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INTRODUCTION
Gray’s Spinner dolphin (Stenella longirostris longirostris), commonly known as the
Hawaiian Spinner Dolphin where it occurs in the Hawaiian Archipelago, is a subspecies of
spinner dolphin (Stenella longirostris) found throughout all tropical and most subtropical
waters of the world [1]. Hawaiian spinner dolphins that reside in coastal waters have a distinct
daily behavioral pattern that consists of resting and socializing in protected, shallow waters
during the day, then traveling offshore at sunset to forage in deeper waters throughout the night
[2]. Research in the main Hawaiian Islands (MHI) indicates that certain resting bays
consistently harbor more spinner dolphins than others, which has led to the hypothesis that the
availability of this day-time resting habitat may be a key limiting factor on the population size of
Hawaiian spinner dolphins [2]. Thorne et al. used Maximum Entropy modeling techniques to
assess which environmental factors correlate with locations where resting spinner dolphins have
been observed in the MHI. They found the strongest predictors of spinner dolphin resting
habitat to be proximity to deep water foraging areas, depth, proportion of each bay with shallow
depths, rugosity, and topographic slope [3]. The Northwestern Hawaiian Islands (NWHI) are
geographically and geologically distinct as well as tens of millions of years older than the MHI
and therefore the factors influencing Spinner Dolphin resting habitat selection may differ [4, 5]
(figure 1). At present, the amount and environmental characteristics of spinner dolphin resting
habitat within the NWHI has not been quantified [2].
The goal of this analysis is to use Maximum Entropy modeling techniques to evaluate how
and which environmental factors may influence Hawaiian spinner dolphins’ selection of resting
habitat at Pearl and Hermes Atoll based on GIS layers of environmental data and records of
spinner dolphin resting locations within the atoll. This model can then be projected to Midway
Atoll (for which there is no available record of the exact locations of resting spinner dolphins) in
order explore the model’s applicability to other atoll systems. Researchers and government
employees very roughly defined resting areas at Midway Atoll in the Draft Interim Visitor

Services Plan for Midway Atoll based anecdotal evidence and observations, and these areas will
be compared with the model’s projected predictions [6].
There is a growing concern in the MHI that the high volume of swimmers, kayaks, and
motorboats that follow and swim with spinner dolphins in their resting bays on a daily basis is
disrupting the spinner dolphin’s resting period and may have a negative impact on their ability
to forage and avoid predation [3]. Many scientists, local residents, and government employees
have expressed concern for the long-term health of these animals if this type of disruption
continues unabated [7]. The National Marine Fisheries Service (NMFS) stated that it is
“concerned that some of these activities [within the bays of the main Hawaiian
Islands]…diminish the value to the dolphins of habitat routinely used by then for resting, and
cause detrimental individual level and population level impacts” [8]. Although tourism to the
NWHI is fairly limited at this time, the results of this analysis could be used to inform
management decisions about where to allow and disallow tourists within the NWHI in the
future. Moreover, as assessing the amount of available resting habitat is a potential step towards
quantifying the amount of critical habitat and potentially the carrying capacity for spinner
dolphins in the NWHI, the modeling foundation laid down by this analysis could be used to aid
in establishing a population baseline for measuring change in spinner dolphin population size
and distribution in the future.

Hawaiian Spinner Dolphin Behavior
The four subspecies of spinner dolphins exhibit differences in their behavioral patterns and
range of environmental conditions they occupy. For example, spinner dolphins in the Eastern
Tropical Pacific (Stenella longirostris orientalis) spend most of their time in pelagic waters and
travel great distances to find food [9]. In contrast, coastal spinner dolphins in Hawaii generally
do not travel far from the island or atoll environments they depend on for rest and as foraging
grounds [9]. There have also been observed differences in the behavior of Hawaiian Spinner

dolphins in the MHI and NWHI. Spinner dolphins within the MHI display less resting-site
fidelity than in the NWHI, and multiple groups may use the same resting bay the same time
[10]. In the NWHI the relatively small amount of resting habitat within each lagoon is
hypothesized to prevent the presence of more than one group within an atoll, and the vast
distances between atolls prevents any significant mixing between different atoll populations [9].
Studies in the NWHI have observed spinner dolphins resting in sandy patches within the
reef-encircled atoll lagoons, then exiting the lagoon around dusk to begin their night-time
foraging routine over the outer slopes of the atoll [10]. Not only does the atoll provide a shallow
and protected area of rest within the large, deep, open expanses of the Pacific Ocean, it also acts
as a barrier to the flow of currents, which may lead to an accumulation of the spinner dolphins’
prey items [2]. Foraging spinner dolphins have been recorded diving down as deep as 250m to
prey on migrants from the mesopelagic layer as these species swim towards the surface every
night after the sun sets [2]. Spinner dolphins usually return to their resting areas soon after
dawn, and descend into a full resting state a few hours after their return. During rest, the school
suppresses its echolocation and swims slowly back and forth for several hours above the white
bottomed sandy areas, then abruptly “awakes” and begins aerial behavior and synchronous back
and forth swimming before exiting the atoll near dusk [2].

Species Distribution Modeling with MaxEnt
Species distribution modeling (SDM) is a method of statistically approximating the spatial
range of a species based on the relationship between observed species occurrences and the
environmental conditions at those locations [11]. SDM has increased in recent decades due to
the availability of powerful computers along with advances in statistical and geo-spatial software
that can be used to perform these analyses [12, 13]. SDMs can contribute to species-specific
conservation efforts by aiding in defining a species range, locating potential habitat in areas that

have not yet been surveyed or are difficult to access, identifying the location of critical habitat,
and predicting the impacts of environmental change [14].
MaxEnt is a maximum entropy presence-only SDM software that was used in this study to
perform the resting habitat suitability analysis. Though a relatively new method for species
distribution modeling (software was released in 2004), MaxEnt consistently outperforms more
established statistical methods that use both presence and absence locations such as
Generalized Linear Models and Generalized Additive models [13]. Comparisons of species
distribution modeling methods have also found that Maxent outperforms most other presenceonly statistical methods such as Genetic Algorithm of Rule-set Prediction (GARP) modeling
system, BioMapper, and FloraMap [13, 15, 16]. The MaxEnt modeling method is a form of
machine learning, which uses an algorithm to approximate the unknown species distribution by
finding the probability distribution closest to maximum entropy (distribution of most uniform
dispersal) that still falls within the constraints imposed by the density distributions of
environmental variables within the study area [13].
In their paper “a statistical explanation of Maxent for Ecologists” Elith et al. put forward an
alternative explanation of the MaxEnt modeling method technique that is likely a more
accessible explanation than the maximum entropy explanation above. The authors describe the
statistical process underlying MaxEnt’s prediction of species distributions as minimizing the
distance between two probability density functions: one that describes the relative availability of
each environmental condition (combination of environmental variables) across the entire study
area and a second that describes the relative availability of environmental conditions at the
locations of recorded species presences [17]. The final predicted species distribution will
minimize the distance between the two probability density functions, while at the same time
satisfy the condition that the mean of the density distribution of each environmental variable
within the predicted species distribution is close to the mean of the density distribution of each
environmental variable observed at presence locations.

Presence-only modeling techniques such as MaxEnt fit the predictive model only using
locations where species were observed, and do not use information on species absences, i.e.
locations where surveys were conducted but the species was not observed. Presence-only
modeling techniques are useful because much of the data available about species occurrence
does not include information on species absence, as is the case with the data used in this study.
Moreover, there are certain drawbacks to including absence data when predicting species
distributions, as a recorded absence may not necessarily indicate a true absence. For example,
the species might have been present at a surveyed location, but was not detected (e.g. marine
mammals that spend long periods of time at depth) or the species may have been absent during
the season or time of day when sampling took place, but may frequent that location at other
times or under other conditions [17]. Additionally, an absence may not necessarily indicate that
a given habitat is not suitable for the species in question, but may reflect other factors that
prevent habitation such as biotic interactions, human modifications of the environment, or
geographic barriers to dispersal [13].
One of the main drawbacks to presence-only modeling is that the distribution of sampling
effort during data collection is often unknown. This can lead to sample-selection bias in the
model, which results from biased survey methods, such as only including easily accessible areas
in the survey and leaving areas of difficult access un-surveyed [13]. When the distribution of
sampling effort is known, as it is when both presence and absence locations are collected,
sample selection bias affects both presence and absence records, and thus presumably cancels
itself out [17].

METHODS
Spinner Dolphin Presence Locations
Longitude and latitude coordinates of spinner dolphin sightings at Pearl and Hermes Atoll
were collected by NOAA Fisheries over the period of 2006-2009. Each sighting record includes

information on the behavioral status of the spinner dolphins. Only observations which did not
indicate either social or travelling behavior were used in this analysis, leaving 88 sighting
locations in total (figure 2).

Study Area
The NWHI extend almost 2000km past the MHI, and are essentially uninhabited and
undeveloped by humans, aside from a small population of government employees who live at
Midway Atoll. Of the 10 islands and atolls of the NWHI, there are four locations that spinner
dolphins regularly inhabit: Kure Atoll, Midway Atoll, Pearl and Hermes Reef, and French
Frigate Shoals [9]. The lagoons of Pearl and Hermes and Midway Atoll define the study area for
this analysis (figure 1). Currently there are no available official spinner dolphin stock sizes for
any Hawaiian island, however there is estimated to be a population of approximately 260
spinner dolphins that use Midway Atoll as a resting location, and there have been more than
300 spinner dolphins observed at Pearl and Hermes atoll [10, 18].
Pearl and Hermes and Midway Atolls consist of fringing outer reefs enclosing shallow
lagoons of approximately 388 square kilometers and 74 square kilometers respectively (areas
estimated from digitization of lagoons in ArcGIS). Pearl and Hermes atoll is approximately
32km long by 20km wide and has several permanent islands and a few shifting sand islands, the
largest island being only 0.1 sq. km. in area [5]. Midway atoll is approximately 150km northwest
of Pearl and Hermes Atoll, and has one natural opening in the southwest of the atoll and a
dredged channel at the south used for boat navigation in and out of the atoll [10]. Midway atoll
is approximately 8 km in diameter with three islands, the largest of which is about 5 sq. km [5].

Creation of GIS Environmental Layers
The variables included in this analysis depended partially on the environmental data
available for Pearl and Hermes and Midway Atolls as well as the hypothesized factors that affect
spinner dolphin resting habitat selection [2, 3, 9]. The basis for many of the variables used in

this analysis is bathymetry, or depth, within and around the atoll lagoons. Gridded bathymetry
data at a 5m resolution is freely available for all of the NWHI from the Pacific Islands Benthic
Habitat Mapping Center (PIBHMC). These bathymetry grids were derived from a combination
of multibeam sonar and estimated depths from Ikonos imagery, and have many “NoData” cells
where clouds blocked the satellite’s field of view or the water was too shallow for boats carrying
the multibeam echo-sounders to traverse. To remove “NoData” cells and create full bathymetry
rasters for both atolls without any missing information, an inverse distance weighted (IDW)
interpolation was performed using the Spatial Analyst tool IDW on the 5m bathymetry grid from
PIBHMC as well as the original 4m Ikonos imagery that is available from the National Center for
Coastal Ocean Science (NCCOS). These grids were then mosaicked together with the original 5m
bathymetry grid from PIBHMC to form a complete bathymetry grid with no missing data (figure
3).
Rugosity, a measure of sea floor roughness, was derived from the complete bathymetry grids
using a 5 cell neighborhood with the Vector Ruggedness Measure (VRM) tool from the Benthic
Terrain Modeler Toolbox which is freely available to download from the NOAA Coastal Services
Center website. Slope was derived from the bathymetry grids using the Spatial Analyst Slope
tool. Aspect variety was calculated by creating a grid that displayed the downslope direction
from each cell using the Spatial Analyst Flow Direction tool, then calculating the variety of
aspect directions within a 5 cell neighborhood using the Spatial Analyst tool Focal Statistics.
Swimming distance from every point within the atoll lagoons to the 50m contour (which is
located outside of the lagoons) was calculated using the Spatial Analyst tool Cost Distance,
taking into account barriers to swimming, such as land and particularly shallow areas such as
reef crests.
Habitat cover shapefiles for the NWHI that contain information on the proportion of sandy
bottom, coral cover etc., are also available to download from the NCCOS website. These
shapefiles were derived by performing unsupervised classifications of Ikonos satellite imagery,

and therefore habitat cover was not determined in certain areas of each atoll lagoon where there
was cloud cover in the satellite image. In order to create a complete grid of habitat cover, the
Spatial Analyst tool Nibble was used to fill in “NoData” cells with the value of the nearest
neighbor cell with a value. See figures 4 and 5 for images of all environmental layers created for
this analysis.

Running Maxent
MaxEnt has been found to be more stable than other statistical methods when dealing with
correlated variables [17]. Nevertheless, correlation between the six environmental variables was
tested by extracting values of each GIS environmental layer at 10,000 random points at Pearl
and Hermes Atoll, and generating Pearson’s correlation coefficients for each pair of variables.
None of the variables were highly correlated (r > .75) and so were all included in the first model
run (figure 6) [19]. Slope and rugosity were moderately correlated (r = .69) so models were
created alternately leaving out one of these variables. Habitat cover type and bathymetry were
also moderately correlated (r = 0.55) but still included in all models due to their hypothesized
importance in spinner dolphin resting habitat selection. Lastly, a model was created leaving out
the variable swimming distance to 50m contour, to test the model’s performance without this
variable. All variables were continuous except habitat cover type, which is a categorical variable,
and was specified as such when entered into the software.
It has been recommended that in order to reduce the effects of sampling bias when running
MaxEnt, areas where it is known that the species does not occur should be masked out of the
analysis [17]. As spinner dolphins have only been observed resting within the atoll lagoons in the
NWHI, likely due to decreased wave action (a factor that was not captured by the above
environmental variables), all areas outside of the atoll lagoons were masked out of the
environmental GIS layers for the MaxEnt analysis [6, 10]. Spinner dolphins sightings, along
with the GIS layers (converted to Ascii files) for bathymetry, aspect variance, swimming distance

to 50m contour, slope, rugosity, and habitat cover type were loaded into MaxEnt software
version 3.3.3k. MaxEnt has the option when projecting the model to other locations or
conditions to extrapolate results past the ranges of environmental variables input into the
model, but this option was deselected for all runs to avoid projecting the model into
environmental conditions not encountered in the training data.
Due to the small sample size (88 presence locations) used to create this model, crossvalidation was used to create the model and evaluate model fit. Instead of splitting the 88
presence locations into two groups of training and test points, cross-validation allows the entire
dataset to be used to both train and test model fit by dividing the group into n subgroups and
running the model n times (in this case n = 5), leaving out one group during each run to serve as
the test data. After all of the models are run, the results are averaged together to create the final
model.
Model performance was evaluated using both threshold-dependent and independent tests.
Maxent calculates the values for a variety of commonly used thresholds and calculates 1-sided pvalues for each of these thresholds for the null hypothesis that the model predicts test points
with the same accuracy as random predictions that produced the same fractional predicted area
of suitable habitat. A threshold value among those provided must be selected in order to create
binary spatial predictions of presence/absence and therefore suitable/non suitable resting
habitat. Liu et al. compared twelve different methods of selecting a threshold value and found
that the sensitivity-specificity equality approach performed just as well if not better than any of
the other methods, therefore the equal training sensitivity-specificity threshold provided by
MaxEnt was used to create binary maps of predicted suitable/non-suitable habitat [20].
The threshold-independent test used to evaluate model performance was the Area Under the
Curve (AUC) value of the Receiver Operator Characteristic (ROC) curve. When both presences
and absences are used to create a model, the AUC value indicates the model’s ability to rank a
presence site as more suitable habitat than an absence site. An AUC value of 1 indicates that the

model can perfectly rank all sites, and 0.5 indicates that the model performs as well as if it were
listing all sites at random. Since absence data is not available in this study, the AUC is
measuring the model’s ability to accurately rank a site where a presence was recorded above a
randomly selected site where a presence was not recorded, or a pseudo-absence site [21]. It
should be noted that because Pearl and Hermes spinner dolphin sighting data was used to create
the model, the AUC values and other measures of performance listed in the results section only
apply to the model’s performance at Pearl and Herme’s Atoll, not at Midway Atoll, where there
are no presence records available. AUC values for all models were interpreted using the Hosmer
and Lemeshow criteria shown in figure 7 [22].
Lastly, a jackknife test of variable importance was performed for every environmental
variable by running the model repeatedly leaving out one variable at a time, then running the
model using each variably individually. The importance of each variable was measured based on
its contribution to model gain, which is similar to the measure of deviance explained in GLMs.
For example, if the model has a gain of 1.5, then a cell in the study area where a presence was
recorded is exp(1.5)=4.48 times more likely to be modeled as suitable habitat than a random
background cell. The higher the gain, the better the model fits the presence data.

RESULTS
Although most variable combinations tested were fairly close in terms of the resulting model
AUC scores and spatial predictions (aside from Model 2, which is discussed later in this section),
the model with highest AUC score included all variables (figures 8 & 9). This model (Model 1)
had an AUC score of 0.892 and therefore offers excellent discrimination according to the criteria
in figure 7. For Model 1 the p-values calculated were statistically significant at less than 0.01 at
all thresholds (figure 10). Figure 11 shows both the continuous and binary spatial results of this
model. The model does not seem to be overfitting the training data by only predicting suitable

habitat where locations of spinner sighting were recorded, however Model 1’s projection to
Midway Atoll did not line up with observed resting areas (figure 12).
Jackknife tests of variable importance revealed that swimming distance to the 50m contour
by far contributes the most to model gain when modeled in isolation (0.98), and decreases
model gain the most when it is omitted, and therefore contains the most useful information by
itself about spinner dolphin resting habitat at Pearl and Hermes Atoll. Habitat cover type and
rugosity come in second in terms of importance with fairly equal contributions to model gain,
but their contribution is significantly less (~.18) (figure 13). Aspect variety, slope, and
bathymetry contribute least to model gain.
Plots of each variable’s effect on the model’s predictions of suitable (1) or unsuitable (0)
habitat are displayed in figure 14. Swimming distance to the 50m contour does not contribute to
predictions of suitable habitat at very low and very high swimming distances, however within
the range of 100 to 300 cells distance (equal to approximately 500 – 1500m) this variable has a
strong impact on the model prediction of suitable habitat. Rugosity and slope have similar
effects on the model’s predictions, which is expected based on the correlation between the two
variables. These two variables vary negatively with model predictions, such that low slope and
low rugosity values result in higher predictions of habitat suitability. Bathymetry values result in
the highest predictions of habitat suitability around depths of 10m. Aspect variety values near
zero result in the highest predictions of habitat suitability, while increasingly larger values seem
to have a uniform effect on the model predictions. Habitat cover type 1, which refers to the
habiat cover type unconsolidated (i.e. sandy bottom) has the largest effect on the model’s
prediction of suitable habitat, followed by habitat cover type 6, which is macroalgae on
unconsolidated. Habitat cover types 3, 4, and 7, which correspond to macroalgae on
hardbottom, live coral on hardbottom, and land/reef crest respectively, all corresponded with
lower values of predicted habitat suitability.

Due to the high impact of swimming distance on the model’s predictions, this variable was
left out of one run in order to better understand the effects this variable has on spatial
predictions. This model (Model 2) has a much lower AUC value (0.744 – acceptable
discrimination) than other model runs, and the absence of this variable results in a very
different pattern of spatial predictions (figures 15 & 16). At Pearl and Hermes Atoll, Model 2
predicts a much higher percentage of suitable habitat at the equal training sensitivity and
specificity threshold. At Midway Atoll, Model 2 predicts less suitable habitat than Model 1, but it
does predict a higher percentage of suitable habitat within the observed resting areas than
Model 1 (figures 12 and 17). In Model 2, rugosity and habitat cover contribute the most to model
gain when variables are modeled individually and decrease overall model gain the most when
omitted from the model, indicating that these variables include the most information about
spinner dolphin resting habitat (figure 18).

DISCUSSION
Studies in the MHI have observed spinner dolphins swimming slowly back and forth over
areas of open sandy bottom while resting, and discovered that the largest schools rested in areas
with the largest proportion of sandy bottom [2]. This led them to hypothesize that the amount of
sandy bottom may be limiting factor in the number of dolphins a given resting site can
accommodate [2]. Dolphins are believed to prefer areas of sandy or unconsolidated substrate for
rest areas, because they “turn off” their echolocation during periods of rest and therefore can
only detect predators, such as sharks, visually, which would be easier in the clear and
unobstructed waters above white sand [2]. This preference for sandy bottomed/unconsolidated
habitat was confirmed by model 1. This effect can be clearly seen in the plot of habitat cover
type’s impact on model predictions in figure 14, which shows that among the habitat cover types,
unconsolidated types (types 1 and 6) lead to the highest predictions of suitable habitats.

Studies in the MHI have observed that the dolphins tend to rest in areas with depths of 1020m and have hypothesized that the dolphins prefer to rest in areas of depths less than 50m [2].
This preference for shallower depths is also believed to relate to their better ability to visually
detect prey in shallower waters. This hypothesis is supported by Model 1 results, which
predicted the highest suitability of habitat at depths around 10m. Bathymetry did not prove to
be one of the most important predictors of resting habitat based on the jackknife test of variable
importance, whereas in the MHI it was found to be the second strongest predictor of resting
habitat suitability (figure 13) [3]. This could be a result of the fact that the greatest depth within
the atoll lagoon is only 35m, and therefore depth is not as important in the selection of resting
sites as it may be in the MHI, where bays can include depths of up to 400m [3].
Aspect variety was included in the habitat suitability analysis of the MHI by Thorne et al. as
a measure of benthic complexity, and was included in this study for the same reason. Aspect
variety was found to have relatively little importance in habitat suitability predictions in the
MHI as well as in Model 1 predictions (figure 13). Rugosity was the third strongest predictor of
spinner dolphin habitat at Pearl and Hermes atoll in Model 1, and was also found in the MHI to
be a good predictor of dolphin habitat. In both studies low values of rugosity are associated with
spinner dolphin habitat. In the study by Thorne et al., rugosity was included as a proxy for
bottom substrate type due to the lack of habitat cover grids for the area. Lower rugosity values
indicate less roughness and may correlate with sandy bottom substrate, which the dolphins
appear to prefer. In this analysis, habitat cover was included in addition to rugosity, and appears
to have more explanatory power than rugosity based on the jackknife measures of variable
importance (figure 13).
In the MHI, bays that are closer to the offshore foraging grounds are preferred by spinner
dolphins than those that are farther from deeper waters [2, 3]. This preference could exist to
reduce energy expenditures during travel to foraging grounds as well as to decrease the
likelihood of shark attack in open water outside of the bays [2]. Swimming distance to the 50m

contour was by far the most important environmental predictor of suitable resting habitat in
Model 1, possibly reflecting this preference for proximity to foraging grounds (figure 13).
Swimming distance was not calculated as straight line distance from each cell within the lagoon
to the 50m contour, but instead included barriers that the spinner dolphins must swim around,
such as land or shallow reef areas. Consequently, the way that swimming barriers are defined
end up having a huge impact on the model results, and small changes could cause a significant
change in the spatial distribution of predicted habitat.
Model 1 performed well in its spatial prediction of spinner dolphin resting habitat within
Pearl and Hermes atoll, however did not perform as well when projected to Midway Atoll based
on a comparison to the anecdotally observed areas of spinner dolphin rest within the lagoon.
The spinner dolphins have been observed to utilize three resting areas at Midway Atoll: two
primary resting areas A & B, and a secondary infrequently used resting area C that is only used
during strong winds (Figure 12). Model 1 predicts the highest probability of resting habitat at
Midway to be outside of these three resting areas, in the dredged shipping channel at the
southern end of the atoll and near the western opening of the atoll. Pearl and Hermes Atoll has a
much larger lagoon than Midway Atoll, and it is possible that the swimming distance to the 50m
contour is not as important in spinner dolphin selection of resting habitat at Midway as most
sites are relatively closer to atoll exit points. Given that swimming distance to the 50m contour
made such a significant contribution to spatial predictions in Model 1, if swimming distance to
the 50m contour is not as important at Midway this variable could be throwing off the spatial
predictions there considerably. To test this hypothesis, the model and projections were run
again (Model 2) leaving out the swimming distance to 50m variable. Although Model 2 did not
perform as well at Pearl and Hermes Atoll as Model 1, Model 2 projections to Midway Atoll
performed much more favorably than Model 1 based on the percentage of cells classified as
suitable habitat that fell within the observed rest areas (figure 19). Model 1 predicted 0.89%,
1.1%, and 0% of resting areas A, B, and C, respectively would be suitable habitat. Model 2

predicted that 8.23%, 7.47%, and 1.55% of resting areas A, B, and C respectively would be
suitable habitat. Model 1 actually predicted more suitable habitat than Model 2 at Midway Atoll,
so the increase in predicted habitat within the observed resting areas is not simply a result of an
overall increase of predicted suitable habitat. This increase in predicted suitable habitat within
the observed resting areas seems to support the hypothesis that swimming distance to 50m
contour may not be as influential a factor in determining resting habitat at Midway as it is at
Pearl and Hermes. Additionally the smaller percentage of predicted suitable resting habitat in
area C could possibly provide an environmental basis for why this is not one of the preferred
resting habitats.

CONCLUSION
This study has shown that resting habitat suitability at Pearl and Hermes Atoll can be
predicted with excellent discrimination based on six environmental variables (listed in order of
importance to model predictions): swimming distance to the 50m contour, habitat cover type,
rugosity, slope, bathymetry, and aspect variance. This analysis revealed the influence of each of
these variables on spinner dolphin resting habitat suitability and shows how suitable resting
sites may differ between the NWHI and MHI, as well as between atolls within the NWHI. The
differences in habitat suitability between Pearl and Hermes and Midway Atoll may be a result of
differences in atoll lagoon size, but sighting data of resting spinner dolphins from Midway Atoll
would be necessary to conclusively test this. These results indicate that sighting data should be
collected at each atoll and separate predictive models must be made for each atoll before resting
habitat can be predicted with confidence for the four locations within the NWHI where spinner
dolphins occur. This study serves as a basis upon which to expand modeling efforts in order to
quantify the amount and location of spinner dolphin resting habitat within the NWHI.
Additionally, the locations of resting habitat predicted by this study within Pearl and Hermes
atoll could be used to better target future sampling efforts within the lagoon.

FIGURES
Figure 1. Map of the Hawaiian Archipelago.

Figure 2. Location of spinner dolphin sightings classified as “resting” at Pearl and Hermes Atoll.

Figure 3. Example of the bathymetry grid creation process for Midway Atoll.

Figure 4. ArcGIS grids of the environmental variables used to project the model of habitat suitability to
Midway Atoll.

Figure 5. ArcGIS grids of the environmental variables used create the model of habitat suitability at Pearl
and Hermes Atoll.

Figure 6. Pearson’s Correlation coefficients (r) for environmental variables used in the model. Bolded
values exhibit moderate correlation (0.5> r >0.75).
Variable
Slope

Slope

Rugosity

Aspect Variance

Cost Distance

Bathymetry

Habitat Cover Type

-

0.69

0.15

0.15

0.16

0.09

-

0.22

0.19

0.25

0.03

-

0.06

0.13

0.16

-

0.55

0.22

-

0.50

Rugosity
Aspect Variance
Cost Distance
Bathymetry
Habitat Cover Type

-

Figure 7. Hosmer and Lemeshow guidelines for interpreting the discrimination levels of models based on
AUC values.
AUC Value

Discrimination Level

0 - 0.5

No discrimination

0.5 - 0.7

Poor discrimination

0.7 - 0.8

Acceptable discrimination

0.8 - 0.9

Excellent discrimination

0.9 - 1

Outstanding discrimination

Figure 8. Area Under the Curve (AUC) of the Receiver Operator Characteristic (ROC) curve.

Variables included in model runs
All (Model 1)
All but Slope
All but Rugosity
All but Swimming Distance to 50m Contour (Model 2)

AUC
0.892
0.891
0.886
0.744

Figure 9. Model 1 Receiver Operating Characteristic (ROC) curve averaged over the five replicate runs for
cross-validation.

Figure 10. Model 1 fractional predicted area and p-values of binomial tests.
Description

Fractional predicted area

ρ-value

Fixed cumulative value 1

0.492

5.23E-05

Fixed cumulative value 5

0.312

1.55E-06

Fixed cumulative value 10

0.235

6.35E-07

Equal training sensitivity and specificity

0.156

5.27E-06

Figure 11. Model 1 binary and continuous spatial predictions. Binary predictions were made using the
equal training sensitivity and specificity threshold value.

Figure 12. Observed resting areas overlaid onto the binary spatial predictions of model 1 (left) and model
2 (right).

Figure 13. Model 1 jackknife tests of variable importance using training samples.

Figure 14. Response curves displaying the effect of how each environmental variable in isolation affects
the model. Y-axis display the habitat suitability probability prediction from 0 (unsuitable) to 1 (suitable).
For Habitat cover type, 1 refers to unconsolidated; 2 – hardbottom, unspecified cover; 3 – macroalgae on
hardbottom; 4 live coral on hardbottom; 5 – uncolonized hardbottom; 6 – macroalgae on unconsolidated;
7 land or reef crest.

Figure 15. Model 2 fractional predicted area and p-values of binomial tests.
Description

Fractional predicted area

ρ-value

Fixed cumulative value 1

0.8163

4.83E-02

Fixed cumulative value 5

0.6407

4.78E-03

Fixed cumulative value 10

0.5411

3.95E-03

Equal training sensitivity and specificity

0.2799

4.40E-03

Figure 16. Model 2 binary and continuous spatial predictions. Binary predictions were made using the
equal training sensitivity and specificity threshold value.

Figure 17. Amount of suitable habitat using equal sensitivity and specificity threshold in hectares and
percent of total area.
Atoll
Pearl and Hermes Atoll
Midway Atoll

Model 1 (ha)

Model 1 (%)

Model 2 (ha)

Model 2 (%)

5732.03

0.156

10284.59

0.2799

57.54

0.01

32.96

0.01

Figure 18. Model 2 jackknife tests of variable importance using training samples.

Figure 19. Table of predicted suitable habitat within each observed rest area for Models 1 and 2.
Model 1:
Model 1:
Model 2:
Model 2:
Amount of
Percent of
Amount of
Percent of
predicted
predicted
predicted
predicted
suitable habitat suitable habitat suitable habitat suitable habitat
Total area of
within
within
within
within
Rest
observed rest
observed rest
observed rest
observed rest
observed rest
site ID
site (ha)
site (ha)
site (%)
site (ha)
site (%)
A

172.38

1.54

0.89

14.19

8.23

B

236.46

2.64

1.11

17.66

7.47

C

58.89

0.00

0.00

0.91

1.55

DATA SOURCES
Pacific Islands Benthic Habitat Mapping Center: Pearl and Hermes Atoll
http://www.soest.hawaii.edu/pibhmc/pibhmc_nwhi_phr_optical.htm
National Centers for Coastal Ocean Science: Northwest Hawaiian Islands, Pearl and Hermes
Atoll http://ccma.nos.noaa.gov/ecosystems/coralreef/nwhi/
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