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Abstract
In late 2020 and into 2021, the World Health Organization (WHO) began labeling

emerging SARS-CoV-2 strains with increased transmissibility and/or virulence as variants of
concern (VOCs). Communities, including Hawai‘i, that have limited ICU resources and are
geographically isolated and experience frequent international and domestic travel, were very
concerned about the potential for these variants to enter through domestic or international travel
and implemented strict travel restrictions to reduce the likelihood of introductions. In this study,
the dynamics of importation and spread in Hawai‘i of the Alpha, Gamma Mu, Delta, and
Omicron VOCs were investigated. A phylogeographic analysis of these VOCs was conducted
using a time-calibrated phylogenetic reconstruction through maximum likelihood and Bayesian
methods, followed by a biogeographic analysis using Dispersal-Extinction-Cladogenesis
evolutionary models to describe the pattern of spread between counties in the state. This study
recovered 1,268 independent introductions into Hawai‘i from international and domestic sources,
with only ~30% of those introductions resulting in subsequent community transmission. Nine
hundred thirty interisland movements were identified, with ~50% as imports/exports from
Honolulu County. It appears that the non-pharmaceutical interventions implemented in Hawai‘i,
primarily the pre-travel testing, played a large role in reducing the number of imports, especially
early in the pandemic before widespread vaccination of the population. The effect of travel
restrictions was confirmed by comparing introductions and community spread before and after
the relaxation of these guidelines. Evidence indicates that these policies allowed Hawai‘i’s
medical infrastructure to manage severe cases of COVID-19 without being overrun, a particular
concern for a geographically isolated population like that in Hawai‘i. More generally, the

comparison of sequenced viral genomes with geographic data can reveal movement of the virus



between communities at fine spatial and temporal scales, and may be useful for informing public

health decisions in future pandemics.
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Introduction

The COVID-19 pandemic is the first in which Next-Generation Sequencing (NGS)
technology enabled almost real-time sequencing of COVID-19 cases. Since December, 2019,
over 11 million SARS-CoV-2 sequences have been generated by research groups around the
world and uploaded to the GISAID and NCBI databases (Clark et al., 2016; Shu & McCauley,
2017). These sequences have been important in understanding the ever-evolving pandemic. For
example, genomic surveillance allowed the identification of SARS-CoV-2 variants, some of
which are further classified as variants of concern based on their novel amino acid mutations that
may result in the mutants severely impacting public health (Candido et al., 2020; Ferreira et al.,
2021; Korber et al., 2020; Tegally et al., 2021). Phylodynamic analyses have estimated Ro and Rt
values of emerging variants as supplementary analyses to standard epidemiological
modeling(Guo et al., 2022; Lai et al., 2020; Miller et al., 2020; Yang et al., 2020). Evolutionary
analyses have been used to track introductions into communities, but other powerful
evolutionary analyses that incorporate geographic information may also be useful in pandemic
management. Phylogeographic analyses have proven to be an incredibly powerful tool in
understanding the spatio-temporal dynamics of viral influenza, zika, HIV, and Flavivirus
movement since it allowed groups to understand the movement of these diseases within and
between regions following an outbreak(Bbosa et al., 2019; Faye et al., 2014; Mir et al., 2017;
Volz et al., 2013; Wallace et al., 2007; Zhang et al., 2020).

At the beginning of the SARS-CoV-2 pandemic, phylodynamic studies focused on
general movement dynamics at a continental scale(Duchene et al., 2020; Nie et al., 2020;
Worobey et al., 2020). With greater sampling, finer spatial scales could be analyzed, including

SARS-CoV-2 dynamics between countries (Borges et al., 2022; Diez-Fuertes et al., 2020; du



Plessis et al., 2021; Elizondo et al., 2021; Farah et al., 2020; Miller et al., 2020; Nguyen et al.,
2022); this also was applicable at sub-country scales, allowing analysis of finer grained
movement patterns (Alkhamis et al., 2022; Candido et al., 2020; Farah et al., 2020; Gonzalez-
Reiche et al., 2020; Guo et al., 2022; Serwin et al., 2022; Tordoff et al., 2021) Today, over 11
million sequences are available in GISAID and NCBI (April 21, 2022). Candido et al. (2020)
estimated the number of imports and exports of SARS-CoV-2 cases in Brazil and determined
that most new SARS-CoV-2 cases were the result of community transmission. Furthermore,
regional introductions were important; large urban centers acted as SARS-CoV-2 sources for
rural areas. Similar findings resulted from a study of Washington state, where most SARS-CoV-
2 cases resulted from community transmission, and in this case, revealed evidence for directional
community transmission from western Washington into eastern Washington (Tordoff et al.,
2021).

These studies have effectively described the patterns of viral movement, but a wider array
of biogeographically-focused evolutionary models are available for the study of SARS-CoV-2.
Thus far, viral spread has been inferred by examining the sampling location of the nearest sister,
with no specific model or algorithm (Deng et al., 2020; Gonzalez-Reiche et al., 2020), ancestral
state reconstruction using maximum parsimony or maximum likelihood (Guo et al., 2022; Miller
et al., 2020; Tordoff et al., 2021), Bayesian inference using BEAST (Alkhamis et al., 2022,;
Serwin et al., 2022), and median joining networks (Farah et al., 2020). However, models have
been specifically developed for the evolution of the geographic range including dispersal,
extinction, and cladogenesis (DEC models (Ree et al., 2005; Ree & Smith, 2008)), and have been
used in evolutionary biology to infer historical geographic movement of species over a landscape

(e.g. Buerki et al., 2012; Couvreur et al., 2011; Cowman & Bellwood, 2013; Pinto-Sanchez et al.,



2012). These methods can be used to address more specific questions of biogeographic range
evolution: for example, comparing a slow directional spread through adjacent geographic regions
to a fast and frequent founder-event like dispersal through discontinuous geographic regions
(Matzke, 2013; 2014) which could be extremely informative considering that frequent air travel
connects the world.

The state of Hawai‘i provides an ideal case study for understanding the phylogeographic
dynamics of SARS-CoV-2 and the impact of non-pharmaceutical interventions (NPIs). Hawai ‘i
is the most isolated island archipelago in the world, so imports and exports can only occur
through long-distance travel, making it possible to unambiguously identify introductions. The
state’s four counties are located on geographically disjunct islands, which facilitates assessment
of intra-state transmission, and provides geographic replicates following a founder-event
introduction. Throughout the pandemic, the Hawai‘i State Department of Health has been
rigorously sequencing the SARS-CoV-2 genomes of all travel-related cases, and regularly
sequencing confirmed COVID-19 cases in the community as part of an ongoing genomic
surveillance project; this has confirmed that the Alpha, Gamma, Mu, Delta and Omicron VOCs
are present and circulating in Hawai‘i’s counties. The state instituted strict travel restrictions to
limit the number of introductions, but many questions regarding the dynamics of the variants,
such as the timings and sources of introductions, are currently unanswered. It would also be
useful to evaluate the effect of the NPIs that aimed to reduce the imports of SARS-CoV-2 into
the state and its spread between counties. Evaluation of quarantine and pre-travel testing
restrictions can be unambiguously compared in terms of prior to and immediately after lifting the

intervention.



The following questions were addressed: (1) Is Hawai‘i experiencing a constant stream of
introductions of different SARS-CoV-2 variants? If so, how many introductions can be
identified, how many of the introductions led to community transmission, and which regions
(domestic or international) were sources of introductions? (2) Do different SARS-CoV-2 variants
exhibit similar transmission patterns between different counties? Specifically, are the pattern of
imports/exports of variants similar between the counties? (3) Do the different counties in the
state of Hawai‘i share similar proportions of SARS-CoV-2 variants? Specifically, does each

county contain independent and unique proportions of variants?

Methods

Sequencing and Assembly

The State of Hawai‘i Department of Health provided 335 SARS-CoV-2 samples of
purified RNA from samples collected from confirmed positive COVID-19 patients in Hawai‘i
between March and August 2021 for this study. Library preparation was performed using the
NEBNext ARTIC SARS-CoV-2 Companion Kit (E7660-L, NEB, USA) using VarSkip Short
SARS-CoV-2 primers following the manufacturer’s protocols (NEB, USA). Amplicon pools
were prepared for sequencing using the Native Barcoding Expansion 96 Kit (NBD-196, Oxford
Nanopore Technologies, UK) and the Ligation Sequencing Kit (SQK-LSK109, Oxford Nanopore
Technologies, UK). Whole genome sequencing was conducted on the Oxford Nanopore
Technology MinlON platform using R9.4.1 flow cells for 48 hours for each batch of 96 samples.

Base-calling was conducted using Guppy v5.0.14 using the “dna r9.4.1 450bps_hac.cfg”

model. Demultiplexing was conducted using guppybarcoder with barcodes required at both ends.



Mapping and primer trimming was performed in the arctic-ncov-2019 pipeline
(https://artic.network/ncov-2019) with the consensus sequence generated by Medaka v1.0.3
(https://github.com/nanoporetech/medaka) with any site with a depth <20x being masked as Ns.
Lineages were assigned to sequences using Pangolin. Only sequences with coverage >90% and a

mean depth >100x were submitted to GISAID.

Global Sampling, Alignment, and Phylogenetic Reconstruction

All Hawai‘i SARS-CoV-2 genomes were retrieved on April 21, 2022 from GISAID
(GISAID, 2022), and filtered for variants of concern: Alpha (n=767), Gamma (n=190), Mu
(n=52), Delta (n=4,975) and Omicron (n=3,901). These sequences were then supplemented by
contextual datasets of global (n=6,765) and North American (n=6,509) sequences supplied by
the nextregions dataset, sequences that have been curated by the Nextstrain team for use in
genomic epidemiology for the region of interest.

Sequence data were filtered for quality, aligned, and used to reconstruct a starting tree for
phylogenetic analysis via the Nextstrain pipeline (Hadfield et al., 2018). The AUGUR
bioinformatics toolkit removed any sequences that are incomplete, <27,000 base pairs or >5%
Ns. Sequences lacking collection dates were also filtered out during this step. Sequences were
aligned using MAFFT v7.471 (Katoh & Standley, 2013). The first 100 and last 50 nucleotides of
the alignment were masked from the subsequent phylogenetic analysis due to difficulty in
accurately sequencing the beginning and end of the genomes. A time calibrated maximum-
likelihood phylogenetic tree was produced from the filtered, aligned and masked sequences using
IQ-TREE v2.0.3 (Nguyen et al., 2014) under a General Time Reversible (GTR) model and time

calibrated using TreeTime (Sagulenko et al., 2018). Variant specific subtrees for Alpha, Gamma,



Mu, Delta and Omicron were then extracted from the global phylogeny and used as starting trees
for BEAST analyses.

Phylogenetic reconstruction using Bayesian inference was performed using Thorney
BEAST (https://beast.community/thorney_beast; du Plessis et al., 2021) for each VOC. A GTR
substitution model was used with a strict molecular clock assumption with a substitution rate of
between 0.0007-0.002 substitutions/site/year (Miller et al., 2020) using a coalescent Bayesian
Skygrid approach. Each phylogeny was time calibrated using the collection date for each of the
samples. The analyses were run for 200M generations divided between two 100M generation
runs with sampling occurring every 10,000 generations. Analyses output files were examined
using Tracer v.1.7.1 to ensure adequate mixing of the runs, and to check that the ESS for all
parameters was >200. Trees were combined using LogCombiner and the consensus tree was

generated using TreeAnnotator after applying a 20% burn-in (Bouckaert et al., 2019).

The Biogeographic Model

Biogeographical evolution of the movement and timing of SARS-CoV-2 introductions
into the state and between the Hawaiian Islands was modeled using a Dispersal-Extinction-
Cladogenesis (DEC) model based on LAGRANGE with and without founder-event speciation
(DECHJ), implemented through the R package “BioGeoBEARS”’(Matzke, 2013; 2014; Ree &
Smith, 2008). Each sequence was assigned to a georegion based on the sampling location:
international, continental USA, or counties in Hawai‘i (Kaua‘i, Honolulu, Maui, and Hawai‘i

Counties).

VOC Timing of Introductions and Spread within Hawai ‘i

The number and timing of independent introductions into the state of Hawai‘i were

scored by comparison of the reconstructed regions. Where nodes were reconstructed with non-
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zero probability for multiple regions, character states at nodes were assigned using a majority
rule criterion (>50% probability), and introductions and exports were identified by comparison
of ancestor-descendant pairs. The source of the introduction and the county of import were
recorded through a custom R script written to automate this task. The number of global and
domestic introductions through time was used to assess whether Hawai ‘i is experiencing discrete
bursts or a steady stream of VOC introductions. This analysis was conducted at both state-wide
and county levels, exploring which counties act as sources and/or sinks of SARS-CoV-2 within
the state, and to further investigate and describe differences in interisland movement between

VOCs.

The Number of VOCs Introductions and Community Spread in Hawai ‘i

Introductions leading to community transmission were defined as imports that resulted in
at least three Hawai‘i descendants. This cut-off was established based on the 2.95 average
household size in Hawai‘i (U.S. Census Bureau, 2020) which indicates likely transmission
beyond the immediate family members of an infected individual. The rate of conversion into

community transmission was compared across VOCs.

Estimating Variant Composition By County

County-specific proportions of VOCs were compared using sequence data as a proxy for

population number using a Fisher’s Exact Test (N<5 in any county) or a chi-square test.

Data Visualization

Results of the BioGeoBEARS analysis were mapped onto the phylogeny using the
“ggtree2” package (Yu et al., 2018). Histograms, Sankey plots, and chord diagrams were

generated using “ggplot2”, “networkD3”, and “circlize” respectively (Allaire et al., 2017; Gu et



al., 2014; Whickham, 2016). All analyses were conducted in the R statistical computing

environment (R team, 2022).

Results

Phylogenetic Reconstructions

Post filtering, my Hawai‘i dataset contained 15,540 sequences across all variants.

Although the phylogenies varied in size by VOC, they were all similarly highly supported (Table

1). Most nodes were recovered with posterior probability support of >95%. Nearly all ancestral

states at the nodes were? estimated with >50% probability for a single georegion (Table 1).

Variant phylogenies are displayed in Figures 1-5.

VOC Number of tips Nodes with PP > Nodes with ancestral state probability
95% >509% for a single region
Alpha 1,712 88.5% 99.5%
Gamma 555 85.5% 99.2%
Mu 164 77.3% 100%
Delta 7,332 84.7% 99.3%
Omicron 5,787 85.7% 99.1%

Table 1. VOC sample size, percentage of nodes with >95% posterior probability, and percentage
of nodes that are recovered with >50% of probability for a single ancestral state.




Figure 1. Time-calibrated phylogenies for the Alpha variant generated using Bayesian inference
implemented using Thorney BEAST. Sequences collected between January 2021 and April
2022. Branches of the phylogeny are colored based on the county recovered from the
biogeographic analysis; blue = Honolulu, yellow = Hawai‘i, cyan = Maui, green = Kaua“i.
International and domestic sequences in gray to emphasize sequences from Hawai‘i.
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Figure 2. Time-calibrated phylogenies for the Gamma variant generated using Bayesian
inference implemented using Thorney BEAST. Sequences collected between January 2021 and
April 2022. Branches of the phylogeny are colored based on the county recovered from the
biogeographic analysis; blue = Honolulu, yellow = Hawai‘i, cyan = Maui, green = Kaua“i.
International and domestic sequences in gray to emphasize sequences from Hawai‘i.
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Figure 3. Time-calibrated phylogenies for the Mu variant generated using Bayesian inference
implemented using Thorney BEAST. Sequences collected between January 2021 and April
2022. Branches of the phylogeny are colored based on the county recovered from the
biogeographic analysis; blue = Honolulu, yellow = Hawai‘i, cyan = Maui, green = Kaua“i.
International and domestic sequences in gray to emphasize sequences from Hawai‘i.
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Figure 4. Time-calibrated phylogenies for the Delta variant generated using Bayesian inference
implemented using Thorney BEAST. Sequences collected between January 2021 and April
2022. Branches of the phylogeny are colored based on the county recovered from the
biogeographic analysis; blue = Honolulu, yellow = Hawai‘i, cyan = Maui green = Kaua“i.
International and domestic sequences in gray to emphasize sequences from Hawai‘i.
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Figure 5. Time-calibrated phylogenies for the Omicron variant generated using Bayesian
inference implemented using Thorney BEAST. Sequences collected between January 2021 and
April 2022. Branches of the phylogeny are colored based on the county recovered from the
biogeographic analysis; blue = Honolulu, yellow = Hawai‘i, cyan = Maui green = Kaua“i.
International and domestic sequences in gray to emphasize sequences from Hawai‘i.
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Number of Imports to and Exports from Hawai ‘i

The State of Hawai‘i experienced 1,268 unique imports and 535 exports of VOCs
between January, 2021 and April, 2022. The rate of import and export was relatively low while
the Alpha, Gamma and Mu were the primary variants of concern, but it exponentially increased
towards the end of 2021 with the emergence of the Delta and Omicron variants (Fig. 6). From
January to June 2021 there were 114 independent introductions, and 600 from July to December.

The introduction source varied by VOC (Fig. 7). The Gamma and Omicron variants were
introduced primarily from international sources, while the Delta and Alpha variants were
primarily introduced from domestic sources (Fig. 7), resulting in an overall majority of
introductions from the continental US (~57% vs. ~43%)

Honolulu county experienced the greatest number of introductions, while Kaua‘i County
consistently experienced the lowest (Fig. 7). Maui County and Hawai‘i County were similar in
the amount of introductions experienced at 19% and 17%, respectively. Interestingly, in a direct
comparison between Maui County and Hawai‘i County, Maui County contained more
introductions of the Omicron variant while Hawai ‘i County contained more introductions of the
Alpha variant. Thus, regardless of the specific VOC, all variants primarily entered the state
through Honolulu County.

The rate of conversion of introductions into community transmission is relatively similar
across VOC’s, with 30-40% of introductions spreading further within the community (Fig. 8;

= 20; p-value = 0.22).
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Figure 6. Frequency and timings of the introductions of each VOC into the state of Hawai‘i,
with a timeline marking relaxation in travel restrictions.

Testing lifted for Hawai'i Testing lifted for all US
Residents (June 15, 2021) Residents (July 8, 2021)
Month Month P-value Month Month P-value
Before After Before After
Imports 39 85 *8.4x10™ 71 152 *7.8x10°

Average Travel | 25,825 30,580 | *<1.0x10* | 29,893 31,879 | *1.0x10*
Volume/day

Average USA 18,729 15,880 0.11 13,472 64,380 | *<1.0x10*
cases/day

Table 2. The number of Delta introductions in the one-month period before and after the
relaxation of pre-travel for Hawai‘i residents and all US residents. Statistically significant
differences were determined using a t-test; P-values are reported with * indicating significance.
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Spread within Hawai ‘i

VOCs frequently move between the counties of Hawai‘i, resulting in 970 interisland
transmissions (Fig. 10). Honolulu County was identified as the major source of all interisland
SARS-CoV-2 exports, followed by Hawai ‘i, Maui, and Kaua‘i counties (Figs. 9A-E). This
pattern remained consistent across VOCs, except for Omicron, for which Maui and Hawai ‘i
counties experienced the same number of inter-island exports. Interisland imports were more

evenly distributed between Honolulu, Maui, and Hawai‘i counties across all VOCs (Figs. 9A-E).

Estimating Variant Composition By County

The counties of Hawai‘i do not act as geographic replicates in terms of VOC composition
(Fig. 11). Hawai‘i and Kaua‘i counties had similar proportions of VOCs, whereas Honolulu and
Kaua‘i counties contained similar population sizes of Gamma and Omicron variants. Only a
single sequence of the Mu variant was found in each of Kaua‘i and Hawai‘i counties; no Mu

sequences were recovered from Maui County.
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Figure 7. A Sankey diagram illustrating the route of SARS-CoV-2 introductions into the state of Hawai‘i. Recovered from the
biogeographic reconstruction for the Alpha, Gamma, Mu, Delta and Omicron variants.
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Figure 8. Percentage of SARS-CoV-2 VOC introductions that result in community transmission.
Community transmission was defined as an introduction resulting in a Hawai‘i clade of >3
descendants.
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Discussion

Overall, the geographic isolation of Hawai‘i facilitated clear identification of patterns
regarding movements into and within the state. With respect to the Delta and earlier variants,
introductions originated primarily from domestic sources, whereas international sources
dominated for Omicron (Figs. 6, 7). Inter-county export primarily occurred from Honolulu
County (Figs. 9A-F). Once in the state, all variants show a comparable conversion into
community transmission (Fig. 8). Intra-county community transmission was also robust, such
that large clades of VOCs residing in a single county were recovered (Figs. 1-5). Given these
results, how did the non-pharmaceutical interventions and travel restrictions contextualize the

trends observed in the data?

Impact of Travel Restrictions and Pre-Travel Testing

A natural question to pose is, “Did the travel restrictions and pre-travel testing have any
impact on reducing introductions of SARS-CoV-2 into the state?” Through the end of 2020 and
into the first half of 2021, the state of Hawai‘i had one of the strictest travel restriction policies of
any state in the USA, and the lowest number of COVID-19 cases (Radley et al., 2022), with all
travelers having to quarantine for 14-days upon arrival. In November, 2020 mandatory
quarantine could be bypassed if travelers submitted a negative COVID test administered within
72 hours before arrival. The quarantine was further relaxed to 10 days in December, 2020.
Quarantine relaxation had little impact on the number of introductions to Hawai‘i when
considering the spread of introductions between December, 2020 and June, 2021 (Fig. 6).
However, pre-travel testing for travelers who were vaccinated in Hawai‘i was relaxed on June

15, 2021, which coincided with the first large increase in the number of introductions into the
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state (Fig. 6). The second increase in the number of imports followed the relaxation of pre-travel
testing for vaccinated out-of-state travelers on July 8, 2021. The observed trend indicates that
pre-travel testing was effective at reducing the number of imports into Hawai‘i.

Delta was the primary circulating variant during the relaxation of both sets of pre-travel
testing restrictions, and can thus be analyzed as a natural experiment. If we consider the one-
month time periods before and after the relaxation of pre-travel testing for Hawai‘i residents
(May 15 - June 15 vs. June 15 - July 15 2021), the number of introductions more than doubled
following the lifting of the requirement (Table 2). Yet another doubling in the number of
introductions with relaxation of pre-travel testing for all vaccinated visitors (June 8 - July 8
versus July 8 - August 8, 2021; Table 2) was evident. One might argue that introductions would
naturally increase as the number of cases on the continental US increased, but the daily average
of reported COVID-19 cases between May 15 - June 15, 2021 was ~28,000, while between June
16 - July 15, 2021 it was ~21,000, indicating that while the continental US saw a decrease in the
daily number of cases, infections in Hawai‘i attributable to imports doubled. It is also important
to note that travel volumes into Hawai‘i from the continental US during this period remained
relatively stable between June and August, at ~25,000-33,000 people per day (Department of
Business, Economic Development & Tourism, 2022).

The data further suggest that pre-travel testing also played a key role in delaying VOC
introductions into Hawai‘i. The Alpha variant was initially identified in September, 2020 (WHO,
2020). The first introduction to Hawai‘i occurred in December, 2020, three months after the
identification. The Delta variant was first identified in October, 2020 (Ferreira, 2021) and arrived
in Hawai‘i in late March, 2022, six months after the identification of the variant. However, the

Omicron variant, identified in early November, 2021 was introduced only a month later(Viana et
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al., 2022). Considering that the Alpha and Delta were introduced to Hawai‘i in 3-6 months,
compared to Omicron which arrived in less than one month, strongly indicates that pre-travel
testing of all travelers was also highly effective at increasing the time new variants took to enter
the state.

The primary source of introduction for the different variants as provides another clue
about the effectiveness of pre-travel testing. The Alpha and Delta variants were primarily
imported from domestic sources, while Omicron was from international sources (Fig. 7). It must
be emphasized that these three variants originated outside the United States: the Alpha variant
was first identified in the UK (Kirby, 2021), the Delta variant was first identified in India (Singh
et al., 2021), and the Omicron variant was first identified in South Africa (Karim & Karim,
2021). Even though these variants all originated outside the United States, the fact that the Alpha
and Delta variants were imported into Hawai‘i from domestic sources indicated that the
continental USA acted as a buffer between Hawai‘i and the rest of the world. The difference in
import origins may be explained by differences in travel restrictions enforced by Hawai ‘i for
domestic and international travelers. Prior to November 8, 2021, during the Alpha and Delta
waves, international travelers had to show proof of vaccination and present a negative COVID
test within 24 hours of arrival. Following November 8, 2021, the pre-travel testing for vaccinated
international travelers was lifted, coincident with the emergence of the Omicron variant, which
in turn saw substantially more direct imports from international sources.

Pre-travel testing also had a large impact on reducing the amount of intra-state
movement. Prior to June 15, 2021, the magnitude of interisland transmission was relatively low
(Fig. 10). However, following the removal of all pre-travel testing and quarantine for Hawai‘i

residents, the number of inter-islands movements increase substantially (Fig. 10). This pattern
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also occurred in interisland transmission which reinforces the effectiveness of pre-travel testing;
it not only kept imports into the state to a minimum, but it also greatly reduced the overall
amount of intra-state movement.

Another important point to consider is the impact that pre-travel testing had on
community spread. Other phylogeographic studies have consistently reported a relatively small
number of introductions seed most community transmission in a geographic region. Tordoff et
al. (2021) found that approximately 12% of introductions into Washington state resulted in
community transmission, while in Boston, 29% of introductions led to the majority of that city’s
cases(Lemieux et al., 2021). In Hawai‘i, about 30% of introductions resulted in community
transmission (Fig. 8). By reducing the overall number of introductions through pre-travel testing,
the number of introductions that will result in further community transmission would decrease
accordingly.

Overall, the pattern revealed by the analyses described here is strongly supportive of the
effectiveness and success of pre-travel testing as a way to reduce the number of imports, to delay
the introduction of new variants, and to keep intra-island movement low. Although there are
always cases that slip through such interventions, being able to quantify how effective they were

at limiting movement into and within Hawai‘i highlights the effectiveness of the restrictions.

Hawai ‘i and Air Travel

The pattern of imports of SARS-CoV-2 into and between the different counties in
Hawai‘i can be explained by air-travel volume. Honolulu County hosts the Daniel K. Inouye
International Airport (HNL), the largest domestic and international airport in the state; and was
determined to have experienced the largest number of direct imports of SARS-CoV-2 (Fig. 7).:

this airport receives 47% of all domestic flights coming into the state of Hawai‘i, and the
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overwhelming majority of international flights (Department of Business, Economic Development
& Tourism, 2022). With such a large volume of flights arriving directly in Honolulu, it is quite
predictable that Honolulu County would experience the highest number of both domestic and
international introductions. In this respect, Kaua‘i County experienced the lowest number of
direct flight arrivals from outside the state, and experienced the lowest number of out-of-state
introductions (Fig. 7). Maui and Hawai ‘i counties were respectively the second and third ranked
for total air traffic during the study period, but Hawai‘i County experienced the same number,
and sometimes more out-of-state introductions than Maui County, especially from international
sources (Fig. 7). The proportionally larger number of international introductions into Hawai‘i
County compared to Maui County is reasonable if we consider that the two airports located in
Hawai‘i County (Hilo International Airport and Kona International Airport) are the only other
two international airports in the state. The volume of air travel and their travel routes are thus
correlated with the source and number of imports into a county.

The pattern of movement between counties in Hawai‘i can also be explained in terms of
inter-island air travel. For example, round-trip flights originating in Honolulu County account for
the largest amount of inter-island air travel in the state, followed by Hawai‘i, Maui, and Kaua“i
County (Hawaiian Airlines, 2022): the same order is reflected in the total number of inter-island
imports and exports (Fig. 9A-E). The more frequent the air travel into and out of a particular
county, the greater are the numbers of imports and exports that county experiences. This pattern,
however, is unsurprising given the metropolitan nature of Honolulu County. Studies that have
investigated the movement of SARS-CoV-2 within an area all note that major metropolitan areas
tend to seed more rural regions (Candido et al., 2020; Franceschi et al., 2021; Moreno et al.,

2020; Tordoff et al., 2021).
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Conclusion

The results of this study illustrate how Hawai‘i is an excellent case study of the dynamics
of SARS-CoV-2 in a geographically isolated area. The application of the DEC+J model to
Hawai‘i permits a historical reconstruction of the geography of the virus, under the assumption
that “long-distance” dispersals occur frequently due to air travel. This allows for greater certainty
regarding the sources and timings of dispersal, which in turn allow for effective connections to
be made between possible explanatory factors such as NPIs. The relatively low number of
introductions into Hawai‘i prior to the relaxation of pre-travel testing, followed by a rapid rise in
the number of introductions, demonstrates the effectiveness of such non-pharmaceutical
interventions. It also underscores how quickly the situation can change following the relaxation
of these interventions; the interisland movement of the virus highlighted how urban Honolulu
acts as the major source of intrastate import and export. Finally, the restrictions in place during
the period described here in allowing hospital resources to be available to the public throughout
the pandemic and resulted in Hawai‘i having much lower rates of mortality than the rest of the
world (Radley et al., 2022). Thus, Hawai‘i’s pandemic response is a story of success amidst the

pandemic
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