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DEDICATION
To the little Nihoa Millerbird whose antics, struggles and loveliness inspired the passion
behind this project and have taught me so much about what it means to be a naturalist.
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ABSTRACT
The critically endangered Nihoa Millerbird (Acrocephalus familiaris kingi), endemic to
Nihoa Island, is threatened due to an extremely restricted range and invasive species.
Laysan Island once supported the sub-species, Laysan Millerbird (Acrocephalus
familiaris familiaris), before introduced rabbits caused their extirpation. A translocation
of the Nihoa Millerbird from Nihoa Island to Laysan Island would serve two goals;
establish a satellite population of a critically endangered species and restore the
ecological role played by an insectivore passerine on Laysan Island. Laysan Island was
assessed as a suitable translocation site for the Nihoa Millerbird with a focus placed on
dietary requirements. This study showed that Laysan Island would serve as a suitable
translocation site for the Nihoa Millerbird with adequate densities of invertebrate prey.
Additionally, a discriminant function that allows for in-field sexing of Nihoa Millerbirds
was developed and provides an indispensable tool for managers of this species.
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CHAPTER 1 – INTRODUCTION

Estimates of bird extinctions within the last 400 years range between 80 and 200 species,
depending on what we constitute as a species and whether evidence pointing towards
extinction is accepted (Reichel et al. 1992, Fuller 2001). Despite debate concerning the
gross number of avian extinctions that have
occurred, it is well established that the highest
percentage of these extinctions has occurred on
islands (Reichel et al. 1992, Fuller 2001, Grant
2001). Nowhere has this proven more true than the
islands of Hawaii, where extinction rates of native
flora and fauna are unparalleled (Steadman 1995).

Figure 1-1. Nihoa Millerbird. (M.
MacDonald)

The Nihoa Millerbird (Acrocephalus familiaris kingi) is a critically endangered passerine
endemic to the small island of Nihoa (Morin et al. 1997, Conant and Morin 2001, IUCN
2011). Originally described in 1923 by Alexander Wetmore during the Tanager
expedition, this species is a small (13cm long, 18-19g), drab, and highly active,
insectivore (Conant 1984, Morin et al. 1997). The Nihoa Millerbird is listed as critical
due to the extremely small size of its range and its marked fluctuations in populations
(Birdlife International 2000). The area on Nihoa Island used by the Nihoa Millerbird is
small, approximately 40 vegetated hectares of the 63 hectare island (Clapp et al. 1977,
Conant 1985, Morin et al. 1997). Nihoa Island is also very exposed and erratic
environmental conditions that influence vegetation patterns are thought to regulate Nihoa
Millerbird population levels (Morin et al. 1997).
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It was also during the Tanager expedition that the Laysan Millerbird (Acrocephalus
familaris familiaris) was declared to be extinct. The Laysan Millerbird was endemic to
the island of Laysan and extirpated between 1916 and 1923 when introduced rabbits
(Oryctolagus cuniculus) denuded the island of vegetation. Both the Nihoa and Laysan
Millerbird are listed as the same species, Acrocephalus familiaris, by the American
Ornithologists’ Union although two subspecies, A. familiaris kingi (Nihoa Millerbird) and
A. familiaris familiaris (Laysan Millerbird), are recognised (AOU 1998). Some
researchers argue these Millerbirds should be regarded as separate species (Wetmore
1924, Olson 1996).

The Northwestern Hawaiian Islands have a long history of human disturbance and
exploitation (Ely and Clapp 1973, Clapp et al. 1977). The Nihoa and Laysan Millerbirds
are not thought to have been harvested directly but their numbers were reduced by habitat
change induced by albatross (Phoebastria immutabilis, P. nigripes) poachers and seabird
guano miners (Clapp et al. 1977). Introduced species can change vegetation communities
radically, in turn affecting arthropod prey and suitable nesting area. Just as introduced
rabbits were ultimately responsible for the extirpation of the Laysan Millerbird through
destruction of vegetation, a vagrant grasshopper (Schistocerca nitens) has arrived
recently on Nihoa Island and is denuding the island’s flora (Evenhuis and Eldredge
2004). Nihoa Island’s numerous endemic insects, remoteness from an operational centre,
and difficult terrain make management of this pest near impossible. The need for
management options for the Nihoa Millerbird is therefore urgent.
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Efforts at restoring Laysan Island’s native vegetation have continued since the removal of
alien mammals in 1923. Invasive plant species, such as the highly disruptive Cenchrus
echinatus, have been eradicated while others continue to be managed. Propagation and
outplanting of native plant species has occurred but with little success. A comprehensive
restoration plan for Laysan Island was commissioned by the U.S. Fish and Wildlife
Service in 1998, and while not official policy, this plan outlines conservation goals for
Laysan Island in an effort to return the island to pre-disturbance conditions. Part of this
plan calls for a re-introduction of the Laysan Millerbird’s closest relative, the Nihoa
Millerbird, to Laysan Island.

The translocation of the Nihoa Millerbird from Nihoa to Laysan would serve two goals;
establish a satellite population of a critically endangered species (Sincock 1979, U.S. Fish
and Wildlife Service 1984), and restore the ecological role played by an insectivore
passerine on Laysan Island (Morin and Conant 1998). Before a translocation is feasible,
however, critical data on Nihoa Millerbird habitat requirements and an assessment of the
availability of these conditions on Laysan Island are needed, as well as basic information
on Nihoa Millerbird biology. For a translocation to be successful a sex ratio appropriate
to the species’ breeding system is essential and birds selected as propagules must be
sexed accurately (Armstrong & McLean 1995). Failure to discern gender could result in
improper sex ratios and limit productivity in a translocation project.
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PREVIOUS RESEARCH

Critical habitat variables include nesting area, food stocks, and availability of freshwater
(Conant 1983b). Habitat requirements for the Nihoa Millerbird were studied by Conant
during the early 1980’s although the work was limited due to difficulties associated with
accessing Nihoa Island. Research has been conducted on nesting habits and other life
history traits, such as interspecies competition or the need for freshwater (Conant 1983b).
Table 1-1 presents a comparison of important variables that have been identified as
influencing Nihoa Millerbird survival.

Table 1-1 shows that of the major variables influencing Nihoa Millerbird survival,
predation, potential competitors, availability of freshwater, and climate are all either
similar between islands or differences are negligible. The vegetation communities
providing nesting area and foraging structure, however, differ between Nihoa Island and
Laysan Island, in terms of both composition and configuration, and thus require further
attention.

Bocheński and Kuśnierczyk (2003) summarised nesting characteristics of Acrocephalus
warblers on both continents and islands (Table 1-2). Continental species nest primarily in
emergent plants or grass tussocks found in wetlands and less frequently in small herbs or
shrubs. Wetlands on small oceanic islands are a rare habitat and insular species nest
primarily in terrestrial herbs, shrubs and trees. Overall, Acrocephalus warblers exhibit
plasticity in their ability to nest in a variety of vegetation types: thus vegetation is
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unlikely to be the critical variable in considering a Nihoa Millerbird translocation to
Laysan Island.

A suitable prey base remains the major unknown variable critical to Nihoa Millerbird
survival on Laysan Island. Extensive lists of arthropods on both Nihoa Island and Laysan
Island have been compiled (Butler and Usinger 1963, Strazanac 1992). Comparison of
available Nihoa Millerbird prey between islands is possible but previous studies focused
mainly on inventorying species diversity. Conant has assessed Necker Island, also in the
Northwestern Hawaiian Islands, as a potential translocation site for the Nihoa Millerbird
and the Nihoa Finch (Telespiza ultima) (Conant 1983a). Additionally, several successful
translocations of the congeneric Seychelles Warbler (Acrocephalus sechellensis) have
been conducted in the Seychelles Islands (Komdeur et al. 2004, Komdeur 2005). These
studies may offer loose templates as to the important questions regarding pretranslocation assessments.

Another issue that requires resolution before considering a Nihoa Millerbird translocation
is the problem of properly sexing this monomorphic species. With no known differences
in plumage or biometric measurements between the sexes (Morin et al. 1997), the need
for an accurate in-field sexing technique would be necessary to achieve a given sex ratio
among translocated birds.
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RESEARCH OBJECTIVES

The question most prominent to this study is Nihoa Millerbird diet. Other habitat
requirements have been shown, above, to be either less critical or equivalent on Laysan
Island. Conant has shown, for example, that the Nihoa Millerbird does not make use of
the few freshwater seeps on Nihoa Island and acquires necessary moisture from prey
items (Conant 1983b). Additionally, predation can be assumed to be similar between
Nihoa Island and Laysan Island because predatory species (the egg predator Nihoa Finch,
Telespiza ultima) is replaced on Laysan by the very similar Laysan Finch Telespiza
catans so the islands are equivalent in this respect. Island arthropod communities and
vegetation composition, however, differ between Nihoa and Laysan Islands and are
directly responsible for providing dietary requirements for the Nihoa Millerbird. Data
from 16 fecal samples and incidental observations provide the only information on Nihoa
Millerbird diet (Table 1-3). While foraging habit and selected prey items are suggested by
these data, these variables have yet to be quantified (Conant 1983b, Morin et al. 1997).
The three research objectives are therefore as follows:

1) Improve knowledge of Nihoa Millerbird diet.
2) Quantify the arthropod community on Nihoa and Laysan Islands in order to
establish prey availability and allow for an assessment of Laysan Island as a
suitable location for Nihoa Millerbird.
3) Develop in-hand sexing technique for the Nihoa Millerbird to allow for proper
selection of translocation candidates.
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THESIS FORMAT

This thesis is presented in journal article form. Chapter 2 presents an analysis of the
arthropod communities on Nihoa Island and Laysan Island, and assesses Laysan Island as
suitable habitat for the Nihoa Millerbird based on diet availability. Chapter 3 describes
the development of an in-field sexing technique. Chapter 4 discusses the implications of
the work for translocating the Nihoa Millerbird to Laysan Island, and suggests priorities
for future research on Nihoa Millerbird.
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Table 1-1. Comparison of variables influencing Nihoa Millerbird survival between
Laysan and Nihoa Islands.
Variable

Description

Island

Nihoa Finch (Telespiza ultima)

Known egg predator

NI

Laysan Finch (Telespiza catans)

Known egg predator

LI

Great Frigatebird (Fregata minor)
Competition

Known to depredate seabird chicks

LI, NI

Laysan Albatross (Phoebastria immutabilis)

Ground nesting seabird, highly disruptive to vegetation

LI*, NI

Laysan Duck (Anas laysanensis)

Ground dwelling, omnivore waterfowl

NI

Laysan Finch (Telespiza catans)

Omnivorous passerine, may compete for insects and nest sites

LI

Mourning Gecko (Lepidodactylus lugubris)

Arboreal, insectivore lizard

LI˚

Nihoa Finch (Telespiza ultima)

Omnivorous passerine, may compete for insects and nest sites

NI˚

Snake-eyed Skink (Cryptoblepharus poecilopleurus)

Ground dwelling, insectivore lizard

NI˚

Stump-toed Gecko (Gehyra mutilata)

Arboreal, insectivore lizard

LI

Gray Bird Grasshopper (Schistocerca nitens)

Defoliating, alien insect

LI*, NI

Predators

Vegetation important for nesting & foraging
Chenopodium oahuense

Low, dense shrub

LI†, NI

Eragrostis varabilis

Bunchgrass - Low, scrub form

NI

Eragrostis varabilis

Bunchgrass - Tall, dense form

LI

Pluchea indica

Low, dense shrub

LI˚

Portulaca sp.

Trailing herb

LI, NI

Sida fallax

Low, dense shrub

LI‡, NI

Solanum nelsonii

Low, dense shrub

LI†, NI

Freshwater seeps

Pooled freshwater

LI, NI

Small cliff-nesting tern
Albatross, Boobies, Petrels, Storm-petrels, Shearwaters,
Terns, Noddies

NI

Nesting Seabirds
Blue-Gray Noddy (Procelsterna cerulea)
All others
˚ alien

* higher density

† being propagated, limited establishment

‡ planned for propagation
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LI, NI
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A
A (C, D)
A (C, D)

melanopogon

scirpaceus fucus

scirpaceus scirpaceus

A.

A.

A.
A. atyphus
A. aequinoctialis
A. rimitarae
A. taiti
A. luscinius
A. mendanae
A. kerearako
A. vaughani
A. syrinx

C
C
C
C
C
C
C
C
C

C
C

A (D)
A, C
A, C
A, D
A, D, C
B
B (A, C, D)
B, C
C
C (D)
D
A
A
A
A (E, D)

A. baeticatus

A. concinens

A. gracilirostris

A. orientalis

A. paludicola

A. schoenobaenus

A. bistrigiceps

A. dumetorum

A. paulstris

A. aedon

A. newtoni

A. stentoreus brunnescens

A. stentoreus siebersi

A. rufescens

D - nest in forked branches of such bushes as willow
F - nest on palms

C - nest attached to various land herbs such as Arthemisia

E - nest in forests in forked branches under or in the canopy

I

B - nest 'pressed' into sedge or grass tussock

I
E, D, F (A)

I

I

I

I

I

I

I

I

I

I

I

I

I

Continental/Insular

E (D)

E (D)

E (D)

E (A, C)

E

E

E

D, E (F)

D, E

D

C, D (E)

C

A, D, E

A

Nest Type

A - nest among stems of emergent water plants or among grasses in terrestrial habitats

C

C

C

C

A. caffer

C

A (D)

A. arundinaceus zarudnyi

A. sechellensis

A. rehsei

A. familiaris kingi

A. familiaris
familiaris
brevipennis
A.

Species

C

C

C

C

C

Continental/Insular

A. arundinaceus arundinaceus

A

australis

A

agricola

A.

Nest Type

A.

Species

Table 1-2. Nesting habits of Acrocephalus warblers (adapted from Bocheński and Kuśnierczyk 2003).

Table 1-3. Arthropod parts identified from fecal samples collected from 16 Nihoa
Millerbirds on Nihoa Island. Adapted from Morin and Conant 1997.

#Fecal Samples
Arthropod Taxon
Coleoptera (beetles and weevils)
Unidentified parts
Anthribidae (Araecerus fasciculatus)
Chrysomelidae (Epitrix hirtipennis)
Coccinellidae
Curculionidae (Oodemus sp.)
Nitidulidae (Carpophilis dimidiatus)
Tenebrionidae (Sciophagus pandanicola)
Orthoptera (grasshoppers)
Acrididae (Schistocerca nitens)

Containing Taxon

Status

Laysan Island

16 (100%)
1 (6%)
12 (75%)
1 (6%)
2 (13%)

Unknown
Alien
Alien
Alien
Endemic

Yes
Yes
No
Yes
Extirpated

1 (6%)
1 (6%)

Alien
Indigenous

Yes
No

11 (69%)

Alien

No

Unknown
Alien

Yes
No

Alien

Yes

Unknown
Endemic
Endemic
Alien

Yes
No
Yes
Yes

Indigenous

Yes

1 (6%)

Unknown

Extirpated

7 (44%)

Unknown

Yes

Hemiptera (true bugs)
Unidentified parts
2 (13%)
Lygaedidae (Geocoris punctipes)
2 (13%)
Homoptera (leafhoppers, aphids, & scale insects)
Cicadellidae (Circulifer tenellus)
1 (6%)
Hymenoptera (bees, wasps, and ants)
Unidentified parts
4 (25%)
Bethylidae (Sclerodermus nihoaensis)
4 (25%)
Braconidae (Chelonus blackburni)
12 (75%)
Formicidae
2 (13%)
Diptera (flies)
Hippoboscidae (Olfersia spinifera)
3 (19%)
Psuedoscopionidae (psuedoscorpions)
Unidentified specimen
Araneae (spiders)
Unidentified parts

Present on
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CHAPTER 2: COMPARISON OF INVERTEBRATE AVAILABILITY TO NIHOA MILLERBIRDS
(ACROCEPHALUS FAMILIARIS KINGI) ON NIHOA AND LAYSAN ISLANDS
INTRODUCTION

The Nihoa Millerbird (Acrocephalus familiaris kingi) is a small (17-19g), critically
endangered insectivore endemic to the small island of Nihoa (Conant and Morin 2001,
IUCN 2011). The Nihoa Millerbird is the only remaining Acrocephalus sp. remaining in
the Northwestern Hawaiian Islands, after the closely-related Laysan Millerbird
(Acrocephalus familiaris familiaris) was extirpated in the early 1900’s (Morin et al.
1997). The Nihoa Millerbird is listed as critical by Birdlife International (2000) and
endangered within the United States (USWFS 2008) due to the extremely small size of its
range, and its marked fluctuations in population densities (Conant and Morin 2001).

Nihoa Millerbirds rely on island vegetation communities for sources of arthropod prey
and suitable nesting area. Introduced species can change vegetation communities
radically, in turn affecting critical resources necessary for Nihoa Millerbird survival. The
Northwestern Hawaiian Islands (Figure 2) have a long history of human disturbance and
exploitation (Ely and Clapp 1973, Clapp et al. 1977, Steadman 1995). Invasive rabbits
were ultimately responsible for the extirpation of the Laysan Millerbird through
destruction of vegetation and a recent introduction of a vagrant grasshopper (Schistocerca
nitens) now threatens to denude the flora of Nihoa Island (Evenhuis and Eldredge 2004).
Nihoa Island’s remoteness, difficult terrain, and endemic Orthoptera make management
of the grasshopper infeasible. The need for management options for the Nihoa Millerbird
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is therefore urgent. One management option is to establish a viable population of Nihoa
Millerbird on Laysan Island.

Nihoa Island is a 63 hectare, 300m high island of which approximately 40 ha. is
vegetated and considered Nihoa Millerbird habitat (Clapp et al. 1977, Conant 1985,
Morin et al. 1997). Laysan Island, in contrast, is a 411 hectare, 11m high sandy atoll with
a large hyper-saline lake in its centre. Restoration of Laysan Island’s native vegetation
has continued since the removal of alien mammals and invasive plant species, such as the
highly disruptive Cenchrus echinatus, over the last century. Propagation and outplanting
of native plant species has occurred but with limited success (Morin and Conant 1998).
Currently, the invasive shrub Pluchea indica occupies much of the same range as the
native Chenopodium oahuense once did. These two shrubs are the only species on Laysan
Island that provide dense shrubby structure - one of several vegetation structures Nihoa
Millerbirds are known to use on Nihoa Island. Potential differences in invertebrate prey
densities supported by these species are of particular interest for translocated Nihoa
Millerbirds as P. indica is eradicated from Laysan Island with increased propagation of
C. oahuense.

The translocation of the Nihoa Millerbird from Nihoa Island to Laysan Island would
serve two goals; establish a satellite population of a critically endangered species
(Sincock 1979, U.S. Fish and Wildlife Service 1984, Morin and Conant 1998), and
restore the insectivore passerine component to Laysan Island (Morin et al. 1997). The
feasibility of a translocation relied on critical data on Nihoa Millerbird habitat
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requirements and an assessment of the availability of these conditions on Laysan Island
are needed, as well as basic information on Nihoa Millerbird biology. For a translocation
to be successful, it is essential to know whether adequate prey densities exist on Laysan
to sustain Nihoa Millerbirds.

The aim of this chapter is to present the results of a comparison of invertebrate densities
between Nihoa and Laysan Islands. This is an essential component of assessing the
suitability of Laysan Island as a translocation site for the Nihoa Millerbird.

METHODS
Invertebrate sampling was conducted on Nihoa Island and Laysan Island July –
September, 2007. The timing coincides with the driest months on both islands when
invertebrate densities should be lowest and therefore prey availability for Nihoa
Millerbirds scarce (Janzen 1986). A summer expedition was also a necessity for Nihoa
Island as the island is inaccessible through the stormy winter months. Nihoa was divided
into 5 sampling areas based on geography of valleys and ridges, and a 25m grid overlay
on a map was used to select plot locations irrespective of vegetation cover. Delineating
the island into sections was necessary to reduce travel time between plots in the difficult
terrain of Nihoa, and also limit disturbance to nesting seabirds. Grid intersections
provided plot locations and plots were selected for sampling using a random number
table. At least ten new plots were sampled each day within a given section of the island
and each section was sampled once weekly, from east to west, with a new selection of
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plots each week. A total of 317 plots on Nihoa Island were sampled for invertebrates for
a total sampled area of 1598.72m2 (0.40% of the total vegetated area).

Nihoa Millerbirds forage primarily in the canopies and sub-canopies of shrub species on
Nihoa Island and Laysan Millerbirds were known historically to forage in both shrub
species and Eragrostis bunchgrass. Different vegetative structures among and within
plant species meant a need for multiple sampling methods to sample the full range of
structures Nihoa Millerbirds forage in. Areas dominated by Sida fallax and other high
shrub species (> 1m in height) were sampled using two different methods. Sweep netting
was conducted using a 38cm diameter aerial net and targeted crown-dwelling
invertebrates found in the exterior portions of shrubs. In each plot four sweeps were taken
in each of the four cardinal directions. The sweep area is considered 1m long x diameter
of the net, giving a total sampled area of 6.08m2 for each sweep plot.

Beating sheets were used to target invertebrates found in the interior portions of the
Nihoa Millerbird’s three main shrubby foraging species (Sida fallax, Solanum nelsonii,
Chenopodium oahuense). A 1m x 1m canvas sheet was placed on the ground below
shrubby species and the plant was hit four times to knock insects down onto the sheet
where they could be collected with an aspirator. At each plot a beating sheet sample was
taken 1m from plot centre in each of the four cardinal directions giving a total sampled
area of 4m2. Sweep netting only was used on Eragrostis variabilis, a thick bunchgrass
that tends to exhibit a low, windblown form unsuitable for the beating sheet method. The
combination of sweep netting and beating sheet methods sampled invertebrate
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abundances across the range of structures, the shrub canopy and sub-canopy, in which
Nihoa Millerbirds forage.

Invertebrate sampling methods on Laysan Island were similar to those employed on
Nihoa Island. A 25m grid was also laid out across a map of Laysan Island to provide plot
locations and plots were again selected using a random number table. The three distinct
vegetation communities on Laysan Island (Figure 2-2a.) acted as sampling sections for
the island and were mapped by walking the clear boundaries between the different types
with a GPS unit. At least 10 new plots were sampled daily within a given vegetation
community, resulting in 371 plots sampled across the island for a total sampled area of
1704.64m2 (0.04% of the total land area). Areas dominated by high shrub species, such as
Pluchea indica, Scaevola taccada and Chenopodium oahuensis, received sweep net and
beating sheet sampling, as detailed for Nihoa Island. Eragrostis variabilis received only
sweep netting.

All invertebrates collected were stored in 95% isopropyl alcohol for identification and
measurement. Invertebrates were identified to order (Borror and White 1970) and further
coded to morphospecies level using a dissecting microscope where possible. A code was
used in lieu of a species name because limited resources exist for identifying these
invertebrates from such remote islands. While the majority of the invertebrates sampled
were successfully identified to morphospecies, in a few orders, such as some arachnids
and Diptera, species determination was difficult and species of similar body size were
lumped together as morphospecies (hereby referred to as ‘species’). The lack of
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resolution for invertebrate taxonomy does not affect our goal of documenting available
biomass of the wide-range of species consumed by Nihoa Millerbird.

Invertebrate lengths were measured using a micrometre inside the eyepiece of a
dissecting scope and later converted to metric. Haphazardly-chosen samples of at least 20
individuals of each species were selected for measurement and a mean weight obtained
on a digital scale was then applied to all entries for this species. In cases where the length
of a species varied greatly, as in large species of Orthoptera, all individual lengths were
recorded and maintained in the plot data.

Invertebrate wet weights were measured on a digital scale, accurate to 0.0010g, after
being removed from alcohol and allowed to air dry long enough that all external alcohol
had evaporated. Due to the small size of most specimens, it was often necessary to weigh
multiple individuals together. In most cases, groups of 20 individuals were weighed but
the sample size varied as some lighter species required higher numbers to provide a
reliable weight measurement. For some very small species, such as some species of flies
or ants, no weight was obtained as not enough individuals were present in the collection.
In species with highly variable weights, all individual lengths were recorded and
maintained in the plot data.

The weighing of invertebrates saturated with alcohol is not a standard method. To
determine whether this weight estimate was biased with respect to arthropod size or body
hardness, I collected an additional 200 small (mean length 3.78 mm) and 200 large (mean
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length 13.44 mm) hard bodied and soft bodied individuals and weighed them using the
same procedures described above to obtain wet weights. I then placed specimens in an
oven at 45˚C for 48h and re-weighed them to obtain dry weights. Wet and dry weights
were very highly related (R2 = 0.988), strongly suggesting that the wet weights provide
good estimates of arthropod biomass.

Invertebrate lengths were intended to be used as a measure of prey suitability, based on
lengths of invertebrates seen being eaten by Nihoa Millerbirds. However, no specimens
were collected larger than the known (Morin et al. 1997) or observed (MacDonald pers.
obs.) range of Nihoa Millerbird prey items and species with a mean length of ~ 1mm or
less were of insignificant weight to include. Two species of Oniscidea on both islands
were removed from analyses because past analysis of Nihoa Millerbird fecal samples did
not indicate that these Isopods were eaten (Morin et al. 1997) and my own observations
showed Nihoa Millerbirds passing over them during foraging. One species of Amphipod
found in the leaf litter on Laysan Island was removed because it inhabits deeper areas of
the litter layer where gleaning Nihoa Millerbirds are highly unlikely to encounter them.

Invertebrate data were analysed by number of individuals per plot (‘abundance’) and total
biomass per plot (‘weight’). Total biomass values per plot were log-transformed (to base
10) to normalise the distributions. Logged weights were used to produce basic statistics
including means, standard deviations, and standard errors per island. Basic descriptive
statistics for total invertebrate abundance recorded per plot were also calculated. T-tests
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were used to test the statistical significance in differences between the means for total
abundance and weights (log10) between Nihoa and Laysan Islands.

Of further interest is whether invertebrate densities differ among areas within each island
and between those areas on Nihoa and Laysan Islands. Nihoa Millerbird densities vary on
Nihoa Island (M. MacDonald unpub. data), possibly due to varying invertebrate densities,
and therefore seven areas were selected for more detailed analysis (Figure 2-2b.). With
the exception of Tanager Peak, all areas selected supported 6 - 12 Nihoa Millerbird
territories (Table 2-1.). Tanager Peak was the only area that did not support territories at
the time of my visit. Laysan Island has distinctly delineated vegetation communities
(Figure 2-2a.) which may also vary in invertebrate densities and affect their suitability as
release sites for translocated Nihoa Millerbirds. The topography of Laysan Island is much
less varied than that of Nihoa Island with different areas of the island characterised by
vegetation communities rather than topographical features. For this reason, areas on
Nihoa Island are referred to by their geographic position whereas areas on Laysan Island
will be referred to by the dominant vegetation communities. The dominant vegetation
species for the areas on both islands are listed in Table 2-2. All sampled plots within
these areas on each island were selected from the larger data set and mean logged weights
were calculated. A one-way ANOVA test was then used to test whether differences
among areas within each island and the areas between islands were significant.
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RESULTS
Inter-island Comparisons
The range of taxa observed between the two islands is presented in Table 2-3. Nihoa
Island was found to be heavily dominated by Coleopterans, which made up two thirds of
the total biomass sampled, followed distantly by Lepidoptera and Orthoptera, which
made up roughly a tenth of the total biomass each. Laysan Island, in contrast, was more
diverse with Diptera, Araneida and Lepidoptera comprising the majority of the total
biomass; and significant amounts of Hemiptera, Orthoptera and Formicidae were also
observed. Although the Nihoa Millerbird diet on Nihoa Island is predominantly
composed of Coleoptera, all six of the prominent orders found on Laysan Island are
known prey items (Table 1-3).

Descriptive statistics for the abundance of individual invertebrates and weight of
invertebrate samples recorded per plot on Nihoa and Laysan Islands are presented in
Table 2-4. Invertebrate abundances were highly variable and did not differ significantly
between the two islands (p = 0.7596, t = 0.31). Laysan Island had significantly lower
invertebrate biomass per plot than Nihoa Island (p = 1.62E-09, t = 6.12) however there is
almost complete overlap in the frequency distribution of total biomass per plot on the two
islands (Figure 2-3).

Within-island Comparisons
Descriptive statistics for the mean weight of invertebrate samples recorded per plot for
the different vegetation species on Nihoa Island are presented in Table 2-5. A one-way
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ANOVA did not result in any significant differences for biomass among the vegetation
species (F7, 35= 0.799, p = 0.589).

Descriptive statistics of the weight of invertebrate samples recorded per plot in the
different areas on Nihoa Island are presented in Table 2-6. There was no significant
difference found in the one-way ANOVA test for biomass observed among the different
areas on Nihoa Island (F6,
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= 0.412, p = 0.870), reflecting the large standard errors

evident in Table 2-6.

Table 2-7 shows descriptive statistics for invertebrate weights per plot in the different
areas of Laysan Island. A one-way ANOVA test showed significant differences in weight
per plot among these areas (F3, 367 = 4.621, p = 0.003). Biomass per plot in the Northern
Lakeshore, which is dominated by the invasive Pluchea indica, was 15% higher than the
Chenopodium oahuense dominated Western Lakeshore, 16% higher than the Eragrostis
variabilis dominated East-West Berm, and 18% higher than the Scaevola taccada
dominated Northern Berm.

DISCUSSION

The total abundance per plot of invertebrates that are potential prey for Nihoa Millerbird
did not differ significantly between Nihoa and Laysan Islands. Of most concern to the
recovery efforts for the Nihoa Millerbird are the lower invertebrate weights per plot on
the potential translocation site, Laysan Island, compared with the currently inhabited
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Nihoa Island. However, any differences inthe distribution of invertebrate weights per plot
on the two islands (Fig. 2-3) likely does not reflect biological significance. The means of
the two distributions are different, but the range of variation on the two islands overlaps
completely, such that for any weight interval - except those near the middle of the
distribution - there are similar numbers of plots on Laysan and Nihoa Islands. The
distribution of invertebrate weights on the two islands is broadly comparable, suggesting
that all four dominant vegetation communities on Laysan Island should provide adequate
prey biomass for Nihoa Millerbirds.

Vegetation management on Laysan Island may be an important factor in prey availability
for introduced Nihoa Millerbirds. Comparison of invertebrate abundances and weights
found on Laysan Island in Chenopodium oahuensis compared to the more widespread
and invasive Pluchea indica was extremely useful as it is hoped that these two shrubs
provide Nihoa Millerbirds with similar opportunities in terms of food availability. If
Pluchea indica is to be eradicated from Laysan Island as success in restoring
Chenopodium oahuensis continues, it is important to know the repercussions of this
management on potential Nihoa Millerbird prey densities. As was shown in Table 2-7,
areas dominated by P. indica had higher mean weights of invertebrates per plot than the
three other dominant species known to occur naturally on Laysan Island. This would
appear as an argument in favour of maintaining P. indica for the sake of translocated
Nihoa Millerbirds but Table 2-8 shows clearly that all four dominant vegetation types
yield invertebrate weights comparable to areas on Nihoa Island where the birds are
known to hold territories.

24

Conant (1983a) found a negative correlation between Nihoa Millerbird abundance and
Eragrostis variabilis dominance, although at the time it was unknown whether the plants
contained lower levels of food. In my study, no significant difference in mean
invertebrate weights per plot was found between areas on Nihoa Island dominated by E.
variabilis (Tanager Peak) and other areas dominated by the shrub species S. fallax and S.
nelsonii. E. variabilis on Nihoa Island occupies the high ridges and peaks of the island,
which are the most windswept sites. As a result, the bunchgrass on these sites exhibit a
much lower form with less vertical structure than plants growing on the lower slopes of
Nihoa Island and the dunes of Laysan Island. Nihoa Millerbirds were observed foraging
in and seeking shelter under E. variabilis in areas of lower elevation where the grass
made up a minor component of the vegetation within the territory. It is therefore more
likely that the negative correlation observed by Conant (1983a) was due to a factor other
than prey availability in Eragrostis, such as cover or exposure.

CONCLUSIONS AND CONSERVATION IMPLICATIONS

Laysan Island would serve as a suitable translocation site for the Nihoa Millerbird with
adequate densities of invertebrate prey in each of its four main vegetation communities.
Despite statistically significant lower invertebrate weights per plot on Laysan Island,
there was generous overlap in the distributions of weights between the two islands and it
was shown that plots on Laysan Island had comparable invertebrate densities to plots on
Nihoa Island known to support Nihoa Millerbird territories. Nihoa Millerbird occurrence
on Nihoa Island was not found to be correlated with invertebrate densities because
biomass values were similar in areas supporting Nihoa Millerbird territories and areas
25

such as Tanager Peak, which lacked Nihoa Millerbird territories. Other variables, such as
exposure or cover, may be playing a larger role in dictating Nihoa Millerbird distribution
on Nihoa Island than invertebrate densities.
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Table 2-1. Numbers of known Nihoa Millerbird territories in areas of Nihoa Island.
Area

# NIMI Territories

East Middle Valley
East Palm Valley
East Valley
Miller Plateau
Miller Valley
Tanager Peak
West Valley

6
9
12
9
6
0
6

Table 2-2. Dominant vegetation among different areas of Nihoa and Laysan Islands.
Nihoa
Area
East Middle Valley
East Palm Valley
East Valley
Miller Plateau
Miller Valley
Tanager Peak
West Valley

Laysan

Dominant Vegetation
Sida fallax
Sida fallax
Sida fallax
Chenopodium oahuense
Sida fallax
Eragrostis variabilis
Sida fallax

Area
East -West Berm
Northern Berm
Northern Lakeshore
Western Lakeshore

Dominant Vegetation
Eragrostis variabilis
Scaevola taccada
Pluchea indica
Chenopodium oahuense

Table 2-3. Invertebrate taxa sampled on Nihoa (n = 317) and Laysan (n = 371) Islands.
Nihoa
Invertebrate
Taxon
Acarina
Araneida
Chelonethida
Coleoptera
Dermaptera
Diptera
Formicidae
Hemiptera
Homoptera
Hymenoptera
Lepidoptera
Orthoptera
Thysanura
Unknowns
Total

Abundance
10
469
7
4364
28
2368
1240
263
779
239
1958
89
8
42

Weight
(g)
0.0230
0.8519
0.0051
38.8294
0.1800
1.7616
0.8607
0.3535
0.2436
0.1706
7.8892
5.1231
0.0749
0.0883

%
Weight
0.04
1.51
0.01
68.78
0.32
3.12
1.52
0.63
0.43
0.30
13.97
9.07
0.13
0.16

11864

56.4549

100

Laysan
Invertebrat
e Taxon
Acarina
Araneida
Chilopoda
Coleoptera
Dermaptera
Diptera
Formicidae
Hemiptera
Homoptera
Hymenoptera
Lepidoptera
Orthoptera
Thysanura
Unknowns
Total
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Abundance
7
1484
8
628
57
2083
3914
2144
275
82
805
36
24
1102

Weight
(g)
0.0103
6.5478
0.0490
0.8965
2.2384
7.9633
3.3583
3.5613
0.1162
N/A
5.7489
3.4978
0.0898
0.0586

%
Weight
0.03
19.18
0.14
2.63
6.56
23.33
9.84
10.43
0.34
0.00
16.84
10.25
0.26
0.17

12649

34.1362

100

Table 2-4. Number of individual invertebrates and weight of invertebrate samples per
plot on Nihoa (n = 317) and Laysan (n = 371) Islands.
Abundance
Island

Mean

Weight (Log10)

Standard Error

Mean

Standard Error

Nihoa

37.52

2.08

-1.0386

0.0296

Laysan

36.51

2.54

-1.2825

0.0267

Table 2-5. Mean invertebrate biomass of plots associated with individual vegetation
species on Nihoa Island.
Weight (log10)
Species

Mean

Standard Error

Chamaesyce celastroides

-1.0652

0.1447

Chenopodium oahuense

-1.0039

0.0666

Eragrostic variabilis

-1.0420

0.0477

Pannicum torridum

-1.3582

0.1634

Pritchardia remota

-1.1258

0.1560

Sida fallax (Live)

-1.0188

0.0426

Sida fallax (Senescent)

-1.0087

0.0396

Solanum nelsonii

-1.0005

0.0385

Table 2-6. Mean biomass of plots associated with different areas on Nihoa Island.
Weight (log10)
Area

Mean

Standard Error

East Middle Valley
East Palm Valley
East Valley

-1.0736
-0.9877
-0.9339

0.0626
0.0409
0.1448

Miller Plateau

-0.8599

0.0447

Miller Valley

-0.8452

0.0413

Tanager Peak

-1.1343

0.0510

West Valley

-1.1859

0.0258

Table 2-7. Mean biomass of invertebrate samples per plot on Laysan Island.
Weight (log10)
Area

Mean

Standard Error

East -West Berm

-1.3288

0.0463

Northern Berm

-1.3537

0.0437

Northern Lakeshore

-1.1117

0.0518

Western Lakeshore

-1.3044

0.0766
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Figure 2-1. Map showing the study sites, Nihoa Island and Laysan Island in the Hawaiian archipelago (Map courtesy of NOAA,
photos by author).
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Figures 2-2a. & 2-2b. A. Laysan Island dominant vegetation communities. Chenopodium oahuense stands, not mapped, are
found along the west shore of the lake. B. Map of areas sampled on Nihoa Island.

A.

(g)

ncy of total invertebrate weight (log10) per plot contrasted between Nihoa and Laysan
Islands.
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CHAPTER 3: BEHAVIOURAL AND MORPHOLOGICAL SEX DETERMINATION OF NIHOA
MILLERBIRDS (ACROCEPHALUS FAMILIARIS FAMILIARIS)
INTRODUCTION

The Nihoa Millerbird (Acrocephalus familiaris kingi) is a critically endangered passerine
endemic to the small island of Nihoa (Morin et al. 1997, Conant and Morin 2001).
Originally described in 1923 during the Tanager expedition, this species is a small (13cm
long, 18-19g), drab, sexually monomorphic and highly active, insectivore (Conant 1984,
Morin et al. 1997). The Nihoa Millerbird is listed as Critically Endangered due to the
extremely small size of its range and its marked fluctuations in populations (IUCN 2011).
The area on Nihoa Island used by the Nihoa Millerbird is small, approximately 40
vegetated hectares of the 63 hectare island (Clapp et al. 1977, Conant 1985, Morin et al.
1997). Nihoa Island is also very exposed and erratic environmental conditions that
influence vegetation patterns are thought to have the greatest influence on Nihoa
Millerbird population levels (Morin et al. 1997).

The Northwestern Hawaiian Islands have a long history of human disturbance and
exploitation (Ely and Clapp 1973, Clapp et al. 1977). The Nihoa and Laysan Millerbirds
are not thought to have been harvested directly but their numbers were reduced by habitat
change induced by albatross poachers and seabird guano miners (Clapp et al. 1977).
Introduced species can change vegetation communities radically, in turn affecting
arthropod prey and suitable nesting area. Just as introduced rabbits were ultimately
responsible for the extirpation of the Laysan Millerbird through destruction of vegetation,
so a vagrant grasshopper (Schistocerca nitens) has arrived recently on Nihoa Island and is
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denuding the island’s flora (Evenhuis and Eldredge 2004). Nihoa Island’s remoteness and
difficult terrain make management of this pest near impossible. The need for
management options for the Nihoa Millerbird is therefore urgent.

Efforts at restoring Laysan Island’s native vegetation have continued since the removal of
alien mammals in 1923. Invasive plant species, such as the highly disruptive Cenchrus
echinatus, have been eradicated while others continue to be managed. Propagation and
outplanting of native plant species has occurred but with little success. A comprehensive
restoration plan for Laysan Island was commissioned by the U.S. Fish and Wildlife
Service in 1998, and while not official policy, this plan outlines conservation goals for
Laysan Island in an effort to return the island to pre-disturbance conditions. Part of this
plan calls for a re-introduction of the Laysan Millerbird’s closest relative, the Nihoa
Millerbird, to Laysan Island.

The translocation of the Nihoa Millerbird from Nihoa to Laysan would serve two goals:
1) establish a satellite population of a critically endangered species (Sincock 1979, U.S.
Fish and Wildlife Service 1984); and 2) restore the insectivore passerine component to
Laysan Island (Morin et al. 1997). The appropriate sex ratio is essential for a
translocation to be successful and birds selected as propagules must be sexed accurately.

The aim of this chapter is to establish confidence in selecting gender-specific individuals
of the Nihoa Millerbird for translocation. I present the results of behavioural sexing of 85

35

Nihoa Millerbirds captured on Nihoa Island in 2007, and the biometric and genetic sexing
of 63 Nihoa Millerbirds sampled in 2009.

METHODS
Nihoa Millerbird from the island of Nihoa (23°03’37”/161°55’17”) were live-captured or
observed from 17 July - 27 September 2007, and 6 - 18 September 2009.
Behavioural Sexing
Nihoa Millerbirds observed in the field during the 2007 expedition showed behaviours
likely reflecting their sex. Birds were assumed to be male when they responded to call
playback with song and raised their head crest while perched high in the vegetation. Such
behaviour has been recorded in males of the closely-related Acrocephalus warbler species
in the Seychelles (A.W. Diamond pers. comm.). The Nihoa birds often were seen
associating with a second bird that followed them closely, yet stayed mostly hidden in the
scrub. These birds called softly to the presumed male, which often responded with the
same call, with preening, and mutual wing-shaking. I assumed these birds were paired
and therefore the second bird was female; subsequent genetic sexing confirmed the use of
these behaviours for sexing (see Results).

Behavioural sexing was not attempted when territorial males were absent as it was not
possible to distinguish between young or unsuccessful males and unmated females
because their behaviour was cryptic. In numerous territories, individual Nihoa Millerbirds
were recorded that did not respond to call playback and were not observed to interact
with other Nihoa Millerbirds.
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Behavioural sexing and netting by playback was not attempted in 2009; instead birds
were driven slowly towards the nets, resulting in a more random sample than that in
2007.
Morphological Sexing
Only wing chord was measured in 2007 to minimise potential stress on captured birds;
this was a sufficiently robust sex-discriminator in the closely-related Seychelles Warbler
A. seychellensis (Diamond 1980, Komdeur 1994). However, we found considerable
overlap in Nihoa Millerbird wing chord lengths (see Results, Figure 3-2), and additional
measurements of tail length, culmen and tarsus were taken in 2009. The new
measurements allowed use of Discriminant Function Analysis (DFA) of multiple
measurements (Fridolfsson and Ellegren 1999, also Phillips and Furness 1997, Devlin et
al. 2004), a more powerful sexing tool than relying on single morphological variables.

Nihoa Millerbirds were mist-netted to collect biometric data using standard mist nets
(30mm mesh) that were reduced to 3m long, 1- and 2-shelf nets. The smaller nets were
more suitable for catching Nihoa Millerbirds, which typically travel on, and close to the
ground, or flutter just above vegetation. In 2007, birds were attracted to the nets using
call playback, which primarily targets territory-defending males. Wherever possible their
presumed mate was flushed into the net as well. Non-breeding birds typically are not
attracted to call playback (Falls 1981) but occasionally an apparently non-paired bird also
would get flushed into the mist net when we were trying to net females. These birds were
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recorded as unknown sex. In 2009, to minimise this capture bias, birds were flushed into
nets rather than being attracted by playback.

Basic biometric data (natural wing chord, tail length, culmen, tarsus and mass) were
recorded in the field on captured birds following the guidelines in Pyle (1997). Natural
wing chord was measured (to the nearest 1.0mm) with a standard stopped metric wing
rule by inserting the rule under the wing as it lay against the body and reading the wing
length from wrist to the tip of the primaries with the primaries against the ruler. This
same rule was used to measure tail length (± 1.0mm) by inserting the rule between the
rectrices until contact with the rump was made and reading the length of the longest
rectrix. The culmen (upper mandible of the bill) was measured (± 0.5mm) using digital
callipers held along the top of the culmen and read from the exposed base to the tip of the
bill. The tarsus (length of the tarsometatarsal bone) was also measured (± 0.5mm) using
digital callipers. Birds were weighed in a cardboard tube with a 100g digital scale,
subtracting the tube mass to give the mass of the bird.

Body fat was assessed by blowing on the breast feathers to expose the chest below. Any
fat deposit appears as a yellow mass just under the skin and is ranked along a gradient
from 0 (no fat) – 6 (fat deposit fills and distends the tracheal pit) (DeSante et al. 2011).
The presence of a brood patch and cloacal protuberance, both indications of breeding
condition (DeSante et al. 2011), were also assessed during this process.
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Genetic Sexing
A minimum of three breast feathers were collected for genetic sexing from each captured
bird. Genomic DNA was isolated from the pulp of 2-3 feathers following the general
protocol of Fridolfsson and Ellegren (1999, also Phillips and Furness 1997, Devlin et al.
2004). Approximately 1 mm of the calamus was removed using a razor blade and placed
in 10 µl extraction buffer (0.1 M NaCl, 0.05 M Tris-HCl, 0.01 M Na2EDTA, pH 8.0), 1
µL 10% Tween-20 and 1µL Proteinase K (20 mg/ml). Samples were incubated in a
thermal-cycler (C1000, Bio-Rad) at 65°C for 120 minutes (mixed and spun at 30 minute
intervals), followed by a 10-minute hold at 95°C to denature the Proteinase K. DNA
isolations were diluted 1 in 10 with sterile water.

We used the polymerase chain reaction (PCR) with the 2550F and 2718R primers
described in Fridolfsson and Ellegren (1999) to determine the sex of each individual.
Amplifications were performed in 10 µl volumes consisting of 1 x Thermopol Buffer
(New England Biolabs), 0.2 mM each dNTP, 2.5 mM MgSO4, 1 µl of the diluted DNA,
0.25 µM each primer, and 1.5 units (U) of LongAmp™ Taq DNA polymerase (New
England Biolabs). The cycling protocol consisted of an initial 180 s denaturation step at
95°C, followed by 40 cycles of 30 s at 95°C, 30 s at 50°C, and 45 s at 72°C followed by a
final extension at 72°C for 180 s.

Amplicons

were

resolved

by

agarose

gel

electrophoresis

(2%

gels;

0.5x

Tris/Borate/EDTA) and visualized using SYBR Green. Individuals with a single ~675
base pair (bp) band were scored as male, and individuals with two bands (~675bp and
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~500bp) were scored as female. The variation in size between the two fragments
corresponds to an ~175bp insertion in the intron of the female copy (W) of the CHD1
gene (Fridolfsson and Ellegren 1999). To ensure consistency, the protocol was repeated
at least twice for all samples. We found that the initial touchdown PCR protocol
described by Fridolfsson and Ellegren (1999) produced inconsistent results with severely
biased sex ratios (more males than females). By omitting the touchdown annealing
protocol and using only one annealing temperature (50°C), we were able to consistently
amplify the smaller (500 bp) fragment (which was generally weaker in intensity). Thus,
we scored more individuals reliably as being female and potentially avoided a significant
artifact in our data collection.
Statistical Analysis
A forward stepwise discriminant function analysis (DFA) was used to determine if any
combination of morphological measurements may have more predictability than any
single measurement, using SPSS 17.0.1 (SPSS 2008) and R 2.12.1 (R Development Core
Team 2010). The measurements used for this analysis were wing chord, tail, tarsus and
culmen. Mass was not included in the DFA as it fluctuates greatly in Nihoa Millerbirds
both within and between days (Kohley et al. 2009). The posterior probabilities used to
group birds of unknown sex into groups of morphological similarity were also calculated
in SPSS following the method used by Phillips and Furness (1997).
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RESULTS
Behavioural Sexing
The results from the DNA sexing support the conclusions made through behavioural
sexing in the field. In no instance did a result from DNA sexing conflict with that
deduced from observing behaviour. Table 3-1 presents the results of the DNA sexing and
the sexing based on the behavioural observations in the field for the 85 Nihoa Millerbirds
netted in 2007. Note that the preponderance of males in this sample (2.4:1) reflects the
call-playback method used to lure birds into nets.

In the field I was unable to sex by behaviour only 5 of 85 birds captured. These five birds
were present in the territories of other birds but did not associate with the resident pair, or
respond to call playback. Two of these five unknowns were later identified as female
through genetic sexing, while three remain unsexed.

Twenty-nine of the 85 samples yielded no result during the DNA sexing, most likely
because not enough DNA was extracted from the sample. The distribution of failed
samples was disproportionate among birds assumed to be male or female based on the
behavioural sexing; only 9 of 57 male samples failed to provide a result whereas 17 of 23
female samples were inconclusive with no clear reason for the discrepancy.

Genetic sexing of Nihoa Millerbirds was not as straightforward as it seems to be for other
species discussed in the literature. Figure 3-1 shows one of my gel images with a few
clean results for both males and females but also some curious male results and some
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samples that provided no result at all. Three females can be clearly identified in Figure 31 by their secondary band and many of the males on this gel show clean single bands.
Males in wells 8 though 10 however show very thick single bands that appear to be
starting to separate into two bands. It is unclear what is causing some male bands to be
thin and others to be thick but thicker bands are of a concern as they may represent two
bands that have not had enough time to separate in the gel. Running the gels for as long
as an hour did not separate these bands and I am confident in my interpretation of the
data.
Morphological Sexing
Morphological data were analysed with basic descriptive statistics in an attempt to
identify differences between the sexes. Figures 3-2 through 3-5 present the results of this
analysis for wing chord, tail, tarsus, and culmen. Table 3-2 lists the means and standard
deviations of these four measurements. While some measurements allow for sexing at
specific ranges, no single measure yielded a reliable means to sex a high proportion of
Nihoa Millerbirds in the field. The addition of morphological measurements of 66 new
birds more than doubles those previously sampled. The morphological data on birds
sampled by Conant in Morin et al. (1997) are also presented in Table 3-2 for comparison
with data presented here. These measurements of wing chord, tail length, and tarsus did
not differ significantly between the two data sets for either sex (p ≥ 0.05). Culmen values
of both sexes were significantly smaller in my data set compared to those previously
recorded (p = 0.0002 males, 0.006 females) and the masses of females were almost
significantly lighter (p = 0.052).
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Significant differences (p = 0.0046) were observed in wing chord distribution between
male and female Nihoa Millerbirds (Figure 3-2). Birds with wing chord equal to or
greater than 67 mm can be sexed confidently as males and birds with wing chord
measurements equal to or less than 62 mm can be sexed confidently as female.
Unfortunately it is only birds at these extremes of the wing chord distribution that can be
sexed as male or female; most individuals (50/66) were in the zone of overlap. Tarsus
distribution (Figure 3-3) followed a similar pattern as wing chord; measures ≥ 26 mm,
indicate male birds and those ≤ 23.5 mm indicate females. Again, no conclusions can be
made for birds within the bulk of the sample. Tail lengths equal to or greater than 64 mm
were male birds, but 50 of 65 birds were in the overlap range (Fig. 3-4). A small degree
of tail moult was observed in the field on a few other individuals which could have
resulted in a few male birds measuring short in the sample. The difference between sexes
in culmen measurements was even less than that observed for wing chord or tarsus
(Figure 3-5); males are largest and females smallest, but only 4 birds of 65 were outside
the overlap range. Culmen is the shortest of the measurements taken (Table 3-2), so
detecting differences between the sexes is inherently more difficult.

In 17 of 18 (94%) known pairs, male Nihoa Millerbirds recorded larger wing chord
measurements than did their mate. This relationship between male and female birds
provides an additional level of confidence in sexing pairs netted in a given territory.
Discriminant Function Analysis
Of the four measures tested, the forward stepwise discriminant function analysis found
the two best measurements to predict sex were wing chord and tail length. Using a
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combination of these two measurements we are able to predict Nihoa Millerbird sex with
84.1% confidence. Figures 3-6 & 3-7 shows the results of the DFA and the clustered
groups of morphologically similar birds that correspond to their sex. Group centroids are
scores calculated by the DFA to describe the probability of a sample belonging to either
group, in our case sex. The halfway point between these centroids is known as the cutscore and is used to predict to predict sex among the birds as seen in Equation 3-1. Birds
above the 0.5 discriminant cut-score can be classified as male and birds below this line
can be classified as female with 84.1% confidence.

D (-0.159) =. 0.702 (Wing _Chord ) + 0.185(Tail _ Length) - 56.46 (Equation 3-1)

The results of the DFA allow for in-hand sexing of most Nihoa Millerbirds in the field.
With simple wing chord and tail length measurements, one can read the sex of a given
bird from Figure 3-6. Confidence increases away from the cut score and, in cases where
certainty of sex is essential, a result further from the threshold line in Figure 3-6 will have
higher predictive power.

DISCUSSION & CONCLUSIONS

Individual morphological measurements of wing chord, tail length, tarsus and culmen are
able to sex males at the largest scores and females at the smallest. In 94% of known pairs,
wing chord measurements were larger in the male. However, reliance on any single
measurement to establish gender is not recommended because nearly all birds can be
identified based on the discriminant function analysis.
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Gender of Nihoa Millerbird can be made based on observations of paired birds
responding to playback. Although 29 of the 85 DNA sexing samples from 2007 did not
yield a result there is still strong support from 56 of these samples that the assumptions
used for behavioural sexing were correct. Behavioural observations can accurately sex
the resident pair of a given territory. While behavioural sexing fails to indicate the sex of
non-breeding birds it can at least allow for the separation of these birds without having to
net the bird. This can be important if a specific cohort is being targeted and will also
provide background information on a bird that in-hand observations cannot.

The results of the DFA are a significant contribution towards the ability to translocate an
appropriate sex ratio of Nihoa Millerbirds from Nihoa to Laysan Island. Sexing in the
field has previously been limited to territory-holding and mated individuals showing
specific behaviours. The shortcoming of behavioural sexing is its inability to provide
information on birds not holding a territory or those that have yet to form a mated pair.
These are the birds most attractive for translocation as their removal from Nihoa might be
less likely to affect the breeding population (Armstrong and Seddon 2008). Use of
discriminant function based on wing chord and tail length establishes the gender of Nihoa
Millerbird in most individuals. Consequently, we are now able to sex almost all Nihoa
Millerbirds with two measurements, greatly increasing the pool of potential translocation
candidates.
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Table 3-1. Comparison of behavioural and genetic sexing for 85 Nihoa Millerbirds
sampled in 2007.
Band
Number
2520-81601
2520-81602
2520-81603
2520-81604
2520-81605
2520-81606
2520-81607
2520-81608
2520-81609
2520-81610
2520-81611
2520-81612
2520-81613
2520-81614
2520-81615
2520-81616
2520-81617
2520-81618
2520-81619
2520-81620
2520-81621
2520-81622
2520-81623
2520-81624
2520-81625
2520-81626
2520-81627
2520-81628
2520-81629
2520-81630
2520-81631
2520-81632
2520-81633
2520-81634
2520-81635
2520-81636
2520-81637
2520-81638
2520-81639
2520-81640
2520-81641
2520-81642
2520-81643

Behavioural
Sexing
F
M
M
M
M
F
M
M
M
M
M
F
M
M
F
M
M
M
M
M
F
F
M
M
U
M
F
M
M
F
M
M
M
M
M
M
M
M
M
F
M
M
M

DNA
sexing
No Result
M
No Result
No Result
M
No Result
M
M
M
M
M
No Result
M
No Result
F
M
M
M
M
M
No Result
No Result
M
M
F
M
No Result
M
M
No Result
M
M
M
M
M
M
M
M
M
F
M
No Result
M

Band
Number
2520-81644
2520-81646
2520-81647
2520-81648
2520-81649
2520-81650
2520-81651
2520-81652
2520-81653
2520-81654
2520-81655
2520-81656
2520-81657
2520-81658
2520-81659
2520-81660
2520-81661
2520-81662
2520-81663
2520-81664
2520-81665
2520-81666
2520-81667
2520-81668
2520-81669
2520-81670
2520-81671
2520-81672
2520-81673
2520-81674
2520-81675
2520-81676
2520-81677
2520-81678
2520-81679
2520-81680
2520-81681
2520-81682
2520-81683
2520-81684
2520-81685
2520-81686
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Behavioural
Sexing
M
M
F
F
M
F
M
M
M
M
M
M
M
M
F
M
F
M
F
U
M
U
U
M
M
F
M
M (?)
F
U
F
M
M
M
M
M
M
F
F
F
F
F

DNA
sexing
M
M
No Result
F
M
F
M
M
M
M
M
M
M
M
F
M
No Result
No Result
No Result
F
M
No Result
No Result
M
M
No Result
No Result
No Result
No Result
No Result
F
No Result
M
M
No Result
M
M
No Result
No Result
No Result
No Result
No Result

Table 3-2. Means and standard deviations for wing chord, tail, tarsus, and culmen
measurements of male and female Nihoa Millerbirds.
Number
Variable

Mean

StDev

Sex

A

B

A

B

A

B

Wing

M

35

32

65.55

63.4

1.26

2.34

Chord (mm)
Tail

F

31

24

63.29

62.1

1.19

2.03

M

35

12

61.68

61.4

3.04

2.94

(mm)

F

30

14

59.00

60.5

2.10

3.47

Tarsus

M

35

13

25.17

24.9

0.71

0.84

(mm)

F

31

15

24.31

24

0.75

0.78

Culmen

M

35

13

15.29

15.9

0.52

0.44

(mm)

F

31

15

15.01

15.5

0.80

0.47

Mass

M

34

32

18.41

18.3

0.75

1.28

(g)

F

31 24 17.70 18.2 0.93 1.24
A –MacDonald B – Morin et al. 1997

Table 3-3. Results of genetic sexing of 66 Nihoa Millerbirds in 2009.
Band #
2520-81601
2520-81607
2520-81685
2520-81701
2520-81702
2520-81703
2520-81704
2520-81705
2520-81706
2520-81707
2520-81708
2520-81709
2520-81710
2520-81711
2520-81712
2520-81713
2520-81714
2520-81715
2520-81716
2520-81717
2520-81719
2520-81720
2520-81721
2520-81722

Sex
F
M
F
No Sample
No Sample
M
M
No Result
M
M
F
M
M
F
M
F
M
M
M
M
F
M
F
F

Band #
2520-81723
2520-81724
2520-81725
2520-81726
2520-81727
2520-81728
2520-81729
2520-81730
2520-81731
2520-81732
2520-81733
2520-81734
2520-81735
2520-81736
2520-81737
2520-81738
2520-81739
2520-81740
2520-81741
2520-81742
2520-81743
2520-81744
2520-81745

49

Sex
M
M
M
M
F
M
F
M
F
F
F
M
F
M
F
F
M
M
M
M
M
F
F

Band #
2520-81746
2520-81747
2520-81748
2520-81749
2520-81750
2520-81751
2520-81752
2520-81753
2520-81754
2520-81755
2520-81756
2520-81757
2520-81758
2520-81759
2520-81760
2520-81761
2520-81762
2520-81763
2520-81764
2520-81765
2520-81766
2520-81767
2520-81768

Sex
M
M
M
F
F
M
M
F
F
F
F
F
M
M
F
M
M
F
F
F
No Sample
F
F

Figure 3-1. Sample agarose gel image showing male, female and no result samples.

Frequency

Wing Chord
14
12
10
8
6
4
2
0
60

61

62

63

64

65

66

67

68

69

Wing Chord (mm)
Males

Females

Figure 3-2. Comparison of wing chord measurements between male and female
Millerbirds (N = 66, birds sexed genetically).
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Frequency

Tarsus
9
8
7
6
5
4
3
2
1
0

23

23.5

24

24.5

25

25.5

26

26.5

Tarsus Length (mm)
Males

Females

Figure 3-3. Comparison of tarsus measurements between male and female Nihoa
Millerbirds (N = 66, birds sexed genetically).

Tail
12
Frequency

10
8
6
4
2
0
55

58

61

64

67

Tail Length (mm)
Males

Females

Figure 3-4. Comparison of tail measurements between male and female Nihoa
Millerbirds (N = 65, birds sexed genetically).
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Frequency

Culmen
7
6
5
4
3
2
1
0

13.5

14

14.5

15

15.5

16

16.5

Culmen length (mm)
Males

Females

(mm)

Figure 3-5. Comparison of culmen measurements between male and female Nihoa
Millerbirds (N = 65, birds sexed genetically).

(mm)
Figure 3-6. Discriminant function using natural wing chord and tail length to sex Nihoa
Millerbirds. The discriminant cut-off of 50% probability of being either female or male is
represented by the solid line. The discriminant cut-offs for 25% and 75% posterior
probabilities are displayed as dashed lines. Note points overlap.
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Figure 3-7. The probability of being a female Nihoa Millerbird as predicted by the
discriminant score (Equation 1). The discriminant cut-off of 50% probability of being
either female or male is represented by the solid line. The discriminant cut-offs for 25%
and 75% posterior probabilities are displayed as dashed lines. Note points overlap.
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CHAPTER 4 – CONCLUSION
The aim of this project was to provide the basic biological and ecological information
necessary in considering management options for the critically endangered Nihoa
Millerbird. Specifically, there was a crucial need to assess Laysan Island as suitable
habitat and a potential release site for a translocated propagule of Nihoa Millerbirds. Diet
was deemed to be the largest "unknown" given Laysan Island’s history of anthropogenic
disturbance and invasive species. It was unclear to what extent the arthropod
communities and, therefore, potential Nihoa Millerbird prey items had recovered with
restoration efforts on the island over the last century.

Also of significant interest was whether Nihoa Millerbirds could be sexed in the field
using a method that did not rely on behavioural cues. Sexing in the field has previously
been limited to territory-holding and mated individuals showing specific behaviours. The
shortcoming of behavioural sexing is its inability to provide information on birds not
holding a territory or those that have yet to form a mated pair. These ambiguous birds
cannot be selected for translocation if a given sex ratio is desired.

This study showed that Laysan Island would serve as a suitable translocation site for the
Nihoa Millerbird with adequate densities of invertebrate prey. While invertebrate
densities between the two islands did differ significantly at the island scale, it was found
that all areas of Laysan Island had comparable invertebrate densities to areas on Nihoa
Island known to support Nihoa Millerbird territories.
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The development of a discriminant function (DFA) that allows for in-field sexing of
Nihoa Millerbirds is a major contribution to the biology of the species and provides an
indispensable tool for managers of this bird. The result of the DFA overcomes a
considerable obstacle in the ability to translocate an appropriate sex ratio of Nihoa
Millerbirds from Nihoa Island to Laysan Island. Use of discriminant function based on
wing chord and tail length establishes the gender of Nihoa Millerbird in most individuals.
Consequently, we are now able to sex almost all Nihoa Millerbirds with two
measurements, greatly increasing the pool of potential translocation candidates.

FUTURE AREAS OF RESEARCH

The Nihoa Millerbird has not been studied extensively. Access to the Island is difficult
and conditions for field research, such as lack of freshwater, infrastructure, and
communications limit extended visits. The Island supports high densities of nesting
seabirds, often located in burrows that need to be avoided during field work. Also, the
Island has cultural significance to the Native Hawaiians and access to the site is
minimised.

The Nihoa Millerbird continues to be at risk of extinction, even if translocation to Laysan
Island is successful. There are likely fewer than 800 birds on Nihoa Island, in an area of
40ha. A dramatic change to vegetation, such as mortality of plants from overbrowsing by
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the vagrant grasshopper, or due to climate change, could result in loss of nesting sites.
Similar events could significantly change prey availability.
I noted several interesting behaviours by Nihoa Millerbird during my field research on
Nihoa Island but did not have the opportunity to explore them adequately. If further
research on Nihoa Millerbird is possible, I would recommend an emphasis on the
following areas of study:
Habitat Use
This study did not find a difference in invertebrate biomass among different areas on
Nihoa Island yet Nihoa Millerbird distribution is highly clumped. If Nihoa Millerbird
distribution is not explained by the availability of food, another factor must be driving the
higher densities observed in some areas of Nihoa Island. One possible explanation could
be a requirement for cover. With much of the vegetation senescent during the hot, dry
months of the year there would be demand for the limited cover offered by evergreen
species. Qualitative observations would suggest areas higher in Millerbird density also
have higher percent cover of evergreen vegetation but a quantitative assessment would be
required to test this hypothesis.
Breeding Biology
The exact timing and duration of the breeding season for Nihoa Millerbirds is not well
known but is suspected to coincide with the onset of the rainy season. Past suggestions
that breeding continues through the summer months may have been based on particularly
wet years and may not reflect the norm. I observed many birds in varying stages of moult
through the summer and did not witness any signs of breeding activity such as nest
building or maintenance, brooding of fledged juveniles, or any physiological indicators
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such as a brood patch or cloacal protuberance. It is likely that the core breeding occurs
January though February with onset and duration fluctuating with the precipitation
observed in a given year. With a winter expedition to Nihoa Island not feasible, better
understanding of Nihoa Millerbird breeding biology might have to come from a group
translocated to Laysan Island.
Monitoring
Extensive monitoring of the Nihoa Millerbird translocated population will, no doubt, be
developed. Armstrong (2008), however, recommends a strong emphasis also be put on
monitoring the source population to ensure the removal of birds does not result in
negative effects. Additionally, habitat quality of the translocation site should be
monitored as Nihoa Millerbirds become established. Komdeur (1995) observed a steady
decline in invertebrate biomass on two translocation sites in the year following an
introduction of Seychelles warblers (Acrocephalus sechellensis). Changes in prey
densities may result in changes to the estimated carrying capacity for Nihoa Millerbirds
on Laysan Island and, as such, should be monitored carefully.
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