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One of the most concerning threats to Galápagos bird populations, including some

critically endangered species, is the invasive parasitic fly Philornis downsi. While

long-term sustained solutions are under study, immediate actions are needed to reduce

the impacts of this fly. Application of permethrin to birds’s nests has been successfully

done, but there might be potential long-term reproductive effects to birds. Cyromazine,

an insect growth regulator, has been proposed as an alternative, but its risks and

effectiveness are unknown. The goal of this study was to assist managers to determine

which combination of chemical (permethrin or cyromazine) and mode of application

(injection, spray, and self-fumigation) was likely to be most effective to control P. downsi

while minimizing toxicity to small land birds in Galápagos, given data available and high

levels of uncertainty in some cases. This study is presented as a semi-quantitative risk

assessment employing the use of a multi-criteria decision analysis (MCDA) model. For

the six potential alternatives resulting from the combination of chemical and mode of

application, the criteria were given a score from 1 to 6 supported by available evidence

from the literature and from expert opinion. In addition, three different scenarios with

different sets of weights for each criterion were assessed with stakeholder’s input.

Considering the scenario with higher weight to effectiveness of the method against

P. downsi while also weighing heavily to minimize the toxicity to birds, cyromazine spray

followed by permethrin injection were the preferred strategies. Self-fumigation was the

mode of application with highest uncertainty but with much potential to be further

explored for its feasibility. The approach taken here to evaluate mitigation strategies

against an important threat for avian species in Galápagos can also be used in other

conservation programs when making real time decisions under uncertainty.
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INTRODUCTION

Land bird species (passerines, cuckoos, and doves) populations in
the Galápagos Islands (Ecuador) are declining. According to the
International Union for Conservation of Nature (IUCN), at least
14 out of 28 native small land bird species across the archipelago
are threatened, and the situation is even worse within individual
islands (Fessl et al., 2018). Two critically endangered finches, the

Mangrove Finch (Camarhynchus heliobates) and the Medium-
tree Finch (Camarhynchus pauper), and the Little Vermilion
Flycatcher (Pyrocephalus nanus), categorized as “vulnerable,” are
some of the main species of concern.

Threats to land birds in Galápagos include introduced

vertebrate species such as rodents and cats, habitat degradation,
diseases, and disease vectors (e.g., avian pox and avian malaria),
roadkill, and the invasive parasitic muscid fly Philornis downsi
(Fessl et al., 2017). This fly is the most concerning threat for
many land birds (Cunninghame et al., 2012; Fessl et al., 2017).
Originally from the Caribbean Islands and South America, P.
downsiwas first detected in the Galápagos during the 1960’s (Fessl
et al., 2018), and first observed in the nests of a woodpecker
finch (Camarhynchus pallidus) in 1997 (Fessl and Tebbich, 2002).
Currently, this parasitic fly is present on all large Galápagos
Islands except for Genovesa, Española, Darwin, and Wolf (Fessl
et al., 2018).

The lifecycle of this parasitic fly has been described in detail

elsewhere (Fessl et al., 2006). Briefly, adult flies lay their eggs in
bird nests, and when the fly larvae hatch, the first stage larvae
migrate to feed in the nares and ear canals of bird nestlings (Fessl
et al., 2006; O’Connor et al., 2010). The second and third larval
stages are usually found in the base of the nests (Fessl et al., 2017)
and emerge at night to feed on the nestlings blood. The third stage
larvae usually remain in the nest until they pupate. Infestation
by P. downsi leads to clinical manifestations in the nestlings
such as anemia, reduction in hemoglobin concentration, wounds,
and deformed nasal openings (Dudaniec et al., 2006; Fessl
et al., 2006). This leads to inhibited nestling growth, increased
mortality, and reduced fledging success, ultimately affecting the
reproductive success of bird species (O’Connor et al., 2010; Fessl
et al., 2018). At least 19 endemic and two native land bird
species have been affected by P. downsi to date, including the
critically endangered Mangrove Finch (Fessl et al., 2018; McNew
and Clayton, 2018; Anchundia and Fessl, 2020; Coloma et al.,
2020). Furthermore, the fly has the potential to drive several
endemic species to extinction in Galápagos (McNew andClayton,
2018).

Mid to long-term solutions to control P. downsi are under
study, including strategies such as biological control. Recent
field and laboratory experiments using Conura annulifera, a
parasitoid wasp that attacks P. downsi in its native range,
suggested that this can be an ecologically safe option. However,
more studies are needed to understand potential risks to
native and endemic species in Galápagos (Boulton et al.,
2019). Biochemical control is another strategy under study,
such as the use of the endemic Guayabillo tree (Psidium
galapageium) which has natural insect repelling properties,
and the use of bio-pyrethrin (6.6% pure extract of natural

pyrethrum Chrysanthemum cinerariaefolium) (Causton et al.,
2019).

While these long-term solutions are being evaluated,
immediate solutions to mitigate P. downsi are needed. Current
control strategies include the application of permethrin to nests.
Permethrin is a synthetic, broad-spectrum pyrethroid which kills
the adults and larvae of many invertebrates by acting directly on
their nervous system (Cox, 1999; Causton and Lincango, 2014).
Permacap R© and permethrin EC (emulsifiable concentrate)
injected into the base of the nests in Galápagos have shown to
be effective against P. downsi. However, an analysis conducted
on the risks of permethrin to birds as used in Galápagos
found no short-term risks but uncovered unknown long-term
effects to birds (Causton and Lincango, 2014). Furthermore,
a multi-generational experimental study using Zebra finches
(Taeniopygia guttata) found negative sub-lethal effects consisting
of decreased breeding success in the second finch generation
as well as decreased body weight in the nestlings after nests
were sprayed with low concentrations (1%) of permethrin EC
(Bulgarella et al., 2020). Cyromazine, an insect growth regulator,
has been tested as an alternative to permethrin in both laboratory
and field settings with effective results against P. downsi (Causton
et al., 2019).

Cyromazine is a selective triazine that affects the molting
process of dipteran insects, inhibiting larval growth and
development. It is primarily used to control nuisance flies
in livestock farms either directly (e.g., wetting in sheep), or
indirectly by spray application to manure, or by mixing it into
feed (e.g., in poultry farms to control flies in manure). It is also
applied to crops and plants to control diptera and coleoptera
(EFSA, 2008). To the best of the authors’ knowledge, cyromazine
has not been used to date in conservation programs to control
parasitic flies, except for the recent pilot trials conducted in
Galápagos (Causton et al., 2019). Despite promising results, the
risks to birds have yet to be evaluated, a step that is required by the
Galápagos authorities, prior to extending the use of this chemical
more broadly in the Galápagos Islands.

For both permethrin and cyromazine, there are three modes
of application to bird nests in Galápagos either being used or
under evaluation: injection, spray, and self-fumigation (Knutie
et al., 2014; Causton et al., 2019; Tebbich et al., 2019). Injection
and spray require climbing up to the nest to apply the chemical,
which is a challenge as some of the bird nests are found
up to 25m high. Self-fumigation (birds taking nest materials
previously impregnated with the chemical from a dispenser
back to the nest) would be more feasible, but there is higher
uncertainty about the effectiveness of this mode. Given the
urgent need to find an effective and safe mitigation strategy
for P. downsi in land bird nests in the Galápagos Islands, a
comparison of these two chemical candidates was needed. The
goal of this study was to find the optimal risk management
strategy (combination of chemical and mode of application)
to control P. downsi while minimizing toxicity to small land
birds in Galápagos, maximizing the feasibility of application, and
minimizing the uncertainty. To this end, a semi-quantitative risk
assessment using a multi-criteria decision analysis (MCDA) was
conducted. Even though potential effects of these two chemicals
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TABLE 1 | Definitions for the scores (1–6) used in the risk assessment model.

Score Definition

1 Negligible risk of toxicity to birds, highly effective against the

fly, very high feasibility, negligible uncertainty

2 Low risk of toxicity to birds, effective against the fly, high

feasibility, low uncertainty

3 Medium risk of toxicity to birds, medium effectiveness against

the fly, medium feasibility, some uncertainty

4 High risk of toxicity to birds, some effectiveness against the fly

but not much, low feasibility, high uncertainty

5 Very high risk of toxicity to birds, low effectiveness against the

fly, very low feasibility, very high uncertainty

6 Extremely high risk of toxicity, lack of/negligible effectiveness

against the fly, no feasibility, complete uncertainty

to other non-target species (beyond small land birds) and the
ecosystem at large need to be included in the management
decision of a chemical application, these were out of the scope of
this assessment.

MATERIALS AND METHODS

To evaluate the optimal risk management strategy, a semi-
quantitative risk assessment was conducted. Risk assessment
methods can be divided into qualitative, quantitative, and semi-
quantitative approaches depending on the needs of the users and
the amount of data available. A qualitative approach produces
a descriptive and non-numerical estimate of risk. In contrast,
a quantitative risk assessment relies on numerical expressions
to characterize risk, either with a deterministic (producing
point estimates of risks) or a probabilistic approach (producing
probability distributions to estimate risks) (Travis and Smith,
2019; Yoe, 2019). Finally, a semi-quantitative risk assessment
assigns numbers in the form of probability ranges, weights, or
scores to qualitative estimates and then combines them either by
adding or multiplying them (Jakob-Hoff et al., 2014). The semi-
quantitative approach used here was a set of scores from 1 to 6
with specific definitions for each one of the numerical categories
(Table 1).

To conduct the semi-quantitative risk assessment, a MCDA
model was used. This structured approach is useful to support
decision-making under uncertainty when there are multiple
criteria involved. In this process, the alternatives to be evaluated
are compared against a set of explicitly defined criteria (Adem
Esmail and Geneletti, 2018). Depending on the importance (i.e.,
weight) given to each one of the criteria, the ranking among the
alternatives under consideration will vary (OIE, 2017; Yoe, 2019).
This approach is iterative, so as more data become available, the
model can be updated and thus provide more precise outputs
for decision-making.

Two different chemicals (permethrin and cyromazine)
and three modes of application (injection to the nests,
spray to the nests, and self-fumigation) were evaluated.

Specifically, the six alternatives to be evaluated by the MCDA
were: permethrin injection, permethrin spray, permethrin
self-fumigation, cyromazine injection, cyromazine spray, and
cyromazine self-fumigation. The criteria used to assess each one
of the alternatives, which were based on stakeholder feedback,
were: toxicity to birds, effectiveness against P. downsi, feasibility,
and uncertainty (i.e., lack of evidence). Each one of these criteria
was informed by a set of sub-criteria and factors (Table 2).

Available evidence for each one of the factors, sub-criteria,
and criteria was obtained through a literature search and
through expert opinion. Search engines (PubMed, Web of
Science, Google Scholar, Google), different agencies (Food
and Drug Administration, Environmental Protection Agency,
European Food Safety Authorization, European Medicines
Agency, Food and Agriculture Organization), and consultation
with companies selling cyromazine and permethrin helped
capture both peer-reviewed and gray literature. Within the
Environmental Protection Agency, the databases CompTox
(https://comptox.epa.gov/dashboard) and ECOTOX (https://
cfpub.epa.gov/ecotox/) were used to extract data from available
studies. The time frame considered for the main search was
from inception through September 2020; however, additional
searches were conducted as needed through the end of December
2020. The following were the main keywords that were used
in the search, which were used both in English and Spanish:
“cyromazine,” “permethrin,” “toxicity,” “bird,” “avian,” “wildlife,”
“invasive fly,” “injection,” “spray,” “impregnated cotton,”
“nest,” “pesticide,” “insecticide,” “growth regulator,” “poultry,”
“chicken,” “turkey,” “chitin synthesis inhibitor,” “melamine effects
to birds.”

Additionally, a range of experts were contacted to obtain
information about cyromazine, permethrin, and other chemical
control methods against parasitic flies in avian species.
These experts were chosen based on their field of expertise
(ecotoxicology, avian health, avian biology, entomology, as well
as previously recognized experience using insecticides in bird
nests in the field). A previous analysis of the risks of permethrin
for birds in Galápagos had already been conducted (Causton and
Lincango, 2014), so the literature and expert elicitation was more
heavily focused on cyromazine compared to permethrin.

Supported by the evidence available and stakeholder input,
each one of the sub-criteria was scored on a scale of 1–6,
with 1 being the most preferred option and 6 being the least
preferred (Table 1). Then, all sub-criteria that made up one
criterion were totaled and averaged to obtain a single final score
for each criterion. Criteria scores for each of the six alternatives
(chemical/mode of application combination) were used as input
into a decision matrix to build a MCDA using Logical Decisions
software version 7.2 (Smith, 2021).

Three scenarios (A, B, and C) were created assigning different
weights to each one of the criteria. Weights are values assigned to
each criterion that indicate its relative importance with respect
to the other criteria being considered (Malczewski, 1999). The
weights here ranged from 0 to 1, with 0 being the lowest
importance and 1 being the maximum importance. In Scenario
A, the criterion “toxicity to birds” received a weight of 0.8,
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TABLE 2 | Criteria, sub-criteria, and factors considered to evaluate the six alternatives in the risk assessment model.

Criterion Sub-criterion Factor

1. Toxicity to birds 1.1. Mortality (likelihood that this alternative kills a

bird)

a) Exposure pathway

b) Dosage

c) Duration of exposure

1.2. Reproductive effects (likelihood that this

alternative causes fecundity effects)

a) Exposure pathway

b) Dosage

c) Duration of exposure

1.3. Other sub-lethal effects (likelihood that this

alternative causes other sub-lethal effects such as

neurotoxicity, and hematological changes)

a) Exposure pathway

b) Dosage

c) Duration of exposure

2. Effectiveness against P. downsi 2.1. Birds success (likelihood that this alternative

improves bird survival)

2.2. Fly reduction (likelihood that this alternative

reduces the number of flies and/or larvae)

2.3. Duration of effect (likelihood of this alternative

lasting enough to increase bird survival)

3. Feasibility 3.1. Chemical price

3.2. Personnel

3.3. Equipment

4. Uncertainty (lack of evidence)

TABLE 3 | Weights for each one of the criteria for each of the three scenarios

considered in the risk assessment.

Scenario

Criterion A B C

1. Toxicity to birds 0.8 0.5 0.5

2. Effectiveness against P. downsi 0.1 0.4 0.05

3. Feasibility 0.05 0.05 0.4

4. Uncertainty (lack of evidence) 0.05 0.05 0.05

while in Scenarios B and C, this criterion received a weight of
0.5. Based on stakeholder’s feedback, this criterion could not
receive a weight below 0.5. For the other criteria, in Scenario B,
“effectiveness against P. downsi” received a weight of 0.4, and in
Scenario C, “feasibility” received a weight of 0.4. “Uncertainty”
received a lowweight (0.05) in all three scenarios (Table 3). Given
the criteria scores and the weights, the multi-attribute utility
theory (MAUT) algorithm was used to transform the criteria into
one common scale of utility or value (Linkov et al., 2006). The
final output consisted of a ranking of the six alternatives for each
one of the three scenarios.

RESULTS

A total of 52 references from the literature were used to inform
the MCDA (Supplementary Material). In addition, 11 experts
contributed their expertise about chemical control of invasive
species in avian nests (n= 4), ecotoxicology (n= 2), entomology
(n= 2), pesticides (n= 2), and environmental chemistry (n= 1).
While there were more data on the effects of permethrin to birds

(Causton and Lincango, 2014, Bulgarella et al., 2020), there was
a paucity of data for cyromazine, and available information was
derived from poultry studies.

Briefly, no acute toxic effects have been reported for
permethrin in birds (Causton and Lincango, 2014), and no
mortality has been observed after application of permethrin
to bird nests in Galápagos (Causton et al., 2019). The LD50

(Lethal Dose 50 or dose at which 50% of the animals are
expected to die) reported for permethrin was >11,275
mg/kg in Mallard ducks (Anas platyrhynchos) and >13,500
mg/kg in Japanese quails (Coturnix japonica). These values
classify permethrin as practically non-toxic (EPA, 2015). For
long-term, in an experimental study with Zebra finches (T.
guttata), negative effects consisting of decreased fledging
success and lower body mass in hatchlings were reported-
especially in the second generation of finches-after their
nesting material had been exposed to 1% permethrin
solution (Bulgarella et al., 2020).

For cyromazine, no short-term effects or mortality has been
observed from preliminary field trials in Galápagos where the
base of finch nests was injected or sprayed with cyromazine
at 0.2 or at 0.4 g/L (Causton et al., 2020). Experimental
data from other avian species showed that cyromazine can be
considered practically non-toxic to slightly toxic (EPA, 2015)
with a LD50 for Northern bobwhite quails (Colinus virginianus)
of 1,785 mg/kg (NCBI, 2020) and a LD50 for Mallard ducks
(A. platyrhynchos) of >2,510 mg/kg (NCBI, 2020). Data from
poultry studies, which are based on high oral doses (ranging from
50 to 10,000 mg/kg) often given for several weeks or months,
showed low to negligible acute toxicity. With these dosing
parameters, some of these poultry studies reported sublethal
effects consisting of weight loss and a reduction in the hatching
of normal chicks.
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TABLE 4 | Risk scores for each alternative (chemical/mode of application combination) and criterion that informed the Multi-Criteria Decision Approach (MCDA) model.

Toxicity to birds Effectiveness against P. downsi Feasibility Uncertainty

Cyromazine injection 1 4 3 3

Cyromazine spray 2 1 2 2

Cyromazine self-fumigation 2 2 1 5

Permethrin injection 2 2 3 1

Permethrin spray 3 1 2 2

Permethrin self-fumigation 3 2 1 3

FIGURE 1 | Ranking of the six alternatives considering the weights from

Scenario A.

In regard to the effectiveness of the chemicals
against P. downsi, permethrin application increased
finch fledging survival and was effective at reducing the
number of P. downsi larvae in avian nests in Galápagos
(Causton et al., 2019; Cimadom et al., 2019), as well as against
other nest parasites in conservation programs elsewhere (Alves
et al., 2020). Cyromazine preliminary field applications have
also led to finch’s reproductive success as well as reduction in fly
development in Galápagos (Causton et al., 2019, 2020).

The final risk scores assigned to each criterion for each
alternative are summarized in Table 4. Based on the set
of three different weights, the results differed. Using the
weights from Scenario A, where a high weight was assigned
to minimizing toxicity to birds (0.8), the preferred alternative
was cyromazine injection followed by cyromazine spray
(Figure 1). Using the weights from Scenario B, where higher
weight (0.4) was assigned to effectiveness against P. downsi
while minimizing toxicity to birds was set to 0.5, the preferred
alternative was cyromazine spray followed by permethrin
injection (Figure 2). Finally, using the weights from Scenario
C, where a weight of 0.4 was assigned to feasibility and
minimizing toxicity to birds was set to 0.5, the best alternative
was cyromazine self-fumigation followed by cyromazine
spray (Figure 3). Across all three scenarios, the highest
uncertainty among the six alternatives was cyromazine self-
fumigation followed by cyromazine injection, and permethrin
self-fumigation.

FIGURE 2 | Ranking of the six alternatives considering the weights from

Scenario B.

FIGURE 3 | Ranking of the six alternatives considering the weights from

Scenario C.

DISCUSSION

One of the most concerning threats for the survival of small
land birds in the Galápagos Islands is the parasitic invasive fly
P. downsi. Immediate strategies to mitigate the damage caused
by this fly include the use of chemicals such as permethrin and
cyromazine. Permethrin has been used in bird nests before to
control parasites in different conservation programs around the
world, and more evidence is available about the potential risks
to birds including long-term reproductive effects (Causton and
Lincango, 2014; Bulgarella et al., 2020). Cyromazine, however,
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has not been used in a conservation program before except for
a limited number of pilot field trials in the Galápagos Islands in
recent years—where researchers found that using a dose of 0.4
g/L of cyromazine, applying the product close to bird hatching
time, and making sure there is contact between the sides and
bottom of the bird nest with the product, can be effective at
controlling eggs and developing fly larvae with no observable
effects on nestling health (Causton et al., 2020). Further to this, a
risk assessment was required by authorities to evaluate potential
risks to birds. Given these two chemicals were proposed to
control P. downsi in bird nests in Galápagos, both chemicals were
compared in terms of toxicity to birds, their efficacy against P.
downsi, feasibility of application through three delivery methods
(injection, spray, and self-fumigation), and on the uncertainty
about their effectiveness. Combining the two chemicals and the
three modes of application, six alternatives were ranked using a
MCDA model.

The MCDA is a transparent process that allows decision-
making when multiple criteria are involved (Yoe, 2019). In
addition, this is an iterative process that can change depending
on stakeholder’s feedback as well as improvement of data
availability over time. This approach has been used previously
in conservation planning (Davies et al., 2013). In fact, Adem
Esmail and Geneletti (2018) reviewed the empirical applications
of MCDA to nature conservation published in the scientific
literature over the last 20 years. They found 86 published studies
describing MCDA applied to conservation topics and assessed
the best practices and pitfalls of this approach across all these
studies. The review found that only a small percentage of
MCDA papers engaged stakeholders in alternatives and criteria
identification (15 and 25%, respectively), only 22% included
rankings according to specific criterion, and most papers
conducted some sort of weighting (Adem Esmail and Geneletti,
2018). Our MCDA approach engaged the stakeholders (scientists
working on avian conservation in the Galápagos Islands) from
the beginning and the process (alternatives, criteria, and the
assigned weights) was improved based on their feedback.We also
had rankings broken down by criterion for each scenario. Despite
MCDA being a transparent process and considering stakeholder
input, assignment of weights to criteria is still subjective (Yoe,
2019).

When evaluating the six alternatives to control P. downsi
in Galápagos, the preferred option varied depending on the
weights assigned to each criterion. According to the available
evidence, cyromazine seems to be safe for application to bird
nests, and thus it ranked first (specifically cyromazine injection)
when weighing toxicity to birds as very high in scenario A.
One of the main challenges when applying permethrin or
cyromazine as injection or spray to bird nests in Galápagos is
nest access. These applications require an experienced person
to climb up to the nests for chemical application, and some
of these nests are located very high up in the canopy (up
to 25m). Therefore, it would be ideal to have an alternative
such as self-fumigation which would decrease human resources
and difficulties to access the nests. Further, a more feasible
approach would make it possible to treat a higher number of
infested nests across the Islands. Self-fumigationwith cyromazine

however had the highest uncertainty among the six alternatives,
as it has not been previously tested. Self-fumigation with
permethrin impregnated cotton has been applied in Galápagos
before with success in reducing the number of parasites in
finches nests (Knutie et al., 2014). This management technique
has also been tested in New Zealand to control the fly
Passeromyia longicornis, which affects the endangered forty-
spotted pardalote (Pardalotus quadragintus). In this case, they
used impregnated feathers treated with a combination of
permethrin, piperonyl butoxide, andmethoprene. The pardalotes
not only incorporated the treated feathers into their nests, but
the survival of hatchlings was higher in nests that contained
treated feathers compared to those that did not (Alves et al.,
2020).

Further studies testing this method with cyromazine and
permethrin in Galápagos will provide invaluable information
about their effectiveness.

Aside from further evaluating the effectiveness of cyromazine
via self-fumigation, other outstanding knowledge gaps remain:
duration of the effect of cyromazine once applied, potential
risks to birds through dermal and inhalation exposure for
both chemicals, and variability of effectiveness depending on
nest type and size. Further, determining exact volumes of both
chemicals that are deemed safe for birds via the three different
application methods considering variables such as nest size, type,
bird species, and exposure pathway would be very relevant.
Upcoming laboratory and field trials will provide insight into
some of these knowledge gaps, which will improve the next
iteration of the risk assessment. Despite current knowledge
gaps and uncertainty, the need to control P. downsi outweighs
the caveats that have not been evaluated to date due to lack
of data.

Another important consideration when evaluating the
optimal chemical to use is the potential risk of the chemicals to
other non-target species and the ecosystem at large. The MCDA
model presented herein was focused on a very specific question
and could not address the potential downstream ecosystem
effects of chemical application. Permethrin was already evaluated
in relation to the Galápagos ecosystem (Causton and Lincango,
2014), while only a preliminary evaluation of cyromazine has
been conducted by our team (unpublished data). Even though
risks associated with the Galápagos ecosystem associated with
the application of cyromazine to bird nests is perceived as low
based on this analysis, a more thorough evaluation that assesses
the ecosystem at large is warranted prior to broadly expanding
the application of this chemical.

CONCLUSIONS

A MCDA approach was a very useful science-based approach to
evaluate six alternatives (combination of two chemicals and three
modes of application) to mitigate the effects of P. downsi to small
land birds in the Galápagos Islands. Maximizing effectiveness
against P. downsi while minimizing toxicity to birds, cyromazine
spray followed by permethrin injection were the best alternatives.
The approach taken here to evaluate mitigation strategies against
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an important threat for avian species in Galápagos is not only
useful and applicable to the Galápagos system but can also be
used in other conservation programs when making decisions in
the face of uncertainty.
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