The Auk 128(2):283-292, 2011
© The American Ornithologists’ Union, 2011.
*_ Printed in USA.

AGRICULTURAL COCONUT FOREST AS HABITAT FOR
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ApsTrACT.—The effects of anthropogenic habitat modification are evident on tropical Pacific islands where forests have been
extensively converted to plantations of Coconut Palm (Cocos nucifera). We evaluated resource selection in the critically endangered
Tuamotu Kingfisher (Todiramphus gambieri gertrudae), which is confined to a single population on the low-elevation island of Niau
Atoll in French Polynesia. Our analyses indicate that resources associated with foraging underlie space use and habitat selection of
Tuamotu Kingfishers at multiple spatial scales. At the island scale, the occurrence of the species was best predicted by habitat features
associated with foraging opportunities, including agricultural coconut forest with open understory, hunting perches, and exposed
ground. Conversely, the species’ distribution was negatively associated with undisturbed vegetation, including primary feo forest
and fallow coconut plantation. At the home-range scale, utilization distributions of radiomarked Tuamotu Kingfishers also indicated
that birds selected agricultural coconut forest and least preferred native feo forest. Observations further indicated that foraging birds
selected coconut plantations managed with prescribed burning for hunting. The Tuamotu Kingfisher is a rare example of a threatened
tropical species that likely benefits from agricultural management, and our findings provide support for conservation strategies based on
establishing rescue populations on other islands with coconut plantations. We suggest that incorporating agricultural coconut forests
into conservation planning could help prevent the extinction of several kingfisher species that historically relied on the natural broadleaf
habitats that are now almost entirely absent from insular Pacific Oceania. Received 13 August 2010, accepted 22 February 2011.

Key words: coconut agriculture, foraging habitat, Pacific islands, prescribed burning, resource selection, Todiramphus gambieri,
Tuamotu Kingfisher.

Les plantations de cocotiers comme habitat d’une espéce en danger
critique d’extinction, Todiramphus gambieri gertrudae

REsuMmE.—Les effets de la modification anthropique de I'habitat sont évidents sur les iles tropicales du Pacifique ou les foréts ont été
extensivement converties en plantations de Cocos niscifera. Nous avons évalué la sélection des ressources chez Todiramphus gambieri
gertrudae, une espéce en danger critique d'extinction limitée a une seule population sur 'ile a basse altitude de Niau Atoll, en Polynésie
francaise. Nos analyses indiquent que les ressources associées a la quéte de nourriture sont a la base de l'utilisation de l'espace et de la
sélection de I’habitat par cette espéce a plusieurs échelles spatiales. A I'échelle de I'ile, les caractéristiques de I'habitat associées a des
opportunités d‘alimentation, telles que les plantations de cocotiers avec un sous-étage ouvert, des perchoirs de chasse et un sol exposé, sont
les facteurs qui permettent le mieux de prédire la présence de I'espéce. A I'inverse, la répartition de l'espéce était négativement associée a une
végétation non perturbée, telle que les foréts primaires et les plantations de cocotiers en jachére. A I'échelle du domaine vital, la répartition
des individus munis d'émetteurs a également indiqué que les oiseaux ont sélectionné les foréts agricoles de cocotiers et ont moins préféré
les foréts primaires. Les observations ont de plus indiqué que les oiseaux en quéte alimentaire ont sélectionné les plantations de cocotiers
gérées al'aide du bralage dirigé pour la chasse. T. gambieri gertrudae constitue un exemple rare d'une espéce tropicale menacée susceptible
de bénéficier de la gestion agricole. Nos résultats soutiennent les stratégies de conservation basées sur I'établissement de populations de
sauvetage sur d'autres iles possédant des plantations de cocotiers. Nous suggérons que le fait d'incorporer les foréts agricoles de cocotiers
dans la planification de la conservation peut aider a prévenir l'extinction de plusieurs espéces de martins-pécheurs qui dépendaient par le
passé des habitats naturels de feuillus qui sont désormais pratiquement absents des iles d’Océanie, dans le Pacifique.
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IsLAND BIRDS AccOUNT for 90% of human-caused avian ex-
tinctions, and the trend will likely continue, given that Pacific
islands currently host the greatest number of threatened species
(Johnson and Stattersfield 1990). In French Polynesia, for example,
18 of 25 endemic landbird species are threatened with extinction
(Gouni and Zysman 2007). Threats are based on human activity
and include introduced species, habitat loss, and hunting (Milberg
and Tyrberg 1993, Steadman 1997, Blackburn et al. 2004).
Anthropogenic habitat modification poses great risks for is-
land fauna (Steadman 1997, BirdLife International 2000), and it af-
fects >90% of threatened birds worldwide (BirdLife International
2010a). Habitat loss was included in Diamond’s (1984) “evil quar-
tet” of factors causing extinction and Wilson's (2002) “HIPPO” list
of threats to biodiversity. Some suggest that loss of avian habitat
is occurring primarily through the expansion and intensification
of agriculture and the conversion of tropical forest to agriculture
(Jetz et al. 2007). On islands, most threatened landbirds inhabit
forests (Johnson and Stattersfield 1990), and many island forests
have already been degraded or destroyed (Fordham and Brook
2010). For example, lowland forests on numerous Pacific islands
have been converted to agricultural Coconut Palm (Cocos nu-
cifera) plantations (Mueller-Dombois and Fosberg 1998). Con-
servation thus requires the identification and preservation of key
forested habitats and a greater understanding of how birds use and
interact with modified landscapes (Chazdon et al. 2009).
Conservation managers can attempt to reintroduce species to
areas where they have been extirpated or conduct releases outside
the known historical range when limited native habitat remains
(IUCN 1987, 1998). There have been concerns about using translo-
cation as a conservation tool and about the risks to recipient eco-
systems (Armstrong and Seddon 2008). However, translocation
can be a viable rescue strategy and may provide one of the only
methods for preserving avian diversity on Pacific islands (Seitre
and Seitre 1992, Steadman 2006). Translocation may be simpler
on oceanic islands than on continents because islands tend to
host fewer species and, thus, competition and predation pressures

are likely reduced. For example, only two or three landbird spe-
cies are found on most islands in the French Polynesian Tuamotu
archipelago. Additionally, habitat features are shared among is-
lands and across wide regions (Whittaker and Fernandez-Palacios
2007). Even in these simple systems, however, careful consider-
ation must be given to selecting potential release sites with high-
quality habitats (Wolf et al. 1998).

The Tuamotu Kingfisher (Todiramphus gambieri gertrudae)
isamong the most threatened birds in the world, with only one ex-
tant population of ~125 individuals (BirdLife International 2010b).
As is the case for many threatened tropical species, information
about the natural history and ecological requirements of the Tu-
amotu Kingfisher is almost nonexistent. The nominate subspe-
cies (T. g. gambieri) was extirpated from the Gambier Islands in
the late 19th century (Holyoak and Thibault 1984), and the spe-
cies is now confined to the small atoll island of Niau, where tropi-
cal forest has been extensively converted to coconut agriculture
(Butaud 2007). Introduced rats (Rattus exulans and R. rattus) and
cats (Felis catus) may also affect the Tuamotu Kingfisher popu-
lation through predation and competition for food (Towns et al.
2006, Buckley and Jetz 2007). Additionally, the Tuamotu King-
fisher population may have been adversely affected by a series of
destructive cyclones (Dupon 1986).

We studied Tuamotu Kingfishers at the island, home-range,
and foraging scales (Johnson 1980, Block and Brennan 1993) to
identify resources associated with the species’ survival and repro-
duction and to provide information for the conservation manage-
ment of the birds on Niau. We also intend the results of our study
to inform conservation practitioners who are evaluating islands
for the potential establishment of a second Tuamotu Kingfisher
population through translocation (Gouni et al. 2006).

METHODS

Study site—Niau Atoll (16°10’S, 146°22"W; Fig. 1) is part of the
Tuamotu Archipelago Endemic Bird Area (EBA 214; BirdLife
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Fic.. 1. Location of Niau Atoll in the Tuamotu archipelago in French Polynesia.
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Survey results:
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FIC. 2. Vegetation cover map of Niau Atoll, adapted with permission from Butaud (2007). Locations and results of Tuamotu Kingfisher surveys con-
ducted in 2006-2008 are depicted as dots, and home-range-scale study areas are encircled.

International 2003) and the UNESCO Man and Biosphere Reserve
of Fakarava in French Polynesia. Niau is a low island with an eleva-
tion of 5-8 m above sea level, a land area of 26 km?, and a large
enclosed lagoon (Andréfouét et al. 2005). Production of coconut
pulp (copra) underpins Niau's economy, and agricultural coconut
forests occur along the lagoon and ocean shores (Fig. 2). Coconut
plantations range from fallow plots with dense understory vege-
tation to heavily managed plots with exposed ground. Wetlands
dominated by Shoreline Purslane (Sesuvium portulacastrum) and
Jamaica Swamp Sawgrass (Cladium mariscus) (Butaud 2007) oc-
cur on the eastern fringe of the lagoon. The littoral zone along the
ocean shore consists of coral reef with low strand vegetation and
sparse coconut trees. Inland areas are characterized by dense pri-
mary forest growing on jagged fossilized limestone coral (feo for-
est). Mixed coconut—feo forest occurs on the interior edge of the
feo forest. The climateis tropical oceanic without pronounced sea-
sons, with a mean annual temperature of 26°C and annual rainfall
0f 1,500-2,000 mm (Mueller-Dombois and Fosberg 1998).

Island-scale Resource Selection

We used an information-theoretic approach (Burnham and Ander-
son 2002) to evaluate the association between island-scale resources
and the spatial distribution of Tuamotu Kingfishers. We developed
four a priori logistic regression models that relate the probability of

occurrence of Tuamotu Kingfishers to nesting resources, foraging
habitat, undisturbed vegetation, or a combination of these factors
(Table 1). Tuamotu Kingfishers nest in standing dead trees (hereaf-
ter “snags”), and the population may thus be limited by the number
of available nest sites (Newton 1994). We also considered foraging
habitat, which potentially limits population size in birds (Martin
1987, Newton 1998). Open habitat, hunting perches, and exposed
ground are used for foraging by Tuamotu Kingfishers, which are
opportunistic sit-and-wait predators of lizards and a wide variety
of small arthropods (Marie 2006). Our third model predicted that
Tuamotu Kingfisher occurrence was negatively affected by human
disturbance and modified vegetation in agricultural coconut forest
(Block and Brennan 1993).

Tuamotu Kingfisher surveys.—We surveyed Niau Atoll for
Tuamotu Kingfishers at 145 stations in February 2006, November
2007, and November 2008. We used a handheld global position-
ing system (GPS; Rino 520HCx; Garmin, Olathe, Kansas) to estab-
lish systematically spaced survey stations. The stations encircled
the island on the lagoon and ocean sides, and they were spaced at
300-m intervals, except on the eastern ocean coast, where they
were spaced at 500-m intervals because of extensive stretches
of uniform habitat (Fig. 2). We conducted surveys between 0500
and 0900 hours during clement weather (wind <20 km h~' and no
rain). We broadcast Tuamotu Kingfisher calls through handheld



286 — COULOMBE, KESLER, AND GOUNI —

AUK, VOL. 128

TaBLE 1. Ranked logistic regression models of the probability of Tuamotu Kingfisher occurrence on Niau Atoll; «t is the
predicted probability of Tuamotu Kingfisher occurrence, k is the number of parameters, AIC_is second-order Akaike's
information criterion, w, is Akaike weight (i.e., model probability given the set of candidate models), and MC is man-

aged coconut forest.

Model

Model structure: logit(n) =B, + ... Log likelihood AlIC, AAIC_ w;
Foraging B,(MC) + B, (mean perch distance) + —-30.55 72.27 0.00 0.854
opportunities B3(exp05ed ground}+B4{wet|and)
Undisturbed B, (high vegetation) + p,(MC) + -33.84 76.45 4.18 0.116
vegetation B,(non-agricultural forest)
Global (includes all variables) -30.15 79.30 7.03 0.025
Null (includes the intercept only) -39.50 81.07 8.80 0.010
Nest sites B1{snag density) -39.28 82.79 10.52 0.004

speakers for 60 s and recorded audio and visual detections of Tua-
motu Kingfishers during the subsequent 10 min. Based on previ-
ous behavioral observations in areas where Tuamotu Kingfishers
were known to occur, we assumed that birds within <100 m re-
sponded to the playback calls. Tuamotu Kingfishers are aggressive
territorial residents and are highly site-faithful (Coulombe 2010).
Thus, we assumed that detections represented birds that were us-
ing resources near survey stations.

For vegetation analysis and statistical modeling, we employed
aconservative approach and selected a subset of our survey stations
with strong indications of Tuamotu Kingfisher use or absence. We
considered stations unused if individuals were never detected (1=
73), and used if individuals were detected in 2008 and at least one
other year (n = 36). Other stations were considered ephemerally
used (n=36) and were not included in the analysis. Tuamotu King-
fishers are entirely terrestrial, so stations were excluded if >25%
of the area within a 100-m radius was water (lagoon or ocean; n =
24). Areas surrounding remaining stations had a mean of <6%
water. Logistical constraints prevented measurement of resources
at some stations, so we randomly selected 28 used stations and
29 unused stations for site surveys and inclusion in our modeling.

Resonrces.—We evaluated resources within 100 m of each sur-
vey station (Fig. 3). We selected a 100-m radius because prelimi-
nary work suggested that birds responded to playback calls from
a similar distance and because the encompassed area (3.1 ha) is ap-
proximately half the size of a Tuamotu Kingfisher territory (Cou-
lombe 2010). We used a land-cover map of Niau (Butaud 2007) and
a geographic information system (GIS; ARCGIS, version 9.3; ESRI,
Redlands, California) to measure the proportional composition of
vegetation types (agricultural coconut forest, mixed coconut—feo
forest, primary feo forest, and wetland) included in the 3.1 ha of each
sampling site. We categorized agricultural coconut forest within the
3.1 ha surrounding each survey station as managed or fallow, de-
pending on whether the area was actively used to produce coconuts.

Wealso surveyed nest snags, ground cover, and hunting perches
at each site. For the site measurements, we used 200-m-long linear
transects oriented in the observer transit direction and centered
on Tuamotu Kingfisher survey stations (Fig. 3). We used previous
observations to define potential nest snags as dead coconut trees
>1.25 m tall and with sufficient decomposition to have lost the tree
crown. We recorded the distance to the nearest snag from four
locations (-75, -25, 25, and 75 m) along each transect. Snag den-
sity was then estimated for each site (1/[4*(mean distance)?]; Waite

2000). We sampled ground cover using six 10 x 10 m quadrats es-
tablished on each side of the linear transect (-50, 0, and 50 m)
and halfway to the feo forest or water edge (measured with laser
range finder; Bushnell Yardage Pro Sport 450). In each quadrat, we
visually estimated the proportion of exposed ground (vegetation
<50 cm tall) and high vegetation (>50 cm tall) and then multiplied
the mean results by the area of coconut forest within the 3.1-ha sam-
pling site to extend our estimates to the sampling site. We mea-
sured the distance to potential hunting perches at two locations
(-50and 50 m) along each transect. Hunting perches were defined

— 100 m

] 75m

b 25m

-o0 m D

b 75m

— -100m

FIG. 3. Transect and quadrat configuration for assessing resources on
sampling sites of 3.1 ha and centered on Tuamotu Kingfisher survey sta-
tions (0 m along transect). We used the GIS to evaluate habitat coverage
within 100 m of the survey station. During site visits, we surveyed snags
at —75, -25, 25, and 75 m (e.g., unfilled points); ground cover between
transect and halfway to the feo forest or water edge at —50, 0, and 50 m
(boxes); and hunting perches in 10 predefined orientations at —50 and
50 m along the transect.
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by branches 1.6 m above the ground (eye-level and approximate
perching height for hunting). We used a floating compass (Suunto
KB-20, Vantaa, Finland) and the laser range finder to measure the
distance to the nearest perch in 10 directions, each separated by
30°. If no perches were present before the water edge (lagoon or
ocean), we entered a surrogate value of 200 m. Perch distances
were averaged for each sampling site; a shorter mean distance in-
dicated higher perch density.

Model selection.—We used Program R (glm function; R De-
velopment Core Team 2009) to compute the maximum-likelihood
parameter estimates (MLE) and deviance (-2 log likelihood) of our
candidate models. We ranked candidate models on the basis of a
second-order Akaike’s information criterion (AIC ; Burnham and
Anderson 2002) and tested model fit with a Hosmer-Lemeshow
goodness-of-fit test (Hosmer and Lemeshow 2000). We explored
simpler versions of our top-ranked models by removing variables
with insignificant parameter estimates (95% confidence intervals
[CIs] overlapping zero) or variables that might not explain enough
variation to be included in a final model. We then ranked our orig-
inal and post hoc models on the basis of AIC, values.

Home-range-scale Resource Selection

Our two study areas were situated on the east side of Niau, between
the feo forest and the lagoon (152 ha) and between the feo forest
and the ocean (39 ha; Fig. 2). We tested whether birds used habitats
disproportionally to the amount available (Johnson 1980, Jones
2001, Buskirk and Millspaugh 2006). We radiotracked Tuamotu
Kingfishers to model space use within home ranges, and we com-
pared the intensity of habitat use to habitat availability within
study areas (design 2, sensu Thomas and Taylor 2006). We consid-
ered a home range to be the area used by a bird during its regular
daily movements in a single breeding season.

Radiotelemetry.—Radiotracking was conducted during the
Tuamotu Kingfisher breeding season in October—November 2006,
October—November 2007, and September—December 2008. We
thoroughly searched the study areas to find all individuals and
nests. We attempted to capture all birds on the study areas with
mist nets, or with a hoop net at the nest cavity, following the initia-
tion of incubation. Birds were marked with numbered aluminum
leg bands and unique combinations of colored darvic leg bands
and were fitted with radiotransmitters (model BD-2; Holohil Sys-
tems, Ottawa, Ontario) weighing 1.5 g (4% of body mass; Gaunt
et al. 1999) and with an average life span of 8 weeks. We used a
modified leg harness designed to allow transmitters to be shed
from birds after the conclusion of field work (Kesler 2011). Previ-
ous analyses showed no transmitter effects on behavior or sur-
vival of Tuamotu Kingfishers (Kesler 2011). We collected a small
blood sample from the brachial vein and used primers P2/P8 for
molecular sex determination (Kesler et al. 2006).

We located radiotagged birds throughout daylight hours (be-
tween 0500 and 1800 hours) because previous investigations of a
congener found that nocturnal movements were unlikely (Kesler
and Haig 2007c). Birds were located approximately twice daily,
with consecutive sampling separated by =2 h to avoid serial corre-
lation (Kesler and Haig 2007b). We located birds using a handheld
Yagi antenna and telemetry receiver (model R-1000; Communi-
cations Specialists, Orange, California) and recorded geographic
coordinates with a GPS.

When we could not observe birds visually, we used a compass
and triangulation to estimate locations. Consecutive directional
bearings were separated by <10 min to minimize error from bird
movement, We estimated the maximum-likelihood location for
each bearing group using LOAS (Ecological Software Solutions,
Urnasch, Switzerland). We excluded triangulations that had a 95%
error ellipse >0.6 ha, which was ~10% of the mean Tuamotu King-
fisher territory (Coulombe 2010). We excluded relocation points
within 10 m of nests to eliminate cluster bias on kernel density re-
sults (White and Garrott 1990).

Habitat use versus availability—We derived utilization dis-
tributions (UDs) from the telemetry-based bird locations to de-
fine habitat use. The UD provides a probabilistic measure of space
use and reduces concerns about independence of points and error
related to telemetry and mapping (Marzluff et al. 2004, Thomas
and Taylor 2006). We derived the UDs using KernelHR (version
4.27; Seaman et al. 1998) with a fixed kernel-density estimator
and bandwidth selection based on least-square cross-validation
(Seaman and Powell 1996). Individual Tuamotu Kingfisher home
ranges often shift from year to year, and one mate usually attends
to the nest while the other moves about. Thus, separate UDs were
derived for each home range. We separated data for birds retagged
during a subsequent season (#=>5) and birds in tagged pairs (n=8).
We derived 28 UDs from 23 individual birds (15 males and 13 fe-
males), which represented ~18% of the extant population. These in-
cluded 9,12, and 7 UDs from 2006, 2007, and 2008, respectively.

We overlaid the UD grids on a vegetation-cover map of Niau
(Butaud 2007) with the GIS. We included 95% of the UD by volume
to reduce potential bias from the tails and measured the proportion
composed of each habitat type. Habitat availability in each study
area was defined with a minimum convex polygon representing
the maximum extent of where radiomarked Tuamotu Kingfishers
were located. We derived the polygons from the telemetry location
points using ET GeoWizards (Tchoukanski 2009) and measured
the proportional area of each habitat type in GIS. We excluded ar-
eas covered by the lagoon, ocean, and urbanized zone.

We used a weighted compositional analysis (multivariate
analysis of variance; Aebischer et al. 1993, Millspaugh et al. 2006)
in Resource Selection for Windows (Leban 1999) to assess re-
source selection within each study area. We report when birds
used habitats in disproportion to availability, and we rank habitats
from most to least preferred. We pooled home-range data from
males and females and from all years (2006-2008) because there
was no sex or year effect on space use (Coulombe 2010). Compo-
sitional analysis has been criticized for inflating Type I error rates
from rare habitat types with zero use values (Bingham et al. 2007).
However, in this case the method was robust, because availability
was =5% for all habitat types. Further, to ensure consistency in the
ranking results, the analyses were completed twice, first replac-
ing zero use values with 0.01 as recommended by Aebischer et al.
(1993), and then with 0.3—0.7 as recommended by Bingham and
Brennan (2004); rankings were equivalent. We used a < 0.05 to
establish significance.

Focal Foraging Observations

We conducted 1-h focal watches (# = 31) on four Tuamotu King-
fisher territories where a parent was radiomarked in September—
November 2008. Three territories were situated within the larger
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TagLE 2. Ranked simplified post hoc logistic regression models of the probability of Tuamotu Kingfisher occur-
rence on Niau Atoll; k is the number of parameters, AIC_ is second-order Akaike’s information criterion, w; is

Akaike weight, and MC is managed coconut forest.

Model Variables Log likelihood k AlC, AAIC, w;
Post hoc 1 MC + mean perch distance + -30.62 4 70.02 0.00 0.641
exposed ground
Foraging MC + mean perch distance + —-30.55 5 72.27 2.25 0.208
opportunities exposed ground + wetland
Post hoc 3 MC + exposed ground -34.16 3 74.78 4.76 0.059
Post hoc 2 MC + mean perch distance -34.38 3 75.22 5.20 0.048
Post hoc 4 MC -35.7 2 75.80 5.78 0.036
Null (intercept only) -39.50 1 81.07 11.06 0.003

lagoon study area, and they were separated by at least three other
territories; the fourth territory was situated within the smaller
ocean study area. We observed all nests that were active during the
field work, and each territory encompassed all of the major habi-
tat types from the associated study area. Focal watches were con-
ducted by two observers. One observer tracked the radiomarked
bird and recorded habitat and substrate used during foraging. The
second observer waited behind a blind at the nest to verify that
prey items captured by the radiomarked birds were used for nest
provisioning. The data provided proportional foraging habitat use
and the habitats used for nest provisioning. Observers also re-
corded provisioning activities from the second parent when it also
delivered items to the nest.

RESULTS

Island-scale resource selection.—Tuamotu Kingfishers were detected
at 26%, 21%, and 27% of survey locations in 2006, 2007, and 2008,
respectively. We classified 36 stations (25%) as used by Tuamotu
Kingfishers and 73 stations (50%) as unused (Fig. 2). The birds were
most common on the eastern portion of the island. All stations
near Sesuvium-dominated wetlands were used. Several used sta-
tions were situated within primary feo forest, but they were within
100 m of small patches of managed coconut plantations.

The foraging model ranked well above all other models of Tu-
amotu Kingfisher occurrence on Niau (Akaike weight [w,] =0.854;
Table 1). Further, the foraging model was a good fit for the data (i.e.,
predicted values did not significantly differ from observed values;
¥2=8.138, df =8, P=0.420). The model of undisturbed vegetation
ranked second (w, = 0.116), and it too was a reasonable fit (x* =
10422, df =8, P=0.237). Interestingly, parameter estimates indi-
cated a relationship opposite of that expected: Tuamotu Kingfish-
ers were less likely to occur in undisturbed vegetation. However,
the vegetation model was considerably less plausible when com-
pared with the foraging model (AAIC_ = 4.18). Snag density was
unlikely to influence Tuamotu Kingfisher distribution on Niau
(AAIC_ = 10.22; w, = 0.004). We explored simpler post hoc ver-
sions of the top-ranked foraging model and found that the model
performed better when we excluded wetland (Table 2). The best-
performing post hoc model was represented by the logistic equa-
tion logit(m)=-1.882 +2.380(managed coconut forest) — 0.076(mean
distance to perch in m) + 0.062(% exposed ground), where  is the
predicted probability of Tuamotu Kingfisher occurrence and

managed coconut forest is a categorical variable. Coconut for-
ests were managed on 82% of the sampling sites used by Tuamotu
Kingfishers and 48% of the unused sites. Mean (+ SD) perch dis-
tance was 29.6 + 10.7 m on used sites and 30.9 + 157 m on un-
used sites. On used sites, there was 1.5 £ 0.5 ha of exposed ground,
whereas unused sites included 1.2 + 0.5 ha of exposed ground.
Tuamotu Kingfisher occurrence was significantly associated with
all three explanatory variables: parameter estimates (+ SE) were
2.380 + 0.795 (P = 0.014) for managed coconut forest, —-0.076 +
0.032 (P=0.017) for mean distance to perch, and 0.062 + 0.025 (P=
0.003) for percentage of the area that was exposed ground. With
other variables held at their mean, the model predicted that the
probability of Tunamotu Kingfisher occurrence increased from 18%
in fallow coconut forest to 70% in managed coconut forest. Param-
eter estimates also indicated increased probability of Tuamotu
Kingfisher occurrence with a shorter mean distance to hunting
perch and with increased exposed ground (Fig. 4).

Home-range-scale resource selection.—We obtained telemetry
locations (Fig. 5) from visual observations (8§7%), triangulation (10%;
median error ellipse: 0.06 ha), and biangulation (3%). We generated
28 UD home ranges (e.g., Fig. 5) with a mean of 34 + 9 (SD) telem-
etry locations. One UD was excluded from the study because it was
based on <15 observations. Home-range size, as defined by the 95%
volume kernel density isopleths, averaged 4.2 ha (geometric mean;
95% CI: 3.0-5.9 ha). Home ranges were composed primarily of ag-
ricultural coconut forest, which accounted for 390—88% of the area
used by birds and 54-93% of the intensity of use (Table 3).

Tuamotu Kingfishers from both study areas selected habitats
in proportions that differed from availability (lagoon: ¥* = 42.4,
df =3, P < 0.0001; ocean: ¥*> =297, df = 2, P < 0.0001). Within the
lagoon study area, agricultural coconut forest ranked first, fol-
lowed by wetland, mixed coconut-feo forest, and primary feo
forest. Within the ocean study area, agricultural coconut forest
ranked first, the littoral zone ranked second, and primary feo for-
est ranked last. Results of the weighted compositional analysisin-
dicated that agricultural coconut forest was preferred over other
types of habitats in both study areas (P < 0.05 for both). Further,
wetland was used more than mixed coconut—feo forest and pri-
mary feo forest within the lagoon study area (P < 0.05), and the lit-
toral zone was used significantly more than feo forest within the
ocean study area (P < 0.05).

Focal foraging observations.—Results of focal watches further
supported the utility of managed agricultural coconut forest for
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Fic. 5. Radiotelemetry locations (dots) of Tuamotu Kingfishers on Niau
Atoll in 2006-2008. Inset is an example of a Tuamotu Kingfisher home
range bounded by the 95% kernel utilization distribution isopleths. Inter-
nal contours represent kernel-density predicted intensity of use of areas
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Fic. 4. Predicted effect of the mean distance to hunting perch (top) and of
the proportion of exposed ground (bottom}) on the probability of Tuamotu
Kingfisher occurrence; dotted lines illustrate 95% confidence interval.

the Tuamotu Kingfisher. During focal watches, we observed 168
Tuamotu Kingfisher foraging events, 46% of which were confirmed
successful, 40% assumed successful, and 14% assumed failed. Suc-
cessful attempts (n = 143 observations) occurred in managed co-
conut forest (78%), fallow coconut forest (10%), wetland (11%), and
fallow coconut forest or primary feo forest (1%). Foraging substrate
was exposed ground (62%), tree leaf (10%), tree trunk (8%), low veg-
etation (3%), and unknown (17%). Items acquired in wetlands (15
events) were comparatively smaller, and none were provisioned
to nestlings. Food items provisioned to nestlings by radiomarked

Tuamotu Kingfishers (n =23 observations) were acquired in man-
aged coconut forest (74%), fallow coconut forest (13%), fallow co-
conut forest or primary feo forest (9%), and unknown (4%). The
foraging substrates from which items were obtained for provi-
sioning nestlings were exposed ground (26%), tree leaf (17%), tree
trunk (9%), low vegetation (4%), and unknown (43%).

DiscussioN

Tuamotu Kingfishers selected agricultural coconut forest over
indigenous feo forest habitats. This pattern was evident at the is-
land level, within home ranges, and during foraging. Further, the
birds preferred managed coconut forest over fallow coconut for-
est. Indeed, some of the most intensively managed plantations on
Niau hosted successful breeding pairs of Tuamotu Kingfishers.
On Niau, prescribed fire is used as an agricultural tool. In other

TasLE 3. Distribution of habitat types within two study areas on Niau Atoll and mean proportion within Tuamotu Kingfisher home ranges in 2006—
2008. Home-range areas were defined using the 95% utilization distribution (UD) isopleth. The UDs represent the intensity of use by Tuamotu King-

fishers. Value ranges are given in parentheses.

Agricultural coconut

Mixed coconut-

forest Wetland Littoral zone feo forest Primary feo forest
Lagoon Ocean Lagoon Ocean  Lagoon Ocean Lagoon Ocean Lagoon Ocean
Availability within 44 35 25 0 0 5 23 0 8 60
study areas (%)
Mean area within 65 (39-88) 65 (41-85) 24 (6-55) 0 0 7(0-16)  10(0-35) 0 2(0-8) 28(8-55)
home ranges (%)
Mean UD (%) 72(54-93) 78(66-84) 20(3-43) 0 0 7 (0-16) 7 (0-30) 0 1(0-4) 15(6-31)
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lowland tropical forest systems, agricultural fire likely caused
avian extinctions (Olson and James 1982). However, Niau farm-
ers only occasionally burn, and when fire is used it is applied to
small piles of woody debris so that fires do not propagate. Because
fires expose ground, Tuamotu Kingfishers often foraged in burned
sites, and managed coconut plantations may thus provide more
foraging opportunities than fallow plantations and primary feo
forest. Our results also suggested that foraging resources under-
pinned Tuamotu Kingfisher space use and resource selection on
Niau. Island-scale distribution of the species was best explained
by features associated with foraging, including open understory,
hunting perches, and exposed ground. Home-range-scale results
illustrated disproportionate use of coconut and wetland habitats
where Tuamotu Kingfishers were commonly observed hunting
arthropods and lizards (Scincidae and Gekkonidea; Ineich et al.
2007). Further, birds that had access to primary feo forest or fal-
low coconut forest within their home ranges selected managed ar-
eas of coconut forest for hunting prey to provision nestlings.

The apparent utility of coconut forest for Tuamotu King-
fishers, and the existence of large stretches of lightly used native
forest, raises the question of what maintained Tuamotu King-
fisher populations before agricultural development. Perhaps the
prehistoric primary habitat of the Tuamotu Kingfishers is now
entirely absent from the island of Niau and the birds are mak-
ing the best of a bad situation. Prior to agricultural intensifica-
tion, Niau lowlands were likely characterized by mixed tropical
broadleaf forests with open understory (Mueller-Dombois and
Fosberg 1998). Those broadleaf forests, which are now entirely
absent from Niau (Butaud 2007), might have sustained a Tuamotu
Kingfisher population that was more robust than the contem-
porary population in agricultural habitats. The utility of native
lowland tropical forests to Tuamotu Kingfishers is speculative,
however, because no opportunity exists to study the birds in the
indigenous habitat.

Alternatively, coconut agriculture may form an ecological
trap (Schlaepfer et al. 2002) that lures Tuamotu Kingfishers away
from habitats that supply long-term population benefits. Perhaps
the birds would successfully use feo forest if coconut agriculture
was not present on Niau. However, the limited use of feo forest by
birds included in our investigation and the functional structure of
the feo forests suggested otherwise. Feo forests are tremendously
dense, and the substrate is jagged coral that provides few foraging
opportunities from the ground and ample cover for potential prey
to hide from hunting birds.

Our results suggest that structural characteristics of agri-
cultural coconut forest benefit Tuamotu Kingfishers, but habitat
is only one of the factors with the potential to affect the popu-
lation. Like most oceanic islands, Niau prehistorically had no
mammalian predators. Now there are robust populations of rats
and domestic cats that might affect Tuamotu Kingfishers through
predation (Gouni et al. 2006). Introduced predators devastated
other native populations of birds throughout Oceania. For ex-
ample, the Brown Tree Snake (Bioga irregularis) was responsible
for the extirpation or extinction of 12 birds on Guam (Savidge
1987, Wiles et al. 2003), and introduced mammals had similar ef-
fects on avifauna throughout the Pacific (Courchamp et al. 2003).
Thus, additional research into the utility of prehistoric broadleaf
forests and studies of Tuamotu Kingfisher demography might

provide further insight into the reasons for the small population
of Tuamotu Kingfishers.

Management and conservation implications—Our results
lend support to recent calls for including human-modified land-
scapes in conservation plans for tropical biodiversity and for form-
ing alliances with local stakeholders when designing conservation
management plans (Bhagwatet al. 2008, Chazdon etal. 2009). Col-
laboration with Niau copra farmers is critical for preserving the
Tuamotu Kingfisher within its native range. Retaining a mosaic of
exposed ground, plant litter, and ground cover might enhance the
abundance and visibility of lizards and other prey items (D. Zarzo-
so-Lacoste unpubl. data). In addition, broadleaf trees within agri-
cultural areas would provide hunting perches and shade for the
species. Tuamotu Kingfishers also require perches for nest build-
ing, because they initiate excavation by repeatedly going back and
forth between the perch and the snag, colliding bill-first into the
trunk. Excavation is a pair-bonding activity and requires coordi-
nation between the mates. Retention of dead standing coconut
trees should be encouraged, because they are now the Tuamotu
Kingfisher’s sole nesting substrate.

Previous conservation recommendations for Pacific birds, in-
cluding Tuamotu Kingfishers (Gouni et al. 2006), suggested the es-
tablishment of rescue populations in other locations. Some authors
supported conservation investments in natural tropical forests
over agroforestry (Edwards et al. 2010), and others suggested that
large coconut plantations should be restored to native vegetation
types prior to avian translocations (Franklin and Steadman 1991).
However, coconut is one of the most extensive vegetation types on
tropical Pacific islands, and little native lowland forest remains
(Mueller-Dombois and Fosberg 1998). Many islands in French
Polynesia are characterized by agricultural coconut habitats similar
to those on Niau, and our results suggest that these should be con-
sidered for assisted colonization. The large island complex of Anaa,
for example, has extensive coconut and feo forests and wetlands,
similar in composition to those on Niau (D. C. Kesler pers. obs.). In
addition to habitat composition, conservation managers should also
ensure that potential release sites include abundant hunting perches
and exposed ground to create acceptable foraging habitat. Assessing
the availability of prey, lizards in particular, would also provide indi-
cations of suitability for assisted colonization of Tuamotu Kingfish-
ers. Finally, on both Niau and potential translocation destinations,
management of introduced predators is also recommended.

Resource and demographic information has already been
broadly applied across Pacific Tuamotu Kingfisher populations for
conservation (e.g., Kesler and Haig 2007a, b; U.S. Fish and Wildlife
Service 2008), and we believe that our results may also extend to
other species. Insular Pacific Tnamotu Kingfishers are threatened
throughout Oceania, and the group may benefit from managed
coconut habitats and restored native vegetation. Other kingfisher
species that were previously observed using coconut agriculture
include the Marquesan Kingfisher (T. godeffroyi), Mangaia King-
fisher (T. ruficollaris), and Sombre Kingfisher (T funebris; BirdLife
International 2010b). Additionally, prior to the bird’s extirpation
from Guam by the Brown Tree Snake (Savidge 1987), the highest
densities of the Micronesian Kingfisher (T. cinnamominus cinna-
mominus) were recorded in areas with prominent coconut stands
(Engbring and Ramsey 1984) and the birds used coconut trees for
nesting (Marshall 1989).
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