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Fundamental objectives in the field of conservation biology involve understanding the
processes that influence small and declining populations and applying that knowledge to develop
appropriate monitoring strategies and targeted management and conservation actions. Critical
first steps in determining the relative role of factors that drive population declines involves
estimation of key demographic rates, as well as movement parameters needed to provide the
spatiotemporal context for demographic processes. Whereas traditional studies in avian ecology
have focused on single phases of the annual cycle, advances in technology now permit
researchers to track individuals throughout the year and thus account for linkages between
various life history phases. This full annual cycle approach provides a more comprehensive
framework for understanding movement ecology and population dynamics and, thus, identifying
factors limiting recovery of species at risk
The Hawaiian Duck (Koloa maoli, Anas wyvilliana) is a non-migratory dabbling duck
and the only extant endemic duck in the main Hawaiian Islands of more than twelve Anatids
found in the fossil record. Once common throughout the Hawaiian Islands, Hawaiian Ducks
experienced substantial population declines during the early 20th century and are currently

restricted to the islands of Kaua‘i and Ni‘ihau. Similar to many endemic island bird populations,
Hawaiian Duck population persistence on Kaua‘i is thought to be threatened by introduced
predators, pathogens, and habitat loss and alteration. However, literature on Hawaiian Duck
ecology is limited, and demographic estimates needed to assess population health, determine the
relative importance of threats, and inform conservation planning are lacking. My dissertation
aims to apply a full annual cycle framework to examine the influence of several biological and
environmental factors on the movements, space use, and survival of the Hawaiian Duck and to
provide critical baseline estimates of demographic parameters (e.g., abundance, sex ratio) needed
for management and conservation planning.
In Chapter 2, I employed a multi-spatiotemporal strategy using satellite and radiotelemetry to investigate large-scale regional movement patterns and to evaluate how sex, climate,
and biological seasons influence regional fidelity and local-scale home range dynamics
throughout the full annual cycle. Birds exhibited multiple regional movement strategies,
including intra-island movement, inter-island movement (Kaua‘i–Ni‘ihau), and year-round
residency. I documented large-scale movement (>80 km); however, most birds exhibited
resident behavior and strong regional fidelity to north-central Kaua‘i on a seasonal and annual
basis. Regional fidelity was higher among females than males, and higher during the peak
nesting season (September–May) compared to the off-peak nesting season (June–August). On a
seasonal basis, females ranged over slightly larger areas during wetter seasons compared to drier
seasons; however, females generally maintained high inter-seasonal fidelity to home ranges and
core use areas. Combining sexes, population-level hotspots (i.e., significant clustering of
overlapping annual core use areas) occurred exclusively within Hanalei National Wildlife
Refuge, where year-round wetland management specifically targets Hawaiian Duck. The

combination of strong regional fidelity and extensive use of Hanalei NWR when on the north
shore suggests this refuge supports a large proportion of Hawaiian Ducks for their full range of
daily and seasonal life history requirements. Overall, these results provide insight into the
spatiotemporal scale required for conservation and management actions.
In Chapter 3, I used radio-telemetry data to evaluate factors influencing adult survival
and to identify primary sources of mortality for Hawaiian Ducks throughout the annual cycle.
Additionally, I used contemporaneous Hawaiian Duck carcass recovery and surveillance data to
examine temporal and climatic associations with avian botulism outbreaks at a core wetland site,
Hanalei NWR. Bi-monthly survival decreased log-linearly with lagged rainfall and did not vary
with sex or peak nesting season. Annual survival for Hawaiian Ducks (62–80%) was relatively
high compared to continental anatids. Primary causes of mortality included avian botulism and
depredation by cats (Felis catus). The botulism surveillance dataset revealed weak support for
the effect of rainfall on the number of sick and dead birds recovered, with generally a greater
number of recoveries during months with middle-range concurrent-lagged rainfall totals. These
results provides critical demographic data for population monitoring and highlight the
importance of managing botulism risk and non-native mammalian predators for the recovery of
the Hawaiian Ducks.
In Chapter 4, I used a 5-year capture-mark-recapture (CMR) dataset and robust design
CMR models to estimate adult abundance, sex ratio, and survival of Hawaiian Ducks at Hanalei
NWR. During 2010–2015, 792 Hawaiian Ducks were captured 1,236 times. Model-averaged
sex-specific abundance estimates revealed a heavily distorted, male-biased sex ratio (3:1) that
was relatively consistent across seasons and years. Annual apparent survival was lower for
females (0.43) compared to males (0.69). I found strong evidence for the presence of temporary

emigration, but the particular form of emigration (i.e., random vs. Markovian) was unclear. The
top model suggested random temporary emigration varied on a seasonal basis, with a greater
proportion of birds moving to an unavailable state during summer compared to winter.
Abundance estimates of Hawaiian Ducks at Hanalei NWR varied from 252 to 625 adult and
first-year birds; however, these estimates reflect the abundance of birds available for capture,
which may underrepresent the total number of birds on the refuge. This chapter provides
estimates of several demographic parameters critically needed for improving our understanding
of Hawaiian Duck population dynamics and informing future modeling efforts and conservation
decisions.
Collectively, these results provided novel insight into the movement ecology and
population demography of the endangered Hawaiian Duck and could be applied to future
modeling efforts, population assessments, and conservation planning. This research indicated
that a large number of birds can be supported on managed sites, such as Hanalei NWR,
throughout all phases of the annual cycle, suggesting that intense conservation of relatively
small, protected lands can be an effective management strategy. Avian botulism was the primary
cause of mortality and posed a year-round threat to Hawaiian Ducks. Combined with strong
regional fidelity of birds to north Kauaʻi, these results highlight the importance of establishing a
network of core wetlands to alleviate potential demographic bottlenecks. Further, the adult sex
ratio was strongly male-biased and associated with lower survival among females than males
over a 5-year span. Consideration of this important element of population structure is critical for
future modeling efforts and population assessments. Lastly, these results demonstrated the
potential of CMR methods as one component of a future long-term monitoring strategy.
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1
1 – GENERAL INTRODUCTION

Chief objectives in the field of conservation biology involve understanding the factors
and processes that influence small and declining populations and applying that knowledge to
develop appropriate monitoring strategies and targeted management and conservation actions
(Soulé 1985, Caughley 1994, Norris 2004). Estimation of key demographic rates (survival,
recruitment, immigration, and emigration) and components of population structure (e.g., adult
sex ratio) is a critical first step in determining the relative role of factors that cause population
declines (Williams et al. 2002, Lee et al. 2011, Doak et al. 2015) and predicting responses of
populations to landscape modifications (e.g., habitat loss, habitat restoration), climate change,
and conservation actions (e.g., translocations or reintroductions, invasive species removal;
Buckland et al. 2000, Caswell 2001, McRae et al. 2008, Marcot et al. 2013, Diller et al. 2016).
However, for many rare and declining species, detailed demographic data are often unavailable
or span a limited portion of the annual cycle (Morris et al. 2002, Beissinger et al. 2006, Marra et
al. 2015).
Whereas traditional studies in avian ecology have focused on single phases of the annual
cycle (e.g., breeding), advances in technology now permit researchers to track individuals
throughout the full annual cycle and thus directly assess linkages between various life history
phases (e.g., carryover effects, or seasonal interactions; Webster et al. 2002, Marra et al. 2015).
This full annual cycle approach provides a more comprehensive framework for understanding
movement ecology and population dynamics and, thus, identifying factors limiting recovery of
species at risk (Hostetler et al. 2015, Kramer et al. 2018). However, in practice, relatively few
studies have implemented a full annual cycle framework at the individual and population level
(Marra et al. 2015).

2
The federally endangered Hawaiian Duck (Koloa maoli; Anas wyvilliana) is a
monochromatic, non-migratory dabbling duck endemic to the Hawaiian Archipelago and closely
related to the Mallard (A, platyrhynchos) and Laysan Duck (A. laysanensis; Lavretsky et al.
2015). Qualitative records suggest Hawaiian Ducks were once common throughout the main
Hawaiian Islands, but they experienced substantial population declines and range contraction
during the early 20th century (Swedberg 1967, Banko 1987). Similar to many other endemic
island bird populations (Blackburn et al. 2004, Atkinson and Lapointe 2009, Fordham and Brook
2010), Hawaiian Duck population decline has been largely attributed to introduced predators,
habitat loss and alteration, and overharvest (Henshaw 1902, Banko 1987, Engilis Jr. et al. 2002,
USFWS 2011). In addition, hybridization and introgression with feral Mallards has essentially
resulted in genetic extirpation of Hawaiian Ducks throughout much of their former range
(Rhymer 2001, Wells et al. 2019), and recent population genetics research revealed that Kaua‘i
now supports the last remaining non-hybridized population (Wells et al. 2019). However,
information on seasonal and annual distribution and movement dynamics within this remnant
range is lacking. And, although we know the presumptive threats to population persistence, we
know nothing about the relative importance of these threats or the specific period of the annual
life cycle when their impact is most severe (Engilis Jr. et al. 2002, USFWS 2011).
The development of effective conservation and management strategies for Hawaiian
Ducks requires a better understanding of patterns and drivers of movement and space use
throughout the annual cycle. In addition to the basic need to define the geographic range of the
population, information on regional movements among sites on Kaua‘i and nearby islands
throughout different phases of the annual cycle are needed to determine the relative importance
of wetland sites and define the spatiotemporal scale needed for conservation and management
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actions (e.g., habitat restoration, non-native predator control). Further, the rate and direction of
movement among populations influences not only the strength of gene flow, which can be
particularly important for maintaining genetic diversity in small and isolated populations (Slatkin
1987, Frankham 2003, Webster et al. 2005), but also demographic connectivity, thereby
influencing population growth rates (Levins 1969, Pulliam 1988, Morales et al. 2010). On a
local scale, assessing seasonal and sex-specific variation of space use in relation to sites that are
specifically managing for Hawaiian Ducks may help gauge the relative value of current
management practices and potentially identify disparities in sex specific resource requirements.
Estimates of demographic parameters needed to monitor Hawaiian Duck population
health and response to threats are limited (Swedberg 1967, USFWS 2011). Adult survival is
among the most important demographic rate influencing population growth for many bird taxa
(Sæther and Bakke 2000, Hoekman et al. 2002, Stahl and Oli 2006, Coluccy et al. 2008), and
thus, understanding how survival rates and causes of mortality vary throughout specific phases of
the annual cycle may inform Hawaiian Duck conservation and management (USFWS 2011).
Further, female-biased mortality during breeding season is a major cause of sex ratio distortion
among dabbling ducks (Johnson and Sargeant 1977, Blohm et al. 1987, Brasher et al. 2006) and
birds in general (Donald 2007, Székely et al. 2014). Sex ratio is a major determinant of effective
population size (Lande and Barrowclough 1987, Frankham 1995) and has important implications
for population dynamics, genetics, and extinction risk, particularly for small populations
(Caballero 1994, Kvarnemo and Ahnesjö 1996, Sæther et al. 2004, Lee et al. 2011).
I applied a multiscale, full annual cycle approach to investigate the movement ecology
and parameters influencing the population dynamics of the Hawaiian Duck. In Chapter 2, I
examined the spatial scale and seasonal timing of regional movements on Kaua‘i–Ni‘ihau,
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evaluated variation in regional fidelity to north-central Kaua‘i, compared size of annual home
ranges and core use areas between males and females, and examined seasonal distributional
shifts of female space use in relation to home range and core use area size, overlap, and
utilization distribution similarity. Additionally, I assessed the relative value of Hanalei National
Wildlife Refuge (NWR), a core wetland complex, for Hawaiian Ducks throughout the annual
cycle by considering seasonal and annual regional fidelity to north Kaua‘i in combination with
the proportions of home range and core use area overlapping Hanalei NWR, and I identified
annual population level hotspots of birds on north-central Kaua‘i by examining clustering of
individual core use areas.
In Chapter 3, I evaluated the relative role of factors influencing adult survival and causespecific mortality on a seasonal and annual basis using birds tagged with radio-transmitters.
More specifically, I estimated bi-monthly and annual adult survival rates, evaluated the effects of
biotic (e.g., sex, breeding season) and abiotic (e.g., rainfall, year) factors on survival, and
compared cause-specific mortality rates between females and males. I hypothesized that, similar
to other Anas, females would have lower annual survival than males because of increased
depredation during the breeding season (Brasher et al. 2006, Arnold et al. 2012). I also expected
avian botulism to be a significant source of mortality. Thus, my secondary objective was to
examine further climatic associations with avian botulism outbreaks using carcass recovery and
surveillance data at Hanalei NWR.
In Chapter 4, I developed a 5-year capture-mark-recapture (CMR) dataset and used
robust design CMR modeling to estimate seasonal abundance and sex ratio of adults and firstyear birds using Hanalei NWR and investigate sex-specific variation in survival rates. In
addition to providing wetland managers a baseline indication of the number of birds using the
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refuge on a seasonal basis, my study aimed to evaluate a key mechanism hypothesized to
influence sex ratio distortion (i.e., female-biased mortality) using a longer term time series than
that used in Chapter 3. Estimating survival using both radio-telemetry (Chapter 3) and CMR
methodologies provided a rare opportunity to compare how each can contribute to understanding
survival. Further, I discuss the utility of CMR and robust design modeling as a potential
methodological framework for future population monitoring of Hawaiian Ducks.
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2 – MULTISCALE PATTERNS OF MOVEMENT AND SPACE USE IN AN ENDANGERED,
ISLAND-ENDEMIC DABBLING DUCK

Christopher P. Malachowski, Bruce D. Dugger, Kimberly J. Uyehara, and Michelle H. Reynolds
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Abstract
Understanding the space use and movement patterns of a species throughout the full
annual cycle is critical for gaining a comprehensive assessment of its resource requirements and
identifying potential demographic bottlenecks. We provide a multiscale perspective of the
spatiotemporal ecology of a cryptic, endangered waterbird, the Hawaiian Duck (Anas
wyvilliana). Using a combination of satellite (n = 12 birds) and radio (n = 115) telemetry, we
investigated movements, regional fidelity, and space use of Hawaiian Ducks captured and tagged
on north-central Kaua‘i and tracked throughout the entire annual cycle. Birds exhibited multiple
regional movement strategies, including intra-island movement, inter-island movement (Kaua‘i –
Ni‘ihau), and year-round residency. We documented large-scale movement (>80 km); however,
most birds exhibited strong regional fidelity to north-central Kaua‘i on a seasonal and annual
basis. Regional fidelity was higher among females than males, and higher during the peak
nesting season (September–May) compared to the off-peak nesting season (June–August).
Within north-central Kaua‘i, annual home-range size (mean = 86.4 ± 5.5 [SE] ha; 95% fixed
kernel) did not differ between sexes, but males had larger core use areas (14.3 ha; 50% fixed
kernel) than females (10.5 ha). On a seasonal basis, females ranged over slightly larger areas
during wetter seasons (58.4 ha) compared to drier seasons (50.5 ha). In addition, females
maintained high inter-seasonal fidelity to home ranges (mean overlap = 0.71), core use areas
(mean overlap = 0.61), and overall utilization distributions (mean Bhattacharyya’s affinity index
= 0.84). Combining sexes, we identified population-level hotspots (i.e., significant clustering of
overlapping annual core use areas) that occurred exclusively within Hanalei National Wildlife
Refuge (NWR), where year-round wetland management specifically targets Hawaiian Duck.
The combination of strong regional fidelity and extensive use of Hanalei NWR suggests this
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refuge supports a large proportion of Hawaiian Ducks throughout the full annual cycle. By
assessing year-round movements and space use of Hawaiian Ducks throughout the annual cycle,
our results provide insight into the spatiotemporal scale required for conservation and
management actions.

Introduction
A core theme in theoretical ecology and applied conservation biology involves the study
of movement and space use by animals. The rate and direction of movement among populations
influences not only the strength of gene flow, which can be particularly important for
maintaining genetic diversity in small, isolated, and declining populations (Slatkin 1987,
Frankham 2003, Webster et al. 2005), but also demographic connectivity, thereby influencing
population growth rates and source-sink dynamics (Levins 1969, Pulliam 1988, Morales et al.
2010). Whereas traditional studies in avian movement ecology have focused on single phases of
the annual cycle (e.g., breeding, wintering), advances in technology now permit researchers to
track individuals throughout the full annual cycle and thus directly assess linkages between
various life history phases (e.g., carryover effects, or seasonal interactions; Webster et al. 2002,
Marra et al. 2015). This full annual cycle approach to studying movement ecology provides a
more comprehensive framework for understanding population dynamics and identifying factors
limiting recovery of species at risk (Hostetler et al. 2015).
An animal’s space use can be driven by individual factors (e.g., sex, age, body size, past
experiences), as well as their interaction with density-dependent external variables, such as
resource availability and distribution, competition, predation (McNab 1963, Adams 2001, Frair
et al. 2007, Börger et al. 2008, Tamburello et al. 2015). Because resource requirements (e.g.,

9
food, access to mates, nesting habitat) and the availability of those resources can vary throughout
the year, the extent and intensity of an individual’s space use will often shift on a seasonal basis
(McLoughlen and Ferguson 2000, Cline and Haig 2011, Kolts and McRae 2017). Conversely,
for populations that inhabit productive or stable ecosystems where all annual life history
requirements are met, individuals generally make relatively few movements and have limited
seasonal distributional shifts in space use (Newton 2008, Sekercioglu 2010, Chapman et al.
2011). Understanding year-round space use dynamics therefore provides insight into the degree
to which a given area satisfies a species’ resource requirements and is critical for defining the
spatiotemporal scale needed for conservation and management actions (e.g., habitat restoration,
invasive predator control). Furthermore, within-population variability in movement and space
use strategies can serve as a possible indicator of the flexibility or resiliency of a population in
responding to a changing climate and landscape (Gilroy et al. 2016).
The Hawaiian Duck (or Koloa maoli; Anas wyvilliana) is a non-migratory dabbling duck
and one of four endemic, federally endangered waterbirds remaining on the main Hawaiian
Islands (USFWS 2011). Historically occurring on all of the main islands except Lāna‘i and
Kaho‘olawe (Perkins 1903, Olson and James 1982), the Hawaiian Duck has experienced
substantial range-wide population declines because of wetland loss and modification, introduced
predators, overhunting, and hybridization and introgression with feral Mallard (A. platyrhynchos;
(Henshaw 1902, Swedberg 1967, Banko 1987), and recent genetic research reveals that Kaua‘i
now supports the last remaining non-hybridized population (Wells et al. 2019). Bi-annual state
waterbird surveys (i.e., visual counts) at low elevation coastal wetlands suggest the highest
numbers of birds regularly occur on the north shore of Kaua‘i in and around Hanalei National
Wildlife Refuge (NWR), where year-round management specifically targets Hawaiian Duck on
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moist-soil wetland complexes (USFWS 2011, Malachowski and Dugger 2018). However, no
studies have followed marked birds, and it remains unclear if year-round bird presence reflects
occupancy by the same individuals (Malachowski and Dugger 2018, Malachowski et al. 2019).
Further, state surveys do not cover the range of cover types and regions used by Hawaiian
Ducks, such as mountain streams and bogs in Kaua‘i’s interior or any wetlands on the nearby
island of Ni‘ihau (USFWS 2011). Determining the patterns of regional movement among sites
on Kaua‘i and nearby islands throughout different phases of the annual cycle can provide critical
information on the relative importance of wetland sites and habitat connectivity in general
(Taylor et al. 1993, Haig et al. 1998). Further, assessing spatiotemporal patterns and drivers of
space use in relation to sites that are specifically managing for Hawaiian Ducks may help gauge
the value of current management practices and provide insights for conservation efforts with
other island waterbirds.
We used a combination of satellite and radio telemetry to investigate movements,
residency, and space use of Hawaiian Ducks captured on Kaua‘i and tracked throughout the
entire annual cycle. Our primary objectives were to 1) quantify and assess the spatial scale and
timing of regional movements, 2) evaluate variation in regional fidelity and residency status of
birds using north-central Kaua‘i, 3) compare size of annual home ranges and core use areas
between males and females, and 4) examine seasonal distributional shifts of female space use in
relation to home range and core use area size, overlap, and utilization distribution similarity.
Additionally, we assessed the relative value of Hanalei NWR for Hawaiian Ducks throughout the
annual cycle by considering seasonal and annual regional fidelity to north-central Kaua‘i in
combination with the proportions of home range and core use area overlapping Hanalei NWR,
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and we identified annual population level hotspots of birds on north-central Kaua‘i by examining
clustering of individual core use areas.

Methods
Study area
We studied the year-round movements, site fidelity, and space use of Hawaiian Ducks on
the island of Kaua‘i, Hawai‘i, USA between January 2011 and September 2016. Kaua‘i
encompasses 1,456 km2 and ranges in elevation from sea level to 1,598 m on Mount Wai‘ale‘ale.
The island is characterized by mild and generally stable climate; however, rainfall varies
substantially with altitude and between windward (northeastern) and leeward (southwestern)
sides of the island (MacDonald et al. 1960). Average annual rainfall ranges from <50 cm yr-1 on
the leeward coast to 1,000 cm yr-1 on Mount Wai‘ale‘ale in the island interior (Giambelluca et
al. 2013). At lower elevations, precipitation generally varies seasonally, with decreased rainfall
during summer months and with less pronounced seasonal variation on the north shore compared
to the south. Dominant wetland types on Kaua‘i include freshwater marshes, forested wetlands,
montane bogs, riverine wetlands, and flooded agricultural fields (Ramage and Schroeder 1999,
van Rees and Reed 2014).
We conducted fieldwork throughout Kaua‘i; however, our primary radio-tracking zone
included the north-central region of Kaua‘i between the Lumaha‘i Valley and Kalihiwai Valley,
and south to the mid-section of the Hanalei River (Figure 2.1). All trapping and tagging of birds
was centered at Hanalei NWR (22° 12ʹ 23ʺ N, 159° 28ʹ 32ʺ W), which manages habitat for
endangered Hawaiian waterbirds and the Hawaiian Goose (Branta sandvicensis). Located in the
broad floodplain of the lower Hanalei River and flanked by steep forested ridges, the 371-ha
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refuge contains > 24 ha of freshwater impoundments managed to provide year-round wetland
habitat for Hawaiian waterbirds. The refuge also has 53 ha of shallowly flooded fields, or lo‘i,
used for the cultivation of taro (Colocasia esculenta), a traditional Hawaiian food crop with a
year-round growing season. Approximately two-thirds of annual state-wide taro production
occurs in the greater Hanalei region (Cho et al. 2007). Mean annual rainfall at Princeville Ranch
(1938–2010), 1 km north of Hanalei NWR, is 204 ± 48 cm yr-1, ranging from 11 cm mo-1 in
June to 23 cm mo-1 in November (NCDC 2017).
Capture and transmitter attachment
We captured Hawaiian Ducks using customized baited swim-in traps at Hanalei NWR
(Hunt and Dahlka 1953, Dugger and Malachowski 2013). We banded each bird with a U.S.
Geological Survey (USGS) metal leg band and a field-readable, uniquely coded colored leg band
(Haggie Engraving, Crumpton, MD, USA; Gustafson et al. 1997). We sexed and aged birds by
using plumage characteristics (A. E. Engilis Jr. et al., unpubl. data) and cloacal examination. We
measured body weight (± 5 g) with a spring scale and culmen length (± 0.1 mm) with dial
calipers. We then calculated body condition index (BCI), an indirect measure of physiological
condition, as body mass divided by culmen length (Harder and Kirkpatrick 1996). We
immediately processed and released birds undergoing remigial molt and females that were gravid
or had brood patches. We transported a sample of remaining adult birds from their capture site
to a centralized site in separate kennels for transmitter attachment.
We used satellite telemetry to investigate large-scale regional movements, which are
difficult to document on Kaua‘i using traditional VHF telemetry techniques because of limited
road access, mountainous terrain, and high costs associated with aerial tracking (e.g.,
helicopters). Between January 2011 and November 2015, we attached 12-g satellite platform
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transmitter terminals (PTTs; North Star solar birdbourne PTT) on 12 adult males using a 5-g
backpack harness made of Teflon® ribbon (Bally Ribbon Mills, Bally, PA, USA). We chose not
to attach PTTs to females because the combination of small body size of Hawaiian Ducks and
our data collection requirements (e.g., ability to monitor birds for >1 year) limited us to PTTs
equipped with solar panels which require an external attachment, and those backpacks can
influence female behavior and reproductive rates (Pietz et al. 1993, Rotella et al. 1993,
Garrettson and Rohwer 1998). We selected males in good body condition (i.e., BCI greater than
50th percentile, based on data collected during previous trapping efforts [nmale = 455, nfemale = 96;
C. P. Malachowski, Oregon State University, unpubl. data]) and for which the PTT package (i.e.,
transmitter and harness) did not exceed 3% of the bird’s mass. Following transmitter attachment,
we returned birds to individual kennels for a 2-hr acclimation period, and released birds at their
capture site.
We used VHF radio telemetry to assess local scale movements and space use among
ducks on north-central Kaua‘i. A specially trained veterinarian implanted anesthetized birds
with intracoelomic VHF radio-transmitters (nfemale = 50, nmale = 67; Korschgen et al. 1984, 1996)
from 24 November–11 December 2012 and 29 November–19 December 2013. We did not
radio-tag any bird whose sex-specific BCI was in the lower 10th percentile for the species.
Transmitters (Model AI-2M, Holohil Systems, Carp, Ontario, Canada) were configured to have a
percutaneous antenna, 18-mo battery life, and a mortality switch that doubled the pulse rate after
12 h of inactivity. Fully configured transmitters weighed 18.0 g and averaged 2.6 ± 0.2% (SD)
of bird body mass, which was well below the 5% recommended by Fair et al. (2010). Following
surgery, birds were placed back in their individual kennels and allowed to recover for at least 60
min prior to being released at their capture site.
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Locations of PTT-tagged individuals
We used the Argos System (Argos CLS 2008. User’s Manual; CLS/Service Argos,
Toulouse, France) to receive PTT transmission signals and download data between January 2011
and September 2016. Argos processing centers assigned each location to a location quality class
(LC) based on the number of transmissions received and, for locations with ≥4 transmissions, the
estimated location error radius. We filtered data to remove fixes with low or unquantified
position accuracy (i.e., LC 1, 0, A, B, and Z), locations that occurred over open ocean (i.e., off
island), and redundant data. All locations in the final dataset were LC 3 or 2, which
corresponded to estimated location error radii of <250 and 250–500 m, respectively. In some
cases, error estimates provided by Argos may be underestimated (Douglas et al. 2012).
PTTs were programmed to operate on a duty cycle of 7 hr on and 12 hr off and were
equipped with sensors to measure bird motion, unit temperature, and battery voltage. We
excluded locations collected ≤ 72 hr after release to minimize potential bias in movement
behavior associated with capture and transmitter attachment (Dabbert and Powell 1993, Moon et
al. 2017). We removed active PTTs from birds carrying transmitters for >12 mo if incidentally
captured during periodic banding efforts. Otherwise, we tracked birds until sensor information
suggested bird mortality, transmitter loss, or transmitter failure had occurred.
Locations of VHF radio-tagged individuals
We used a truck-mounted null-peak antenna system (4-element) and handheld antennas
(3-element) to monitor the location and status (i.e., alive or dead) of VHF radio-tagged birds
from December 2012 through December 2014. We searched for birds throughout Kaua‘i;
however, regular monitoring occurred within the primary tracking zone on north-central Kaua‘i
(see Study area). We generally attempted to locate females at least 6 days per week and males
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every 2–4 days until birds died, transmitters failed, transmitters were extruded (Appendix A), or
the radio-telemetry component of our study ended in December 2014. We supplemented
ground-based tracking with opportunistic aerial telemetry surveys (n = 5) using helicopters to
relocate birds in remote areas of the island not easily accessible from the ground (e.g., mountain
streams).
We tracked individuals at varying times between 05:00 and 22:00 h Hawaii Standard
Time, and we randomized our survey routes daily within the primary tracking zone. We
determined bird locations by homing and triangulation. When homing led to visual sightings, we
confirmed bird identity by band combination and determined bird locations based on observer
location and bearing and distance to the bird using a hand-held GPS unit, compass, and rangefinder. When visual sightings were not feasible, we triangulated locations from ≥ 3 GPS
waypoints and corresponding directional bearings and signal strengths. Occasionally, we could
not obtain a third bearing (e.g., bird moved, signal no longer detected, signal interference) and,
therefore, used biangulation to obtain bird locations (~9% of locations). We attempted to collect
all location data for a given bird within a 15-min period to reduce the probability of errors
resulting from bird movement; however, we considered triangulation durations ≤ 30 min to be
acceptable (mean ± SE = 14.7 ± 0.1 min). Accuracy and precision of the telemetry systems were
periodically estimated using dummy transmitters attached to a 1 L bottle of water and placed
200m, 400m, 800m, and 1,200m from the observer.
We used Location of a Signal (LOAS) software (version 4.0.3.8; Ecological Software
Solutions) to plot bearings and analyze radio-telemetry data. Geographic coordinates of bird
locations (Universal Transverse Mercator [UTM]) were computed using the maximumlikelihood estimator, and error ellipses or polygons were calculated using a 95% confidence
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interval with a χ2 distribution and constant bearing errors (i.e., standard deviation of the angular
error) of 3° for the null-peak antenna system and 6.4° for the handheld antenna. We removed
location estimates with an error ellipse > 20 ha (mean ± SE = 0.8 ± 0.02 ha; median = 0.3 ha)
and excluded locations collected during the first 14 days following release to minimize potential
bias in movement behavior associated with capture, handling, and transmitter surgery (Mulcahy
and Esler 1999, Esler et al. 2000, Sexson et al. 2014). We only used tracking data up to the date
each bird was last confirmed alive based on bird movement and signal activity to ensure all
locations and regional presence/absence records were associated with live birds carrying
functional transmitters. All location data were compiled into a database, imported into a
geographic information system (GIS; ArcGIS, Environmental Systems Research Institute,
Redlands, CA, USA), and inspected for errors.
Regional movement and fidelity
To assess regional movement patterns, we categorized regions used by PTT-tagged birds
broadly as north-central Kaua‘i (i.e., the primary radio-tracking zone) and three additional
regions, including upper Hanalei and Lumaha‘i River Valleys (central Kaua‘i), Mānā Plain
(southwest Kaua‘i), and Ni‘ihau (Figure 2.1), based on a posteriori assessment of bird locations.
We defined the entry and exit dates for movements into and out of each region as the midpoint
between location timestamps in two different regions. For each bird, we determined the number
of regions used and the number of regional movements made. We assessed regional fidelity
differently for PTT- and VHF-tagged birds. To quantify regional fidelity of PTT-tagged birds,
we calculated the proportion of time spent in each region. For VHF-tagged birds, we only
evaluated regional fidelity to north-central Kaua‘i (i.e., the primary tracking zone), as we could
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not regularly track birds in other regions. We examined fidelity by calculating the proportion of
tracking days an individual was detected at least once in north-central Kaua‘i.
Estimates of regional movements and fidelity derived from PTT-data were summarized
for each month-year period in which birds were tracked ≥ 25 days (98% included full monthly
coverage) and the entire annual cycle for birds tracked year-round. We evaluated regional
fidelity for VHF-tagged birds on a seasonal and annual basis. Seasons were defined as early
nesting (September–November), mid nesting (December–February), late nesting (March– May),
and off-peak nesting (June–August; Malachowski et al. 2019). We established a minimum of 15
tracking attempts (on different days) per season for calculating seasonal regional fidelity of each
individual. For birds meeting minimum sample size requirements in all four seasons of a given
year, we calculated annual regional fidelity as the average of their four seasonal values.
Home range and core use area
We calculated utilization distributions (UDs) for each VHF-tagged bird in north-central
Kaua‘i using fixed bivariate-normal kernel density estimators of the utilization functions
(Worton 1989, Seaman and Powell 1996, Kernohan et al. 2001). For each individual, we
considered successive locations separated by >5 hr to be biologically independent, as birds could
easily move across the study area and across multiple home ranges within that time. We also
limited the number of locations per individual in a single day to two. If the number of locations
exceeded hourly or daily limits, we randomly selected records to be retained. We estimated
seasonal UDs for individuals with ≥ 30 locations during a given season and estimated annual
UDs for individuals with locations during each season of a given year and with ≥ 30 locations
overall (Seaman et al. 1999). Due to sample size constraints, we did not estimate seasonal home
ranges for males.
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We chose the fixed kernel method because it is considered among the most robust of
home range estimators and generally has lower bias and better surface fit compared to the
adaptive kernel, which attaches more uncertainty to locations at the outer edge of the sample
(Seaman and Powell 1996, Kernohan et al. 2001). Home range estimates are sensitive to
bandwidth (i.e., smoothing parameter) selection (Gitzen et al. 2006), and we therefore
qualitatively assessed two common bandwidth estimators – least squares cross-validation
(LSCV; Seaman and Powell 1996) and reference bandwidth (Worton 1989). The LSCV method
failed to reach convergence for several birds and generally resulted in greatly undersmoothed
and unrealistic estimates. Conversely, the reference bandwidth estimator resulted in
oversmoothed UDs, which contained large portions of unused area, for some birds. Therefore,
we used a uniform smoothing parameter (h = 96.46), corresponding to the median reference
bandwidth for all individual seasonal and annual UDs (Wilmet et al. 2019). This value was
greater than the average location error, and based on visual inspection, this method best fit the
data and provided the most consistent performance across the range of spatial extents and space
use patterns (e.g., single vs. multiple centers of activity, clumped vs. evenly distributed
locations) exhibited by individuals in our study. We used the 95% isopleth of the UD to describe
home range and 50% isopleth for core use area. We also calculated 100% minimum convex
polygons, a classic approach to space use estimation that is useful when comparing home ranges
among different studies (Mohr 1947, White and Garrott 1990).
When assessing home range data, applying multiple metrics is advantageous and provides
a more comprehensive understanding of space use dynamics (Fieberg and Börger 2012, Clapp
and Beck 2015). We therefore used multiple comparative measures to investigate seasonal and
annual variation in space use of Hawaiian Ducks. To compare annual space use requirements
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between males and females, we calculated area of year-round home ranges and core use areas.
For females, we examined individual seasonal distributional shifts of space use in relation to 1)
size of seasonal home range and core use area, 2) proportion of seasonal home range (and core
use area) overlap, and 3) similarity between seasonal UDs. We used Bhattacharyya’s affinity
index (BA; Bhattacharyya 1943) to quantify similarity between seasonal UDs within and
between years for each individual. The BA is a non-directional measure of home-range overlap
that uses the product of shared UDs to determine an index ranging from 0 (no overlap) to 1
(identical UDs; Fieberg and Kochanny 2005), and it is considered more appropriate than simple
measures of proportion overlap of home ranges when assessing the degree of similarity between
UDs.
To examine the relative value of Hanalei NWR throughout the annual cycle of Hawaiian
Ducks, we calculated the proportion of each home range and core use area that overlapped
Hanalei NWR. The refuge boundary consists of discontinuous but proximate (≲ 50 m
separation) areas of land and is interspersed with small inholdings; however, because these areas
are relatively small and directly benefit from refuge management activities, we defined the
refuge boundary as the outermost perimeter of the entire refuge area to create a single composite
polygon.
We assessed annual population-level hotspots of birds on north-central Kaua‘i by
examining the spatial autocorrelation and clustering of individual core use areas. We created a
composite data layer by stacking individual core use area polygons on a grid with 20 m × 20 m
cell size, and we calculated the number of overlapping core use areas in each cell. We measured
the Global Moran’s I coefficient to assess spatial autocorrelation of these additive numerical
values, and we used the Getis-Ord Gi* statistic (Getis and Ord 1992, Ord and Getis 1995,
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Swenson and Howard 2005) to identify statistically significant clustering of multiple core use
areas (Gi* z-score ≥ 1.96, P ≤ 0.05). We calculated all space use metrics in the R programming
environment (version 3.6.1; R Core Team 2019) using packages ‘adehabitatHR’ (Calenge 2006)
and ‘spdep’ (Bivand et al. 2005)

Statistical analyses
We used generalized linear mixed models (GLMMs) to evaluate variation in movement,
fidelity, and space use parameters. To form models for monthly regional movement of PTTtagged birds (i.e., binary response variable indicating if an individual made at least one regional
movement during the month) and regional fidelity of VHF-tagged birds to north-central Kaua‘i
(i.e., proportion of tracking-days that the bird was in the region), we used GLMMs with a
binomial distribution and logit-link function. For regional fidelity of PTT-tagged birds using
areas outside north Kaua‘i (n = 4 individuals), sample sizes were limited and diagnostics for
GLMMs indicated poor fit; we therefore used Kruskal-Wallis tests with post-hoc Dunn tests of
multiple comparisons and Benjamini-Hochberg adjusted p-values (Dunn 1964, Benjamini and
Hochberg 1995).
We used a Gaussian (normal) distribution for modeling sizes of seasonal and annual
home range and core use area, after log-transforming the responses to meet assumptions of
normality of the residuals and constant variance. For home range overlap, core use area overlap,
similarity of UDs (i.e., BA), and proportions of home range overlapping Hanalei NWR, we used
beta regression with a logit link to account for the bounded nature of the data. The beta
distribution is continuous between 0 and 1 and is well-suited to heteroskedastic and asymmetric
data (Ferrari and Cribari-Neto 2004). If the datasets included few ‘0’ and ‘1’ values, we rescaled
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the response variable according to the following equation (Smithson and Verkuilen 2006): y′′ =
[y′ (N – 1) + 1/2] / N, where y′′ is the transformation of y′ and N is the sample size. For the
proportion of seasonal home range overlapping Hanalei NWR (10% of samples equaled zero),
we used zero-inflated beta regression. The zero-inflation component of this mixture model
assesses the likelihood of having zero overlap compared to > 0 overlap, and the conditional
component uses beta regression to model the proportion overlap conditional on having > 0
overlap. Lastly, we used binomial GLMMs to assess factors influencing whether or not birds
maintained core use areas entirely within the refuge. To account for repeated sampling among
individuals (i.e., birds tracked over multiple periods), we included bird identity as a random
intercept effect in all models, when applicable. , We used an observation level random effect in
the binomial model when we detected overdispersion during the modelling process (seasonal
regional fidelity only; Harrison 2015).
We constructed a priori models using up to seven covariates hypothesized to influence
movement and space use, including sex (when applicable), rainfall, and additional temporal
factors. When the temporal scale of the sample unit was monthly, we considered effects of
concurrent monthly rainfall (i.e., total rainfall during the month [standardized]) and lagged
rainfall, as rainfall and associated effects on habitat and resources in the preceding month could
affect movement in the current month. Seasonal analyses included only 8 unique rainfall values,
and we therefore used binary variables indicating whether concurrent or lagged seasonal total
rainfall was higher or lower relative to median seasonal rainfall values during the study period.
We generally predicted more movement and more expansive space use during periods with
greater rainfall. To further explore temporal patterns in movement and space use, we evaluated
effects of month, season, peak (Sep-May) vs. off-peak (Jun-Aug) nesting periods, and year (2013
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vs. 2014). The specific variables included in each analysis varied depending on the temporal
scale of the associated sample unit. We did not test for a year effect on movements of PTTtagged birds because relatively few satellite transmitters were deployed in each year, and bird
identity was confounded with year.
We used Akaike’s Information Criterion values corrected for small sample sizes (AICc),
differences between AICc and AICc from the top-ranked model (ΔAICc), and AICc model
weights (wi) to assess the relative support for each model in the candidate model set (Burnham
and Anderson 2002, Arnold 2010). We evaluated all covariates using single-variable models, as
well as additive combinations and interactions of covariates receiving strong support as singlevariable models (ΔAICc < 2.0). For the regional fidelity analyses, we included interactions of
sex × season and sex × nesting period a priori because we were specifically interested in testing
predictions about sex-specific variation in seasonal use of north Kaua‘i. We included an
intercept-only model for comparison in all model sets. Based on competitive models (ΔAICc <
2.0), we determined the amount of evidence for each covariate by evaluating 95% confidence
limits from the profiled likelihood on model coefficients (βi), and considered parameters that
included zero in their 95% CI to be uninformative (Arnold 2010). Estimates for model
coefficients are presented on the link scales. We performed data analyses in the R programming
environment (version 3.6.1; R Core Team 2019).

Results
Transmitter performance and fate
Satellite transmitters deployed on 12 Hawaiian Ducks produced 5,686 location estimates
(LC 3 and 2) between January 2011 and September 2016 (Table 2.1, Figure 2.2, Figure B.1).
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Tracking durations of individuals ranged from 94–682 days (mean = 327 ± 268 [SD] days). One
bird was recaptured after 476 tracking days, and the active transmitter package was removed; the
bird appeared normal and healthy based on external physical examination. Eleven birds were
tracked until sensor activity suggested mortality, transmitter loss, or transmitter failure. We
confirmed mortality for two of these birds 118 and 166 days after tagging based on subsequent
carcass recovery.
We radio-tagged 50 females (n2012 = 34, n2013 = 16) and 67 males (n2012 = 31, n2013 = 36)
during November–December 2012 and 2013. Two birds died within 14 days of transmitter
attachment and were censored from analyses. One additional male was recovered sick with
botulism intoxication (208 days after tagging), treated, and released after eight days of
rehabilitation. Because the bird was found during non-tracking activities and treated in
accordance with standard refuge protocol, we continued tracking the bird and retained postrelease location data in analyses. Of the 115 birds providing location data, 21 remained active
through the end of the study, 24 died, 28 extruded their transmitters, and 29 had signal loss,
suggesting transmitter failure or emigration from the study area. We could not differentiate
between mortality and transmitter loss for an additional 13 birds.
We tracked birds for 23–695 days (mean = 301 ± 159 days) and generated >30,000
locations and presence/absence records. Of these, 114 birds (nfemale = 49, nmale = 65) accounting
22,731 bird-tracking days and 418 bird-season-year sample units met data requirements for
inclusion in the seasonal regional fidelity analysis, and 64 birds (nfemale = 21, nmale = 43) totaling
14,775 bird-tracking days and 66 bird-year sample units were included in the annual fidelity
analysis (Table 2.2). We estimated 140 seasonal utilization distributions for 46 females based on
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9,572 location estimates, and 65 annual UDs for 21 females and 42 males based on 5,933 and
3,299 location estimates, respectively (Table 2.2; Figures B.2, B.3).
Regional movement
Hawaiian Duck males fitted with satellite transmitters exhibited three primary regional
movement behaviors including permanent residency on north-central Kaua‘i, intra-island
movement between north Kaua‘i and upper river valleys or the Mānā Plain, and inter-island
movement between Kaua‘i and Ni‘ihau (Figure 2.2, Figure B.1). Six of 12 birds remained in the
north-central Kaua‘i region for the entire duration of their tracking periods (mean = 251 ± 222
[SD] days; range = 94–682 days). These males made localized movements around the lower
Hanalei River Valley and adjacent wetlands on the north shore. Four birds moved between
Hanalei NWR and the upper regions of large river valleys, including the Hanalei and Lumaha‘i
Rivers. Three of these birds made 1–2 upslope movements each, and one bird made at least 11
upslope movements between the lower Hanalei River Valley and the upper Hanalei River during
its 15-mo tracking period. Duration of stays ranged from <1 to 73 days (mean = 10.7 ± 4.5 [SE];
median = 3.2). Based on limited movements during July and August, one bird likely molted
flight feathers along the upper Hanalei River.
The remaining two birds exhibited inter-island movement, making 3–9 round trips
between Hanalei and Ni‘ihau or between the Mānā Plain and Ni‘ihau. When on Ni‘ihau, birds
used wetlands in the south and central regions of the island, as well as along the western coast
(Figure 2.2). The one bird using the Mānā Plain moved throughout the entire region and made
occasional movements just upslope from the coastal plain, presumably along small streams.
Duration of occupancy lasted 1–170 days (mean = 36 ± 18; median = 7) on Ni‘ihau and <1 to
162 days (mean = 31 ± 17; median = 18) on the Mānā Plain. Movement data suggested one bird
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underwent wing molt on Ni‘ihau during July–August, and one bird likely molted in Mānā during
August–September and July–August during consecutive years.
On a monthly basis, birds made 0–4 regional movements (mean = 0.5 ± 0.1) and used 1–
3 regions (mean = 1.2 ± 0.04). The probability of making at least one regional movement in a
given month did not vary with month, season, nesting period, or rainfall. All candidate models
were > 2 ΔAICc from the null model, with coefficient estimates that broadly overlapped zero
(likelihood ratio tests: all P > 0.05). Birds tracked year-round (n = 5) made 0–19 regional
movements (mean = 8.8 ± 3.9) and used 1–3 unique regions (mean = 2.0 ± 0.3) based on first
365 days of tracking.
No bird travelled between Kaua‘i and any of the other main Hawaiian Islands.
Additionally, we found no definitive location estimates of PTT-tagged birds on the Alaka‘i
Plateau (i.e., Alaka‘i Swamp), a large region containing montane wet forest and streams on
Kaua‘i. However, three birds had infrequent locations with poor accuracy (e.g., location classes
1 and 0) in the Alaka‘i region, suggesting occasional movement to this region with poor signal
reception was possible. Locations of VHF-tagged birds detected outside of the north shore
included the mid to upper Hanalei and Lumaha‘i Rivers, as well as single bird relocations in
Kapa‘a, Mānā Plain, and Ni‘ihau.
Regional fidelity
Overall, regional fidelity of PTT-tagged birds to north-central Kaua‘i ranged from 0.21–1
(mean = 0.85 ± 0.07) based on their entire tracking periods (Figure 2.3), and weighted mean
monthly fidelity was 0.77 ± 0.04 for an annual cycle (Figure 2.2 [panel A]). Eight of 12 birds
spent >99% of time in this region. For the other four birds, mean monthly regional fidelity
varied by season (Kruskal-Wallis test: H3 = 18.2, P < 0.001) and nesting period (H1 = 12.6, P <
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0.001), with greater fidelity during peak nesting (i.e., September–May; 0.56 ± 0.07) compared to
off-peak nesting (i.e, June–August; 0.08 ± 0.08; Figure 2.3). More specifically, regional fidelity
was lower during June–August compared to December–February (0.73 ± 0.09; Dunn test: Z = 3.96, P < 0.001) and September–November (0.64 ± 0.14; Z = -3.11, P = 0.006) and lower during
Mar-May (0.38 ± 0.10) than Dec-Feb (Z = -2.27, P = 0.047).
Seasonal regional fidelity of VHF transmitter-tagged Hawaiian Ducks to north Kaua‘i
varied from 0 to 1, with an overall median 0.986 (n = 418 bird-season samples; Table B.1). The
top ranked model included additive effects of sex and nesting period (wi = 0.49; Table 2.3).
Models including interactive effects of sex × season and sex × nesting period were also
competitive (< 2 ΔAIC), and overall, models including various combinations of these covariates
garnered all of the model weight. Based on the top model, males had a 1.606 (95% CI = 0.488 to
2.746) lower log-odds of being on north-central Kaua‘i compared to females, and birds had a
1.871 (95% CI = 1.339 to 2.415) higher log odds of being in this region during peak nesting
season (Figure 2.4). For birds tracked during all seasons of a given year (nfemale = 22, nmale = 44),
annual regional fidelity to north Kaua‘i ranged from 0.266 to 1 (Table B.1), and varied between
sexes and years (Table 2.3; Figure 2.4). The top three models included different configurations
of sex and year effects and accounted for 80% of model weight. The top model (sex + year)
indicated annual regional fidelity was higher for females than males (βsex = 1.081, 95% CI = 0.012–2.184) and higher during 2014 than 2013 (βyear = 0.968, 95% CI = 0.090–1.900).
Home range and core use area
Primary sites used by radio-tagged birds on north Kaua‘i included Hanalei NWR and the
lower to mid portions of Hanalei and Wai‘oli Valleys (Figures 2.5, B.2, B.3). Some birds
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regularly used the lower Lumaha‘i, Waipā, and Waikoko Valleys, and birds were infrequently
detected in the Waileia, ‘Anini, and Kalihiwai watersheds.
Annual home range sizes of birds using north Kaua‘i varied from 23.3–190.2 ha (mean =
86.4 ± 5.5 ha, median = 71.4), and core use areas ranged from 4.9–34.4 ha (mean = 14.8 ± 1.0
ha, median = 12.2; n = 65; Table B.2). Home range size did not differ between females and
males (βsex = 0.211, 95% CI = -0.056 to 0.478; F1,63 = 2.48, P = 0.12); however, core use areas
varied between sexes (βsex = 0.307, 95% CI = 0.034 to 0.581; F1,63 = 5.05, P = 0.028). Males had
larger core areas (14.3 ha, 95% CI = 12.2–16.7) than females (10.5 ha, 95% CI = 8.4–13.0).
Sizes of home range and core use areas did not differ between study years (home range: F1,63 =
0.44, P = 0.5; core use area: F1,63 = 2.20, P = 0.14).
Female seasonal home range area varied from 19.7–159.5 ha (mean = 58.0 ± 2.3, median
= 50.3) and seasonal core use area spanned from 4.4–29.5 ha (mean = 10.1 ± 0.4, median = 8.4;
n = 140; Table B.2). Among the six home range models compared, the concurrent rainfall model
ranked highest and carried 84% of the model weight (βrain_concurrent = 0.145, 95% CI = 0.044 to
0.246; Table 2.4). All other models were > 5 ΔAICc. Birds ranged over slightly larger areas
during wetter seasons (i.e., seasons with total rainfall > median value; 58.4 ha, 95% CI = 50.8–
67.0) compared to drier seasons (50.5 ha, 95% CI = 44.5–57.3). Seasonal core use area similarly
shared concurrent rainfall (βrain_concurrent = 0.114, 95% CI = 0.001 to 0.229) as the top ranked
model (Table 2.4), and models including concurrent rainfall received a cumulative 61% of model
weight. The year and null models were within 2 AICc of the top model, and the beta coefficient
for year effect was not significantly different from zero (βyear = 0.132, 95% CI = -0.026–0.290).
Individual females exhibited a high degree of seasonal overlap in their home ranges
(mean = 0.709 ± 0.010, range = 0.253–1) and core use areas (mean = 0.608 ± 0.016, range = 0–
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1) with all seasonal comparisons having at least 25% home range overlap. Model selection
results for home range overlap indicated strongest support for models including a seasonal effect
(wi = 0.92; Table 2.5), but Tukey contrasts of pairwise comparisons revealed significant effects
for only 6 of 66 combinations and was primarily driven by high overlap between December–
February and March–May relative to other combinations. The best supported model for core use
overlap included nesting period (βnest = 0.635, 95% CI = 0.386–0.885; Table 2.5), and females
generally had less overlap between peak and off-peak nesting periods (0.661, 95% CI = 0.602–
0.715) compared to seasonal comparisons within the peak nesting period (0.508, 95% CI =
0.438–0.577). The model containing season was also competitive, with 9 of the 10 significant
pairwise comparisons directly supporting the previously described nesting period effect.
Similarity in overall UDs between seasons (within year) was also high (mean BA index =
0.843 ± 0.010, range = 0.298–0.994), and the most parsimonious model contained a seasonal
effect (wi = 0.81; Table 2.5). UD similarity was generally highest between December–February
and March–May (BA index = 0.906, 95% CI = 0.881–0.926) and lowest between June–August
and December–February (BA index = 0.798, 95% CI = 0.747–0.841; Figure 2.6). Limited
sample size precluded analysis of seasonal UD similarity between years; however, BA values for
6 females providing location data in multiple years suggested inter-annual UD similarity was
also relatively high (December–February [2013 vs. 2014]: mean = 0.674 ± 0.122, n = 6; March–
May [2013 vs. 2014]: mean = 0.797 ± 0.059, n = 5).
The mean proportion of annual home range area overlapping Hanalei NWR was 0.793 ±
0.034 (range = 0–1.000, median = 0.917), and the mean proportion of core use area on the refuge
was 0.878 ± 0.036 (range = 0–1, median = 1). Only 3% of birds (2 of 65) had no portion of their
annual home range on the refuge. Home range overlap on the refuge did not differ between
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sexes (βsex = -0.012, 95% CI = -0.594–0.570; χ2 = 0.002, P = 0.97) or years (βyear = 0.291, 95%
CI = -0.260–0.842; χ2 = 1.07, P = 0.30). The annual core use area of 77% (50 of 65) of birds fell
entirely within the refuge, compared to 6% (4 of 65) that maintained annual core areas entirely
outside. The probability of having a core area entirely within the refuge did not vary between
females and males (deviance = 0.46, P = 0.50) or years (deviance = 3.58, P = 0.06).
On a seasonal basis, mean female home range and core use area overlap on Hanalei NWR
was 0.752 ± 0.029 (range = 0–1, median = 0.938) and 0.820 ± 0.031 (range = 0–1, median = 1),
respectively. For home range overlap, the top ranked model for the zero-inflation component
(logistic regression) included a year effect (wi = 0.42; Table 2.6), suggesting birds had a 1.696
(95% CI = 0.159–3.234) lower log-odds of having a seasonal home range completely outside
refuge boundaries during 2014 compared to 2013. Models containing year had a cumulative
weight of 0.72. The concurrent rainfall model was within 2 AICc from the top model, but the
beta coefficient overlapped zero (95% CI = -3.010–0.067), indicating no additional explanatory
power. Conditional on having at least a portion of home range on the refuge, the top ranked
model explaining seasonal home range overlap on the refuge included additive effects of season
and year (Table 2.6). This model was 4.4 AICc lower than the next best model, and the
cumulative weight for models including either season or year effects was 97.3%. The proportion
overlap was lower during 2014 compared to 2013 (βyear = -0.685, 95% CI = -1.196 to -0.173),
and lower during December–February compared to June–August (β = -0.743, 95% CI = -1.194 to
-0.293) and March–May (β = -0.419, 95% CI = -0.738 to -0.100). The seasonal core use areas of
72% of bird-season estimates were located entirely within the refuge, and this likelihood did not
vary with rainfall, season, nesting period, or year (Table 2.6). The null model ranked highest,
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and beta coefficients for both competitive models (rainfall, nesting period) broadly overlapped
zero.
Annual core use areas of birds tracked year-round were not randomly distributed within
north-central Kaua‘i. We found high levels of spatial autocorrelation among core use areas (I =
0.97) and significant clustering of multiple core use areas (i.e., grid cells with Zgi ≥ 1.96; Figure
2.5). These population-level hotspots occurred entirely within Hanalei NWR, with the largest
contiguous cluster occurring in the northwest region of the refuge. The annual core use areas of
82% of birds overlapped at least a portion of this northwest hotspot.

Discussion
Understanding the space use and movement patterns of a species throughout the full
annual cycle is critical for gaining a comprehensive assessment of its resource requirements and
potential demographic bottlenecks (Hostetler et al. 2015, Marra et al. 2015). Our research
provides a multi-scale perspective of the spatiotemporal ecology of a cryptic, endangered
Hawaiian waterbird across its current range. Satellite and radio-telemetry revealed Hawaiian
Ducks captured and tagged on north-central Kaua‘i exhibited multiple regional movement
strategies, including intra-island movement, inter-island movement, and year-round residency.
We documented Hawaiian Ducks are capable of large-scale movements (> 80 km); however, we
found most birds exhibited strong residency behavior in north-central Kaua‘i on a seasonal and
annual basis, indicating this region fulfills the complete range of annual resource requirements
for a large proportion of the sampled population. Resident behavior is consistent with other
tropical and subtropical ducks (Weller 1980, Bielefeld et al. 2010, Baldassarre 2014) and
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generally associated with species occupying areas with mild, stable climate and year-round
resource availability (Stutchbury and Morton 2001, Newton 2008).
The range of movement behaviors and site usage among our sample of transmittered
birds, in combination with the relatively small sizes of Kaua‘i (1,456 km2) and Ni‘iahu (180
km2), indicates Hawaiian Ducks are capable of movements throughout Kaua‘i-Ni‘ihau, and birds
captured at Hanalei likely represent the population of birds from around the two islands. Engilis
and Pratt (1993) proposed birds disperse from Kaua‘i to Ni‘ihau in response to seasonal rainfall
patterns and associated ephemeral wetland availability. However, assessments of movement
between these islands have been largely based on summer and winter count data from aerial
surveys over Ni‘ihau (last survey conducted in 1999) and ground surveys at low elevation sites
on Kaua‘i, which provide limited spatial and temporal resolution of occupancy on the island
(Munro 1939, Banko 1987, Engilis Jr. 1988, Engilis Jr. and Pratt 1993, Engilis Jr. et al. 2002,
DOFAW 2015). We documented transmittered birds on Ni‘ihau during all months of the year
(except November), and birds remained for extended durations (e.g., maximum 170 consecutive
days), including periods of presumably negligible total rainfall (e.g., <10 mm during a three-mo
period), based on gauges on Kaua‘i’s leeward coast (NCDC 2017). Ducks not only used the
large playa lake complex in the south, which has been classified as a core wetland site in the
Recovery Plan for Hawaiian Waterbirds (USFWS 2011), but also the coastal wetlands along the
northwest shore. Further, our data strongly suggests at least some birds undergo remigial molt
on the island, as speculated by Engilis et al. (2002). Although our sample of satellite tagged
birds was limited (n = 12), the extent of time spent by some birds on Ni‘ihau supports previous
claims that this region likely provides important wetland habitat for Hawaiian Ducks (Engilis et
al. 2002, USFWS 2011).
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Hawaiian Ducks also made altitudinal movements between low elevation coastal plains
and remote, upper river valleys on Kaua‘i, confirming previous speculation based on seasonal
changes in counts during semi-annual surveys (Engilis Jr. and Pratt 1993, USFWS 2011,
DOFAW 2015). Telemetry data indicated the periodic use of upper river systems extended
throughout the year at the population level, with suggestive evidence of elevated use during the
off-peak nesting season (June–August) when a larger subset of birds may be undergoing remigial
molt (Richardson and Bowles 1964, Engilis Jr. and Pratt 1993). Regional fidelity to north Kaua‘i
slightly decreased for both sexes during June–August; and, of birds with summer regional
fidelity <90% that were absent from north Kaua‘i at the time of a July 2013 aerial survey, 67%
(six of nine) were detected in mid to upper Hanalei and Lumaha‘i Valleys. Further, all six of
these birds were absent from the north shore for a period during the summer long enough for
wing molt (i.e., ≥ 30 days). During the flightless period, ducks are particularly vulnerable to
predation and changing habitat conditions (Panek and Majewski 1990, Fleskes et al. 2010), and
future research aimed at understanding how birds are specifically using these upper river systems
would inform Hawaiian Duck conservation and broader habitat restoration efforts.
Although we confirmed inter-island movements for distances less than 30 km, we did
not detect larger scale movements between islands (e.g., Kaua‘i to O‘ahu, > 100 km). Movement
between O‘ahu and Kaua‘i has been documented for other Hawaiian waterbirds, including
Hawaiian Coots (Fulica alai) and Hawaiian Black-necked Stilts (Himantopus mexicanus
knudseni), based on genetic and observational evidence (Telfer and Burr 1978, Riggs 2016,
Sonsthagen et al. 2018). However, despite banding >1100 Hawaiian Ducks on Kaua‘i since
2010, trapping and band-resight surveys on O‘ahu have failed to produce any detections (C.
Malachowski, Oregon State University, unpublished data; S. Turnbull, Hawaii Department of
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Land & Natural Resources, unpublished data). Further, recent genetic analyses of ducks
throughout the main Hawaiian Islands indicate that the Kaua‘i population of Hawaiian Ducks is
genetically distinct, while populations on all other islands show varying levels of introgression
with feral Mallards (Wells et al. 2019). The combined evidence from telemetry, capture-markrecapture and resight surveys, and genetic analysis suggests movements between Kaua‘i and
O‘ahu are very rare. The rate of long-distance movement and dispersal has important
conservation implications for Hawaiian waterbirds in the context of demographic and genetic
connectivity (Hanski 1996, Haig et al. 2011, Sonsthagen et al. 2017). For Hawaiian Ducks,
given widespread hybridization and introgression on islands outside Kaua‘i-Ni‘ihau (Rhymer
2001, Wells et al. 2019), the presumably limited movement between Kaua‘i and O‘ahu has likely
been a key factor staving off effective range-wide genetic extinction.
Hawaiian Ducks exhibited considerably high site fidelity throughout the annual cycle at
both regional and local (home range) scales. Across sexes, median seasonal and annual fidelity
to north-central Kaua‘i was 0.99 and 0.96, respectively. Additionally, females maintained high
inter-seasonal fidelity to home ranges (mean overlap = 0.71), core use areas (mean overlap =
0.61), and overall utilization distributions (mean BA index = 0.84) when in northern Kaua‘i.
Birds appeared to remain faithful to home ranges between years as well, though sample size was
limited (n = 6). These results are consistent with high rates of inter-annual home range fidelity
observed in Laysan Teal on Midway Atoll (Reynolds et al. 2012). More generally, high rates of
fidelity to breeding and wintering sites are common among continental migratory waterfowl,
particularly sea ducks, geese, and swans (Greenwood 1980, Rohwer and Anderson 1988,
Anderson et al. 1992, Robertson and Cooke 1999, Robertson et al. 2000). For Hawaiian Ducks,
high levels of site fidelity at the home range scale may provide benefits in the form of local
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knowledge that allows birds to better exploit food resources, avoid predators, acquire mates, and
consequently, improved demographic performance (Anderson et al. 1992, Robertson and Cooke
1999, Iverson and Esler 2006).
Despite an overall high degree of regional fidelity to north Kaua‘i, we detected subtle but
significant differences in space use patterns between sexes and nesting periods. Males not only
had larger core use areas when in the region, but were also more likely to temporarily emigrate
from the region than females. These results suggest a disparity in sex-specific resource
requirements within the region, which we hypothesize is attributable to a skewed sex ratio (3:1,
male:female; Chapter 4) and limited mate access. Previous behavioral surveys indicated the
mean monthly proportion of adult males that were paired (0.25) was consistently lower than the
proportion of paired adult females (0.68; Malachowski et al. 2019). Although we have no reason
to believe there is a surplus of available females outside the north shore, there is evidence among
other species of waterfowl that unpaired males exhibit more expansive ranging behavior than
paired males (Robertson and Cooke 1999, Robertson et al. 2000).
Both male and female Hawaiian Ducks had lower fidelity to the north shore during
summer months, which corresponds to the off-peak nesting season (Malachowski et al. 2019)
and possibly a period when more birds are undergoing wing molt (Engilis Jr. et al. 2002). For
other closely related dabbling ducks (e.g., Mallards, Mottled Ducks), movement between
spatially distinct breeding and molting sites is not uncommon; however, even among migratory
species, individual movements are highly variable (Hohman et al. 1992, Bielefeld et al. 2010).
Our tracking data strongly suggested at least some birds underwent remigial molt in upper river
valleys, the Mānā Plain, and Ni‘ihau during July–September, supporting previous observations
and speculations (Engilis Jr. and Pratt 1993, Engilis Jr. et al. 2002). Nevertheless, high annual
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residency rates dictates that most birds are molting on the north shore. Among females in this
region, subtle shifts in seasonal utilization distributions and core use areas were generally most
prominent during June–August, and may reflect movement to local areas that are more
conducive for wing molt.
Although we detected modest expansion of seasonal home ranges and core use areas
during wetter periods, the effects were relatively weak, and contrary to our prediction we found
no relationship between regional fidelity and seasonal rainfall. We suspect these results are
correlated with habitat management actions on Hanalei NWR targeted at Hawaiian Ducks and
other endangered waterbirds (USFWS 2011). Specifically, wetland hydroperiod, successional
stages, and habitat conditions are varied among individual wetland impoundments in a staggered
fashion throughout the year to provide habitat for waterbirds in a range of life history stages at
any given time (Gee 2007, Malachowski and Dugger 2018). Year-round wetland management,
as well as adjacent taro agriculture, likely buffers Hawaiian Ducks from the effects of periodic
regional drying that might naturally trigger greater regional movements or home range
modifications. In support of that interpretation, population-level hotspots (i.e., significant
clustering of overlapping annual core use areas) occurred exclusively within Hanalei NWR, with
94% and 77% of birds having some portion or all of their annual core use area on the refuge, and
the extensive annual home range overlap on the refuge was consistent among sex and years.
Further, behavioral and breeding surveys revealed Hawaiian Ducks use Hanalei for a variety of
activities (e.g., foraging, loafing, courtship, nesting) throughout the entire year (Malachowski
and Dugger 2018, Malachowski et al. 2018, 2019). The combination of strong regional and local
fidelity and extensive use of Hanalei NWR suggests this refuge supports a large proportion of
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Hawaiian Ducks throughout the full annual cycle. Therefore, managing potential sources of
demographic bottlenecks (e.g., avian botulism) at this site is critical for species recovery.
As a broad comparison with other non-migratory dabbling ducks, our estimates of home
range sizes for Hawaiian Ducks were generally at the lower range of values reported for
continental Mottled Ducks (Weeks 1969, Bielefeld et al. 2010, Varner et al. 2014a, Pollander et
al. 2019) and upper range of estimates for island-endemic Laysan Teal (Reynolds 2004,
Reynolds et al. 2010, 2012). For example, Varner (2014) reported annual female Mottled Duck
home ranges as small as 17 ha for urban birds and 160 ha for rural birds in Florida; however,
seasonal and annual Mottled Duck home range sizes typically exceeded those of Hawaiian
Ducks by a large extent (up to 1,200-fold; Ribgy 2008, Varner et al. 2014, Pollander et al. 2019).
Home ranges of dabbling ducks can vary considerably by species, life history phase, region, and
habitat characteristics (e.g., resource abundance and availability; Legagneux et al. 2009,
Baldassarre 2014); however, the generally large discrepancies in home range size between
continental and island species highlights the fact that island birds are completing their annual
cycle in much smaller area and are, therefore, particularly vulnerable to population decline and
extinction from local-scale habitat loss, disease epizootics (e.g., avian botulism), predator
introductions, and other stochastic events, such as severe storms.
Over 40% of wetlands in low elevation, coastal plains in Hawaii have been lost since
human settlement (van Rees and Reed 2014), and many of the remaining natural coastal
wetlands have either been replaced with man-made or altered wetland sites (e.g., agricultural
ponds, reservoirs, fish ponds, settling basins) or heavily impacted by invasive species,
contaminants, and altered hydrology (Griffin et al. 1989, Bantilan-Smith et al. 2009, Müller et al.
2010). Determining the connectivity, or functional relationships, between remaining wetland
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patches across the dynamic wetland landscape on Kaua‘i-Ni‘ihau is critical for the development
of wetland conservation strategies that will benefit all endangered Hawaiian waterbirds (Haig et
al. 1998, Hanski 1998). Our multi-scale study of Hawaiian Duck movement ecology provides
relevant baseline information that begins to address those needs. Although large-scale
movements suggested birds may perceive regional segments of the landscape as connected at the
population level, most individuals exhibited high regional fidelity to north Kaua‘i and made
limited local movement throughout the entire annual cycle, suggesting wetland connectivity and
habitat selection decisions are more frequently perceived at a local scale.
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Table 2.1. Summary of satellite telemetry data collected for male Hawaiian Ducks (n = 12) on Kaua‘i and Ni‘ihau, USA between
January 2011 and September 2016 (sorted by tagging date).
Number of locations (by classa)
USGS band Date tagged Start dateb
End datec Tracking duration (days)
LC 3
LC 2
Total
1106-17035 2011-01-21 2011-01-24 2012-05-03
464.6
85
209
294
1106-17137 2011-01-22 2011-01-25 2012-05-13
473.5
177
316
493
1106-17138 2011-01-22 2011-01-25 2011-07-07
162.7
83
130
213
1106-27977 2012-12-14 2012-12-17 2013-05-27
160.7
35
87
122
1106-27989 2012-12-14 2012-12-17 2014-08-31
622.3
206
419
625
1106-27993 2012-12-14 2012-12-17 2013-03-28
100.8
10
30
40
1106-25640 2014-06-03 2014-06-06 2014-09-28
113.9
205
112
317
1106-28163 2014-06-03 2014-06-06 2015-03-23
289.9
189
139
328
1106-28165 2014-06-03 2014-06-06 2016-04-18
682.1
929
476
1405
1106-17037 2014-06-04 2014-06-07 2014-09-09
94.3
119
109
228
1106-28225 2014-06-06 2014-06-09 2015-09-11
459.2
364
424
788
1106-17469 2015-11-14 2015-11-17 2016-09-07
294.8
608
225
833
a
Accuracy intervals of location quality classes: LC 3 (< 250 m), LC 2 (250 to < 500 m).
b
Start date begins after a 3-day acclimation period following transmitter attachment.
c
Final day on which an individual was detected alive with an active transmitter based on movement and sensor information.
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Table 2.2. VHF radio telemetry sampling effort for seasonal and annual regional fidelity and home range analyses of Hawaiian Ducks
on Kaua‘i, Hawai‘i, USA during December 2012–November 2014. Means are presented ± SD (range).
Regional fidelity analyses
Home range analyses
a
Temporal scale of analysis Year
Sex Season
N Tracking days per individual
N Locations per individual
Seasonal
2012-2013 F
Dec-Feb 33
56.3 ± 7.8 (28-63)
28
57.9 ± 13.6 (32-81)
2013
F Mar-May 29
60.3 ± 8.2 (25-64)
28
86.3 ± 16.3 (41-104)
2013
F
Jun-Aug 18
52.7 ± 14.4 (20-62)
10
45.9 ± 5.5 (35-54)
2013
F
Sep-Nov 13
65.6 ± 5.9 (48-70)
12
54.1 ± 12.3 (35-70)
2013-2014 F
Dec-Feb 26
56.5 ± 14.6 (19-75)
22
57.1 ± 10.6 (40-75)
2014
F Mar-May 21
75.3 ± 16.0 (21-83)
19
87.1 ± 19.4 (38-113)
2014
F
Jun-Aug 17
53.5 ± 19.1 (19-70)
12
61.0 ± 17.1 (33-87)
2014
F
Sep-Nov
9
67.8 ± 13.8 (32-74)
9
86.9 ± 22.1 (30-104)
2012-2013 M
Dec-Feb 30
25.3 ± 7.0 (18-51)
--2013
M Mar-May 29
41.5 ± 7.0 (26-59)
--2013
M
Jun-Aug 23
51.4 ± 7.5 (20-56)
--2013
M
Sep-Nov 21
46.9 ± 11.6 (19-67)
--2013-2014 M
Dec-Feb 50
49.4 ± 9.0 (16-62)
--2014
M Mar-May 43
74.2 ± 7.8 (48-86)
--2014
M
Jun-Aug 33
46.4 ± 11.4 (15-60)
--2014
M
Sep-Nov 23
62.3 ± 18.2 (15-73)
--Annual
2012-2013 F
-13
247.5 ± 6.3 (234-255)
12
244.7 ± 39.2 (173-298)
2013-2014 F
-9
169.3 ± 20.9 (136-214)
10
299.7 ± 60.3 (182-346)
2012-2013 M
-21
274.9 ± 18.6 (226-286)
22
79.1 ± 45.3 (30-191)
2013-2014 M
-23
240.3 ± 19.0 (188-264)
21
74.2 ± 48.3 (34-205)
a
Mean number of days that a surveyor attempted to locate or detect an individual in the primary tracking zone.
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Table 2.3. Model results for analysis of seasonal and annual regional fidelity of radio-tagged
Hawaiian Ducks (n = 114 birds) to north-central Kaua‘i, Hawai‘i, USA during December 2012–
November 2014. Regional fidelity was defined as the proportion of tracking-days an individual
was in the north-central Kauaʻi region. The seasonal analysis included birds with ≥ 15 trackingdays per season, and the annual analysis included only birds that met minimum requirements in
all seasons of a given year. All birds were captured and equipped with transmitters at Hanalei
National Wildlife Refuge.
Temporal scale Modelsa
Seasonal

Annual

Sex + nest
Sex × season
Sex × nest
Sex + season
Nest
Season
Sex
Null
Year
Rain (concurrent)
Rain (lagged)

ΔAICcb,c
0.00
1.63
1.89
4.01
5.72
9.70
41.64
48.42
49.66
49.93
50.11

wi d

K e Deviance

0.49 5
0.22 10
0.19 6
0.07 7
0.03 4
0.00 6
0.00 4
0.00 3
0.00 4
0.00 4
0.00 4

1787.9
1779.1
1787.7
1787.8
1795.6
1795.5
1831.6
1840.4
1839.6
1839.9
1840.0

Sex + year
0.00 0.39 4
284.6
Sex × year
0.99 0.23 5
283.2
Year
1.49 0.18 3
288.3
Sex
2.40 0.12 3
289.2
Null
3.10 0.08 2
292.1
a
Covariate definitions: sex = male vs. female; season = December–February, March–May, June–
August, September–November; nest = peak nesting (September–April) vs. off-peak nesting
(June–August) period; year = 2012–2013 vs. 2013–2014 (years start in December and end in
November); rain = binary variables indicating if concurrent or lagged seasonal total rainfall was
higher or lower than median seasonal rainfall values.
b
Difference between Akaike’s Information Criterion adjusted for small sample size (AICc) and
AICc of the top-ranked model.
c
Lowest AICc values were 1798.02 and 296.32 for the seasonal and annual analyses,
respectively.
d
Model weight.
e
Number of parameters.
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Table 2.4. Model results for analysis of seasonal sizes of home range (95% KDE) and core use
area (50% KDE) of radio-tagged female Hawaiian Ducks (n = 46 individuals) on north-central
Kaua‘i, Hawai‘i, USA during December 2012–November 2014.
Response
Modela
Home range area Rain (concurrent)
Year
Null
Nest
Season
Rain (lagged)
Core use area

ΔAICcb,c
0.00
5.33
5.79
7.36
7.46
7.54

wid Ke
0.835 4
0.058 4
0.046 3
0.021 4
0.020 6
0.019 4

Deviance
100.20
105.52
108.10
107.56
103.32
107.74

Rain (concurrent)
0.00
0.277 4 117.264
Year × rain (concurrent)
0.95
0.172 6 113.882
Year + rain (concurrent)
1.07
0.162 5 116.184
Year
1.22
0.151 4 118.482
Null
1.79
0.114 3 121.170
Rain (lagged)
3.72
0.043 4 120.989
Nest
3.85
0.040 4 121.119
Season
3.86
0.040 6 116.791
a
Covariate definitions: season = December–February, March–May, June–August, September–
November; nest = peak nesting (September–April) vs. off-peak nesting (June–August) period;
year = 2012–2013 vs. 2013–2014 (years start in December and end in November); rain = binary
variables indicating if concurrent or lagged seasonal total rainfall was higher or lower than
median seasonal rainfall values.
b
Difference between Akaike’s Information Criterion adjusted for small sample size (AICc) and
AICc of the top-ranked model.
c
Lowest AICc values are 108.49 and 125.56 for home range and core use area analyses,
respectively.
d
Model weight.
e
Number of parameters.
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Table 2.5. Model results for analysis of seasonal variation in home range overlap, core use area
overlap, and overall utilization distribution similarity within individual female Hawaiian Ducks
(n = 46 individuals) on north-central Kaua‘i, Hawai‘i, USA during December 2012–November
2014.
Response
Home range overlap

Modela ΔAICcb
Season
0.00
Nest
5.00
Year
19.04
Null
20.30

Core use area overlap Nest
Season
Year
Null
BA index

0.00
0.64
19.36
22.02

wic Kd Deviance
0.924 14
-325.11
0.076 4
-298.77
0.000 4
-284.72
0.000 3
-281.41
0.579 4
0.421 14
0.000 4
0.000 3

-100.01
-120.72
-80.65
-75.94

Season
0.00 0.814 8
-354.51
Nest
2.96 0.186 4
-342.81
Null
32.38 0.000 3
-311.27
Year
33.26 0.000 4
-312.51
a
Covariate definitions: season = December–February, March–May, June–August, September–
November; nest = peak nesting (September–May) vs. off-peak nesting (June–August) period;
year = 2012–2013 vs. 2013–2014 (years start in December and end in November).
b
Difference between Akaike’s Information Criterion adjusted for small sample size (AICc) and
AICc of the top-ranked model. Lowest AICc values are -295.63, -91.88, and -337.49 for home
range overlap, core use area overlap, and BA index analyses, respectively.
c
Model weight.
d
Number of parameters.
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Table 2.6. Model results for analysis of variation in the proportion of female Hawaiian Duck seasonal home range overlapping
Hanalei National Wildlife Refuge (NWR), as well as the likelihood of seasonal core use areas occurring entirely within refuge
boundaries. All birds were radio-tagged and tracked on north-central Kaua‘i, Hawai‘i, USA during December 2012–November 2014.
Model stagea
Modelb
ΔAICcc,d
wie Kf Deviance
Zero-inflation model Year
0.00 0.419 5
-221.38
(logistic regression) Year + rain (concurrent)
1.23 0.226 6
-222.32
Rain (concurrent)
1.74 0.175 5
-219.64
Year × rain (concurrent)
3.45 0.075 7
-222.32
Null
4.23 0.051 4
-215.00
Rain (lagged)
5.03 0.034 5
-216.34
Nest
6.35 0.017 5
-215.02
Season
9.75 0.003 7
-216.02
Conditional model
Season + year
0.00 0.763 9
-241.68
(beta regression)
Season
4.41 0.084 8
-234.98
Season × year
4.70 0.073 12
-244.06
Year
5.33 0.053 6
-229.60
Nest
7.76 0.016 6
-227.18
Rain (concurrent)
9.52 0.007 6
-225.42
Null
11.37 0.003 5
-221.38
Rain (lagged)
11.99 0.002 6
-222.94
Core use area entirely within -Null
0.00 0.379 2
94.80
Hanalei (1 – yes, 0 – no)
Rain (concurrent)
1.89 0.148 3
94.60
Nest
1.93 0.144 3
94.65
Rain (lagged)
2.05 0.136 3
94.76
Year
2.07 0.135 3
94.79
Season
3.78 0.057 5
92.22
a
Model stage for zero-inflated beta regression models. The zero-inflation component assesses the likelihood of having zero overlap
(vs. > 0 overlap), and the conditional component uses beta regression to model the proportion overlap conditional on having > 0
overlap.
Response
Proportion home range
overlapping Hanalei NWR
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b

Covariate definitions: season = December–February, March–May, June–August, September–November; nest = peak nesting
(September–April) vs. off-peak nesting (June–August) period; year = 2012–2013 vs. 2013–2014 (years start in December and end in
November); rain = binary variables indicating if concurrent or lagged seasonal total rainfall was higher or lower than median seasonal
rainfall values
c
Difference between Akaike’s Information Criterion adjusted for small sample size (AICc) and AICc of the top-ranked model.
d
Lowest AICc values are -210.93, -222.30, and 98.89 home range (zero-inflation, conditional) and core use area overlap analyses,
respectively.
e
Model weight.
f
Number of parameters.
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Figure 2.1. Map of the main Hawaiian Islands with detail of regions used by PTT-tagged
Hawaiian Ducks during 2011–2016 (top right panel; A = north-central Kauaʻi, B = upper Hanalei
and Lumahaʻi River Valleys, C = Mānā Plain, D = Niʻihau) and the primary tracking zone for
monitoring VHF-tagged birds on north-central Kauaʻi during December 2012–2014 (bottom
panel; light gray borders and text depict watersheds).
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Figure 2.2. Estimated locations and mean monthly proportion of time spent in different regions by 12 male Hawaiian Ducks on
Kauaʻi and Niʻihau, USA during 2011–2016 based on satellite telemetry (A). Examples are shown for three individuals exhibiting
different primary movement behaviors, including year-round residency on north-central Kauaʻi (B; tracked 682 days), intra-island
movement between north Kaua‘i and upper river valleys or the Mānā Plain (C, D; tracked 465 and 622 days, respectively), and interisland movement between Kaua‘i and Ni‘ihau (D). Chart colors correspond with the following regions: north-central Kaua‘i (dark
gray), upper Hanalei and Lumahaʻi River Valleys (black), Mānā Plain (light gray), and Niʻihau (white). All birds were captured and
equipped with PTTs at Hanalei National Wildlife Refuge on northern Kaua‘i between 2011 and 2015. Location quality classes (LC)
of all location estimates are LC 3 (< 250 m accuracy) or LC 2 (250–500 m).
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Figure 2.3. Proportion of time spent by male Hawaiian Ducks equipped with satellite
transmitters in four regions on Kauaʻi and Niʻihau, USA during 2011–2016. The top panel
summarizes the proportion of overall time spent in each region (total tracking duration in
parentheses). The bottom panel depicts the mean monthly proportion of time spent in each
region by birds using north-central Kauaʻi < 99% of the time.
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Figure 2.4. Marginal predicted proportion of tracking days (± 95% confidence interval) that radio-tagged Hawaiian Ducks (n = 114
birds) were on north-central Kauaʻi, Hawaiʻi, USA (2012–2014) based on top-ranked seasonal (left) and annual (right) models. The
top seasonal model included additive effects of sex and nesting period (peak nesting = September–May; off-peak nesting = June–
August). The annual analysis included only birds tracked throughout a given year, and the top model contained additive effects of sex
and year.
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Figure 2.5. Annual home ranges (95% KDE; A), core use areas (50% KDE; B), and populationlevel hotspots (C) of VHF radio-tagged Hawaiian Ducks (nfemale = 22, nmale = 43) on north-central
Kauaʻi, Hawaiʻi, USA between December 2012 and November 2014. Hotspots were based on
significant clustering of multiple core use areas (Gi* z-score ≥ 1.96, P ≤ 0.05). All birds were
captured and equipped with transmitters at Hanalei National Wildlife Refuge (boundary
indicated by bold black line).
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Figure 2.6. Within-individual similarity of seasonal utilization distributions (based on
Bhattacharyya’s affinity [BA] index) of female Hawaiian Ducks on north-central Kauaʻi,
Hawaiʻi, USA during peak (September–May) and off-peak (June–August) nesting periods,
2012–2014. The peak nesting period spans three seasons (September–November, December–
February, March–May). Codes above the x-axis denote seasonal comparisons that are
significantly different (Tukey-adjusted P < 0.05).
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Abstract
Adult survival is among the most important demographic parameters influencing
population dynamics for many bird taxa. Thus, understanding how survival rates and causes of
mortality vary throughout the annual cycle is critical for developing informed and effective
management strategies. In this study, we used radio-telemetry data to evaluate the effects of
biotic (e.g., sex, breeding season) and abiotic factors (e.g., rainfall, year) on adult survival, to
estimate annual survival rates, and to identify primary sources of mortality for Hawaiian Ducks
(Anas wyvilliana), an endangered dabbling duck, on the island of Kaua‘i, Hawai‘i, USA during
2013–2014. Additionally, we used contemporaneous Hawaiian Duck carcass recovery and
surveillance data to examine temporal and climatic associations with avian botulism outbreaks at
a core wetland site, Hanalei National Wildlife Refuge. Our results suggested bi-monthly
survival decreased log-linearly with lagged rainfall. Survival did not vary with sex, peak nesting
season, or year during the two-year study. We found relatively high rates of annual survival for
Hawaiian Ducks (62–80%) compared to migratory, Holarctic anatids. Primary causes of
mortality included avian botulism and depredation by cats (Felis catus). The botulism
surveillance dataset revealed weak support for the effect of rainfall on the number of sick and
dead birds recovered (n = 216), with generally a greater number of recoveries during months
with middle-range concurrent-lagged rainfall totals. Our study provides baseline demographic
data for population monitoring and highlights the importance of managing botulism risk and
non-native mammalian predators for the recovery of the endangered Hawaiian Duck.
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Introduction
Accurate estimates of demographic parameters are critical for addressing theoretical and
applied ecological questions, as well as understanding and managing avian populations. For
species of conservation concern, demographic data is particularly important for assessing
population status, determining the underlying mechanisms limiting population recovery, and
predicting population response to proposed management actions (Morris and Doak 2002, Norris
2004). Consequently, estimates of key vital rates are instrumental for developing informed and
effective conservation strategies for threatened and endangered species (Doak et al. 2015).
However, such information is often unavailable for many rare and listed species, and applying
information from closely related or surrogate species can be inappropriate (Caro and O’Doherty
1999, Morris and Doak 2002, Murphy et al. 2011).
The Hawaiian Duck (or Koloa maoli, Anas wyvilliana) is a non-migratory dabbling duck
and the only extant endemic duck in the main Hawaiian Islands of more than twelve Anatids
found in the fossil record (Olson and James 1982, Burney et al. 2001, Iwaniuk et al. 2009).
Qualitative records suggest Hawaiian Ducks were once common throughout the Hawaiian
Islands, but they experienced substantial population declines during the early 20th century
(Banko 1987). Currently, they are primarily restricted to the islands of Kaua‘i and Ni‘ihau
(Engilis Jr. et al. 2002, Wells et al. 2019). Despite being among the first species listed as
federally endangered in 1967, recovery remains hindered by a scarcity of information on key
demographic parameters and the factors that most influence those vital rates (USFWS 2011).
Similar to many other endemic island bird populations (Blackburn et al. 2004, Atkinson
and Lapointe 2009, Fordham and Brook 2010), Hawaiian Duck population persistence on Kaua‘i
is thought to be threatened by introduced predators, pathogens, and habitat loss and alteration
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(USFWS 2011, Malachowski et al. 2018). Outbreaks of Type C avian botulism have resulted in
several substantial die-offs in recent years (K. J. Uyehara, USFWS, personal observation;
Reynolds et al. in press). Avian botulism also causes extensive seasonal mortality among
migratory waterfowl at temperate and subarctic latitudes of North America (Wobeser 1997a,
Rocke and Bollinger 2007); however, risk to Hawaiian Ducks may be amplified by year-round
conditions conducive to the carcass-maggot cycle (e.g., warm temperatures, protein rich wetland
environments; Espelund and Klaveness 2014) and increased exposure with high concentrations
of non-migratory birds on small wetlands. Introduced predators such as domestic cats (Felis
catus), dogs (Canis lupus familiaris), rats (Rattus spp.), and Barn Owls (Tyto alba) have been
implicated in population declines of Hawaiian Ducks. These predators are thought to primarily
target eggs and/or ducklings, and the relative risk to adult birds is unknown (USFWS 2011,
Malachowski et al. 2018).
Adult survival is among the most important demographic factors influencing population
growth for many bird taxa (Sæther and Bakke 2000, Hoekman et al. 2002, Stahl and Oli 2006,
Coluccy et al. 2008), and understanding how survival rates and causes of mortality vary
throughout specific phases of the annual cycle is critical for Hawaiian Duck conservation and
management (USFWS 2011). Studies on the closely related, island endemic Laysan Duck (Anas
laysanensis) indicate adults have relatively high survival, particularly on Laysan Island – a small
remote atoll lacking mammalian predators and regularly occurring botulism outbreaks (Reynolds
and Citta 2007, Reynolds et al. 2008). For its continental congener, the Mallard (Anas
platyrhynchos; Lavretsky et al. 2015), studies suggest seasonal variation in survival is largely
influenced by changes in depredation risk (Dugger et al. 1994, Greenwood et al. 1995, Brasher et
al. 2006, Fleskes et al. 2007). For example, female Mallards often experience high mortality
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during the breeding season because of depredation at upland nesting sites (Brasher et al. 2006,
Arnold et al. 2012). Such patterns may contribute to sex-specific variation in survival, which has
implications for population structure (e.g., sex ratio) and effective population size (Johnson and
Sargeant 1977, Brasher et al. 2006, Traill et al. 2010). Data from banding (2010–2015; C.
Malachowski, OSU, unpublished data), counts (2010–2014; C. Malachowski, OSU, unpublished
data), and carcass recoveries (2010–2019; K. Uyehara, USFWS, unpublished data) of Hawaiian
Ducks suggests a highly skewed sex ratio in favor of males on northern Kaua‘i (>2:1), which
could potentially be caused by lower adult survival in females than males.
In our study, we used radio-telemetry to track male and female Hawaiian Ducks to assess
threats and evaluate the relative role of factors influencing adult survival and cause-specific
mortality on a seasonal and annual basis. We studied birds year-round, as events in one season
can affect demographic rates in subsequent seasons, and researchers have increasingly
acknowledged the value of studying species throughout the full annual cycle (Myers 1981, Marra
et al. 2015). Our primary objectives were to: 1) estimate bi-monthly and annual survival rates of
adult Hawaiian Ducks, 2) evaluate the effects of biotic (e.g., sex, breeding season) and abiotic
(e.g., rainfall, year) factors on survival, and 3) determine if cause-specific mortality rates varied
between sexes. We hypothesized that, similar to other Anas, females would have lower annual
survival than males because of increased depredation during the breeding season (Brasher et al.
2006, Arnold et al. 2012). We also expected avian botulism to be a significant source of
mortality. Thus, our secondary objective was to examine further climatic associations with avian
botulism outbreaks using carcass recovery and surveillance data at Hanalei National Wildlife
Refuge (NWR).
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Methods
Study area
We conducted fieldwork during 2012–2014 on the island of Kaua‘i, Hawai‘i, USA.
Elevation on the island ranges from sea level to 1,598 m on Mount Wai‘ale‘ale, and principle
wetland types include low-elevation palustrine emergent wetlands, riparian wetlands, montane
bogs, forested wetlands, and shallowly flooded taro (Colocasia esculenta) fields, or lo‘i (van
Rees and Reed 2014, Malachowski and Dugger 2018). Rainfall on Kaua‘i is primarily
orographic and varies substantially with altitude as persistent northeast trade winds force humid
air masses over the mountains (MacDonald et al. 1960). Mean annual rainfall ranges from <50
cm yr-1 on the leeward coast to 1,000 cm yr-1 on Mount Wai‘ale‘ale in the island interior
(Giambelluca et al. 2013). At lower elevations, precipitation generally varies seasonally with
decreased rainfall during summer months.
Trapping and tagging of Hawaiian Duck was centered at Hanalei NWR on the north
shore of Kaua‘i. Established in 1972 under the Endangered Species Conservation Act, Hanalei
NWR is managed to provide habitat for endangered Hawaiian waterbirds and the Hawaiian
Goose (Branta sandvicensis). Kaua‘i and the island of Ni‘ihau, which is located 29 km to the
southwest, support the only remaining non-hybridized population of Hawaiian Ducks (Wells et
al. 2019), and Hanalei is the most important low elevation wetland region for Hawaiian Ducks
on those islands (Banko 1987, USFWS 2011). The lower Hanalei River flows through the 371ha refuge where water is diverted to managed palustrine emergent wetlands and irrigated taro
lo‘i. Mean annual rainfall at Hanalei NWR is 205 ± 46 cm yr-1, varying subtlety between a wet
season (November to April; 20 ± 2 cm mo-1) and relatively drier season (May to October; 15 ± 2
[SD] cm mo-1; NCDC 2017).
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Radio-tagging and monitoring
During November–December 2012 and 2013, we captured Hawaiian Ducks using
customized baited swim-in traps at Hanalei NWR (Hunt and Dahlka 1953, Dugger and
Malachowski 2013). We banded each bird with a U.S. Geological Survey (USGS) metal leg
band and a uniquely coded, field-readable, colored leg band (Haggie Engraving, Crumpton, MD,
USA; Gustafson et al. 1997). We sexed and aged birds using plumage characteristics (A. E.
Engilis Jr. et al., unpubl. data) and cloacal examination. We weighed birds using a spring scale
(± 5 g), measured culmen length using a dial caliper (± 0.1 mm), and used body condition indices
(body condition index [BCI] = body mass/culmen length; Harder and Kirkpatrick 1996) as an
indirect measure of physiological condition.
We transported a sample of adult birds (nfemale= 50, nmale= 67) from their capture site to a
centralized site in separate kennels for transmitter attachment. A trained and experienced
veterinarian implanted anesthetized birds with intracoelomic VHF radio-transmitters (Korschgen
et al. 1984, 1996). We did not radio-tag birds undergoing remigial molt, females that were
gravid or had brood patches, or any bird whose sex-specific BCI was in the lower 10th percentile
for the species based on data collected during previous trapping efforts (nmale = 455, nfemale = 96;
C. P. Malachowski, Oregon State University, unpubl. data). Transmitters (Model AI-2M,
Holohil Systems, Carp, Ontario, Canada) were configured to have a percutaneous antenna, 18mo battery life, and a mortality switch that doubled the pulse rate after 12 h of inactivity. Fully
configured transmitters weighed 18.0 g and averaged 2.6 ± 0.2% (SD) of bird body mass (Fair et
al. 2010). Following surgery, birds were placed back in their individual kennels and allowed to
recover for at least 60 min prior to being released at their capture site.
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We monitored the location and status (i.e., alive or dead) of tagged birds from December
2012 through December 2014 using a truck-mounted, 4-element null-peak antenna system or
handheld 3-element antenna. We supplemented ground-based tracking with periodic aerial
tracking using helicopters to relocate birds in remote areas not easily accessible from the ground
(e.g., upper river valleys). We attempted to locate females daily and males every 2–4 days until
birds died, transmitters failed, transmitters were extruded (Appendix A), or our study ended in
December 2014. When we detected mortality signals or suspected mortality had occurred (e.g.,
lack of movement between subsequent locations, relatively weak signal given transmitter
proximity), we attempted to locate the transmitter as quickly as possible to confirm the bird’s
status.
When carcasses or remains were recovered, we classified the suspected cause of
mortality as mammalian depredation, raptor depredation, avian botulism, anthropogenic, other,
or unknown using a combination of evidence at the mortality site, external examination of the
carcass, and necropsy. Although cause of mortality may be due to more than a single factor, we
assumed mammalian depredation occurred in cases where feather vanes were sheared, tooth
marks were evident on bones and transmitter, and bones were broken and chewed (Thirgood et
al. 1998, Blomberg et al. 2013). We assumed avian depredation occurred when body feathers
were cleanly plucked, muscle tissue was clearly removed, and carcasses lacked tooth marks
(Thirgood et al. 1998). We assumed birds died of avian botulism if 1) no visible lesions, signs
of trauma, or other diseases were identified during necropsy, 2) multiple mortalities and/or sick
birds with botulism symptoms (e.g., flaccid paralysis of the neck and limbs, immobilized
nictitating membrane) were concentrated, and 3) botulinum toxin was detected in other birds in
the vicinity using serum and mouse-bioassay. Fresh carcasses were submitted to the USGS
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National Wildlife Heath Center (NWHC) Honolulu Field Office for necropsy, and heart blood
was tested for botulinum toxin type C using mouse cross protection (Quortrup and Sudheimer
1943) at the NWHC, Madison, Wisconsin. If carcasses were too degraded to determine cause of
death, we classified the cause as unknown.
If we found transmitters without a carcass or remains (e.g., feathers, bones), or if we
detected mortality signals but could not locate the transmitter and carcass (e.g., transmitters on
private property where landowners prohibited access), it was possible that the bird extruded and
lost its implant (Appendix A). In these cases, we determined transmitter loss using evidence at
the transmitter recovery site or subsequent recaptures, band resightings, and recoveries, as
described in Malachowski et al. (Appendix A).
Botulism surveillance
USFWS personnel have conducted botulism surveillance at least once weekly and up to
three times daily since 2011 to recover sick birds and carcasses at Hanalei NWR (K. J. Uyehara,
USFWS, unpublished data). During surveys, observers walked or drove vehicles around the
perimeters of wetland impoundments and taro lo‘i while scanning for sick and dead birds.
During botulism outbreaks (i.e., ⪆ 4 sick/dead birds per week), observers walked transects
within affected impoundments and lo‘i. Sick birds and carcasses were also recovered
incidentally while performing other tasks on the refuge. For each sick duck and carcass,
observers recorded the sex, age (adult/subadult, duckling, unknown), status, and suspected cause
of death or illness. Bird status was classified as: 1) live, but sick (bird weak enough to capture
easily); 2) fresh carcass (⪅ 24 hours dead); 3) moderately decomposed; and 4) severely
decomposed (predominantly bones and feathers). We presumed botulism intoxication in live
birds exhibiting flaccid paralysis of the neck or limbs, immobilized nictitating membrane,
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discoordination, and slow escape response (Wobeser 1997a). For carcasses, we used criteria
described in the previous section to diagnose suspected cause of mortality as botulism. We
submitted a sample of carcasses to the NWHC Honolulu Field Office for necropsy and NWHC
Madison for mouse-bioassay botulism testing.
Statistical analyses
Known-fate survival analysis.—We formatted survival data for radio-tagged birds into
live-dead encounter histories including 12 two-month survival intervals. We left-censored data
to allow staggered entry of birds into the marked population, and we right-censored survival data
for birds that we could no longer monitor because transmitter batteries failed, birds extruded
transmitters, or birds exited the study area. These individuals were censored beginning with the
interval immediately following the interval when last confirmed alive (Pollock et al. 1989). We
used known-fate modeling with the logit-link function in program MARK (White and Burnham
1999) to estimate bi-monthly survival probabilities and investigate the influence of various
individual and external covariates on survival. The known-fate model assumed 1) the process of
capturing and radio-tagging did not affect survival, 2) the fates among individuals were
independent, and 3) censoring was unrelated to mortality (White and Burnham 1999). Therefore,
we excluded from analysis birds that died within 14 days of transmitter surgery (Mulcahy and
Esler 1999), and we implemented a trap design and protocol intended to reduce adverse effects
(e.g., injuries, stress; Dugger and Malachowski 2013). We assumed censorship associated with
birds exiting the study area, experiencing transmitter failure, or losing transmitters was random
and independent of fate.
We constructed a priori models using seven covariates hypothesized to influence adult
survival, including sex, rainfall, and additional temporal factors. We assessed linear, log-linear
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(i.e., pseudo-threshold), and quadratic effects of concurrent rainfall (i.e., total rainfall during
each bi-monthly interval) on survival. A log-linear relationship reflected a progressively
weakening or strengthening effect on survival as rainfall increased. A quadratic relationship
represented a positive or negative effect of middle-range rainfall values. We also assessed linear,
log-linear, and quadratic effects of lagged rainfall, as rainfall and associated effects on habitat
and resources in the preceding two-month interval could affect survival in the current interval.
We generally predicted a positive relationship between rainfall covariates and survival. The
exception was for quadratic effects, in which exceptionally wet or dry conditions were expected
to decrease survival.
To further explore short-term temporal patterns in survival, we evaluated effects of bimonth (i.e., bi-monthly intervals differ within years but constant across years), biological season
(peak nesting vs. off-peak nesting), and year (2013 vs. 2014), as well as general time-specific
effects (i.e., bi-monthly intervals differ within and across years). Malachowski et al. (2019)
described peak-nesting season as the nine-month period spanning September through May;
however, because of the temporal structure of our analysis (i.e., two-month intervals), we
considered the peak nesting period as September–April and off-peak nesting as May–August.
We used Akaike’s Information Criterion values corrected for small sample sizes (AICc),
differences between a given model’s AICc and the AICc of the top-ranked model (ΔAICc), and
AICc model weights (wi) to assess the relative support for each model in the candidate model set
(Burnham and Anderson 2002, Arnold 2010). We evaluated all covariates using single-variable
models, as well as additive combinations of covariates receiving strong support as singlevariable models (ΔAICc < 2.0). If sex or season received strong support as single-factor effects,
we considered a sex × season interaction because we predicted females would have lower
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survival than males during the peak nesting season and equal survival during the remainder of
the year. We included an intercept-only model for comparison. Based on competitive models
(ΔAICc < 2.0), we determined the amount of evidence for each covariate by evaluating 95%
confidence limits on model coefficients (βi; Arnold 2010). Estimates for model coefficients are
presented on the link scale. We used the delta method to estimate variance and 95% confidence
intervals for annual survival rates (Powell 2007).
Cause-specific mortality rates.—Simple proportions of causes of mortality provide a
biased assessment of cause-specific mortality because they do not account for staggered entry,
right censoring, and temporal variation in the number of individuals at risk of various causes of
death (Heisey and Patterson 2006). Thus, we examined differences in cumulative cause-specific
mortality rates between females and males using the non-parametric cumulative incidence
function estimator (NPCIFE; Heisey and Patterson 2006) with the csm function (wild1 package;
Sargeant 2011) in Program R (version 3.5.2, R Development Core Team 2018). The NPCIFE, a
generalization of the Kaplan–Meier method, allows for staggered entry and right censoring and
appropriately estimates incidence by accounting for competing risks, rather than censoring them
(Heisey and Patterson 2006). We used bi-monthly intervals, beginning 1 January following
radio-tagging and ending at time of mortality or last observation, as time to event. We estimated
annual cause-specific mortality by pooling data across years. We were primarily interested in
comparing hazards from the two factors of concern to management – depredation and botulism.
However, we included categories for anthropogenic and other causes to account for competing
risks. We also included a category, ‘unknown,’ for cases in which we could not assign
mortalities to a specific source; therefore, rate estimates for known causes are considered
conservative. In comparing hazards from depredation and botulism, we assumed birds dying
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from unknown causes were representative of all known sources of mortality. To assess this
assumption, we used two-sided Fisher’s exact tests to test the hypothesis that the composition of
sexes of birds with unknown causes of mortality differed from birds with identified causes of
mortality. We conducted three separate tests comparing unknown causes to all known causes,
only depredation, and only botulism. Based on this analysis, the independent variable sex could
not differentiate unknown from known mortalities (P > 0.05), suggesting birds dying from
unknown causes were representative of other sources of mortality.
Botulism–climate analysis.—We used generalized linear models (GLMs) to examine
further the relationship between botulism and climate conditions using data collected during
refuge botulism surveillance and other refuge activities. The response variable was the monthly
number of dead and sick Hawaiian Ducks for which the presumed cause of mortality or illness
was botulism. We included sick birds because ingestion of the botulinum neurotoxin often leads
to lethal paralysis, and intoxicated birds often die from drowning, respiratory failure, or
dehydration. We therefore assumed they would have died without intervention and treatment. If
sick birds were treated, released, re-intoxicated, and recovered again (n = 3), we censored their
second recovery record to prevent double-sampling. Ducklings (n = 17) represented a relatively
small proportion of recoveries and were removed from the sample. For sick birds and fresh
carcasses (i.e., status 1 and 2), we assigned date of mortality as the date birds were found. For
moderately decomposed carcasses (i.e., status 3), we backdated mortality date by three days from
recovery date. We could not accurately estimate date of mortality for severely decomposed
carcasses (i.e., status 4; n = 54), and they were removed from the sample. We further limited our
sample to birds with estimated mortality dates spanning from January 2013 through December
2014 to align with the data collection period for the remainder of the study.
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We accounted for temporal variation in search effort by including monthly botulism
surveillance time (person hours), an index for effort, as a covariate in all models. Missing values
for individual survey times (39%) were calculated as the mean survey time for a given location.
If an individual (or individuals, for 2-person surveys) had ≥ 2 surveys with duration data for a
given location, we used the observer-specific mean survey duration for that location. We
calculated person hours for each survey as duration × number of observers, and summarized
monthly surveillance data by calculating the total person hours for each month. We assumed
monthly effort associated with activities during which incidental recoveries of sick and dead
birds occurred (e.g., farming, management, other surveys) was constant throughout the study
period (K. Uyehara, USFWS, personal observation).
Explanatory variables for botulism models included mean monthly maximum air
temperature and various configurations of rainfall. We considered linear and log-linear effects of
mean daily maximum temperature for each monthly interval. We also considered linear, loglinear, and quadratic effects of concurrent, lagged, and concurrent-lagged monthly rainfall.
Lagged rainfall was the total rainfall during the previous monthly interval, and concurrent-lagged
rainfall was the total rainfall during the current and previous intervals combined. For all
analyses, we obtained rainfall and temperature data from USGS climate station USC00518165 at
Princeville Ranch, approximately 1 km north of the refuge (National Climate Data Center,
https://www.ncdc.noaa.gov, accessed 01 Aug 2017). Missing data (4% for rainfall, 8% for
temperature) were supplemented with data from nearby climate stations (USC00513386,
US1HIKI0007, USC00514561).
Because initial Poisson regression analysis indicated overdispersed count data (i.e.,
variance > mean), we used a negative binomial error distribution and logarithmic link function to
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account for overdispersion (Zuur et al. 2009) using the glm.nb function (MASS package;
Venables and Ripley 2002). We evaluated each climate covariate as an additive combination
with surveillance time. We used a model including only surveillance time as the “null” model
for comparison. We used model selection procedures described above in the known-fate analysis
to assess the relative support for each model in the candidate model set and determine the
amount of evidence for each covariate in competitive models.

Results
During 24 November–11 December 2012 and 29 November–19 December 2013, we
radio-tagged 50 female (n2012 = 34, n2013 = 16) and 67 male (n2012 = 31, n2013 = 36) Hawaiian
Ducks. One male died from botulism and one female from unknown causes within 14 days of
transmitter attachment and were excluded from analyses. One male was recovered sick with
botulism symptoms, treated for botulism, and released after eight days of rehabilitation. Because
the bird was found during non-tracking activities and treated in accordance with standard refuge
protocol, we continued tracking the bird and retained post-release data in the survival analysis.
We detected mortalities for 24 birds, including 20% of females and 21% of males. Birds were
last detected with non-mortality signals a median of 1.5 d prior to mortality signals (n = 22; x =
3.2 d ± 1.0 d [SE]; range = 0–17), and carcasses were found a median of 1 d after mortality
signals were detected (n = 22; x = 1.0 d ± 0.4 d; range = 0–9). We right-censored data for birds
that extruded transmitters (nfemale = 13, nmale = 15) or had signal loss (nfemale = 14, nmale = 16)
beginning with the interval immediately following the interval when last confirmed alive. For 13
birds (nfemale = 6, nmale = 7), we detected mortality signals or found transmitters without
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carcasses, but it was unclear whether the bird died or extruded its tag. Survival data for these
birds was right-censored, and we address this issue below.
Survival rates
The top three candidate models of bi-monthly survival included various configurations of
lagged rainfall effects and garnered a cumulative 68% of the model weight (Table 3.1). The
most parsimonious model indicated bi-monthly survival probability decreased log-linearly with
lagged rainfall (β = -1.238, 95% CI = -2.367 to -0.109; Figure 3.1), and this model was 3.9 times
more likely than the null model, which was the next best model that lacked rainfall effects.
Based on the top model, annual survival of Hawaiian Ducks was 79.6% (95% CI = 70.3–88.9) in
2013 and 70.0% (95% CI = 59.7–80.3) in 2014. There was little evidence that survival rates
differed between females and males. The ΔAICc for the sex-only model (wi = 0.03) was 4.7, and
the confidence interval for the beta estimate broadly overlapped zero (βsex = 0.056, 95% CI = 0.776 to 0.889).
Our survival estimates included exposure time (i.e., time an individual is exposed to
mortality sources) contributed by birds (n = 13) for which we could not clearly differentiate
mortality and transmitter extrusion. In these situations, we detected mortality signals towards
deep water or dense vegetation, but could not locate the transmitter or carcass (n = 7), we
detected mortality signals towards private property where we could not gain access (n = 4), or we
recovered transmitters in a river, but could not locate the carcass (n = 2). To provide a
conservative estimate of annual survival, we conducted a separate known-fate analysis to
account for uncertainty in bird fates (Hupp et al. 2008, Mateo-Moriones et al. 2012, Davis et al.
2017). We modified encounter histories by assuming each of the 13 birds died, and we used the
top model structure from the previous analysis (i.e., logit [S] = β0 + β1 × loge[rainfalllagged]) to
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generate conservative annual survival rates. Annual survival based on this conservative
approach was 65% (95% CI = 55–76) for 2013 and 62% (95% CI = 52–73) for 2014.
Cause-specific mortality
The most common cause of mortality for radio-tagged Hawaiian Ducks was avian
botulism (33%), followed by depredation (21%), anthropogenic causes (8%), and other
pathogens (4%; Table 3.2). We could not determine cause of mortality for 33% of dead birds.
All birds with mortality ultimately attributed to botulism tested positive based on blood tests.
Depredation accounted for 50% of mortalities for which the cause could be determined for
females and only 13% of mortalities for males. All female depredation events occurred during
the peak-nesting season (Table 3.2). Birds were killed by mammalian (nfemale = 3, nmale = 1) and
avian (nfemale = 1) predators. Anthropogenic mortalities involved two males that were
presumably entrapped and died in a deep water control box used for taro lo‘i irrigation. In
addition, one male died from multi-organ inflammation, which may have been caused by
bacterial infection (T. M. Work, USGS National Wildlife Health Center, personal
communication); the bird tested negative for botulism. Anecdotally, none of the 24 carcasses
exhibited evidence of remigial molt (i.e., all had fully emerged primary feathers).
Cause-specific mortality analysis suggested females experienced higher rates of annual
depredation compared to males (8% vs. 2%), but annual rates of mortality attributed to botulism
were similar for males and females (Table 3.3). The cumulative risks of mortality due to
anthropogenic and other causes were low for males (<3% each), and females did not experience
mortality associated with these causes.
Botulism surveillance
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During 2013–2014, 216 carcasses and sick birds were recovered and met our criteria for
botulism analysis; monthly recoveries ranged from 1–34 birds (𝑥 = 9; Figure 3.2). We recognize
some uncertainty in assigning cause of mortality; however, 18 of the 19 birds (95%) both
presumed to have died from botulism using field criteria and submitted for botulism testing were
positive for Botulinum toxin (summary excludes 2 birds with inconclusive test results).
We observed weak support for the effect of concurrent-lagged rainfall on the number of
sick and dead birds recovered, with three of the top four models containing concurrent-lagged
rainfall effects and receiving 50% of model weight (Table 3.4). The top candidate model
included a quadratic structure of concurrent-lagged rainfall, and the 95% confidence intervals
around rainfall coefficients did not overlap zero (βrain = 0.0306, 95% CI = 0.0098 to 0.0516;
βrain_sq = -0.00004, 95% CI = -0.00007 to -0.00001). Generally, the number of botulism-related
mortalities was greater during months with middle-range concurrent-lagged rainfall totals
(Figure 3.3). We did not observe support for a temperature effect; models including linear and
log-linear effects of mean maximum temperature were > 5.2 ΔAICc from the top model, and the
95% confidence intervals around the model coefficients broadly overlapped zero (βmax.temp =
0.13, 95% CI = -0.08 to 0.34; βlog(max.temp) = 3.40, 95% CI = -2.10 to 8.91).

Discussion
Annual adult survival of Hawaiian Ducks during 2013 and 2014 (62-80%) was high
compared to closely related continental Anas such as Mallards and Mottled Ducks (~50%;
Drilling et al. 2002, Coluccy et al. 2008, Bielefeld et al. 2010, Varner et al. 2014, Moon et al.
2017), but lower than its Hawaiian island congener, Laysan Ducks on Laysan Island (~90%;
Reynolds 2002, Reynolds and Citta 2007). This disparity in adult survival between Hawaiian
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Ducks and North American Anas is likely due to lower predator diversity and density, absence of
hunting, and more stable resource conditions in the main Hawaiian Islands compared to
continental North America (Schwartz and Schwartz 1953, Swedberg 1967, Devries et al. 2003,
Bielefeld and Cox 2006, Fleskes et al. 2007, Dooley et al. 2010, USFWS 2011, Arnold et al.
2012, Malachowski et al. 2019), whereas the difference with Laysan Ducks is likely because
Laysan Ducks occupy remote atolls where mammalian predators are absent and avian predators
are infrequent (Reynolds 2002, Reynolds and Citta 2007, Reynolds et al. 2008, 2015). Though,
demographic rates of Laysan Ducks vary between islands, and populations in botulism-prone
ecosystems (e.g., Midway Atoll) can have lower adult survival than on Laysan Island (Work et
al. 2010, Reynolds et al. 2012). Several studies suggest island endemic ducks generally possess
K-tendency traits of high adult survival and low reproductive output (Cody 1966, Lack 1970,
Moulton and Weller 1984, Reynolds and Citta 2007), and population growth rates for species
exhibiting these traits may be particularly sensitive to changes in adult mortality (Stahl and Oli
2006). Estimates for additional demographic parameters (e.g., nest success, brood and juvenile
survival), along with sensitivity analyses, would be useful for assessing the relative importance
of our adult survival estimates for Hawaiian Duck population dynamics.
We provided alternate estimates for annual survival to account for cases where we could
not differentiate bird mortality and transmitter loss; however, these conservative estimates (6265%) are likely unrealistically low compared to estimates from the more liberal approach (7080%). Given the relatively high rate of transmitter loss in our study (~30%; Appendix A), we
believe many of these cases were attributable to tag loss rather than mortality. For example, if
we assume radio-tagged birds with unknown fates were representative of birds for which we
concluded mortality (n = 24) or tag loss (n = 28) during our study, we would expect half to have
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lost tags. Nevertheless, we acknowledge the inherent uncertainty in the fate of these birds and,
therefore, provide the conservative estimate as lower bound for annual survival.
Although overall survival rates did not vary between sexes or seasons in our two-year
study, the rate of depredation was over three times higher for females than males, and all female
depredation events occurred during the peak-nesting season. No documented nesting females
were depredated, but two of three female mortalities attributed to mammalian predators were
found in upland areas suitable for nesting. High mortality of adult females relative to males
during the breeding season is a major cause of skewed sex ratios among Holarctic dabbling
ducks (Johnson and Sargeant 1977, Blohm et al. 1987, Brasher et al. 2006, Arnold et al. 2012)
and birds in general (Donald 2007). It is possible the high rate of botulism mortality during our
study attenuated an overall sex effect on survival; and in years without severe botulism
outbreaks, sex-specific variation in survival may be more prominent. Additionally, low apparent
nesting propensity among our sample of birds (⪅ 20%) limited our ability to test for an effect of
life history stage (e.g., incubation) on depredation risk or overall survival. Thus, we cannot rule
out sex-specific variation in adult mortality – and more specifically, depredation risk – as one
possible mechanism for the apparent skewed sex ratio (>2:1) observed on northern Kaua‘i.
Depredation accounted for 31% of mortalities with known causes for adult Hawaiian
Ducks, and we attributed most of that depredation to non-native mammals. The mammalian
predator community posing risk to adult ducks on Kaua‘i is likely limited to cats and dogs
(USFWS 2011), and characteristics of depredated birds in this study were most consistent with
cat kills (Einarsen 1956, Bumann 2002). Previous work suggests cats depredate Hawaiian Duck
eggs and chicks (Engilis Jr. et al. 2002, USFWS 2011, Malachowski et al. 2018), and our results
indicate risk to adult birds should also be a serious consideration for managers. Non-native
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mammalian predators can be particularly impactful to island-endemic bird species and have been
directly linked to several extirpations and extinctions (Nogales et al. 2004). Refuge management
includes feral cat control, and active trapping occurred during our study period. But, Hawaiian
Ducks move beyond the refuge boundaries, and all cat depredations discovered from radiotagged birds occurred outside of federally managed refuge land suggesting efforts to co-manage
feral cats on federal and private lands are needed if the goal is to minimize this mortality source
to the population of Hawaiian Ducks using Hanalei NWR.
Avian predators were implicated in one of the five depredation events and likely
attributable to one of the two resident raptor species that occur on Kaua‘i – the introduced Barn
Owl (Tyto alba) and the endemic Hawaiian Short-eared Owl (Asio flammeus sandwichensis).
Although the diet of both species is generally dominated by small mammals, they are known to
prey on birds in Hawai‘i (Byrd and Telfer 1980, Snetsinger et al. 1994, VanderWerf et al. 2007,
Mostello and Conant 2018, Raine et al. 2019), including adult Hawaiian waterbirds such as
Hawaiian Coots (Fulica alai; n = 1; Chang 1990), Hawaiian Black-necked Stilts (Himantopus
mexicanus knudseni; n = not listed; Robinson et al. 1999), and Hawaiian Gallinules (Gallinula
galeata sandvicensis; n = 1; C. Smith, USFWS, personal observation). Both owl species were
observed at Hanalei NWR during the study period, but we were unable to determine which
species depredated Hawaiian Ducks. Dietary analysis using non-invasive genetic sampling
methods may help clarify the relationship between owls and Hawaiian waterbirds where species
co-occur.
Avian botulism was the primary cause of adult mortality for Hawaiian Ducks and posed a
risk throughout the entire annual cycle. Botulism was linked to half of all identified mortality
events among radio-marked birds and to over 200 sick and dead ducks recovered during refuge
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surveys between 2013 and 2014. Suspected botulism outbreaks involving Hawaiian Ducks were
reported as early as the 1950s and 1960s (Brock 1953, Swedberg 1967), with more regular
reports beginning in the 1980s (Engilis et al. 2002), including several substantial die-offs on
Hanalei NWR during the past decade (> 700 dead Hawaiian Ducks between December 2011 and
December 2019; K. Uyehara, USFWS, unpublished data). Botulism is a major disease agent for
waterbirds worldwide; however, unlike outbreaks in temperate, or even subtropical, regions that
are predominantly restricted to the summer and fall (Wobeser 1997a, Rocke and Bollinger 2007,
Work et al. 2010), botulism is a year-round issue for Hawaiian Ducks and possibly linked to
environmental conditions permitting toxin production and vector activity throughout the year, or
the interaction of environmental conditions and carcass abundance in an ecosystem with few
vertebrate scavengers (Wobeser 1997b, Rocke and Bollinger 2007).
Contrary to our prediction, increased rainfall was associated with lower adult survival
and higher numbers of sick birds and carcasses attributed to botulism. We anticipated a positive
relationship between survival and rainfall following periods of low to moderate precipitation as
rainfall would increase wetland resource availability. However, such an effect may have been
buffered by year-round management of wetland habitat (Malachowski and Dugger 2018) in
which resources are available for birds even during relatively dry periods. Further, although
annual rainfall in 2013 and 2014 was 22% and 12% lower, respectively, than the long-term
(1938–2012) average, rainfall may not have been low enough to trigger a detectable effect on
survival. Instead, it is possible that heavy rainfall events and associated flooding create
conditions (e.g., pooling and stagnating of water, siltation) conducive to botulism toxin
production and vector activity in subsequent weeks. Further, flooding may cause direct or
indirect mortality of vertebrate species, increase carcass abundance, and, therefore, have a lagged
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interactive effect on botulism outbreak severity. Consistent with that explanation, low survival
during January–February and Mar–April 2014 followed high intensity rainfall events on 1
December 2013 (104 mm) and 12–14 February 2014 (190 mm), respectively; and the number of
suspected and confirmed botulism cases detected during refuge surveys was most closely tied
with concurrent-lagged rainfall. Given botulism was the primary mortality factor during our
study, we suggest additional efforts seeking to understand the relationship between
environmental variables and botulism outbreaks on northern Kaua‘i.
Our results indicate that current refuge management actions to control feral cats and
manage botulism risk are targeted at the primary causes of adult mortality. Carcass density is
associated with risk of mortality in avian botulism outbreaks (Evelsizer et al. 2010b), and
management strategies currently include year-round surveillance for outbreak detection and
intensive searches to recover sick birds and carcasses to reduce the carcass-maggot cycle and
toxin spread through the food web (Reed and Rocke 1992, Wobeser 1997, Evelsizer et al. 2010b,
USFWS 2011). Although carcass removal using traditional search methods is not feasible in
some wetland systems because of their large size (Evelsizer et al. 2010a) and dense vegetation
(Cliplef and Wobeser 1993, Rocke and Bollinger 2007), removal is a viable tool for managing
botulism in small wetlands under intensive monitoring, such as those at Hanalei NWR (Rocke
and Bollinger 2007, Work et al. 2010, Reynolds et al. in press). Nevertheless, effort associated
with traditional surveillance methods can be a prohibitive factor (e.g., 2,823 person-hrs during
our 2-year study), highlighting the need for more efficient survey protocols (Reynolds et al. in
press). Furthermore, we recommend improvements of water control infrastructure that can
increase the flexibility and effectiveness of water management actions needed to help control
botulism outbreaks.
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Table 3.1. Model selection results for a known-fate survival analysis for radio-tagged adult
Hawaiian Ducks (nfemale = 49, nmale = 66) on Kaua‘i, Hawai‘i, USA, 2013-2014. Covariates
include sex, rainfall (total rainfall during concurrent two-month interval), lagged rainfall (total
rainfall during previous interval), bi-month (i.e., bi-monthly intervals differ within years but
constant across years), biological season (peak nesting [Sep–Apr] vs. off-peak nesting [May–
Aug]), year (2013 vs. 2014), and general time-specific effects (i.e., bi-monthly intervals differ
within and across years). Models are ranked from most to least supported based on Akaike's
Information Criterion adjusted for small sample sizes (AICc). Model diagnostics include ΔAICc,
AICc weights (wi), number of parameters (K), and model deviance.
ΔAICca

wi

K

Deviance

0.00

0.308

2

186.16

0.31

0.263

2

186.47

2.05

0.110

3

186.19

null

2.70

0.080

1

190.88

season

2.78

0.077

2

188.94

year

3.49

0.054

2

189.65

loge(rain)

4.64

0.030

2

190.80

rain

4.67

0.030

2

190.84

sex

4.70

0.029

2

190.86

rain + (rain)2

6.21

0.014

3

190.35

bi-month

8.20

0.005

6

186.21

0.001 12

177.86

Model
loge(lagged rain)
lagged rain
lagged rain + (lagged rain)

a

2

general time
12.33
Lowest AICc value = 190.19.
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Table 3.2. Number of radio-tagged adult Hawaiian Ducks attributed various causes of mortality
during the peak nesting season (September–April) and off-peak nesting season (May–August) on
Kaua‘i, Hawai‘i, USA, 2013–2014. The initial sample include 115 radio-tagged birds that
survived the two-week post-surgery censoring period (nfemale = 49; nmale = 66).

Season
Peak nesting

Mortality source
Sex
Botulism Depredation Anthropogenic Other Unknown Total
Female
4
4
0
0
1
9
Male
4
0
2
1
4
11

Off-peak nesting Female
Male

0
0

0
1

0
0

0
0

1
2

1
3
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Table 3.3. Estimates of sex-specific mean annual mortality for adult Hawaiian Ducks on Kaua‘i, Hawai‘i, USA, 2013–2014.
Estimates and 85% confidence intervals are provided for mortality associated with avian botulism, depredation, anthropogenic, other
pathogen, and unknown causes.
Cause of mortality
Botulism
Depredation
Anthropogenic
Other pathogen
Unknown

Females
0.0984
0.0770
--0.0748

85% CI
0.0099–0.1868
0.0182–0.1359
--0.0000–0.1522

Males
0.0772
0.0242
0.0282
0.0143
0.1303

85% CI
0.0000–0.1638
0.0000–0.0721
0.0000–0.0675
0.0000–0.0430
0.0345–0.2261

80
Table 3.4. Model selection results for a priori models examining the effects of rainfall and
temperature on the number of botulism-related sick and dead Hawaiian Ducks at Hanalei
National Wildlife Refuge, Kaua‘i, Hawai‘i, USA, 2013–2014. Botulism surveillance time was
used as an index for survey effort and included as a covariate in all models. Models are ranked
from most to least supported based on Akaike's Information Criterion adjusted for small sample
sizes (AICc). Model diagnostics include ΔAICc, AICc weights (wi), number of parameters (K),
and model deviance.
Model

a

ΔAICca

wi

K Deviance

rainconcurrent-lagged + rainconcurrent-lagged2 + surveillance time

0.00

0.277 5

25.98

loge(rainconcurrent-lagged) + surveillance time

1.45

0.134 4

24.66

surveillance time

1.69

0.119 3

25.08

rainconcurrent-lagged + surveillance time

2.38

0.084 4

24.62

rainconcurrent + rainconcurrent2 + surveillance time

2.46

0.081 5

24.76

loge(rainconcurrent) + surveillance time

2.55

0.078 4

24.66

loge(rainlagged) + surveillance time

3.31

0.053 4

25.02

rainlagged + surveillance time

3.62

0.045 4

24.95

rainconcurrent + surveillance time

3.84

0.041 4

24.85

loge(max air temperature) + surveillance time

4.13

0.035 4

25.06

max air temperature + surveillance time

4.18

0.034 4

25.07

rainlagged + rainlagged2 + surveillance time
Lowest AICc value = 152.46.

5.47

0.018 5

25.22
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Figure 3.1. Association between lagged rainfall (mm; bar graph) and bi-monthly survival rates of Hawaiian Ducks (with 95%
confidence intervals; line graph) during January 2013 through December 2014 on northern Kaua‘i, Hawai‘i, USA.
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Figure 3.2. Number of botulism-related sick and dead Hawaiian Ducks recovered during refuge
botulism surveillance and other activities between January 2013 and December 2014 at Hanalei
NWR, Kaua‘i, Hawai‘i, USA. Ducklings and severely decomposed carcasses are not included.
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Figure 3.3. Predicted values of the monthly number of botulism-related dead and sick Hawaiian
Ducks (with 95% confidence intervals) in relation to concurrent-lagged rainfall at Hanalei
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National Wildlife Refuge, Kaua‘i, Hawaii, 2013–2014. Estimates are derived from the topranked model (loge (count) = β0 + β1×surveillance time + β2×rainfallconcurrent-lagged +
β3×rainfallconcurrent-lagged2), including minimum (59 h), mean (118 h), and maximum (271 h)
values of monthly surveillance time in panels a, b, and c, respectively. Black points indicate
actual values.
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4 – SEASONAL ABUNDANCE, SEX RATIO, AND SURVIVAL OF THE ENDANGERED
HAWAIIAN DUCK ON NORTH KAUA‘I

Christopher P. Malachowski, Bruce D. Dugger, Kimberly J. Uyehara,
Michelle H. Reynolds, and Katie M. Dugger
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Abstract
The Hawaiian Duck (Anas wyvilliana) is an endangered, non-migratory dabbling duck
that experienced substantial population declines and range contraction during the 20th century. A
critical obstacle in assessing threats and developing effective conservation plans for the species
involves the lack of information on population structure and demographic rates. Adult sex ratio
is a key feature of population demography and has important implications for extinction risk,
particularly for small populations. We used a 5-year capture-mark-recapture (CMR) dataset and
robust design CMR models to estimate adult abundance, sex ratio, and survival of Hawaiian
Ducks at Hanalei National Wildlife Refuge (NWR) on north Kaua‘i, Hawai‘i, USA. During
2010–2015, 792 Hawaiian Ducks (nfemale = 150, nmale = 642) were captured 1,236 times. Modelaveraged, sex-specific abundance estimates revealed a heavily distorted, male-biased sex ratio
(3:1) that was relatively consistent across seasons and years. Annual apparent survival was
lower for females (0.43) compared to males (0.69). We found strong evidence for the presence
of temporary emigration, but the particular form of emigration (i.e., random vs. Markovian) was
unclear. The top model suggested random temporary emigration varied on a seasonal basis, with
a greater proportion of birds moving to an unavailable state during summer (0.76) compared to
winter (0.64). Abundance estimates of Hawaiian Ducks at Hanalei NWR, a core wetlands site,
varied from 252 to 625 adult and first-year birds (mean = 407); however, these estimates reflect
the abundance of birds available for capture, which may underrepresent the total number of birds
on the refuge. Our study provides estimates of several demographic parameters needed for
improving our understanding of Hawaiian Duck population dynamics and informing future
modeling efforts and conservation decisions.
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Introduction
Chief objectives in the field of conservation biology involve understanding the factors
and processes that influence small and declining populations and applying that knowledge to the
development and implementation of targeted conservation actions and appropriate monitoring
strategies (Soulé 1985, Caughley 1994, Norris 2004). An important step in population
monitoring and threat assessment includes estimation of key vital rates (survival, recruitment,
immigration, emigration), as well as population size and demographic structure (e.g., sex ratio;
(Morris and Doak 2002, Williams et al. 2002, Doak et al. 2015). Abundance and sex ratio are
major determinants of effective population size (Lande and Barrowclough 1987, Frankham
1995) and have important implications for population dynamics, genetics, and extinction risk,
particularly for small populations (Caballero 1994, Kvarnemo and Ahnesjö 1996, Sæther et al.
2004, Lee et al. 2011). Further, estimates of abundance without information on underlying sex
structure can lead to a biased assessment of endangerment status, potentially delaying
conservation action.
Population monitoring of rare, cryptic, and mobile bird species can be particularly
challenging. Electronic tracking devices are commonly used in modern avian research and can
often provide the most detailed demographic data (Bridge et al. 2011, Kays et al. 2015);
however, telemetry projects are often expensive, labor intensive, or span a relatively short time
series (e.g., ⪅ 1–2 years). Capture-mark-recapture (CMR) surveys combined with modern
methodological advances provide an alternative approach to monitoring long-term patterns in
key vital rates and abundance (Williams et al. 2002, Lindberg 2012, Sandercock 2020). Robust
design CMR models (Pollock 1982, Kendall and Nichols 1995, Kendall et al. 1997) integrate a
closed population model with the open Cormack-Jolly-Seber (CJS) model (Cormack 1964, Jolly
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1965, Seber 1965) under a combined modeling framework, and therefore allow the estimation of
survival, capture and recapture probabilities, active population size (i.e., number of individuals
available for capture), as well as temporary emigration (i.e., probability being temporarily
unavailable). By accounting for temporary emigration, robust design models can better represent
the ecology of the system and provide estimates of survival and capture probability with greater
precision and less bias than standard CJS models alone (Kendall et al. 1997). Further, abundance
estimates can be used to estimate sex ratios that are often less biased than those obtained from
raw captures or count data from surveys
The federally endangered Hawaiian Duck (Koloa maoli; Anas wyvilliana) is a
monochromatic, non-migratory dabbling duck endemic to the Hawaiian Archipelago. Habitat
loss, introduced species, overharvest, and hybridization have led to substantial population
declines and range contraction during the 20th century (Swedberg 1967, Banko 1987, Browne et
al. 1993, Rhymer 2001, USFWS 2011). Recent research on the population genetics and
movement ecology of Hawaiian Ducks suggests the islands of Kaua‘i and Ni‘ihau now support
the last remaining non-hybridized population (Wells et al. 2019, Chapter 2). Recovery actions
for the species focus largely on year-round management of moist-soil wetland complexes at
protected sites, such as Hanalei NWR on Kaua‘i (USFWS 2011, Malachowski and Dugger
2018). However, there is currently no credible estimate of Hawaiian Duck population size at any
spatial scale (Engilis Jr. et al. 2002). Count data from monthly refuge surveys (K. Uyehara,
USFWS, unpubl. data) and bi-annual state waterbird surveys conducted at low elevation coastal
wetlands (DOFAW 2015) are difficult to interpret due to unknown availability and conditional
detection probabilities, as well as potential observer differences (Sauer et al. 1994, Link and
Sauer 1998, Elphick 2008).
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Demographic estimates needed to monitor Hawaiian Duck population health and
response to threats are limited (Malachowski et al. 2018, Chapter 3). Longer term data sets (e.g.,
⪆ 3 years), which are more likely to capture environmental stochasticity, may provide further
insight on factors influencing important vital rates, such as adult survival. In addition, several
datasets suggest the population is strongly biased towards males (>2:1), including data from
count surveys (2010–2014; C. Malachowski, OSU, unpubl. data) and carcass recoveries (2010–
2019; K. Uyehara, USFWS, unpubl. data), but the degree of sampling bias associated with these
datasets are unclear. Higher adult female mortality during the breeding season is a major cause
of skewed sex ratios among dabbling ducks (Johnson and Sargeant 1977, Blohm et al. 1987,
Brasher et al. 2006) and birds in general (Donald 2007, Székely et al. 2014). However, the
apparent sex ratio distortion in Hawaiian Ducks is considerable larger than closely related
dabbling ducks (e.g., Mallard [A. platyrhynchos], Mottled Duck [A. fulvigula], Laysan Duck [A.
laysanensis]), which generally range from 1.1 to 1.3:1 (Moulton and Weller 1984, Reynolds
2002, Baldassarre 2014). Given the implications of distorted sex ratios for small populations,
there is conservation value in routine monitoring of these population parameters (Donald 2007).
In our study, we used robust design CMR modeling to investigate abundance, sex ratio,
and survival of adult and first-year Hawaiian Ducks on north-central Kaua‘i over a 5-yr span.
Our primary objectives were to 1) provide seasonal estimates of abundance and sex ratio of birds
using a core wetland site, Hanalei NWR, and 2) investigate sex-specific variation in survival
rates. In addition to providing wetland managers a baseline indication of the number of birds
using the refuge on a seasonal basis, our study aims to evaluate a key mechanism hypothesized
to influence sex ratio distortion. Further, we discuss the utility of CMR and robust design
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modeling as a potential methodological framework for population monitoring of Hawaiian
Ducks, and we provide suggestions for future long-term monitoring.

Methods
Study area
We conducted fieldwork at Hanalei NWR located on the north-central coast of Kaua‘i,
Hawai‘i, USA (22° 12ʹ 23ʺ N, 159° 28ʹ 32ʺ W; Figure 4.1). Hanalei NWR was established in
1972 under the Endangered Species Conservation Act and is currently managed to provide yearround habitat for endangered Hawaiian waterbirds and the Hawaiian Goose (Branta
sandvicensis; USFWS 2011). Situated in the floodplain of the lower Hanalei River, the 371-ha
refuge is flat to gently sloping and flanked by steep forested ridges. Primary cover types on the
refuge include managed palustrine emergent wetlands and shallowly flooded agricultural fields
(or lo‘i) used for the production of taro (Colocasia esculenta). The refuge wetlands are managed
as seasonally or semi-permanently flooded wetlands, with hydroperiods and successional stages
varied among individual impoundments to provide a range of habitat conditions at any given
time of year. Dominant plant species in the seasonal wetlands include Fimbry (Fimbristylis
littoralis), Mexican Primrose-willow (Ludwigia octovalvis), California Grass (Urochloa mutica),
Barnyard Grass (Echinochloa crus-galli), and Vasey’s Grass (Paspalum urvillei; Malachowski
and Dugger 2018).
Kaua‘i is characterized by tropical climate with mild conditions year-round; however,
rainfall varies substantially with altitude and between windward (northeastern) and leeward
(southwestern) sides of the island (MacDonald et al. 1960, Ramage and Schroeder 1999). At
lower elevations, precipitation generally varies seasonally, with decreased rainfall during
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summer months and with less pronounced seasonal fluctuations on the north shore compared to
the south (Ramage 1962). Mean annual rainfall at Princeville Ranch (1938–2010), 1 km north of
Hanalei NWR, is 205 ± 46 cm yr-1(NCDC 2017). Temperatures in the region (1999–2009)
fluctuate little throughout the year, and mean low and high temperatures are 19° C and 28° C
(NCDC 2017).
Capture and marking
During December 2010–November 2015, we captured birds using customized baited
swim-in traps placed in managed wetlands (Hunt and Dahlka 1953, Dugger and Malachowski
2013). We established multiple trap sites which were distributed throughout the range of
managed wetlands available on the refuge for each trapping period. We baited capture locations
with wheat or cracked corn several days prior to deploying traps. Traps were active from dusk to
dawn to correspond with peak crepuscular foraging periods (Malachowski 2013) and to
minimize capture and potential injury of non-target waterbirds.
We removed trapped birds carefully by hand or using a long-handled dip net and placed
them in poultry crates that were covered with a thin, dark cloth prior to processing to provide
security and reduce stress. We banded each bird with a U.S. Geological Survey (USGS)
stainless steel leg band and a field-readable, uniquely coded colored leg band (Haggie
Engraving, Crumpton, MD, USA; Gustafson et al. 1997). We determined sex and age (juvenile
vs. adult/first-year) of birds using plumage characteristics (A. Engilis Jr. et al., University of
California-Davis, unpubl. data) and cloacal examination. For recaptured birds, we recorded band
numbers from USGS and auxiliary bands to prevent potential misidentification. We immediately
processed and released birds undergoing remigial molt and females that were gravid or had
brood patches. As part of concurrent research projects throughout our sampling period, a subset
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of birds were selected for transmitter attachment and blood, feather, and swab sampling. We
released all birds at their capture site following sampling.
Robust design structure and encounter histories
We used robust design capture-recapture models to estimate local abundance, survival,
and temporary emigration probabilities (Pollock 1982, Kendall and Nichols 1995, Kendall et al.
1997). The robust design integrates closed and open sampling schemes, resulting in a two-tiered
sampling structure wherein ≥ 2 secondary sampling occasions occur within each primary
occasion (Pollock 1982). The population is assumed to be demographically and geographically
closed for the duration of each primary occasion and thus across all secondary occasions; and the
population is assumed open to additions (births and immigration) and losses (deaths and
emigration) between primary occasions.
We built encounter histories by partitioning capture-recapture data into seasonal
(summer, winter) primary occasions spanning 5–29 days each (mean = 20.3 ± 9.8 [SD] days;
Table 4.1). Seasons were defined based largely on Hawaiian Duck biology, with the summer
season (May–August) including the off-peak nesting period and the winter season (November–
January) covering a portion of the peak nesting season (Malachowski et al. 2019). Also, summer
months generally correspond with warmer and drier conditions (NCDC 2017). Secondary
sampling occasions (i.e., closed design occasions) spanned 1–5 days (mean = 3.9 ± 1.1 days).
Sampling occurred irregularly throughout the study; thus, the timing and duration of primary
occasions varied between years, and trapping did not occur during every season of each year
(Table 4.1). We included covariates for trapping effort (see below) to account for unbalanced
durations of primary and secondary occasions (Lebreton et al. 1992). We used dot notation to
account for seasons during which trapping did not occur. Excluding these missed trapping
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occasions, our sampling scheme resulted in 7 active primary occasions and 29 secondary
occasions.
We stratified capture histories by sex. We grouped first-year birds with adults because
Hawaiian Ducks can exhibit a range of age-specific plumage variability (Engilis Jr. et al. 2002,
Lavretsky et al. 2015), and we could not always discern birds in formative and first alternate
plumage (i.e., first-year birds) from birds in definitive basic and alternate plumage (i.e., adults).
We censored initial captures of ducklings and juveniles because of limited sample sizes for the
age classes; however, these birds entered the dataset if recaptured as adults or first-year birds.
Also, birds that were captured and marked between primary occasions were not included in the
dataset unless recaptured during a primary occasion. A common assumption among CJS models
is that individual marks are not lost or misread (Pollock et al. 1990). We minimized potential
violations to this assumption by using stainless steel bands (e.g., Szymanski et al. 2020) and
marking most birds with a second (auxiliary) band; we detected no band losses during the study
period.
Statistical analyses
We used the Program MARK (version 8.1; White and Burnham 1999) and robust design
models to analyze the mark-capture data. Model parameters include the probabilities of apparent
survival (ϕ), temporary emigration (γ'') and the complement of the return rate of temporary
emigrants (γ'), capture (p), and recapture (c). For the closed population component of the model,
we implemented Huggins models which uses a conditional likelihood to derive abundance (N)
estimates (Huggins 1989, 1991). In the robust design context, Ni is defined as the number of
birds alive and available for capture at time i (i.e., the part of the superpopulation exposed to
sampling; Kendall 1997). Apparent survival is the product of true survival and the probability of
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not permanently emigrating. We standardized survival estimates to account for variable interval
duration. We assumed equal survival probabilities for marked and unmarked individuals in and
out of the study area (Pollock et al. 1990, Kendall 1997).
The gamma parameters define the probabilities of movement from available to
unavailable states (γ''; i.e., temporary emigration) or unavailable to available states (1 - γ'; i.e.,
return rate of temporary emigrants) between any two primary occasions. We considered models
with random movement (γ'' = γ'), Markovian movement (γ'' ≠ γ'), and no movement (γ'' = 0, γ' =
1; (Kendall et al. 1997). In the random movement model, the probability of an individual being
unavailable at time i + 1 is independent of the individual’s state at time i, whereas in the
Markovian movement model, the probability of moving between states between time i and i + 1
depends on the individual’s state at time i (Kendall et al. 1997). We assessed both random and
Markovian movement as varying over seasons or constant over time. Because data were sparse,
we did not include movement models with full time dependence. Similarly, we only considered
constrained parameterizations of survival, including models with survival constant over time or
varying by sex.
For capture and recapture probabilities, we considered model structures that treated
capture and recapture probabilities as equal or unequal. This allowed us to test for possible
behavioral effects (e.g., trap-happiness, trap-shyness) following initial capture. Covariates
included sex, season, trapping effort (i.e., number of trap-days per secondary occasion), total
rainfall (mm) during the 30 days preceding the primary occasion, mean daily rainfall (mm/day)
during the primary occasion, and mean daily rainfall (mm/day) within each secondary occasion.
We assessed linear and log-linear (i.e., pseudo-threshold) effects of trapping effort and rainfall
covariates on capture and recapture probabilities. We predicted capture probabilities would
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increase with trapping effort, decline with rainfall, and be lower for females than males. We also
considered models with capture and recapture rates constant over time. We modeled individual
heterogeneity in capture probability as an individual random effect based on a logit-normal
distribution with mean zero and variance σ2p (McClintock et al. 2009, Gimenez and Choquet
2010). We assumed captures were independent among individuals (Pollock et al. 1990).
Violation of this assumption (e.g., if paired birds were more likely to be captured with their
mate) will not bias estimates, but will likely underestimate associated variance (Williams et al.
2002).
We employed a secondary candidate set model selection strategy (Morin et al. 2020). At
each stage, we used Akaike’s Information Criterion values corrected for small sample sizes
(AICc) and differences between a given model’s AICc and the AICc of the top-ranked model
(ΔAICc) to assess the relative support for each model in their respective sets (Burnham and
Anderson 2002, Arnold 2010). In the first stage, we fit sub-models for each parameter
independently while holding sub-model structure for non-target parameters fixed according to
our base model, ϕ(sex) γ''(.) γ'(.) σp(.) p(sex + loge[effort]) c(sex + loge[effort]). We considered
only single variable sub-models for both temporary emigration (n = 5 sub-models) and survival
(n = 2). For capture and recapture probability, we considered sub-models with random effects
and all additive combinations of up to three fixed effects (n = 228 sub-models). Covariates for
mean daily rainfall during primary and secondary occasions were not included in the same
models.
In the final model selection stage, we considered all combinations of sub-models in the
initial stage with ΔAICc ≤ 5 (Table 4.2; Morin et al. 2020). We used AICc model weights (wi) to
assess the relative support for each model (Burnham and Anderson 2002, Arnold 2010). We
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used 95% confidence intervals on model coefficients (βi) from the top-ranked model to evaluate
the strength and direction of covariate effects. Estimates for model coefficients are presented on
the logit scale. If the top-ranked model accounted for <90% of model weight, we estimated
parameters by model-averaging across all models in the final model set and calculated 95%
confidence intervals using unconditional variance (Burnham and Anderson 2002). We
̂ ) based on 𝑁
̂ , Mt +
accounted for model uncertainty in model-averaged estimates of abundance (𝑁
1,

and unconditional variance (Lukacs 2020). We used the delta method to estimate variance for

combined abundances (i.e., males + females) for each primary occasion (Powell and Gale 2015).
Last, we assessed the correlation between abundance estimates with the number of birds
recorded during concurrent monthly count surveys (excluding juveniles and ducklings) at
Hanalei NWR using Pearson’s correlation test. If two refuge surveys occurred during a given
primary occasion (± 10 days), we used the average value.

Results
Between December 2010 and November 2015, 792 individual adult and first-year
Hawaiian Ducks (nfemale = 150, nmale = 642) were captured 1,236 times. The final candidate set
of robust design mark-recapture models included 30 models (Table 4.3). The top-ranked model
(wi = 0.25) included survival varying by sex, random temporary emigration varying by season,
and capture and recapture probabilities as unequal and varying by additive effects of sex,
trapping effort (log-transformed), and mean daily rainfall during the primary occasion (Table
4.4). Models including a sex effect garnered a cumulative 71% of model weight, and the 95%
confidence interval for the sex coefficient in the top-ranked model did not include zero (Table
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4.4). Model-averaged annual survival was 0.69 ± 0.11 (95% CI = 0.47–0.91) for males and 0.43
± 0.20 (95% CI = 0.05–0.82) for females.
The top model indicated birds exhibited random temporary emigration that was higher
during summer (0.76 ± 0.05, 95% CI = 0.64–0.85) compared to winter (0.64 ± 0.07, 95% CI =
0.49–0.77; Table 4.4). However, cumulative model weight was split between models with
random movement (Σwi = 0.48) and Markovian movement (Σwi = 0.52), and model-averaged
estimates of summer (0.70 ± 0.09, 95% CI = 0.50–0.84) and winter (0.65 ± 0.08, 95% CI = 0.50–
0.78) temporary emigration were similar. Likewise, model-averaged estimates of γ' were similar
between summer (0.81 ± 0.09, 95% CI = 0.56–0.93) and winter (0.72 ± 0.11, 95% CI = 0.47–
0.88). Models including no movement (i.e., γ'' = 0, γ' = 1) received no support (Σwi = 0.0),
providing strong evidence for some form of temporary emigration.
Capture and recapture probabilities varied throughout the study (Figure 4.2). All models
in the final model set included structure that treated capture and recapture rates as unequal (Table
4.3), with the probability of recapture generally lower than capture (e.g., Table 4.4). All
covariate structures that advanced to the final model set included a log-linear effect of sampling
effort, and models including a sex effect or linear mean daily rainfall effect (during primary
occasion) accounted for 97% and 87% of model weight, respectively. The beta coefficients from
the top model indicated recapture rates increased log-linearly with sampling effort (βlog(effort) =
0.72, 95% CI = 0.47–0.98) and were lower for females than males (βsex_female = -0.76, 95% CI = 0.22– -0.03) ; however, for capture rates, the 95% confidence intervals of the sex and sampling
effort coefficients covered zero, suggesting they were largely uninformative (Table 4.4). The
beta coefficients for the effects of daily rainfall on capture and recapture rates did not overlap
zero and suggested a negative relationship (Table 4.4). Further, relatively high model-averaged
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capture rates during summer and winter 2012 were associated with the driest primary occasions
(1.3 and 2.1 mm/day respectively), whereas the generally low capture rates during winter 2013
occurred during the wettest (9.0 mm/day).
Estimates of local abundance varied from 252 (95% CI = 177–401) during summer 2011
to 625 (95% CI = 404–1023) during winter 2013 (Table 4.5; Figure 4.3). The estimated number
of males consistently exceeded females, with sex ratios ranging from 2.1–4.0:1. No strong
seasonal patterns in abundance were detected based on overlapping 95% confidence intervals.
Abundance estimates generally tracked with concurrent refuge counts (r2 = 0.38; Figure 4.4), but
the relationship was not statistically significant (P = 0.14).

Discussion
Estimates of local scale abundance of adult and first-year Hawaiian Ducks on northern
Kaua‘i revealed a heavily skewed, male-biased sex ratio (3:1) that was relatively steady across
seasons and years. Consistent with that result, females had lower annual apparent survival
compared to males (0.43 vs. 0.69). Given our estimates of abundance reflect the number of birds
available for capture, it is possible that the sex ratio of the superpopulation varies from the local
estimate. However, females captured at Hanalei NWR exhibited higher regional fidelity than
males (Chapter 2), and thus, it seems unlikely that the sex ratio of the superpopulation is any
closer to parity. These results align with several other general measures of sex ratio at Hanalei
NWR (e.g., raw counts, carcass recoveries), broadening support that the observed sex ratio
unbalance in the population is not simply an artefact of sampling and that the reproductive
population size is likely substantially lower than that perceived based on simple count totals.
Although adult sex ratio distortion is common among the Anas genus (~1.1–1.3:1 males;
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Bellrose et al. 1961, Baldassarre 2014) and birds in general (Székely et al. 2014), the magnitude
of distortion was substantially greater in Hawaiian Ducks and consistent with a broader global
pattern of more severely distorted adult sex ratios in populations of globally threatened species
compared to non-threatened species (Donald 2007).
Because apparent survival reflects true survival and permanent emigration (i.e., 1 –
permanent emigration), we cannot completely discount the possibility of female-biased
permanent emigration leading to differences in apparent survival and sex-ratio skew; however,
given their relatively small range (i.e., Kaua‘i-Ni‘ihau), their high regional fidelity to north
Kaua‘i (Chapter 2), and the general tendency of males to be the dispersive sex among waterfowl
(Anderson et al. 1992, Robertson and Cooke 1999), we believe the difference in apparent
survival reflects a pattern in true survival. Other mechanisms for skewed adult sex ratios include
variation in ratios at fertilization or hatch and sex bias in juvenile survival (Bessa-Gomes et al.
2004). Given sex ratios at hatch are generally at or near parity for waterfowl (Blums and Mednis
1996) and studies on closely related species (e.g., Mallard, Mottled Duck, Laysan Duck) suggest
juvenile survival is similar between sexes (Anderson 1975, Smith and Reynolds 1992, Reynolds
et al. 2008, Walters and Reynolds 2013, Balkcom et al. 2015; but see Haukos 2015), we suspect
sex ratio distortion in Hawaiian Ducks may largely be attributed to female-biased adult and firstyear mortality.
Using robust design CMR models, we detected sex-specific differences in annual survival
over a 5-year period (ϕmale = 0.69, ϕfemale = 0.43) that were not apparent in a 2-year radiotelemetry study that used a subset of birds from the same population (Chapter 3); though our
estimate of overall annual male survival was similar between studies (0.69 vs. 0.70–0.80). It is
possible that our relatively sparse data set and inability to incorporate a more extensive suite of
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covariates introduced some bias to parameter estimates (Lebreton et al. 1992); however, we
believe it is more plausible that longer term time-series are more likely to capture environmental
stochasticity and infrequent catastrophes that disproportionally affect breeding females and
therefore shape differences in mortality between sexes. Further, low nesting propensity among
birds in the telemetry study, indicative of either low nesting at the population level or a
transmitter effect, may have resulted in higher survival due to a lower proportion of females
exposed to predation while nesting. The drivers of depressed survival among female Hawaiian
Ducks are unclear, but depredation likely plays a large role (Sargeant et al. 1984, Brasher et al.
2006, Arnold et al. 2012, Chapter 3). Confirming the cause of female-biased mortality is critical
for Hawaiian Duck conservation and management.
Our results provided strong evidence for the presence of temporary emigration in
Hawaiian Ducks under our CMR sampling design; however, the data did not permit a conclusive
determination about the particular form of emigration (e.g., random vs. Markovian). The topmodel did provide some support for a seasonal effect on random temporary emigration, with a
greater proportion of birds moving to (or remaining in) an unavailable state during the summer
compared to winter. That pattern is consistent with the subtle seasonal variation in regional
fidelity to north-central Kaua‘i exhibited by transmittered birds (Chapter 2). In addition, summer
aligns with the off-peak nesting season when a larger subset of birds may be undergoing remigial
molt (Engilis Jr. et al. 2002) and less likely to be available for capture due to restricted
movement in areas possibly not exposed to trapping. Although relatively sparse data and
irregular sampling limited our ability to assess temporary unavailability in a more complete way,
our results provide evidence of its occurrence and highlight the need for temporary emigration to
be considered in future CMR modeling approaches. Failure to account for such changes in
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availability states using standard designs could result in biased estimates of survival, capture
probability, and abundance (Kendall et al. 1997, Bächler and Schaub 2007, Kéry and Schmidt
2008).
Seasonal abundance estimates for Hawaiian Ducks at Hanalei NWR averaged 407 adult
and first-year birds, providing wetland managers a baseline indication of the number of birds
using the refuge on a seasonal basis. However, we caution that model-averaged temporary
emigration (0.65–0.70) and the complement of the return rate of temporary emigrants (0.72–
0.82) were high, suggesting the proportion of birds available for capture during any given
primary occasion was low. Our estimates of abundance represent birds available to be captured
(i.e., exposed to sampling efforts). If some portion of birds remained on the refuge but in an
unavailable behavioral state or geographic area not exposed to trapping, the true abundance of
birds using the refuge during a given primary occasion would exceed our model estimates
(Kendall 1997). The contrast between high estimates of temporary emigration based on our
robust design model and low emigration observed for transmitter-tagged ducks at Hanalei NWR
(Chapter 2) is consistent with the hypothesis that the temporary emigration parameters tends to
largely reflect unavailability for capture rather actual temporary emigration from the refuge.
Our study provides insight into the application of a robust design CMR modeling strategy
for monitoring the abundance, sex ratio, and survival of an elusive, endangered dabbling duck.
We demonstrated that a large number of Hawaiian Ducks (>1200 total captures) can be safely
captured and marked using our trapping methods (e.g., no trap-related mortalities, low injury rate
[0.2%]). Despite sparse data and irregular sampling, we were able to incorporate modest
complexity into parameter structures, particularly capture and recapture probabilities. By
accounting for individual capture heterogeneity (i.e., random effect), behavioral response to
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initial capture (i.e., p ≠ c), and variation associated with sex, trapping effort, and rainfall, we
were able to improve model fit and presumably reduce bias in estimates of capture and recapture
probabilities and sex-specific abundances. However, to further reduce heterogeneity in capture
probability and improve precision of estimates and power of tests, we recommend additional
steps be taken to increase capture probability (e.g., increasing sampling effort and trap density;
Lebreton et al. 1992). We also confirmed the presence of temporary emigration, as predicted in
part by increased movement out of the region during the summer (Chapter 2). The ability of
robust design models to account for temporary emigration and conditional capture probability is
important when estimating abundance for species that may move between states of availability
(Kendall et al. 1997, Sandercock 2020). Though given the high probability of unavailability
relative to high regional fidelity exhibited by transmittered birds (Chapter 2), we recommend
modifications to sampling protocol that maximize availability (Williams et al. 2002, Bächler and
Schaub 2007, Kéry and Schmidt 2008), such as expanding the distribution and increasing the
density of trapping efforts on the refuge. Increasing sample size and regularity (i.e., no missed
occasions), along with efforts to maximize availability and capture probability, will provide
greater flexibility in range of ecologically meaningful covariates that can be incorporated into
model structure and reduce potential bias in parameter estimates. Last, an important assumption
under robust design models is survival of birds that are temporarily unavailable for capture is the
same for birds that are available for capture (Pollock et al. 1990, Kendall and Nichols 1995,
Kendall et al. 1997). By expanding sampling to outside the refuge and applying a multistate
modeling strategy, differential survival could be formally tested, providing a platform for a more
complete threat assessment for Hawaiian Ducks.
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Table 4.1. Schedule of seasonal capture-mark-recapture surveys for Hawaiian Ducks on north
Kaua‘i, Hawai‘i, USA, 2010–2015.
Primary occasion Year Season Trapping dates
Sampling effort (trap-days)
*
1
2010 Winter
26 Dec 2010–23 Jan 2011
65
*
2
2011 Summer 27 Jul–24 Aug
16
3
2011 Winter
--*
4
2012 Summer 14 May–10 Jun
29
*
5
2012 Winter
24 Nov–14 Dec
64
6
2013 Summer --7
2013 Winter
29 Nov–19 Dec
74
8
2014 Summer 2–6 Jun
13
9
2014 Winter
--10
2015 Summer --11
2015 Winter
7–15 Nov
29
*
Trapping did not occur continuously throughout the period.
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Table 4.2. Ranking of robust design sub-models in the initial stage of a secondary candidate set model selection strategy for adult and
first-year Hawaiian Ducks on northern Kaua‘i, Hawai‘i, USA, 2010–2015. Sub-models for each parameter were fit independently
while holding sub-model structure for non-target parameters fixed according to the base model, ϕ(sex) γ''(.) γ'(.) σp(.) p(sex +
log(effort)) c(sex + log(effort)). The entire model set included 235 models. Only models with ΔAICc ≤ 10 are shown, along with null
models.
AICc ΔAICc
wi
K Deviance
5102.4 0.000 0.627 11 4766.5
γ''(.) γ'(.) - Markovian
5105.2 2.837 0.152 13 4765.3
γ''(season) γ'(season) - Markovian
5105.9 3.536 0.107 10 4772.1
γ''(.) = γ'(.) - Random
5107.0 4.663 0.061 9
4775.2
γ''(= 0) γ'(= 1) - No movement
5107.3 4.942 0.053 11 4771.4
γ''(season) = γ'(season) - Random
Survival
5102.4 0.000 0.660 11 4766.5
ϕ(sex)
5103.7 1.323 0.340 10 4769.9
ϕ(.)
Capture (p) and
5070.8 0.000 0.659 13 4730.9
p(sex + log[effort] + rainPO) c(sex + log[effort] + rainPO)
recapture (c)
5073.9 3.072 0.142 13 4734.0
p(sex + log[effort] + log[rainPO]) c(sex + log[effort] + log[rainPO])
5075.1 4.332 0.076 13 4735.2
p(log[effort] + rain30 + rainSO) c(log[effort] + rain30 + rainSO)
5075.8 5.003 0.054 13 4735.9
p(log[effort] + rain30 + rainPO) c(log[effort] + rain30 + rainPO)
5078.3 7.480 0.016 11 4742.5
p(log[effort] + rainPO) c(log[effort] + rainPO)
4738.5
p(log[effort] + log(rain30) + rainPO) c(log[effort] + log(rain30) + rainPO) 5078.4 7.624 0.015 13
4739.9
p(log[effort] + log(rain30) + rainSO) c(log[effort] + log(rain30) + rainSO) 5079.8 9.029 0.007 13
5080.3 9.469 0.006 13 4740.4
p(sex + log[effort] + rainSO) c(sex + log[effort] + rainSO)
5080.5 9.660 0.005 13 4740.5
p(sex + log[effort] + rain30) c(sex + log[effort] + rain30)
5080.7 9.932 0.005 13 4740.8
p(season + log[effort] + rainPO) c(season + log[effort] + rainPO)
5132.4 61.561 0.000 6
4806.7
p(.) = c(.)
5134.1 63.315 0.000 7
4806.4
p(.) c(.)
a
Covariates include sex, season (summer, winter), number of trap-days per secondary occasion (effort), mean daily rainfall (mm/day)
during primary occasion (rainPO), mean daily rainfall (mm/day) during secondary occasion (rainSO), and total rainfall (mm) during
30 days prior to primary occasion.
Parameters
Movement

Sub-model structurea
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Table 4.3. Ranking of robust design models in the final model selection stage for adult and first-year Hawaiian Ducks on northern
Kaua‘i, Hawai‘i, USA during 2010–2015. Only models with ΔAICc ≤ 5 are shown.
Model structurea

a

AICc ΔAICc

wi

K Deviance

ϕ(sex) γ''(season) = γ'(season) σp(.) p(sex + log(effort) + rainPO) c(sex + log(effort) + rainPO)

5069.5

0.000

0.250

13

4729.5

ϕ(sex) γ''(season) γ'(season) σp(.) p(sex + log(effort) + rainPO) c(sex + log(effort) + rainPO)

5070.4

0.921

0.158

15

4726.4

ϕ(sex) γ''(.) γ'(.) σp(.) p(sex + log(effort) + rainPO) c(sex + log(effort) + rainPO)

5070.8

1.354

0.127

13

4730.9

ϕ(.) γ''(season) = γ'(season) σp (.) p(sex + log(effort) + rainPO) c(sex + log(effort) + rainPO)

5071.4

1.926

0.096

12

4733.5

ϕ(sex) γ''(.) = γ'(.) σp(.) p(sex + log(effort) + rainPO) c(sex + log(effort) + rainPO)

5071.7

2.268

0.081

12

4733.8

ϕ(.) γ''(season) γ'(season) σp(.) p(sex + log(effort) + rainPO) c(sex + log(effort) + rainPO)

5072.0

2.504

0.072

14

4730.0

ϕ(.) γ''(.) γ'(.) σp(.) p(sex + log(effort) + rainPO) c(sex + log(effort) + rainPO)

5072.4

2.944

0.058

12

4734.5

ϕ(.) γ''(.) = γ'(.) σp(.) p(sex + log(effort) + rainPO) c(sex + log(effort) + rainPO)

5073.8

4.328

0.029

11

4737.9

ϕ(sex) γ''(season) γ'(season) σp(.) p(sex + log(effort) + log(rainPO)) c(sex + log(effort) + log(rainPO))

5073.9

4.389

0.028

15

4729.8

ϕ(sex) γ''(.) γ'(.)σp(.) p(sex + log(effort) + log(rainPO)) c(sex + log(effort) + log(rainPO))

5073.9

4.426

0.027

13

4734.0

Covariates include sex, season (summer, winter), number of trap-days per secondary occasion (effort), mean daily rainfall (mm/day)
during primary occasion (rainPO), mean daily rainfall (mm/day) during secondary occasion (rainSO), and total rainfall (mm) during
30 days prior to primary occasion.
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Table 4.4. Parameter estimates, standard errors (SE), and lower (LCL) and upper (UCL) limits of 95% confidence intervals from the
top-ranked robust design model for Hawaiian Ducks at Hanalei National Wildlife Refuge, Kaua‘i, Hawai‘i, USA during 2010–2015.
Coefficients with parameter estimates not overlapping zero appear in bold text.
Parameter
Survival (S)
β0
β1
Movement (γ'' = γ')
β0
β1
Capture (p)
β0
β1
β2
β3
σp
Recapture (c)
β0
β1
β2
β3

Description
Intercept
Sex (female vs. male [reference])
Intercept
Season (summer vs. winter [reference])

Estimate

SE

LCL

UCL

1.37 0.254 0.872 1.868
-1.11 0.462 -2.013 -0.201
0.59 0.326 -0.053
0.56 0.277 0.022
0.431
0.435
0.128
0.041
0.185

1.223
1.108

Intercept
Sex (female vs. male [reference])
Sampling effort (# of trap-days per secondary occasion), log-linear effect
Mean daily rainfall (mm/day) during primary occasion
Random effect

-0.93
-0.42
-0.05
-0.24
-0.19

-1.776 -0.089
-1.276 0.429
-0.306 0.198
-0.320 -0.158
-0.552 0.173

Intercept
Sex (female vs. male [reference])
Sampling effort (# of trap-days per secondary occasion), log-linear effect
Mean daily rainfall (mm/day) during primary occasion

-2.16 0.40 -2.941 -1.378
-0.76 0.234 -1.218 -0.300
0.72 0.129 0.470 0.976
-0.13 0.035 -0.200 -0.063
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Table 4.5. Estimates of local abundance (Ni) and sex ratios of Hawaiian Ducks (adults and firstyear birds only) at Hanalei National Wildlife Refuge, Kaua‘i, Hawai‘i, USA, 2010–2015.
Summary statistics include the number of unique birds captured per season (Mt+1), abundance
standard errors (SE) and 95% confidence intervals (CI).
Sex
Female

Year
2010
2011
2012
2012
2013
2014
2015

Season M(t+1)
Ni
Winter
20 126
Summer
17 58
Summer
27 51
Winter
42 100
Winter
19 148
Summer
20 137
Winter
16 112

SE
67
29
17
36
84
71
58

95% CI Sex ratio (male:female)
54–348
29–161
34–109
61–221
59–434
59–373
48–304

Male

2010
2011
2012
2012
2013
2014
2015

Winter
Summer
Summer
Winter
Winter
Summer
Winter

70
86
142
190
105
86
71

270 106
193 46
202 29
320 47
477 127
355 84
299 68

Combined 2010
2011
2012
2012
2013
2014
2015

Winter
Summer
Summer
Winter
Winter
Summer
Winter

90
103
169
232
124
106
87

396 125 232–752
252 55 177–401
252 33 208–346
420 60 334–577
625 153 404–1023
492 110 329–774
410 90 277–638

146–601
134–326
166–288
255–450
299–819
234–575
199–475
2.1
3.3
4.0
3.2
3.2
2.6
2.7
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Figure 4.1. Map of the main Hawaiian Islands with detail of Hanalei National Wildlife Refuge on north-central Kauaʻi where capturemark-recapture efforts for Hawaiian Ducks occurred, 2010–2015.
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Figure 4.2. Model-averaged estimates of seasonal capture (p) and recapture (c) probabilities for adult female and male Hawaiian
Ducks at Hanalei National Wildlife Refuge, Kaua‘i, Hawai‘i, USA, 2010–2015. Error bars represent 95% confidence intervals.
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Figure 4.3. Local abundance estimates for female and male Hawaiian Ducks (adults and firstyear birds only) at Hanalei National Wildlife Refuge, Kaua‘i, Hawai‘i, USA, 2010–2015. Error
bars represent 95% confidence intervals.
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Figure 4.4. Comparison between model-averaged estimates of local abundance and refuge
counts (r2 = 0.38, P = 0.14) for adult and first-year Hawaiian Ducks on Hanalei National
Wildlife Refuge, Kaua‘i, Hawai‘i, USA, 2010–2015.
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5 – GENERAL CONCLUSION

The primary goals of my dissertation were to examine the influence of various biological
and climate factors on the movements, space use, and survival of the endangered Hawaiian Duck
(Koloa maoli; Anas wyvilliana) throughout the full annual cycle and to provide critical baseline
estimates of demographic parameters (e.g., abundance, sex ratio) needed for management and
conservation planning. Thus, in Chapter 2, I employed a multi-spatiotemporal strategy using
satellite and radio-telemetry to investigate large-scale regional movement patterns and to
evaluate how sex, climate, and biological seasons influence regional fidelity and local-scale
home range dynamics. In Chapter 3, I used an intensive radio-telemetry monitoring approach to
evaluate the relative role factors influencing adult survival and cause-specific mortality
throughout the annual cycle. And in Chapter 4, I used capture-mark-recapture (CMR) data to
evaluate several key metrics of population health over a 5-year period, including adult seasonal
abundance, population structure (i.e., sex ratio), and annual sex-specific survival. Taken
together, my research provided novel insight on the full annual cycle ecology of the Hawaiian
Duck, which could be applied to the development of more comprehensive and effective
management and conservation plans for the species.
Hawaiian Ducks have been categorized at “conservation reliant,” implying they will
require active management into perpetuity (Scott et al. 2010, Reed et al. 2012, Underwood et al.
2013), and my research supports that designation. The wetland habitat that they depend on
requires year-round management to maintain due to altered hydrology and invasive non-native
plant species (Malachowski and Dugger 2018), and the major sources of adult mortality have
been introduced or exacerbated by anthropogenic activities. As such, a major component of the
current conservation strategy involves active management of wetlands on protected areas
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(USFWS 2011). My research suggested that a large number of birds can be supported on single
sites, such as Hanalei National Wildlife Refuge (NWR), throughout all phases of the annual
cycle, indicating that intense conservation of relatively small, protected lands can be an effective
management strategy. Most birds exhibited high seasonal and annual fidelity to north-central
Kaua‘i, and population-level hotspots (i.e., significant clustering of overlapping annual core use
areas on north Kaua‘i) occurred exclusively within Hanalei NWR, with 94% of birds having
some portion of their annual core use area on the refuge (Chapter 2). Seasonal abundance
estimates for Hawaiian Ducks at Hanalei NWR averaged 407 adult and first-year birds (Chapter
4), but these estimates may underrepresent the total number of birds on the refuge. Combined
with evidence from year-round behavioral and breeding surveys that revealed Hawaiian Ducks
use Hanalei for a variety of activities (e.g., foraging, loafing, courtship, nesting; (Malachowski
and Dugger 2018, Malachowski et al. 2018, 2019), results from Chapter 2 indicated the refuge
supports a large proportion of Hawaiian Ducks for their full range of daily and seasonal life
history requirements. Further, my results indicate that refuge management actions to manage
botulism risk and control feral cats are targeted at the primary causes of adult mortality (Chapter
3). Together, these findings indicate the overall current active management paradigm for
Hawaiian Ducks can be successful, and establishing a network of multiple managed core wetland
sites would improve population resilience to local-scale disease epizootics and other stochastic
events.
Year-round residence by a large proportion of birds at Hanalei NWR and the importance
of avian botulism as a mortality source during all months of the year pose special challenges for
Hawaiian Duck conservation. Botulism was linked to half of all identified mortality events
among radio-marked birds and to over 200 sick and dead ducks recovered during refuge surveys
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between 2013 and 2014. Unlike botulism outbreaks in temperate or subtropical regions that are
predominantly restricted to the summer and fall (Wobeser 1997a, Rocke and Bollinger 2007,
Work et al. 2010), botulism was a year-round issue for Hawaiian Ducks and caused by
environmental conditions that permitted toxin production and vector activity throughout the year,
or the interaction of environmental conditions and carcass abundance in an ecosystem with few
vertebrate scavengers (Wobeser 1997b, Rocke and Bollinger 2007). Given high inter-seasonal
fidelity to relatively small home ranges and high population-level core use overlap at Hanalei
NWR (Chapter 2), there is the possibility of prolonged exposure to botulism intoxication risk.
Although regional residency and high site fidelity may provide benefits to birds in the form of
information that allows individuals to better exploit food resources, avoid predators, and acquire
mates (i.e., local knowledge hypothesis; Anderson et al. 1992, Robertson and Cooke 1999,
Iverson and Esler 2006), such behavior may be maladaptive in the context of pathogen
transmission or botulism outbreaks, as residency does not confer the fitness advantages of
migratory escape or migratory cull (Altizer et al. 2011). Given the substantially high use of
Hanalei NWR by birds throughout the year, continued efforts are needed to 1) develop more
efficient survey protocols for outbreak detection (Reynolds et al. in press) and 2) improve water
control infrastructure that can increase the flexibility and effectiveness of water management
actions needed to help mitigate botulism outbreaks. Although my research focused on a single
species, these results extend more generally and provide important insight on year-round
management of botulism risk for non-migratory waterbirds in tropical regions.
The magnitude of sex ratio distortion in the population of Hawaiian Ducks using Hanalei
NWR (3:1, male:female) was substantially greater than closely related continent dabbling ducks,
as well as the island-endemic Laysan Duck (~1.1–1.3:1; (Bellrose et al. 1961, Reynolds 2002,
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Baldassarre 2014), and highlights a larger, underlying conservation issue. In Chapter 4, I
estimated lower apparent survival among females (0.43) compared to males (0.69) based on a 5year CMR dataset. Although the 2-year radio-telemetry dataset (Chapter 3) did not reveal sexspecific differences in survival, I did find the rate of depredation was over three times higher for
females than males, all female depredation events occurred during the peak-nesting season, and
most depredation was attributable to non-native mammals. Adult sex ratio is a major
determinant of effective population size (Lande and Barrowclough 1987, Frankham 1995) and
has strong implications for population dynamics, genetics, and extinction risk, particularly for
small populations (Caballero 1994, Kvarnemo and Ahnesjö 1996, Sæther et al. 2004, Lee et al.
2011); however, it is a generally overlooked demographic parameter in the monitoring of
threatened populations (Donald 2007). My results suggest the effective population size of
Hawaiian Ducks is substantially lower than that perceived based on simple count totals. I
recommend routine assessment of adult sex ratio in future population monitoring of Hawaiian
Ducks.
Combined evidence from telemetry (Chapter 2), CMR and resight surveys on O‘ahu (C.
Malachowski, Oregon State University, unpubl. data), and genetic analysis (Wells et al. 2019)
suggests movements between Kaua‘i and O‘ahu are very rare and, thus, demographic and genetic
connectivity is low. Within the Kaua‘i-Ni‘ihau island complex, the range of movement
behaviors (e.g., intra-island, inter-island) and occurrence of large-scale movement (>80 km)
indicated Hawaiian Ducks were capable of movements throughout the two islands, and birds
captured on north Kaua‘i likely represent the population of birds from around the two islands.
Despite limitations in the sample size of satellite tagged birds and island-wide aerial radiotracking effort, we documented several potential high use areas outside north-central Kaua‘i
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(e.g., upper Hanalei and Lumaha‘i Valleys, Mānā Plain, Ni‘ihau) based on extended occupancy
and suggestive evidence of wing-molting at the site. Future research aimed at understanding
how birds are specifically using these wetland systems and how primary mortality factors differ
from those on north Kaua‘i would inform Hawaiian Duck conservation and broader habitat
restoration efforts.
Lastly, in Chapter 4, I demonstrated the utility of robust design CMR modeling for
monitoring several key metrics of Hawaiian Duck population health, including seasonal
abundance, population structure (i.e., sex ratio), and apparent survival. Despite relatively sparse
data and irregular sampling, I was able to incorporate modest complexity into parameter
structures. By accounting for individual capture heterogeneity, behavioral response to initial
capture, and variation associated with sex, trapping effort, and rainfall, I was able to improve
model fit and presumably reduce bias in estimates of capture and recapture probabilities and sexspecific abundances. Estimates of annual male survival were consistent with those generated
using radio-telemetry and known-fate analyses (Chapter 3). I also confirmed the presence of
temporary emigration (i.e., temporary unavailability), as predicted in part by increased
movement out of the region during the summer (Chapter 2). Failure to account for temporary
emigration can increase bias and reduce precision in estimates of apparent survival and capture
probability (Kendall et al. 1997, Sandercock 2020). However, given the high probability of
unavailability relative to high regional fidelity exhibited by transmittered birds (Chapter 2), I
recommend modifications to the sampling protocol that maximize availability (e.g., expanding
the distribution and increasing the density of refuge trapping efforts), which will thereby improve
interpretability of abundance estimates. Further, increasing sample size and sampling regularity
will provide greater flexibility in range of ecologically meaningful covariates that can be
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incorporated into model structure, as well as allow for the estimation of age-specific
demographic parameters (e.g., juvenile vs. adult survival, population age ratio). Overall, these
results demonstrated the utility of CMR and robust design modeling as a potential
methodological framework for long-term population monitoring of Hawaiian Ducks.
Ultimately, my research provided important insight on Hawaiian Duck movement
ecology and several aspects of population demography that may inform future modeling efforts,
population assessments, and conservation planning. Further, these results provided insight into
wetland connectivity in Hawai‘i and contributed to our general understanding of the ecology and
management of non-migratory, island endemic waterbirds.
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Abstract
Surgical implantation of transmitters into the coelomic cavity is a common attachment
technique for ducks and geese. Although retention rates are assumed high, most studies utilizing
this attachment method involve tracking in a system where low rates of recapture, resight, or
recovery limit the ability of researchers to assess tag loss. We describe the extrusion and loss of
coelomic radio-transmitters with percutaneous antennas from adult Hawaiian ducks (Anas
wyvilliana; n = 117) monitored throughout the entire annual cycle on Kaua‘i, Hawai‘i, USA.
Transmitter retention through 6 months following implantation was high (98 ± 2%). However,
the probability of transmitter loss increased substantially afterwards, and birds had a 30 ± 5%
cumulative probability of losing implants within one-year. Probability of transmitter loss did not
vary between sexes or with body mass. The recapture rate of birds known to have lost tags did
not differ from birds with known fates (i.e., survived or died) that retained transmitters (P = 0.7),
suggesting transmitter extrusion did not influence short-term survival (i.e., < 1 year).
Examinations of recaptured and resighted birds indicated transmitters were extruded through the
exit site of the percutaneous antenna and through the body wall in the ventromedial coelomic
region. For studies spanning > 6 months, researchers should be aware of the possibility for
transmitter loss and integrate, where possible, methods to assess retention.
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Introduction
Electronic tracking devices are commonly used tools in modern avian research,
particularly for studies investigating demographic rates, movements, and habitat selection
(Millspaugh and Marzluff 2001, Bridge et al. 2011, Kays et al. 2015). Surgical implantation of
transmitters into the coelomic cavity (e.g., Korschgen et al. 1984, 1996) has become common for
medium- to large-bodied birds, such as ducks and geese (e.g., Petersen et al. 1999; Hupp et al.
2008; Oppel et al. 2008; Esler and Iverson 2010; Varner et al. 2014; Finger et al. 2016). In
comparison to external or subcutaneous attachment, studies demonstrate coelomic implants
usually have fewer and less severe effects on bird behavior (Garrettson et al. 2000), flight and
diving performance (Obrecht et al. 1988; Pennycuick et al. 2012; Vandenabeele et al. 2015; but
see Latty et al. 2010), plumage waterproofing and thermoregulation (Perry 1981, Godfrey and
Bryant 2003, Kesler et al. 2014), and demographic rates (Rotella et al. 1993, Dzus and Clark
1996, Paquette et al. 1997, Garrettson and Rohwer 1998, White et al. 2013).
Another advantage of coelomic implantation is a high retention rate compared to other
attachment techniques (i.e., prong and suture, subcutaneous, harness; Rotella et al. 1993; Zimmer
1997; Brook and Clark 2002; Fleskes 2003; Iverson et al. 2006). For example, backpack
harnesses are generally not used in species that fluctuate substantially in mass during breeding,
wintering, or migration (Krapu 1981, Ankney 1982, Kellett and Alisauskas 2000), as loose
harnesses may result in tag loss or entanglement (Gammonley and Kelley Jr. 1994, Cappelle et
al. 2011, Lameris and Kleyheeg 2017). Hence, coelomic implants are an attractive option for
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researchers addressing questions related to full-annual cycle biology (e.g., carry-over effects,
migratory connectivity) requiring tracking individuals across multiple seasons or years.
Despite their advantages, extrusion and loss of intracoelomic transmitters has been
described in harlequin ducks (Histrionicus histrionicus; Mulcahy et al. 1999) and blue-winged
teal (Anas discors; Garrettson and Rohwer 1996). Mulcahy et al. (1999) reported transmitter loss
by 16% of female harlequin ducks recaptured 1–2 years after implantation (n = 44) and found all
losses occurred at least 7 months after surgery. Although loss of transmitters has not otherwise
been documented, most studies utilizing this attachment method involve tracking birds in a
system where low rates of recapture, resight, and recovery limit the ability of researchers to
assess transmitter loss. Thus, additional data on loss would be helpful for informing how to
interpret data retrieved remotely from such transmitters. For example, a shed tag could be
confounded with mortality if researchers only used movement or temperature sensors to infer
mortality, or with battery failure or emigration – in the case of very-high-frequency (VHF) radio
transmitters – if tags are lost in areas from which signals cannot be received. No studies have
monitored birds with intracoelomic transmitters year-round to document the timing of transmitter
loss and determine if it varies with potentially important individual factors such as sex, body
size, or duration of implantation.
We describe the occurrence of extrusion of coelomically implanted radio-transmitters
with percutaneous antennas from Hawaiian ducks (A. wyvilliana). The Hawaiian duck is a
medium-sized dabbling duck endemic to the Hawaiian Islands. Due to their non-migratory
behavior and limited annual range, we had the opportunity to closely monitor a sample of radiotagged birds throughout the entire annual cycle. We 1) estimated bi-monthly and annual rates of
transmitter loss; 2) assessed the effects of sex, body mass, and temporal variables on probability
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of loss; and 3) compared recapture rates (and by inference, survival) between radio-tagged birds
that lost tags and those that retained tags. This study adds to the limited published information
available on the loss of implanted transmitters.

Study area
We captured and radio-tagged adult Hawaiian ducks at Hanalei National Wildlife Refuge
(NWR) on the north shore of Kaua‘i, Hawai‘i, USA (22.205°N, 159.475°W) as part of a study of
their annual survival, movements, habitat use, and breeding ecology. Located in the floodplain
of the lower Hanalei River, the refuge contained > 25 ha of freshwater impoundments managed
to provide year-round wetland habitat for Hawaiian ducks and other endangered Hawaiian
waterbirds (USFWS 2011). We selected Hanalei NWR as a capture site because it provided easy
accessibility, limited human-associated disturbance, and high use by Hawaiian ducks
(Malachowski and Dugger 2018). Although trapping and tagging was centered at Hanalei, we
monitored birds throughout Kaua‘i between 2012 and 2016.

Methods
Capture, Transmitter Attachment, and Tracking
During November–December 2012 and 2013, we captured birds using customized baited
swim-in traps (Hunt and Dahlka 1953, Dugger and Malachowski 2013). We determined sex and
age using plumage characteristics (A. E. Engilis Jr., University of California-Davis, unpubl. data)
and cloacal examination. We weighed birds using a spring scale (±5 g), measured culmen length
using a dial caliper (± 0.1 mm), and calculated a body condition index (BCI) as body mass
divided by culmen length (Harder and Kirkpatrick 1996). We banded each bird with a United
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States Geological Survey (USGS) metal leg band and a uniquely coded, field-readable, colored
leg band (Gustafson et al. 1997).
We transported birds from their capture site to a centralized site in separate, modified
commercial animal carriers for transmitter attachment. Radio-transmitters (model AI-2M;
Holohil Systems, Carp, Ontario, Canada) were sealed in a brass case and coated with a
biologically inert butyl rubber compound. Transmitters were cylindrical (38 × 15 × 15 mm) and
configured to have a percutaneous antenna, mortality sensor, and nominal battery life of 18
months (Figure A.1). We selected a percutaneous antenna configuration instead of an internal
coiled antenna to minimize transmission path loss and maximize signal strength and detection
range (Olsen et al. 1992, Korschgen et al. 1996, Iverson et al. 2006). An inert Dacron cuff (4
mm width) was attached to the base of the antenna using silicone adhesive (Mulcahy and Esler
1999). Just prior to the 2013 tagging season, we suspected, but not yet confirmed, possible
transmitter losses. Thus, as a precautionary measure, in 2013 a loop of nylon fishing line was
tied with a surgical knot around the body of the transmitter to serve as an attachment site for a
suture secured to the internal body wall. The transmitters were placed in individual surgical
packets, sealed, and then gas-sterilized with ethylene oxide. A separate autoclaved surgical pack
was also prepared for each bird. Fully configured transmitters weighed 18.0 g and averaged 2.6
± 0.2% (SD) of bird body mass, which was below the 5% recommended by Fair et al. (2010).
Birds were anesthetized using isoflurane in oxygen and implanted with radio-transmitters
by a trained and experienced veterinarian (D. J. Heard) using the surgical procedure described by
Korschgen et al. (1984, 1996). Briefly, each duck was placed in dorsal recumbency, and the
feathers at the ventral midline surgical site, as well as the antenna site, were separated with a
sterile water-soluble jelly (KY jelly) and chlorhexidine solution. Feathers were taped in place,
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and betadine solution was used to disinfect the incision sites. For analgesia, the incision and
antenna sites were infiltrated with a combination of lidocaine and bupivacaine. A sterile plastic
drape was placed over the surgical site and a 3-cm skin incision from the base of the sternum to
the pubic bones was made using a scalpel blade. The subcutaneous tissue was bluntly dissected
with scissors, the linea alba identified, and an incision made into the coelom. A sterile teat
cannula was then sterilely introduced percutaneously through the angle between the right pubic
bone and synsacrum. The cannula was used to direct antenna placement as the transmitter was
introduced into the coelomic cavity. In 2013, the transmitters were secured internally to the
body wall using 3-0 braided absorbable suture material (Vicryl, Ethicon Inc., Somerville, NJ) on
a cutting needle. The coelomic muscle wall and skin were closed using continuous suture
patterns also using the 3-0 Vicryl. The antenna base was secured using 2 simple interrupted
sutures placed through the skin and Dacron cuff.
Following surgery, birds were placed back in their individual kennels and allowed to
recover for at least one hour prior to being released at their capture site. We did not attach
transmitters to birds undergoing wing molt, females that were gravid or had brood patches, or
any bird whose sex-specific BCI was in the lowest 10th percentile for the species based on data
collected during previous trapping efforts (nmale = 455, nfemale = 96; C. P. Malachowski, Oregon
State University, unpubl. data).
All capture and sampling procedures were approved under the United States Fish and
Wildlife Service (USFWS) Threatened and Endangered Species permit TE-702631 (sub-permits
KNWR-7, KNWR-8, and KNWR-9), USFWS Region 1 Migratory Bird Depredation permit
MB120267-1, Federal Bird Banding permit 23718, State of Hawai‘i Protected Wildlife permit
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WL15-02, and Oregon State University Institutional Animal Care and Use Committee permits
4072 and 4494. USFWS granted access to Hanalei NWR.
We used a truck-mounted antenna system (4-element) and handheld 3-element antennas
to monitor the location and status of radio-tagged birds from December 2012 through December
2014. We attempted to locate each bird 3–7 days/week until the bird died, transmitter failed,
transmitter was extruded, or tracking period ended in December 2014. Transmitters contained
mortality sensors that triggered after 12 hr of inactivity. When mortality signals were detected or
if death or transmitter loss was suspected (e.g., lack of movement between subsequent locations),
we attempted to locate the bird as quickly as possible to confirm. If we found transmitters
without a carcass, we searched within at least a 15-m radius for traces of the carcass.
Transmitter Loss
We confirmed transmitter loss if we recovered the shed transmitter and subsequently resighted or
recaptured the live, banded bird or recovered a fresh, intact carcass months after the transmitter
was found. We also concluded transmitter loss if we detected a mortality signal, could not locate
the transmitter or carcass (e.g., transmitters on private property where landowners prohibited
access), and subsequently resighted or recaptured the bird. In cases where we found a
transmitter without a nearby carcass and did not later resight or recapture the bird, we assumed
transmitter loss occurred if all 3 of the following conditions were met: 1) no feathers or remains
were found near the transmitter; 2) the transmitter showed no evidence of predation (e.g., no bite
marks on transmitter body); and 3) the transmitter was recovered in an area, such as in shallow,
nonflowing water or on a levee, where the carcass and transmitter were unlikely to have become
separated by abiotic external forces (e.g., flowing water).
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In addition to capture efforts that occurred during 2012–2013 for transmitter attachment,
we captured birds during June 2014 and November 2015 using the same protocol as previously
described. Among recaptured birds, we identified previously radio-tagged birds based on USGS
band numbers. For birds that retained transmitters, we visually assessed the abdominal incision
and antenna exit sites, and palpated the coelom to assess transmitter position and orientation.
For birds that lost transmitters, we examined their ventrum and dorsum for scarring, open
wounds, and ulcers. We were certain we did not falsely attribute transmitter loss to birds
carrying nonfunctioning transmitters with broken antennas because all recaptured, previously
radio-tagged birds either retained transmitters with at least partially intact antennas or were on
our list of those that potentially extruded their transmitters based on previous transmitter
recovery or mortality signal detection.
We collected band-resight information during surveys at Hanalei NWR (n = 11) and
periodic island-wide surveys on Kaua‘i (n = 6) between January 2013 and December 2014. We
conducted surveys on foot or all-terrain-vehicle and attempted to record color band codes for
each banded Hawaiian duck encountered using a 20-60× spotting scope (ATS 80; Swarovski,
Absam, Austria) or 10× binoculars (Viper; Vortex Optics, Barneveld, WI). In addition to
surveys, we recorded band-resight information opportunistically during other field activities
between December 2012 and April 2016. To avoid attributing transmitter loss to birds carrying
nonfunctioning transmitters with broken antennas, we only concluded a transmitter had been lost
when we both 1) recovered the transmitter or detected a mortality signal, and 2) subsequently
resighted the banded bird. Lastly, USFWS personnel recorded band information for all carcasses
and sick birds recovered during refuge botulism surveillance between November 2012 and April
2016 (K. J. Uyehara, USFWS, unpubl. data).
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Data Analysis
We used logistic regression to model bi-monthly rates of transmitter loss by Hawaiian
ducks through 18 months following implantation. We standardized start dates based on each
individual’s date of transmitter implantation. For birds that lost transmitters, we assigned the
date of loss as the midpoint between the dates the bird was last confirmed alive (based on visual
observation or distinct movement) and the mortality signal was detected. For each 2-month
interval following implantation, we only included birds in the analysis that were 1) detected alive
at the start and end of the interval based on telemetry, or 2) detected alive at the start of the
interval, but lost their transmitter during the interval. We right-censored data for birds that died
or had transmitter failure beginning in the interval when the bird died or tag failed. Birds for
which we could not differentiate between mortality and transmitter loss were right-censored
beginning in the interval when the mortality signal was detected. Thus, our estimate of
transmitter loss probability is considered conservative.
We used a generalized linear model with a logit-link function and a binomial error
structure to assess the relative effects of sex, body mass, year of surgery, and bi-monthly
temporal factors on transmitter loss probability. Bi-monthly temporal factors included a general
time-specific effect (i.e., each time interval was independent), as well as linear (T), log-linear
(loge[T]), and quadratic (T+T2) time effects. A log-linear relationship reflected a progressively
weakening or strengthening effect on transmitter loss as time since implantation increased. A
quadratic relationship represented a positive effect of middle-range temporal values on the rate
of transmitter loss. We developed a set of candidate models that included single-variable
models, as well as additive combinations of covariates receiving strong support as single variable
models. No more than one temporal factor was included in any given model. We included an
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intercept-only model for comparison. We used Akaike’s Information Criterion values corrected
for small sample sizes (AICc), differences between AICc and AICc from the top-ranked model
(ΔAICc), and AICc weights (wi) to assess the relative support for each model (Burnham and
Anderson 2002, Arnold 2010). Based on competitive models (ΔAICc < 2), we determined the
amount of evidence for each covariate by evaluating 95% confidence limits on model
coefficients (βi; Arnold 2010). We used the delta method to estimate variance and 95%
confidence intervals for cumulative rates of transmitter loss over 12- and 18-month periods
(Powell 2007).
To assess if survival differed between radio-tagged birds that lost transmitters and those
that retained transmitters, we used recapture rates as a proxy for survival. Recapture rate was
defined as the proportion of birds captured one year after transmitter implantation. Because
trapping did not occur during November–December 2014, our sample for this analysis included
only birds whose fate was known (i.e., lost transmitter, retained and survived, or retained and
died) during the 2012–2013 interval. Birds that died within 14 days of transmitter implantation
were excluded (Mulcahy and Esler 1999). We used a one-tailed Fisher’s exact test (α = 0.05) to
test the null hypothesis that the recapture rate of radio-tagged birds that extruded transmitters
was not lower than radio-tagged birds that retained them. To account for uncertainty in the fate
of birds for which we could not differentiate between transmitter loss and mortality, we repeated
this test for 2 additional configurations of the dataset – in one, we assumed mortality had
occurred, and in the other, we assumed transmitter loss. All analyses were conducted in the R
environment, version 3.6.1 (R Development Core Team 2019).

Results
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During November–December 2012 and 2013, we implanted radio-transmitters in 117
birds (nfemale = 50, nmale = 67). Body mass was 575–780 g for females ( x = 660 ± 54 g [SD]) and
635–915 g for males ( x = 731 ± 53 g). All birds survived transmitter implantation surgery, and
all but 2 survived the 2-week period following surgery. One female died of unknown causes
approximately 10 days after surgery, and one male died from avian botulism type C 13 days after
surgery. Both birds were excluded from analyses. Birds were tracked for an average of 314 ±
159 days (median 332; range 36–708).
We confirmed transmitter loss for 20 birds (nfemale = 10; nmale = 10) based on band
resighting (n = 15), recapturing (n = 4), and botulism surveillance (n = 1). For another 21 birds,
we recovered a transmitter without a carcass or detected a mortality signal without locating a
transmitter or carcass, but did not subsequently resight or recapture the bird. Of those 21 birds,
eight (nfemale = 3; nmale = 5) met our indirect criteria for assuming transmitter loss. For the
remaining 13 birds (nfemale = 6; nmale = 7), it was unclear if the bird died or lost its tag (i.e., only
mortality signals were detected, or transmitters were recovered in fast flowing water). For birds
that we knew or assumed lost transmitters, the mean time (± SD) between implantation and
transmitter loss was 9.3 ± 3.2 months (median 8.0; range 4.7–17.5; n = 28).
The transmitter loss analysis included 28 birds with transmitter losses, 45 birds that were
right-censored following mortality or signal loss, and 36 birds that retained functional
transmitters and survived through the end of their cohort-specific tracking periods (i.e., 18
months for birds tagged in 2012 and 12 months for birds tagged in 2013). The most
parsimonious model contained a general time-varying effect on the bi-monthly probability of
transmitter loss (Table A.1; Figure A.2). This top model accounted for 78% of model weight
and exceeded all other models by > 2 AICc. Sex, body mass, and year of implantation had no
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discernable effect on transmitter loss. Based on the top model, bi-monthly rates of transmitter
loss ranged from 0 during the first 4 months following implantation to 0.16 ± 0.04 during the 7–8
month interval (Figure A.2). The cumulative probability of transmitter loss was 0.30 (95% CI =
0.20–0.41) for the one-year period following implantation, and 0.46 (95% CI = 0.31–0.62) for
the entire 18-month period (Figure A.2).
Of 65 birds implanted with radio-transmitters in 2012, we recaptured 6 during
November–December 2013. The recapture rate of birds known or assumed to have lost
transmitters (2 of 16; 0.125 ± 0.083 [SE]) was not lower than the recapture rate of birds with
known fates (i.e., survived or died) that retained transmitters (4 of 34; 0.118 ± 0.055; P = 0.7).
Recapture rates also did not differ in the 2 variations of the test in which we assumed all birds
with uncertain fates either lost transmitters or died (P > 0.4).
Observations of radio-tagged birds sighted in the field or recaptured and examined in
hand indicate transmitter extrusion and loss occurred through the exit site of the percutaneous
antenna and through the body wall in the ventromedial coelomic region. Four of 19 birds
recaptured during 2013–2015 had an open fistula at the base of the antenna, and the transmitter
body was visible. The transmitter body was extruding slightly outwards from 2 of these 4 birds,
one of which fully extruded and lost its tag 30 days later. We also sighted one bird in the field
with a transmitter extruding through the antenna site; the body of the transmitter was
approximately halfway out when first sighted and fully extruded the following day. When
recaptured 34 days later, the extrusion site was fully healed with only slight scarring. In
addition, we observed one bird extruding a transmitter from the ventral coelomic region 140 days
after implantation. The transmitter body appeared to be nearly fully out of the bird and exiting
anterior to its cloaca; the antenna was still upright and in a normal position. The tag was fully
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extruded and lost from the bird approximately 222 days later (i.e., 362 days after implantation).
No recaptured birds had transmitters extruding through the ventral region; however, for 2 birds,
the anterior end of the transmitter body (end opposite antenna) was applying outward pressure on
the abdominal wall anterior to the cloaca.

Discussion
Our study adds to the limited published information available on the extrusion and loss of
coelomically implanted transmitters by quantifying rates of loss, assessing potentially important
individual factors influencing loss, and documenting a novel extrusion pathway. Hawaiian ducks
had a 30% cumulative probability of extruding and losing coelomically implanted radiotransmitters within a year of implantation. Although transmitter retention was high through 6
months after surgery (98%), the rate of loss increased substantially afterwards, a pattern
generally consistent with that reported for Harlequin Ducks (Mulcahy et al. 1999). Whereas
previous accounts of transmitter loss by waterfowl occurred in studies sampling only females
(Garrettson and Rohwer 1996, Mulcahy et al. 1999), we documented loss by both sexes and
found the probability of transmitter loss did not differ between females and males. In addition,
we found no evidence body mass influenced extrusion probability; thus, our estimated
probabilities of transmitter loss likely apply to other small- and medium-sized waterfowl
implanted with transmitters of similar design and using similar surgical procedures. Last, we
confirmed 2 pathways for extrusion of coelomic transmitter implants, including the first evidence
of extrusion and loss of a transmitter through the ventromedial coelomic wall.
It is possible but unlikely we incorrectly assumed transmitter loss using our indirect
criteria. In all cases for which we assigned transmitter loss based only on indirect criteria (i.e.,
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individual not subsequently resighted or recaptured), birds were last detected with active signals
a median of 1-2 days prior to detection of a mortality signal, and transmitters were generally
found on the same day the mortality signal was detected (median 0; mean 0.5), suggesting we
retrieved tags fairly soon after putative extrusion. Also, in all cases of mammalian depredation
(n = 4), transmitters had well-defined bite marks and were surrounded by sheared feathers and
carcass remains. Of transmitters found without a carcass or remains, none had bite marks,
suggesting transmitters were not simply separated from a fully consumed or scavenged carcass.
Further, all of the 17 birds that we directly confirmed lost their tags after recovering shed
transmitters also met our indirect criteria for tag loss. Thus, we believe we accurately identified
cases of transmitter loss using the indirect criteria; however, a conservative estimate of annual
tag loss, relying only on direct evidence was 22.5 ± 5.0%.
The rate of transmitter loss in our study was greater than that reported for several other
studies on waterfowl. Although many projects are limited in their ability to confirm tag loss,
several studies have either reported recaptures of tagged birds with no extrusions or documented
high survival and thus high retention. For example, Hupp et al. (2006, 2008) reported no
transmitter losses among 149 Canada geese (Branta canadensis parvipes) and 19 emperor geese
(Chen canagica) recaptured 1–2 years after implantation; and after excluding 2 failed
transmitters, Beuth et al. (2017) found that 24 of 24 PTT-tagged common eiders (Somateria
mollissima dresseri) survived and retained tags for ≥ 12 months following implantation. In these
3 studies, implants were surrounded by a nylon mesh sleeve that allows for multiple internal
securing sutures, as well as a surface for a fibrous capsule and adhesions to form, thereby
stabilizing the transmitter and presumably promoting longer-term retention (Ely et al. 1999,
Hupp et al. 2006). The 3 studies that documented transmitter loss did not use mesh bags, and our
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use of a nylon loop and Vicryl suture to secure the transmitter internally to the body wall in the
second year did not increase transmitter retention, suggesting mesh may be preferable. However,
eiders and geese are considerably larger than Hawaiian ducks, harlequin ducks, and blue-winged
teal and are generally implanted with larger, heavier transmitters, so it is not possible to separate
the possible effect of the mesh bag from bird body size and transmitter size. We reviewed
published peer-reviewed articles (2000–2018) of studies using coelomically implanted
transmitters with percutaneous antennas on ducks and geese (n = 28; Table A.S1, available
online in Supporting Information) and found nylon mesh bags were likely used in at least 25% of
studies; however, it is possible additional studies used mesh without explicitly acknowledging or
citing its use in the methods section of the manuscripts. Although generally used for largerbodied waterfowl (e.g., geese, sea ducks; Ely et al. 1999; Hupp et al. 2003, 2006; Ackerman et
al. 2006; Latty et al. 2010), this practice may be important for smaller waterfowl as well, and we
recommend that future studies examine retention rates for transmitters with and without mesh
bags in species of varying body sizes.
We documented 2 pathways for extrusion of coelomic transmitter implants – through the
percutaneous antenna exit site and through the ventromedial coelomic wall. Loss of implants via
the antenna exit site has been reported in one other study (Mulcahy et al. 1999); however, we
provide the first evidence of transmitter extrusion through the ventromedial coelomic wall. For
proportionally smaller-bodied species carrying cylindrical implants, a tilt in transmitter
orientation may cause the transmitter to apply pressure against the coelomic wall allowing it to
fistulate to the outside. Although much attention is often given to the proportional mass of
transmitters (e.g., ‘5% rule’; Aldridge and Brigham 1988; Kenward 2001; Fair et al. 2010), it is
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also important to consider other aspects of transmitter design, such as shape (Mulcahy et al.
1999) and proportional volume.
Although relatively few radio-tagged birds were recaptured and our ability to detect a
significant effect was low, we found no evidence transmitter loss was associated with lower
recapture rates one year after implantation, suggesting the process of transmitter extrusion did
not influence short-term survival. All birds that lost tags and were later recaptured or resighted
appeared normal and healthy based on external physical examination and behavior (e.g., no open
wounds or ulcers, normal mechanical movements, no apparent avoidance of water, maintained
pair bonds). One concern is contamination and fatal infection of the coelomic cavity and air sacs
during the extrusion process. However, studies on mallards and harlequin ducks indicate fibrous
connective tissue quickly encapsulates the transmitter following implantation (Korschgen et al.
1996, Mulcahy et al. 2007), and necropsies performed on Hawaiian ducks found dead 10 and 45
days after implantation revealed scar tissue had already surrounded the transmitter body (T. M.
Work, USGS National Wildlife Health Center, personal observation). This fibrous capsule likely
acts as a barrier and prevents contamination of the coelom during extrusion (Mulcahy et al.
2007). Once extruded through the body wall, the fistula likely heals closed quickly as evidenced
by one bird recaptured and fully healed 34 days after extruding its transmitter through the
antenna exit site.
For studies that require tracking birds for longer than 6 months, the possibility of tag loss
should be an important consideration. In addition to causing logistical issues associated with
reduced sample sizes, transmitter loss may introduce bias to study results. For example, if
relying solely on movement or temperature sensors to determine mortality events, a lost tag can
be misinterpreted as a mortality resulting in lowered survival estimates. Long-term retention of
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implants might be improved by stabilizing the transmitter body using a nylon mesh bag and
multiple internal securing sutures. However, we encourage researchers to continue considering
the possibility of tag loss and integrate, where possible, methods to assess transmitter retention in
their studies.
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Table A.1. Support for a priori candidate models predicting bi-monthly probabilities of
intracoelomic transmitter loss by adult Hawaiian ducks (n = 109) during 18 months following
implantation on Kaua‘i, Hawai‘i, USA, 2012–2014.
Model
K ΔAICca
wi Deviance
b
time
9
0.0
0.78
178.5
quadratic time
3
2.8
0.20
193.6
log-linear time
2
7.4
0.02
200.2
linear time
2
14.3
0.00
207.1
null
1
26.4
0.00
221.2
c
year
2
26.9
0.00
219.8
d
mass
2
27.3
0.00
220.2
e
sex
2
27.8
0.00
220.6
Model diagnostics include number of parameters (K), difference from the top-ranked model in
Akaike’s Information Criterion adjusted for small sample sizes (ΔAICc), AICc weights (wi), and
deviance.
a
Lowest AICc value = 196.8.
b
General time-specific effect (i.e., each bi-monthly interval is independent).
c
Year of transmitter implantation.
d
Body mass of bird on day of transmitter implantation.
e
Sex of bird.
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Figure A.1. Radio-transmitter with percutaneous antenna and Dacron cuff configured for coelomic implantation in adult Hawaiian
ducks on Kaua‘i, Hawai‘i, USA, 2012–2014.
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Figure A.2. Bi-monthly (line) and cumulative (bar) probability of intracoelomic transmitter loss by adult Hawaiian ducks (n = 109) on
Kaua‘i, Hawai‘i, USA, 2012–2014.
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APPENDIX B – Chapter 2 supplemental materials
Table B.1. Seasonal and annual regional fidelity of radio-tagged Hawaiian Ducks to northcentral Kauaʻi, Hawaiʻi, USA during December 2012–November 2014. Regional fidelity was
defined as the proportion of tracking-days an individual was in the north-central Kauaʻi region.
Seasonal estimates included birds with ≥ 15 tracking-days per season, and annual estimates
included only birds that met minimum requirements in all seasons of a given year. All birds
were captured and equipped with transmitters at Hanalei National Wildlife Refuge.

Temporal scale
Year
Seasonal
2012-13
2013
2013
2013
2013-14
2014
2014
2014
2012-13
2014
2014
2014
2013-14
2014
2014
2014
Annual
2012-13
2013-14
2012-13
2013-14

Season
Dec-Feb
Mar-May
Jun-Aug
Sep-Nov
Dec-Feb
Mar-May
Jun-Aug
Sep-Nov
Dec-Feb
Mar-May
Jun-Aug
Sep-Nov
Dec-Feb
Mar-May
Jun-Aug
Sep-Nov
-----

Sex
Female
Female
Female
Female
Female
Female
Female
Female
Male
Male
Male
Male
Male
Male
Male
Male
Female
Female
Male
Male

N
33
29
18
13
26
21
17
9
30
29
23
21
50
43
33
23
13
9
21
23

Mean
0.918
0.942
0.863
0.881
0.956
0.958
0.914
0.989
0.873
0.874
0.730
0.865
0.889
0.815
0.722
0.940
0.909
0.973
0.859
0.853

Regional fidelity
SE Median Min Max
0.032 0.984 0.020
1
0.035 1.000 0.040
1
0.056 0.974 0.279
1
0.071 0.985 0.057
1
0.033 1.000 0.145
1
0.033 1.000 0.306
1
0.035 0.985 0.522
1
0.009 1.000 0.919
1
0.042 0.960 0.056
1
0.043 0.974 0.000
1
0.060 0.894 0.019
1
0.041 0.947 0.453
1
0.032 1.000 0.000
1
0.048 0.982 0.000
1
0.066 0.960 0.000
1
0.036 1.000 0.186
1
0.030 0.963 0.664 0.996
0.015 0.992 0.860
1
0.033 0.893 0.446
1
0.049 0.959 0.266
1
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Table B.2. Seasonal and annual sizes of home range and core use area for radio-tagged Hawaiian Ducks on north-central Kauaʻi,
Hawaiʻi, USA during December 2012–November 2014. All birds were captured and equipped with transmitters at Hanalei National
Wildlife Refuge.
Home range area (ha)

Core use area (ha)

Temporal scale Year Season Sex
Nindividuals Mean SE Median Min Max
Seasonal
2012-13 Dec-Feb Female
28
50.3 3.7 47.6 21.9 90.5
2013 Mar-May Female
28
51.3 5.6 42.1 21.8 130.8
2013 Jun-Aug Female
10
48.7 9.1 36.4 21.2 108.1
2013 Sep-Nov Female
12
62.7 10.3 49.0 27.6 135.6
2013-14 Dec-Feb Female
22
70.2 5.9 65.3 31.1 123.8
2014 Mar-May Female
19
63.3 7.3 60.8 19.7 159.5
2014 Jun-Aug Female
12
62.2 5.2 60.6 39.9 99.0
2014 Sep-Nov Female
9
60.4 8.8 59.3 27.9 104.1

Mean SE Median Min Max
9.3 0.9 7.4 4.7 21.0
8.6 0.8 6.7 4.6 21.5
8.8 1.7 6.5 4.8 22.0
11.1 2.1 7.5 4.9 28.5
10.8 0.9 9.5 5.6 20.2
11.4 1.5 9.6 4.4 29.5
11.2 0.9 11.3 6.8 16.7
11.4 2.1 9.7 6.0 26.8

Annual

11.3
15.2
12.9
17.4

2012-13 Female
2012-13 Male
2013-14 Female
2013-14 Male

Female
Male
Female
Male

12
22
10
21

69.6
92.0
84.9
90.7

13.3
9.8
13.7
9.3

51.9
81.1
71.0
85.8

23.3 176.6
35.3 190.2
37.8 160.2
37.7 168.1

2.3 8.2
1.8 14.6
2.0 11.7
1.9 16.0

4.9
6.1
6.9
7.4

31.8
33.6
29.2
34.4
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Figure B.1. Estimated locations and mean monthly proportion of time spent in different regions by male Hawaiian Ducks (n = 12)
tracked with satellite transmitters on Kauaʻi and Niʻihau, USA between 2011 and 2016. Chart shades correspond with the following
regions: north-central Kaua‘i (dark gray), upper Hanalei and Lumahaʻi River Valleys (black), Mānā Plain (light gray), and Niʻihau
(white). All birds were captured and equipped with PTTs at Hanalei National Wildlife Refuge on northern Kaua‘i between 2011 and
2015. Location quality classes (LC) of all location estimates are LC 3 (< 250 m accuracy) or LC 2 (250–500 m).
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Figure B.1. Continued.
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Figure B.1. Continued.
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Figure B.2. Seasonal home range (95% KDE) and core use areas (50% KDE) of VHF radio-tagged female Hawaiian Ducks (n = 46
individuals) on north-central Kauaʻi, Hawaiʻi, USA during December 2012–November 2014. All birds were captured and equipped
with transmitters at Hanalei National Wildlife Refuge. Panels are sorted by bird ID, year, season.
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Figure B.2. Continued.
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Figure B.2. Continued.
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Figure B.2. Continued.
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Figure B.2. Continued.
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Figure B.2. Continued.
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Figure B.2. Continued.
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Figure B.2. Continued.
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Figure B.2. Continued.
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Figure B.2. Continued.
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Figure B.2. Continued.
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Figure B.2. Continued.
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Figure B.3. Annual home range (95% KDE) and core use areas (50% KDE) of radio-tagged Hawaiian Ducks (nfemale = 21, nmale = 42
individuals) on north-central Kauaʻi, Hawaiʻi, USA during December 2012–November 2014. All birds were captured and equipped
with transmitters at Hanalei National Wildlife Refuge. Figure headings provide bird ID, sex, and year (spanning December–
November). Panels are sorted by bird ID, year.
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