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Abstract

During an early period of the Coronavirus Disease 2019 (COVID-19) pandemic, the Navajo
Nation, much like New York City, experienced a relatively high rate of disease transmission.
Yet, between January and October 2020, it experienced only a single period of growth in
new COVID-19 cases, which ended when cases peaked in May 2020. The daily number of
new cases slowly decayed in the summer of 2020 until late September 2020. In contrast,
the surrounding states of Arizona, Colorado, New Mexico, and Utah all experienced at least
two periods of growth in the same time frame, with second surges beginning in late May to
early June. Here, we investigated these differences in disease transmission dynamics with
the objective of quantifying the contributions of non-pharmaceutical interventions (NPIs)
(e.g., behaviors that limit disease transmission). We considered a compartmental model
accounting for distinct periods of NPIs to analyze the epidemic in each of the five regions.
We used Bayesian inference to estimate region-specific model parameters from regional
surveillance data (daily reports of new COVID-19 cases) and to quantify uncertainty in
parameter estimates and model predictions. Our results suggest that NPIs in the Navajo
Nation were sustained over the period of interest, whereas in the surrounding states, NPIs
were relaxed, which allowed for subsequent surges in cases. Our region-specific model
parameterizations allow us to quantify the impacts of NPIs on disease incidence in the
regions of interest.
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Introduction

An outbreak of pneumonia of unknown cause starting in Wuhan, China was recognized in
late December 2019 and widely reported in early January 2020 [1,2]. The disease was later
named Coronavirus Disease 2019 (COVID-19) [1]. The causative agent was identified as a
novel coronavirus, later named Severe Acute Respiratory Syndrome Coronavirus 2 (SARS--
CoV-2). COVID-19 rapidly spread to other countries [1-3], and the World Health Organiza-
tion (WHO) declared the COVID-19 outbreak a pandemic on March 11, 2020 [4]. In the
United States (US), during the early months of the pandemic, two regions were severely
affected as measured by cumulative number of COVID-19 cases per capita: Diné Bikéyah,
more commonly known as the Navajo Nation, and New York City.

On May 18, 2020, the Navajo Nation had the highest cumulative number of COVID-19
cases per hundred thousand in the US (2,344 cases per 100,000 residents), surpassing the New
York City metropolitan statistical area (MSA), which had 1,806 cases per 100,000 residents
[5,6]. Remarkably, both regions significantly slowed the transmission of COVID-19 and pre-
vented additional surges in new COVID-19 cases until late September 2020 while many other
regions, including the states of Arizona, Colorado, New Mexico, and Utah, each experienced a
series of two surges in cases during the same period [6].

The President of the Navajo Nation and the Governors of the surrounding states of Ari-
zona, Colorado, New Mexico, and Utah independently issued guidance and mandates to con-
trol the spread of COVID-19. These non-pharmaceutical interventions (NPIs) enforced or
encouraged an array of behaviors that putatively protect susceptible individuals from SARS--
CoV-2 infection, such as curtailing of travel, reduction in face-to-face interaction, face mask-
wearing, working from home, etc. Although the governmental actions across the five regions
were similar, there were notable differences, particularly in the duration of mandates, as we
will discuss later. The disease transmission dynamics in the five regions were also different. In
the Navajo Nation, the number of new cases detected daily rose sharply in late March to early
April, peaked in May, and then steadily declined until late September 2020 [5]. In contrast, in
each of the surrounding states, there were at least two periods of growth in new cases between
01-March-2020 and 14-September-2020 [6].

The objective of this study is to quantify the effect of early non-pharmaceutical interven-
tions (NPIs) on the transmission of COVID-19 in the Navajo Nation (NN) and surrounding
states: Arizona (AZ), Colorado (CO), New Mexico (NM), and Utah (UT). Insights into why
the Navajo Nation experienced only a single period of growth in new COVID-19 cases during
the period of interest while neighboring regions experienced two distinct phases of increasing
case counts could point to strategies for controlling transmission of diseases similar to
COVID-19 in the future. A possible explanation for the difference between the Navajo Nation
(with one phase of growth in disease incidence) and the surrounding states (each with at least
two phases of growth in disease incidence) is that NPIs were more effective and/or more sus-
tained in the Navajo Nation. To evaluate this hypothesis, for each of the five regions of interest,
we sought to use region-specific daily case reporting data to infer parameters of a compart-
mental model for COVID-19 transmission that accounts for subpopulations of susceptible
individuals protected or not from SARS-CoV-2 infection by NPIs. The model structure allows
for multiple phases, or periods, of NPIs. Each phase is associated with three parameters: an
onset time, a sum of rate constants that defines a timescale for transition to a setpoint level of
adoption of disease-avoiding behaviors, and the setpoint (the fraction of the regional popula-
tion adopting disease-avoiding behaviors). We have previously shown that this model is able
to reproduce the dynamics of regional COVID-19 epidemics in the 15 most populous metro-
politan areas [7], including 2020 in 280 of 384 MSAs in the US [8], and in all 50 states [9].

PLOS Global Public Health | https://doi.org/10.1371/journal.pgph.0001490  June 21, 2023

2/16


https://doi.org/10.1371/journal.pgph.0001490
https://github.com/lanl/PyBNF/tree/master/examples/Miller2022NavajoNation
https://github.com/lanl/PyBNF/tree/master/examples/Miller2022NavajoNation

PLOS GLOBAL PUBLIC HEALTH The COVID-19 epidemics in the Navajo Nation and surrounding states

H

’ Protected Population (Social Distancing)

2ees

‘ Quarantined Population

‘ Mixing Population *

Various studies [10-14] have evaluated the effects of NPIs in different regions of the world.
The general conclusion is that NPIs limit COVID-19 transmission. Here we compared NPIs
that were independently mandated in five regions of interest. Among these regions, the NN
had a temporal profile of disease incidence that was qualitatively distinct. Here we investigate
the possibility that this difference arose from NPI-related differences.

Methods
Study design, populations and setting

In a cross-sectional study, we used regional daily COVID-19 case data collected from January
21, 2020, to September 14, 2020, a compartmental model (Fig 1), and Bayesian inference to
quantify time-varying NPI effectiveness for five different populations, those of the Navajo
Nation and the four surrounding states (Arizona, Colorado, New Mexico, and Utah). In our
model, NPI effectiveness relates to the fraction of a population partially protected against
infection and less prone to transmit disease because of adherence to NPIs. This fraction is
given by a step function P,(¢) in the model.

The entire communities of the Navajo Nation and the four surrounding states were consid-
ered in this study. We considered disease prevalence in these five regions. Disease prevalence
could be affected by age, household size, income/socioeconomic factors, population density,
and occupational exposure. These factors were not considered in the study.
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Fig 1. An illustration of the mechanistic compartmental model used to analyze COVID-19 data (7). The model captures various subpopulations, as
indicated in the legend. Transitions between subpopulations marked by M, P and Q subscripts represent adoption and relaxation of disease-avoiding
behaviors. The model accounts for susceptible persons (S), exposed persons not experiencing symptoms while incubating virus (E), asymptomatic
persons in the immune clearance phase of infection who never develop symptoms (A), infected persons with mild symptoms (I), infected persons with
severe illness (H), deceased persons (D), and recovered persons (R). The incubation period is divided into five stages. Red (subscript M) indicates
persons in the mixing population, blue (subscript P) indicates persons in the protected population, green (subscript Q) indicates persons in the
quarantined or self-isolated population, and white indicates persons who are recovered, hospitalized, or deceased.

https://doi.org/10.1371/journal.pgph.0001490.9001
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Comparison of NPI effectiveness in the Navajo Nation to that of the surrounding states was
motivated by several considerations. The Navajo Nation experienced the highest per capita
COVID-19 incidence in the US early during the pandemic [5]. Moreover, the time profile of
disease incidence was qualitatively distinct from that of each of the four surrounding states,
and the NPI mandates for the Navajo Nation were different from those of the surrounding
states. Mandates were different partly because they were issued by the president of the Navajo
Nation independently of state governors. Even if the mandates had been identical, the effec-
tiveness of NPIs can vary depending on social structures. The Navajo Nation has unique social
structures compared to the surrounding states. The Navajo Nation has one of the lowest popu-
lation densities within the US, approximately seven persons per square mile. Persons of the
Navajo Nation primarily live in clusters, where many individuals share the same household.
Thus, despite low population density over the entire geographical area, household density can
be quite high [15].

Data collection and sources

We used public data extracted from newspapers and online resources. The COVID-19 surveil-
lance data used to parameterize the model for the Navajo Nation were obtained from the
Navajo Times COVID-19 webpage [5]. The Navajo Times provided daily reports of new con-
firmed COVID-19 cases over the period of interest. The reported source of this information
was the Navajo Nation Department of Health (NNDOH) [16]. The COVID-19 surveillance
data used to parameterize the models for Arizona, Colorado, New Mexico, and Utah were
obtained from a GitHub repository maintained by The New York Times newspaper [17]. This
GitHub repository collects new case reports from local health agencies in the United States.
For each of the four states, we aggregated county-level case counts to obtain state-level case
counts. In all regions of interest, positive cases were assessed according to CDC guidelines
[18].

Regional NPIs were set by the president of the NN and the governors of AZ, CO, NM, and
UT. Information about NPI mandates in the four states were obtained from the John Hopkins
Coronavirus Resource Center [19]. This NPI resource webpage collects state-wide NPI man-
dates issued by each US state’s governor and plots when they were issued against daily new
cases to visualize the effect of NPIs on trends in new COVID-19 cases. The John Hopkins Coro-
navirus Resource Center collects policy data from various state-specific websites such as state
and governor websites and from the National Governors Association. It should be noted that
information in this resource characterizes state-level mandates only; information about
county-level mandates is less readily available and was not considered in this study. Informa-
tion about NPI mandates in the Navajo Nation was obtained from the NNDOH public website
[16]. For our study we considered 4 types of NPIs: weekend lockdown, closure of nonessential
businesses, mask mandates, and limitations on mass gatherings.

Study bias

Information bias is a concern because the number of regional cases depends on the region-spe-
cific surveillance effort. To help account for information bias, we assumed that the detected
fraction of cases is region-specific and constant over the time frame of interest. For each
region, we estimated a parameter in our model fp, the detected fraction of cases.

Model and simulations

The model we considered in this study is that of Lin et al. [7]. It is a compartmental model that
divides a regional population of interest into susceptible (S), exposed (E), infectious (I), and
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removed (R) compartments (Fig 1). Exposed persons transition through a series of five stages,
introduced to capture the distribution of incubation times observed for COVID-19 [20]. The
model also accounts for quarantine, self-isolation because of symptom awareness, hospitaliza-
tion, and death. Importantly, persons are allowed to transition between two modes of behav-
ior, in which they are either protected (imperfectly) from infection (because of adoption of
disease-avoiding behaviors) or are mixing freely (i.e., taking no special precautions to prevent
infection). The model tracks 25 compartments. Each compartment corresponds to an ordinary
differential equation (ODE). There is an auxiliary 1-parameter measurement model, which
relates the variables of the compartmental model to reported new cases through surveillance
testing [7]. The equations of the mechanistic compartmental model and the measurement
model can be found in Appendix 1 of Lin et al. [7].

The model accounts for an initial phase of NPIs beginning at time ¢ = g, where o is fixed to
the date the region of interest accumulated at least 200 COVID-19 cases. The model can be
extended to account for n additional periods. Thus, the total number of NPI periods consid-
ered in a regional model is given by n + 1 [7]. The start of a new NPI phase is accompanied by
step changes in the values of the three NPI parameters. In the models for the Navajo Nation
(NN), Arizona (AZ), Colorado (CO), New Mexico (NM), and Utah (UT), we considered three
possible settings for n (the number of additional NPI periods beyond the initial period): n =0
(only one NPI period over the entire period of interest), n = 1 (two NPI periods), and n = 2
(three NPI periods). The setting for n was determined as described below.

To determine the structure of the compartmental model for each region of interest (i.e., the
number of distinct NPI phases), we used a heuristic model-selection method. In this approach,
we calculated the value of the Akaike information criterion corrected for small sample size
(AICc) for nand n + 1 versions of the model, where n = 0, 1. We also calculated the value of
the Bayesian information criterion (BIC) for the same two versions of each model. AAICc is
defined as the change in AICc between n and # + 1 versions of the models: AAICc = AICc" —
AICc™'. ABIC is defined similarly: ABIC = BIC" — BIC™*'. We adopted # + 1 over n when both
of the following conditions held true: AAICc > 10 and ABIC > 10. The method of model selec-
tion described above was used to decide between the use of n = 0 and n = 1, and between the
useof n=1andn=2[7,21].

In the case of only an initial NPI period (n = 0), the compartmental model and auxiliary
measurement model have 20 parameters combined. Five of the parameters (¢, po, 1o, 3, and
fp) are considered adjustable; these parameters are all region dependent. The other 15 parame-
ters are taken to have fixed values. The 15 fixed parameters are Sy, 6, Iy, My, pg, Pa> k1, k> jo»
fas fio fr> €a> ¢ and ¢y, The parameter S, represents the total population of the region of inter-
est, as determined by census data [22], which we took to be fixed. I, refers to the starting num-
ber of infected individuals. We used Iy = 1. pp and p, refer to the relative infectiousness of
exposed persons and asymptomatic persons, respectively, compared to symptomatic persons
[23,24]. Infected persons are taken to enter quarantine with rate constant kg and persons with
symptoms and mild disease are taken to self-isolate with rate constant j,. Persons in the pro-
tected subpopulation (i.e., persons adopting disease-avoiding behaviors) are taken to be less
likely to acquire or transmit disease by a factor m,,. In the model, the incubation period is
divided into 5 stages. Movement from one stage to the next occurs with rate constant k; [20].
The fraction of exposed persons who never become symptomatic is represented by f,4. The
fraction of symptomatic persons who progress to severe disease (and hospitalization or isola-
tion at home) is represented by f; [25]. The fraction of persons with severe disease who recover
is represented by fr. Persons with asymptomatic disease leave the immune clearance stage of
infection and recover with rate constant c4 [26]. Persons with mild symptomatic disease
recover with rate constant ¢; [27]. Persons with severe disease recover with rate constant ¢y
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[28]. The five adjustable parameters are to, po, Ao, B, and fp. The parameter t, refers to the start
time of local sustained COVID-19 transmission; py is the initial non-zero value of P,(¢), the sta-
tionary fraction of the local population that is practicing disease-avoiding behaviors; A, is the
initial non-zero value of A (), a sum of rate constants that establishes a time scale for the estab-
lishment of the quasi-stationary state of NPIs; 3 is the disease transmission rate constant (or
contact rate parameter) in the absence of NPIs; and fp, is the fraction of new infections detected
in surveillance. The parameter fp, characterizes the effectiveness of surveillance and relates new
cases to new infections. In the model, P, (f) and A,(t) are taken to be step functions. Each of
these functions has a value of 0 until ¢ = o and thereafter changes value at a set of n times (if
n>0),denoted 7= {r; >0, ..., 7, > T,.1}. The value of n starts at 0 and is incremented through
model selection as described above. There is one additional adjustable parameter, r, the disper-
sion parameter of a negative binomial distribution NB(p, r) used to characterize noise in case
detection [7]. The value of r is inferred jointly with the five adjustable model parameters.

In the case of one additional NPI period beyond the initial period (n = 1), three more
adjustable parameters are used, which are denoted 7y, p;, and 4,. The latter two parameters
determine the new values of P (), and A () at time ¢ = 7, the start time of the second phase of
NPIs. In general, three more adjustable parameters are added to the model each time # is
incremented. The equations of the compartmental model and of the auxiliary model can be
found in Appendix 1 of Lin et al. [7].

Simulations were performed using ODE solvers available within the SUNDIALS software
package [29].

Data analysis

Bayesian inference was enabled by Markov chain Monte Carlo (MCMC) sampling, which
yielded posterior samples for NPI parameters of region-specific compartmental mathematical
models. Inferences were based on COVID-19 daily confirmed case count data available for the
period starting on 21-January-2020 and ending on 14-September-2020. Inferences were condi-
tioned on one to three periods of NPIs, uniform proper priors, a negative binomial model for
surveillance noise, and estimates of selected parameters taken to have the same values across
all regions of interest [7]. Following Lin et al. [7], we used model selection to determine the
most parsimonious number of NPI periods. A model structure and parameterization were
thus found for each region of interest. Each parameterization allows the model with selected
structure to explain the corresponding regional epidemic curve.

We quantified uncertainty in daily case reports through resampling of the parameter poste-
rior to generate a posterior predictive distribution for daily number of new cases detected [7].

We used an adaptive MCMC sampling algorithm described earlier [30] and implemented
in the PyBioNetFit software package [31]. PyBioNetFit job setup files for the inferences per-
formed in this study, including data files, are available online (https://github.com/lanl/PyBNF/
tree/master/examples/Miller2022NavajoNation).

Ethical considerations

This research is not considered human subjects research because we played no role in the col-
lection of the data, the data does not include any identifying information, and the data were
obtained from public sources.

Results

The model we used to analyze data from the NN and surrounding states is illustrated in Fig 1.
The model accounts for movement of persons between different states of protection against
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SARS-CoV-2 infection because of disease-avoiding behaviors. In the model, persons are
allowed to be in three states of protection: a state in which an uninfected person is protected
imperfectly against infection because of disease-avoiding behaviors, a state in which an unin-
fected person is more exposed to infection because they do not take any special precautions to
avoid infection, and a state in which an infected person is quarantined or in self-isolation. In
the model, an initial NPI period (n = 0) begins as soon as the number of cumulative cases
reaches or exceeds 200. A new NPI period is introduced through the model-selection proce-
dure described in Methods. When a new NPI period is introduced, # is incremented and NPI
parameters change.

Figs 2 and 3 show 95% credible intervals of posterior predictive distributions for daily case
detection for the NN and the four surrounding states. Posterior predictive distributions were
found by drawing from parameter posterior samples generated through MCMC sampling,
thereby propagating parametric uncertainty into prediction uncertainty. In the posterior pre-
dictive distributions, NN only has one surge in disease incidence whereas the surrounding
states each have at least two surges.

Figs 2 and 3 show curves for the daily number of new symptomatic infections (vs. cases)
based on maximum a posteriori (MAP) estimates for parameters (which are equivalent to
maximum likelihood estimates because of the use of uniform proper priors). In our
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Fig 3. Posterior predictive distributions for new cases in the four US states surrounding the Navajo Nation between 21-January-2020, and
14-September-2020: (A) Arizona, (B) Colorado, (C) New Mexico, and (D) Utah. Recorded region-specific daily new cases of COVID-19 are
indicated by red markers in each panel. The median parameter posterior estimates are shown in purple. The yellow bands delimited the 2.5 and 97.5
percentiles; the entire shaded region indicates the 95% credible interval. In each panel, the blue curve indicates daily number of new infections and is
based on MAP estimates for region-specific model parameters. The start times of NPI phases are indicated by vertical dotted lines. The initial NPI phase
begins when ¢ = ¢, the second NPI phase begins when f = 7, and the third NPI phase begins when ¢ = 7,. The horizontal black dotted lines indicate
durations of NPI phases. It should be noted that the size of the first surge in Arizona, occurring in March and April 2020, is dwarfed by the size of the
second surge. It should be noted that the left and right vertical scales of each panel are different.

https://doi.org/10.1371/journal.pgph.0001490.9003

calculations, the number of detected cases over a 1-d period is taken to be a fraction fp, of the
number of new symptomatic infections generated during that same period. The value of fp, is
region-specific. The MAP estimate for fp, is 0.2 for the Navajo Nation, 0.15 for Arizona, 0.35

for Colorado, 0.04 for New Mexico, and 0.07 for Utah.
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Figs 2 and 3 indicate when distinct NPI periods were determined to have begun. Table 1
summarizes results of the model-selection procedure used to decide between 1 or 2 or more
NPI phases for each region of interest. The Navajo Nation was the only region of interest to
have AAICc and ABIC values indicating only one NPI phase.

Fig 4 shows the marginal posteriors of the setpoint parameters {p,. . .,p,,} for each region,
which were generated by MCMC sampling. Recall that each of these parameters determines
the quasi-stationary population fraction adopting disease-avoiding behaviors and that there is
a distinct setpoint for each distinct NPI phase (e.g., po, p1, and p, for a region with three dis-
tinct NPI phases). For the Navajo Nation, we inferred only a single NPI phase over the period
of interest. This phase is characterized by a NN-specific value for the setpoint parameter py.
The marginal posterior for p, for the NN is shown in Fig 4A. In surrounding states, we inferred
changes in adherence to disease-avoiding behaviors, i.e., different setpoints over time. The
marginal posteriors for the state-specific setpoint parameters are shown in Fig 4B—4E.

Comparison of the marginal posteriors for different NPI phases within a given state reveals
a relaxation in disease-avoiding behaviors in each state. Fig 5 shows MAP estimates for NPI
setpoint parameters (e.g., po) for each region of interest over time. A higher setpoint indicates
a higher prevalence of disease-avoiding behaviors. For the period of interest, we found that all
regions experienced a decrease in their setpoint parameter values after an initial NPI phase
except the Navajo Nation. Although Arizona, Colorado, and Utah initially had a higher set-
point than the Navajo Nation, the Navajo Nation maintained the initial setpoint for a longer
period in comparison to the surrounding states.

Fig 6 shows Navajo Nation COVID-19 case data from 21-January-2020 to 5-February-2021
and projections of daily case counts for selected NPI scenarios after 14-September-2020.
Between 21-January-2020 and 14-September-2020, the Navajo Nation maintained disease-
avoiding behaviors (as characterized by the setpoint parameter p,) and experienced only one
surge in COVID-19 cases. However, after this period, the Navajo Nation experienced an addi-
tional surge in COVID-19 cases. The solid red curve in Fig 6 is the trajectory corresponding to
the MAP estimate of p;, obtained using data collected after 14-September-2020, and the dotted
curves are different hypothetical trajectories based on lower and higher values for the NPI
parameter p;. We found that the Navajo Nation would have needed to maintain a value for p,
greater than 0.27 after 14-September-2020 to avoid a surge in disease transmission.

Fig 7 presents a timeline of governmental mandates between 21-January-2020 and 14-Sep-
tember-2020 in the Navajo Nation and the four surrounding states. Four mandates are

Table 1. Results from our model-selection procedure used to select the number of NPI periods in each region.

Region AAICc ABIC

Navajo Nation -6.4 -15.7
Arizona 76.2 66.7
Colorado 108.3 99.1
New Mexico 56.6 47.4
Utah 98.1 89.0

We calculated the value of the Akaike information criterion corrected for small sample size (AICc) for n = 0 and

n =1 versions of the model, as well as and value of the Bayesian information criterion (BIC) for the same two
versions of each model. We defined AAICc = AICc" = ° — AICc" = ' and BIC = BIC" =° — BIC" = '. We adopted n = 1
over n = 0 when AAICc > 10 and ABIC > 10 (i.e., we reject the hypothesis that # = 0 when both AAICc and ABIC are
greater than 10). Accordingly, n = 0 is indicated only for the Navajo Nation and »n > 0 is indicated for all four

surrounding states.

https://doi.org/10.1371/journal.pgph.0001490.t001
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Fig 4. Marginal posteriors for parameters of the setpoint function P.(f) (e.g., po) for (A) Navajo Nation, (B)
Arizona, (C) Colorado, (D) New Mexico, and (E) Utah for the time period January 21, 2020, to September 14,
2020. Recall that P,(t) denotes the fraction of the population practicing disease-avoiding behaviors at time ¢. The value
of P(t), a step function, is determined by one or more setpoint parameters, denoted po, p;, etc. The Navajo Nation
setpoint function parameter has the following maximum a posteriori (MAP) value: po = 0.35. The Arizona setpoint
function parameters have the following MAP values: py = 0.60 and p; = 0.5. The Colorado setpoint function
parameters have the following MAP values: p, = 0.47, p; = 0.27, and p, = 0.11. The New Mexico setpoint function
parameters have the following MAP values: po = 0.34, p; = 0.19, and p, = 0.05. The Utah setpoint function parameters
have the following MAP values: p, = 0.43, p; = 0.35, and p, = 0.21 For each region of interest, the NPI switch times, 7=
{71, . . T}, are indicated in Fig 3.

https://doi.org/10.1371/journal.pgph.0001490.g004
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(B) Arizona, (C) Colorado, (D) New Mexico, and (E) Utah. The period considered is 21-January-2020 to 14-September-2020.
https://doi.org/10.1371/journal.pgph.0001490.9g005

considered, which are related to face mask wearing, mass gatherings, non-essential business
closures, and weekend lockdowns. As can be seen, these mandates were in effect for the longest
duration in the Navajo Nation. Mandates in surrounding states were in effect for shorter dura-
tions and were imposed less consistently.

Discussion

In this study, we used a compartmental model to quantify the overall effect of non-pharmaceu-
tical interventions (NPIs) on COVID-19 transmission in specific regions, namely the Navajo
Nation and the four surrounding states. In our model, we do not consider multiple strains of
SARS-CoV-2 because during the time period of interest (21-January-2020 to 14-September-
2020) variants of concern had yet to emerge. The first variant of concern (Alpha, B.1.1.7)
appeared in the United Kingdom (UK) in late September of 2020 [32] and was detected in the
US in November 2020, which is beyond the time window of our study [33].

The model for a given region includes a set of NPI setpoint parameters, each of which rep-
resents the quasi-stationary fraction of the regional population that is practicing disease-avoid-
ing behaviors for a given period. By using surveillance data (daily case counts) to infer the
region-specific values of the NPI setpoint parameters, we quantified the relative overall effec-
tiveness of NPIs across the regions of interest.

From 21-January-2020 to 14-September-2020, we found that the Navajo Nation maintained
the initial NPI setpoint throughout this period (Figs 4 and 5), consistent with a single surge in
COVID-19 incidence (Fig 2). In contrast, we found that the surrounding states of Arizona,
Colorado, New Mexico, and Utah did not. That is, each surrounding state had two or more
NPI phases, marked by different NPI setpoints and multiple surges in COVID-19 incidence.
These findings are consistent with a comparison of governmental mandates across the five
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Fig 6. Model-derived projections for various scenarios in which the NPI parameter p,, which indicates the fraction of the population practicing
disease-avoiding behaviors in a second NPI phase in the Navajo Nation starting 14-September-2020, was adjusted to identify the threshold
required to prevent a second surge in cases. The red solid line corresponds to the MAP estimate for p;, which is approximately 0.19. The blue broken
line indicates the predicted trajectory for daily cases when p; is fixed at 0.15. The orange broken line corresponds to a scenario wherein p; is fixed at
0.22, the green broken line corresponds to a scenario wherein p; is fixed at 0.25, the pink broken line corresponds to a scenario wherein p; is fixed at
0.27, and the brown broken line corresponds to a scenario wherein p, is fixed at 0.35.

https://doi.org/10.1371/journal.pgph.0001490.9006
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Fig 7. Timeline for mandated NPIs in the Navajo Nation and surrounding states between 01-March-2020 and 14-September-2020. Each region is
represented by a different color, as indicated. Only mandates issued by state governors and the president of the Navajo Nation are considered.

https://doi.org/10.1371/journal.pgph.0001490.9007
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regions of interest (Fig 7). Sustained NPIs is unique to the Navajo Nation and suggests an
explanation for why this region experienced only one surge in COVID-19 cases while other
regions experienced multiple surges. A generalizable result that we obtained is that sustained
adherence to NPIs can prevent surges in disease incidence whereas relaxation of NPIs can lead
to surges in disease. Our results add evidence in support of the idea that the duration of NPI
adherence is an important factor influencing their effectiveness [34,35].

Interestingly, we inferred that the fraction of the NN population adopting disease-avoiding
behaviors upon initial implementation of NPIs was lower than that in Arizona, Colorado, and
Utah and similar to that in New Mexico. These results implicate sustained NPIs (rather than
effectiveness of NPIs) as the reason for the different disease transmission dynamics between
the Navajo Nation (only a single surge in disease incidence) and the surrounding states (multi-
ple surges).

Consistent with other studies reviewed by Lison et al. [10], our results suggest that NPIs,
even if only partially adopted, can slow and control disease transmission if mandates are con-
sistent and are not relaxed prematurely or to too great an extent. We determined that the
Navajo Nation’s NPI setpoint parameter value between 21-January-2020 and 14-September-
2020 was 0.35 but the value changed to 0.19 after 14-September-2020, preceding a second
surge in disease incidence. We determined the NN minimum NPI setpoint parameter value
needed to maintain control of disease transmission (i.e., to avoid a surge in disease incidence)
to be 0.27 (Fig 6). In other words, the second surge in the NN could have been prevented if
27% of the population had maintained disease-avoiding behaviors after 14-September-2020.

We inferred two other notable differences between the regions of interest beyond differ-
ences in adoption of effective NPIs. First, surveillance efforts may have had different levels of
effectiveness. Our MAP estimates for fp, the fraction of new infections detected, ranged from a
low of 0.04 for New Mexico to a high of 0.35 for Colorado. Colorado, New Mexico, and Utah
had similar numbers of cases per 100,000 residents but the inferred differences in surveillance
effectiveness suggest that COVID-19 impacts were significantly greater in New Mexico and
Utah than in Colorado. Second, there were differences in contagiousness across the regions of
interest. Our MAP estimates for f3, the contact rate parameter, ranged from just over 0.3 per
day for the Navajo Nation and New Mexico to just over 0.5 per day for Arizona. Using the for-
mula for the basic reproduction number R, given by Mallela et al. [9], these differences in
estimates translate into the following estimated R, values for the five regions: 3.6 for New
Mexico, 3.7 for the Navajo Nation, 4.4 for Utah, 4.6 for Colorado, and 5.9 for Arizona. Thus,
the relatively high adoption of effective NPIs in Arizona was offset by relatively high transmis-
sion of COVID-19. Our analysis does not provide insight into why contagiousness varied
across the regions of interest.

We detected changes in disease-avoiding behaviors over time using a model selection pro-
cedure, which indicates when an NPI setpoint needs to change value for consistency with sur-
veillance data. Our approach for detecting changes in disease-avoiding behaviors has at least
two limitations. First, we cannot ascertain the relative effectiveness of individual NPIs. The
reason is that our model only accounts for the overall effect of all NPIs. In the model, persons
are either protected by NPIs or not. Second, our model can only explain surges in disease inci-
dence caused by relaxation of NPIs. The model does not account for other factors that could
cause surges, such as an increased disease transmissibility associated with emergence of a viral
variant of concern or loss of immunity. Variants of concern did not emerge during the period
of interest [32,33]. Sterilizing immunity against SARS-CoV-2 infections wanes but reinfection
was unlikely to contribute to disease incidence during the period of interest [36].

In summary, our analysis suggests that once NPIs have brought an outbreak under control,
relaxation of the NPIs can be implemented but relaxation should be measured to avoid a new
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surge in disease incidence. A relatively low level of disease incidence is not an indicator that
NPIs can be safely relaxed. In future pandemics a model accounting for NPIs could perhaps be
used to guide relaxation of NPIs [37].
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