-eco.org/issues/responses.php/650
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Appendix 1

Supplemental material for the paper “Chronic Lack of Breeding by Galépagos Blue-footed
Boobies and Associated Population Decline” by David Anchundia, Kathryn Huyvaert, and David
Anderson.

Table Al.1

Parameter estimates, standard errors (SE), and lower and upper 95% confidence intervals (LCI,
UCI) for detection probabilities for each island surveyed for Blue-footed Boobies in the
Galapagos Archipelago, June 2012. Estimates are from the top-ranked model incorporating an
effect of island on detection probability. Models were developed using a Huggins closed
captures approach implemented in Program MARK. Islands with an estimate of “1” indicate that
the secondary observer did not observe any additional birds.

Island Estimate SE LClI UCI
Espafiola 0.907 0.026 0.843 0.947
San Cristobal 0.983 0.007 0.964 0.992
Floreana 0.960 0.010 0.934 0.976
Santa Fé 0.983 0.012 0.932 0.996
Santa Cruz 0.964 0.006 0.949 0.974
Pinzdn 1 0 1 1
Rabida 1 0 1 1
Daphne Minor 1 0 1 1
Daphne Major 1 0 1 1
Seymour 0.966 0.020 0.895 0.989
Baltra 0.974 0.013 0.931 0.990
Santiago (all) 0.991 0.003 0.981 0.996
Santiago (north) 0.973 0.019 0.896 0.994
W. Isabela 0.982 0.004 0.973 0.988
E. Isabela 0.967 0.009 0.945 0.980
S. Isabela 0.994 0.003 0.982 0.998

Fernandina 0.972 0.007 0.955 0.983



Table Al1.2. Representation of prey items by weight in regurgitation samples. Numbers represent percentage of grams and sum to 100 vertically.
The most important prey species for each column is identified with a box. For each colony, “11” = 2011 and “12” = 2012. “Total grams” is the total
grams of fish collected during that year at that site.

Fish Species

Sardine

(Sardinops sagax)

Black striped salema
(Xenocys jessiae)

Flying fish

(Exocoetidae sp.)

Creole

(Paranthias colonus)
Galépagos herring
(Opisthonema berlangai)
Mackeral

(Trachurus sp.)

Pacific silverstripe
(Hyporhamphus naos)
White salema
(Xenichthys agassiz)
Peruvian grunt (Anisotremus
capularis)

Panamic sergeant major
(Abudefduf troschelii)
Cortez rainbow (Thalassoma
ucasanum)

Carangidae

(Caranx sp.)

Total grams
# birds that regurgitated
Total # items

Western Sites

Central Sites

Southeastern Sites

P. Vicente Playa de los

Cabo Douglas Roca Daphne Major Seymour Perros Floreana
11 12 11 12 11 12 11 12 11 12 11 12
14 0 47 0 67 76 43 66 0 26 49 90

50 76 31 0 21 2 21 0 7 7 0 0

3 0 14 0 6 0 0 0 55 38 0 0
33 24 7 0 0 2 4 6 5 6 5 10

0 0 0 0 0 19 30 24 0 0 0 0

0 0 0 0 0 0 0 0 0 0 47 0

0 0 0 0 0 0 0 2 26 2 0 0

0 0 0 0 0 0 0 0 8 11 0 0

0 0 0 0 0 0 0 0 0 9 0 0

0 0 0 0 6 0 2 0 0 0 0 0

0 0 0 0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 1 0 0 0 0
1890 812 2352 0 825 2368 1931 3010 1850 1593 242 343
19 8 38 0 11 28 13 28 15 30 5 4
115 19 106 0 69 112 83 206 57 98 15 14

Punta
Suérez
11 12
0 0
0 0
100 57
0 43
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
46 425
2 9
2 15

11

o N O o

P. Pitt
12

0

0

92

477

24
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