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The avifauna of Guam was devastated by the introduction of the Brown Treesnake,
and the restoration of native birds would need to address the problem with eradication
or suppression of BTS. With eradication of the snake unlikely in the near term, and
suppression capabilities limited to specific finite areas, key information for reintroductions
is how low BTS abundance will likely need to be for each bird species to be re-established
based on their vulnerability to BTS predation. Here, we estimate vulnerability, which
can no longer be measured directly, so biologists who are familiar with one or more of
seven Guam birds were surveyed to obtain their knowledge and produce quantitative
vulnerability estimates. As is typical of birds adapted to islands devoid of predators,
respondents judged that our focal species exhibit few predator avoidance and tolerance
traits, leaving body size as the prime determinant of vulnerability. Respondent opinion
also holds that any behavior that reduces the likelihood of an encounter by BTS,
e.g., roosting/nesting in palm crowns, cavity nesting, and in particular urban dwelling,
substantially reduces vulnerability. Our results can help inform species-specific decisions
about when it may be safe to consider the release of birds on Guam depending on the
relative vulnerability of each species to predation by BTS.

Keywords: non-native predator, invasive species, island endemic avifauna, predator-prey interactions, Mariana

Islands, species reintroduction

INTRODUCTION

The accidental introduction of Brown Treesnakes (Boiga irregularis; BTS) in the 1940s to the
Pacific island of Guam precipitated an unprecedented collapse of the island’s entire forest avifauna
(Savidge, 1987; Wiles et al., 2003; Rodda and Savidge, 2007). Guam and the other Mariana Islands
had no native snakes or snake predators, and the proliferation of BTS after being introduced
to Guam has led to the extinction/extirpation of almost all forest birds on the island (Savidge,
1987). BTS threaten the existence of forest birds, and although current BTS removal techniques are
evolving (e.g., Nafus et al., 2020; Siers et al., 2020a,b), island-wide eradication is not feasible in the
near future. Meanwhile, there are at least two initiatives in which avifauna once native to Guam and
the Mariana Islands are being reared in captivity with the intent of reestablishing wild populations
on Guam (Haig et al., 1990; Brock and Beauprez, 2000; MAC Working Group, 2014; Trask et al.,
2021). However, these goals to reestablish avifauna once native to the island are hindered by the
continued presence of BTS.
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Estimating the level of BTS suppression necessary to
reduce predation rates to levels that allow the establishment
and persistence of native birds on Guam is a multi-faceted
problem. Introducing bird species in a landscape with too
many snakes, and without mitigation of other threats, would
be a waste of scarce resources, public capital, and needless
suffering of individual birds (e.g., Fischer and Lindenmayer,
2000; Moseby et al., 2011). Unfortunately, because BTS and
most of the native Guam bird species no longer co-exist,
much of the necessary information on ecological interactions
and predation risks does not exist and cannot be studied.
Nonetheless, there is a need for informed predictions about
predation risks to birds so that future bird reintroductions into
areas inhabited by BTS at some suppressed level have higher
chances of success (Yackel Adams et al., 2019). Therefore, we
used expert opinion to provisionally bridge knowledge gaps.
Expert knowledge to some degree supports all conservation
decisions, and it is increasingly being gathered and focused to
produce quantitative predictions (Sutherland, 2006; Martin et al.,
2012). Where little or no data exist and circumstances prevent
direct observation/experimentation, soliciting expert opinions
can provide valuable information that can reduce uncertainty
and inform adaptive management programs (Runge et al., 2011),
and in our case, it provides a means for predicting the relative
vulnerability of Guam birds to reduced levels of BTS predation.

In this study, we solicited the views of biologists who have
worked extensively with Guam avifauna to synthesize expert
opinions regarding bird-snake interactions for which we have
limited formal knowledge and almost no capacity for field or
captive studies. Focusing on seven promising candidate bird
species for reintroduction, we developed a questionnaire to
answer four broad questions: (i) Relative to a baseline BTS
presence (described below), how likely is each bird species to be
encountered by a BTS? (ii) Which life stages within a family unit
may be at risk during a single BTS encounter? (iii) How likely
is an individual to be killed during an encounter? (iv) How do
various bird and snake life stages/sizes affect the outcome of an
encounter? Our results provide a metric by which bird species
may be ranked for reintroduction according to their vulnerability
to predation by BTS. These rankings can help prioritize species
for reintroduction based on attainable levels of BTS control and
can help provide insights on what management actions may be
best suited for the successful reestablishment of Guam’s avifauna.

METHODS

Study Species
Among the avifauna extirpated from Guam by BTS predation,
we focused here on the following: Ko'ko' (Guam Rail)
Gallirallus owstoni, Åga (Mariana Crow) Corvus kubaryi, Totot
(Mariana Fruit-Dove) Ptilinopus roseicapilla, Sihek (Micronesian
Kingfisher) Todiramphus cinnamominus, Chichirika (Rufous
Fantail) Rhipidura rufifrons, and Nosa' (Bridled White-eye)
Zosterops conspicillatus. Såli (Micronesian Starling)Aplonis opaca
still persists on Guam, but only on a small fraction of its
historic range, and largely in urban habitats (Pollock et al.,
2021). These seven candidate species are being considered for

reintroduction due to the maintenance of captive breeding
programs or appropriate source populations on nearby islands
(Haig et al., 1990; Brock and Beauprez, 2000; MAC Working
Group, 2014; Trask et al., 2021).

Without a comprehensive description of predator avoidance
and tolerance traits for Guam birds, we composed two questions
that asked experts to compile a list of predator (i.e., BTS)
avoidance and tolerance traits for each bird. We review relevant
species biological details along with our results from these
two questions.

Questionnaire
A survey was developed (see Supplementary Material) to collect
the opinions of biologists who are very familiar with some or all
of these birds in terms of how each bird’s physical, behavioral
and life history traits might influence their risk of predation
by BTS. The participation of 41 biologists (ornithologists and
herpetologists) who were identified as working extensively with
one or more of our focal species was solicited through the
University of Guam. Nineteen of these biologists (including one
author, SS) participated in the survey (hereafter “respondents”).
All respondents are very familiar with the BTS problem on Guam
and have devoted at least part of their careers toward researching
the threat of BTS to Guam birds. Respondents were asked to
use their judgment to rate various dimensions of risk associated
with each bird species. We then converted these ordinal ranked
responses to a numeric scale.

Dimensions of BTS Predation
We divided BTS predation risk into two dimensions: the risk of
encounter and the risk of death given an encounter. The risk of
being encountered by a BTSmay vary among avifauna due to one
or more of many possible predator and prey trait combinations.
We asked respondents to rank encounter rates among avifauna
relative to a baseline rate, such as might be determined by the
BTS contact rate at live lure camera traps in an area (e.g., Siers,
accepted; Yackel Adams et al., 2019). Live lure camera traps use
a live bird or mouse to lure BTS. Baseline encounter rates are
likely affected by local snake density and size distribution, neither
of which are well-known. We also asked respondents to identify
what traits may be possessed by each species that either increase
or decrease their risk of encounters relative to this baseline rate.
Each encounter with a BTS is potentially fatal, whether the bird
is consumed or not, and the fate of each bird may depend on
the size of the snake and their own life stage, body size, other
species level traits. We crafted several questions to distill expert
opinions concerning the fate of encountered birds and the traits
they possess thatmaymitigate the risk of death. Inmost questions
we asked respondents to consider a mature snake, defined as
a BTS larger than average (1,050–1,200mm snout-vent-length),
but smaller than the largest snakes. We also provided six BTS
size ranges, from hatchling to extremely large adult, and asked
respondents to consider how BTS size variation would modulate
the expected outcome for an encountered adult bird.
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Rescaling of Risk
Our goal was to represent predation risks as probabilities for
subsequent risk assessments and modeling. Rather than ask
respondents initially for quantitative judgements, we asked for
rankings that we later converted to numeric probabilities. For
example, we asked respondents to select among five risk levels
(much more, more, same, less, and much less than baseline) to
estimate the chances that each bird would be encountered by
a BTS. All our focal birds are highly susceptible to encounter
by BTS, so we equated this ordinal scale to a proportional scale
over a dampened range, ±20% of a baseline probability of BTS
encounter. Within a family unit, we asked which life stages would
share the risk of predation when an adult bird is encountered
by a mature BTS (e.g., mates or nestlings). For example, Savidge
(1987) reported a single BTS consuming multiple Nosa' within a
roosting group while they slept. Converting yes or no responses
to 1 or 0, the average of all responses represents the proportional
consensus that there is a shared risk, and if all respondents replied
“yes,” we calculate 1.0 as the probability of shared risk, and this
family member (e.g., nestlings) would always be encountered
when its parent is encountered.

To elucidate the intricacies of death risk on encounter
while keeping questions relatively simple, we composed multiple
focused questions and then amalgamated their results. For adults
only, we asked respondents to rank mortality risk on encounter
using a five-point scale from certain survival to certain death,
which we translated into a probability from 0 to 1. Rather than
ask respondents to do this same task for all life stages, we asked
them to rank life stages relative to one another in terms of
vulnerability in an encounter. We summarized these rankings
from least to most at risk, and then scaled all stage specific
values proportionally so that adult risk of death matched those
described above while maintaining egg/nestling risk of death
relatively unchanged, as they were already very near to one. For
the adult partner of an initially encountered adult bird, we asked
respondents to rate the risk of death for the partner (no risk to
equal risk) against the risk for the adult initially encountered.
Proportional in nature, the product of this metric with adult
(and adult on nest) risk of death on encounter represents adult
(and adult on nest) risk of death given a partner’s encounter with
a BTS.

To integrate predation risk over the lifetimes of these birds,
and generate a single vulnerability ranking, we defined a standard
developmental progression from age 0 to 5 years and calculated
the risk of death by BTS at each age. In 2-month timesteps, each
bird is first in the nest, then a fledgling, a juvenile for three
timesteps, and then an adult from 1 to 5 years of age. Most of
these birds reach adulthood, or at least appear adult like, by 1 year
of age. We set adults to be on nest every third timestep (twice
per year). With this common life cycle, we then calculated the
probability of being encountered and killed at each age as the
stage specific death risk on encounter for each age multiplied
by the encounter risk. The probability of surviving each age is
one minus the probability of being encountered and killed by
BTS. The full probability of being killed by BTS at each age is
then the product of all survival probabilities up to the age of
death and the probability of death at that age. The sum of these

probabilities of being killed by BTS at each age yields the lifetime
cumulative likelihood of being killed by BTS at or before each
age class.

Level of Expertise
With varied expertise among our respondents, we asked them to
report their level of expertise for each focal avifauna. We used
self-assessed expertise rankings (no knowledge to expert in five
levels) to weight responses such that expert opinions were four
times as informative as those from barely familiar respondents.
Respondents did not provide input for avifauna of which they
had no knowledge.

RESULTS

All respondents ranked themselves as very familiar or expert
for at least one species, and many were self-assessed experts in
several species. On average, respondents ranked themselves from
familiar to very familiar; with the highest ranking indicating
that our respondents feel most knowledgeable (very familiar)
about BTS.

What Are the Relative Risks of Being
Encountered by a BTS?
Respondents agreed on specific attributes that varied among
bird species and contributed to their risk of being encountered
by a BTS (Figure 1). In order of decreasing risk, smaller birds
Nosa' and Chichirika had an elevated risk over mid-sized birds
Totot and Sihek, which were at higher risk than the largest birds
Ko'ko' and Åga, that were notably not ranked as low risk along
with the mid-sized bird Såli (Figure 1A). Overall encounter risk
decreased with increasing adult bird body size with a few notable
exceptions that were adequately explained by predator avoidance
traits possessed by these birds (see below).

Respondents listed several bird traits that are known or
suspected to reduce the risk of BTS encounters relative to other
focal bird species. Birds with no anti-predator traits reported
(Nosa', Chichirika) were ranked higher than baseline encounters.
Bill and body size (Åga, Ko'ko', Sihek) were frequently listed as
deterrents to BTS encounters, as was the quiet and inconspicuous
nature of Totot that readily flush from their nests. Roosting
in isolated coconut palms (Såli) or nesting in super canopy
trees (Åga), on thin branches far from the trunk (Totot), within
coconut trunks (Sihek), cavities (Såli and Sihek), cliff faces,
cave entrances, and artificial structures (Såli) were identified by
many respondents as key factors that may deter BTS encounters.
Separate roost and nest sites when not actively incubating or
brooding and leaving nestlings and fledglings alone at night
(Åga) may also reduce encounter risk. Urban dwelling (Såli)
and tolerance to urbanization (Ko'ko') were also identified as
BTS encounter deterring traits, as was ground dwelling (Ko'ko').
Finally, intelligence and sociality (Åga and Såli) were identified
along with alarm calls (Åga) and communal roosting of juveniles
(Såli) as deterrents to encounters by the BTS.
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FIGURE 1 | Risk of being encountered by BTS. (A) Deviation in risk of
encounter by a BTS for each bird species from a baseline BTS contact rate in
an environment. Summary of expert rankings and translation to numeric
deviation in parentheses. Species are ordered along the x-axis by increasing
body size (No, Nosa'; Ch, Chichirika; Si, Sihek; Så, Såli; To, Totot; Åg, Åga; Ko,
Ko'ko'). (B) The risk ranking (probability) that each member of a family with a
parent encountered by a BTS is also encountered by this BTS. Error bars
delineate the 95% confidence interval.

Which Birds Are at Risk in an Encounter?
The risk of death during a single encounter with BTS is shared
among family members. Respondents demonstrated their expert
consensus that the level of risk drops with increasing size among
life stages within each species, and this risk drops more strongly
for birds with larger adult size (Figure 1B). Note here that we
consider this a probability of being at risk, and if yes, then there
is a probability of death, which we describe below.

What Is the Risk of Death for Each Life
Stage?
The chance of death on encounter with a BTS decreased with
increasing bird size, with some notable exceptions. Both Sihek
and Åga had lower risk of death on encounter than would
be predicted by their adult size alone (Figure 2A). Within a
species, smaller less developed stages, e.g., eggs, nestlings, and
fledglings were the most vulnerable (Figure 2B). Adults were the
least vulnerable. Juveniles were intermediately vulnerable, and
adults on a nest were notably more vulnerable than juveniles for
some species (Figure 2B). Relative to an adult bird encountered
initially, its partner has less than equal risk of death, a proportion

that declines to about half risk for larger birds (Figure 2C).
Integrating all three of these components, we propose a stage
specific probability of death for each species shown in Figure 2D.

Most notable in terms of predator defense ability is Ko'ko',
which was reported to attack and kill small BTS aggressively in
Ko'ko' breeding pens. Body and bill size were frequently listed
as predator defense traits for Ko'ko', Åga, and sometimes Sihek.
Åga was reported to be aggressive toward predators. Respondents
noted Åga’s intelligence, and its tendency toward alarm calling
and mobbing in the presence of a predator. Predatory instincts
were also listed for Ko'ko', Åga, and Sihek as a possibly favorable
trait for predator defense. Also reported to be aggressive toward
predators were Såli and Sihek, and Såli may also use alarm calls
to alert neighboring birds of threats. It was suggested that Ko'ko'
may outrun BTS. However, we note that BTS is a nocturnal
predator, and how these birds may behave at night is not well-
known. Såli was reported to be skittish on its nest at night
and easily flushed, and respondents suggested Åga may also
flee a predator at night. However, one respondent shared an
observation of Åga remaining calm at night while snakes invaded
their nests.

Expert consensus reflects that the risk of death for a bird
encountered by a BTS depends strongly on the body size of the
snake (Figure 3). We found that small snakes, in the size range
of hatchlings and juveniles posed little risk to all but the smallest
of birds. On the other hand, large snakes were predicted to kill
almost any sized bird it may encounter.

The cumulative lifetime vulnerability ranking integrates the
risk of predation by BTS over a common theoretical lifetime
for each bird species (Figure 4). While largely recapitulating the
patterns displayed above (Figure 2A), this metric clarifies that
Totot is most vulnerable and Sihek is least vulnerable of the three
mid-sized birds (Figure 4). It also clearly ranks Åga as the least
vulnerable of these seven bird species. Although the magnitude
by which these species differ in vulnerability to BTS depends
strongly on the encounter rate and on how far we project over
a bird’s lifetime (results not shown), the ranking among species
does not change (Figure 4).

DISCUSSION

Part of the decision of when, or if, to release birds into areas where
BTS are suppressed can be informed by knowing what level of
BTS presence each bird species may withstand. While we know
that BTS extirpated nearly all forest birds on Guam over several
decades (Wiles et al., 2003), we have few quantitative details
concerning snake-bird interactions and lack a comprehensive
way of predicting the effects of BTS on Guam birds. Scientists
who have firsthand experience working with one or more of our
focal native Guam avian species were surveyed, and we produced
a means for quantifying the vulnerability of each bird species
to predation by BTS. Overall, our expert respondents reported
that smaller birds are thought to be both more likely to be
encountered and more vulnerable in an encounter than larger
birds. However, we also found that a few birds are thought to
possess predator avoidance and tolerance traits that may reduce
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FIGURE 2 | Components determining risk of death in an encounter with a BTS. (A) Ranking (probability) of death for an initially encountered adult. (B) Relative
vulnerability ranking among bird life stages. (C) Relative risk ranking (probability) of death for the partner of a bird initially encountered. Error bars delineate the 95% CI.
(D) Composite measure of the bird-stage-specific probability of death for a bird encountered by a BTS. Birds in (A) through (C) are listed along the x-axis in order of
increasing size (No = Nosa', Ch = Chichirika, Si = Sihek, Så = Såli, To = Totot, Åg = Åga, Ko = Ko'ko').

the risks posed by BTS. Ultimately, our results provide risk
metrics that may be used in quantitative risk assessments to
predict the susceptibility of birds to predation by BTS, which
could guide the formulation of sensitivity and prioritization
rankings among native Guam avifauna and help to determine
required BTS suppression thresholds for bird persistence.

Of our seven focal avifauna, Chichirika and Nosa' were
identified by our respondents as the most vulnerable. Both birds
prefer forests (Jenkins, 1983), the preferred habitat for BTS,
and are small enough to be susceptible to attack even by small
BTS, which are the most numerous size class. Adults of these
species are most at risk at night, when they roost in relatively
exposed locations and at times in pairs and while incubating nests
(Amidon et al., 2004; Nietmann and Ha, 2018). Like the Rota
White-eyes (Zosterops rotensis), Nosa' may forage and roost in
flocks, which likely places several birds at risk of predation during
a single encounter (Savidge, 1987).

As a relatively large bird, Totot adults may be able to escape
predation by smaller snakes, but they are forest specialists
(Jenkins, 1983) and are therefore at high risk. Our respondents
believe that Totot would be most vulnerable while roosting or
on nest, but there is scant data for Totot. Its early disappearance
from Guam (see Wiles et al., 2003) corroborates our finding
that Totot is highly vulnerable to BTS and it may also suggest
vulnerability to small snakes despite its size. Current work with

Såli on Guam has revealed that many radio-tagged birds have
been killed by snakes that were too small to consume them
(Pollock et al., 2019). Furthermore, snakes too small to consume
or kill adults may also attack nests and reduce reproductive
success (Savidge, 1987), which could have contributed to Totot’s
rapid decline. However, fully understanding the effect of BTS at
the population level would require linking our individual-level
risks to such vital rates as fecundity, which can be included in
future work.

Best exemplifying the extreme threat posed by BTS to forest
birds, the least vulnerable bird that we considered, Åga, was
ultimately extirpated from Guam by BTS. Åga was in fact the
last to disappear from Guam (U.S. Fish Wildlife Service, 2005),
which demonstrates some tolerance of BTS. Our results suggest
that individual Åga adults would be the most likely to survive
in the presence of BTS, while Åga eggs and nestlings are just
as vulnerable as those of other birds. Here again, reduction in
reproductive success could have also been crucial in Åga’s decline
(Plentovich et al., 2005; U.S. Fish Wildlife Service, 2005; Zarones
et al., 2015), but there are few data to guide us here. Despite Åga’s
propensity for alarm calls and mobbing like other corvids, one
of our respondents shared an observation of a female Åga being
flushed from her nest at night and remaining calm in the presence
of a BTS. This snake failed to eat her egg, but dropped and broke
it, nonetheless. How Åga and other birds behave during the day,
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FIGURE 3 | Risk ranking (probability of death) for an adult bird in an encounter
with a BTS for each snake size class: H, hatchling (350–700mm snout-vent
length); J, juvenile (700–900); M, mature (900–1050); A, adult (1050–1200); L,
large adult (1200–1500); XL, extra-large adult (>1500).

FIGURE 4 | Relative vulnerability ranking of avifauna found by integrating both
dimensions of predation risk (encounter and death on encounter) over an
average bird’s lifespan. Scale of differences depend on probability of BTS
encounter (in order of increasing vulnerability: Åg = Åga, Ko = Ko'ko', Si =
Sihek, Så = Såli, To = Totot, Ch = Chichirika, No = Nosa').

when they were being observed by researchers, may be different
from their behavior at night when BTS forage.

Size and aggression were commonly identified as deterrents
to BTS predation. As the largest of our focal birds, Ko'ko' was
ranked next to least vulnerable in the survey and was reported
to behave aggressively toward BTS and to be capable of killing of
small snakes (S. Medina 2020, Guam DAWR, oral comm.). Bill
and body size were commonly listed for Åga, Ko'ko', and Sihek as
traits that may reduce both the probabilities of being encountered

and of being killed given an encounter. Although there may have
been some confusion among respondents in interpreting our
separation of encounter risk from death risk during an encounter,
we note the possibility that snakes may adjust their search image
after encountering prey that are too large to consume and/or that
fiercely counterattack, but this is purely speculative. In terms of
habitat preference, Ko'ko' are less likely than other birds to be
encountered by BTS, because they nest and forage on the ground
(Jenkins, 1979). However, large BTS are less arboreal and are
more frequently found in savannas than smaller BTS (Rodda and
Reed, 2007; Siers, 2015; Siers et al., 2017b), which may indicate
that Ko'ko' would be more likely to be encountered by large BTS
that are capable of consuming adult Ko'ko' (Savidge, 1988).

When we achieve lower BTS abundance levels, the possibility
for deterring BTS-bird encounters using misinformation may
become more realistic. Similar to work by Norbury et al. (2021),
training BTS to interpret bird prey cues as unfruitful prey
trails could reduce predation rates. The list of antipredator
traits produced by our respondents suggest that these birds
may not be completely naïve to predators (sensu Banks and
Dickman, 2007), but BTS is a nocturnal predator and these
birds are diurnal. Training adults to recognize specific predators
as threats appears in some cases to improve survival of
captive animals released into the wild (Heezik et al., 1999;
White et al., 2005; West et al., 2018), but the ability to
recognize BTS as a predator may be of little use to prey
that are attacked while sleeping. Such training could improve
the success rate of initial bird releases, but whether or not
this training would be translated to subsequent generations
is debatable.

Predator avoidance may be the best way to persist with a
predator as voracious as BTS. As evidence, Såli was ranked
the most elusive to BTS and is the only of these seven birds
persisting in Guam. Åga received the second lowest encounter
ranking, as well as the highest survivability ranking in a BTS
encounter, which may explain how Åga outlasted most other
species in the wild. However, Åga’s eventual extirpation suggests
that avoiding encounters just slows the rate of decline and
does not alone ensure long-term persistence. Såli appears to
be effectively avoiding BTS by adapting to urban areas, where
snake densities are lower than in forests, and by nesting in
cavities that may be more difficult for BTS to access. Cavity
nesting itself does not seem to deter nest predation by snakes
(e.g., Berkunsky et al., 2011), but cavities in large diameter
poles without adjacent branches, e.g., solitary coconut palms,
tall telephone poles, and other anthropogenic structures may
be inaccessible to BTS (Savidge et al., 2018; Pollock et al.,
2021). Sihek also nests in cavities, but exclusively in the
forest in decaying wood or termite nests (Marshall, 1989;
Kesler and Haig, 2005), not in inaccessible/artificial cavities
like Såli. Respondents ranked Sihek intermediate in encounter
rate. In their chances of surviving an encounter, both Såli
and Sihek were ranked intermediate, but only Sihek went
extinct in the wild. The adaptation to urban habitats appears
to be a prime reason for Såli’s persistence, offering a zone
of greatly reduced BTS access and abundance. Såli also have
high rates of reproduction (Jenkins, 1983; Pollock et al., 2019)
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that help compensate for still high rates of BTS predation of
young birds.

BTS resistant nest boxes for Såli have greatly improved their
predator avoidance and show promise for both Såli and Sihek
(Savidge et al., 2018). Installing predator-excluding nest boxes
into BTS suppressed forests and encouraging Såli expansion may
serve as a first trial of introductions/translocations and offer the
opportunity to study bird-snake interactions firsthand. These
boxes only protect nestlings and incubating adults, however.
Fledglings and non-nesting adults would still be vulnerable at
night when roosting away from nest boxes if BTS are not
sufficiently suppressed (Savidge et al., 2018; Pollock et al., 2019).

For a full assessment of species level risks, the vulnerability
metrics we generated here could be integrated in models that
consider each bird’s entire life cycle. A common result of size (or
stage) structured demographic models is that the demographic
rates in certain life stages often have disproportionate effects
on birds over their life cycles (Saether et al., 2000; Clark and
Martin, 2007). As a result, the acute vulnerability in one life stage
or in a single demographic process may contribute most to the
cumulative lifetime vulnerability (e.g., Cleasby et al., 2017). Re-
establishment of a species is a population level phenomenon, and
our focus here has been on individual bird-snake interactions.
While we did imitate the progression of stage-specific risks that
propagate over an idealized lifetime, we did not tailor a life cycle
specifically for each species, nor did we define reproduction.
Both features would be required for a full demographic model
to translate the impact of BTS on a population, which would
measure the total vulnerability of a species occurrence. While
this goes beyond the scope of our work here, we do show
that risks are uneven among life stages. Younger stages are at
higher risk in part because they are smaller, but also because
they may lack experience or physical abilities that enable escape.
However, adults remain at relatively high risk, and the pattern of
cumulative lifetime risk among these birds largely reflects risk of
death for adult birds encountered by BTS.

The size distribution of BTS in an area is another crucial
component in a full risk assessment. Snake size greatly affected
our estimates of bird mortality due to BTS encounter, and some
current suppression tactics are believed be selective for certain
BTS size classes, altering size distributions of BTS (Rodda et al.,
2007; Lardner et al., 2009, 2013; Nafus et al., 2020; Siers et al.,
2020b). Ultimately, it is the difference in size between a bird
and a snake that determines risk of death due to the snake’s
gape limiting its abilities to seize, restrain, kill, and ingest prey
(BTS swallow their prey whole). However, several instances have
been documented where a BTS has been able to kill a bird
though it was subsequently unable to swallow it (Savidge, 1988;
Pollock et al., 2019). Still, the smallest BTS are primarily small
lizard specialists (Savidge, 1988; Lardner et al., 2009; Siers, 2015)
that typically do not target birds and are therefore of minimal
risk regardless of bird size. As snakes grow larger, they add
mammals and birds to their diet and it is this middle size
class that is most sensitive to control efforts that use toxic dead
neonatal mouse baits (Lardner et al., 2009, 2013). Mid-sized
BTS may pose the largest risk due to its relative abundance
being sustained by high recruitment from the smaller size class

(Siers et al., 2017a). Current suppression tools may not be fully
effective for very large BTS (Nafus et al., 2020; Goetz et al.,
2021; Siers et al., 2021) and may have an effect disproportional
to their low abundance (Siers et al., 2017a). With improvements
in evaluating BTS contact rates and size distributions (e.g., Siers
et al., 2021) our results can help to translate this information
into the risk for each bird species under a given level of BTS
predation threat.

The quantitative estimates we derived here from expert
opinion can be incorporated into more sophisticated
probabilistic population models that include species-specific vital
rates and can project viability for reintroduced birds on Guam in
the presence of BTS. Incorporation of expert opinion into these
models would add defensible dimensions of nuance to models
that might otherwise be based on potentially naïve assumptions.
More broadly, this work contributes to our understanding of
predator vulnerability for species that lack natural predators and
provides guidance for restoration initiatives that seek to reverse
the impacts of invasive predators on endangered species.
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