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Environmental persistence of zoonotic pathogens is a key trait that influences the
probability of zoonotic spillover. Pathogen survival outside of the host determines the
window available for contact with the new recipient host species and the dose of
pathogen available to that host. The longer a pathogen survives in the environment,
the more disconnected the reservoir and recipient hosts can be in space and time,
and the more likely that an infective dose will be available to recipient hosts. Therefore,
environmental persistence is a key parameter for mechanistic models needed to predict
pathogen spillover. Avian influenza can be transmitted from wildlife to poultry and people
in part due to its ability to persist in the environment. Considerable work has been done
to quantify trends in avian influenza persistence across environmental conditions, often
published in separate studies with separate datasets. In this paper, we quantify the
trends and variability of avian influenza viral persistence across environmental conditions
by collating disjoint experimental data on viral particle persistence in water across
many studies and a range of environmental conditions. The collated data represent
120 estimates from three different studies of the decay rates of highly pathogenic
avian influenza H5N1 (90 estimates from Asia and 30 from Europe) in response to
temperature, pH, and salinity. We analyzed these data with a Bayesian model to control
for biases with random effects and used experimental replicates and R? estimates of
the publication’s regression procedures as statistical weights. We found temperature
significantly decreases persistence of HoN1 virus in water, and this effect is stronger than
that of salinity alone. Salinity interacts with temperature and probably drives the most
contrasting persistence scenarios between cold-saline and warm-saline water bodies,
where highest and lowest persistence times could occur respectively. Our work provides
needed parameters for models that examine the risk of spillover of avian influenza
viruses.
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INTRODUCTION

The capacity of microorganisms to survive in the environment
has fundamental consequences for their ecology, epidemiology,
and ability to transmit between individuals and species (Ewald,
1987; Kuris et al., 2014; Plowright et al., 2017). For instance,
the time over which organisms can remain infectious and
available for transmission can be influenced by environmental
characteristics (Ewald, 1987; Walther and Ewald, 2004; Martin
et al, 2015, 2017; Plowright et al, 2017). Environmental
persistence times can drive temporal patterns in epidemics
(Lipsitch and Viboud, 2009; Shaman and Kohn, 2009; Shaman
et al., 2010; Satterfield et al., 2017), the duration and magnitude
of epidemics (Walther and Ewald, 2004; Rohani et al., 2009), and
virulence in reservoir hosts (Walther and Ewald, 2004).

Avian  influenza  viruses (AIV, Orthomyxoviridae:
Inlfuenzavirus A) form a diverse group with a very broad
host range spanning taxonomic orders and classes, including
humans, in which these viruses have caused pandemics. Among
the different genera of influenza viruses, only Influenza A
viruses have had the potential to become pandemic in humans
(Taubenberger and Kash, 2010). Most influenza subtypes
pathogenic to humans originate in birds and swine. The latter
are considered an ideal recombination vessel for influenza
variants of diverse origins (Webster et al, 1992). In aquatic
birds (Anseriformes and Charadriiformes), AIV replicate in
and are shed from the digestive tract allowing waterborne
transmission (Webster et al., 1978; Hinshaw and Webster, 1982;
Markwell and Shortridge, 1982). In humans, swine and other
mammal models, influenza viruses replicate in the upper or
lower respiratory tract, owing to the presence of the necessary
sialic acid receptors, favoring airborne transmission (Kuiken
et al., 2006; Taubenberger and Kash, 2010; Lipsitch et al,
2016). For this reason, studies of the environmental persistence
of influenza viruses pathogenic to humans tend to focus on
airborne transmission (Weber and Stilianakis, 2008; Shaman
and Kohn, 2009). However, the environmental factors that are
more relevant for AIV spillover and consequent adaptation to
poultry, swine and humans are more likely to be those affecting
waterborne survival.

The most important zoonotic subtypes of AIV belong to the
highly pathogenic lineage, more specifically the subtypes with
hemagglutinin proteins 5 and 7. These viruses are thought to
originate in low and mildly pathogenic AIV from aquatic birds
after several passages in domestic poultry (Swayne and Suarez,
2000; Swayne and Pantin-Jackwood, 2006). Gallinaceous birds
experience pathogenic systemic infections, whereas aquatic birds
infected with these viruses remain asymptomatic (Swayne and
Thomas, 2009). Of the two known highly pathogenic subtypes
(H5 and H7), all fatal human cases but one, have been caused
by the H5N1 Eurasian lineage (Swayne and Thomas, 2009).
High-mortality zoonotic outbreaks of H5N1 have occurred after
close interactions between poultry and humans (Perdue et al.,
2000; Peiris et al., 2004; Steensels et al., 2005; Woo et al., 2006;
Abulreesh et al., 2007; Park and Glass, 2007).

While low-pathogenic AIV infect both the gastrointestinal
and respiratory tract of water birds, highly pathogenic AIV have

adapted to bind and replicate in the respiratory tract of its
recipient hosts, a critical characteristic for zoonotic transmission
(Lipsitch et al., 2016). Regardless of their adaptations for direct
transmission among less aquatic hosts (Brown et al., 2009),
highly pathogenic AIV are capable of spilling back to and
spreading among wild aquatic birds (Ellis et al., 2004; Gaidet
et al., 2008). Such re-adaptation to aquatic birds whilst retaining
high pathogenicity in poultry has been observed in the Eurasian
lineage of H5N1 (Buisch et al,, 1984; Swayne et al, 1999).
The capacity to re-establish in wild aquatic bird populations
facilitates zoonotic outbreaks and spread in areas otherwise
less accessible to domestic poultry (Gilbert et al., 2006). For
this reason, activities such as bird feeding and swimming in
water inhabited by aquatic birds may increase the risk of H5N1
spillover (Artois et al., 2009; Bright et al., 2016). Consequently,
better understanding the processes that facilitate transmission of
influenza A viruses within avian hosts and to humans is critical
for global health (Stallknecht et al., 2010; Lipsitch et al., 2016).

Previous attempts to quantify the environmental stability of
AIV in water have shown that temperature, salinity, and pH are
important characteristics that determine how long AIV remain
infectious (Stallknecht et al., 1990a,b; Brown et al., 2007, 2009;
Domanska-Blicharz et al., 2010; Dalziel et al., 2016). However,
there is still poor consensus as to whether these variables have
similar effects on environmental persistence across AIV subtypes
or strains. Reasons for the lack of consensus might be as follows:
(1) persistence times among strains of the same subtype vary
as much as persistence times among subtypes (e.g., Stallknecht
et al, 1990a, 2010; Brown et al., 2014); (2) biases exist in
the studied subtypes and environmental conditions represented
in laboratory studies (Dalziel et al., 2016); and (3) statistical
estimates and laboratory settings are inadequately reported for
the majority of environmental persistence studies (Dalziel et al.,
2016). Of the zoonotic influenza A subtypes, H5N1 has been
studied more frequently owing to high mortality events in eastern
and southeast Asia, and thus there is better knowledge of the
variability of responses to different environmental factors. Meta-
analyses of studies involving a number of influenza strains have
examined effects of water temperature, salinity, pH and between
study variability on low pathogenicity AIV subtypes (Dalziel
et al., 2016); the effects of water temperature, salinity and pH on
disease dynamics within natural reservoirs (Rohani et al., 2009);
or have focused on airborne persistence and infectivity (Shaman
and Kohn, 2009; Myatt et al., 2010; Shaman et al., 2010) on
fomites (Thomas et al., 2008; Dublineau et al., 2011). The latter
two analyses, however, are more relevant for viruses that have
already adapted to human hosts. As a result, the broader problem
of identifying common drivers of environmental persistence
across potentially zoonotic influenza strains remains (Horm
etal., 2012).

Here we present a meta-analysis on the joint effects of
temperature, pH, and salinity on the environmental persistence
of many strains of highly pathogenic AI H5N1 virus from
multiple avian hosts. Using published data, we present the
first attempt to identify general trends of virus-environment
interactions in a unified model for one of the most relevant
potentially zoonotic Al viruses. Our model also identifies how
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abiotic characteristics influence viral transmission opportunities
and spillover processes.

METHODS

We analyzed the environmental persistence of zoonotic AIV
from the published literature. To be included in the analysis,
publications had to contain data from survival experiments of
zoonotic Al in an aqueous medium; experimental conditions had
to be recorded (characteristics of the substrate like temperature,
salinity, and pH; titration method; number of replicates; and
number of titrations in time) or available from authors; statistical
analyses had to have estimated decay rates (proportion of
virus inactivated per unit time, equivalent to slope coefficient
in equation 1 below) at each of the different experimental
conditions; and results of these analyses had to be adequately
reported (contain number of experimental replicates and number
of titrations in time, type of transformation of the response
data such as natural or base 10 logarithm, and R? estimates).
To include a zoonotic subtype in our analyses, data needed
to be available from more than one publication. To identify
the zoonotic AIV subtypes, we searched the CDC weekly
mortality reports and performed a search in Google Scholar
with the terms “influenza human infection,” “zoonotic influenza
subtypes,” and “human pandemic influenza subtypes.” With
the zoonotic subtypes identified we searched for the published
material on AIV environmental persistence experiments. With
the above inclusion criteria, we identified three publications
from Google Scholar with appropriate data on Al environmental
persistence: Domanska-Blicharz et al. (2010), Zhang et al. (2014),
and Brown et al. (2014). Further details on the search results
are given in the Results and Supplementary Materials. From
these publications, we analyzed the relationships between the
slope regression coefficient a (see equation 1 below) from each
publication as functions of experimental temperature (°C), pH,
and salinity (parts per thousand, ppt).

log,, (TCIDsp) = b + Alog,, X t (1)

One exception was Brown et al. (2014), which only reported Rt-
values (resistance time, or time elapsed until inactivation of 90%
of the initial virus titer); hence, we obtained estimates of a (alOg 10
from equation 1 in In scale) using the following rationale. Because
Rt is the time elapsed until 90% of the virus dies, in an exponential
setting we have:

S=exp(—a xt)
Hence:
In(S) = —axt

where § = 0.1 (10% of the initial titer), the remaining fraction of
the virus. Therefore:

Rt = —In(0.1)/a
Which leads to:
a = —In(0.1)/Rt

To transform regression coefficients from the remaining
publications from log;o scale to In scale, we multiplied each
coeflicient by In(10):

a = In(10) x Alog,,

All data were then analyzed in the same In scale.

We also homogenized the scale of salinity data. Domanska-
Blicharz et al. (2010) and Brown et al. (2014) reported salinity in
ppt, whereas Zhang et al. (2014) reported salinity as conductivity
(S'‘m~!, Siemens per meter). To transform Zhang et al. (2014)
data to ppt, we transcribed the Fortran code of the Cond2Sal
algorithm of the UNESCO technical papers in marine sciences
(Fofonoft and Millard, 1983) to R code. The algorithm uses
the following inputs: pressure (result of the depth at which
the water sample was taken), temperature of collection, and
salinity in S-m~!. For these calculations, we assumed zero depth,
hence pressure of 0 (Zhang et al, 2014 did not report the
depth, although zero depth is a reasonable assumption), and
used the reported temperature of collection. This algorithm is
most reliable for salinity conversion values between 2 and 42
ppt; however, the UNESCO report (Fofonoff and Millard, 1983)
mentions that unless estimates are <0.05 ppt, values between 0.05
and 2 are plausible. Hence, we omitted the truncation included in
the original Fortran code for such range of values.

Our compiled dataset consisted of estimates of a, temperature,
salinity, pH, source of the data, titration method, if experiments
were performed in filtered or unfiltered medium, the H5N1 strain
used in the laboratory analyses, sample size, approximate number
of titrations through time, and R? of each linear regression.
These data comprised of 120 records of the decay rate a4, and
were analyzed with a Bayesian model. These data cover a range
of temperatures (4, 10, 16, 17, 20, and 28°C; all approximately
evenly represented, full dataset in the Supplementary Materials)
and salinities, from 0 to 30 ppt (parts per thousand) with
relatively evenly distributed intermediate values of 6.4, 15, and
25.1 ppt. As for pH, available data only covered a narrow range
of 6.9-8.9. All the factors that might affect the dispersion of
a were included as random effects, and factors affecting the
reliability of the data were used as weights (sample size and R,
Dalziel et al., 2016). Brown et al. (2014) did not report R? of
the regressions used to estimate Rt; however, we extracted their
raw data from graphs in log;o scale with the precision of one
decimal to recreate R%. For this procedure, we assumed the closest
point to the regression line corresponded to the data used for that
regression. We acknowledge this could inflate R?; however, this is
unlikely to result in major differences as the overall weight of each
observation in that study was smaller compared with the other
two studies (Domanska-Blicharz et al., 2010; Zhang et al., 2014)
due to their considerably larger sample sizes.

We next modeled a as a function of temperature, salinity, and
pH using distinct functional forms (linear, quadratic, and with
interactions). To find the optimal fixed effects structure of the
model, we formulated separate models for a(Temp, pH), a(Temp,
Sal) and for a(Sal, pH). For the models of a as a function of
temperature and pH, we allowed for a bimodal response to pH, in
which a decreases from its value at low or acid pH to a minimum
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at neutral pH values (7.2-7.4), and then increases as pH becomes
alkaline. We did this by setting interactions of temperature and
salinity with parameters of the expression (Brown et al., 2007,
2009):

b x exp(—c x (pH — d)?)

Interactions with each parameter allow temperature and salinity
to regulate the size effect of pH on virus inactivation rates
(interaction with b), the width of the peak effect (parameter c¢),
and the optimal pH for persistence (parameter d). Given the
available narrow range of pH data (6.8-8.9), we were unable to
find a joint effect of pH and temperature on any of the features
described above; we therefore only show the temperature-salinity
model.

The relationship between temperature, salinity, and survival
is simpler than with pH; thus we only included simple linear
terms and interactions between both variables. The form of the
Bayesian model was:

wi = BiXi + vi
w = i x (N X titrations x Rlz) (2a)
In (a;) ~ normal (u;",t X (Tempi + Sali) X Rlz)

Bi ~ normal (O, 104)
y; ~ normal (0, ‘L’y)
o, ~ cauchy (0, 25)

B (2b)
o ~ uniform (0, 100)
=02

Here a; is the coefficient data in In scale, B; is a vector of the
effects of temperature and salinity and its interactions, y; are the
random effects per observation, " is the weighted mean, N is the
number of experimental replicates, and titrations is the number
of virus titrations through time in each experimental replicate.
To select the optimum model, we modified the structure of the
model matrix X to include only the single linear terms or their
interactions and with or without an intercept. The final model
was selected upon the minimization of the deviance information
criterion (DIC, Spiegelhalter et al., 2002), compliance with
normality of residuals, and by consideration of the effects of
salinity found in other publications that specifically tested its
effect in controlled conditions in several influenza subtypes and
strains (Stallknecht et al., 1990a,b; Brown et al., 2007, 2009,
2014). We established significance of statistical effects (inferred
parameters) if parameter posteriors did not contain 0 within the
range of 95% of samples. The other monitored parameter during
MCMC sampling was the Bayesian R?; for more details on how
this was calculated, we refer the reader to the JAGS (Plummer,
2003) code in the Supplementary Materials.

With the resulting model for a, we calculated the specific
effect of temperature and salinity on Rt by finding the required
temperature or salinity change for doubling the estimated Rt.
First, if Rt = -In 0.1/a, then Rt would double when a halves
in response to temperature or salinity. Hence to find how a
halves in response to temperature and salinity changes, we found

da/dTemp and da/dSal. We solved these derivatives for dTemp
(or dSal) when da = -a/2 (see Supplementary Materials for
more details).

RESULTS
Data Collection

With our systematic search, we identified the following zoonotic
influenza subtypes: HIN1, H3N2, H2N2 (Webster, 1998), H5N1
(Webby and Webster, 2001; CDC, 2003; Peiris et al., 2004),
H9N2 (Peiris et al,, 1999), H7N2 (Wentworth et al., 1997),
H7N7 (Fouchier et al, 2004; Koopmans et al, 2004), and
H7N3 (Tweed et al., 2004). Of these subtypes, we only found
environmental persistence experiments for HIN1 (Brown et al,,
2009; Dublineau et al., 2011; Shigematsu et al.,, 2014) H3N2
(Brown et al., 2009), H5N1 (Paek et al., 2010; Dublineau et al.,
2011; Brown et al., 2014; Shigematsu et al., 2014; Zhang et al.,
2014), HIN2 (Zhang et al., 2014) and H7N3 (Brown et al., 2007).
We found other publications with environmental persistence
experiments; however, these focused on airborne transmission
and are listed in the Supplementary Materials. Only three
publications, Domanska-Blicharz et al. (2010), Zhang et al. (2014)
and Brown et al. (2014), met the criteria for inclusion in our
analyses (Liberati et al., 2009). Two of the studies that met most
criteria for inclusion were Paek et al. (2010) and Shigematsu et al.
(2014); however, we were unable to obtain the necessary data
from the authors upon request (e.g., medium salinity, number
of replicates, and R* estimates of regressions) for inclusion.
The final sample size was 120 different estimates of the slope
coefficient (or decay rate) a (Equation 1): 30 estimates from
Domanska-Blicharz et al. (2010), 24 estimates from Zhang et al.
(2014), and 66 estimates from Brown et al. (2014). Further
details on the number of replicates, titrations through time, R
estimates, and strains are available in the full dataset in the
Supplementary Materials.

Our dataset contains potential bias through the number of
replicates per strain: four experimental replicates in Domanska-
Blicharz et al. (2010) with close to 17 measurements through time
with only one H5N1 strain (30 estimates); three experimental
replicates and three to four titrations through time in Zhang
et al. (2014, 24 estimates) with only one H5N1 strain; and no
experimental replicates with two to five titrations through time
in Brown et al. (2014) with 11 H5N1 strains (66 estimates). We
tried to control for these differences between publications by
including random effects and using sample sizes as weights in
the regression. While some strains might be overrepresented,
their overall contribution to our models are likely weak given
that the total number of records per publication is also uneven
and because the weight of the data points also depends on how
well its models explained the regressed data (R? estimates, Dalziel
et al., 2016). The distributions of estimates of a per publication
are given in Figure 1.

The Model

All models of the joint effect of temperature and pH failed
to show an effect of pH, probably due to the narrow range
of pH values and the dispersion of the available data among
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FIGURE 1 | Decay rates a (N = 120) extracted from three publications (66
from Brown et al., 2014, 30 from Domanska-Blicharz et al., 2010, and 24 from
Zhang et al., 2014). Data points have been made transparent to allow
visualization of overlap.

experiments for HSN1. However, the wider range of salinity levels
and its stronger effect on survival facilitated its inclusion in the
analyses. The final model was simple (Equation 3) and showed
a positive effect of temperature and a negative effect of salinity
on a; the interaction between temperature and salinity also had a
positive effect on a (Table 1):

a (Temp, Sal) = exp (81 x Temp + B, x Sal + B3 x Temp x Sal)
3)

The DIC of model from equation 3 (267.8) was <3 DIC units
larger than a more complex model (DIC 267.77; the same terms
as equation 3 but with an additional parameter, By, as the
intercept). Therefore, the set of fixed effects in equation 3 was
the most parsimonious. Further, the resulting credible intervals
for the model with the lowest DIC were unrealistically large
and exceeded the observed range of a. Parameter estimates of
the reported model are shown in Table 1. The selected model’s
Bayesian R? was 0.278 (0.154-0.392, 95% Cr. I).

Of the random effects that could be included in the model, we
only retained the experimental medium (substrate; e.g., filtered
or unfiltered water and allantoic fluid), as no other random
effects (source of the data and strain) had a significant effect
(95% credible intervals of posterior samples did not include
zero). In addition, removing random effects of publication source
helped reduce the model’s DIC and improved normality of
residuals. Another reason was that the experimental medium
was correlated with publication source, effectively addressing
possible pseudoreplication and bias. The models which included
publication source as a random effect instead of culture medium

TABLE 1 | Parameter estimates of the selected model.

Parameter n 2.5-97.5% Samples Gelman diag
R2 0.278 0.154 - 0.392 1,100 1.01
B (Temp) 0.023 0.010 - 0.035 3,000 1.00
Bo(sal) 0.019 —0.036 - —0.001 3,000 1.00
B3(Temp xSal) 0.001 0.000 - 0.002 3,000 1.01
Y medium—allantoic  —2-054 —2.352--1.735 3,000 1.00
Y medium—fitered ~ —0-449 —0.690 - —0.216 3,000 1.00
¥ medium—unfitered —0-419 —0.674 - —0.167 3000 1.00
water

T (1/62) 0.337 0.081-0.136 3,000 1.00
Ty 2.314 0.014-1.693 3,000 1.01

Values of the Gelman convergence diagnostic test should not depart from 1.2 to indicate
that MCMC chains were well mixed. Credible intervals that contain O in the range of
reported values indicate non-statistically significant effects.

had the same parameter estimates and led to the selection of
the same model reported here. The effect of the experimental
medium was significant in all cases (y estimates are provided in
Table 1), and the lowest a estimates occurred in allantoic fluid
(Brown et al., 2014), followed by filtered and unfiltered water
(Domanska-Blicharz et al., 2010; Zhang et al., 2014).

Model Estimates
As temperature increased, the decay rate, a, increased, meaning
that temperature decreases survival of H5N1 strains given that
all data were experimental. Salinity as an isolated term had a
negative effect, but the interaction between temperature and
salinity was positive. This results in the decay rate, a, increasing
in response to salinity at high temperatures and decreasing at
low temperatures (Figure 2). The distribution of a by the model
produced the resistance times (time to death of 90% of the initial
virus) provided in Figure 3, using the formula Rt = -In(0.1)/a.
A representation of the effects of temperature, salinity, and
time on H5N1 decay in the environment is given in Figure 4.
Based on the final model for a, the changes in temperature and
salinity necessary to double Rt can be identified using:

1

2 X (ﬂz + B3 X Temp)
1

2 x (ﬂl + B3 x Sal)

dSal = —

(4a)

dTemp = —

(4b)

We note that some obtained estimates are unlikely to
be biologically feasible. For instance, Rt can double when
temperature decreases by 22.11°C (13.15-41.74°C95% Cr. 1.) at
salinity 0 ppt and decreases to 8.77°C (6.39-12.25°C95% Cr. 1.)
at 30 ppt (Figure 5). Whereas, with respect to salinity, Rt could
both increase or decrease at any observed temperature, especially
around 17° (Figure S1, Supplementary Materials). Ambiguity is
due to the negative effect of salinity alone in the model (8, <
0, P < 0.05, Table 1) and the positive effect of its interaction
with temperature (83 > 0, P > 0.05, Table 1). Furthermore,
the range of salinity changes needed to double Rt are infeasible
based on the credible intervals. According to our model, doubling
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FIGURE 2 | Surface plot of the model with credible intervals (gray planes
above and below the median of model estimates in color). Color code
indicates the observed (data points) and estimated (plane) value of decay rates
a. The vertical lines show the distance between data points and the plane
(without random effects) estimated by the model.

Rt would occur when there are more parts of salt per parts of
water (salinity —2,500-2,000 ppt). Thus, salinity would rarely
drive strong changes of influenza H5N1 survival. Instead, such
changes are predicted to occur more frequently in response to
temperature changes in saline water bodies.

DISCUSSION

We provide estimates of the joint effect of salinity and
temperature on the rates of decay of several strains of
influenza H5N1, showing a stronger effect of temperature on
environmental viability compared to salinity. The stronger effect
of temperature occurred in both types of experimental substrates
included in the analyses: studies that tightly controlled substrate
conditions in the laboratory (Brown et al., 2014) and studies
that used water samples from natural water bodies (Domanska-
Blicharz et al., 2010; Zhang et al., 2014). The estimated rates
of decay identified here are consistent with estimates for other
influenza subtypes in response to salinity and temperature
(Stallknecht et al., 1990a; Brown et al., 2007) and with those of
low pathogenicity AIV (Dalziel et al., 2016).

The most significant effect of salinity on H5N1 viability
was through its interaction with temperature: the decrease of
temperature required to double the resistance time (R?) is smaller
at higher salinity (Figure5). Thus, longer persistence could
occur across a wide range of salinity levels, especially at low
temperatures, whereas small changes in temperature have non-
linear effects on virus persistence. The same trend is present
Brown et al. (2007) experiments, and the same pattern is
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FIGURE 3 | Resistance time in days (Rt) until 90% of the virus is inactivated in
response to temperature and salinity. Color scale is for reference and indicates
the estimated Rt with 95% credible intervals obtained with the posterior
parameter samples (gray planes above and below the color plane).

apparent in that some H5N1 strains react differently to higher
salinity and temperature combinations (Brown et al., 2014). The
random effects included in our model to control for experimental
substrate indicate that a was lower in the data from Brown et al.
(2014); therefore, it is unclear how the estimates of salinity effects
relate to persistence in natural water bodies. Other studies have
found similar effects of salinity, pH, and temperature between
viability in distilled water and samples from natural water bodies
in the same strain of H6N2 (Stallknecht et al., 1990a; Brown et al.,
2007) and in highly pathogenic H5N1 (Horm et al., 2012). Hence,
it is possible that the trends we found occur among various
influenza subtypes when facing different salinity levels.

One of the variables we tried to model was pH; however,
the narrow range of pH values hampered its inclusion in our
analyses. Regardless of the ubiquitous non-linear response of ATV
to pH (Stallknecht et al., 1990a; Brown et al., 2009), it remains
unclear how the non-linear responses are relevant in the context
of water bodies where AIV occur naturally. For instance, Brown
et al. (2009) performed survival experiments with 12 subtypes
(none were H5N1) in a pH range of 5.8-8.6, while the water
from natural bodies used for the experiments included in these
analyses had pH extremes of 6.9 (Domanska-Blicharz et al., 2010)
to 8.9 (Zhang et al., 2014). There is not a clear effect of pH within
the range of existing pH data on the different H5N1 strains.
Nevertheless, the possibility to further study the effects of a wider
range of pH in several different subtypes and strains could be
important to understand the relationship between inactivation
pH and zoonotic potential (Lipsitch et al., 2016) and should
therefore be a research priority.
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During the model fitting process, we found that strain as a
random effect was not significant and its inclusion in the model
increased DIC. One possible explanation was that Domanska-
Blicharz et al. (2010) and Zhang et al. (2014) only used one strain,
while Brown et al. (2014) used 11 strains, none of which had
experimental replicates or measurements in different substrates.
However, the large difference of strain numbers between studies
translates into limitations and potential biases. An approach
to test the limitations of this study could be a qualitative
comparison with the results of new experiments of untested
H5N1 strains. Likewise, the lower persistence estimated with the
model compared with Brown et al. (2014) might be a product of
our statistical weights. Because statistical effects estimates from
larger sample sizes are deemed more reliable than estimates from
studies with small sample sizes (Garamszegi, 2014), weights here
increased the importance of the experiments from Domanska-
Blicharz et al. (2010) and Zhang et al. (2014) given their larger
sample sizes (Figure 2). The inclusion of statistical weights in
meta-analyses is common as is the inclusion of random effects

where specific experimental or observational settings might
influence effect sizes (Hedges et al., 1999; Deeks et al., 2008).
Studies of low-pathogenic AIV dynamics in wild aquatic birds
have concluded that environmental transmission in response
to water temperature and pH is important for the initiation
and duration of epidemics (Rohani et al., 2009). The influenza
persistence data used by Rohani et al. (2009) are similar
to the Brown et al. (2014) data used here, which had the
highest estimates of Rt likely from the tightly controlled
experimental substrate conditions. Hence, it is probable that
in light of the probable lower persistence of AIV in natural
water bodies (data from Domanska-Blicharz et al., 2010; Zhang
et al, 2014), the contribution of environmental persistence
of AIV to epidemic takeoff and duration in aquatic birds is
lower than that found in the simulation studies of Rohani
et al. (2009). Furthermore, in a broader context, many other
factors contribute to the effect that environmental persistence
of AIV has on its transmission dynamics among hosts. For
example, cross reactivity between subtypes and strains could
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affect transmissibility of closely related strains circulating in
a population (Lipsitch et al, 2016). Similarly, the adaptive
changes necessary to establish infection in terrestrial hosts
derived from the different available binding receptors (Aubin
et al., 2005; Gabriel et al, 2005; Lipsitch et al., 2016); the
reassortment of Hemagglutinin and Neuraminidase types (de
Vries et al., 2015); and the development of pathogenicity through
novel cleavage sites (Wright, 2007) all introduce variability in
environmental persistence, and result in trade-offs that affect
viral fitness (Beauchemin and Handel, 2011; Park et al., 2013;
Gog et al., 2015). As a result our model should be interpreted
as a trend among highly pathogenic H5N1 strains. However, we
argue that the mentioned complexities that affect the relevance
of environmental persistence of AIV toward its transmission
dynamics among reservoir hosts are overcome in the context
of zoonotic transmission to influenza-naive recipient hosts
(Plowright et al., 2017).

Finally, we emphasize the need to further investigate the
pH inactivation dynamics of influenza viruses due to their
non-monotonic nature. This characteristic of decay responses,
in addition to its potential to indicate zoonotic risk (Lipsitch
et al., 2016), could help identify optimal water characteristics for
zoonotic transmission to humans and domestic animals. Given
that the ability of viruses to persist in the environment is an
important component of whether or not pathogens can spill over

(Plowright et al., 2017), future work on pH inactivation of AIV
will be important to prevent future pandemics.

CONCLUSIONS

With these analyses, we provide estimates for parameters that
will be useful for holistic models that assess or predict risk
of zoonotic AIV spillover. Temperature has a significant effect
on the environmental persistence of H5N1 AIV. The effect
of salinity, however, might depend on its interaction with
temperature. We therefore infer that AIV could persist in both
high salinity warm water and high salinity cold water. These two
abiotic conditions might represent contrasting environmental
contexts for determining AIV spillover. Further studies are
required to understand the effect of salinity and its interaction
with temperature within the geographical areas where AIV
strains originate, such as the effects of the local environmental
conditions and reservoir host species on overall resistance.
Moreover, more work is needed to reconcile data on viral
persistence from field and laboratory experiments. Finally, there
is a need to further study how pH affects viral persistence, as
pH may be an important characteristic that determines optimal
conditions for spillover.
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