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ABSTRACT
Habitat selection is a crucial behavioral process that affects fitness and
reproductive success in animal species. Understanding habitat selection also has
strong implications for the success of habitat management plans and the
conservation of endangered species. The endangered Hawaiian Gallinule
(Gallinula galeata sandvicensis) is a wetland specialist endemic to two islands in
Hawaii. It has suffered extensive habitat loss, particularly through conversion for
agriculture and by extensive urbanization; the remaining habitat has a fragmented
distribution. This loss is severe on the island of Oahu, where 75% of its wetlands
have been lost since human arrival to the island. Despite its importance, little
research has been published for this species and little is known about the details of
Hawaiian gallinule habitat requirements beyond basic associations, mostly
garnered from studies of other subspecies. My research focuses on understanding
the effect of interspersion, defined as the intermixing of water, emergent
vegetation, floating vegetation, and bare ground, on the abundance of the
Hawaiian gallinule. We gathered abundance and interspersion data at freshwater
coastal wetlands along the coast of the island of Oahu between the months of May
and August 2015-2017.We determined the relationship between five interspersion
metrics (Contagion, Edge Density, Edge Length, Edge Index, and Simpson’s
Diversity Index) and gallinule abundance using general linear models. Our
analyses revealed that, among the interspersion metrics we evaluated, edge length
is the best predictor of gallinule abundance in ponds on the island of Oahu. We
therefore believe that the direct creation of interspersion with an emphasis on

maximizing emergent/water edges could be an indispensable management tactic
at increasing gallinule numbers.

INTRODUCTION
Habitat selection is a crucial behavioral process that affects fitness and
reproductive success in animal species, and understanding this process is a central
problem in ecology (Hildén 1965). Selecting habitat that maximizes fitness
depends on the ability of individual organisms to discriminate among alternative
sites to favor its survival and reproductive opportunities as well as to provide
resources for its offspring (Mayor et al. 2009). Explicit in its name, habitat
selection involves a response to perceived environmental characteristics.
Individuals seeking a breeding site will cue on a variety of proximate
environmental characteristics, ranging from coarse structure such as forest and
grassland, to more specific features such as habitat openness or particular
structures such as suitable nest-holes for hole-nesting species (Hildén 1965,
Haartman 1956, Cunningham & Johnson 2006). By investigating the features
associated with habitat selection, one can answer questions about expected
species distributions and species-specific habitat requirements, both of which
involve an understanding of how organisms respond to the composition of
landscapes (Wiens 1995). This type of knowledge is central to explaining or
predicting community structure, population dynamics, and the effects of climate
change on future species’ distributions (e.g., Weller 1999, Morris 2003, Jensen et
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al. 2012). In fact, habitat management and restoration ecology have been central
to managing populations of game birds for centuries, and many of the same tools
are being used now to improve populations of endangered species (Payne 1992).
Recently, ecologists have come to recognize the critical role of spatial
scale and landscape context on habitat selection, affecting how ecologists
understand, quantify, and analyze habitat quality (Mayor et al. 2009, Cunningham
& Johnson 2006). In particular, local habitat quality is important in species
distributions (Bruton et al. 2016) and might be particularly important for species
that are geographically isolated or are sedentary habitat specialists that tend to
have an absence of behavioral plasticity in habitat selection (Hagan et al. 1997).
Birds, in particular habitat specialists, are excellent subjects for habitat selection
studies because they are highly mobile yet breed and forage in predictable
habitats. There is a large body of evidence for the effect of local scale habitat
quality on avian habitat selection in habitat restricted species such as waterbirds
(Rehm & Baldassarre 2007, Roach & Barrett 2015, Weller & Spatcher 1965,
Jones 2001). Our interest here is in habitat selection by wetland specialists.
Wetland-dependent species are often specialists of habitats containing
both water and emergent vegetation (Weller & Spatcher 1965). Within this
particular mix of requirements, however, there can be further specialization on
particular habitat features. For example, North American rails (family Rallidae)
respond to water depth, as well as the configuration of water and vegetation
(spatial distribution or interspersion) within in the wetland (Rehm & Baldassarre
2007, DesRochers 2010, Robertson & Olsen 2015, Weller & Spatcher 1965). The
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interspersion of water and emergent vegetation increases macroinvertebrate
abundance (e.g. isopods, planorbid and physid snails) and has been hypothesized
to increase the abundance of waterbirds dependent on invertebrates as an
important food source (Voigts 1976). Interspersion can also reduce interspecific
and intraspecific competition through visual isolation (Murkin et al. 1982).
Studies of habitat selection by wetland species have been integral to developing
successful conservation and wetland management plans (Weller 1999). Most of
the work on waterbirds, however, has been done on continental species, especially
game birds, and very little work has been done on the habitat selection of more
geographically isolated wetland species.
My research focuses on habitat selection of an island marsh bird. The
Hawaiian Gallinule (Gallinula galeata sandvicensis) is a subspecies of the
Common gallinule that is endemic to Hawaii (USFWS 2011). In addition to its
global isolation on the Hawaiian Islands, the gallinule is also being increasingly
isolated within its own range (Griffin et al. 1989). Hawaiian gallinules live yearround in shallow coastal wetlands dominated by emergent vegetation. These areas
on the Hawaiian Islands are particularly favored by human settlement for
agriculture and housing (Griffin et al. 1989). This subspecies once occurred on the
five main islands in Hawaii; because of habitat loss via habitat
conversion/development and exotic invasive plants, and predation by exotic
invasive mammals, it now remains in isolated wetlands only on Oahu and Kauai
(USFWS 2011). Oahu, the island with the largest human presence, has lost ~65%
of its wetlands since human settlement (van Rees & Reed 2014). The remaining
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wetlands on Oahu are relatively isolated, and the Hawaiian gallinule, which
depends on them, is now endangered. In fact, over 200 species listed under the
U.S. Endangered Species Act depend on Hawaiian wetlands (van Rees & Reed
2014). The Hawaiian gallinule is the most endangered and least studied of
Oahu’s water birds (USFWS 2011). Despite the importance of understanding
habitat selection in managing and protecting endangered habitat specialists, no
research has been published for this species and little is known about the details of
Hawaiian gallinule habitat requirements beyond basic associations, mostly
garnered from studies of other subspecies (Bannor & Kiviat 2002). Without a
detailed understanding of habitat suitability for the Hawaiian gallinule, habitat
maintenance and restoration will be based only on anecdotal evidence and optimal
only by accident, and predictive modeling of gallinule populations will have
unknown accuracy. My research focuses on understanding the effect of
interspersion, defined as the intermixing of water, emergent vegetation, floating
vegetation, and bare ground, on the abundance of the Hawaiian gallinule. I
selected this habitat feature because it is well-known to be important for other
wetland bird abundances (Rehm & Baldassarre 2007, Weller & Spatcher 1965,
Tacha & Braun 1994). This research is one component of a more comprehensive
study of habitat selection by Hawaiian gallinules. Our ultimate goal is to better
inform the conservation and management of this endangered subspecies.
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METHODS
Study Sites
We gathered habitat data at freshwater coastal wetlands along the coast of
the island of Oahu (21.45°N – 158.038°W; Hawaii, USA) between the months of
May and August 2015-2017. We defined a wetland as a hydrologically
independent land unit in which gallinules have the potential to feed, reproduce,
and nest. A wetland might be composed of only a single pond, or it might
encompass numerous potentially hydrologically connected ponds that are
delineated as separate territories that gallinules establish and defend. All data
were analyzed at the individual pond level because gallinule territories are most
often linked to specific pond features, like dikes, large vegetation barriers, or
pond edges. Both occupied and unoccupied ponds were sampled; all were
potential habitat for the species; i.e., freshwater coastal wetlands at low elevations
with some emergent vegetation. Wetlands were under a variety of ownerships and
degrees of habitat management, and included federally or state protected restored
wetlands (Kawainui Wetland), wetlands from commercial activities such as
farming (Shrimp Farm and Lotus Farm), as well as wetlands on golf courses
(Klipper Golf Course and Olomana Golf Course). All wetlands were managed
wetlands with human maintained ponds, that ranged from two (Waiawa National
Wildlife Refuge) to eleven separate ponds (Lotus Farm).
Abundance Data Collection
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The Hawaiian gallinule is behaviorally cryptic, spending a great deal of its
time moving quietly through deep emergent vegetation. Habitat surveys of species
that live in this type of habitat have high uncertainty because of low detectability,
so we used a protocol employing playbacks of species’ calls to elicit a behavioral
response (Conway & Gibbs 2005, Conway & Nadeau 2010). Accordingly,
gallinule abundance at each pond was sampled using a call-playback protocol
developed to enhance detections for this subspecies (DesRochers 2008). This
protocol consisted of a playback of the distress call of a gallinule chick, which
elicits a defensive response from adults in the form of alarm calls and
occasionally aggressive charging. It must be noted, however, that playback calls
did not always elicit individual responses (Pers. Obs.), so the sampled abundance
is still only an estimate. A one minute call playback was amplified with a
commercial portable speaker (UE Roll), and playback was followed by a minute
of silence. All gallinules seen or heard during the playback and one minute
afterwards were counted. This protocol was repeated every 20 meters around the
perimeter of a pond in order to minimize the likelihood of double counting
individuals. Abundance data were only sampled between 0600-1000 hours
because bird activity and responsiveness tends to decrease in birds in the late
morning and afternoon.
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Quantification of Interspersion
We defined interspersion as a measure of the degree of mixing of different
land cover types within a pond. These include emergent vegetation, open water,
short floating vegetation, scrub, forest, and bare ground. Google Earth
(7.1.7.2606) and false-color Digital Orthophoto Quarter Quadrangle (DOQQ)
images were used to convert in-field hand-drawn interspersion maps into spatially
referenced interspersion maps of each pond on ArcGIS 10.4 (Figure 1). DOQQ
images alone were not sufficient for creating maps to determine interspersion
because the shallow wetlands gallinules inhabit are dynamic, and their
characteristics can change weekly. To account for this, we collected all habitat
characteristic information on the same day that abundance and occupancy surveys
were conducted. The Rubber Sheeting tool with images from Google Earth was
used when the DOQQ images could not provide up-to-date details on wetland
boundaries, for example in newly constructed wetlands (e.g., Kawainui Marsh).
Each pond was treated as a separate data layer in ArcGIS, where land cover types
and their interspersion were manually drawn as polygons. Each polygon was
given an attribute depending on the land type it represented (open water, bare
ground, etc.). The resulting vector maps were converted into raster maps, with
each pixel representing a land cover type. This raster image allowed for the
quantification of interspersion for each pond using FRAGSTATS 4 (McGarigal et
al. 2012). We used six commonly used interspersion metrics (Table 1). We
retained each of these metrics in our analysis because we detected fairly low
correlation among them (Spearman correlation, mean: 0.41, range: 0.14 - 0.81) .
8

All metrics have been used in previous literature as a measure of interspersion.
We calculated Interspersion and Juxtaposition Index (IJI) and Contagion
(CONTAG) which determines the interspersion or intermixing of patch (land
cover) types (Constible et al. 2006, Torio & Chmura 2015, McGarigal et al.
2012). We also calculated Edge Density, Edge Length, and Edge Index, all of
which measure the amount of edge between different habitat types (O’Connell &
Nyman 2010, Nielson 2016, Rehm & Baldassare 2007, Chabot & Bird 2013), and
Simpson’s Diversity Index which analyzes the diversity of habitat types within a
landscape (Alexander & Hepp 2014).
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Data Analysis
All habitat and abundance data were analyzed using R (x64 3.2.0; R Core
Team, 2018). First, Spearman correlations were run on all interspersion metrics to
check for correlation; this was done using the cor function from the package
MASS (Venables & Ripley 2002). We then wanted to know the underlying
distribution of the count data of gallinule abundances to inform further analyses.
We performed goodness-of-fit tests to evaluate Poisson and Negative Binomial
distributions – common distributions for count data – using the fitdist function
from the fitdistrplus package (Delignette-Muller & Dutang 2015) and the goodfit
function from the vcd (Visualizing Categorical Data) package (Meyer et al. 2017)
in R. The count data fit the negative binomial distribution, which was used in
subsequent analyses.
We determined the relationship between of each of the interspersion
metrics and gallinule abundance using general linear models with the glm.nb
function from R package MASS (Venables & Ripley 2002). Subsequently, we
created a model that included all interspersion metrics, and we reduced the model
in single steps, removing the covariate with the largest p-value until only
statistically significant metrics were left in the model.
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RESULTS
We conducted abundance surveys at 86 ponds at 15 freshwater coastal
complexes on Oahu. Of the 86 ponds sampled, 54 had at least one gallinule
detection. The mean number of gallinules per pond was 3.6 birds (standard
deviation: + 5.93; range: 1-32) , and within occupied ponds, 5.6 birds (standard
deviation = + 6.99). Count data were not statistically significantly different from a
negative binomial distribution (x2=19.74, df = 30, p = 0.92) (Figure 2);
consequently, general linear models (GLM) used this as their underlying
distributions.
There was a great deal of variation in interspersion (Figure 3),
predominantly between water and emergent vegetation. The distribution of Edge
Density (ED) had a right skew with a mean density of 2604.06 m/ha (SD: +
1976.18; range: 482.309-13197.72).There was also a right skew for the
distribution of Edge Length which had a mean value of 1324.16 meters(SD:
+1082.65; range: 63.03 – 5265.53). IJI had a platykurtic distribution with a mean
value of 62.67 percent (SD: + 21.25; range: 17.12 – 99.89) for ponds containing
three or more land cover types (water, emergent vegetation, bare ground, etc.).
Because IJI is incapable of calculating an interspersion value for ponds with less
than three land cover types (its denominator reduces to zero when less than two
land cover types are present), nearly one fourth of sampled ponds could not be
assigned a value, and subsequently, IJI was left out of further analyses. CONTAG
had a left skewed distribution with a mean value of 56.95 percent (SD: + 16;
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range: 0-87.25). Edge Index (EI) distribution was skewed to the right and had a
mean value of 415.15 m/ha (SD: + 162.5; range: 150.04 – 916.64). Simpson’s
Diversity Index (SIDI) was also skewed to the right with a mean value of 2.55
(SD: +2.40; range: 0-16.23).
The reduced GLM model contained only a single variable, Edge Length
(Table 2b), and explained 25% of the variation in gallinule abundance (p <0.0001,
β=1.00) with a positive relationship (Figure 4). That is, ponds with greater EL had
more birds. We found that a model of gallinule presence-absence also contained
only a single statistically significant variable, Edge Index (p=0.028); this model,
however, explained little variation in the data (r2=0.05).
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DISCUSSION
Our analyses revealed that, among the interspersion metrics we evaluated,
edge length is the best predictor of gallinule abundance in ponds on the island of
Oahu. Edge length quantifies the amount of edge at the interface between
landscape cover types; in our setting, this was primarily where open water and
emergent vegetation abut). Our results suggest that the amount of these edges
within ponds correlates positively with abundance of Hawaiian gallinules, making
it a potential indicator of habitat quality. Water-emergent vegetation edge length
might also be an environmental cue influencing the gallinules “decision” to settle
and breed in ponds with higher amounts of edges present. Proximate factors such
as environmental cues are known to affect settlement (Hildén 1965) and results
from this study may inform our understanding of the habitat selection process of
the Hawaiian gallinule and avian habitat selection in general, particularly in
waterbirds. Along with habitat quality, information on habitat selection can have
direct implications on the management and conservation of this endangered
subspecies and other waterbird species (Weller 1999, Naef-Daenzer 2012).
Evaluating interspersion as a linear measurement of the amount of edge
within a pond instead of a spatial analysis of the intermixing of habitat patches
may be a more accurate measure of interspersion or may measure aspects of
interspersion that are more important indicators of habitat quality to waterbirds. A
key advantage of edge length or density as metrics of interspersion is that they
directly correspond with the intermixing of habitat types (habitat configuration;
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O’Connell & Nyman 2010). The amount of edge between emergent vegetation
and open water within wetlands has been used as a metric for interspersion in
several studies of the habitat use and abundance of waterbirds (Nielson 2016,
Bolenbaugh et al. 2011, O’Connell and Nyman 2010, Rehm & Baldassare 2007).
Some studies were unable to find statistically significant relationships between
interspersion and abundance (Nielson 2016) while others found strong
associations between these variables (Bolenbaugh et al. 2011, O’Connell &
Nyman 2010, Rehm & Baldassare 2007). Many other studies have cited the
importance of a 50:50 ratio of emergent vegetation to water to maximize
waterbird abundance (Tacha & Braun 1994; Weller & Spatcher 1965; Weller &
Fredrickson 1974; Chang 1990, Nagata 1983, Rehm & Baldassarre 2007), but this
ratio only defines habitat composition (the relative amounts of habitat types) as
opposed to habitat configuration (the spatial arrangement of those habitat types)
and may not be as biologically relevant as edges between habitat types. For
example, Hawaiian coots and gallinules both select habitat with high emergent
vegetation cover, but coots appear to select wetlands where the emergent
vegetation is along pond edges (Swift 1982), while gallinules appear to select
wetlands where it is interspersed throughout the wetland. It may be that
waterbirds have less use for uninterrupted stands of water and emergent
vegetation and are instead using vegetation/water edges for its use or as a cue for
other environmental conditions.
We hypothesize that waterbirds use emergent vegetation/water edge as a
physical boundary between territories and to reduce both inter- and intraspecific
20

competition. Hawaiian gallinules are highly territorial and aggressive (Tacha &
Braun 1994; Chang, 1990), quick to attack unrelated conspecifics, and may be
excluded by the Hawaiian coot with which they share considerable niche overlap
and show interspecific aggression (DesRochers et al. 2010). Interspersion has
been hypothesized to create visual barriers between individuals and competitors
(Murkin et al. 1982) and an increase in edge may help with the physical allocation
of gallinule territories with clear boundaries making territorial defense easier,
reducing conflict, and ultimately increasing gallinule densities within a pond.
Edges within a landscape can also help organisms access a variety of
resources and habitats at a much smaller spatial scale, positively associating with
increased abundances for many species (Lidicker & Peterson 1999). Hawaiian
gallinules tend to forage in open, grassy areas (Pers. Obs.) and nest within patches
of emergent vegetation (Nagata 1983) and these sites tend to be in close proximity
to each other (USFWS 1985, USFWS 2005). Hawaiian gallinules are more likely
to nest closer to the edge between open water and emergent vegetation and are
less likely to nest in the interior of large patches of emergent vegetation (Chang
1990). Interspersion has been shown to positively affect nest survival and success
in other waterbirds as well (Robertson & Olsen 2015). Increased availability of
both foraging and nesting areas within a smaller spatial scale, and more
importantly within a single territory, represent a likely mechanism for the positive
effects of emergent/water edges present in a landscape on gallinule abundances
within ponds. It has also been argued that edge densities also increase the
abundance of food available to waterbirds (Voigts 1976). Gallinules, while
21

primarily herbivorous, supplement their diet with invertebrates which have been
shown to correlate positively with edge density, increasing both in abundance and
diversity (Voigts 1976). This might have less of an impact on Hawaiian
gallinules, however, since they are not known to be limited by food availability
(Desrochers et al. 2010).
Another potential mechanism for the effects of habitat edges on gallinule
abundance pertains to their predator escape behavior. The Hawaiian gallinule is
behaviorally cryptic, fleeing towards water and stands of emergent vegetation
(Pers.Obs ) when disturbed, and related species have been found to be
increasingly alert at increasing distances from water features (Dear et al. 2015).
At a local habitat scale, a pond with a large amount of edge between emergent
vegetation and other habitat types where gallinules tend to forage (i.e. bare ground
and floating vegetation) and open water may allow a decrease in perceived risk of
predation through easy access to emergent vegetation to hide in and open areas of
water that can expose approaching predators. Such behavior and tendency to stay
in close proximity to water has been hypothesized to drive Hawaiian gallinule
movements across larger landscapes through the use of streams and canal ditches
as a movement corridor between wetlands (van Rees et al., in review).
Psychological factors have also been known to play a role in the habitat selection
of birds (Hildén 1965). We hypothesize that gallinules may be attracted to edges
within ponds because it feels safer from predators and these individuals tend to
have a higher fitness as they are able perceive a predator across an open expanse
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of water and flee into a thick stand of emergent vegetation leading to increased
densities of gallinules within ponds with high amounts of edge.
While our results and the natural history of the gallinule and related taxa
indicate that edge length is an important correlate of habitat quality and predictor
of abundance, other local and landscape characteristics could be affecting the
abundance and presence of the Hawaiian gallinule. There have been no formal
studies analyzing of the influence of local habitat factors, or larger landscape
features, on the abundance of Hawaiian gallinules; however some research has
found common gallinule nesting initiation to be positively correlated with
vegetation height (Brackney 1982). Studies on other waterbirds have tied many
other habitat variables to abundances and nesting sites including hydrologic
variability, percent water and vegetation cover, vegetation density, water depth,
salinity, and average vegetation height (Tacha & Braun 1994, Roach & Barrett
2015, Robertson & Olsen 2015, Lor & Malecki 2006, Gee 2007). Edge length
only explained a quarter of our abundance variation, and analyzing these
additional habitat characteristics may very well serve to paint a more
comprehensive picture of what a suitable habitat is for the Hawaiian gallinule.
Spatial scale is another critical factor that must be taken into account.
Habitat selection studies must address the perception of an individual organism to
their landscape and scale of their environment (Wiens 1976). Ecosystems must
also be viewed and understood in the context of the movement and processes
occurring between ecosystem boundaries (McGarigal 2002). To our knowledge
only one study has analyzed and acknowledged the effects of landscape level
23

features on the abundance of Hawaiian gallinules finding that high cover of high
grass and shrubland was positively associated with gallinule numbers
(DesRochers 2010). Understanding the habitat requirements of the Hawaiian
gallinule therefore involves an understanding of landscape level processes and an
expansion of local habitat studies to involve a larger spatial extent. Future studies
combining both more in-depth local habitat characteristics with landscape level
features are critical for a truly comprehensive, well-rounded, and empirical-based
conservation plan for the Hawaiian gallinule. Since it is not clear what limits
Hawaiian gallinule population size, this would also identify features that could be
manipulated in future studies to get at this problem.
Many management strategies for endangered species threatened by habitat
loss and fragmentation are focused around the creation of artificial habitats and
managed ecosystems to support viable or increase populations (Wiens 1995).
Habitat loss of estuarine environments has played a critical role in diminishing
historical coastal rail populations (Eddleman et al. 1988) and the creation of
marsh impoundments has been critical to preserving waterbird populations (e.g.
Roach & Barrett 2015). Hawaiian gallinules in particular require intensive habitat
management as the threat of habitat loss is also coupled with continuous threats of
invasive plant and predator species (Reed et al. 2012; Underwood et al. 2013).
The importance of habitat creation and management for gallinule persistence is
evident in the coincidence of established national wildlife refuges with long-term
population recovery (Reed et al., 2011). Our results suggest the importance of
interspersion and in particular the creation of edges between emergent vegetation
24

and open water, as a management tool for increasing gallinule densities and
abundance. The current recovery plan for Hawaiian gallinules acknowledges the
importance of a 50:50 emergent to water ratio within a wetland (USFWS 2011),
this ratio, however, should be created with the specific interest of maximizing
edges within the wetland. For example, Chang (1990) physically manipulated
Hawaiian ponds by creating a 50:50 cover of emergent vegetation and water and
then an irregular mowing of vegetation to create islands and strips and found an
increase in gallinule abundance post manipulation. We therefore believe that the
direct creation of interspersion with an emphasis on maximizing emergent/water
edges could be an indispensable management tactic at increasing gallinule
numbers.
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