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Avian influenza viruses (AIVs) have been implicated in all human influenza
pandemics in recent history. Despite this, surprisingly little is known about
the mechanisms underlying the maintenance and spread of these viruses in
their natural bird reservoirs. Surveillance has identified an AIV ‘hotspot’ in
shorebirds at Delaware Bay, in which prevalence is estimated to exceed other
monitored sites by an order of magnitude. To better understand the factors
that create an AIV hotspot, we developed and parametrized a mechanistic
transmission model to study the simultaneous epizootiological impacts of
multi-species transmission, seasonal breeding, host migration and mixed
transmission routes. We scrutinized our model to examine the potential
for an AIV hotspot to serve as a ‘gateway’ for the spread of novel viruses
into North America. Our findings identify the conditions under which a
novel influenza virus, if introduced into the system, could successfully
invade and proliferate.

1. Introduction

Avian influenza viruses (AIVs) have played a key role in human pandemics
over the past century, with avian-derived gene segments identified in all pan-
demic influenza strains [1-4]. Although primarily an infection of birds, ‘host
shifts” of the virus from birds to humans have been documented [5], causing
severe disease or death [6] in some cases. Clearly, understanding the determi-
nants of AIV transmission in their natural reservoir—wild birds—is both
important and timely [7], though several factors combine to make this
challenging [8,9]:

(i) Multiple host species. AIVs have been isolated from more than 105 bird species

from 26 families [9], though most competent hosts are thought to belong to
the orders Anseriformes (ducks, geese and swans) and Charadriiformes
(gulls, shorebirds and terns). One of the chief complicating aspects of (low
pathogenicity) AIV infection in wild birds appears to be the absence of
overt clinical symptoms [1], resulting in the need for extensive field sampling
of individual birds in order to paint an accurate epizootiological picture in
any given population [10].

(ii) Seasonal host migration. The role of multiple hosts in the system also intro-

duces a complex spatial element owing to the idiosyncratic migratory
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behaviours of different species. Many bird species are,
to some degree, migrants, spending a portion of each
year in locations that can be thousands of miles apart.
Behaviour at different locations can also vary; mallards
(Anas platyrhynchos), for example, are observed to be very
territorial at their breeding grounds but social at other
locations [11]. Despite the potential difficulties this spatial
structure generates, migration routes for many species
are well documented and can provide information on
the timing and location of interspecific mixing [12]. The
role of migration in disease spread has come into focus
lately [13], with recent work suggesting that birds with
asymptomatic AIV infections could be responsible for the
spread of H5N1 across countries or even continents [14].
Observations in the field—such as that of migrating wild
geese in China and Tibet wintering close to their domestic
counterparts [15]—support this hypothesis.

(iii) Virus diversity. AIVs demonstrate extensive genetic vari-
ation. They are classified according to two surface
glycoproteins—haemagglutinin ("H’) and neuraminidase
('N")—with 144 possible subtypes in total (combinations
of H1-H16 and N1-N9) [16]. The duration and extent of
protective immunity following infection are open ques-
tions, with experimental work confined to short-term
studies [17,18].

(iv) Mixed transmission mechanisms. Finally, it is increasingly
thought that AIVs boast two distinct transmission routes
in waterbirds. In addition to the essentially direct faecal—
oral mechanism (short time scale; susceptible and infected
birds in close proximity) [1], an environmental component
to transmission has been identified [19-24]. Influenza A
viruses have been shown to persist in water for several
months [20,21], leading to indirect transmission chains
via the environment that occur over a much longer time
scale than faecal-oral transmission. On this time scale,
transmission could occur between species that never
directly interact but instead share a location each occupies
at a different time during the year [10].

These complexities converge in Delaware Bay, USA, and,
together with concerted surveillance efforts at this site, offer a
unique opportunity to study the epizootiology of AIVs in
their natural hosts.

Delaware Bay is a site of hemispheric importance for
shorebirds [25], with bird densities reaching as high as 210
birds per square metre [26]. Multiple species migrate to Dela-
ware Bay throughout the year [27], making it a pivotal site for
understanding bird ecology. In particular, Delaware Bay has
previously been identified as a ‘hotspot’ for AIVs in shore-
birds, with estimated average prevalence from 1998 to 2008
about 50 times greater than for all other surveillance sites
worldwide [26]. This observation needs to be explained
because it suggests that Delaware Bay may act as a place
where novel avian viruses can amplify and subsequently
spread in North America.

A factor that many consider key to the high AIV pre-
valence in shorebirds (in particular, in ruddy turnstones
(Arenaria interpres)) in Delaware Bay is the abundance of
horseshoe crabs (Limulus polyphemus) there [26]. Every year,
thousands of shorebirds congregate on the beaches of
Delaware Bay and feast on the horseshoe crab eggs, laid
in their millions each spring [28]. The shorebirds in Delaware
Bay depend almost entirely on horseshoe crab eggs to

refuel them during their spring migration [26]. This com- n

plete dependence makes them vulnerable to horseshoe crab
population sizes, which have been declining in recent
years [29]. This dependence is an important consideration,
because of the role it will play both in shorebird population
sizes (declines have already been noticed in Delaware
Bay [29]) and on the AIV prevalence levels in these species.

The initiation of the AIV prevalence peak observed in
Delaware Bay in ruddy turnstones is not known. As studies
suggest that AIV is not present year round in this species [26],
it may therefore rely on the maintenance cycle of AIVs driven
in part by resident and migratory ducks. To understand
this system and examine its consequences for invasion of
novel viruses, we develop a multi-host, multi-site AIV trans-
mission model, with parameters estimated using existing
prevalence data, that represents a simplified version of
the interactions in Delaware Bay. We focus on three host
species that we consider key to understanding transmission
dynamics in Delaware Bay, with each interacting with the
Delaware Bay environment for different periods of time
during the year. All three species return a high average per-
centage of positive AIV isolations, either globally [9] or
within Delaware Bay [26]. The three hosts, and their inter-
action with Delaware Bay, are: (i) ruddy turnstones (a short-
term visitor to Delaware Bay)—of the shorebirds tested for
AIV in Delaware Bay, this species most frequently returns
positive results [26]; (ii) American black ducks (Anas rubripes;
‘resident ducks’ in our system)—a locally breeding species
with resident and migratory birds present throughout the
year; (iii) mallards (‘migrating ducks’ in our system), a long-
term visitor to Delaware Bay—and a species with one of
the highest reported percentages of AIV isolations [9]. The
migration biology of this system, and the wintering /breeding
sites included in the model for one or more of the migrating
species, is illustrated in figure 1.

In addition to multiple host species, we consider mixed
transmission dynamics and species-specific seasonality in
breeding, hatching, mortality and migration. Our results
show that the source and route of AIV infection varied
throughout the year, depending on season-specific migration
to and from Delaware Bay and which species were reprodu-
cing. Motivated by recent declines in horseshoe crab
abundance [29], the model is studied to examine the conse-
quences of continuing declines in resources (horseshoe
crabs) for the ruddy turnstone population and the broader
impact this has on AIV transmission in Delaware Bay. To
quantify the chance that any future introduction of a novel
strain to Delaware Bay will invade, and to determine the
window of opportunity during which invasion is most prob-
able, we calculated the local Lyapunov exponent (LLE; see S9
in the electronic supplementary material for a description).
These results show that invasion is most likely when ruddy
turnstones are in Delaware Bay or when hatching is occurring
in any species.

2. The model

We address AIV transmission dynamics in Delaware Bay
by constructing a deterministic, continuous time, three-
host, susceptible—infectious—recovered—susceptible (SIRS)
model. The key model ingredients are outlined below.
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Figure 1. Migratory ecology of the simplified three-host Delaware Bay system. The migration routes for ruddy turnstones and mallards are shown, with the inset
showing the timing of their presence in Delaware Bay. Also marked in the inset (in dark blue) is the breeding season of resident ducks.

2.1. Seasonal migration

Two of the host species—ruddy turnstones and mallards—
follow specific migration patterns. Ruddy turnstones are on
their wintering grounds from September to May, in Delaware
Bay for the majority of May and on their breeding grounds
the rest of the year. Mallards winter in Delaware Bay from
October to February and spend the rest of the year on
their breeding grounds. The third host species—American
black ducks—remains in Delaware Bay throughout the
year. Details of the migration parameters are presented in
the electronic supplementary material, §53.

2.2. Seasonal hatching

The pulsed influx of susceptible juveniles is known to be
important for transmission dynamics, both in the context of
AlVs in bird populations [1] and more generally [30,31].
Therefore, we consider season-specific hatching rates in our
model. Duck hatching rates are constant for a quarter of the
year (during the hatching season) and zero otherwise [11,32].
The hatching season for ruddy turnstones is shorter, lasting

for a tenth of a year [33]. These parameters are presented in
the electronic supplementary material, §54.

2.3. Seasonal mortality

In duck species, hunting is thought to be a significant
contribution to annual mortality [34]. We include this element
of duck life history by increasing the mortality rate in both
duck species during the hunting season (October—January)
[35] (see §54 in the electronic supplementary material for
parameter details).

2.4. Ruddy turnstone feeding ecology

While in Delaware Bay, ruddy turnstones feed on horseshoe
crab eggs buried in high concentrations on coastal, sandy
beaches [36]. Eggs are usually buried 15-20 cm beneath
the surface, but are displaced by both other spawning
crabs and tide movements [29,37]. Without a sufficient
supply of horseshoe crab eggs, shorebirds are less likely to
successfully complete their migration and breed [29].
To model this, we made the ruddy turnstone hatching rate
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dependent on the number of horseshoe crabs, E, as shown in
the electronic supplementary material, equation (Sla).
During our numerical analysis, we varied the number of
horseshoe crabs, to assess how resource limitation affects
AIV prevalence. We began with a large value of E and ran
the numerical model for 500 years, retaining the peak
prevalence values from the last 50 years. Using the final
class sizes as our new initial conditions, we reset E to a smal-
ler value and ran the numerical model. We repeated this for
100 values of E.

2.5. Direct transmission

Within each species, the direct transmission rate varies through
the year. The contact rate in duck species is assumed to be lower
immediately before and at the start of the hatching season,
when birds form mating pairs and become aggressive towards
conspecifics (thereby interacting less than at other times during
the year) [11,32]. Transmission among ruddy turnstones is
assumed to be low all year except for when they are in Delaware
Bay, where contact rates are greatly increased (based on density
estimates [26]). We use square wave functions to represent these
variations. Between-species transmission rates are set to either
zero or a non-zero constant, depending on the time of year.
The transmission matrix and parameters are given in the
electronic supplementary material, §52. As supported by
empirical evidence [38] and previous theoretical studies, we
assume density-dependent transmission [39,40].

2.6. Environmental transmission

We include classes in our model for the environmental reser-
voir at each location, as in Breban et al. [39]. Virus is assumed
to be shed at a constant rate into the environment by infected
birds and to decay at a time-dependent rate, owing to temp-
erature variation at the different locales (see the electronic
supplementary material, §S5, for details). The virus concen-
tration in the environment is represented by V in the
model. The environmental transmission term represents the
rate at which a susceptible bird consumes virions (pSV),
modified by a probability of infection term, pV/(pV + k).
Hence, pV is the amount of virus consumed per unit time,
kappa represents the IDs, (virus dose that has a 50%
chance of generating an infection) and this expression deter-
mines infection probability per unit time. We estimate the
value of p by fitting the model to existing prevalence data,
as shown in the electronic supplementary material,
§57. Virus decay parameters are given in the electronic
supplementary material, §S5.

2.7. Immunity
Our transmission model permits loss of immunity. Best-fit par-
ameter estimates (see the electronic supplementary material,
§57) yielded a mean duration of immunity of approximately
six months, consistent with experimental data suggesting
that antibodies decline to undetectable levels within about
eight months [18]. We assume the average duration of immu-
nity in ruddy turnstones to be 1 year, based on empirical
evidence that shows the majority of birds annually arrive in
Delaware Bay seronegative and convert while there [41].

The system of equations describing a single-host model
is given in (2.1). The full model and the seasonal para-
meters are given in the electronic supplementary material,

§§51-S5; parameter estimates for all hosts are given in n

table 1.
% = b(H)N — B(t)SI — p(p‘f:/_ K) SV + R — u(t)S, (2.1a)
% = B(1)SI + p<pvp Z K) SV — (y+ u(t)I, (2.1b)
Wy (e m)R 210
and %’ = ol — n(t)V. (2.1d)

Here, N represents the total population size and is given
by N=S 4+ 1+ R (I is the infected class and R the
immune class). We derive an expression for the effective
basic reproductive value, Rj [47,48], assuming no seasona-
lity (all parameters are constant) and the approximation
pV/(pV + k) = A (A const.). For comparison, we also present
RG when this assumption is not made. We can extend this to
include the seasonally varying terms in our model by defin-
ing R5(t) as the R§ value at time t when a single infected
individual enters an otherwise susceptible population [49].
The expression for R3(t) from equations (2.1) is

wpA(t) S(t)
(ﬁ(t” ) )(vﬂL(f))

with environmental transmission,

B(H)S(t)
(y+ m(t))

without environmental transmission.
(2.2)

The RG(t) values that apply to each species are given in the elec-
tronic supplementary material, §56. In §4, we use this time-
varying R(t) to quantify the relative effect of interspecies
mixing on AIV transmission dynamics in Delaware Bay.

3. The epizootiological data

The ideal data for fitting the model would be of high tem-
poral resolution, with large numbers of samples at each
time point, and would exist for multiple species across their
migration ranges. Unfortunately, these data do not as yet
exist; so we take a pragmatic approach and available data
to guide model parametrization.

Two sources of surveillance data were used for model fit-
ting. The first comprises published prevalence estimates from
Stallknecht & Shane [50]. These data come from a variety of
sources and studies, incorporating different bird-trapping
methodologies and virus isolation techniques, but together
represent the best source of information regarding prevalence
cycles in dabbling ducks in North America. We apply least-
squares estimation to these data to quantify four parameters
for migrating ducks, and assume that the same values hold
for resident ducks (the methodological detail is presented in
the electronic supplementary material, §57). Similarly, in the
absence of independent information on consumption rate or
infection shape parameter in ruddy turnstones, we take these
values to be the same as those used for the duck species.

The second set of data are published here for the first time and
come from the US Early Detection System for Highly Pathogenic
Avian Influenza in Wild Birds (data collection described in
Deliberto et al. [51]). These data were collected in Delaware
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Table 1. Standard parameter values for each host species. The superscripts m,r,u stand for migrating ducks, resident ducks and ruddy turnstones, respectively.

parameter symbol value/range

mallards

et transm|55|0n(base|me) U Sn 001 FSSTTSRRR

i RO baﬂ e, )

recovery rate

loss of immunity €" 2.004

consumption rate

infection shape parameter 100
' persistence

American black ducks

amp.llitude of seasonality H 0.75

birth rate L B

p
K
shedding rate " 10"
n

unit source

year parametrization

amplitude of seasonality T 0.75

parametrization
year [42]
year” ' [42]

year parametrization

year parametrization

R

direct transmission (baseline) ) 0.01

year assumed= S;"
— m
assumed= 3]

' recovery rate v’ 52

s of.,immun&y. . . E' 2004 SRR

consumption rate
. mfectmnshapeparameter e 0
sheddmgrate RS
. per5|stence S

ruddy turnstones
direct transmission (baseline) N

amplitude of seasonality b 0.5

birth rate
death rate

recovery rate

loss of immunity

consumption at e, pu 13804><10712 D

infection shape parameter

K
shedding rate o' 10"

persistence n
predator shape parameter 0
number of horseshoe crabs E

during the winter months for three consecutive years (2007-
2010) and are presented in the electronic supplementary material.

4, Results

Our model explains that ATV dynamics in Delaware Bay are
shaped by a combination of factors. The role of the environ-
mental reservoir is apparent in a comparison of effective
Ro(t) values (R3(t)) for species interacting in Delaware Bay
in both the presence and absence of an environmental com-
ponent (figure 2a), demonstrating that an environmental

K
n

Cees
10°*

e Mmoo
year assumed = €"

o 1.3804 x 10~ "2

year— assumed = p"
EIDsoyear_1 T
year” T

year assumed= 0.5 x B

estimated
assumed:pm

 D. Stallknecht, estimate based on unpublished
ata (2007-2008)

year] e, [19] OO ON

reservoir increases Rj. When migrating ducks and resident
ducks are initially together in Delaware Bay, R{(t) > 1 regard-
less of the environmental reservoir, although it is much
higher when the environmental component is included.
During the post-breeding period in resident ducks, inclusion
of an environmental component produces Rj(f) > 1 (without
it, R5(t) < 1 during this period). Equally apparent is the role
of interactions between host species—in particular, the inter-
action between ruddy turnstones and resident ducks. When
considering R{(t) for each species if modelled individually
(i.e. as in (2.2)), R§(t) for resident ducks when the ruddy turn-
stones are present in Delaware Bay is less than 1. However,
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Figure 2. Prevalence curves from the multi-host model against effective Ry(t) values [47]. (a) Ro(t) values for species in Delaware Bay both with and without
environmental transmission; (b) the migratory duck (mig) prevalence alongside the effective Ry(f) for migratory ducks individually; (c) the resident duck (res) prevalence
and the effective Ry(¢) for resident ducks individually; and (d) the ruddy turnstone (RUTU) prevalence with the effective Ry(t) for ruddy tumstones individually. In (b)—
(d), the times of low transmission for the species shown are shaded and the R values are shown with environmental transmission. We assume the population size for
each host to be 10 000 [33,39,52]. Initial conditions in the duck hosts are S(0) = 225, /(0) = 1, R(0) = 9774 (robustness to initial conditions is shown in the electronic
supplementary material); for the ruddy turnstones they are S(0) = 9999, /(0) = 1, R(0) = 0. We assume that some virus is present initially at Delaware Bay and the
duck breeding grounds, with 1/(0) = 100. We assume no virus is initially present at the ruddy tumstone wintering and breeding grounds [26,50].

the interaction between resident ducks and ruddy turnstones
is such that R§(f) for the two species is greater than 1, and a
peak in prevalence in resident ducks is observed. This is seen
in figure 2c, which shows both the prevalence curve and the
individual R{(t) for resident ducks against time. The impact
of the interaction between both duck species is less obvious,
as their individual R§(t) > 1 during the timing of their inter-
action (figure 2b,c). However, the combined R{(t) is a lot
greater than the individual ones, contributing to the size of
the prevalence peak observed.

We can further use the model to determine the dominant
transmission route throughout the year in each species. Each
panel in figure 3 shows the prevalence for a particular host
species, with a background that shows the proportion of
cases generated via each transmission route throughout the
year. Figure 3a shows the prevalence curve and contribution
of each transmission route for migratory ducks. The main
peak in prevalence in this host occurs prior to its arrival in
Delaware Bay, after the influx of new susceptibles has
occurred in the hatching season. Our model predicts that a
second, smaller peak in prevalence is initiated by their arrival
in Delaware Bay and mixing with resident ducks. The contri-
butions from each of the transmission routes indicate that,
outside Delaware Bay, the majority of infections in migrating
ducks are caused by either within-species transmission or
environmental transmission at different times of year. In
Delaware Bay, our model suggests that within-species and
between-species interactions contribute almost equally to
new cases in both migrating and resident (figure 3b) ducks,

although environmental transmission plays the largest role,
accounting for approximately 80 per cent of cases during
this time.

Figure 3b shows the equivalent curve for resident ducks.
The numerical results suggest that three prevalence peaks
occur every year. The model results demonstrate that the
first peak results from the interaction between resident
ducks and ruddy turnstones, and the final peak is due to
the interaction between resident ducks and migrating
ducks. The middle peak leads on from the first peak and is
a response to the influx of susceptibles during the breeding
season. These predictions suggest that the non-zero preva-
lence early in the year in both duck species is a
consequence of the loss of immunity in ducks while
migrating ducks are still in Delaware Bay. When the resident
ducks are alone in Delaware Bay, within-species interactions
account for between 60 and 80 per cent of transmission
during the summer months, but environmental transmission
is the dominant transmission route early in the year. The
influence of ruddy turnstones is seen immediately before
the first peak, when almost all transmission occurs via this
species. Similarly, the role of migrating ducks is clear as
they spark the peak in prevalence in residents, causing
approximately 50 per cent of new cases as they arrive. The
majority of transmission during this time period, however,
is due to the environmental reservoir.

Figure 3¢ displays the cycle in ruddy turnstones, with
peak prevalence occurring at the end of their stay in Dela-
ware Bay. In assessing the contribution of each transmission
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Figure 3. Prevalence and incidence plots for the multi-host model showing the proportion of infections by their origin, alongside the prevalence curve, over time.

(a) The migratory ducks, (b) the resident ducks and (c) the ruddy turnstones.

route in this species, it can be seen that they show very little
dependence on other species, with almost all transmission
through within-species interactions. Notably, spikes in the
proportion of infections transmitted via the environment
and through interspecies interactions occur immediately
before the prevalence peak, implying that these two factors
are initiating their prevalence peaks. However, comparison
of figure 3b and 3c indicates that the ruddy turnstones are a
much greater influence on AIV prevalence among resident
ducks than vice versa.

We can establish two results from the prevalence curves
for each species and the contribution of the various trans-
mission routes. First, it is clear that the presence of resident
ducks in the model is a key factor in the persistence of AIV
transmission in Delaware Bay. Further results presented in
the electronic supplementary material (figure S13(b)) provide
evidence of this, with outbreaks of AIV no longer occurring
in ruddy turnstones when resident ducks are removed from
the model. Moreover, these results (figure 3) show how
important environmental transmission is, particularly in the
case of the duck species. For much of the year in these
species, transmission from the environmental reservoir is
the dominant transmission route. We also find that inter-
actions between the resident ducks and ruddy turnstones
play a key role in the prevalence curves for each of these
species, apparently providing the impetus for a peak in
prevalence in both species.

We conducted a thorough sensitivity analysis on several
of the model parameters, with the results presented in the
electronic supplementary material, §58. We found that the
results are qualitatively very similar to the results presented
here. The effect of changing the resident or ruddy turnstone

population sizes is also presented in the electronic supplemen-
tary material, §58, where we show that a small resident
population has very little impact on the prevalence peaks in
the migrating ducks but does change the height of the preva-
lence peak in ruddy turnstones. Similarly, altering the size of
the ruddy turnstone population changes the peak prevalence
in ruddy turnstones. Furthermore, we evaluated the role of
each of the individual species in the system as a whole, by
removing each in turn and considering the resulting preva-
lence curves and transmission routes (see the electronic
supplementary material for sensitivity analyses).

To systematically assess the contribution of key epizootio-
logical parameters in our model output, we carried out a
sensitivity analysis using Latin hypercube sampling (LHS).
Specifically, we assigned a broad range of possible values
to critical parameters—average direct transmission rate in
the duck species; amplitude of seasonality in the aforemen-
tioned transmission rates; duration of immunity in the duck
species; recovery rate in all species; consumption rate in all
species; and number of horseshoe crabs—and generated 100
parameter sets using LHS (further detail is given in the elec-
tronic supplementary material, table S1). For each parameter
set, peak prevalence in ruddy turnstones was noted to deter-
mine how it is influenced by changes in parametrization. We
also compared these results with the peak prevalence found
when only one of the parameters in question was allowed
to vary and all others remained as given in table 1.

The results show (figure 4) that parameters that are more
indirectly linked to peak prevalence in ruddy turnstones in
Delaware Bay (such as amplitude of seasonality of direct
transmission in the two duck species) have a smaller effect
over their range than those that have a direct influence on
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Figure 4. Effects of parameter variation on peak AIV prevalence in ruddy turnstones in Delaware Bay, using Latin hypercube sampling (LHS) across key

epidemiological parameters. Each panel shows the results of varying one of these parameters and maintaining all other parameters as given in table 1 (some
exceptions are required—see the electronic supplementary material for details) as a black line. The LHS for each parameter is then shown as a boxplot. (a) The
results as the direct transmission rate in ducks varies; (b) the results as the amplitude of seasonality in the ducks’ direct transmission rate varies; () the results from
varying the duration of immunity of ducks; (d) the results as the recovery rate varies in all three species; (e) the results if the consumption rate varies in all species;
and (f) how peak prevalence varies as the number of horseshoe crabs is varied. The range for each of the parameters used in the LHS is given in the electronic

supplementary material, table S1.

AIV epizootiology in ruddy turnstones (e.g. recovery rate,
consumption rate). In these two cases, mean peak prevalence
in ruddy turnstones changes dramatically over the range of
values tested (varying between 0.07 and 0.31 for the recovery
rate and between 0.07 and 0.48 for the consumption rate).
Using LHS alongside different combinations of host
species passing through Delaware Bay provides an insight
into the role of multiple host species in the model system
(figure 4f ). Host species combinations are found to have a
significant effect on peak prevalence in ruddy turnstones in
Delaware Bay—specifically, interaction with resident ducks
in the system is crucial for non-zero peak prevalence in
ruddy turnstones. If they are either removed from the
model or ruddy turnstones do not travel through Delaware
Bay and so do not interact with them, mean peak prevalence
in ruddy turnstones is zero (note that if ruddy turnstones do

not travel through Delaware Bay, peak prevalence at the same
time of year is shown instead).

Results shown so far pertain to the known epizootiologi-
cal situation. For a more prospective use of the model, we
now turn to a key component in this system that is exhibiting
a long-term trend—the number of horseshoe crabs. We find
that the number of horseshoe crabs present can exert great
influence on the prevalence curves for both the resident
ducks and ruddy turnstones, with peak AIV prevalence in
ruddy turnstones decreasing as horseshoe crab numbers, E,
decline. The sharpest reduction occurs in the region 30<
E<1000. Figure 5 shows this trend, with insets that show
changing prevalence curves for all three hosts with (E = 10)
and without (E = 10° ) resource limitation. Furthermore, we
note that the decline in AIV prevalence in ruddy turnstones
leads to an increase in the tallest prevalence peak in resident
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Figure 5. Prevalence curves for reduced resources for the ruddy turnstones. The main figure shows the peak prevalence in ruddy turnstones as the number of
horseshoe crabs (£) decreases for a ruddy turnstone population of 10 000, using updated initial conditions in the ruddy turnstone population. The inset figures show
prevalence curves predicted by the model for two different values of £. Mig, migratory ducks; Res, resident ducks; RUTU, ruddy turnstones.

ducks, as their prevalence curve becomes more like that of the
migrating ducks.

A potentially important dimension to the identification of
Delaware Bay as an avian influenza hotspot concerns the
likely role played by this site in the successful invasion of
any novel AIV strain. That is, are there specific windows of vul-
nerability during which amplification of an introduced virus is
predicted? We answer this question by calculating a dynamic
and time-dependent measure of pathogen invasion potential,
specifically the LLE (described in the electronic supplementary
material, §59). A negative LLE indicates that any perturbation
(resulting from a virus introduction) will decay in the short
term, while a positive exponent signals locally exponential
growth [53]. From this metric, we find that seasonal hatching
and the ruddy turnstones’ stay in Delaware Bay are the two
key determinants of the sign of the LLE, with the four-month
period between May and August, covering these events, as
the period during which Delaware Bay can act as a gateway.
This is indicated by a positive LLE (figure 6), with especially
large amplification potential during the ruddy turnstones’
sojourn in Delaware Bay. This result helps establish the contri-
bution of seasonal breeding and seasonal migration (in ruddy
turnstones) to the definition of Delaware Bay as a ‘hotspot’.

5. Discussion

Delaware Bay has long been recognized as an important and
anomalous site in AIV epizootiology, although the reasons
behind this discrepancy have not been fully understood.
We have dissected this vital question, pinpointing some of
the key mechanisms that are likely to contribute to the AIV
dynamics observed at the site.

We parametrized our model using available data (as
described in §3). Unfortunately, the prevalence curve for mal-
lards does not come from a single data source but is the
amalgamation of a variety of studies conducted in different
months. These independent studies were carried out over
different time periods and used different virus detection
and isolation techniques, but together represent what is

known about AIV prevalence in migrating mallards. We
used these data together with prevalence estimates provided
by the US Department of Agriculture (see §3 and the elec-
tronic supplementary material for greater detail), and the
resulting model trajectory is therefore a compromise between
these independent data sources. We minimized the sum of
squared errors (see the electronic supplementary material
for methodological details) to determine the best fit par-
ameters—owing to the fragmented nature of the mallard
data, it was not possible to adopt more elaborate statistical
inference methods. We found that our parametrized model
successfully captures key seasonal trends of the data, but sys-
tematically under-represents prevalence—particularly in the
resident ducks. There are a number of possible reasons for
this. Firstly, the fact that our parameter estimates are a com-
promise from fitting the model to two different data sources
is likely to play a role. Secondly, the prevalence levels
observed in PCR-based isolation data (for American black
ducks in Delaware) are surprisingly high—understanding
why presents an interesting topic for further work. Finally,
it is possible that our model may not be capturing an element
of the system that is driving the high prevalence levels
observed. Uncovering whether this is the case, and what
this element could be, is likely to be driven by long-term sur-
veillance data from these birds—data that do not currently
exist. However, given the ability of our model to successfully
capture the seasonal trends present in both datasets, we are
still able to draw useful inferences from our results.

The model analysis indicates that prevalence peaks occur-
ring in Delaware Bay, in any of the species represented in our
model, are a result of several integrated factors. The
migrating ducks have an annual, pre-arrival peak in preva-
lence owing to both direct within-species transmission and
transmission from the environmental reservoir. This peak in
prevalence is succeeded by another through interactions
with the resident ducks in Delaware Bay. Equally, the
ruddy turnstones are capable of driving their own prevalence
peaks, but these are initiated by both the environmental
reservoir in Delaware Bay and interaction between ruddy
turnstones and resident ducks. The model shows that
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prevalence peaks in resident ducks are sparked by the arrival
of either the ruddy turnstones or the migrating ducks, and, in
the summer months, maintained by the within-species trans-
mission in resident ducks. In particular, this analysis suggests
that both between-species interactions and transmission via
the environment are important elements in the determination
of Delaware Bay as a hotspot, as they are so influential in
transmission. In particular, the importance of between-
species interaction is highlighted when comparing peak
prevalence in ruddy turnstones as different combinations of
host species are included in the model. We find that, without
the key interaction between ruddy turnstones and resident
ducks, peak prevalence remains zero even when other
epidemiological parameters are allowed to vary (figure 4f).

Our model predicts a multi-peaked prevalence curve in
ducks, with the initiation of each peak through the year attribu-
table to a different source. In our model, resident ducks display
a peak in prevalence as migrating ducks arrive in Delaware
Bay, followed by non-zero prevalence immediately prior to
the departure of the migrating ducks. Notably, similar preva-
lence levels have been observed at the same time of year in
data collected from Europe [54]. The summer peaks that
occur in resident ducks cannot yet be verified as the necessary
data are currently lacking, but our model suggests that they are
a result of either interactions with the ruddy turnstones or the
influx of new susceptibles in the post-breeding period.

The effective Ry(t) values from the model offer an expla-
nation for Delaware Bay as an AIV hotspot. A peak in AIV
prevalence could occur in Delaware Bay while either of the
migrating species is present or briefly during the summer
months as a result of the influx of susceptible resident

ducks. Outside Delaware Bay, the effective Ry(f) for ruddy
turnstones is too low for prevalence peaks to occur, but
migrating ducks maintain a sufficiently large effective Ro(t)
to admit prevalence peaks, with annual peaks in prevalence
prior to their arrival in Delaware Bay. The arrival of either
of the other species in Delaware Bay increases the effective
Ro(t) value there and prompts a peak in prevalence in the
resident ducks. The effective Ry(t) values show the impact
of heterospecific interactions, which greatly increase the
effective Ry(t) value.

The model predicts that peak prevalence in ruddy turn-
stones decreases as horseshoe crabs decrease in abundance.
An annual prevalence cycle is apparent until the number of
horseshoe crabs is so limited that ruddy turnstone popu-
lations can no longer be supported in Delaware Bay. The
impact of this on the system is not straightforward. Although
prevalence in ruddy turnstones declines, it leads to peak
annual prevalence in the resident duck population increasing
over time. This is a result of the resident duck prevalence
curve losing its May—June peak and instead developing a
prevalence curve similar to that in migrating ducks, with
one main (post-hatching) peak in the year. Surveillance
will need to be ongoing and long term to identify this
consequence of decreasing ruddy turnstone prevalence.

We explored the question “‘when could a novel avian virus
invade North America?’, by determining the time-dependent
invasion potential in our system, as characterized by LLEs.
Our model analysis established when Delaware Bay may
serve as a potential amplification site for a new AIV subtype.
Specifically, our results show that the two biggest predictors
of this are when the ruddy turnstones are in Delaware Bay or

Y0807107 ‘0L ey 205 y [ biobunsyqndiraposieforys: By



during the hatching seasons, when there is an influx of sus-
ceptibles. Were it to occur while ruddy turnstones are in
Delaware Bay, immediate transmission to the resident duck
population would be likely. A successful invasion during
the hatching season may have less wide-reaching conse-
quences depending on the physiological effects of infection
on its host, in particular whether migratory traits and, there-
fore, the spread to other host species and locations are
affected. Identifying the potential origin of such a virus is
beyond the scope of this work, but would contribute vital
information to the role of Delaware Bay in the spread of
AlVs. This result offers two more components of the system
that promote Delaware Bay’s status as a hotspot—seasonal
migration and seasonal breeding.

Our work has provided insight into potentially important
ecological parameters affecting AIV ecology in Delaware Bay.
The combination of model analyses attests to the synergistic
contributions of multiple host species, migration biology,
virus kinetics in the environment and seasonal shifts in
direct transmission in generating an AIV transmission hot-
spot. Along with Delaware Bay, four other sites in North

America are key shorebird sites (Copper River Delta,
Alaska; Gray’s Harbor, Washington; Bay of Fundy, Canada;
Cheyenne Bottoms, Kansas [55]) that may also prove to be
AIV transmission hotspots. The work presented here pro-
vides key factors that contribute to the definition of
Delaware Bay as a hotspot, providing vital information that
may aid efforts to detect large-scale outbreaks of novel influ-
enza virus in wild-bird populations in the USA.
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