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1.  INTRODUCTION

The planet’s ongoing extinction crisis poses chal-
lenges for species conservation and management as
biologists are forced to negotiate both long-standing
problems, such as habitat loss and invasive species,
and more recent problems like climate change. Spe-
cies that were once widespread have been greatly

reduced, sometimes resulting in only a single small
population. For instance, California condor Gymno-
gyps californianus and whooping crane Grus ameri-
cana were each reduced to single small populations
as a result of overexploitation, pollution, and habitat
loss (Meine & Archibald 1996, Meretsky et al. 2000).
When species exist as only a single small population,
they face a wide variety of challenges, including
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ABSTRACT: The ongoing and often synergistic effects of habitat loss, invasive species, and cli-
mate change pose challenges for conservation and management as widespread species become
greatly reduced, sometimes to a single small population. To address this problem, conservation
biologists must consider using approaches like translocation to create new populations, reducing
the probability of extinction by splitting a population into 2 or more populations in geographically
distinct locales. The puaiohi Myadestes palmeri, an endangered Hawaiian forest bird, has a small
population size (494; 95% CI: 414−580) and restricted range (~40 km2). One recovery plan objec-
tive involves translocating birds to higher elevation Hawaiian Islands. To evaluate translocation
scenarios, we built upon previously developed population viability analysis models and consid-
ered how translocation regimes (initial harvest/population, number harvested/supplemented per
event, harvest/supplementation interval, and length of harvest/supplementation) would affect
both original and new populations. Furthermore, we modeled the puaiohi release population
under 3 different conditions: a stable population, a predator-controlled environment, and a habitat
improved in terms of resource availability. Our results indicated that while translocation offers
hope of increasing puaiohi population size and decreasing extinction risk, success will depend on
conditions at the release site. Furthermore, harvest and rearing of eggs to the juvenile stage or re-
establishment of a captive breeding program may be necessary to provide enough birds to trans -
locate, as the current wild population may not be productive enough to sustain levels of harvest
necessary to successfully establish a new population.
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increased likelihood of extirpation due to stochastic
events and inbreeding depression (Shaffer 1981,
Gilpin & Soulé 1986, Lacy 2000). Because of the
ongoing and often synergistic effects of habitat loss,
invasive species, and climate change, managers
need to consider more intrusive and labor-intensive
approaches to bring species back from the brink of
extinction. One such approach is to create new pop-
ulations via reintroduction into habitat from which
the species was extirpated or translocation into novel
but biologically appropriate geographic areas (Grif-
fith et al. 1989). The goal of these approaches is the
creation of additional populations, thereby reducing
the probability of extinction by spreading risk.

While novel and emergent conservation ap proaches
are relevant throughout the world, nowhere are
they more needed than the Hawaiian Islands, home
to the largest number of threatened and endangered
species in the USA (Wilcove et al. 1998), and one of
the most imperiled avifaunas in the world (Scott et
al. 2001, Pratt 2009). Amongst the species with a
single population left in Hawaii, one in urgent need
of reduction in risk of extinction is the puaiohi Mya -
destes palmeri. The puaiohi, or small Kaua‘i thrush,
is endemic to Kaua‘i and is the only remaining
native frugivore and only remaining member of
Turdidae on the island. Over the past 30 yr, 5 other
species disappeared from the island  following Hur-
ricanes ‘Iwa (1982) and ‘Iniki (1992) (Conant et al.
1998). Though some of these species were rare in
the early 20th  century (Perkins 1903), most were
more common than the puaiohi. In fact, its congener,
the kāma‘o, was once the most common forest bird
on Kaua‘i (Perkins 1903, Scott et al. 1986), yet the
puaiohi has persisted while the kāma‘o is extinct,
perhaps due to the puaiohi’s habit of nesting in
sheltered ravines. The puaiohi has a population of
494 (95% CI: 414−580) and is currently restricted to
a remnant of the Alaka‘i Wilderness Preserve at
1050 to 1300 m, where 75% of its breeding popula-
tion occurs in just 10 km2 of forest (USFWS 2006,
Crampton et al. 2017).

Many issues contribute to the vulnerability of the
puaiohi population, including drought, hurricanes,
invasive predators (e.g. rats Rattus spp. and cats Felis
catus), disease (particularly infection with avian
malaria Plasmodium relictum), and habitat degrada-
tion due to feral livestock (pigs and goats) and inva-
sive plants (Kepler & Kepler 1983, Snetsinger et al.
2005, USFWS 2006, Woodworth & Pratt 2009). How-
ever, recent work suggests that traditional conserva-
tion efforts to control introduced predators, remove
invasive species, and restore native forest may be

insufficient to protect many Hawaiian forest birds,
including the puaiohi, from further decline as climate
change affects the distribution of avian malaria
within the Islands (Benning et al. 2002, Kilpatrick
2006, Fortini et al. 2015). Though infection with
malaria may not affect puaiohi survival as negatively
as it does other species (VanderWerf et al. 2014),
given the puaiohi’s absence from malaria-infected
lower elevations, malaria is likely to have at least
some impact on the population. Thus, unless man-
agers explore alternative, long-term solutions to
managing the species, they risk species’ range col-
lapse and extinction (Fortini et al. 2015).

Concerns about puaiohi’s limited range and small
population led to the establishment of a captive-bred
population in 1996. From 1999 to 2012, 222 birds
were released into the Alaka‘i (Switzer et al. 2013).
However, due to the relatively low recruitment and
survival of released birds in later years of the pro-
gram and signs of abnormalities in captive bred
chicks, the program was discontinued and the last of
the captive flock was released in 2017 (Switzer et al.
2013, VanderWerf et al. 2014, Hawai‘i Department of
Land and Natural Resources 2016).

As the climate warms, increasing the threat of
malaria, and invasive species negatively impact both
the species and the habitat upon which they rely, the
persistence of puaiohi in their remaining forest
becomes more precarious. Furthermore, given the
limitation of nest sites and perhaps other resources
within current habitat, puaiohi may be at their carry-
ing capacity (Snetsinger et al. 2005). In addition, as
evidenced after the 1982 and 1992 hurricanes ‘Iwa
and ‘Iniki, in which 5 of the 6 endangered species in
the Alaka‘i Swamp went extinct, small populations
on Kaua‘i are extremely vulnerable to hurricanes
(Conant et al. 1998). One way to increase overall
population size and reduce the dangers of cata-
strophic events would be to establish one or more
additional populations that are geographically sepa-
rated from the current one, as was accomplished with
the Nihoa millerbird Acrocephalus familiaris kingi
(Freifeld et al. 2016) and Seychelles warbler A.
sechellensis (Komdeur 1997). These factors have led
to an increasing interest in translocation as an option
for species recovery. Thus, while continued monitor-
ing and management of puaiohi within their current
range remains a primary concern, one of the current
recovery objectives for puaiohi is to investigate the
feasibility of translocating birds to higher elevation
Hawaiian Islands such as Maui and Hawai‘i (Hawai‘i
Forest Bird Conservation Forum, September 24−25,
2015).
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To evaluate future conservation approaches for the
species, we modeled potential outcomes of trans -
locating puaiohi to establish another population and
identified sustainable levels of effort and support
necessary to successfully create the new population,
while minimizing effects on the current population.
Previous modeling efforts in Hawai‘i (Conant &
Morin 2001) led to the successful translocation of the
Nihoa millerbird from Nihoa to Laysan, an atoll from
which millerbirds had been absent for approximately
100 yr (Ely & Clapp 1973). As with millerbirds, the
objective of our modeling efforts is to evaluate
whether translocation offers a feasible tool for in -
creasing puaiohi populations, and if so, identify how
probability of success can be maximized.

2.  METHODS

We calculated model parameters from data col-
lected from 2005 to 2011 at 4 sites (Kawaikōı̄, Koaie,
Mohihi, and Halepa‘akai) in the Alaka‘i Wilderness
Preserve on the island of Kaua‘i, Hawai‘i. These sites
ranged in elevation from 1123 to 1303 m above sea
level in native wet and mesic forests dominated by
‘ōhi‘a Metrosideros polymorpha, koa Acacia koa,
ōlapa Cheirodendron trigynum, lapalapa C. platy-
phyllum, ‘ōhi‘a ha Syzygium sandwicensis, kāwa‘u
Ilex anomala, and kōlea Myrsine lessertiana, with a
diverse understory of native plants including ‘ōhelo
Vaccinium calycinum and kanawao Broussaisia
arguta (USFWS 2006).

To evaluate translocation scenarios, we con-
structed population viability analysis (PVA) models
using Vortex 10 (Lacy & Pollak 2014), which simu-
lates stochastic demographic and environmental
processes. Within Vortex we built upon previously
developed models (Fantle-Lepczyk et al. 2018)
using all available information on puaiohi. In addi-
tion to running a baseline control model in which
no translocation occurred, we considered how
translocation regimes affected both the original and
the new populations. Specifically, we modeled the
initial number harvested from the source population
(initial population; 10 or 20 birds), the number har-
vested from the source and supplemented to the
new population (number harvested/supplemented
per event; 5, 10, or 20 birds), how frequently birds
were harvested and supplemented (harvest/supple-
mentation interval; every 1, 2, or 5 yr) and how
long harvest and supplementation lasted (length of
harvest/supplementation; 5 or 10 yr). We considered
3 different sources of birds to translocate: a declin-

ing wild population (r = −0.267; Fantle-Lepczyk et
al. 2018), a stable wild population (Crampton et al.
2017), and a captive-bred source with no impact on
the wild population. We considered the 2 different
wild source population dynamics because although
baseline models predict a population declining to
extinction, scientists have assumed puaiohi popula-
tions to have been stable for the last 40 yr (USFWS
2006, Crampton et al. 2017). Modeling under both
conditions allowed us to examine the possible
range of dynamics currently affecting the wild
 population. We also considered 2 wild sources of
translocatable birds (directly translocated juvenile
birds and eggs collected to be reared and released
as juveniles), in addition to the captive bred birds.
Further, we modeled the translocated population
under 3 different release conditions: the same as
those extrapolated for a wild stable population,
those in a predator-controlled environment, and
those in a habitat improved in terms of resource
availability.

Each model was simulated 1000 times (Owen-
Smith 2007) over 25 yr, a relatively short time frame.
Although our primary goal is long-term preservation
of the species, urgent short-term needs currently
drive the recovery program. Furthermore, longer
time spans can produce higher extinction proba -
bilities (Akçakaya et al. 1999), more uncertain
events (Akçakaya 2005), and propagate errors (Beis -
singer & Westphal 1998). Thus, we selected 25 yr as
it allowed us to minimize the effects of uncertainties
or errors in our parameter estimates, while exploring
and testing the immediate effects of management
strategies. Vortex’s standard output provided growth
rate (stochastic r), probability of extinction, average
population size at 25 yr, and mean time to extinc-
tion. For our modeling purposes, extinction occurred
when only one sex remained. We developed our
demographic input parameters from a variety of
sources, including previously published information,
original data, and expert discussion. Baseline mod-
els were previously published in Fantle-Lepczyk et
al. (2018).

2.1.  Harvest and supplementation

To determine sustainable translocation regimes
and their impacts on the existing puaiohi popula-
tion, we modeled all combinations of variations of
the initial harvest/starting population of the trans -
located population, the number of birds har vested/
supplemented at each supplementation interval,



length of harvest/supplementation interval, and the
length of harvest/supplementation (n = 36, Table 1).
Specifically, from a source population of 500 birds,
we modeled the effects of initially removing 10 or
20 birds, followed by regular harvests of either 5,
10, or 20 birds. Harvests occurred every 1, 2, or 5 yr
during either a 5 or 10 yr period. For evaluation pur-
poses, we calculated 2 additional measures from the
latter 3 variables: number of harvests/supplements
and total number of birds harvested/supplemented.
We assumed 90% survival immediately after trans -
location, as previous releases of captive-bred pua -
iohi found a 91% 30 d post-release survival (Tweed
et al. 2006) for primarily juvenile birds. Subsequent
releases saw decreasing survival (Switzer et al.
2013), though it is possible this was due to the
release of older birds or the declining fitness of the
captive population. We chose to translocate only
juvenile birds, as these exhibited the highest sur-
vival and integration into the existing population in
previous releases of captive-bred puaiohi (Tweed et
al. 2006, Switzer et al. 2013, VanderWerf et al.
2014).

We also modeled collecting eggs and hatching and
rearing the resulting nestlings until releasable. Pre-
sumably, given the high re-nesting rate of puaiohi
(Snetsinger et al. 2005), the removal of eggs early in
incubation would have little impact on the popula-
tion overall. We assumed we would need to catch
25% more birds or harvest 25% more eggs to allow
for unfit birds, infertile eggs, and nestling mortality.
Thus, to rear and release 5 juvenile puaiohi, we
assumed we would need to collect 7 eggs (4 nest
attempts); for 10 juveniles, 13 eggs (7 nest attempts);
and for 20 juveniles, 25 eggs (13 nest attempts); each
from as many different pairs as possible. To model
the effect of egg collection, we adjusted the distribu-
tion of successful nesting attempts to reflect the nest
attempts lost to harvest.

2.2.  Translocated population demographics

We considered 3 different sets of conditions fol-
lowing release. Under each condition we assumed
the release site would be an improvement over cur-
rent conditions, which at best produce a small and
stable, though potentially declining, population.
The first of the 3 release conditions reflects a stable
population, as extrapolated for the wild stable popu-
lation (Fantle-Lepczyk et al. 2018). Second, we
modeled release in a predator-controlled area in
which survival and nest success increase due to
release from predator impacts. Finally, we modeled
release into an area with comparatively improved
habitat, in which increased food sources and nesting
sites and some degree of predator control would
allow for a greater increase in both survival and
reproductive output.

With our models exhibiting stable mortality at
release sites, we explored the effect of releasing
puaiohi into an area managed to increase puaiohi
survival at all life stages, while holding steady all
other demographics. To model eliminating the
effects of malaria, predation, or any other mortality
events on the puaiohi population, in the absence of
any other changes, we decreased previously esti-
mated mortality at all life stages (VanderWerf et al.
2014) by 18%, to a level at which they would pro-
vide a stable population projection (Fantle-Lepczyk
et al. 2018).

In our predator-controlled release condition mod-
els, we assumed that predators would be controlled
or removed from the release site. While puaiohi are
potentially preyed upon by several species, rats are
their major predator (Snetsinger et al. 2005), and
mortality due to nest predation by rats is presumed
to be the leading driver behind higher mortality
rates seen in female puaiohi (VanderWerf et al.
2014). To reflect this difference in mortality, we

decreased our estimates of female
mortality by ¼, from 54 to 41%
(−13%). For the O‘ahu ‘elepaio, rat
control has been shown to increase
female survival by 10 to 27%, which
is in line with our estimates (Vander-
Werf 2009, VanderWerf et al. 2011).
However, male puaiohi have an esti-
mated annual survival rate of 71%
(VanderWerf et al. 2014), so if preda-
tion on the nest is truly the major dif-
ferential between male and female
survival, removal of nest predators
may in fact decrease female mortal-

Endang Species Res 41: 105–118, 2020108

Variable                                Conditions

Source population               Wild—declining or stable baseline
                                              Captive-reared—declining or stable baseline
                                              Captive-bred
Initial population size          10 or 20 individuals
No. supplemented               5, 10, or 20 individuals
Supplement interval            Every 1, 2, or 5 yr
No. years supplemented     5 or 10
Release conditions               Stable mortality, predator-controlled, or im- 
                                              proved habitat

Table 1. Puaiohi population variables evaluated across a range of scenarios
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ity substantially more than we have estimated.
Snetsinger et al. (2005) found that 50% more nests
fledged young when rats were controlled. To allow
for any overestimates in their experiment and other
causes of nest failure, we increased the baseline
number of successful attempts per year by 25%.
Experimental data quantifying the effects of rat pre-
dation on juvenile mortality do not exist. However,
we presumed that removing rats would have less
influence on juvenile mortality than on adult female
mortality, as juveniles likely encounter a greater
range of mortality effects, with the first days after
fledging being the period they are most vulnerable.
Thus, we decreased juvenile mortality by 10%. We
presumed that rat removal would not affect male
mortality as much, since males do not incubate eggs
(presumably, when females are most vulnerable to
rat predation). Furthermore, removing rats should
not impact the number of young fledged per
attempt because a rat encountering a nest would
likely consume both chicks, and thereby be classi-
fied as a failed attempt.

Our final release scenario looked at potential
impacts of habitat improvements on the puaiohi.
Under this scenario, we assumed that the release
site would be managed such that invasive species
would be controlled. This included rats which,
while they act as predators, may also displace
native food sources and potentially decrease food
availability, particularly during the breeding season.
Furthermore, we presumed that abundant native,
species-appropriate food sources would exist. Snet -
singer et al. (2005) saw an increase of 37.5% in
annual nest attempts in wet years over drier years.
Presumably this increase in nesting attempts was
due in part to increased food supply, as well as
decreased rat predation due to availability of alter-
native food sources. Snetsinger et al. (2005) further
noted a 54.5% increase in the number fledged per
attempt in the wet year compared to the mean
number fledged over the entire 3 yr of study. How-
ever, one very dry year reduces the mean number
fledged, likely resulting in over estimations of this
impact (Fantle-Lepczyk et al. 2016). Considering
these points, we conservatively increased the num-
ber of successful nesting attempts per year and
number of young fledged per attempt by 37.5
and 10%, respectively, to reflect the greater food
supply and decreased predation. Finally, we as -
sumed that increased food supply and decreased
predation could slightly decrease juvenile, male,
and female mortality, so those parameters were
accordingly adjusted by 10%.

2.3.  Defining scenario outcomes

We made an a priori decision that a newly estab-
lished translocation scenario would be considered
minimally successful if the new population attained
at least 250 birds by 25 yr, had less than a 5% proba-
bility of extinction, and a growth rate greater than 0.
A sustainably successful scenario would create a new
population of 500 or more birds with a 0% probabil-
ity of extinction, and growth rate greater than 0.10, a
level of potential population increase that should
allow some buffering for bad years. We tabulated
how many scenarios achieved either level of success
for each of the 3 output parameters of interest
(growth rate, probability of extinction, and final pop-
ulation size). For the original source population, we
also tabulated how many harvests of birds to be
translocated failed over all 1000 iterations of each
scenario, due to the unavailability of juvenile birds
tomove. We defined failed harvest attempts over
10% as an unacceptable rate of failure, because
at that point too few birds would be available to
translocate to maximize the chances of creating a
new population.

2.4.  Statistical analysis

We tested the impact of harvest (for translocation to
new population) on the original population via equiv-
alency testing in Minitab (version 17.3.1). Equiva-
lence testing is a statistical approach used to test if
observations from 2 groups are similar enough to be
biologically analogous. In equivalence testing, the
null hypothesis is that the difference between the
means is greater than a researcher-defined amount,
which is referred to as ‘interval of tolerable differ-
ence.’ We set the limits at which we considered dif-
ferences in baseline and model output differences
from the baseline to be trivial as ±0.02 stochastic r
(essentially ±2% annual growth rate), ±0.05 proba-
bility of extinction, and ±10 individuals or ±10% of
baseline individuals (whichever was greater) re -
maining at 25 yr. Under the scenarios with a declin-
ing original population, we also considered time to
extinction, as most iterations within these went ex -
tinct, with ±3 yr considered trivial.

All statistical analyses aside from equivalency tests
were performed in Systat 13. We used ANOVA with
Bonferroni pairwise comparisons to evaluate the
effects of initial harvest/population, number har-
vested/supplemented per event, harvest/supplemen-
tation interval, length of harvest/supplementation,
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and release conditions on the growth rate, probabil-
ity of extinction, time to extinction, and population
size at 25 yr of both the original and new population.
We used linear regressions to evaluate how number
of times supplemented and number of individuals
supplemented affected growth rate, probability of
extinction, time to extinction, and population size at
25 yr of both populations. We considered a p ≤ 0.05 as
significant.

3.  RESULTS

3.1.  Translocated population

Nearly all translocation scenarios resulted in a
positive growth rate for the new population, though
only approximately 40% met the minimal criteria
for probability of extinction and 30% for population
size at 25 yr (Table 2). Only 9% met the sustainable
criteria for all 3 output measures. Amongst these
models, the majority (7 of 10) was under improved
habitat release conditions, and the remaining 3 un -
der predator-controlled release conditions (Table 3).
While sustainable models were evenly split be -

tween initial populations of 10 and
20 individuals, most models required
10 years of supplementation (9 of
10), 20 individuals supplemented per
translocation event (8 of 10), and
yearly supplementation (7 of 10). Of
the top 6 models, the same 3 translo-
cation protocols appear twice, under
both habitat-improvement and pred-
ator-controlled release conditions.
All sustainable models required

translocating ≥110 birds, which represented the
most bird-intensive scenarios modeled.

Comparisons amongst different levels in the ini-
tial population size, number supplemented per
event, supplementation interval, and length of sup-
plementation for the new population indicated that
all but one resulted in significant differences in
growth rate, probability of extinction, and popula-
tion size at 25 yr (Table 4). Growth rates depended
on initial supplementation parameter value, except
that supplementation of 5 or 10 individuals per
event were equivalent and resulted in lower
growth rates than supplementing 20 individuals.
For all other parameters, as the number of individu-
als and length of supplementation increased or
supplementation interval decreased, the growth
rate increased. For probability of extinction, sup-
plementation of 10 or 20 individuals per event did
not differ significantly, though supplementing 5
individuals resulted in a significantly higher extinc-
tion probability. In addition, supplementing every
year or every other year did not yield significant
differences in probability of extinction, while sup-
plementing only every 5 yr did produce a signifi-
cantly higher probability of extinction.

110

Initial No. Supplement No. years Release No. times Total no. Mean ± SD Probability Mean ± SD
pop. supple- interval supple- condi- supple- supple- growth rate of no. at

mented (yr) ment tions mented mented (stochastic r) extinction 25 yr

10 20 2 10 IH 5 110 0.17 ± 0.36 0 662 ± 289
20 20 1 10 IH 10 220 0.14 ± 0.23 0 647 ± 299
10 20 1 10 IH 10 210 0.17 ± 0.28 0 629 ± 301
10 20 2 10 PC 5 110 0.16 ± 0.36 0 540 ± 287
20 20 1 10 PC 10 220 0.13 ± 0.22 0 538 ± 292
10 20 1 10 PC 10 210 0.15 ± 0.27 0 516 ± 282
20 20 1 5 IH 5 120 0.12 ± 0.23 0.004 501 ± 320
20 10 1 10 IH 10 120 0.12 ± 0.20 0.002 494 ± 310
20 20 2 10 IH 5 120 0.12 ± 0.23 0.002 483 ± 318
10 10 1 10 IH 10 110 0.14 ± 0.23 0.002 451 ± 304

Table 3. Optimally successful supplementation regimes for establishing a translocated population of puaiohi. IH: improved 
habitat; PC: predator-controlled

Output parameter No. minimally No. sustainably Total
successful successful successful

Growth rate (stochastic r) 80 (74.1%) 26 (24.1%) 106 (98.1%)
Probability of extinction 33 (30.6%) 17 (15.7%) 50 (42.3%)
Population size at 25 yr 21 (19.4%) 11 (10.2%) 32 (29.6%)
Meets all 3 criteria 22 (20.4%) 10 (9.3%) 32 (29.6%)

Table 2. Minimally and sustainably successful regimes for establishing a 
translocated population of puaiohi
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As initial population size and length of supple -
mentation increased, the probability of extinction
decreased, though initial population size had no sig-
nificant impact on population size at 25 yr. However,
a significant difference existed in the population size
at 25 yr, based on supplementing for 5 versus 10 yr.
Supplementation of 20 birds per supplementation
event yielded a significantly higher final population
size than supplementing 5 or 10 birds per event, as
did supplementing every year or every other year
versus every 5 yr.

Both number of times and total number of individ-
uals supplemented were significantly related to
growth rate, probability of extinction, and population
after 25 yr (Table 4); as supplementations increased,
growth rate and final population size increased and
probability of extinction decreased. Amongst the 3
types of release conditions, habitat improvement
yielded the highest growth rate and greatest popula-
tion size after 25 yr and lowest (though not signifi-
cantly different from predator removal) probability of
extinctions. In all cases, the stable mortality scenarios
yielded the lowest growth rates and population sizes,
and significantly higher probabilities of extinction.

3.2.  Source population

3.2.1.  Juvenile harvest

While several scenarios successfully established
translocated populations, harvest of juveniles for
translocation predictably impacts the original popu-
lation. Harvest scenarios had varying consequences
for the original donor population, with the most
detrimental effects seen in the declining wild popu-
lation. Though all scenarios were equivalent to the
declining source baseline in terms of probability of
extinction (p > 0.97) and population size at 25 yr
(n < 0.4 individuals), this was likely due to the
extremely high probability of extinction and low
population sizes exhibited by all the declining sce-
narios. However, 89% of translocation models did
not exhibit growth rates and 22% did not have a
mean time to extinction equivalent to the declining
baseline (Table 5a). All sustainably successful trans -
location scenarios (Table 3) exhibited significantly
lower growth rates and shorter mean times to ex -
tinction in a harvested original population than in a
non-harvested one. Furthermore, when harvesting
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Growth rate (stochastic r) Probability of extinction Population size

Initial population F1,106 = 5.31, p = 0.023 F1,106 = 5.92, p = 0.017 F1,106 = 1.05, p = 0.308
10 0.08 ± 0.01a 0.13 ± 0.02a 177.65 ± 20.76a

20 0.06 ± 0.01b 0.08 ± 0.02b 207.71 ± 20.76a

No. supplemented F2,105 = 14.24, p < 0.001 F2,105 = 11.31, p < 0.001 F2,105 = 12.76, p < 0.001
5 0.05 ± 0.01a 0.17 ± 0.02a 122.02 ± 23.02a

10 0.07 ± 0.01a 0.10 ± 0.02b 173.04 ± 23.02a

20 0.1 ± 0.01b 0.04 ± 0.02b 282.97 ± 23.02b

Supplement interval F2,105 = 23.33, p < 0.001 F2,105 = 27.56, p < 0.001 F2,105 = 16.71, p < 0.001
1 yr 0.10 ± 0.01a 0.03 ± 0.02a 278.41 ± 22.36a

2 yr 0.08 ± 0.01b 0.07 ± 0.02a 203.11 ± 22.36a

5 yr 0.04 ± 0.01c 0.20 ± 0.02b 96.52 ± 22.36b

No. years supplemented F1,106 = 8.59, p = 0.004 F1,106 = 12.52, p < 0.001 F1,106 = 6.67, p = 0.011
5 0.06 ± 0.01a 0.15 ± 0.02a 155.73 ± 20.23a

10 0.08 ± 0.01b 0.07 ± 0.02b 229.63 ± 20.23b

No. times supplemented F1,106 = 56.36, p < 0.001 F1,106 = 52.33, p < 0.001 F1,106 = 44.77, p < 0.001
r2 0.35 0.33 0.29
Slope 0.01 –0.02 28.29

Total no. supplemented F1,106 = 94.96, p < 0.001 F1,106 = 57.78, p < 0.001 F1,106 = 123.30, p < 0.001
r2 0.47 0.35 0.54
Slope 0.0006 –0.002 2.35

Release conditions F2,105 = 24.31, p < 0.001 F2,105 = 7.41, p < 0.001 F2,105 = 25.61, p < 0.001
Stable mortality 0.04 ± 0.01a 0.16 ± 0.02a 84.1 ± 21.05a

Predator-controlled 0.08 ± 0.01b 0.08 ± 0.02b 196.97 ± 21.05b

Improved habitat 0.10 ± 0.01c 0.07 ± 0.02b 296.97 ± 21.05c

Table 4. Translocated puaiohi population supplementation regime. ANOVA results for initial population, number of individu-
als supplemented, supplement interval, number of years supplemented, and release conditions, and linear regression results
for number of times supplemented and total number of individuals supplemented. Values below F-statistic are least square
means ± SE. Different superscripts denote significant differences between groups based on Bonferroni post-hoc pairwise 

comparisons from the ANOVA
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for translocation from a declining baseline there
were model runs in which too few juveniles existed
to harvest (Table 6). Specifically, in 44% of our
translocation scenarios, 10% or more of all translo-
cations attempted across all scenario iterations

resulted in an inability to harvest sufficient juveniles
for translocation, which exceeds the level above
which we deemed unacceptable. All but 2 of the
models in which harvest lasted 10 years exhibited
failure rates over 10%.
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Initial No. Harvest No. years Mean ± SD p-value Mean ± SD p-value
pop. harvested interval harvested growth rate time to

(stochastic r) extinction

(a) Baseline—declining −0.267 ± 0.179 16.7 ± 3.5
10 5 1 yr 5 −0.279 ± 0.208 0.194 15.8 ± 3.6 <0.001
10 5 1 yr 10 −0.304 ± 0.207 0.978 13.2 ± 3.7 0.999
10 5 2 yr 10 −0.284 ± 0.209 0.387 15.2 ± 3.8 <0.001
10 5 5 yr 10 −0.278 ± 0.214 0.157 15.7 ± 3.6 <0.001
10 10 1 yr 5 −0.286 ± 0.211 0.441 15.5 ± 3.8 <0.001
10 10 1 yr 10 −0.328 ± 0.216 1.000 11.9 ± 3.2 1.000
10 10 2 yr 5 −0.276 ± 0.208 0.105 16.1 ± 3.6 <0.001
10 10 2 yr 10 −0.294 ± 0.216 0.785 14.5 ± 3.7 <0.001
10 10 5 yr 5 −0.274 ± 0.212 0.063 16.2 ± 3.7 <0.001
10 10 5 yr 10 −0.285 ± 0.223 0.425 15.3 ± 3.5 <0.001
10 20 1 yr 5 −0.308 ± 0.226 0.990 14.4 ± 3.9 <0.001
10 20 1 yr 10 −0.354 ± 0.211 1.000 10.6 ± 2.6 1.000
10 20 2 yr 5 −0.290 ± 0.211 0.617 15.3 ± 3.8 <0.001
10 20 2 yr 10 −0.322 ± 0.223 1.000 13.2 ± 3.5 0.999
10 20 5 yr 5 −0.278 ± 0.211 0.155 16.1 ± 3.6 <0.001
10 20 5 yr 10 −0.291 ± 0.223 0.687 15.1 ± 3.5 <0.001
20 5 1 yr 5 −0.275 ± 0.208 0.089 16 ± 3.6 <0.001
20 5 1 yr 10 −0.308 ± 0.211 0.991 13.2 ± 3.5 0.999
20 5 2 yr 5 −0.276 ± 0.208 0.094 16.2 ± 3.6 <0.001
20 5 2 yr 10 −0.285 ± 0.210 0.392 15.4 ± 3.8 <0.001
20 5 5 yr 10 −0.280 ± 0.215 0.446 15.5 ± 3.6 <0.001
20 10 1 yr 5 −0.286 ± 0.212 0.224 15.4 ± 3.8 <0.001
20 10 1 yr 10 −0.331 ± 0.216 1.000 11.8 ± 3.0 1.000
20 10 2 yr 5 −0.276 ± 0.211 0.113 16 ± 3.7 <0.001
20 10 2 yr 10 −0.300 ± 0.215 0.928 14.3 ± 3.6 <0.001
20 10 5 yr 10 −0.281 ± 0.218 0.254 15.7 ± 3.6 <0.001
20 20 1 yr 5 −0.311 ± 0.224 0.995 14.2 ± 3.8 0.001
20 20 1 yr 10 −0.357 ± 0.203 1.000 10.1 ± 2.3 1.000
20 20 2 yr 5 −0.290 ± 0.214 0.654 15.2 ± 3.7 <0.001
20 20 2 yr 10 −0.325 ± 0.221 1.000 13.2 ± 3.3 0.999
20 20 5 yr 5 −0.275 ± 0.211 0.087 16 ± 3.7 <0.001
20 20 5 yr 10 −0.290 ± 0.224 0.638 15.1 ± 3.4 <0.001

(b) Baseline—stable −0.002 ± 0.129 492 ± 256
10 10 1 yr 5 −0.008 ± 0.131 0.007 453 ± 262 0.173
10 10 1 yr 10 −0.013 ± 0.133 0.061 421 ± 260 0.964
10 20 1 yr 5 −0.010 ± 0.131 0.018 438 ± 256 0.653
10 20 1 yr 10 −0.031 ± 0.145 0.943 329 ± 259 1.000
10 20 2 yr 10 −0.012 ± 0.134 0.048 432 ± 269 0.819
20 5 1 yr 10 −0.008 ± 0.132 0.002 448 ± 270 0.320
20 10 1 yr 5 −0.007 ± 0.131 0.006 449 ± 263 0.285
20 10 1 yr 10 −0.013 ± 0.134 0.080 410 ± 266 0.997
20 10 2 yr 5 −0.005 ± 0.132 0.002 461 ± 262 0.051
20 20 1 yr 5 −0.011 ± 0.132 0.035 430 ± 269 0.856
20 20 1 yr 10 −0.032 ± 0.148 0.950 328 ± 260 1.000
20 20 2 yr 5 −0.007 ± 0.130 0.006 450 ± 267 0.247
20 20 2 yr 10 −0.011 ± 0.132 0.028 433 ± 266 0.799

Table 5. Equivalency tests for the original puaiohi population under (a) data-driven declining conditions and (b) stable condi-
tions. Only models that exhibited non-equivalency in at least 1 output parameter are included. Models that were equivalent 

in all model output parameters are excluded from the tables
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Initial harvest, number of individuals harvested per
event, harvest interval, and number of years harvested
varied in how they affected the declining baseline
population (Table 7). For initial harvest, we found no
effect on the original declining baseline population
across translocation scenarios. Specifically, growth
rates, probabilities of extinction, population sizes at
25 yr, and times to extinction were similar to the origi-

nal declining baseline population re-
gardless of translocation scenario. In
the case of the number of individuals
harvested per harvesting event, how-
ever, there were notable differences.
While the number of individuals har-
vested per event did not significantly
impact the probability of, or time to
extinction, it did affect the growth rate
and population size at 25 yr in the
original declining baseline population.
Specifically, harvesting 20 individu-
als resulted in a significantly lower
growth rate than did harvesting 5 in-
dividuals, and a significantly smaller
population size at 25 yr than did har-
vesting 5 or 10 individuals. Harvest in-
terval also had effects on the original
declining baseline population. That is,
harvesting every year resulted in a

significantly lower growth rate and shorter time to ex-
tinction than harvesting every other year or every 5 yr.
Harvesting every year also produced a significantly
higher probability of extinction and lower population
size at 25 yr than harvesting every 5 yr. Finally, the
number of years harvested had differential effects on
the original declining baseline population. Harvesting
for 10 yr led to a significantly lower growth rate,
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Initial No. Harvest No. years Total Total % 
harvest harvested interval harvested failed attempted failed

20 20 1 yr 10 86 237 200 000 43.12
10 20 1 yr 10 84 094 200 000 42.05
20 20 5 yr 10 15 832 40 000 39.58
10 20 5 yr 10 15 363 40 000 38.41
20 20 2 yr 10 27 977 100 000 27.98
10 20 2 yr 10 27 458 100 000 27.46
20 10 1 yr 10 25 942 100 000 25.94
10 10 1 yr 10 25 115 100 000 25.12
10 10 5 yr 10 4959 20 000 24.80
20 10 5 yr 10 4788 20 000 23.94
10 5 5 yr 10 1634 10 000 16.34
20 5 5 yr 10 1625 10 000 16.25
20 5 1 yr 10 7422 50 000 14.84
20 10 2 yr 10 7397 50 000 14.79
10 5 1 yr 10 7388 50 000 14.78
10 10 2 yr 10 6673 50 000 13.35

Table 6. Total number of puaiohi harvests attempted and failed per 1000 
scenario iterations under declining baseline conditions

Growth rate (stochastic r) Probability of extinction Population size Time to extinction

Initial harvest F1,34 = 0.01, p = 0.924 F1,34 = 0.11, p = 0.746 F1,34 = 0.02, p = 0.896 F1,34 = 0.01, p = 0.937
10 −0.29 ± 0.01a 0.98 ± 0.002a 0.20 ± 0.02a 14.82 ± 0.39a

20 −0.29 ± 0.01a 0.98 ± 0.002a 0.19 ± 0.02a 14.78 ± 0.39a

No. harvested F2,33 = 4.88, p = 0.014 F2,33 = 2.16, p = 0.131 F2,33 = 3.39, p = 0.046 F2,33 = 2.39, p = 0.107
5 −0.28 ± 0.01a 0.98 ± 0.003a 0.23 ± 0.03a 15.44 ± 0.46a

10 −0.29 ± 0.01ab 0.98 ± 0.003a 0.23 ± 0.03a 14.92 ± 0.46a

20 −0.31 ± 0.01b 0.99 ± 0.003a 0.14 ± 0.03b 14.04 ± 0.46a

Harvest interval F2,33 = 8.53, p = 0.001 F2,33 = 7.68, p = 0.002 F2,33 = 5.69, p = 0.007 F2,33 = 9.00, p = 0.001
1 yr −0.31 ± 0.01a 0.99 ± 0.002a 0.13 ± 0.03a 13.51 ± 0.39a

2 yr −0.29 ± 0.01b 0.98 ± 0.002ab 0.21 ± 0.03ab 15.07 ± 0.39b

5 yr −0.28 ± 0.01b 0.98 ± 0.002b 0.25 ± 0.03b 15.83 ± 0.39b

No. years harvested F1,34 = 8.59, p = 0.001 F1,34 = 22.00, p < 0.001 F1,34 = 30.59, p < 0.001 F1,34 = 18.69, p < 0.001
5 −0.28 ± 0.004a 0.98 ± 0.002a 0.26 ± 0.02a 15.77 ± 0.32a

10 −0.31 ± 0.004b 0.99 ± 0.002b 0.13 ± 0.02b 13.83 ± 0.32b

No. times harvested F1,34 = 63.77, p < 0.001 F1,34 = 49.04, p < 0.001 F1,34 = 51.54, p < 0.001 F1,34 = 157.17, p < 0.001
r2 0.65 0.59 0.6 0.82
Slope −0.01 0.0001 −0.03 −0.03

Total no. harvested F1,34 = 323.30, p < 0.001 F1,34 = 54.08, p < 0.001 F1,34 = 57.70, p < 0.001 F1,34 = 101.92, p < 0.001
r2 0.9 0.61 0.63 0.75
Slope −0.0004 0.002 −0.002 −0.48

Table 7. Declining puaiohi source population harvest regime. ANOVA results for initial harvest, number of individuals
 harvested, harvest interval, and number of years harvested, and linear regression results for number of times harvested and
total number of individuals harvested. Values below F-statistic are least square means ± SE. Different superscripts denote 

significant differences between groups based on Bonferroni post-hoc pairwise comparisons from the ANOVA



higher probability of extinction, smaller population
size after 25 yr, and shorter time to extinction than did
harvesting for 5 yr. As both total number of times har-
vested and total number of individuals harvested in-
creased, growth rate, population size after 25 yr and
time to extinction decreased, and probability of ex-
tinction increased.

In the case of harvesting juveniles for translocation
from our stable source population, we were unable to
test for equivalency to baseline in terms of probability
of extinction and mean time to extinction, due to lack
of scenarios and iterations within scenarios that went
extinct. However, translocation scenarios did differ
from the stable source population in terms of the donor
population size at 25 yr for 36% of scenarios and
growth rate in 11% of scenarios (Table 5b). Again, all
sustainably successful translocation scenarios (Table 3)
were amongst the non-equivalent models.

As with findings for the declining baseline popula-
tion, the initial harvest, the number of individuals har-
vested per event, the harvest interval, and number of
years harvested varied in how they affected the stable
baseline population (Table 8). Initial harvest had no
significant impact on probability of extinction, growth
rate, or population size at 25 yr. The number of indi-
viduals harvested per event did not relate to 06roba-
bility of extinction, but it did relate to growth rate and
population size, such that harvesting 5 individuals per

event was significantly different from harvesting 20.
Harvest interval had no significant impact on pro -
bability of extinction, though harvesting every year
or every other year produced a significantly lower
growth rate than did harvesting every fifth year. Har-
vesting every year also produced a significantly lower
population size at 25 yr than did harvesting every
other or every fifth year. Furthermore, the number of
years harvested did not significantly affect growth
rate, probability of extinction, or population size at
25 yr in the stable population. As number of times har-
vested or total number of juveniles harvested in-
creased, growth rate declined, probability of extinc-
tion increased, and population size decreased.

3.2.2.  Rear and release

In contrast to harvesting juveniles, harvesting eggs
to rear and release had considerably less impact on
the source population. In fact, all models for the
declining baseline scenarios were equivalent for all 4
metrics (growth rate, probability of extinction, popu-
lation size at 25 yr and mean time to extinction). For
the stable baseline models, all were equivalent in
terms of growth rate and population size; we were
unable to test probability of and time to extinction,
since most scenarios and iterations within scenarios
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Growth rate (stochastic r) Probability of extinction Population size at 25 yr

Initial harvest F1,34 = 0.01, p = 0.906 F1,34 = 0.02, p = 0.877 F1,34 = 0.28, p = 0.602
10 −0.01 ± 0.001a 0.002 ± 0.001a 460.16 ± 9.07a

20 −0.01 ± 0.001a 0.002 ± 0.001a 453.41 ± 9.07a

No. harvested F2,33 = 5.36, p = 0.009 F2,33 = 2.22, p = 0.125 F2,33 = 5.59, p = 0.008
5 −0.003 ± 0.002a 0.001 ± 0.001a 476.08 ± 9.79a

10 −0.006 ± 0.002ab 0.001 ± 0.001a 463.15 ± 9.79ab

20 −0.011 ± 0.002b 0.004 ± 0.001a 431.13 ± 9.79b

Harvest interval F2,33 = 8.17, p = 0.001 F2,33 = 2.57, p = 0.092 F2,33 = 9.54, p < 0.001
1 yr −0.01 ± 0.002a 0.004 ± 0.001a 425.98 ± 9.02a

2 yr −0.006 ± 0.002a 0.001 ± 0.001a 464.21 ± 9.02b

5 yr −0.003 ± 0.002b 0.0003 ± 0.001a 480.17 ± 9.02b

No. years harvested F1,34 = 3.97, p = 0.054 F1,34 = 3.76, p = 0.061 F1,34 = 3.88, p = 0.057
5 −0.005 ± 0.002a 0.0002 ± 0.001a 468.81 ± 8.63a

10 −0.01 ± 0.002a 0.003 ± 0.001a 444.77 ± 8.63a

No. times harvested F1,34 = 34.49, p < 0.001 F1,34 = 13.72, p < 0.001 F1,34 = 38.70, p < 0.001
r2 0.50 0.29 0.53
Slope −0.002 0.001 −9.37

Total no. harvested F1,34 = 451.90, p < 0.001 F1,34 = 58.05, p < 0.001 F1,34 = 503.14, p < 0.001
r2 0.93 0.63 0.94
Slope −0.0001 0.0001 −0.77

Table 8. Stable puaiohi source population harvest regime. ANOVA results for initial harvest, number of individuals harvested,
harvest interval, and number of years harvested, and linear regression results for number of times harvested and total number
of individuals harvested. Values below F-statistic are least square means ± SE. Different superscripts denote significant 

differences between groups based on Bonferroni post-hoc pairwise comparisons from the ANOVA
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did not go extinct. Furthermore, no element of our
translocation regimes (initial population, number
harvested per event, harvest interval, length of har-
vest, total number of times harvested, or total number
supplemented) had any significant relationship with
growth rate, probability of extinction, population size
at 25 yr, or mean time to extinction.

4.  DISCUSSION

Of the 108 possible models for our translocated
population, only 32 met our overall criteria for suc-
cess, and only 10 were sustainably successful.
Amongst these 10, 7 occurred under habitat improve-
ment release conditions and 3 under predator-
 controlled release conditions. Notably, none of our
sustainably successful models occurred under stable
mortality release conditions.

In general, initial population size did not have a
major effect on translocation outcome, but as more
individuals were supplemented per event, supple-
mented more frequently, or supplemented over 10
rather than 5 yr, establishing a new population was
more likely to be successful. In terms of release
 conditions, better results were generally achieved
under habitat improvement conditions, which in -
cluded both control of predators and restored habitat,
though positive results were also achieved under just
predator-controlled conditions. Since habitat im -
provement in this scenario includes both control of
predators and restored habitat, it understandably
results in a more favorable outcome. The stable mor-
tality models were uniformly less successful than the
other 2 release conditions.

Unfortunately, when juveniles are harvested for
translocation, the models providing sustainable trans -
location success for a new population had the great-
est impacts on the source population. Regardless of
whether we modeled the existing source population
as a declining population or as a stable population,
the 7 sustainably successful translocation regimes
were all among the models that were not equiv -
alent to baseline conditions (n = 32, 13, respectively,
Table 5). These 7 models negatively impacted the
source population such that growth rates, population
size at 25 yr, or mean time to extinction was no longer
comparable to a population that sustained no harvest
for translocation. Furthermore, as supplementation
levels increased and occurred over a longer time
frame, an increasing percentage of translocations
failed due to lack of juveniles to harvest in the data-
driven declining baseline models.

Given that the more successful a translocation
regime was at establishing a new population, the
more detrimental it was to the original population if
juveniles were harvested, it may not be possible to
build a new population of puaiohi from juveniles
within the existing wild flock. Although the wild
flock has been presumed stable in recent years
(USFWS 2006, Crampton et al. 2017), recent models
based on best available data indicate that it may in
fact be declining (Fantle-Lepczyk et al. 2018). Given
the profound difference in effects of harvest based on
source population, understanding more accurately
the actual dynamics of the wild population is of great
importance prior to any translocation project that
involves regular removal of juveniles.

In contrast to harvest of juveniles, removal of eggs
with the intent of rearing and releasing at the juve-
nile stage appears to have negligible effect on the
source population, regardless of its current dynam-
ics. This method offers an opportunity that would
decrease the impact on the wild population and allow
for higher rates of supplementation. If continued har-
vest of eggs or individuals from the wild population is
deemed undesirable, the only other option would be
to re-initiate a captive breeding program for the
puaiohi. Under the original captive breeding pro-
gram, the entire captive population was derived from
15 eggs (of 19 collected), and produced an average of
almost 16 releasable birds per year (Switzer et al.
2013). As this number of releasable birds is compara-
ble to many of our sustainably successful models,
captive breeding may offer a reliable and sufficient
source of birds to ensure translocation success. Previ-
ous reintroductions were perceived to have met with
limited success due to lack of genetic diversity,
understanding of puaiohi life history and demo-
graphics, and ecosystem restoration (Switzer et al.
2013). A more robust captive breeding and reintro-
duction program could be achieved by incorporating
more genetic diversity into the founder flock, invest-
ing in research into puaiohi life history and demo-
graphics, and increased effort to restore habitat.

Though our results have implications for puaiohi
conservation, several caveats must be recognized.
First, PVAs are often criticized for their dependence
on the large amounts of quality data necessary to
provide accurate output (Hamilton & Moller 1995,
Taylor 1995, Groom & Pascual 1998, Ludwig 1996,
Ellner et al. 2002). Although we have used the best
available data to populate our models, this study
faces the same limitations. However, the utility of
PVA is less in the actual numbers it provides, but
rather as a means of comparing options through con-
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sidering relative extinction risks, either between sub-
populations of a species or between alternative man-
agement actions (Lindenmayer & Possingham 1996,
Akçakaya & Sjögren-Gulve 2000, Brook et al. 2000,
Morris & Doak 2002).

A second caveat is that, though we have tried to
provide realistic estimates of puaiohi demographics
under a suite of release conditions, these estimates
are not based upon real locations. Success of a
translocation program is dependent upon identifying
available locations that approximate the conditions
modeled in our improved habitat or predator-con-
trolled release conditions. In order to find a suitable
release site, extensive survey work and research will
be required, and significant habitat improvement
may be necessary. Should puaiohi be translocated,
one of the higher elevation Hawaiian Islands, such as
Maui or Hawai‘i, will likely be considered (Hawai‘i
Forest Bird Conservation Forum, September 24−25,
2015). Although agency consultation would utilize a
structured decision framework to select an appropri-
ate location, Maui is the likely candidate as its native
thrush, the ‘āmaui Myadestes woahensis is extinct,
while the congeneric ōma‘o M. obscurus is still extant
on the island of Hawai‘i.

There are many factors that will need to be consid-
ered before puaiohi can be translocated, including
sufficient nesting sites, food availability, and protec-
tion from predators, invasive competitors, and dis-
ease. On Kaua‘i, puaiohi live in forested ravines
along streams (Snetsinger et al. 1999, USFWS 2006)
in wet native montane ‘ōhi‘a Metrosideros polymor-
pha forest, with subdominant ‘ōhia ha Syzygium
sandwicensis and ‘ōlapa Cheirodendron spp., and a
rich understory of native plants including ‘ōhelo Vac-
cinium calycinum and kanawao Broussaisia arguta.
One concern is that these stream cuts may not occur
with sufficient frequency on other islands to support
an adequate population. However, puaiohi may not
be obligate stream nesters, as they will nest in trees
and historically, they were more widespread and
may have occurred down to sea level where steam
cuts are less common or absent (Perkins 1903, James
& Olson 1991, Burney et al. 2001). Reintroduction to
predator-free or -controlled areas may allow puaiohi
to utilize a greater diversity of nesting sites. In addi-
tion to meeting conditions for nesting sites, another
habitat requirement that will need to be considered
is food availability. Fruit eaten include ‘ōlapa spe -
cies, ‘ōhia ha, kanawao, ‘ōhelo, pa‘iniu Astelia spp.,
pūkiawe Styphelia tameiameiae, kāwa‘u Ilex anom-
ala, and pilo Coprosma spp. (Snetsinger et al. 1999).
While puaiohi are primarily frugivorous, arthropods

are also an important dietary component, especially
during the breeding season (Richardson & Bowles
1964, Kepler & Kepler 1983, Scott et al. 1986,
Snetsinger et al. 1999). Since predation by alien
mammals (e.g. Rattus spp.) currently inhibits produc-
tivity, and competition for food with introduced
insects, birds, and mammals may also have negative
impacts (Snetsinger et al. 1999, 2005), it may prove
necessary to control these invasive species in order to
maximize translocation success. Finally, malarial
infection is a concern, though the extent of its impact
on the population remains unclear. Thus, puaiohi
should be released into malaria refugia.

Our results suggest that tradeoffs exist in establish-
ing a second puaiohi population. If a juvenile harvest
approach is used to successfully establish a second
population, it is likely to negatively impact the exist-
ing wild population. Alternatively, the harvest of
eggs to be reared and released seasonally and/or the
re-establishment of a captive breeding program may
offer a way to both preserve the wild population and
allow for a sufficient supply of birds for supplement-
ing a new population.

Determining if translocation is successful will
require long-term monitoring of the newly estab-
lished population. Specifically, it would be highly
beneficial to follow a mark recapture approach to
evaluate population size, growth rate, and occu-
pancy. Ultimately, however, the success of the rein-
troduction program is dependent upon ecosystem
restoration, both in the source and translocation
habitats. As novel, and perhaps more drastic, man-
agement techniques are considered, active manage-
ment and restoration of puaiohi habitat must also
continue to occur to preserve this rare species for
future generations.
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