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In this investigation, we used a combination of field- and laboratory-based
approaches to assess if influenza A viruses (IAVs) shed by ducks could
remain viable for extended periods in surfacewaterwithin threewetland com-
plexes of North America. In a field experiment, replicate filtered surfacewater
samples inoculatedwith duck swabswere tested for IAVs upon collection and
again after an overwintering period of approximately 6–7 months. Numerous
IAVs were molecularly detected and isolated from these samples, including
replicates maintained at wetland field sites in Alaska and Minnesota for
181–229 days. In a parallel laboratory experiment, we attempted to culture
IAVs from filtered surface water samples inoculated with duck swabs from
Minnesota eachmonthduringSeptember 2018–April 2019 and foundmonthly
declines in viral viability. In an experimental challenge study, we found that
IAVsmaintained in filtered surfacewater within wetlands of Alaska andMin-
nesota for 214 and 226 days, respectively, were infectious in a mallard model.
Collectively, our results support surface waters of northern wetlands as a bio-
logically important medium in which IAVs may be both transmitted and
maintained, potentially serving as an environmental reservoir for infectious
IAVs during the overwintering period of migratory birds.

1. Introduction
Influenza A viruses (IAVs) maintained in wild bird hosts episodically spillover to
domestic poultry where they may cause clinical disease and ultimately lead to
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economically costlyoutbreaks [1]. In rare instances, suchviruses
may spread to other domestic livestock [2,3] or companion ani-
mals [4–6], spill back into wild birds [7] and/or infect humans
[8–9], sometimes resulting in fatal outcomes. On at least four
occasions, avian-origin IAVs have co-infected mammalian
hosts and reassortedwith swine- and/or human-adapted influ-
enza strains leading to pandemic viruses [10]. Thus, the
maintenance of avian-origin IAVs in biotic reservoirs and the
physical environment has important implications for economic
interests and food security, aswell as human and animal health.

The maintenance and spread of IAVs in avian hosts
have been the focus of extensive global research and surveil-
lance efforts [11]. However, far less research has been focused
on the viability of viruses in the environment, particularly
surfacewaters throughwhich IAVs are presumably transmitted
among wild birds, the natural biological reservoir. Wild bird-
origin IAVs have repeatedly been detected from surface water
[12–19] and sediment [20–22] collected from a broad range of
freshwater and estuarinewetlands using avariety of virological
andmolecular methods. These findings are consistent with the
premise that environmental transmission serves as an impor-
tant mechanism of viral spread among wild bird hosts and
may facilitate spillover to domestic animals. However, sporadic
detections of IAVs from surface waters and sediment provide
limited inference regarding how long viruses remain infectious
in the physical environment, an important parameter
regulating environmental transmission [23].

Most of the published literature on the duration of viral
infectivity in water or sediments is based on temperature-
controlled experiments conducted in laboratory settings [24–
32] rather than field experiments carried out under natural
conditions found in the environment [33]. In this investigation,
we aimed to bridge the data gap between field observations
and controlled laboratory investigations by developing
and applying novel field-based and laboratory methods for
refining inference on the duration of IAV infectivity in wetland
complexes across a latitudinal gradient in North America.
Specifically, we assessed if IAVs shed by ducks could remain
viable for extended periods of time in surface water collected
from the environment when maintained under naturally
occurring temperatures. Furthermore, we incorporated a
comparative laboratory experiment and an experimental
challenge study to assess how field-based results relate to
information obtained through laboratory models. Our com-
bined field- and laboratory-based research approach builds
upon a recently developed method for assessing the duration
of IAV infectivity in the environment [33]. Here, we aimed
to elucidate the potential for avian-origin viruses to remain
infective in North American wetlands for extended periods,
including from the time of departure of migratory birds from
their northern staging areas in late summer/autumn until
their subsequent return to such areas the following spring.
2. Materials and methods
We direct readers to electronic supplementary material, file S1 for
complete and detailed materials and methods.

(a) Field experiment
To assess if avian-origin IAVs remain viable in wetland surface
waters for extended periods of time when maintained under
naturally occurring temperatures, we first set up an experiment
at two field sites within each of three wetland complexes of
North America (figure 1): Izembek National Wildlife Refuge
(NWR), Alaska (55.3°N, 162.8°W); Agassiz NWR, Minnesota
(48.3–48.4° N, 96.0–96.1°W); and Cameron Parish, Louisiana
(29.7–30.0° N, 92.8–93.2°W). Briefly, surface water from six field
sites was collected, chemically characterized and filtered to
0.22 µm. Approximately 100–120 vials containing 40 ml of the fil-
tered surface from each field site were inoculated with paired
cloacal (CL) and oropharyngeal (OP) swab samples from hunter-
harvested or live-captured ducks and divided into replicate
samples (i.e. replicate #1 and replicate #2). Replicate #1 was tested
for IAVupon collection by real-time reverse transcriptase-polymer-
ase chain reaction (rRT-PCR) [34]where acycle threshold (Ct) value
< 45was considered ‘positive’ andviavirus isolation in embryonat-
ing chicken eggs (ECE) [35]. Prior to or concurrent with the testing
of replicate #1, the replicate #2 sample was submerged within a
steel perforated drum equipped with a temperature logger at the
field site fromwhich filtered surfacewaterwas originally obtained.
Submersed replicate #2 vials, additional water chemistry samples,
and appropriate controlswere left to overwinterwithin steel drums
at field sites until retrieval in spring 2019. After a period of 125–229
days, replicate #2 field samples were recovered, and those that cor-
responded to a replicate #1 sample that previously tested positive
for IAV by rRT-PCR or virus isolation were tested using the same
molecular and culture methods. Water chemistry samples and
experimental controls were also recovered/collected and tested
using methods reported in further detail within electronic sup-
plementary material, file S1. RNA was extracted from all IAV
positive field samples and genomically characterized using pre-
viously reported methods [36]. IAVs from virus isolation positive
replicate #2 samples recovered in spring that shared greater than
99%nucleotide identityat all gene segmentswithviruses recovered
from the paired replicate #1 sample were inferred to remain infec-
tious throughout the duration of the field experiment.

(b) Laboratory experiment
To compare results from our field-based experiment to a labora-
tory-controlled approach (figure 1), we used the remaining
volume of all replicate #1 samples from Agassiz NWR, Minnesota
that tested positive for IAVs via virus isolation to assess viral via-
bility through time. Briefly, replicate #1 samples were maintained
in their original tube at 4°C. Approximately 1 ml of each sample
was tested by virus isolation in ECE monthly through April
2019. Samples which were virus isolation negative for two succes-
sive months were considered to no longer contain viable IAV and
not subjected to further testing.

(c) Challenge study
To further evaluate the infectivity of IAVs in field samples that
were deployed at wetland field sites, we experimentally inocu-
lated 10 groups of three mallards (Anas platyrhynchos) with
virus isolation positive replicate #2 samples recovered in April
2019 or a positive inoculation control (figure 1). Briefly, 15-day-
old mallard ducks housed in self-contained isolation units were
inoculated by the intranasal, intracloacal, oral and ocular routes
with 100, 100, 200 and 50 µl of inoculum, respectively. Ducks
were observed daily for clinical signs of disease. CL and OP
swabs were collected from each bird and placed in separate
vials at 2, 4, 7, 9 and 15 days post-inoculation (dpi). At 15 dpi,
ducks were bled to evaluate seroconversion, and then euthanized
using pentobarbital. All CL and OP swabs were screened for
IAVs using rRT-PCR [37] and samples with rRT-PCR Ct values
(≤ 38) were subjected to virus isolation as previously described.
Allantoic fluids causing hemagglutination after 4 days of incu-
bation at 37°C were considered purportedly virus isolation
positive. RNA was extracted from at least one isolate and at
least one swab for every purported virus isolation positive
mallard and subjected to full genome sequencing as reported
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Figure 1. Flow chart and inset providing an overview of wetland complexes, experimental work-flow and methods incorporated in this study. The map of the
United States and Canada was used under CC BY-SA 3.0 (https://creativecommons.org/licenses/by-sa/3.0/).
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above. IAVs from mallard samples sharing ≥ 99% nucleotide
identity at all gene segments with viruses recovered from corre-
sponding inoculum were inferred to be infectious (i.e. virus
isolation positive) in our mallard model. Sera collected prior to
inoculation (two weeks of age) and at 15 dpi were tested for anti-
bodies to type A influenza with a blocking enzyme-linked
immunosorbent assay (bELISA).
3. Results
(a) Field experiment
Of 686 samples of filtered environmental surface water inocu-
lated with paired CL/OP swabs from ducks and initially
screened, 80 and 51 samples tested positive for IAVs via rRT-
PCR and virus isolation, respectively (table 1). Viral RNA was
detected from samples collected from Minnesota (n = 65),
Alaska (n= 11) and Louisiana (n = 4). Viable IAVs were also
identified via virus isolation in samples collected from
Minnesota (n = 40) andAlaska (n= 11), but not Louisiana (n = 0).

Replicate #2 samples that had been submersed in wet-
lands at Agassiz NWR, Minnesota and Izembek NWR,
Alaska and recovered after a period of 181–229 days yielded
detections of viral RNA (n = 6 and 2, respectively) and/or
viable IAVs (n = 8 and 2, respectively; table 1). Replicate #2
samples from Cameron Parish, Louisiana were not screened
given the lack of viable IAVs identified through initial
screening results. When considering only samples in which
infectious IAVs were identified, the percentage of paired
samples for which both the replicate #1 and replicate #2
sample were virus isolation positive was 20% for samples
from Agassiz NWR, Minnesota (8/40) and 18% for samples
from Izembek NWR, Alaska (2/11; table 1). Samples recov-
ered in spring from which viable IAVs were isolated had
been submersed in wetland field sites for 209–229 days. As
calculated using 30.5 days per month, these time periods
equate to 6.9–7.5 months. No infectious IAVs nor viral RNA
were detected in any of the negative controls tested from
either the initial or final collection timepoint.

We obtained genomic information for all 51 viruses isolated
from replicate #1 samples collected in Alaska and Minnesota
during September–October 2018 and 10 viruses isolated from
replicate #2 samples recovered from field sites at these locales
in April 2019. Predominate combined hemagglutinin (HA)
and neuraminidase (NA) subtypes for isolates recovered
through the screening of replicate #1 samples collected in
September–October 2018 included H3N8 (6/11 or 54% of
isolates from Alaska and 9/40 or 23% of isolates from
Minnesota) and H4N6 (12/40 or 30% of isolates from Minne-
sota) with mixed infections also being detected at both
locations (1/11 or 9% of isolates from Alaska and 10/40 or
25%of isolates fromMinnesota; figure 2). Therewere no predo-
minate combined HA-NA subtypes among isolates recovered
from replicate #2 samples from either location (figure 2). In
two instances, a mixed infection was isolated upon screening
of replicate #1 samples, whereas a pure culture of either

https://creativecommons.org/licenses/by-sa/3.0/
https://creativecommons.org/licenses/by-sa/3.0/


Table 1. Summary of influenza A virus screening of filtered surface water samples inoculated with paired cloacal and oropharyngeal swab samples collected
from ducks prior to and following placement in wetlands in Alaska, Minnesota and Louisiana for a period of 125–229 days.

wetland complex and
field site

filtered
water/
swab
samples
(n=)

replicate
#1
samples
rRT-
PCR+a

(n=)

replicate
#1
samples
VI+b (n=)

date
replicate #2
samples
were
submerged

replicate
#2
sample
recovery
date

duration
(days)
replicate #2
samples
were
submerged
in wetlands

replicate
#2
samples
rRT-PCR+
(n =)

replicate
#2
samples
VI+ (n=)

Izembek NWR, Alaska

Bluebill Lake

120 6 7 2 Sep–4 Oct

2018

14 Apr

2019

192–224 1 1

Izembek NWR, Alaska

Red Salmon Lake

120 5 4 12 Sep–15

Oct 2018

14 Apr

2019

181–214 1 1

Agassiz NWR, Minnesota

Farmes Pool

109 38 20 11 Sep 2018 28 Apr

2019

229 2 4

Agassiz NWR, Minnesota

Tamarack/Northwest Pool

99 27 20 14–21 Sep

2018

28 Apr

2019

219–226 4 4

Cameron Parish, Louisiana

Private rice field

118 4 0 16 Nov 2018 22 Mar

2019

126 not tested not tested

Cameron Parish, Louisiana

Rockefeller Wildlife

Refuge

120 0 0 17 Nov 2018 22 Mar

2019

125 not tested not tested

arRT-PCR positive (+).
bVirus isolation (VI) positive (+).

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

287:20201680

4

H3N8 or H4N8 IAV was isolated upon testing of the corre-
sponding replicate #2 sample. All isolates recovered from
submerged replicate #2 samples shared greater than 99.6%
nucleotide identity at each viral gene segment with the virus
isolated from the corresponding replicate #1 sample. Genomic
data were submitted to GenBank and can be accessed with
accession numbers MN987946–MN988457 and MN998578–
MN998579.

Measures of pH for both unfiltered and filtered surface
water samples from Alaska and Minnesota were near or
slightly above neutral (range: 7.21–8.42) in August or Septem-
ber 2018 and lower (5.25–7.38) for corresponding paired
samples collected (unfiltered water) or recovered (filtered
water) in April 2019 (table 2). Measures of pH for unfiltered
and filtered water samples from field sites in Louisiana
were comparatively lower for both initial samples (6.10–
6.60) and corresponding paired samples collected or recov-
ered later (4.86–5.99; table 2). Specific conductance values
were generally higher for unfiltered and filtered water
samples collected in August–September 2018 at field sites
in Alaska (84–96 µS cm−1) and Minnesota (527–615 µS cm−1)
as compared to corresponding paired samples recovered or
collected in April 2019 (74–87 µS cm−1 for Alaska sites; 242–
549 µS cm−1 for Minnesota sites; table 2). Specific conduc-
tance values for surface water samples collected from
Louisiana field sites exhibited a greater range of values
than more northern field sites (75–1534 µS cm−1) and were
not consistently lower upon sample collection/recovery in
March 2019 (table 2). The mean temperature of surface
water during the study period at field sites in Alaska and
Minnesota in which IAVs remained viable was 4.2–4.9°C (−
0.1–22.9°C), whereas the mean surface water temperature
range for sites in Louisiana was 14.3–15.5°C (5.4–26.5°C;
figure 3) [38].

(b) Laboratory experiment
During our laboratory experiment, we observed monotonic
monthly declines in the number of samples testing positive
for viable IAVs via virus isolation (figure 4). Of the 40
samples from which IAVs were isolated upon initial testing,
five (13%) yielded infectious viruses approximately seven
months later at the time of final re-testing in April 2019.
Three of the five samples that remained infectious for the dur-
ation of the laboratory experiment corresponded to replicate
#2 samples that remained infectious after being held at field
sites within Agassiz NWR, Minnesota as part of our field
experiment [38]. The other two IAVs that were consistently
isolated throughout our laboratory experiment were not
recovered from corresponding replicate #2 field samples [38].

(c) Challenge study
No clinical signs were observed among experimentally inocu-
lated mallards, except for a single bird from the group
inoculated with sample #48 maintained for 214 days within
Bluebill Lake at Izembek NWR, Alaska. This bird was
swabbed for IAV and euthanized 24 h post-experimental
inoculation because it was weak, recumbent and not eating.
Viral RNA was detected in CL and OP swab samples
collected from all 10 groups of mallards experimentally
inoculated with replicate #2 field samples maintained under
ambient temperatures for a period of 209–229 days (figure 5)
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or the positive inoculation control. We detected purportedly
virus isolation positive samples from seven groups of mal-
lards [38]; however, we only confirmed replication of the
IAV used as inoculum in two groups of birds through geno-
mic sequencing (figure 5). More specifically, IAVs isolated
from groups of mallards experimentally challenged with
samples maintained at Izembek NWR, Alaska for 214 days
and at Agassiz NWR, Minnesota for 226 days shared
≥99.8% nucleotide identity at all gene segments to viruses
recovered from the corresponding inoculum (figure 5) [38].

All experimentally challenged mallards were seronega-
tive for IAV antibodies prior to inoculation with virus
isolation positive replicate #2 samples recovered in April
2019. We detected evidence of seroconversion in four
groups of mallards using sera collected 15 dpi: one group
of birds experimentally challenged with a sample maintained
at Izembek NWR, Alaska; two groups of birds inoculated
with samples maintained at Agassiz NWR, Minnesota
(figure 5); and the fourth group of mallards inoculated with
the positive control virus [38]. We note that only two mal-
lards were used to assess seropositivity resulting from
experimental challenge with sample #48 given the unantici-
pated loss of one bird 24 h following experimental
inoculation. Based on all criteria assessed, including (i) posi-
tive detection of viral RNA via rRT-PCR, (ii) isolation of
viable IAV in ovo that was confirmed as sharing greater
than 99% nucleotide identity with IAV in the inoculum and
(iii) evidence of seroconversion following experimental infec-
tion, we found evidence that one sample from each Alaska
and Minnesota appeared to be infectious in a mallard
model after being held at ambient temperature in the field
for seven months (figure 5).
4. Discussion
We evaluated the duration of infectivity of avian-origin IAVs in
three wetland complexes across a latitudinal gradient in North
America and found that viruses may remain infectious for
more than seven months in surface waters collected from
Alaska andMinnesota field siteswhenmaintained under natu-
rally occurring temperatures. Physical conditions at northern
wetlands in which IAVs remained infectious included cold
temperatures (approaching 0°C), near-neutral pH, and rela-
tively low to moderate specific conductance. These results are
generally consistent with previous laboratory investigations
[24,26,27,30] and prior evaluation using a field-based research
approach [33] which found similar physical and chemical
properties to be associatedwith extended periods of viral infec-
tivity in distilled or filtered surface water. We note that a
consistent decline in pH was observed among all filtered and
non-filtered water samples collected from Alaska, Minnesota
and Louisiana wetlands between our initial sampling efforts
in late summer and autumn 2018 and subsequent sampling/
recovery efforts in spring 2019. In the overwintering water bot-
tles, this was probably caused by microbial oxidation of
organic matter by bacteria passing through our filtration step
[39], which produced carbon dioxide and thus acted to
decrease the pH of the samples. At field sites, the specific fac-
tors resulting in a reduction in surface water pH over the
winter season could not be easily identified and may have
included (i) increased partial pressure of carbon dioxide due
to heightened ecosystem respiration relative to primary pro-
duction, (ii) the accumulation of weakly ionizable organic
acids and/or (iii) the influx of acidic meltwaters in the spring
[40–42]. Future investigations focused on pH variability in
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both sample vials and the environment over time may provide
new insights regarding how this water quality parameter acts
to limit viral viability in wetland surface waters.

When comparing the results of our field experiment in
Minnesota to those obtained using a laboratory approach,
we found results to be generally concordant. More specifi-
cally, in our laboratory experiment, a comparable (although
slightly lower) percentage of IAVs remained infectious for
the duration of the approximately seven-month study
period as compared to results obtained from Minnesota in
our field experiment. Though most of the IAVs that remained
infectious throughout the duration of the laboratory exper-
iment also remained infectious in the field experiment in
Minnesota, we also repeatedly isolated two viruses in our
laboratory investigation throughout the approximately
seven-month study period that did not remain infectious
after being held for a comparable time period in the field.
This discrepancy may be due to experimental artefacts (e.g.
unequal mixing of virus between our split field samples),
differences among viruses with regard to the ambient temp-
erature range at which they are able to remain viable or
potential isolation issues associated with the formation of
viral aggregates through time. Additional comparative
studies using parallel field and laboratory approaches may
be useful for resolving this uncertainty.

Results from the challenge study provided strong evidence
that IAVs in two field samples, one from each Izembek NWR,
Alaska and Agassiz NWR, Minnesota, remained infectious in
an in vivo model following a period of approximately
seven months during which samples were deployed in wet-
lands under ambient water temperatures. Results from the
challenge study for IAVs in other field samples are less clear,
on account of negative virus isolation results, the lack of
antibody detection through serologic testing, or insufficient
genomic evidence to support in vivo replication of the IAV
used as inoculum. Differences observed between assessments
of infectivity in mallards versus in ovo testing of field samples
may arise from disparities in sensitivity of the tests, viral varia-
bilityand the freezingand thawingof samples for rRT-PCRand
virus isolation as part of the challenge study which could have
affected the quality of the RNA or lowered the virus titers in
samples. Regardless, the finding that some field samples from
Alaska and Minnesota remained infectious to mallards after
more than seven months in wetlands supports the premise
that northern surface waters represent a biologically important
medium in which IAVs are both transmitted and maintained.
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The approximately seven-month period during which
viruses remained infectious at wetland field sites in Alaska
andMinnesota is ecologically pertinent as this time span corre-
sponds to the timing of the departure of migratory birds from
northern staging areas in late summer/autumn and their
subsequent return to such areas the following spring after
overwintering at more southern latitudes. It is therefore
plausible that surface waters of northern wetlands may serve
as an environmental reservoir for infectious IAVs during
the overwintering period of migratory waterfowl. This may
explain prior observations of nearly identical genome constel-
lations identified from wild bird samples collected in
successive years at locations in Alaska and in the Czech Repub-
lic [43–45]. For example, migratory birds may have deposited
IAVs in wetlands in Alaska during autumn staging and then
migrants returning to their northern breeding grounds could
have become infected with viruses maintained in surface
waters while staging at these same areas the following spring.
Given the potential of IAVs to remain infectious in suit-
able northern wetlands, we encourage ambient
environmental conditions to be considered in the design of
future surveillance efforts for wild bird-origin IAVs, particu-
larly those efforts targeting specific viruses determined to be
important biological threats (e.g. highly pathogenic goose/
Guangdong lineage viruses). For example, if surveillance
activities detect economically costly or potentially pandemic
IAVs in wild birds inhabiting wetland complexes with abun-
dant cold, near-neutral surface water, it is plausible that such
biological threats may also persist in the environment for
extended periods of time, well beyond detection in infected
hosts. Consideration should therefore be given to the devel-
opment and implementation of surveillance methods that
can be used to efficiently detect infectious IAVs in the
environment. We also encourage the exploration of potential
tools or management actions that may be used to reduce IAV
infectivity in virally contaminated wetlands during outbreak

http://freevectormaps.com
http://freevectormaps.com
http://phylopic.org/
http://phylopic.org/
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scenarios should such biological threats be identified in the
environment. Potentially effective approaches include the
temporary draining of managed wetlands or the utilization
of short-term changes in water temperature or pH. Although
we appreciate that such actions may be logistically compli-
cated, expensive, and/or associated with ecological
consequences, these costs may be warranted in certain high-
risk scenarios.

The lack of viable IAVs detected in samples collected in
Cameron Parish, Louisiana during November 2018 precluded
us from assessing the duration of infectivity for viruses at our
most southernly field sites. However, if laboratory models are
indeed congruent with results from field-based approaches,
as appears to be the case based upon results from field sites
in Alaska and Minnesota, we would expect the duration of
infectivity to be much reduced at the Louisiana field sites
we investigated based upon the observed lower pH of surface
waters and higher average daily temperatures. Additional
efforts to apply field-based approaches at a diversity of wet-
lands, including mid- and low-latitude field sites, would be
useful to confirm or refute this hypothesis.
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