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Abstract: Globally, seabirds are vulnerable to anthropogenic threats both at sea and on land. Seabirds
typically nest colonially and show strong fidelity to natal colonies, and such colonies on low-lying islands may
be threatened by sea-level rise. We used French Frigate Shoals, the largest atoll in the Hawaiian Archipelago,
as a case study to explore the population dynamics of seabird colonies and the potential effects sea-level
rise may bhave on these rookeries. We compiled bistoric observations, a 30-year time series of seabird pop-
ulation abundance, lidar-derived elevations, and aerial imagery of all the islands of French Frigate Shoals.
To estimate the population dynamics of 8 species of breeding seabirds on Tern Island from 1980 to 2009,
we used a Gompertz model with a Bayesian approach to infer population growth rates, density dependence,
process variation, and observation error. All species increased in abundance, in a pattern that provided evi-
dence of density dependence. Great Frigatebirds (Fregata minor), Masked Boobies (Sula dactylatra), Red-tailed
Tropicbirds (Phaethon rubricauda), Spectacled Terns (Onychoprion lunatus), and White Terns (Gygis alba) are
likely at carrying capacity. Density dependence may exacerbate the effects of sea-level rise on seabirds because
populations near carrying capacity on an island will be more negatively affected than populations with room
Jfor growth. We projected 12% of French Frigate Shoals will be inundated if sea level rises 1 m and 28% if
sea level rises 2 m. Spectacled Terns and shrub-nesting species are especially vulnerable to sea-level rise, but
seawalls and bhabitat restoration may mitigate the effects of sea-level rise. Losses of seabird nesting habitat
may be substantial in the Hawaiian Islands by 2100 if sea levels rise 2 m. Restoration of bigher-elevation
seabird colonies represent a more enduring conservation solution for Pacific seabirds.

Keywords: carrying capacity, climate change, French Frigate Shoals, Gompertz model, process variation, viable
population monitoring

Dinamica Poblacional de Colonias de Aves Marinas Vulnerables al Incremento del Nivel del Mar en Hawaii

Resumen: Globalmente, las aves marinas son vulnerables a amenazas antropogénicas tanto en el mar
como en tierra. Las aves marinas tipicamente anidan en colonias y muestran alta fidelidad a las colonias
natales, y tales colonias en islas de baja elevacion pueden ser amenazadas por el incremento del nivel del
mar. Utilizamos French Frigate Shoals, el mayor atolon en el Archipiélago Hawaiano, como un estudio de
caso para explorar la dinamica poblacional de colonias de aves marinas y los efectos potenciales que puede
tener el incremento del nivel del mar sobre estas colonias. Compilamos observaciones bistoricas, una serie de
tiempo de 30 aiios de la abundancia de poblaciones de aves marinas, elevaciones e imdgenes aéreas de todas
las islas de French Frigate Shoals. Para estimar la dindmica poblacional de 8 especies de aves marinas que
se reprodujeron en la Isla Tern de 1980 a 2009, utilizamos un modelo Gompertz con un método Bayesiano
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2 Population Dynamics of Hawaiian Seabirds

para inferir las tasas de crecimiento poblacional, la densodependencia, la variacion del proceso y el error de
observacion. Todas las especies incrementaron en abundancia, en un patron que proporciono evidencia de
la densodependencia. Es probable que Fregata minor, Sula dactylatra, Phaeton rubricauda, Onychoprion lunatus
y Gygis alba se encuentren en capacidad de carga. La densodependencia puede exacerbar los efectos del
incremento del nivel del mar sobre aves marinas porque las poblaciones cercanas a la capacidad de carga
en una isla serdn mds afectadas que poblaciones con espacio para crecer. Proyectamos que 12% de French
Frigate Shoals se inundard si el nivel del mar incrementa 1 m y 28% si el nivel del mar incrementa 2 m.
Onychoprion lunatus y especies que anidan en arbustos son especialmente vulnerables al incremento del nivel
de mar, pero diques y la restauracion de babitat pueden mitigar los efectos del incremento del nivel del mayr.
Las pérdidas de babitat para la anidacion de aves marinas puede ser sustancial en las Islas Hawaianas en
2100 si el nivel del mar incrementa 2 m. La restauracion de colonias de aves marinas en sitios mds elevados
representa una solucion mds perdurable para la conservacion de aves marinas del Pacifico.

Palabras Clave: cambio climatico, capacidad de carga, French Frigate Shoals, modelo Gompertz, monitoreo de

poblacion viable, variacion del proceso

Introduction

Seabird populations are influenced globally by mortality
from fisheries bycatch (de la Mare & Kerry 1994), inges-
tion of plastic (Spear et al. 1995), harvesting of eggs and
adults (Moller 2006), and introduced predators (Moors
& Atkinson 1984; Burger & Gochfeld 1994). Breeding
colonies on low-lying islands may also be threatened by
sea-level rise (Baker et al. 2006; Woodroffe 2008; Marcelja
2010). To protect seabirds from these threats, there is
an increasing emphasis on understanding seabird popu-
lation dynamics (Nettleship et al. 1994; Wilcox & Don-
lan 2007). Long-term monitoring of breeding colonies
can provide information on the status of populations
and the effectiveness of management actions. Time-series
data can be used to describe seabird population trends
and provide insights into density dependence, carrying
capacity, anthropogenic disturbance, habitat changes,
and year-to-year variability (Lewis et al. 2001; Micol &
Jouventin 2001; Kokko et al. 2004).

The Hawaiian Islands exemplify many of the challenges
of managing seabirds. Most seabirds were extirpated from
the main Hawaiian Islands 800 years ago (Olson & James
1982). In the late 19th century, seabird adults, nestlings,
and eggs were harvested extensively for human consump-
tion, and feathers were exported for the fashion indus-
try (Spennemann 1998). United States federal legislation
ended seabird and seabird egg harvesting in the North-
western Hawaiian Islands in 1909, but then introduced
species (e.g., rabbits [Oryctolagus cuniculus], mice [Mus
musculus]) damaged the vegetation on many islands (Ely
& Clapp 1973). Moreover, World War II military activities
had large effects on many Pacific islands and their seabird
populations (Fisher & Baldwin 1946). In recent decades,
there has been increasing emphasis on conservation of
seabirds, including increased protection for the largest
rookery of migratory seabirds in the Pacific islands with
the designation of Papahanaumokuakea Marine National
Monument in 2006 (Presidential Proclamation 2007). To-
day, these small islands provide nesting habitat for over
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14 million seabirds and are protected under the U.S. Mi-
gratory Bird Treaty Act (Fefer et al. 1984).

However, long-term conservation of seabird colonies
in the Northwestern Hawaiian Islands is complicated by
climate change. Recent projections that include ther-
mal expansion of ocean water and melting of polar ice
sheets estimate sea level may rise 1-2 m by the end of
the 21st century (Fletcher 2009; Vermeer & Rahmstorf
2009; Rahmstorf 2010). Sea-level rise could decrease the
amount of nesting habitat available for seabirds, espe-
cially in the Northwestern Hawaiian Islands, where many
low-lying coral atoll islets have maximum elevations of <3
m. Nesting seabirds on low-lying islands may also be af-
fected by severe storms that create wash-over events that
can destroy nesting habitat (Richardson et al. 2009) and
wash-away eggs, chicks, fledglings, and adults (Spende-
low et al. 2002; USFWS 2005, 2011). Because an in-
crease in the frequency and severity of extreme weather
events is one of the projected consequences of climate
change (IPCC 2007), this may exacerbate the effect of
rising sea level on seabird population dynamics. The in-
teraction between climate change and at-sea threats to
seabirds, in combination with the inherent difficulties
of studying seabird populations at sea, underscores the
value of understanding population dynamics at breeding
colonies in the context of sea-level rise. The long-term
monitoring of seabird abundance on Tern Island pro-
vides a wealth of information that can be used to gain
understanding of issues associated with the disturbance
and recovery of seabird colonies on low-lying Pacific
islands.

Seabird conservation in the Northwestern Hawaiian Is-
lands and on other atolls and coral islets in the Pacific
will require an understanding of how and where seabird
populations are expected to decline as a result of sea-
level rise and if management actions can be taken to
slow seabird colony losses. Quantifying the negative ef-
fects of sea-level rise on breeding seabirds requires an
understanding of how topography and spatial patterns
of seawater inundation and vegetation change will in-
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islands. We acquired new topographic data and used sea-

level rise projections, information on historical changes Study Area

in seabird nesting habitat, and data from long-term mon-
itoring of seabird abundance to explore seabird colony
vulnerability to sea-level rise at French Frigate Shoals. We
used these data to quantify historical changes in the spa-
tial extent and distribution of seabird habitat on the atoll
and to provide scenarios of how sea-level rise and habi-
tat restoration could change the distribution of seabird
habitat in the future. We used data from long-term mon-
itoring to estimate population growth rates, carrying ca-
pacities, and the strength of density dependence for 8
seabird species on Tern Island to test the assumption
that seabirds respond to habitat management. Finally,
we used our results to highlight management options
that may help protect Hawaiian seabirds as sea levels
rise.

1932 Land Cover

French Frigate Shoals (23°45°N, 166°17°W) is part of the
U.S. Fish and Wildlife Service (USFWS) Hawaiian Islands
National Wildlife Refuge and Papahanaumokuakea Ma-
rine National Monument, and it is the largest atoll in
the Hawaiian archipelago. French Frigate Shoals is cur-
rently composed of 8 low islands (Shark, Tern, Trig, East,
Round, Gin, Little Gin, and Disappearing; 22.5 total ha)
and La Perouse rock pinnacle (Fig. 1). Eighteen species
of seabirds nest at French Frigate Shoals, including more
than 196,000 breeding pairs, and there are no terrestrial
mammalian predators on the atoll (USFWS 2005).

In 1925 French Frigate Shoals was comprised of 15
islands, 4 with well-established vegetation (Wetmore
1925). Relative to its 1932 shoreline (Fig. 2), Tern Island
was expanded by the U.S. military during World War II

Tern Island, French Frigate Shoals Land Cover Classification
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Figure 2. Land cover in 1932,
1981, and 2010; changes in land
cover (ha) 1981-2010; and land
cover if runway were removed
and seabird nesting babitat
restored on Tern Island, French
Frigate Shoals.
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for use as a landing strip (Amerson 1971). Despite the en-
gineering that increased island size and doubled the area
of potential nesting habitat, human activity was a major
limiting factor to breeding seabird populations at French
Frigate Shoals. During World War II, 127 people and sev-
eral dogs resided on Tern Island. Seabird nests on the
runway were destroyed on a daily basis, and only 3 of 12
species that bred on Tern Island before 1940 persisted af-
ter 1969 (Amerson 1971). After World War II, Tern Island
had a U.S. Coast Guard Long Range Navigation station and
a Pacific Missile Range tracking installation, and weekly
flights occurred until 1979, at which time management
of the island was transferred to the USFWS and it became
part of the Hawaiian Islands National Wildlife Refuge.
Currently, the number of personnel on the island ranges
from 4 to 17, and the runway is maintained, although
its use is limited to emergency evacuations (P. Hartzell,
personal communication).

Geospatial Analyses of Land Cover, Nesting Habitat,
and Sea-Level Rise

We used historical accounts and aerial photography to
quantify land cover on Tern Island in 1932, 1942, 1981,
and 2010, and aerial photographs to quantify land cover
on East Island in 1981 and 2010. For 1981 and 2010,
we classified areas on aerial photographs into 7 land-
cover classes: tree or shrub, low vegetation, bare ground,
beach, runway, human structures, and seawalls. For our
analyses, beach was land subjected to normal wave inun-
dation at high tide. Beach is not typically seabird-nesting
habitat. Bare ground was sandy or rocky areas beyond
the typical wave reach. We classified nesting habitat into
7 land-cover classes on the basis of species-specific nest-
ing behavior: tree or shrub (Black Noddy [Anous min-
utus], Great Frigatebird [Fregata minor], Red-footed
Booby [Sula sula], Red-tailed Tropicbird [Phaethon
rubricauda), and White Tern [G)ygis alba)); bare ground
close to beach (Spectacled Tern [Onychoprion luna-
tus]); low vegetation and bare ground (Brown Noddy
[Anous stolidus] and Masked Booby [Sula dactylatral).

We collected aerial light detection and ranging (LiDAR)
data in July 2010 to develop digital elevation models for
French Frigate Shoals (ILMF 2010; U.S. Geological Sur-
vey, unpublished data). We also acquired satellite digi-
tal elevation models (PhotoSat 2010; Mitchell & MacN-
abb 2010). We evaluated the amount of land area that
would be lost under 4 scenarios of sea-level rise. High-
resolution bathymetric data for French Frigate Shoals are
currently unavailable, and more complex models of dy-
namic wave run-up inundation were beyond the scope
of this paper. We used ArcGIS 10 (ESRI 2011) and dig-
ital elevation models to simulate a 0.5-, 1.0-, 1.5-, and
2.0-m rise in sea level. To estimate potential inundation
extent for a specific scenario, we identified all locations
with elevations below that projected sea level and our
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model flooded areas connected to the ocean (Li et al.
2009; NOAA 2009). In our scenarios, we assumed lit-
tle change in the Greenland and Antarctic ice sheets.
Although we assumed our scenarios would occur over
the next century, the actual timing of these events is
unknown.

For Tern Island, we combined projections of inun-
dation with 2 land-cover response models: a dynamic
vegetation-response model and a static response land-
cover model. In the dynamic vegetation-response model
land cover shifted upslope via replanting or natural suc-
cession. The dynamic response model allowed shifts in
vegetation and assumed vegetation propagates toward
higher elevations as sea level rises (LaFever et al. 2007).
The static response land-cover model predicted sea-level
rise will outpace the ability of vegetation to shift upslope.
We modified the dynamic vegetation-response model for
Tern Island to incorporate protection of the beach by
a seawall. In addition, at Tern Island, we estimated the
potential for the interior runway to be converted to nest-
ing habitat by calculating the proportion of the island
composed of each land-cover class (tree or shrub, low
vegetation, and bare ground). We assumed that equal
proportions of these land-cover types occurred on the
runway area.

For Spectacled Tern and Brown Noddy, we used cur-
rent spatial-distribution maps (U.S. Fish and Wildlife Ser-
vice, unpublished data) to model changes in colony habi-
tat with sea-level rise. For all other species, we estimated
changes in habitat with land-cover analyses and calcu-
lated nesting area lost to sea-level rise. This allowed us to
predict decreases in carrying capacity (K) or abundance
for each species, assuming the relation between the pro-
portion of nesting habitat lost and K or abundance of
each species is linear.

Seabird Population Responses to Changes in Nesting Habitat

In our analyses of the vulnerability of nesting seabirds
to inundation of nesting habitat from sea-level rise, we
assumed seabirds are limited by the amount of nesting
habitat and if new habitat is created, populations recruit
into it. To test the assumption that seabird populations re-
spond to changes in area of nesting habitat, we reviewed
the published literature on historical changes in seabird
abundance on French Frigate Shoals and used long-term
monitoring data of nesting seabirds on Tern Island to
quantify population dynamics.

We analyzed abundance data collected over 30 years
(1980-2009) for 8 species of breeding seabirds on Tern
Island: Black Noddy, Brown Noddy, Great Frigatebird,
Masked Booby, Red-footed Booby, Red-tailed Tropicbird,
Spectacled Tern, and White Tern. Personnel of the U.S.
Fish and Wildlife Service conducted island-wide mean
incubation counts of nesting seabirds. In mean incuba-
tion counts abundance of nests with eggs are counted at
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intervals that correspond to the mean incubation period
of that species. This method has been widely applied
to monitoring of seabirds on Pacific islands (Megyesi &
Griffin 1996; Citta et al. 2007; Seavy & Reynolds 2009).
Because most eggs hatch by the subsequent visit, it is
unlikely that the same nest is counted more than once.
However, if pairs breed more than once in a single sea-
son or renest after failure, then the sum of nests counted
during all visits in a season overestimates the number of
breeding individuals. Therefore, we used the maximum
mean incubation count during a breeding season as a con-
servative measure of the total number of breeding pairs
(Megyesi & Griffin 1996; Seavy & Reynolds 2009). We
refer to all counts used in our models as observed abun-
dance and recognize that they provide an index of the
total breeding population.

Describing population dynamics is complicated by the
effects of process variation and observation error (Shenk
et al. 1998). Process variation represents true fluctua-
tions in population size that result from environmental
stochasticity. As a result of process variation, carrying ca-
pacity is increasingly described as a stationary probabil-
ity distribution rather than a point equilibrium (Dennis &
Constantino 1988; Dennis et al. 2006). Observation error
represents fluctuations in the observed (not true) popula-
tion size that can be attributed to sampling inaccuracies.
Attributing all variability to process variation or observa-
tion error can result in incorrect estimates of population
parameters (Staples et al. 2004, 2005; Freckleton et al.
20006).

‘We used a state-space approach to investigate the tem-
poral dynamics of breeding seabird counts. We modeled
density-dependent growth with the Gompertz equation:

Xr=a+cX—1+ Ey, @

where X; is the natural logarithm of the true population
size (IVy) at time ¢, a is the rate of population growth (in

the absence of density dependence), c is the strength of
density dependence, and E, is process variation gener-
ated by environmental stochasticity, which is assumed to
be distributed as N (0, 02) (where N denotes a normal
distribution and o is process variation). The case where
¢ = 1 is the density independent model, whereas ¢ <
1 implies density dependence (smaller values of ¢ imply
greater density dependence) (Staples et al. 2004, 2005;
Dennis et al. 2006; Seavy et al. 2009). We incorporated
observation error by assuming

}/f == X1+F[, (2)

where F, ~ N (0, ) (7 is the observation error, or
sampling error, generated because the true number of in-
dividuals in the population cannot be counted exactly).
We used the program WinBUGS (version 1.4.3) (Lunn
et al. 2000) for Bayesian analyses (Link & Barker 2010),
which circumvents the need for asymptotic results used
by Dennis et al. (2006). We assumed vague uniform pri-
ors for o2, 12, and the first observed abundance of each
species, a vague normal prior for a, and a uniform (-2,
3) prior for ¢. We described the posterior distributions
for o, T, a, and c¢ by their means, standard deviations,
medians, and credible intervals. We calculated K and SD
with Egs. (47)-(51) in Dennis et al. (2006). More details
of our Bayesian analyses are in Seavy et al. (2009).

Results

Geospatial Analyses of Land Cover, Habitat Change,
and Sea-Level Rise

After the runway was built on Tern Island in 1942, 46% of
the island’s 15.5 ha was runway. By 2010, encroachment
of vegetation decreased the runway area to 27% (Fig. 2).
Since 1942, shoreline erosion has decreased the island’s
area by 2.0 ha (Fig. 2). Buildings, often used by nesting

Table 1. Elevation and land area (above mean high water [MHW]) for islands of French Frigate Shoals, Hawaii, derived from lidar digital elevation
models (DEM) and PhotoSat DEM, under 4 scenarios of sea-level rise, each associated with a particular percentage of lost land area.

Loss of land (%)

Total area
Model and island Mean (SD) Max MHW (ha) 05m 1.0m 1.5m 20m
Lidar DEM
20107
Shark 1.2 (0.3) 1.9 0.3 0.0 33.3 100 100
Tern 2.3(0.5) 3.4 13.8 0.0 0.7 0.7 1.4
Gin 1.6 (0.5) 2.9 1.7 17.6 52.9 82.4 100
Disappearing 0.6 (0.6) 2.3 0.4 50.0 75.0 100 100
PhotoSat
DEM 2011°
Trig 0.5 (0.8) 25 1.4 7.1 21.4 429 78.6
East 2.3(0.5) 3.1 2.8 0.1 3.1 33 3.6
Little Gin 1.0 (0.9) 1.8 1.7 11.8 35.3 94.1 100
Round 1.0 (0.6) 2.0 0.1 0.0 100 100 100

“Accuracy assessment: root mean-square error 0.17 m.
b Accuracy assessment: root mean-square error 0.15 m.
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Red-tailed Tropicbirds, Black Noddies, and White Terns, Tern Island had a mean elevation of 2.29 m (SD

covered <3% of Tern Island’s area in 2010, and shrubs 0.5), a median elevation of 2.44 m, and an elevation

covered almost 4% of the island (Fig. 2). If the runway range of 0-3.37 m. Little variation in elevation existed

were to be decommissioned, 0.20 ha (39%) of shrubs, across Tern Island in part because of seawall fortifica-

1.53 ha (42%) of low vegetation, and 1.82 ha (43%) of inte- tion. The other islets of French Frigate Shoals are not

rior bare ground could be used as nesting habitat (Fig. 2). protected by seawalls. With the exception of La Perouse
Shark Island N
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Figure 4. Seabird abundance at Tern Island under
current babitat conditions with proposed babitiat
restoration (removal of runway and vegetation
restoration) and no sea-level rise (0), restoration with
a 1.0-m sea-level rise, and without restoration and a
1.0-m sea-level rise. Model assumes vegetation shifts
upslope as sea level rises (LaFever et al. 2007).
Shrub-nesting species include Black Noddy, Great
Frigatebird, Red-tailed Tropicbird, Red-footed Booby,
and White Tern.

Pinnacle, these islets have a mean elevation <1.3 m (SD
0.6) (Table 1).

The seawall at Tern Island may prevent inundation
from 1.0 m of sea-level rise because 95% of the island
is >1 m in elevation and 86% of the island is >2 m
in elevation. Shark, Trig, East, Gin, Little Gin, Round,
and Disappearing Islands as a whole were predicted to
lose 29.5% (area-weighted average) of their land mass
with 1.0 m of sea-level rise and 72.7% of their land mass
with 2.0 m of sea-level rise (Table 1). The islands with
more than 1 ha of area (Tern, Trig, East, Gin, and Lit-
tle Gin Islands) showed less loss of land until sea-level
rise reached 1.5 and 2.0 m, after which only Tern and
East Islands would be likely to support seabird breeding
(Table 1 & Fig. 3). Sea-level rise models predicted the
beach would become larger in all scenarios without sea-
wall protection. In models without vegetation restora-
tion, shrub habitat decreased almost 60% with 1.0 m of
sea-level rise (Fig. 2).

For all scenarios of sea-level rise, models predicted
decreases in abundance of all species except Masked
Boobies, which nest on bare ground (Fig. 4). Specta-
cled Terns, which nests near the shoreline, and shrub-
dependent species were predicted to be the most vulner-
able to population declines after sea-level rise reached 1.0
m. At 2.0 m of sea-level rise, the dynamic response mod-
els projected large losses of habitat because the runway
prevented vegetation shifts. Models that incorporated de-
commissioning the runway increased the area of poten-

tial nesting habitat and slowed losses of shrub land cover
due to sea-level rise for all but the 1.5-and 2.0-m scenarios
(Figs. 2 & 3).

All seabird species in our analyses were present at
French Frigate Shoals from 1960 to 1969 (Amerson 1971).
However, during this period, there were no breeding
Great Frigatebirds, Masked or Red-footed Boobies, or
Spectacled Terns on Tern Island. Only small breeding
populations of Black and Brown Noddies (5 breeding
pairs), Red-tailed Tropicbirds (45 pairs), and White Terns
(9 pairs) persisted.

Sea-level rise and erosion contributed to the loss of
seabird breeding habitat at French Frigate Shoals; nearly
half the atoll’s islands have been inundated since 1925,
including Bare, Mullet, Near, and Whale-Skate Islands.
Whale-Skate Island, inundated since 1998 (Antonelis et
al. 20006), previously supported vegetation and large pop-
ulations of albatrosses (500 pairs), Brown Noddies (850
pairs), Great Frigatebirds (221 pairs), Masked Boobies
(140 pairs), Red-footed Boobies (14 pairs), Red-tailed
Tropicbirds (8 pairs), and Spectacled Terns (120 pairs).

Population Dynamics of Seabirds on Tern Island

The population abundance of all 8 seabird species in-
creased at Tern Island between 1980 and 2009 (Fig. 5).
Two extirpated species, the Great Frigatebird and Masked
Booby, recolonized the island during this time. All
species showed evidence of density dependence (¢ < 1)
(Table 2). Populations of Black Noddies, Brown Noddies,
and Red-footed Boobies have not reached carrying capac-
ity. We inferred carrying capacity for the Great Frigate-
bird, Masked Boobies, Red-tailed Tropicbird, Spectacled
Tern, and White Tern had been reached (Table 2 &
Fig. 5). The strongest density dependence was evident
in the Great Frigatebird population. It is likely that Tern
Island cannot support more than approximately 600 nests
(Fig. 5).

Discussion

Our results suggest that even moderate amounts of sea-
level rise could have profound effects on the amount of
nesting habitat available to seabirds in the largest atoll of
the Hawaiian Islands, French Frigate Shoals. Specifically,
our topography data and sea-level rise models indicated
the land areas most vulnerable to loss through inundation.
Knowing which areas are most vulnerable may make it
possible to anticipate where accelerated habitat loss due
to sea-level rise is likely to occur, where seabird habitat
is likely to persist, and where restoration activities may
be most effective. Washing of waves over an island leads
to loss of vegetation that may accelerate losses of land
to inundation, plant dieback, increased erosion, and soil
instability (Davidson-Arnott 2005). We predict French
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Island, 1980-2009 (U.S. Fisb and Wildlife Service, unpublished data).
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Table 2. Parameter estimates for the Bayesian analysis of the Gompertz model of 8 seabird species from Tern Island, Hawaii, 1980-2009.
Species Parameter” Mean SD 2.5% CI Median 97.5% CI
Black Noddy a 0.95 0.46 0.37 0.88 2.07
c 0.88 0.06 0.72 0.89 0.96
o 0.08 0.11 0.03 0.05 0.52
T 0.50 0.10 0.20 0.50 0.67
K 3008 1471 - - -
Brown Noddy a 0.36 0.18 0.01 0.36 0.71
c 0.96 0.02 0.92 0.96 1.01
o 0.07 0.05 0.03 0.05 0.23
T 0.17 0.04 0.05 0.17 0.24
K 25,087 7706 - - -
Great Frigatebird® c 0.08 0.19 -0.29 0.08 0.45
K 573 113 - - -
Masked Booby a 1.01 0.22 0.59 1.00 1.46
c 0.79 0.05 0.69 0.80 0.89
o 0.15 0.05 0.04 0.16 0.25
T 0.07 0.04 0.03 0.05 0.18
K 141 37 - - -
Red-footed Booby a 0.63 0.19 0.29 0.62 1.00
c 0.92 0.03 0.87 0.92 0.97
o 0.05 0.03 0.03 0.04 0.13
T 0.19 0.03 0.13 0.19 0.25
K 2774 623 - - -
Red-tailed Tropicbird a 1.11 0.62 -0.05 1.10 2.39
c 0.83 0.10 0.63 0.83 1.01
o 0.17 0.03 0.10 0.17 0.24
T 0.06 0.03 0.03 0.05 0.13
K 659 200 - - -
Spectacled Tern a 1.41 0.59 0.35 1.37 2.62
c 0.75 0.11 0.53 0.76 0.94
o 0.35 0.11 0.05 0.37 0.51
T 0.11 0.11 0.03 0.06 0.39
K 327 163 - - -
White Tern a 0.60 0.30 0.07 0.57 1.25
c 0.85 0.08 0.68 0.86 0.99
o 0.13 0.04 0.05 0.12 0.21
T 0.08 0.04 0.03 0.08 0.16
K 56 14 - - -

“Key: a, rate of population growth in the absence of density dependence; c, the strength of density dependence; o, process variation; t, observation

errvor; K, carrying capacity.

b Observation error (7)), process variation (o), and rate of increase (a) are not reported for Great Frigatebird because the estimate of c is close
to zero (Dennis et al. 2010). There is little correlation among Great Frigatebird abundance among years, which prevents reliable estimates of
these parameters. Replicate counts (from either maximum mean incubation counts or otber methods [Dearborn & Anders 20006]) are needed
to better clarify sampling variance and the other parameters (Citta et al. 2007; Dennis et al. 2010).

Frigate Shoals will lose additional land to erosion in areas
without vegetation that are not protected by seawalls.
Perhaps the greatest threat of severe island erosion to
southern and eastern shores of islands is from hurricanes.
On northern and western exposures most erosion occurs
during large winter storms that create ocean swells that
can reach heights of over 10 m (USACE 2011).

Although the seawall at Tern Island may prevent pas-
sive inundation from sea-level rise during this century
because 86% of the island is >2 m, the other islets
of French Frigate Shoals are not protected by seawalls
and have a mean elevation <2 m. Despite the seawall,
Tern Island is still vulnerable to sea-level rise, storm
surge, and high waves. Hurricane waves in the cen-
tral Pacific sometimes reach 4-9 m (Hurricane Iniki)
(Fletcher et al. 1995); wave heights of this magnitude

would wash over the islands in French Frigate Shoals ex-
cept for La Perouse Pinnacle. This lava outcrop (0.3 ha,
mean elevation 19.5 m) supports breeding Blue Noddies
(Procelsterna cerulea), Brown Boobies (Sula leuco-
gaster), Brown Noddies, Red-tailed Tropicbirds, and
White Terns.

Our case study demonstrated both the resilience and
the vulnerability of Pacific seabird populations. The pop-
ulation growth of seabird colonies at Tern Island despite
a long history of disturbance suggests that some species
can recover from intense human activity, including the
dredge and filling operation that changed a sandy spit
in 1941 into an auxiliary airfield subject to 38 years
of weekly aircraft traffic. The engineered expansion of
Tern Island benefitted seabirds half a century later by
increasing the area of predator-free breeding habitat and
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reducing vulnerability to sea-level rise by increasing the is-
land’s mean elevation. At Tern Island, increases in seabird
populations and the recolonization of extirpated species
may be correlated with increases in nesting habitat, de-
creases in human disturbance at nesting colonies, and
inundation of other islands of French Frigate Shoals. De-
spite the dramatic nature of seabird population increases
we observed at Tern Island, there is also evidence that
density dependence is now limiting population growth
for many species.

The mechanisms by which population density may act
to regulate the rate of population growth in seabirds has
large implications for how these populations will respond
to the creation of habitat. It is possible that density de-
pendence could operate independently of the amount of
available nesting habitat at the colony. Density-dependent
foraging success may also be a factor in reduced re-
productive success of colonial seabirds (Ashmole 1963;
Lewis et al. 2001; Ballance et al. 2009). However, for
the species at French Frigate Shoals, we believe it is
more likely that density dependence is associated with
the availability of nesting habitat. A shortage of nest sites
may prevent pairs from breeding or reduce the reproduc-
tive success of birds that breed. Limited nest sites may
affect species that nest in or under small trees or shrubs
(e.g., Black Noddies, Great Frigatebirds, Red-footed Boo-
bies, Red-tailed Tropicbirds, and White Terns). Even for
ground-nesting species that can nest in areas with no veg-
etation, if bird densities are high the rate at which eggs are
broken or nestlings are killed, either by adjacent adults
(Schaffner 1991) or competing species, may increase.

Mitigating the Effects of Sea-Level Rise

French Frigate Shoals are representative of Pacific atolls
and islets in general. Over 358 atolls and islets span the Pa-
cific (World Atlas 2011), and their elevations are on aver-
age <3 m (Dickinson 2009). Baker et al. (20006) predicted
that a sea-level rise of 88 cm would cause Northwestern
Hawaiian Islands shorelines to lose 5-75% of their land
area. New evidence suggests that a sea-level rise of 1.0 m
by 2100 is more likely (Fletcher 2009). Our preliminary
analysis of sea-level rise in the Northwestern Hawaiian
Islands (including Kure Atoll, Midway Atoll, Pearl and
Hermes Atoll, Lisianski Island, Laysan Island, and French
Frigate Shoals) predicted 4% of land area may be lost to
inundation with a 1.0 m rise in sea level (U.S. Geological
Survey, unpublished data). This loss of land area could
leave more than 200,000 tropical seabirds without nest-
ing habitat.

Our model results for habitat loss at moderate levels of
sea-level rise (1.0 m) provide an example of how habitat
limitation may affect population persistence. The mod-
els with habitat restoration showed that restoration may
be beneficial even under moderate levels of sea-level
rise. Opportunities for near-term mitigation exist in ar-
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eas less vulnerable to inundation (island interiors and at
maximum elevations), where trees and shrubs can be
restored or artificial nest structures can be built to in-
crease the carrying capacity for some species (Rauzon
& Drigot 1999). We also expect vegetation restoration of
the runway at Tern Island would be beneficial for nesting
seabirds (Fig. 2). Island building, previously implemented
for military operations at Tern Island and Midway Atoll,
has also been used to restore habitat for colonial seabirds
and may offset decreases in area of habitat losses associ-
ated with climate change (D. Roby, personal communi-
cation). Most seabird colonies have been extirpated from
the main Hawaiian Islands (Olson & James 1982; Bur-
ney et al. 2001; USFWS 2005). However, over the long-
term, if seabirds can be protected from introduced mam-
malian predators, restoration of Pacific seabird colonies
on higher-elevation islands may represent a more endur-
ing conservation solution for Pacific seabirds. For exam-
ple, Kaho‘olawe, one of the main Hawaiian Islands, is rel-
atively high in elevation and would provide much-needed
habitat for nesting seabirds if it were restored (Lindsey et
al. 1997).

Acknowledgments

This research was made possible by funding from the
U.S. Geological Survey’s National Climate Change and
Wildlife Science Center, Pacific Island Ecosystems Re-
search Center, and Patuxent Wildlife Research Center.
We are grateful to the U.S. Fish and Wildlife Service for
allowing us to use the 1981 arial photograph, V. Byrd,
E. Flint, and M. Naughton for implementing and support-
ing long-term data collection and sharing the archives
of the Hawaiian Islands National Wildlife Refuge, and T.
Benally, P. Hartzell, and P. Leary for sharing data and in-
sights on Tern Island. L. Woodward provided a copy of
collected data at the National Archives, and we thank the
National Archives Still Picture Reference Team for copy-
right research on the 1932 Tern Island photograph. We
also thank J. Carter, J. Klavitter, and Papahanaumokuakea
Marine National Monument staff for support of the lidar
data collection and P. Berkowitz, K. Courtot, M. Gorre-
sen, A. McClung, J. Spendelow, and 2 anonymous indi-
viduals for reviewing and contributing to this manuscript.
Any use of trade, product, or firm names in this publica-
tion is for descriptive purposes only and does not imply
endorsement by the U.S. government.

Literature Cited

Amerson, A. B. 1971. The natural history of French Frigate Shoals,
Northwestern Hawaiian Islands. Atoll Research Bulletin 150:1-337.

Antonelis, G. A.,J. D. Baker, T. C. Johanos, R. C. Braun, and A. L. Harting.
2006. Hawaiian monk seal (Monachus schauinslandsi): status and
conservation issues. Atoll Research Bulletin 543:75-101.

Ashmole, N. P. 1963. The regulation of numbers of tropical oceanic
birds. Ibis 103:458-473.



Haltfield et al.

Baker, J. D., C. L. Littnan, and D. W. Johnston. 2006. Potential effects
of sea level rise on the terrestrial habitats of endangered and en-
demic megafuna in the Northwestern Hawaiian Islands. Endangered
Species Research 4:1-10.

Ballance, L. T., D. G. Ainley, G. Ballard, and K. Barton. 2009. An ener-
getic correlate between colony size and foraging effort in seabirds,
an example of the Adélie Penguin Pygoscelis adeliae. Journal of
Avian Biology 40:279-288.

Burger, J., and M. Gochfeld. 1994. Predation and effects of humans on
island-nesting seabirds. Pages 39-67 in D. N. Nettleship, J. Burger,
and M. Gochfeld, editors. Seabirds on islands: threats, case studies,
and action plans. BirdLife International, Cambridge, United King-
dom.

Burney, D. A., etal. 2001. Fossil evidence for a diverse biota from Kaua‘i
and its transformation since human arrival. Ecological Monographs
71:615-641.

Citta, J., M. H. Reynolds, and N. E. Seavy. 2007. Seabird monitoring as-
sessment for Hawaii and the Pacific islands. Technical report HCSU-
007. Hawaii Cooperative Studies Unit, University of Hawaii at Hilo,
Pacific Aquaculture and Coastal Resources Center, Hilo.

Davidson-Arnott, R. G. D. 2005. Conceptual model of the effects
of sea level rise on sandy coasts. Journal of Coastal Research
21:1166-1172.

de la Mare, W. K., and K. R. Kerry. 1994. Population dynamics of
the Wandering Albatross (Diomeda exulans) on Macquarie Island
and the effects of mortality from longline fishing. Polar Biology
14:231-241.

Dearborn, D. C., and A. D. Anders. 2006. Demography and reproductive
ecology of great frigatebirds. Atoll Research Bulletin 543:159-171.

Dennis, B., and R. F. Constantino. 1988. Analysis of steady-state distribu-
tions with the gamma abundance model: application to Tribolium.
Ecology 69:1200-1213.

Dennis, B., J. M. Ponciano, S. R. Lele, M. L. Taper, and D. F. Staples.
2006. Estimating density dependence, process noise and observa-
tion error. Ecological Monographs 76:323-341.

Dennis, B., J. M. Ponciano, and M. L. Taper. 2010. Replicated sampling
increases efficiency in monitoring biological populations. Ecology
91:610-620.

Dickinson, W. R. 2009. Pacific atoll living: How long already and until
when? GSA Today 19:4-10.

Ely, C. A., and R. B. Clapp. 1973. The natural history of Laysan Island,
Northwestern Hawaiian Islands. Atoll Research Bulletin 171:1-373.

ESRI (Environmental Systems Research Institute). 2011. ArcInfo ArcMap
desktop. ESRI, Redlands, California.

Fefer, S. L., C. S. Harrison, and M. B. Naughton. 1984. Synopsis of results
of recent seabird research in the Northwestern Hawaiian Islands.
Pages 9-76 in R. W. Grigg and K. Y. Tanoue, editors. Proceeding
of the second symposium on resource investigation in the North-
western Hawaiian Islands. University of Hawaii Sea Grant College
Program, Honolulu.

Fisher, H. L., and P. H. Baldwin. 1946. War and the birds of Midway
Atoll. Condor 48:3-15.

Fletcher, C. H. 2009. Sea level by the end of the 21% century: a review.
Shore and Beach 77:4-12.

Fletcher, C. H., B. M. Richmond, G. M. Barnes, and T. A. Schroeder.
1995. Marine flooding on the coast of Kaua‘i during Hurricane Iniki:
hindcasting inundation components and delineating washover. Jour-
nal of Coastal Research 11:188-204.

Freckleton, R. P., A. R. Watkinson, R. E. Green, and W. J. Sutherland.
2006. Census error and the detection of density dependence. Journal
of Animal Ecology 75:837-851.

ILMF (International LIDAR Mapping Forum). 2010. U.S. Geological Sur-
vey National Geospatial Program LiDAR guidelines and base specifi-
cation. Version 13. U.S. Geological Survey, Reston, Virginia.

IPCC (Intergovernmental Panel on Climate Change). 2007. Climate
change 2007: impacts, adaptation and vulnerability. Contribution
of Working Group II to the Fourth Assessment Report of the Inter-

11

governmental Panel on Climate Change. M. L. Parry, O. F. Canziani,
J. P. Palutikof, P. J. van der Linden, and C. E. Handson, editors.
Cambridge University Press, Cambridge, United Kingdom.

Kokko, H., M. P. Harris, and S. Wanless. 2004. Competition for breeding
sites and site-dependent population regulation in a highly colonial
seabird, the Common Guillemot (Uria aalge). Journal of Animal
Ecology 73:367-376.

LaFever, D. H., R. R. Lopez, R. A. Feagin, and N. J. Silvy. 2007. Predicting
the impacts of future sea-level rise on an endangered lagomorph.
Environmental Management 40:430-437.

Lewis, S., T. N. Sheratt, K. C. Hamer, and S. Wanless. 2001. Evidence
of intra-specific competition for food in a pelagic seabird. Nature
412:816-819.

Li, X., R. J. Rowley, J. C. Kostelnick, D. Braaten, J. Meisel, and K. Hul-
butta. 2009. GIS analysis of global impacts from sea level rise. Pho-
togrammetric Engineering and Remote Sensing 75:807-818.

Lindsey, G. D., et al. 1997. Technical options and recommendations
for faunal restoration of Kaho‘olawe. U.S. Geological Survey, Pacific
Island Ecosystems Research Center, Hawaii National Park, Hawaii.

Link, W. A., and R. J. Barker. 2010. Bayesian inference with ecological
applications. Academic Press, New York.

Lunn, D.J., A. Thomas, N. Best, and D. Speigelhalter. 2000. WinBUGS—a
Bayesian modelling framework: concepts, structure, and extensibil-
ity. Statistics and Consulting 10:325-337.

Marcelja, S. 2010. The timescale and extend of thermal expansion of
the global ocean due to climate change. Ocean Science 6:179-
184.

Megyesi, J., and C. R. Griffin. 1996. Breeding biology of the Brown
Noddy on Tern Island, Hawaii. Wilson Bulletin 108:317-334.

Micol, T., and P. Jouventin. 2001. Long-term population trends in seven
Antarctic seabirds at Pointe Géologie (Terre Adélie), human impact
compared with environmental change. Polar Biology 24:175-185.

Mitchell, G., and K. MacNabb. 2010. High resolution stereo satellite
elevation mapping accuracy assessment. ASPRS Annual Conference,
San Diego, California.

Moller, H. 2006. Are current harvests of seabirds sustainable? Acta Zo-
ological Sinica 52:649-652.

Moors, P., and 1. A. E. Atkinson. 1984. Predation on seabirds by intro-
duced animals and factors affecting its severity. Pages 667-690 in J.
P. Croxall, P. G. H. Evans, and R. W. Scheiber, editors. Status and
conservation of the world’s seabirds. International Council for Bird
Preservation, Cambridge, United Kingdom.

Nettleship, D. N., J. Burger, and M. Gochfeld, editors. 1994. Seabirds on
islands: threats, case studies, and action plans. BirdLife International,
Cambridge, United Kingdom.

NOAA (National Oceanic and Atmospheric Administration). 2009.
Coastal inundation mapping guidebook. NOAA Coastal Services
Center, Charleston, South Carolina.

Olson, S. L., and H. F. James. 1982. Fossil birds from the Hawaiian
Islands: evidence for wholesale extinction by man before western
contact. Science 217:633-635.

PhotoSat Information Ltd. 2010. Digital Terrain Models, Vancouver,
British Columbia.

Presidential Proclamation. 2007. Establishment of the Pa-
pahanaumokuakea Marine National Monument. Federal Register
72:10031.

Rahmstorf, S. 2010. A new view on sea level rise. Nature 4:44-45.

Rauzon, M. ]J. and D. Drigot. 1999. Red-footed Booby use of artificial
nesting platforms. Waterbirds 22:474-477.

Richardson, K. et al. 2009. Climate change global risks, challenges and
decisions, synthesis report. University of Copenhagen, Copenhagen.

Schaffner, F. C. 1991. Nest-site selection and nesting success of White-
tailed Tropicbirds (Phaetbon lepturus) at Cayo Luis Peiia, Puerto
Rico. Auk 108:911-922.

Seavy N. E., and M. H. Reynolds. 2009. Seabird nest counts: a test of
monitoring metrics using Red-tailed Tropicbirds. Journal of Field
Ornithology 80:297-302.

Conservation Biology
Volume **, No. *, 2012



12

Seavy, N. E., M. H. Reynolds, W. A. Link, and J. S. Hatfield. 2009. Postcas-
trophe population dynamics and density dependence of an endemic
island duck. Journal of Wildlife Management 73:414-418.

Shenk, T. M., G. C. White, and K. P. Burnham. 1998. Sampling-variance
effects on detecting density dependence from temporal trends in
natural populations. Ecological Monographs 68:445-463.

Spear, L. B., D. G. Ainley, and C. A. Ribic. 1995. Incidence of plastic
in seabirds from the tropical Pacific 1984-91: relation with distri-
bution of species, sex, age, season, year and body weight. Marine
Environmental Research 40:123-146.

Spendelow, J. A., J. D. Nichols, J. E. Hines, J.-D. Lebreton, and R.
Pradel. 2002. Modelling postfledging survival and age-specific breed-
ing probabilities in species with delayed maturity: a case study of
Roseate Terns at Falkner Island, Connecticut. Journal of Applied
Statistics 29:385-405.

Spennemann, D. H. R. 1998. Excessive exploitation of central Pacific
seabird populations at the turn of the 20th century. Marine Ornithol-
ogy 26:49-57.

Staples, D. F., M. L. Taper, and B. Dennis. 2004. Estimating population
trend and process variation for PVA in the presence of sampling
error. Ecology 85:923-929.

Staples, D. F., M. L. Taper, and B. B. Shepard. 2005. Risk-based
viable population monitoring. Conservation Biology 19:1908-
1916.

Conservation Biology
Volume **, No. *, 2012

Population Dynamics of Hawaitian Seabirds

USACE (U.S. Army Corps of Engineers). 2011. Wave information
studies, wave hindcast model domains for U.S. coasts. US-
ACE, Vicksburg, Mississippi. Available from http://frf.usace.army.
mil/wis2010/wis.shtml (accessed 15 June 2011).

USFWS (U.S. Fish and Wildlife Service). 2005. Regional seabird conser-
vation plan, Pacific Region. U.S. Fish and Wildlife Service, Migratory
Birds and Habitat Programs, Pacific Region, Portland, Oregon.

USFWS (U.S. Fish and Wildlife Service). 2011. 2011 tsunami. Midway
Atoll National Wildlife Refuge, Midway Atoll, Hawaii. Available from
http://www.fws.gov/midway/tsunami.html (accessed September
201D).

Vermeer, M., and S. Rahmstorf. 2009. Global sea level linked to global
temperature. Proceedings of the National Academy of Sciences
106:21527-21532.

Wetmore, A. 1925. Bird life among lava rock and coral sand. National
Geographic Magazine 48:77-108.

Wilcox, C., and C. J. Donlan. 2007. Compensatory mitigation as a so-
lution to fisheries bycatch-biodiversity conservation conflicts. Fron-
tiers in Ecology and the Environment 5:325-331.

Woodroffe, C. D. 2008. Reef-island topography and the vulnerability of
atolls to sea-level rise. Global and Planetary Change 62:77-66.

World Atlas. 2011. Islands of the world. Graphic Maps, Galveston,
Texas. Available from http://www.worldatlas.com/webimage/
countrys/io.htm (accessed September 2011).





