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H I G H L I G H T S

• Prevalence of AMR E. coli among Alaska
gulls correlated with human population
size.

• Gulls inhabiting Alaska landfills mi-
grated to Russia, Canada, and California.

• The fastest gulls migrated more than
3000 km within 6 days.

• Modeling results suggest long-distance
dispersal of AMR bacteria by gulls.
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Anthropogenic inputs into the environmentmay serve as sources of antimicrobial resistant bacteria and alter the
ecology and population dynamics of synanthropic wild animals by providing supplemental forage. In this study,
we used a combination of phenotypic and genomic approaches to characterize antimicrobial resistant indicator
bacteria, animal telemetry to describe host movement patterns, and a novel modeling approach to combine
information from these diverse data streams to investigate the acquisition and long-distance dispersal of antimi-
crobial resistant bacteria by landfill-foraging gulls. Our results provide evidence that gulls acquire antimicrobial
resistant bacteria from anthropogenic sources, which they may subsequently disperse across and between con-
tinents viamigratorymovements. Furthermore, we introduce a flexiblemodeling framework to estimate the rel-
ative dispersal risk of antimicrobial resistant bacteria in western North America and adjacent areas within East
Asia, which may be adapted to provide information on the risk of dissemination of other organisms and patho-
gens maintained by wildlife through space and time.
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1. Introduction

Antimicrobial resistance (AMR; abbreviation also used for ‘anti-
microbial resistant’) is widespread in human and veterinary
clinics, food production systems, and the environment, which
may undermine the treatment of bacterial infections (Cassini
et al., 2019). Through numerous pathways, AMR bacteria and
genes conferring resistance are transferred among these sectors
(Allen et al., 2010; Woolhouse et al., 2015), as well as among
healthy community members, such that resistance may spread be-
tween the environment and humans in both directions (Chamosa
et al., 2017; Forsberg et al., 2012; Gomi et al., 2017). However,
quantification of exchange among sectors in each direction and
specific pathways of dissemination are difficult to infer. This is
largely a function of the complex and multidimensional spread of
bacteria, plasmids, and resistance genes (Sheppard et al., 2016),
and the generally low levels of surveillance for AMR bacteria in en-
vironmental settings.

Environmental AMR genes may be ancient (D'Costa et al., 2011)
and have been found at some of the most remote locations on the
planet (Hernández et al., 2010); however, AMR genes within mobile
genetic elements are more prolific in the antibiotic era and at loca-
tions with anthropogenic inputs such as sewage, refuse, and live-
stock waste (Ma et al., 2017). This is presumably a function of
increased selection for AMR in environments contaminated with an-
tibiotic residues, biocides, and heavy metals (Gullberg et al., 2014),
as well as the direct input of resistance genes into the environment
from anthropogenic sources. Additionally, anthropogenic inputs
into the environment may alter the ecology and population dynam-
ics of synanthropic wild animals by providing food subsidies
(Ackerman et al., 2018; Giroux et al., 2016). Some species of gulls
(family Laridae) are known for their opportunistic behavior and abil-
ity to adapt to anthropogenically influenced environments (e.g.
Bond, 2016; Duhem et al., 2008), and often utilize refuse and habitats
receiving wastewater effluent (Weiser and Powell, 2010). Conse-
quently, these birds have been purported to acquire AMR bacteria
from human inputs (Varela et al., 2015) and are therefore targeted
as indicators of AMR in the environment (Ahlstrom et al., 2018;
Dolejska et al., 2015). Furthermore, gulls and other wild birds may
serve as important environmental reservoirs or bridge hosts of clin-
ically relevant AMR bacteria (Franklin et al., 2020), and as vectors for
long-distance dispersal of resistance determinants (Guenther et al.,
2012; Lin et al., 2020). These are plausible scenarios given that
gulls have previously been found to harbor high levels of clinically
relevant AMR bacteria (Dolejska et al., 2015; Vittecoq et al., 2017),
identified as sources of elevated coliform bacteria levels at public
beaches (Nevers et al., 2018), and implicated in the local dispersal
of bacteria across the landscape (Ahlstrom et al., 2019a; Alm et al.,
2018). Additionally, the shedding period for enteric bacteria exhibiting
AMRharbored by experimentally inoculated gulls and otherwater birds
may be of sufficient duration to facilitate dissemination through migra-
tion (Franklin et al., 2020; Sandegren et al., 2018).

In this study, we investigated the acquisition and risk of long-distance
dispersal of AMRbacteria by landfill-foraging gulls using a combination of
phenotypic and genomic approaches, and satellite telemetry to track gull
movements. We focused on gulls inhabiting Alaska, USA, because the
state has minimal agricultural production (USDA, 2019) and is sparsely
populated by humans such that communities are often separated by hun-
dreds of kilometers. Thus, exposure of gulls to anthropogenic AMR deter-
minants and environmental conditions that select for elevated levels of
resistance are presumably limited to discrete populated areas within the
state with relatively well-defined inputs (e.g., refuse and wastewater
effluent). Furthermore, most gulls inhabiting Alaska migrate following
the breeding season, suggesting that they may serve as a useful model
for understanding dispersal of AMR bacteria among spatially distant
regions.

2. Materials and methods

2.1. Study sites and sample collection

Fecal material from glaucous-winged gulls (Larus glaucescens), her-
ring gulls (Larus argentatus), glaucous gulls (Larus hyperboreus), and po-
tential hybrids of these species, was collected from seven communities
in Alaska (Fig. S1) twice per year (May–June and August) in either 2016
or 2017. Samples were collected at community landfills when possible,
or at other gull congregation areas (e.g. beaches) if landfills were not
present or accessible. A total of 50 to 67 samples were collected at
each location during each sampling period (Table S1) by inserting a
sterile swab into recently deposited (i.e. wet) gull fecal material (fol-
lowing flushing of the flock) and placing it into a vial with chilled
Luria broth (BD, Sparks, USA). GPS coordinates were recorded at each
site and all samples were kept cool on ice for approximately 4–72 h
until frozen at −80 °C. Human population size estimates of each com-
munity for the year 2016 were retrieved from the State of Alaska De-
partment of Labor and Workforce Development Research and Analysis
(State of Alaska Department of Labor and Workforce Development,
2017). We incorporated the estimated population of the City of Kenai
into the population size estimate for Soldotna, given these two commu-
nities form a continuous urban corridor.We assumed the influx of tour-
ists and visiting researchers to sampling locations to be roughly
proportional to (and unlikely to eclipse the importance of) the larger
resident populations of these seven communities.

2.2. Bacterial culture and phenotypic AMR testing

Two different culture methodologies were employed to isolate
Escherichia coli. A selective screening approach for enrichment of
cephalosporin-resistant E. coli, which are of specific concern to pub-
lic health, was utilized as the more sensitive method for isolating
extended-spectrum beta lactamase- (ESBL) producing isolates. A
second, non-selective screening approach was employed for enrich-
ment of all E. coli and was utilized to assess overall resistance among
viable E. coli. For both screening approaches, gull fecal swab samples
were inoculated in 2 ml brain heart infusion (BHI) broth (Becton
Dickinson, USA), supplemented with vancomycin (16 mg/l; Sigma-
Aldrich, Merck, Sweden) for selection of gram-negative bacteria,
and incubated for 18–24 h at 36 °C. Following incubation, 10 μl of
BHI broth was streaked onto CHROMagar C3GR plates (CHROMagar,
France), a selective growthmedium that supports growth of bacteria
with reduced susceptibility to extended-spectrum cephalosporins,
and 10 μl was streaked onto Uriselect agar plates (Bio-Rad Laborato-
ries, France), a non-selective growth medium. E. coli CCUG 17620
and Klebsiella pneumoniae CCUG 45421 strains were included as neg-
ative and positive controls, respectively. Plates were incubated in
aerobic conditions for 18–24 h at 36 °C. Putative E. coli isolates
were confirmed as E. coli by matrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry (Bruker Daltonics, Bremen,
Germany) using a threshold criterion of >2 and database versions
BDAL 5989 and BDAL 6903 (Seng et al., 2009). One E. coli isolate
per plate was selected in most instances; however, when different
colony morphologies were observed, more than one colony was
retained (Fig. S2).

Antimicrobial susceptibility testing was performed on confirmed
E. coli isolates using the following antibiotic discs: Nalidixic acid
(30 μg), nitrofurantoin (100 μg), piperazillin-tazobactam (36 μg), tetra-
cycline (30 μg), trimethoprim (5 μg), trimethoprim-sulfamethoxazole
(25 μg), meropenem (10 μg), ciprofloxacin (5 μg), ampicillin (10 μg),
cefadroxil (30 μg), chloramphenicol (30 μg), gentamicin (10 μg) and
mecillinam (10 μg) (Thermo Fisher Scientific Oxoid Ltd, Hants, UK),
according to the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) recommendations (EUCAST, 2013). Inhibition zone di-
ameters were interpreted according to EUCAST breakpoints (EUCAST,
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2016) for all antimicrobials except for tetracycline, forwhichweused the
Normalized Resistance Interpretation method (Kronvall and Smith,
2016), as this antimicrobial has no defined clinical breakpoint. Additional
characterization of ESBL-producing E. coli isolates fromCHROMagar C3GR
plates was performed using disc diffusion with the following five antibi-
otic discs: Ceftazidime (10 μg), cefotaxime (5 μg), cefepime (30 μg),
cefoxitin (30 μg) and amoxicillin/clavulanic acid (30/1 μg). All phenotypic
antimicrobial susceptibility testing results can be found at https://doi.org/
10.5066/P9U0XGI3 (Ahlstrom et al., 2020).

2.3. Genomic analysis

DNA was extracted from all E. coli isolates resistant to one or more
antibiotics using MagnaPure compact nucleic acid isolation kits (Roche,
Stockholm, Sweden). Multiplexed DNA libraries were prepared using
NexteraXT or Nextera DNA Flex library preparation kits (Illumina, San
Diego, USA) according to manufacturer's instructions. Whole genome
sequencing was performed using MiSeq or HiSeq 4000 (Illumina) plat-
forms to generate 250 or 150 base pair paired-end reads, respectively.

Reference mapping to the E. coli K-12 reference genome
(NC_000913.3) was performed to quality check sequencing data.
Reads were mapped using BWA (Li and Durbin, 2009) and variant
sites were identified using SAMtools (Li et al., 2009). Mixed culture
was inferred when 5% or more variant sites with >5% heterozygos-
ity (i.e. <95% of reads as either reference or alternate allele) were
found in a single isolate. Isolates with inferred mixed culture
were excluded from further analyses.

Reads were assembled de novo using default parameters in
Unicycler (Wick et al., 2017) and contigs were annotated using Prokka
(Seemann, 2014). Core genes were identified and a multiple sequence
alignment was generated with Roary (Page et al., 2015). Single nucleo-
tide polymorphisms from the core genome alignment were extracted
using SNP-sites (Page et al., 2016) and phylogenetic trees were gener-
ated using FastTree (Price et al., 2009).

Multilocus sequence typing (MLST) was performed in silico using
SRST2 (v0.2.0) (Inouye et al., 2014) and the Escherichia coli #1 database
retrieved from pubmlst.org. Isolates with novel locus alleles were con-
firmed as E. coli using BLAST (Johnson et al., 2008) and then as a novel
allele sequence by inspecting the read alignments in Geneious (Kearse
et al., 2012). Isolates not confirmed as E. coliwere excluded from further
analyses (Fig. S2). Resfinder (Zankari et al., 2012) and Pointfinder
(Zankari et al., 2017) were used to identify acquired genes and point
mutations predicted to confer antimicrobial resistance, respectively.
The integron/integrase gene intI1 was detected with seqpoet (v0.3.4)
using previously described primer sequences (Orman et al., 2002).
Heavymetal and biocide resistance genes were identified using BacMet
and its associated experimentally confirmed resistance gene database
(Pal et al., 2014).

We retained genetic data frommultiple isolates per sample, when
applicable, in order to capture additional diversity of E. coli strains;
however, to minimize overrepresentation of a single clone, only ge-
nomic information for one isolate was included in statistical analyses
if multiple isolates from the same sample had identical sequence
types and AMR gene profiles. This occurred in four samples; thus, a
total of 141 isolates were included in downstream statistical analy-
ses (see Fig. S2).

Fisher's exact tests with a Bonferroni correction were performed
to test whether antibiotic resistance classes and individual genes
were statistically overrepresented in the combined northern, north-
western, and western regions compared to the southcentral region
of Alaska, using the package exact2x2 (Fay, 2010) in R (R Core
Team, 2016). Only genes found in four or more isolates were tested.
Rarefaction curves were generated based on the number of E. coli se-
quence types isolated from each location (for locations with >5 AMR
E. coli isolates) and each type of enrichment using iNEXT (Hsieh et al.,
2016) in R.

2.4. Satellite telemetry

We investigated the migratory movements of individuals attending
sampling sites using remote animal telemetry (Kays et al., 2015). Specif-
ically, we captured gulls and equipped them with GPS satellite platform
transmitter terminals (PTTs). Permissions for gull capture and deploy-
ment of PTTs were granted by the Alaska Department of Fish and Game
(permit #16-109), the U.S. Fish and Wildlife (permit #MB789758-5),
and the U.S. Geological Survey Alaska Science Center Animal Care and
Use Committee (approval #2016-6). A total of 42 adult glaucous-
winged gulls, herring gulls, glaucous-winged/herring gull hybrids, and
glaucous gulls, the same species from which feces were sampled, were
live-captured at five Alaska locations: the Central Peninsula landfill (re-
ferred to as Soldotna landfill), located approximately four kilometers
south of Soldotna, Alaska, in May 2016 (n = 7) and June 2017 (n =
10); the Bethel landfill, in August 2017 (n = 10); the city dock in Cold
Bay, in August 2017 (n= 1); the Utqiaġvik Municipal SolidWaste Land-
fill, in August 2018 (n = 12); and the Nome Municipal Landfill, in Sep-
tember 2018 (n = 2). Capture of gulls was attempted at the coast
adjacent to Adak, but efforts were not successful. The single individual
marked at Cold Bay was apparently depredated by a bald eagle
(Haliaeetus leucocephalus) within 48 h of transmitter deployment, and
thus excluded from the analyses. Due to management practices at the
Anchorage Regional Landfill (e.g. active hazing of birds), capture of
gulls was not attempted.

Gulls were captured using baited noose carpets and fitted with 22 g
solar-powered GPS PTTs built by GeoTrak, Inc. (Apex, NC, USA). PTTs
were affixed dorsally onto each gull with a 6.35mmTeflon ribbon back-
pack harness (Hupp et al., 2011) and programmed to acquire GPS loca-
tions every 3 h during local daytime hours (5:00 am–10:00 pm), and
one GPS location during the night (0:00 am–4:00 am; seven total GPS
locations per day) from the date of deployment through 31 October. Be-
ginning on 1 November, PTTs were programmed to acquire two GPS lo-
cations during local daylight hours (9:00 am–3:00 pm) and one GPS
location during night (11:00 pm–3:00 am). PTTs were programmed to
communicate GPS data to the Argos System (Fancy et al., 1998)
(http://www.argos-system.org/) every two days during a five-hour
transmission period. Argos receivers onboard six polar-orbiting satel-
lites opportunistically intercepted PTT transmissions depending on
their orbital schedules, hence GPS data were redundantly transmit-
ted many times to increase the probability of capturing a complete
tracking record.

2.5. Predicted spatial use by gulls

We used gull GPS locations and environmental data to estimate re-
source selection within each of two general migratory corridors used
by our sample of marked birds (i.e., gulls marked in Bethel, Nome, and
Utqiaġvik migrated across the Bering Strait, whereas gulls captured in
Soldotna dispersed southeast along the west coast of North America).
Resource selection functions (RSF) model the relative probability of se-
lection of resources by an individual or individuals. We therefore used
RSF to estimate the relative likelihood of gull use at any given location
within the two migratory corridors during the first 30 days of autumn
migration, which corresponded to the maximum period of shedding of
AMR E. coli reported for ring-billed gulls (Larus delawarensis) (Franklin
et al., 2020). Specifically, we fitted a logistic mixed-effects regression
tomodel the relative probability of gull use as a function of environmen-
tal predictors.We subsequently predicted the relative probability of gull
use throughout the migratory corridor for 30 days post-dispersal from
landfill locations.

We selected three environmental predictors for our RSF: distance to
coastline (in km), compound topographic or wetness index (integrates
flow accumulation and terrain slope), and human population count
(Table S5). Eachenvironmental predictorwas resampled to a predefined
grid in the Alaska Albers equal-area map projection and a cell size of
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5 km × 5 km. We calculated the distance of each grid cell to each of the
four deployment locations as an additional RSF predictor.

Wedefined all gull GPS locations during the autumndispersal period
(i.e. the first 30 days ofmigration) above land as occupied or ‘used’ loca-
tions, and excluded off-shore locations (n = 1346) from subsequent
analyses as we presumed bacteria deposited into the marine environ-
ment were unlikely to significantly contribute to dispersal risk. In
total, 2108 GPS locations were recorded above land during the selected
period (Bethel: n= 341, Nome: n= 143, Utqiaġvik: n= 626, Soldotna:
n = 908). We split individuals in two groups, with gulls from Bethel,
Nome, and Utqiaġvik grouped as “NW Alaska”, and birds from Soldotna
as “Soldotna” according to their use of differentmigratory corridors.We
sampled pseudo-absence locations randomly from the study area. Prior
to sampling, we determinedmaximumdistance from the coast for loca-
tions occupied by satellite tracked gulls (93 km, rounded to 100 km),
and restricted random sampling of pseudo-absence locations to within
this distance (100 km) from the coast as to avoid an artificially strong ef-
fect of this predictor. The number of pseudo-absence locationswas cho-
sen to match the number of available presence locations (n = 2108).
We randomly assigned deployment locations and individual identifiers
to pseudo-absences, and annotated all presence and pseudo-absence lo-
cationswith all environmental predictors and the respective distance to
deployment location.

We derived the RSFs using a logistic mixed-effects regression. We
modeled the relative probability of gull habitat use using presence
(1) and pseudo-absence (0) as a dependent variable, and, as described
above, the three environmental variables and distance to the respective
deployment location as independent predictors. To account for differ-
ences in available habitat alongmigratory corridors, we allowed for dif-
ferent slopes in the response by including grouping according to
migration corridor as an interaction term for the variables human pop-
ulation size andwetness index. Additionally, we accounted for variation
between individuals by including individual as a random effect. We ini-
tially fitted amodel with the full dataset, and evaluated themodel using
residual diagnostics for hierarchical regression models (Hartig, 2017)
(Fig. S8), which showed no or only slight deviation from expectations.
The full model exhibited a slightly heavy-tailed distribution of residuals
not uncommon for logistic regression, but was still able to predict pres-
ences and pseudo-absences for all deployment locations well (see
Figs. S9 and S10). We assessed goodness-of-fit using McFadden's
pseudo-R2 (McFadden, 1974), which for the full model was R2 = 0.73.
We subsequently applied a random sub-sample cross-validation (100
sub-samples of n = 750 locations each) to avoid overfitting. We main-
tained a 50:50 ratio between presences and pseudo-absences in the
sub-sampled datasets. We averaged resulting models into a single
final model with coefficients averaged over all 100 replicate models
(Bartoń, 2019) (Fig. S11).

We used the averaged model to predict relative probability of gull
use along the entire migratory corridors. Considering each landfill de-
ployment location separately, we applied the RSF to predict model re-
sponse for each cell in the gridded environmental data. This resulted
in spatial grids representing relative probability of gull use for gulls
from the four deployment locations for the entire respective migratory
corridor. We then combined the relative probability of gull use pre-
dicted by the RSF with an indication of accessibility of locations within
the migratory corridor to gulls during the autumn dispersal period.
We determined accessibility of any given site along the migratory
corridors using the estimates ofmigration speed during the autumn dis-
persal period. We defined concentric rings for each day of the dispersal
period, centered on deployment locations. A band's inner and outer ra-
dius respectively corresponded to the minimum and maximum ob-
served (tracking) migration distance for that day. We considered only
increases in radius, thus ignoring days where the dispersal distance
was shorter than on previous days. To restrict these theoretical areas
of accessibility to the migratory corridors, we intersected each daily
ring with the respective migration corridors. The remaining areas

indicated the area accessible to migratory gulls within their migratory
corridor during any givenday of the autumndispersal period.Wefinally
used these areas to mask the prediction of relative probability of gull
use, and set the probability of gull use in areas outside the area for a
given day of the autumn dispersal period to 0. This allowed us to assess
the relative probability of any given locationwithin themigratory corri-
dors to be used by migratory gulls from the tagged populations.

2.6. Relative AMR dispersal risk

In the absence of a standardized measure of risk for AMR genes
(Berendonk et al., 2015; Martínez et al., 2015), we developed our own
“AMR Risk Metric” that was assigned to all four landfill locations at
which gulls were marked. Our AMR Risk Metric incorporated informa-
tion on the frequency of four categories of AMR genes as inferred from
whole genome sequencing of E. coli isolates obtained from selectively
enriched gull fecal samples (i.e., C3G plates). In developing these four
categories of risk, we considered existing literature (e.g., Centers for
Disease Control and Prevention, 2019; Kadri et al., 2018; Magiorakos
et al., 2012; World Health Organisation, 2019), and applied similar
criteria to establish our metric. In particular, difficult-to-treat resistance
(DTR) was defined by Kadri et al. (2018) as phenotypic resistance to at
least one carbapenem, extended-spectrum cephalosporin, and fluoro-
quinolone. Here, we modified this definition by excluding carbapenem
resistance, as carbapenem-resistant Enterobacteriaceae are classified
as urgent threats by the Centers for Disease Control and Prevention
(Centers for Disease Control and Prevention, 2019) and was considered
a critically important antimicrobial. Each isolatewas assigned to a single
category in the following order of inclusion: 1) presence of genes con-
ferring resistance to critically important antimicrobials, defined here
as colistin and carbapenems (Pcr), 2) presence of genes associated with
resistance to extended-spectrum cephalosporins and fluoroquinolones
(PDTR), 3) presence of genes associated with resistance to ≥3 antibiotic
classes (i.e., multidrug resistant; PMDR), and 4) presence of genes associ-
atedwith resistance to 1–2 antibiotic classes (P1–2).We thendetermined
frequency of isolates by dividing the number of isolates in each category
by the total number of samples collected at each location. To derive the
AMR Risk Metric for each location, we then weighted the frequency of
each category according to perceived dissemination concern, based on
the authors' collective experience in the field and clinic and based on
published literature (Centers for Disease Control and Prevention, 2019;
Martínez et al., 2015; World Health Organisation, 2019). The AMR Risk
Metric for each location was defined as:

10Pcr þ 6PDTR þ 3PMDR þ P1–2

where P is the frequency of each category of isolates from each location.
The minimum and maximum AMR Risk Metric value is 0 and 10.

Finally, we combined the AMR RiskMetric, predictions of gull spatial
use during the first 30 days of migration, and a model describing shed-
ding of colistin-resistant E. coli by ring-billed gulls over the first 30 days
post-infection from a challenge experiment (Franklin et al., 2020). Here,
shedding in a flock of infected gulls was best described as a 3-parameter
log-normal function (Fig. S12A) with an amplitude of 43.35 (95% CI:
24.74, 61.95), a scale parameter of 0.37 (95% CI: 0.21, 0.53), and a loca-
tion parameter of 14.95 days (95% CI: 12.06, 17.84).We scaled the func-
tion so that intensity of shedding would range from 0 to 1. For each
location and cell in the spatial predictions of gull use,we defined the rel-
ative dispersal risk as:

Rd jð Þ ¼ RAMR jð Þ∗∑dmax
d¼0

po d, jð Þ∗is dð Þ
dmax

,

where Rd(j) is the relative dispersal risk of any cell for location j, RAMR

the AMR Risk Metric for location j, dmax the maximum number of days
for which the shedding curve is defined (30 days), po(d,j) the predicted
use by gulls for location j at any day d during the dispersal period, and is
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(d) the normalized shedding intensity from the shedding model. As
RAMR theoretically ranges from 0 to 10, and the second term from 0 to
1, the relative dispersal risk Rd can range from 0 (no risk) to 10 (ex-
tremely high risk for critically important AMR genes).

3. Results and discussion

We phenotypically screened gull fecal samples collected from
seven locations in Alaska (Fig. S1) during 2016–2017 for AMR
E. coli using selective and non-selective enrichment approaches.
We identified at least one AMR E. coli isolate from 16% (126/773)
of the samples collected and more than one isolate from 4% of sam-
ples (30/773; Table S1; Fig. S2). The apparent frequency of AMR
E. coli in gull feces varied among locations in Alaska (Figs. 1A, S3)
and was strongly correlated with human population size of the
community nearest to the sampling location (Figs. 1B, S3), ranging
from 0% (0/108 and 0/107, respectively) in Cold Bay (population
65) and Adak (population 309) to 31% (33/107) in Anchorage (pop-
ulation 298,965) based on selective enrichment and subsequent
phenotypic screening.

We characterized the genetic diversity of 141 AMR E. coli isolates re-
covered from 121 gull fecal samples using whole genome sequencing
(Fig. S2). A total of 72 different multilocus sequence types were identi-
fied, the majority of which were represented by a single E. coli isolate
(Table S2). The highest sequence type diversity was detected in gull
feces from Anchorage and Bethel and through non-selective enrich-
ment; however, rarefaction analyses provide evidence that higher di-
versity may have been obtained at other locations, such as Utqiaġvik,
if additional sampling efforts were employed (Fig. S4). A phylogenetic
tree based on the core genome of all isolates revealed extensive genetic
diversity and limited dissemination of clonal isolates both within and
among sampling locations (Fig. S5).

A total of 58 different AMR genes associated with resistance to nine
different antibiotic classes were identified among the sequenced E. coli
isolates (Fig. S5). Five genes, aph(3″)-Ib, aph(6)-Id, tet(A), sul2, and
blaTEM-1B, were each found in >30% of isolates (n = 46–51 out of 141
isolates), and commonly co-occurred in the same isolate (Fig. S6).
Macrolide resistance, and specifically themph(A) gene,was significantly
overrepresented (adjusted p = 0.01) among isolates originating from
the combined northern, northwestern, and western sampling locations

Fig. 1. Frequency and genetic relationship of antimicrobial resistant E. coli from seven locations in Alaska. A) Boxplot representing frequency (based on selective enrichment) of AMR E. coli
(i.e. phenotypically resistant to ≥1 of 13 antibiotics) in gull fecal samples originating from seven locations (ordered by increasing population size) throughout two sampling periods.
Asterisks represent locations from which gull dispersal was tracked using satellite telemetry. B) Scatter plot of the frequency of AMR E. coli (based on selective enrichment) and
human population size of the sampling location on a log scale with base 10. A linear regression line, 95% confidence interval (grey shading), Spearman rank correlation coefficient (R),
and p-value are displayed. C) Midpoint rooted core genome phylogenetic tree of multidrug resistant E. coli isolates. Colored circles indicate sampling location where isolates originated.
Presence of at least one resistance gene in the corresponding antibiotic class is indicated by a colored square in the matrix. Identical AMR gene profiles, as defined by presence of each
of 58 resistance genes, is indicated by the same letter (A–K). No letter signifies a unique gene profile. Full resistance gene profiles of all antimicrobial resistant E. coli isolates are provided
in Fig. S5.
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(i.e. Bethel, Cold Bay, Nome, Utqiaġvik) (Table S3). We also identified a
total of 96 biocide and heavy metal resistance genes among the 141
sequenced isolates (Fig. S7). Antimicrobial resistance genes were not
identified in ten isolates that exhibited phenotypic resistance to ei-
ther extended spectrum beta-lactams, gentamicin, or mecillinam
(Ahlstrom et al., 2020). This could reflect limitations in short read
whole genome sequencing or these isolates may harbor novel resis-
tance genes.

The integron/integrase gene intI1, a proxy for anthropogenic pollu-
tion (Gillings et al., 2015), was detected in 23% (33/141) of isolates
and was positively associated with multidrug resistance (MDR; i.e. har-
bored genes associated with resistance to three or more antibiotic clas-
ses (Schwarz et al., 2010); p=0.0005). Overall, 48% (67/141) of isolates
exhibited MDR, though the proportion of isolates with MDR varied
between locations, sampling times (May/June vs. August), and enrich-
ments. Two isolates from Nome harbored genes associated with resis-
tance to all nine antibiotic classes to which resistance was detected in
this study (Fig. 1C). No isolates harboring intI1 or exhibiting MDR
were identified from samples collected at either Cold Bay or Adak, the
communities with the smallest human populations sampled as part of
this study and where residents incinerate their trash (Table S4).

Through tracking of 41 glaucous, glaucous-winged, herring, or hybrid
gulls from four landfill locations, we were able to document the autumn
dispersal of gulls from landfills in northern (Utqiaġvik), northwestern
(Nome), western (Bethel) and southcentral (Soldotna) Alaska (Fig. 2).
Of the 41 gulls marked at landfill locations, 27 individuals were tracked
for at least 14 days following departure from landfill sites as part of au-
tumn migration, providing 3454 GPS locations throughout a defined
post-dispersal period of 30 days (Ramey et al., 2020). Among the 17

individuals dispersing from landfills in Bethel, Nome, and Utqiaġvik, all
gulls dispersed generally southward or westward, with most birds
crossing the Bering Strait. Gulls that were tracked throughout the pre-
defined 30-day post-dispersal period migrated to lands or coastal waters
(i.e., within 100 km of shore) adjacent to Chukotka (n = 8) and Kam-
chatka, Russia (n= 7). Of the 10 gulls dispersing from the Soldotna land-
fill, all generally dispersed to the south and east with three birds reaching
as far as southern San Francisco Bay, California (Fig. 2A).

Recorded GPS locations for gulls on or above land were used to de-
velop a RSF to generalize habitat use of gulls during migration. We
used logistic regression to model habitat use based on environmental
covariates quantified over a spatial domain that was constrained to re-
gions consistent with the observed dispersal vectors of birds marked
at each of the four landfill locations (Figs. S8–S9, Table S5). After evalu-
ating that the RSF modeled habitat use of gulls successfully (Figs. S10–
S11), it was applied to predict a relative probability of habitat use by
gulls migrating from the Bethel, Nome, and Utqiaġvik landfills to the
northern, northwestern, and western coasts of Alaska and eastern
coasts of Chukotka and Kamchatka, Russia (Fig. 2B). Similarly, the
RSF was applied to predict habitat use along the southern and
southeastern coasts of Alaska and western coasts of British Colum-
bia, Washington, Oregon, and California by gulls departing from
the landfill in Soldotna (Fig. 2C).

By combining information on the 1) frequency of AMR, including
DTR and MDR, excreted by gulls in their feces at four Alaska landfills,
2) probable habitat use by and migration speed of gulls upon initiation
of autumnmigration, and 3) shedding patterns of colistin-resistant bac-
teria exhibited by closely-related ring-billed gulls experimentally inoc-
ulated in a previous challenge study (Franklin et al., 2020), we were

Fig. 2. Dispersal locations and relative probability of habitat use by Alaska gulls. A) Post-dispersal locations of gulls marked at the Bethel (blue), Nome (red), Soldotna (orange), and
Utqiaġvik (yellow) landfills in Alaska for 30 days following the inferred initiation of autumn migration. B) Predicted relative probability of habitat selection use by gulls marked at
Bethel, Nome, and Utqiaġvik landfills and C) at the Soldotna landfill for 30 days after initiation of autumn migration.
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able to model the relative dispersal risk of clinically relevant AMR
bacteria by gulls across the landscape (Fig. 3). Among the four Alaska
landfills we studied, our model estimated the highest relative dispersal
risk to be from the landfill in Soldotna to areas within and adjacent to
southcentral Alaska; Vancouver, British Columbia; Seattle, Washington;
and San Francisco, California. More moderate relative dispersal risk was
predicted for gulls departing from the Bethel and Nome landfills to
areas in northern, northwestern, and western Alaska and to areas along
the Chukotka and northeastern Kamchatka coasts of Russia. The relative
dispersal risk of clinically relevant AMR by gulls from the Utqiaġvik land-
fill was found to be comparatively lower than for gulls departing from
landfills in Bethel and Nome across the same general dispersal areas
(Fig. 3). Overall, the estimated relative risk of Alaska landfill-foraging
gulls dispersing clinically relevant AMR bacteria across the landscape
was low, given that our highest relative dispersal risk value was 0.35
out of a maximum possible value of 10. The highest relative dispersal
risk value would only be attributed to areas predicted to be occupied
daily by gulls shedding bacteria with critically important AMR genes
upon landfill departure.

Previous studies have found that AMR bacteria harbored by wildlife
is generally correlated with anthropogenic inputs into the environment
(Atterby et al., 2016; Skurnik et al., 2006); however, limited research
has been conducted to assess this correlation using data systematically
obtained from areaswith discrete and relativelywell-defined anthropo-
genic point sources over awide geographical area. Using data from gulls
inhabiting communities isolated by tens or hundreds of kilometers and
having little to no commercial livestock, we found the frequency of

E. coli exhibiting AMR in gull feces was strongly correlated with the
local human population size. Furthermore, no isolates exhibiting MDR
or those harboring intI1 were identified from gulls inhabiting areas ad-
jacent to the smallest communities we visited (population ≤ 309). As
such, we infer that gulls indeed serve as indicators of anthropogenic
AMR in the local environment.

We identified diverse E. coli strains and resistance genes in gull feces
collected at seven sampling locations and found relatively few clonal
isolates. These results suggest that analysis of a higher number of sam-
ples and/or isolates may have yielded additional genetic diversity not
captured in our study. Although non-selective enrichment captured
more strain diversity, selective enrichment, employed to specifically en-
rich for cephalosporin-resistant E. coli, was four times more likely to
capture MDR isolates. Therefore, future studies may benefit by using
this information to optimize sample collection and/or enrichment pro-
tocols to address specific research questions (Döpfer et al., 2008).

Landfill-foraging gulls have been found to harbor clinically relevant
AMR bacteria, including resistance to critically important antibiotics
(Ahlstrom et al., 2019b; Dolejska et al., 2015). Our satellite tracking
data provide evidence that gulls may disperse such bacteria across
long distances over relatively short time periods upon the initiation of
autumnmigration from landfills. Such long range, short durationmigra-
tion periods arewell within reported shedding periods for AMR bacteria
exhibited by experimentally challenged gulls andmallards in laboratory
settings (Franklin et al., 2020; Sandegren et al., 2018). For example, gulls
flew to Chukotka, Russia within as few as two days of departure from
the landfill in Utqiaġvik, Alaska and to southern San Francisco Bay

Fig. 3. Relative dispersal risk of clinically relevant antimicrobial resistant bacteria by gulls during autumn migration from four Alaska landfills. A) Utqiaġvik (yellow), B) Nome (red),
C) Bethel (blue), and D) Soldotna (orange). Relative dispersal risk is based on the frequency and weighted clinical relevance of resistance genes identified among fecal bacteria
detected at each location, estimated shedding patterns for gulls from an experimental challenge study, and patterns of predicted habitat use during a 30-day dispersal period inferred
from satellite tracking and habitat modeling. Landfill marking locations including areas of inferred pre-migratory local movement (colored circles) are indicated. The relative AMR
dispersal risk can range from 0 (no risk; inferred probability of occupancy by gulls shedding AMR bacteria is 0.00) to 10 (extremely high risk; full inferred probability of occupancy by
gulls shedding bacteria with critically important AMR genes for 30 consecutive days following onset of autumn migration is 1.00).
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within nine days of departure from the Soldotna landfill (Fig. S12). For
perspective, ring-billed gulls were estimated to shed infectious doses
of colistin-resistant bacteria for at least 16 days following experimental
inoculation (Franklin et al., 2020). Thus,we conclude that gulls are capa-
ble of dispersing clinically relevant AMR bacteria across western North
America and to East Asia from landfills in Alaska. Ourfinding of identical
resistance gene profiles among E. coli isolates isolated from gull feces
collected hundreds of kilometers apart could be a function of such
long-distance dispersal of AMR bacteria by gulls; however, similar an-
thropogenic inputs into the environment at disparate locations within
Alaska and/or transport of resistance determinants between locations
by humans or other wildlife could also explain such findings.

Although samples from Nome had relatively low overall fre-
quency of AMR E. coli, some gulls inhabiting this location harbored
E. coli isolates that were highly drug resistant (e.g., resistant to 8 or
9 antibiotic classes). Nome is the closest community to East Asia
that we sampled, and one of two U.S. marine vessel ports operating
in the Bering Strait region. Additional sampling is needed to ascer-
tain whether gulls in Nome consistently harbor highly drug resistant
E. coli isolates andwhere such high levels of resistancemay originate.
We also detected a higher frequency of macrolide resistance at sam-
ple locations in northern, northwestern, and western Alaska – those
closest to East Asia. Thus, information on the occurrence of macrolide
resistance among bacteria from eastern Russia could be useful for
assessing potential sources and dissemination routes (Bevan et al.,
2017; Mughini-Gras et al., 2019).

The flexible modeling framework presented here provides novel in-
sights into where clinically relevant AMR bacteria may be dispersed by
gulls foraging at Alaska landfills upon the onset of autumn migration.
Our results, and those from potential future modeling efforts using a
similar approach, may be useful for optimizing surveillance of AMR in
the environment and in identifying mitigation strategies to minimize
spread through environmentally mediated pathways. Carbapenem
resistant E. coli, for example, were recently reported from gulls in
southcentral Alaska, including birds sampled at the Soldotna landfill
(Ahlstrom et al., 2019b). Regional surveillance programs targeting the
detection of critically important AMR (e.g., carbapenem resistance)
may therefore consider prioritizing coordinated sampling efforts at
urban coastal locations in southcentral Alaska, throughout the Pacific
Northwest, and in central California, given that these locations shared
relatively high dispersal risk values by gulls departing the Soldotna
landfill. More generally, improved management of solid waste
(e.g., incineration or more rapid coverage at landfills) and sewage
(e.g., incorporation of low-energy anaerobic–aerobic treatment or
enhanced disinfection processes) or tactical management of wild-
life (e.g. hazing or blockage), might be considered at key habitats
where birds or other free-ranging animals are predicted to have el-
evated risk of acquiring or disseminating clinically relevant AMR
bacteria. Such actions may be especially prudent where habitat use by
synanthropicwildlife overlapswith areaswhere people and domestic an-
imals are likely to come into contact with deposited feces (e.g., municipal
parklands, agricultural fields, or beaches). Alternatively, such actionsmay
be deemed unnecessary at areas where AMR acquisition and dissemina-
tion risks are predicted to be comparatively low.

We recognize that the seven Alaska communities and four landfills
where we focused gull fecal sampling and marking efforts are unlikely
to represent themost important point sources of AMR into the environ-
ment at national or international scales. We also appreciate that other
organisms or pathogens maintained by wildlife may be of higher prior-
ity elsewhere. Our modeling framework was therefore developed such
that it may be adapted to estimate relative dispersal risk of a variety of
pathogens maintained in birds or other wildlife across diverse land-
scapes. For example, our modeling approach could be readily adapted
to evaluate the relative dispersal risk of avian influenza viruses by
wild waterfowl across poultry-dense regions of Asia, Europe, and
North America. Thus, we encourage others to apply or modify this

model to assess the relative dispersal risk of diverse bacterial, parasitic,
and viral pathogens by migratory birds and other wildlife.

4. Conclusions

Using a combination of phenotypic, genomic, and animal telemetry
approaches, we demonstrate that gulls acquire AMR bacteria from an-
thropogenic sources, which they may subsequently disperse across
and between continents via migratory movements. The frequency of
detection of AMR E. coli in gulls was strongly correlated with human
population size of the local community. Satellite telemetry results of
gulls inhabiting Alaska landfills demonstrated autumn migration to
Russia, Canada, and Californiawithin the demonstrated sheddingperiod
of AMR bacteria by gulls. Our flexible modeling framework esti-
mates the relative dispersal risk of pathogens by wildlife through
space and time and can therefore be adapted to identify high and
low risk locations that can be targeted for intervention or future
sampling regimes.

Abbreviations

AMR antimicrobial resistance and antimicrobial resistant
MDR multidrug resistant
PTT platform transmitter terminals
RSF resource selection function
MLST multilocus sequencing typing
DTR difficult-to-treat resistance
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