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1.  INTRODUCTION

Modern strategies for the conservation and man-

agement of species rely primarily on the knowledge

of population demographics, such as abundance,

recruitment, survival, migration, and trends in these

over time. In addition to forming the basis of regional

and national management plans, these parameters

are important criteria in the IUCN determination of

extinction risk, which are periodically reviewed and

rely on available data (Wells et al. 2019). Population

demographic patterns are known to vary within spe-

cies, including at the level of stocks or demographi-

cally independent populations, and are influenced
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ABSTRACT: Species conservation relies on understanding population demographics, yet this

information is lacking for many species and populations. Four stocks of common bottlenose dol-

phins Tursiops truncatus inhabiting the waters surrounding the main Hawaiian Islands (USA) are

exposed to anthropogenic disturbances including fisheries interactions, tourism, naval activities,

ocean noise, and contaminants. Although these stocks are managed under the Marine Mammal

Protection Act, a demographic assessment has not been undertaken since 2006, and there is cur-

rently no information on population trends. We combined regular survey effort with citizen sci-

ence contributions to estimate apparent survival and annual abundance within each stock using

photographs collected between 2000 and 2018. Over this time period, we collected 2818 high-

quality identifications of 765 distinctive individuals across all 4 stocks. Analyses of inter-annual

movements indicated that individuals exhibit restricted habitat use within stocks, which con-

tributed to non-random sampling. Annual abundance estimates ranged from the 10s to the low

100s. Apparent survival ranged from 0.84 to 0.9, with lower-than-expected estimates in all stocks.

Annual abundance estimates declined in 3 of the 4 stocks; however, this decline was not signifi-

cant for the Kaua‘i/Ni‘ihau and O‘ahu stocks, and may be an artifact of sampling design in all

stocks. Given the small population size for these stocks, it is important to closely monitor trends in

abundance as a first step in mitigating negative effects of anthropogenic activities. Future efforts

should focus on consistent geographic coverage in all stocks to decrease model uncertainty and

improve trend assessment.
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by the local environment, interactions with humans,

and behaviors such as movement patterns and de -

gree of site fidelity (Lebreton et al. 1992, Switzer 1993).

It is especially important to monitor these trends in

species or populations that regularly come in contact

with anthropogenic stressors, in order to understand

whether those stressors threaten the population or

species.

In the USA, population demographics of most ceta -

ceans are assessed by the National Marine Fisheries

Service (NMFS) using observational line-transect

surveys conducted from a variety of platforms (e.g.

Bradford et al. 2017). However, these surveys are

decreasing in frequency, and do not always capture

nearshore populations sufficiently to permit abun-

dance estimation for the entire population. In these

cases, mark−recapture methods that use natural

scars and coloration patterns to identify individuals

can be an effective way to estimate trends in popula-

tion abundance, recruitment, and apparent survival,

including both death and emigration (e.g. Conn et al.

2011, Rosel et al. 2011, Haughey et al. 2020). Mark−

recapture surveys can be conducted from small ves-

sels nearshore, and thus are often an effective high-

resolution tool to assess the demographics of neritic

populations.

Common bottlenose dolphins Tursiops truncatus

(or bottlenose dolphins) are globally distributed in

tropical and warm-temperate waters. They are com-

monly found in nearshore waters, but are known to

form offshore populations in some regions (e.g. Silva

et al. 2009, Conn et al. 2011, Rosel et al. 2011), which

will occasionally visit nearshore habitats. Studies of

coastal populations of bottlenose dolphins indicate a

wide range of distributional behaviors, including

seasonal migrations, periodic residency, and long-

range movements (Wells & Scott 2018). They live in

fission−fusion societies, regularly forming small

groups whose composition can be determined by

a combination of sex, age, reproductive condition,

familial relations, affiliation histories, and foraging

habits. These smaller groups will sometimes join to

form groups of more than 100, occasionally exceed-

ing 1000 (Connor et al. 2001, Rogers et al. 2004, Louis

et al. 2018). They are social learners and are known

to transfer behaviors such as feeding techniques,

vocal behavior, and play behaviors (e.g. Reiss &

McCowan 1993, McCowan et al. 2000, Krützen et al.

2005, 2014, Sargeant et al. 2005). In some popula-

tions, social groups have distinct ecological niches

(Louis et al. 2018); this strategy of resource partition-

ing is thought to reduce competition and allow for

larger local populations.

Although bottlenose dolphins are among the most

common delphinids, and are classified by the IUCN

as a species of Least Concern, they are also listed as

having an unknown population trend. Moreover,

they are locally data deficient with respect to abun-

dance and distribution (Wells et al. 2019). Within

many local populations, abundance estimates are

hampered by large, unknown, and/or poorly defined

distributional ranges, and insufficient genetic data to

determine subpopulation structure and patterns of

residency or habitat use (e.g. Forcada et al. 2004). As

a coastally distributed species, bottlenose dolphins

face a number of natural and anthropogenic threats

that may negatively affect survival and abundance,

including fisheries interactions (Morteo et al. 2012,

Baird 2016), disturbance from tour vessels (Bejder et

al. 2006), vessel strikes (Dwyer et al. 2014), contami-

nants (Wells et al. 2004, Reif et al. 2006), harmful

algal blooms (Twiner et al. 2012), habitat loss and

degradation (Karczmarski et al. 2017), oceanic noise

disturbance (Bucksta� 2004), and cumulative im -

pacts (Maxwell et al. 2013), although in some spe-

cialized cases human interactions can have a positive

effect on population demographics (Bezamat et

al. 2019).

In the main Hawaiian Islands, bottlenose dolphins

form 4 island-associated stocks with high site fidelity

and little mixing among them (Baird et al. 2009,

Martien et al. 2011, Baird 2016). Bottlenose dolphins

inhabiting the deeper waters surrounding the islands

are likely part of a broadly distributed pelagic popu-

lation (Martien et al. 2012, Carretta et al. 2019) that

will occasionally visit the shallower waters surround-

ing the islands. These stocks are managed by NMFS,

as mandated by the Marine Mammal Protection Act

(MMPA; 50 CFR 216) in order to assess the impact of

anthropogenic activities on population demograph-

ics. As part of the photo-identification (ID) study of

Baird et al. (2009), abundance of marked animals

was estimated using the Lincoln-Petersen estimator

(Seber 1982) applied to mark−recapture data for

each of the 4 stocks between 2000 and 2006. Based

on that paper, stock estimates were 184 for the

Kaua‘i/Ni‘ihau stock, 743 for O‘ahu, 91 for Maui Nui,

and 128 for Hawai‘i (Carretta et al. 2019). However,

NOAA considers these estimates outdated for the

purposes of stock management, and to date no

assessment has been made of population trends over

time. Here, we estimated abundance and apparent

survival (affected by both death and emigration) of

each stock within the resident population using photo-

ID mark−recapture models, and assessed trends in

abundance between 2000 and 2018.
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2.  MATERIALS AND METHODS

2.1.  Data collection

Dorsal photographs were collected around the main

Hawaiian Islands between 2000 and 2018 from both

systematic surveys by Cascadia Research Collective

(CRC) (Baird et al. 2013) and the Pacific Whale Foun-

dation (PWF), as well as opportunistic sightings from

other researchers and citizen scientists, totaling 601

days with bottlenose dolphin en counters over the 19 yr

period. For the purpose of this study, an encounter is

defined as an observation of 1 or more individual bottle-

nose dolphins in a group, during which time photo-

graphs are taken of as many individuals as possible. A

single day may include 1 or more encounters with bot-

tlenose dolphins. Photographs used in an earlier study

(Baird et al. 2009) were incorporated into the sample.

All photographs, regardless of source, were processed

as described by Baird et al. (2009). An expert initially

examined photos from each encounter, grouping pho-

tos by individual. For each sighting of each individual,

the best photo was scored for the quality of the photo-

graph and distinctiveness of the individual. Scores were

1−4 for both categories with 4 representing the highest

quality and distinctiveness. Once all individuals in an

encounter were identified, those individuals were com-

pared to the rest of the dataset to search for a match.

Matches were confirmed by a second ob server, and un -

matched individuals were once again compared with

the dataset by a second observer to confirm no match.

2.2.  Data quality control

Prior to data analysis, the dataset of identified in -

dividuals was adjusted as follows:

(1) Individuals were removed if their distinctive-

ness score was less than 3.

(2) Individual sightings were removed if the

highest photo quality was less than 3.

(3) Individuals identified as belonging to a non-

resident stock (see Section 2.4) were removed.

(4) Individual sightings were removed if they came

from encounters that had not been completely pro-

cessed (n = 17), given that incomplete encounters

(i.e. encounters where not all photographs have been

processed) could bias the results. This resulted in

removal of 41 individual sightings.

(5) Sightings from the windward side of Hawai‘i

Island were removed from this study, because incon-

sistent sampling in that region over the study period

is likely to bias the results.

2.3.  Testing dataset biases

In order to test the assumption that individuals

were sampled at random within a stock, we com-

pared the frequency of individual re-sights to that

expected from a randomly sampled stock. We gener-

ated simulated sighting datasets for each stock fol-

lowing the approach outlined by Kery & Schaub

(2012), given the number of sampling occasions and

average number of new individuals encountered on

each sampling occasion for each stock, using an

annual apparent survival of 0.9 (e.g. Stolen & Barlow

2003) and annual re-sighting probability of 0.4 (Kery

& Schaub 2012) for all stocks. We then counted the

number of times each individual was sighted over the

study period in both the simulated and real datasets,

and tested for statistical differentiation in sighting

rate between the simulated and real datasets using a

2-sample Wilcoxon rank sum (Mann-Whitney) test.

We further tested for patterns of spatio-temporal

variability in individual habitat use within stocks that

might lead to sampling bias in the dataset. Because

some citizen scientist contributions do not have asso-

ciated location data, these were excluded from this

test. To estimate average individual inter-annual

travel distance, we randomly selected 1 location per

individual per year, calculated the distance between

locations, and took the mean across all individuals

and all years. To estimate the expected inter-annual

travel distance for a randomly mixed population, we

randomly selected x individual locations from all

available locations per year, where x = the number of

actual individual sightings in each year, and again

calculated the mean distance across all individuals

and years. We then compared the true inter-annual

distance to the expected inter-annual travel distance

in a randomly mixing population using a 1-sided

Wilcoxon rank sum test.

2.4.  Demographic model setup and

abundance estimation

In order to optimize the utility of the available data,

the selected abundance estimation method reflects a

compromise between spatially explicit models and

more traditional mark−recapture models, which do

not typically account for spatio-temporal heterogene-

ity in individual location or experimental design. We

used a POPAN model (Schwarz & Arnason 1996),

stratified within each stock according to gaps in

observations or significant bathymetric/ geographic

changes that affect how protected nearshore habitat
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is. Individuals were as signed to a subarea stratum

based on their first sighting location; individual cap-

ture histories included all subsequent sightings of the

individual regardless of observation location. Because

subarea stratification requires knowledge of an indi-

vidual’s location, individuals that had no associated

GPS data across all encounters were excluded from

POPAN analyses.

Population abundance analyses roughly follow

Brad ford et al. (2018). Estimation was undertaken

using the ‘RMark/MARK’ package (White & Burnham

1999, Laake 2014) in R v3.6.1 (R Core Team 2016),

using the POPAN implementation of a Jolly-Seber

model (Jolly 1965, Seber 1965), which estimates the

abundance of a hypothetical super-population that

includes all individuals that ever enter into the popu-

lation. We used year as the sampling period and

ignored re-sightings within each year. Because sam-

pling effort varied among years and stocks, abun-

dance estimates were only attempted for each stock

in the years when that stock was sampled. POPAN

estimates 4 parameters: apparent survival (φ), cap-

ture probability (p), probability of entry into the pop-

ulation (β), and super-population size (N ). We used a

logit link function to model φ and p, a multinomial

logit link function to model β, and the log link func-

tion to model N.

The POPAN model assumes (1) unique, perma-

nent, and correctly identified markings on all distinc-

tive individuals, (2) homogeneous apparent survival

probability, (3) homogeneous capture probability, (4)

independent probability of capture and apparent

survival, (5) instantaneous sampling, and (6) constant

sample area. The first 2 assumptions are met by the

data in this study. To meet the first assumption, we

use only good- and excellent-quality photos (photo

quality score 3−4) and distinctive and very distinctive

individuals (individual distinctiveness 3−4) in the

models. The third a  ssumption, that of homogeneous

capture probability, is likely true with respect to

marked vs. unmarked individuals. The additional

spatio-temporal variability in capture probability,

driven by ecological and individual differences in

habitat use within each stock, was addressed by sub-

dividing stocks into subareas and estimating capture

probability and probability of entry into the stock

within each subarea. The fourth assumption, inde-

pendent probability of capture and apparent sur-

vival, could be violated by social associations among

individuals or by learned habitat preferences. This

assumption is also partially addressed by subdivid-

ing stocks to control for geographic bias in sampling.

The fifth and sixth assumptions were violated by

weather and logistical constraints to sampling, which

caused sampling effort to vary spatially and in dura-

tion each year. In order to minimize variability in

sampling effort, we used one year as the sampling

period. This violates the assumption of instantaneous

sampling, but the violation can be addressed by allow-

ing capture probability to vary with time (O’Brien et

al. 2005).

For resident populations of bottlenose dolphins, an

additional source of potential bias in abundance esti-

mates comes from visits from non-resident individu-

als, which may artificially inflate the estimated abun-

dance of the resident population (Pradel et al. 1997,

Rosel et al. 2011). In this study, we rely on a long-term

dataset with multiple samples per year to improve

our ability to identify resident vs. non-resident indi-

viduals, based on assessment of factors such as loca-

tion (based on depth) at which the animals were

encountered, animal size, and social connectivity with

the resident population. We exclude groups from the

analyses thought to be part of the offshore population

based on these factors, and discuss results from social

network analyses relevant to the likelihood of addi-

tional non-resident individuals being included in the

sample.

For each stock, model-estimated p and β were

allowed to either be constant or vary by year, sub-

area, or subarea × year. N was set to vary by sub-

area. φ was held constant in each stock, as pub-

lished estimates for apparent survival in bottlenose

dolphin populations indicate that this parameter is

not likely to vary across years (Carretta et al. 2016).

This resulted in 16 different models tested within

each stock. The optimal model was selected by min-

imizing Akaike’s information criterion corrected for

small sample size (AICc) (Hurvich & Tsai 1989,

Akaike 1998). Model goodness-of-fit was estimated

using RELEASE (Burnham 1987) to estimate a vari-

ance inflation factor (ĉ). For each stock, ĉ > 1 indi-

cated overdispersion in that stock, which was cor-

rected for before model selection and parameter

estimation by computing quasi-AICc (QAICc) (An -

derson et al. 1994) and multiplying all variance es -

timates by ĉ .

Parameter estimates were averaged across all

models proportional to their AICc weight to account

for model uncertainty. Model-averaged annual abun-

dances (Ni, i = 2000, 2001, 2002 …, 2018), standard

error (SE), and 95% confidence interval (CI) for each

stock around the main Hawaiian Islands were esti-

mated using ‘popan.derived’ in RMark.

We corrected estimates of Ni and 95% CI for the

stock-specific proportion of distinctive individuals in
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each stock (θ) based on the mean proportion of

distinctive individuals in each encounter. We first

tested for annual and stock-specific differences in

the proportion of high quality photos taken and in

θ using an ANOVA in R, and plotted residuals to

confirm that the data fit ANOVA assumptions of

normality and heterogeneity of variance (results

not shown). Following this, within each stock we

calculated θ = ndist3,4/ntotal where ndist3,4 is the num-

ber of distinctive or very distinctive individuals

documented during an encounter, and ntotal is the

total number of individuals documented during an

encounter. Both ndist3,4 and  ntotal were calculated

using only the best quality photos (photo quality of

3 or 4). We restricted this analysis to include only

encounters with groups of 4 or more documented

individuals, so that the proportion would not be

biased by small group sizes (Bradford et al. 2018).

For estimates of stock-specific θ, we used only the

subset of the data that was collected by CRC,

because standard CRC field protocol is to photo-

graph all individuals regardless of size or distinctive-

ness to minimize bias in individual documentation.

The final, corrected abundance estimate for each

population each year is

(1)

for each stock j in the study. Variance around Ni

was estimated using the delta method from Seber

(1982), as described by Bradford et al. (2018), and

used to estimate confidence intervals following Burn-

ham (1987).

2.5.  Estimating confidence in population trends

Finally, we tested the trends estimated in this study

by randomly generating annual abundances from

multivariate normal distributions with means and

covariance matrices derived from the POPAN esti-

mates and covariance matrices for annual abundance

within each stock, and fitting a linear regression to

the randomly generated abundance estimates. This

was repeated 10 000 times, and we used the distribu-

tion of regression slopes for each stock to calculate

the 95% confidence intervals of population trends for

each stock.

This process was repeated for all stocks combined,

using only years in which an estimate was made for

all stocks (n = 12 years), in order to understand the

trajectory of abundance trends at a metapopulation

level for stocks in the main Hawaiian Islands.

2.6.  Code availability

All codes for analyses and manuscript generation

were written using R and R Markdown, and are avail-

able on GitHub at https:// github.com/ cascadiaresearch/

HITt_abundance or https:// github. com/ avancise/ HITt

_  abundance.

3.  RESULTS

During the entire study period, 1413 individuals

were identified across all 4 stocks in the main

Hawaiian Islands, for a total of 5220 individual sight-

ings. Twenty-eight individuals were determined to

be from an offshore population and were removed.

Eight of these were identified on a single encounter

off Hawai‘i Island, in water >3000 m deep, were

observably larger than residents of the Hawaiian

population, and had no social connection with any

Hawaiian stocks (Baird 2016, Cascadia Research

Collective unpublished data). An additional 19 were

observed around Kaula Rock, offshore of Ni‘ihau and

outside the boundaries for any of the stocks. The final

individual was identified during a NOAA offshore

survey. Additionally, 26 individuals that were en -

countered during a NOAA survey of the windward

side of Hawai‘i Island were removed due to inconsis-

tent sampling of this region. Once preliminary qual-

ity control filtering was completed, the final dataset

comprised 2818 observations of 765 individuals, with

a median of 2 observations per individual.

However, 355 of the individuals in the dataset were

observed on only a single occasion. In 3 of the 4

stocks, sampling differed significantly from random

(Fig. 1). Further, our test of individual inter-annual

travel distance indicated that, in all stocks, individu-

als occupy a significantly smaller portion of the avail-

able habitat than expected (Fig. 2). Because sam-

pling effort varied spatially within each stock, this

variability in habitat use is likely a cause of the non-

random sampling pattern detected in the dataset.

Non-random sampling was partially accounted for

by subdividing stocks spatially (Fig. 3A); annual

abundance estimates in each subarea are based only

on years with observations in that subarea. Subdivid-

ing stocks resulted in 2 to 4 subareas within each

stock. Five individuals were never associated with a

GPS location throughout the study period and there-

fore could not be assigned a subarea and were

removed from POPAN abundance estimates. Individ-

uals with known locations were re-sighted in the

same subarea as their original sighting during 76%

N
N

ij
ij

j

,corr =
θ
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of re-sights. A small number of individuals (n = 9)

were encountered in both Maui Nui and O‘ahu

(Table 1); these individual encounters were incorpo-

rated into the estimate for the stock where they were

first observed. The number of encounters in the

curated dataset differed considerably by stock and

subarea over the study period (Table 1, Fig. S1 in the

Supplement at www.int-res.com/ articles/ suppl/ n045

p037 _ supp.pdf). Stratifying by subareas within stocks

revealed subareas where sampling deviated from

random, including 1 subarea in Maui Nui and both

subareas in Hawai‘i and O‘ahu (Fig. 3B).

Discovery curves approached an asymptote in

Kaua‘i/  Ni‘ihau, O‘ahu, and Maui Nui, suggesting

that a large portion of the population was sampled

over the cumulative sampling period (Fig. 4A). In

Hawai‘i, the discovery curve still approximated 1:1

due to multiple large influxes of individuals late in

the study period. This includes 29 new individuals

that were added in 2012 resulting in a large jump

in the discovery curve, 19 of which were seen at

least once in later years. Subdividing stocks re -

vealed subareas within each stock that have been

sampled fewer times and thus are not as close to

reaching an asymptote, in cluding 2 subareas in

Kaua‘i/Ni‘ihau and 1 each in Maui Nui, Hawai‘i,

and O‘ahu (Fig. 4B). Goodness-of-fit testing indi-

cated overdispersion of the data with respect to the

model in all stocks (Table 2), and model fit was

adjusted by ĉ .

Of the 16 models tested within each stock, the opti-

mal model allowed capture probability to vary by

year and subarea in Kaua‘i/Ni‘ihau and Maui Nui,

with ≥99% of the QAICc weight for these stocks

(Table 2). Capture probability varied by time only in

the optimal model for O‘ahu, with 76% of the model

weight, and Hawai‘i, with 99% of the model weight.

Probability of entry varied by subarea in the optimal

model for all stocks.

Model-averaged capture probability varied widely

among years and subareas, averaging 0.23 (95% CI:

2.4 × 10−5 to 0.78) in Maui Nui, 0.22 (95% CI:

0.007−0.67) in O‘ahu, 0.42 (95% CI: 0.079−0.99)

in Hawai‘i, and 0.35 (95% CI: 1.3 × 10−5 to 1) in

Kaua‘i/Ni‘ihau (Table S1). Apparent survival (φ) esti-

mates ranged from 0.84 to 0.9 (Table 3), with the

highest apparent survival in Kaua‘i/Ni‘ihau and low-

est apparent survival in O‘ahu.

Fig. 1. Within-stock comparisons of the Hawaiian bottlenose common dolphin dataset used in this study with a simulated

randomly sampled dataset. All p-values displayed are the probability that the 2 distributions are the same, from a 2-sample 

Wilcoxon rank sum test
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The proportion of individuals with high-quality

photos (quality ≥3, mean 94% of total photos in an

encounter), calculated using only the subset of the

data collected by CRC, did not vary significantly

across years (ANOVA F1 = 0.003, p = 0.96), but did

vary by stock (ANOVA F3 = 5.1, p = 0.003). The pro-

portion of distinctive animals in an encounter, calcu-

lated using the same subset of data collected by

CRC, did vary across years (ANOVA F1 = 8.1, p =

0.005) as well as among stocks (ANOVA F3 = 3.446,

p = 0.02). Values for mean and variation in the pro-

portion of distinctive individuals across encounters

(θ) used to adjust abundance estimates and confi-

dence intervals are reported in Table 4.

Abundance estimates indicate annual growth rates

of 10.5, −2.6, −8.6, and −3%, respectively in Hawai‘i,

Kaua‘i/Ni‘ihau, Maui Nui, and O‘ahu (Table 5, Fig. 5).

Because confidence intervals are wide for all stocks,

actual growth rates may be smaller or larger. 95%

CIs for the slope of population trends in each stock

were 0.94 to 5.31, –6.9 to –1.7, –13 to –6, and –10.3 to

2.7 in Hawai‘i, Kaua‘i/Ni‘ihau, Maui Nui, and O‘ahu,

respectively. When the main Hawaiian Island popu-

lation trend is considered, for years in which abun-

dance estimates were calculated in all stocks, the

95% CI for the slope of population growth was −19.3

to −4.8.

4.  DISCUSSION

4.1.  Bottlenose dolphin stocks around the main

Hawaiian Islands appear to be declining

Our results indicate lower-than-expected apparent

survival rates in all stocks of bottlenose dolphins in

the main Hawaiian Islands (Carretta et al. 2016).

Point estimates indicate a negative trend in abun-

dance in 3 of the 4 stocks, and 95% CIs for the slopes

of the trends are consistent with a decline in abun-

dance for 2 of the stocks. Abundance estimates for

the Hawai‘i stock, representing the leeward side of

the island, increased over the study period. Al -

though these abundance estimates and trends re -

present the best available data, they should be inter-

preted with caution as the results may be driven

by biases in study design, which are discussed in

Section 4.2.

43

Fig. 2. Estimates of individual inter-annual movement distance compared with expected interannual movements of individu-

als in a randomly mixing stock of Hawaiian bottlenose common dolphin. All p-values are the likelihood that the real distance 

traveled is not smaller than the simulated distance traveled, from a 1-sided Wilcoxon rank sum test
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Fig. 3. (A) Sighting locations and subarea stratification of individual Hawaiian bottlenose common dolphins in this study. Indi-

viduals were assigned to a subarea based on the location where they were first sighted. Subareas were defined by assessing

natural breaks in the stock, or by using shifts in geography or aspect of land that would affect how protected nearshore habitat

is. Red lines indicate stock boundaries; colored dots correspond to the subarea colors in Fig. 4B. (B) Within-subarea compari-

son of the dataset used in this study with a simulated randomly sampled dataset. All p-values displayed are the probability that

the 2 distributions are the same, from a 2-sample Wilcoxon rank sum test. Subarea designations in both subplots are as follows: 

Kaua‘i/Ni‘ihau: KA, KB, KC, KD; O‘ahu: OA, OB; Maui Nui: MA, MB; Hawai‘i: HA, HB
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This is the second abundance estimate for stocks of

bottlenose dolphins in the main Hawaiian Islands,

and the first attempt to understand temporal trends

in population sizes of these stocks. The dataset used

for these estimates builds upon the dataset used for

the abundance estimates published in 2009 (Baird et

al. 2009). For the period before 2006, our POPAN

abundance estimates roughly correlate with the orig-

inal estimates published in Baird et al. (2009), calcu-

lated using a closed Lincoln-Petersen model, with

the exception of the O‘ahu stock. In that stock, our

abundance estimates are considerably lower than

those of Baird et al. (2009). In that study, the authors

indicated that estimates from the O‘ahu stock may be

inflated due to (1) low individual sample size, (2)

small number of encounters, (3) small number of

sample years included in the study, and therefore (4)

small number of resights, although the 2009 study

also took into consideration the possibility that some

of the sampled groups came from an offshore stock

(Baird et al. 2009). Adding additional years to the

study and increasing the number of resights has

decreased abundance estimates in early years. In the

remaining 3 stocks, the estimates from this study

concur with those from the 2009 study, albeit based

on largely overlapping datasets.

Bottlenose dolphins inhabit the protected, shallow,

nearshore waters off the main Hawaiian Islands, and

as such they regularly interact with humans using

the same areas for a variety of activities, including

dolphin-watching tourism, fishing, recreational boat-

ing, shipping, and naval activities. These activities

increase cumulative noise interference, resource com-

petition, and risk of injury or death for all species that

rely primarily upon the same habitat. They must also

contend with habitat degradation and contaminant

loading generated by the large coastal populations

living on the islands, and face an elevated risk of

ingestion or entanglement in marine debris, espe-

cially plastics from land-based activities (Currie et al.

2017). Relatively little is known about the effects of

these activities on stocks of bottlenose dolphins

specifically, but they likely face threats similar to bet-

ter studied highly mobile marine species, such as

other odontocetes, sea turtles, and monk seals. From

these studies, major risk factors include exposure to

pathogens (both natural and anthropogenic) and

contaminants (e.g. Littnan et al. 2006, Lopez et al.

2012, Bachman et al. 2014, Barbieri et al. 2018, Kratofil

et al. 2020), and interactions between the 2 factors

(Aguirre et al. 1994), as well as trauma related to fish-

ing gear and boat strikes (e.g. Chaloupka et al. 2008,

McCracken 2010, Baird 2016). These effects may

vary spatially according to individual or group-spe-

cific variability in ranging behavior, so that the

cumulative impact to an individual is highly depend-

ent on its spatial use (Baird 2016). For example, bot-

tlenose dolphins inhabiting the leeward waters of

Hawai‘i Island are likely to be heavily impacted by

recreational vessels and fishing, while the O‘ahu

stock is likely heavily impacted by noise from ship-

ping activity (Baird 2016), and the Kaua‘i/Ni‘ihau

stock overlaps spatially with naval activities to the

northwest of Kaua‘i (Baird et al. 2017). The impact of

these activities on nearshore stocks of dolphins and

whales is unknown; the present study indicates a
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Stock Subarea Span of years No. of CRC PWF Other Total

individuals encounters encounters encounters encounters

Kaua‘i/Ni‘ihau KA 2003−2018 36 35 0 6 41

Kaua‘i/Ni‘ihau KB 2003−2018 80 39 0 9 48

Kaua‘i/Ni‘ihau KC 2004−2017 71 26 0 11 37

Kaua‘i/Ni‘ihau KD 2003−2015 5 5 0 0 5

O‘ahu MB 2007−2008 6 0 0 2 2

O‘ahu OA 2002−2017 20 4 0 4 8

O‘ahu OB 2002−2018 201 10 0 161 171

Maui Nui MA 2004−2018 51 1 2 16 19

Maui Nui MB 2000−2018 140 60 118 118 296

Maui Nui OB 2007−2017 3 1 0 1 2

Hawai‘i HA 2002−2018 117 86 0 20 106

Hawai‘i HB 2003−2015 37 12 0 2 14

Total 767 279 120 350 749

Table 1. Number of encounters by subarea (see Fig. 3 for locations) within each Hawaiian common bottlenose dolphin stock,

number of individuals identified in each subarea, and the range of years of coverage in each subarea. Individuals were as-

signed a subarea based on their first sighting location; a small number of individuals were observed in both Maui Nui 

and O‘ahu. CRC: Cascadia Research Collective; PWF: Pacific Whale Foundation; other: citizen scientist contributions
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possible long-term negative trend in abundance across

the main Hawaiian Island meta-population of bottle-

nose dolphins (95% CI of slope of population growth:

−19.3 to −4.8), which may be correlated with near-

shore habitat degradation by anthropogenic activities.

Abundance estimates for all stocks in this study

range from the 10s to low 100s, with confidence inter-

vals indicating that some stocks may have an abun-

dance of up to 400 individuals. This relatively low

abundance has been documented in stocks of bottle-

nose dolphins off multiple remote islands or archipel-

agos (e.g. Silva et al. 2009, Milmann et al. 2017,

Estrade & Dulau 2020), which act as productive hot -

spots in otherwise oligotrophic areas of the ocean, as

well as some less remote islands (Brereton et al. 2018).

Population sizes of approximately 100 individuals are

relatively common among stocks of bottlenose dol-

phins with well-defined, restricted ranges and a high
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Fig. 4. Discovery curves illustrating sampling coverage based on the rate of accumulation of new individual Hawaiian bottle-

nose common dolphins over cumulative number of sightings, both (A) by stock and (B) by subarea within each stock. In (B),

the lower left plot region is enlarged in grey (lower right). In each plot, a 1:1 line is shown in grey as a reference. Subarea

designations in (B) are as follows: Kaua‘i/Ni‘ihau: KA, KB, KC, KD; O‘ahu: OA, OB; Maui Nui: MA, MB; Hawai‘i: HA, HB. 

Geographic locations of each subarea are shown in Fig. 3A
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degree of site fidelity, in both island-associated and

coastal habitats (Wilson et al. 1999, Ingram & Rogan

2002, Silva et al. 2009). Based on a line-transect

 survey conducted in 2003, Barlow (2006) estimated

approximately 465 individuals in the main Hawaiian

Island meta-population, which may be equivalent to

roughly 100−150 individuals per stock in 2003.

4.2.  Caveats to estimates of abundance and trends

While there were negative trends in both the

Kaua‘i/Ni‘ihau and O‘ahu stocks, the annual esti-

mates did not differ significantly throughout the

study, so the trends cannot be considered reliable.

Significant declines were found in the Maui Nui

stock; however, the geographic range of sightings

varied greatly on an annual basis and contracted

over the study period in both the Maui Nui and

O‘ahu stocks (Figs. S2 & S3) despite a dramatic in -

crease in the number of encounters (primarily driven

by citizen scientist contributions, see Fig. S1), which

may have affected model estimates of annual abun-

dance and apparent survival, as well as confidence

intervals. The effect of this is apparent in the discov-

ery curves (Fig. 4A,B), which show that the apparent

flattening of the curve for each stock is driven prima-

rily by sampling in 1 subarea, while the second sub-

area in each stock is truncated due to small sample

size, and has an approximate relationship of 1:1. In

both stocks, the number of individuals sighted annu-

ally did not change appreciably over the study period

(Table 5), although the number of sightings increased

dramatically in recent years, indicating a large number

of resights of the same individuals. This is reflected

in the increase in capture probability over time in

both stocks (Table S1), and results in a smaller abun-

dance estimate over time. A lack of as sociated effort

data makes it unclear whether the increase in cap-

ture probability is due to resampling within a smaller

portion of the range of the stock, or whether the stock

has in fact decreased in abundance and range over

time. Further, in the O‘ahu stock, the optimal POPAN

model considered only annual variance when esti-

mating capture probability (Table 2), even though

47

p β npar AICc Delta AICc Weight Deviance Stock ĉ

~Subarea × Time ~Subarea 61 1321 0.0 0.9969 61.9 Kaua‘i/Ni‘ihau 1.1

~Subarea × Time ~1 58 1333 11.5 0.0031 81.1 Kaua‘i/Ni‘ihau 1.1

~Time ~Subarea 21 651 0.0 0.7870 −201.3 O‘ahu 1.7

~Time ~1 20 654 3.1 0.1636 −195.9 O‘ahu 1.7

~Subarea × Time ~1 36 657 6.1 0.0369 −230.2 O‘ahu 1.7

~Subarea × Time ~Subarea 37 659 8.4 0.0120 −230.4 O‘ahu 1.7

~Time ~Time 34 665 14.8 0.0005 −216.6 O‘ahu 1.7

~Subarea × Time ~Subarea 41 1155 0.0 1.0000 −26.1 Maui Nui 1.2

~Time ~Subarea × Time 52 1047 0.0 0.9855 3.5 Hawai‘i 1.1

~Time ~Subarea 22 1056 8.9 0.0114 86.5 Hawai‘i 1.1

~Time ~Time 36 1059 12.4 0.0020 57.0 Hawai‘i 1.1

~Time ~1 21 1061 13.7 0.0011 93.5 Hawai‘i 1.1

Table 2. Model Akaike’s information criterion corrected for small sample size (AICc) and weight from the models with weight

>0.0001 within each island stock of Hawaiian bottlenose common dolphins. p (capture probability) and β (probability of entry)

for each model are shown in the first 2 columns. Lowest AICc indicates the optimal model, but all models were averaged by

their weight to account for model uncertainty. Because all models were corrected for overdispersion (ĉ > 1), AICc, Delta AICc, 

and deviance are quasi-estimates. npar: number of parameters

Stock Estimate SE

Kaua‘i/Ni‘ihau 0.9 0.011

O‘ahu 0.84 0.023

Maui Nui 0.86 0.013

Hawai‘i 0.85 0.019

Table 3. Model-averaged estimates and standard error (SE)

of apparent survival (φ) within each Hawaiian bottlenose

common dolphin stock

Stock θ θvar

Kaua‘i/Ni‘ihau 0.74 0.0269

O‘ahu 0.87 0.0045

Maui Nui 0.83 0.0044

Hawai‘i 0.75 0.0265

Table 4. Mean and variance of the proportion of distinctive

individuals (θ) in encounters within each Hawaiian bottle-

nose common dolphin stock, used to correct POPAN esti-

mates of the abundance of distinctive animals based on the

Delta method
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individual habitat use is significantly smaller

than the entire range of the stock (Fig. 2),

indicating that survey effort likely covered

only a portion of the stock range. Con-

tracted survey effort in these 2 stocks will

affect model fit, so that these estimates may

reflect only a portion of the total stock,

especially in later years. Although survey

effort was more consistent in the Kaua‘i/

Ni‘ihau stock, an nual variability due to

weather or funding constraints likely had a

similar effect on model-estimated abun-

dance and apparent survival.

Although confidence intervals were

large for the Hawai‘i stock, indicating that

the population may not be growing at the

rate estimated by the model, our estimate

of 95% CIs for trend indicate that it is

unlikely that the stock is declining. The

mean annual growth of 10.5% in this stock

is greater than the species’ maximum ex -

pected growth rate of 4%, and was driven

primarily by the discovery of new individu-

als in the early part of the survey (2002−

2007), as well as influxes of a relatively large

number of new individuals in 2012 that may

represent an immigration event, as most in -

dividuals were resighted later in the study.

Abundance estimates for the Hawai‘i

stock only considered observations made

on the leeward side of the island due to a

lack of observations from the windward

side, and are likely underestimates of true

stock abundance. On the windward side,

33 observations were made of 33 distinct

individuals over the study period, 32 of

which were obtained during a 2016 survey

conducted by the Pacific Islands Fisheries

Science Center. Of the 33 individuals, 7

were observed at least twice over the sur-

vey period, with 1 individual observed 3

times. Of those 7, 4 were re sighted in sub-

area HA, and 2 in subarea HB (see Fig. 3

for subarea locations). In order to conduct

nonbiased assessments of abundance and

trends on the windward side of Hawai‘i

Island, it will be necessary to increase sur-

vey effort in that region.

Survey effort was lower on the windward

side of all islands compared to the leeward

side; therefore, we suggest that regular

surveys on the windward side of each of

the Hawaiian Islands may increase abun-
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dance estimates for all stocks. However, increasing

survey effort off the windward side of the islands, or

increasing survey effort more generally to achieve a

more consistent spatio-temporal sampling effort, is

likely to inflate trend estimates going forward, due to

the likelihood that increased spatial coverage will

increase the number of individuals observed. Simu-

lation studies will be necessary to understand the

impact of increased sampling effort before compar-

ing current abundance estimates with any future

estimates based on increased survey effort.

An additional source of potential variability comes

from the possibility for inclusion of individuals from

the offshore stock or other potential island-associated

stocks (e.g. from the Northwestern Hawaiian Islands),

which could artificially inflate abundance estimates

and increase confidence intervals around annual esti-

mates. When offshore groups are seen only once,

their inclusion in the dataset can artificially decrease

estimated apparent survival rates and increase abun-

dance estimates as well as the uncertainty around

those estimates. While we consider all animals in -

cluded in the study to be part of 1 of the 4 main

Hawaiian Island stocks based on their sighting loca-

tion and size, network analysis of long-term photo-ID

datasets have re vealed that some individuals are not

socially connected with the resident populations.

Overall, 15.42% (n = 128) of individuals in the dataset

are not associated with main Hawaiian Island social

networks (Cascadia Re search Collective unpub-

lished data), mostly in the O’ahu and Maui Nui stocks.

Of these, 118 individuals (97%) were ob served on a

single occasion. This suggests the possibility for

some influence from offshore groups that has not yet

been ac counted for, although social connectivity

alone is not sufficient to determine which individuals

are not part of a stock. Alternatively, in the O’ahu

and Maui Nui stocks in particular, this pattern may

indicate additional population structure that has not

yet been de scribed. As above, consistent annual to

semi-annual sampling would improve the ability to

identify and remove any offshore individuals, thus

reducing uncertainty in estimates of apparent sur-

vival, abundance, and annual trends.

4.3.  Bottlenose dolphins exhibit habitat 

preferences within stocks

Often, coastal areas are co-inhabited by resident

and transient populations of bottlenose dolphins,

which can confound mark−recapture abundance

estimates by violating the assumption that marked

animals do not emigrate (e.g. Silva et al. 2009, Conn

et al. 2011), which can negatively bias apparent sur-

vival (Pradel et al. 1997). In our case, only a small

proportion of marked individuals were determined

not to be part of 1 of the 4 Hawaiian stocks, and these

were re moved from the study before model fitting.

Rather, we found that individuals tended to have a

smaller home range than the entire available habitat

within each stock, indicating strong site fidelity

within populations. The strongest spatial hetero-

geneity in individual habitat use was found in Maui

Nui, where individual interannual movements were

as much as 10 km (>30%) less than would be ex -

pected in a randomly mixing stock (Fig. 2), and the

second largest difference was found off Hawai‘i

Island. However, data from 1 bottlenose dolphin satel-

lite tagged off Kaua‘i over a period of 34 d shows that

movements over a large proportion of the stock

range are possible in a relatively short period of time

(Baird et al. 2012).

Spatial heterogeneity in individual habitat use, as

well as variability in individual degree of residency,

is common in bottlenose dolphin populations and has

been exhibited at various scales within stocks (e.g.

Forcada et al. 2004, Haughey et al. 2020). While this

pattern of restricted habitat use has been ob served in

other island-associated bottlenose dolphin popula-

tions (e.g. Milmann et al. 2017), other studies have

found that some individuals will emigrate temporar-

ily, returning to the island after multiple months (e.g.

Silva et al. 2009, Dinis et al. 2016, Estrade & Dulau

2020), indicating that the island may be part of a

larger habitat range. It is possible that individual

movement, residency patterns, or habitat prefer-

ences are another learned behavior in this species,

which has been shown to learn various other kinds of

behaviors (e.g. Reiss & McCowan 1993, Mc Cowan et

al. 2000, Krützen et al. 2005, 2014, Sargeant et al.

2005); social learning of these behaviors would con-

tribute to the spatial heterogeneity observed within

stocks in this study.

This heterogeneity in habitat use, combined with

annual variability in survey effort, is likely to nega-

tively bias apparent survival estimates. Weather-

driven or funding-related variability in spatial cover-

age within stock boundaries led to a disproportionate

number of individuals encountered once during the

course of the study. Because the POPAN formulation

of the Jolly-Seber mark−recapture model does not

distinguish between permanent emigration and

death, a large number of individuals seen only once

will artificially inflate model estimates of emigration/

death and decrease apparent survival in each stock
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(Pradel et al. 1997); this is the effect of transient pop-

ulations, but can also cause bias if a region within the

study area is sampled only once or a few times. Low

apparent survival estimates in all stocks in this study

are likely driven at least in part by non-random sam-

pling, and offset by allowing the probability of entry

to vary by subarea. Subdividing stocks into sub -

areas helped identify subareas that are well sam-

pled, and others where additional sampling would

improve model estimates of abundance and appar-

ent survival. Because POPAN assumptions of ho -

mogeneous capture probability, independent proba-

bility of capture, and constant sample area are

sensitive to annual heterogeneity in survey design

and individual habitat use, it is likely that contin-

ued effort in poorly sampled regions would improve

estimates of apparent survival, as well as decrease

confidence intervals in future estimates of annual

abundance.

4.4.  Consistent sampling is important to

 understanding population trends

These abundance estimates were possible due to

approximately annual surveys of each stock since

2000, as well as the invaluable contributions of citi-

zen scientists. Without this survey effort in the near-
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shore Hawaiian Island habitat, it would not have

been possible to assess trends in the population demo-

graphics of the 4 stocks in the region. Within each

stock, the total number of encounters was signifi-

cantly increased by the efforts of citizen scientists

and research organizations collaborating with CRC

and PWF by sharing ID photos of their encounters. In

Maui Nui and O‘ahu, these efforts increased the geo-

graphic range of the sampling area to include islands

unsurveyed by CRC and PWF. Our understanding of

the O‘ahu stock is largely driven by citizen scientist

contributions, which make up the bulk of our obser-

vations from this region.

However, logistical constraints to that effort, most

notably due to funding and weather (including a

leeward sampling bias due to consistent high winds

on the windward side of each island), affect geo-

graphic coverage within stocks from year to year.

This variability in effort introduces uncertainty into

estimates of demographic parameters such as abun-

dance and trends in abundance over time. For ex -

ample, the large annual variation in capture proba-

bility among subareas in this study likely reflects

differences in survey effort in each year, although

this correlation cannot be tested directly because

effort data are not available from all citizen scientist

survey effort, and because CRC surveys were not

restricted to bottlenose dolphins or the nearshore

habitat. Managers should take uncertainty due to

logistical constraints on survey effort into consid-

eration when using the present study to inform

stock assessments or management plans, and future

work should aim to include consistent sampling of

the entire bottlenose dolphin habitat within all 4

stocks on an annual to semi-annual basis (defined

in Fig. 3A).

4.5.  Management considerations

The estimates of bottlenose dolphin abundance

presented here, based on the best data currently

available, indicate a strong likelihood that 3 out of 4

bottlenose dolphin stocks in the Hawaiian Islands are

currently in decline. To date, very little is known

about the health and ecology of these populations;

updated abundance estimates and population trends

are therefore important information when managing

these stocks. Although there are biases to the study

design that most likely affected these estimates, a

conservative approach to management will incorpo-

rate these estimates and trends into their manage-

ment plans as the best available data. Concurrently,

managers should look to secure funding directed

specifically at addressing the biases described here,

so that future management plans may be based on

data with a higher degree of confidence. Similarly,

studies examining the potential drivers of declines,

especially in the 2 stocks with higher levels of confi-

dence, will be an important step toward the manage-

ment and conservation of bottlenose dolphins in the

Hawaiian Islands.
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