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Abstract

There is debate about the current population trends and predicted short-term fates of the
endangered forest birds, Hawai`iCreeper (Loxops mana) and Hawai`i Ā̀kepa (L. coccineus).
Using long-term population size estimates, some studies report forest bird populations as
stable or increasing, while other studies report signs of population decline or impending
extinction associated with introduced JapaneseWhite-eye (Zosterops japonicus) increase.
Reliable predictors of impending population collapse, well before the collapse begins, have
been reported in simulations andmicrocosm experiments. In these studies, statistical indi-
cators of critical slowing down, a phenomenon characterized by longer recovery rates after
population size perturbation, are reported to be early warning signals of an impending
regime shift observable prior to the tipping point. While the conservation applications of
these metrics are commonly discussed, early warning signal detection methods are rarely
applied to population size data from natural populations, so their efficacy and utility in spe-
cies management remain unclear. We evaluated two time series of state-space abundance
estimates (1987±2012) from Hakalau Forest National Wildlife Refuge, Hawai`i to test for evi-
dence of early warning signals of impending population collapse for the Hawai`iCreeper and
Hawai`i Ā̀kepa. We looked for signals throughout the time series, and prior to 2000, when
white-eye abundance began increasing. We found no evidence for either species of increas-
ing variance, autocorrelation, or skewness, which are commonly reported early warning
signals. We calculated linear rather than ordinary skewness because the latter is biased,
particularly for small sample sizes. Furthermore, we identified break-points in trends over
time for both endangered species, indicating shifts in slopes away from strongly increasing
trends, but they were only weakly supported by Bayesian change-point analyses (i.e., no
step-wise changes in abundance). The break-point and change-point test results, in addition
to the early warning signal analyses, support that the two populations do not appear to show
signs of critical slowing down or decline.
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Introduction
Although the Hawaiian Islands have been a center of rapid and expansive species radiation
[1,2], they are also a hotspot of species endangerment and extinction [3,4]. At least one-third
of the bird species currently listed under the U.S. Endangered Species Act (USESA) are
endemic to Hawai`i,including 16 species of honeycreeper [5,6]. Following colonization by
Polynesians less than 800 years ago [7] and before first Western contact in 1778, more than
half of the islands' endemic avifaunaÐ55 speciesÐwent extinct, and another 19 species disap-
peared after the arrival of Europeans [8,9]. An additional nine species currently listed as
endangered under the USESA are likely extinct [10,11]. Current threats to endangered Hawai-
ian birds include habitat loss and degradation, introduced competitors and predators, and
introduced diseases such as avian malaria and pox [5, 12±15]. Extinction risk is expected to be
exacerbated by climate change through increasing habitat degradation from exotic, invasive
plants and increasing altitudinal limits of disease [16±19].

We are specifically interested in the current status and extinction risks of the Hawai`i
Creeper (Loxops mana) and the Hawai`i Ā̀kepa (L. coccineus), endangered insectivorous hon-
eycreepers endemic to the island of Hawai`i.Population size of Hawai`iCreepers are stable or
increasing in Hakalau Forest National Wildlife Refuge, but outside the refuge numbers have
declined since the late 1970s [10]. Hawai`i Ā̀kepa range and abundance changes over recent
decades are less clear, with some evidence of range contraction, densities increasing between
the 1970s and 1990s but apparently decreasing subsequently [10]. Hakalau Forest National
Wildlife Refuge, island of Hawai`i(hereafter, Hakalau) was established in 1985 explicitly to
protect native Hawaiian forest birds, after comprehensive surveys in the late 1970s and early
1980s [20] identified that the largest populations of forest birds were found outside protected
areas. Since its creation, Hakalau has had a history of active management including reforesta-
tion from cattle pasture, control of invasive plants, eradication of feral cattle and pigs, and
long-term bird monitoring [21], making it an important study site for Hawaiian forest bird
protection and restoration [22]. However, at Hakalau, there is controversy regarding the cur-
rent status and trends, and therefore short-term extinction risks, of our two target species, the
creeper and the ā̀kepa. The grounds for the argument come from two data sources. The first is
the long-term abundance data from 1987 to 2012 across the Hakalau region. Camp et al. [22±
24] have used increasingly sophisticated regression analyses on these time series, and consis-
tently report long-term trends of these species to be either increasing (creeper) or inconclusive
(neither clearly increasing nor declining; ā̀kepa). In contrast, Freed and Cann [25, 26] argue
that piecewise regression analyses with a break-point (a point in a time series beyond which
the slope of the relationship changes significantly) at the year 2000 suggests the species have
started to decline. The year 2000 coincides with the start of a population surge of the Japanese
White-eye (Zosterops japonicus), an introduced, invasive avian competitor [25, 27]. However,
Camp et al. [23] found only weak statistical support for change-points (where mean values on
either side of the point are statistically, significantly different) or break-points when analyzing
the entire time-series and none of the change-points occurred in 2000. The other source of
data used by Freed et al. as evidence that white-eyes pose a significant threat to creepers and
ā̀kepas comes from local studies of factors such as parasite loads, molt patterns, and chick
growth and mortality [27, 28]. For example, they report an unprecedented increase of ectopar-
asites starting in 2003 that may be due to horizontal transfer from introduced host birds and in
native birds. Freed et al. [29] report parasite loads to be correlated with signs of nutritive stress,
such as major fault bars on the wing and tail.

If there is a recent or impending transition in creeper and ā̀kepa populations, from per-
sistent dynamics to dynamics associated with imminent decline, it might be statistically
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detectable using recently developed early warning signals of critical transition. This type of
transition is characterized by a rapid shift in a non-linear system (e.g., population or ecosys-
tem) between alternate stable states [30, 31]. Of particular interest here are signals associated
with critical slowing down, a phenomenon characterized by longer recovery rates after popula-
tion size perturbation [32±35], that might be detectable in a time series of population sizes. For
such populations, commonly reported early warning signals of an impending shift from a tra-
jectory of persistence to an extinction (or declining) trajectory include increases in autocorre-
lation, variance, coefficient of variation, skewness, and recovery time from a perturbation [31,
32, 35]. These types of transitions between stable states are expected in populations exhibiting
sigmoidal population growth, which is caused by density-dependence in population growth.
Theory based explanations of critical slowing down focus on the existence in these systems of
transcritical or fold bifurcations [36±38]. Oddly, even though many of the statistical measures
of critical slowing down are mathematically related [39], most published research reports little
consistency between signals within a study (e.g., [40, 41]). Despite this, early warning statistical
tools are being promoted for their potential benefit in species conservation and the most
robust signal appears to be increasing autocollinearity [40, 42]. Most research to date on early
warning signals of transition between persistence and a declining trajectory derived from a
time series of population size or density has been in simulation (e.g., [40, 43]) or microcosm
experiments (e.g., [37, 41]). Until recently, there have been relatively few applications of early
warning signals to real populations (but see [44±48]). Results of these and other studies show
mixed results in detecting early warning signals of impending population collapse (e.g., [49,
50]). Despite a growing number of simulation and microcosm studies of early warning signals
in population size time series, there are no rules-of-thumb yet available for how much change
in an early warning signal is sufficient to cause a resource manager to become concerned and
enact alternative management activities [51].

Here, we evaluate 25-year (1987±2012) time series for the creeper and ā̀kepa from Hakalau
using detection-corrected, state-space abundance estimates (from [24]) to look for evidence of
early warning signals of impending population collapse related to the increase in white-eye
abundance that started in 2000. If a recent or impending transition in population trajectory
exists, we may be able to detect it by evaluating both time series for evidence of three early
warning signals of critical slowing down: increased autocorrelation, increased variance, and
increased linear skewness (L-skewness). For the purposes of this study, we looked for consis-
tent increases in the selected early warning signals prior to and following 2000, when the
creeper and ā̀kepa populations are argued to have transitioned from persisting to initiating
biologically significant declines [27±29]. Finally, we looked for evidence of break-points in the
detection-corrected, state-space abundance estimates, as they might be indicators of subtler
population changes not meeting the criteria for a critical transition.

Methods
Species and study area
The creeper and ā̀kepa are endemic to the island of Hawai`iand found in ṑhi`a(Metrosideros
polymorpha) and ṑhi`a-koa(Acacia koa) forests above 1500 m [20]. The creeper is a small
greenish bark-gleaner that searches for insects along and under bark primarily on branches of
ṑhi`aand koa [52]. It is found in four separate populations located in windward regions across
the island with highest densities occurring in areas least affected by logging and grazing ([10,
20]; Fig 1). The ā̀kepa is also divided into similarly disjunct populations across the island
([10]; Fig 2). This brightly colored bird has a higher degree of specialization in feeding ecology
than does the creeper [9]. The ā̀kepa uses its asymmetric bill to open leaf and flower buds
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while foraging for insects on koa and ṑhi`a(Lepson and Freed 1997, Pratt 2005). Both birds
have low annual reproductive output compared to similar sized, continental passerines, usually
laying 1±2 eggs in a single nesting attempt each year [15, 53]. According to the Hawai`iForest
Bird Survey, in the 1970s, population estimates for the creeper and the ā̀kepa across the island
of Hawai`iwere approximately 12,500 and 14,000 birds, respectively [20]. Gorresen et al. [10]
estimated that creepers have increased to about 14,000 birds with densities increasing in Haka-
lau and possibly stable in upper Ka ū̀, but decreasing in the central windward portion and
nearly extirpated on the leeward side of Hawai`iIsland. Gorresen et al. [10] estimate that the
ā̀kepa population has declined since the 1970s to about 12,000 birds, with similar population
patterns as those of the creeper±increasing in Hakalau, possibly stable in upper Ka ū̀, decreas-
ing in central windward, and nearly extirpated on leeward Hawai`iIsland. Substantial popula-
tions of both species are found in Hakalau [10].

Fig 1. Estimated range of the Hawai`iCreeper (gray shaded areas) and approximate location of Hakalau on
Hawai`i (courtesy of M. Goressen, HCSU, University of Hawai`i at Hilo).

https://doi.org/10.1371/journal.pone.0187518.g001
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Abundance estimates of the creeper, ā̀kepa, and white-eye used in this study were gener-
ated from a 25-year (1987±2012) annual sampling effort in Hakalau ([24]; open forest stratum,
their Table S4). The open canopy forest has 204 survey stations (184 ± 21 surveyed annually)
spaced 150±250m apart along transects spaced 500±1,000m apart [22]. Population abundance
estimates from raw counts were produced using distance sampling techniques to correct for
imperfect detection probabilities, which were then refined using state-space models [24].

Early warning signal analyses
We detrended the state-space abundance estimates using the `pracma'package [54] in R (R
version 3.3.1; [55]) and the natural log transformed detrended data were used for early

Fig 2. Estimated range of the Hawai`iĀkepa (gray shaded areas) and approximate location of Hakalau on Hawai`i
(courtesy of M. Goressen, HCSU, University of Hawai`i at Hilo).

https://doi.org/10.1371/journal.pone.0187518.g002
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warning signal analyses. We analyzed three indicators of critical slowing down: autocorrela-
tion at lag-1 was calculated in R using the `earlywarnings'package [56], sample variance was

calculated as
P
ðx� �xÞ2

ðn� 1Þ
; and L-skewness was calculated per Hosking [57] and Hosking and Wal-

lis [58]. We selected L-skewness, sensuHosking [57, 59], rather than the ordinary third
moment because the latter is biased, particularly for small samples (n�100) [60]. The first
three linear moments were calculated as (from the L-Moment Regional Analysis Program
User's Manual, http://www.mgsengr.com/LRAP/Download/LMoments.pdf):

Mean = L1

Linear CV (t2): t2 ¼ L2

L1

Linear Skewness (t3): t3 ¼ L3

L2

Where the probability weighted moments are:

L1 = β0

L2 = 2β1 − β0

L3 = 6β2 − 6β1 + β0

and, where the data (X1:n) are first ranked in ascending order from 1 to n and:

b0 ¼ n� 1
Pn

j¼1

xj

b1 ¼ n� 1
Pn

j¼2

xj ðj� 1Þ

ðn� 1Þ

h i

b2 ¼ n� 1
Pn

j¼3

xj ðj� 1Þðj� 2Þ

ðn� 1Þðn� 2Þ

h i

Each putative early warning indicator needs to be calculated from sequential overlapping
subsets of the data in a rolling window through the time series (i.e., values 1 to s, 2 to s+1, 3 to
s+2, etc.). The length of the rolling window should be related to the response times of the sys-
tem, where short windows may be appropriate for systems with fast timescales and long win-
dows for slower timescales (Dakos, http://www.early-warning-signals.org/). There is an
obvious tradeoff in selecting a window length in that the longer the window length the more
reliable the baseline estimates, though this results in fewer data points to analyze, and increases
the likelihood of missing a transition window. Drake and Griffen [37], in their study of Daph-
niamicrocosms, selected a window of 8 days (in a study with daily surveys for 416 days); in
contrast, it is not uncommon to use half of the length of a time series as the window size [42,
56]. For our analyses we calculated values for two rolling window lengths within each species'
time series: 50% of the time series (13-year window length) and 25% (6-year window length).
Because ordinary skewness is commonly used as an early warning signal, possibly because its
bias is unknown in this research field, we also calculated ordinary skewness using the `early-
warnings' package in R to evaluate the differences between L-moment and ordinary moment
estimates.

Early warning signal analyses were completed for the creeper and the ā̀kepa. We did not
conduct an early warning signal analysis for the white-eye as the increase in their abundance is
not disputed. We evaluated species-specific early warning signals for trends using a rolling
window analysis of two lengths: 50% (which provided metrics for 1999±2012) and 25% (which
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provided metrics for 1992±2012). Because we are interested in evaluating the hypothesis of a
critical transition in 2000, we also looked for a trend in each early warning signal prior to the
year 2000 for the 25% rolling window analysis (1992±2000; ªpre-2000 25%º). Kendall's τ, a
common quantitative measure of early warning signal trend, was calculated for each indicator
in the three windows of interest: 50%, 25% and pre-2000 25%. Kendall's τ indicates strong sup-
port of an increasing non-zero slope if values are near unity, and significant positive values are
expected when a system is approaching a critical transition. In contrast, stable systems not
approaching a critical transition are expected to exhibit no trend in early warning signals and
thus have Kendall's τ values near zero [49]. In addition, the slopes of the putative early warning
signals can be calculated with linear regression, although the significance values will be biased
low if the time series possess strong positive autocorrelation [47, 61]. To control for this bias,
we evaluated the general trends over time of early warning signals using a generalized least-
squares regression with serial correlation (AR(1)) model in the R package `nlme' [62]. The
slope of each early warning signal was assessed for its direction (positive or negative) and if its
95% confidence intervals bracketed zero. Early warning signal analyses were also conducted
on the detection-corrected abundance estimates using the same methods as above.

Population trends
Much of the controversy about the status and fate of the creeper and ā̀kepa come from con-
flicting results from trend assessments, so we reanalyzed the data using updated population
estimates using additional statistical tools. Specifically, for each species (creeper, ā̀kepa, white-
eye), we used two break-point tools and compared the resulting estimates to a Bayesian
change-point analysis. Next, to determine biological significance of the break-points, we calcu-
lated the slopes on either side of estimated break-points and compared the 95% confidence
intervals with a 25% rate of change over 25 years (full methods for Population Trends are in
the Supporting Information, S1 Text). We were particularly interested in determining the
changes in slope on either side of any break-points, as well as looking for evidence of step-wise
changes in abundance (change-points) on either side of the year 2000, associated with the
observed rapid population growth of white-eyes starting this year.

Results
Early warning signal analyses
State-space abundance estimates for the endangered creeper and ā̀kepa are relatively consis-
tent over the 25-year period, while that of the introduced, invasive competitor, the white-eye,
has a visually apparent increase starting in 2000 (Fig 3) and it is statistically supported, see
below. However, early warning signal analyses for the creeper and the ā̀kepa revealed no evi-
dence of critical slowing down. Specifically, there were no consistent increases in autocorrela-
tion, variance, or L-skewness over the entire time series in either rolling window length,
referred to as `complete50%' and `complete25%', or corresponding with approaching the year
2000, `pre-200025%' (Fig 4). In our analyses, Kendall's τ never exceeded 0.43 for any indicator
in any window of interest suggesting that there are no strongly increasing trends in putative
early warning metrics (Table 1). When evaluating the linear trends of the three early warning
signals, all of the 95% confidence intervals of all slopes for each window of interest bracketed
zero, except for autocorrelation in the total 25% window for the creeper. L-moment and
ordinary moment calculations for skewness exhibited very different trajectories, sometimes
changing in concert over time, while across other stretches of time they changed in opposite
directions (S1 Fig). Neither metric, however, was associated in any clear way with time, prior
to or following the year 2000. In addition, we found no evidence of critical slowing down
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when the same analyses were conducted on the detection-corrected abundance data estimates
(S1 Table).

Population trends
The presence of some break-points were identified±that is, points where slopes changed.
However, the years in which the break-points occurred differed by species and by statistical
test used, and changes in means (Bayesian change-point tests) were at best weakly sup-
ported. Slopes before and after the break-points showed only minor changes, and these
break-points were not associated with significant step-wise changes in abundance (change-
point results; S2 Table, S2 Fig). The creeper population trend went from increasing before
the break-point to less of an increase or no change after the break-point. The ā̀kepa transi-
tioned from increasing to slight decline or no change. There was, however, a strongly
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supported (78%) break-point for the white-eye was identified in 1999, with population
trends increasing after the break.

Discussion
Statistical early warning signals of critical slowing down have been promoted as a potential
tool for species conservation (e.g., [30, 40, 42]), though research on indicators from population
size time series has rarely extended beyond simulation and microcosm experiments. In this
study, we analyzed 25-year time series abundance estimates of two wild populations of endan-
gered Hawaiian forest birds and did not find any support for a recent or impending transition
to a declining population trajectory. Specifically, we looked for evidence of critical slowing
down, associated with impending catastrophic transition in the creeper and the ā̀kepa in the
open forest stratum in Hakalau, particularly around the year 2000, when white-eye numbers
increased. We found no evidence of critical slowing down corresponding with the year 2000
or across the entire time series. The three early warning signal indicators analyzed, autocorre-
lation, variance and L-skewness, failed to show consistent increases over time in either rolling
window length.

Table 1. Kendall's τ and linear trends of the early warning signals autocorrelation, sample variance, and linear skewness in the Hawai`iCreeper
and Hawai`i `Ākepa using state-space abundance estimates in Hakalau.

EWSmetric Kendall's τ Slope 95% CI SE T-value P-
value

Res.
df

Assessment of slopes

Hawai`i Creeper: 50% rolling window (1999±2012)
Autocorrelation 0.429 0.015 -0.011±0.041 0.013 1.12 0.28 12 No trend; confidence intervals of all slopes bracket zero
Variance 0.099 0.0001 -0.00004±

0.0002
0.00008 1.37 0.19 12

L-Skewness -0.011 -0.012 -0.045±0.021 0.017 -0.71 0.49 12
Hawai`i Creeper: 25% rolling window (1992±2012)
Autocorrelation 0.371 0.018 0.004±0.031 0.007 2.51 0.02 19 Autocorrelation slope is positive; Variance and

L-Skewness slope confidence intervals bracket zeroVariance 0 0.00002 -0.00003±
0.00007

0.00003 0.56 0.57 19

L-Skewness 0 -0.005 -0.037±0.026 0.016 -0.34 0.73 19
Hawai`i Creeper: Pre-2000 25% rolling window (1992±2000)
Autocorrelation 0 -0.059 -0.201±0.084 0.073 -0.80 0.44 7 No trend; confidence intervals of all slopes bracket zero
Variance 0.333 0.00003 -0.0002±

0.0003
0.0001 0.26 0.79 7

L-Skewness -0.333 -0.072 -0.235±0.092 0.083 -0.85 0.41 7
Hawai`i `Ākepa: 50% rolling window (1999±2012)
Autocorrelation -0.451 -0.022 -0.080±0.036 0.029 -0.75 0.46 12 No trend; confidence intervals of all slopes bracket zero
Variance -0.055 -0.00009 -0.001±

0.0009
0.0005 -0.17 0.86 12

L-Skewness -0.407 -0.011 -0.035±0.012 0.012 -0.95 0.35 12
Hawai`i `Ākepa: 25% rolling window (1992±2012)
Autocorrelation -0.076 0.0003 -0.015±0.016 0.008 0.03 0.97 19 No trend; confidence intervals of all slopes bracket zero
Variance 0.152 0.0002 -0.001±0.002 0.001 0.32 0.74 19
L-Skewness -0.333 -0.013 -0.036±0.010 0.012 -1.12 0.27 19

Hawai`i `Ākepa: Pre-2000 25% rolling window (1992±2000)
Autocorrelation -0.278 0.00001 -0.130±0.130 0.066 0.0002 0.99 7 No trend; confidence intervals of all slopes bracket zero
Variance -0.167 0.00004 -0.003±0.003 0.001 0.02 0.97 7
L-Skewness 0.333 0.024 -0.050±0.097 0.038 0.63 0.54 7

https://doi.org/10.1371/journal.pone.0187518.t001
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There are two scenarios that could yield our results: either we did not detect a signal
because there was no changeÐor impending changeÐin state for either species and their cur-
rent state is optimistic, or we failed to detect a signal that is present (a Type II error). There are
conditions that could prohibit detecting a signal that is present, and some types of critical tran-
sitions do not exhibit critical slowing down (e.g., [38, 50, 63, 64]). One possibility is that early
warning signals could be masked by environmental noise (e.g., annual stochastic variation in
food availability) and by noise caused by observation error. For example, Perretti and Munch
[51] found in population simulations with moderate additive noise that indicators failed to
produce detectable signals of critical transitions more than half of the time (see also [42]). The
advent of state-space models, as used in this study, should reduce this potential problem. In
these models, each year's estimate is informed by the previous year's population size, and envi-
ronmental and demographic variation is partitioned from observation error, making the esti-
mates more dependable and representative of natural biological processes [24]. The state-
space model provides the most accurate estimates as observation error from multiple sources
(e.g., spatial distribution, temporary emigration) has been partitioned and eliminated. In the
case of the ā̀kepa and the creeper, the detection-corrected abundance estimates had high esti-
mated observation error (71% and 90%, respectively) which is not atypical for endangered spe-
cies with low densities and heterogeneous distributions [24]. Detection-corrected estimates
alone are unable to account for such sources of error, only imperfect detection. Since we know
that detectability varies over time and has to be accounted for, it results in a two-stage analysis:
1) model detection probabilities and estimate abundances, and 2) evaluate trends in abun-
dances using a state-space model. The detection-corrected, state-space model approach pro-
vides an accurate assessment of population status and trend. From these analyses we then
evaluate the population pattern for early warning signals. Within the state-space model frame-
work, the uncertainty within abundance estimates reduced the amount of modeled observa-
tion error. The process error among abundance estimates then reflects the population
properties, and assessment using early warning indicator metrics should be useful to identify
critical slowing down. We do note, however, that state-space models have the potential to over
correct, leading to increased Type II error (i.e., critical slowing down has occurred but is not
detected). It is also important to note that even if critical slowing down is rejected, small popu-
lations are still vulnerable to noise-induced state transitions, which do not exhibit early warn-
ing signals [39].

Another potential explanation for why we might not find evidence of critical slowing down,
even if one were present, is that the duration of these time series may have been insufficient.
Simulations and microcosm studies of very short-lived organisms can readily create statistically
robust samples through replicate populations and relatively long time series, and researchers
using these systems know the ultimate fates of their populations (e.g., [37]). In contrast, we were
restricted to a single abundance-based time series for each species of only 25 years of annual
surveys, where we do not know the near-future fate of the populations (persist, or go extinct).
We note, however, that this is an impressive time series for monitoring terrestrial vertebrates,
and better than what is available to many resource managers for other species. Although in the-
ory (if not practically) the time series could have been increased by doing multiple surveys per
year, this would not make biological sense because the species are seasonal, annual breeders.
Therefore, a second or third survey each year would only parse the components of a pulsed
event, rather than provide details of missed reproductive events. So, if the duration of this time
series is insufficient, then early warning signals of impending state transition in population size
might not serve the anticipated role in real-world conservation and management (e.g., [30]).

We think that it is important to also point out that even if we had found evidence consistent
with early warning signals, that the result would need to be treated with caution. First, because of
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the possibility of a Type I error±a false positive signal±whichwill occur at a currently unknown
rate. Second, because we are not certain about the mechanistic model underlying population
growth, both a positive result and the assertion that it was driven by a particular mechanism
would need to be treated as hypotheses to be further evaluated.

In addition to looking for evidence of critical slowing down, we also analyzed the time
series using break-point and change-point tools to determine if other shifts in population tra-
jectories were present despite the absence of early warning signals. We did this because it is
part of the controversy central to our paper, and because a population with density-dependent
growth could decline without exhibiting critical slowing down if it is declining due to reduced
carrying capacity [65]. For our study species, habitat area has increased so reduced carrying
capacity due to spatial constraints is not likely [22, 66], but carrying capacity could have
declined due to increased competition (e.g., with white-eyes; [67]). There was strong support
for a change-point in 1999 for the white-eye time series which corresponded with an increas-
ing population trajectory. However, this increase in abundance did not coincide with any sup-
ported break-points in the time series of the creeper or ā̀kepa.

For both species, break-point tests using two methods yielded different results, and no
break-points had corresponding change-points. In other words, no break-points and their
consequent changes in slope were associated with a change in mean population abundance.
Thus, we calculated the estimated slopes for the resulting piecewise regression for each
detected break-point and compared them to thresholds defined by Camp et al. [22, 24]. If we
assume that the break-points are real and evaluate slopes on either side of them, analyses indi-
cated the creeper population has been increasing since 1987 and at the break-point (identified
by different methods as 1999 and 2002) the rate of increase slowed. For the ā̀kepa, the results
indicate the population was increasing until 1996 and has changed to a negligible/declining
trend since then. Neither analysis categorically defined either species as having a definitive
declining trend in abundance. It has been suggested that the white-eye invasion, which incre-
ased dramatically beginning in the year 2000, could drive the minor decrease in creeper popu-
lation growth around this time [26]. Alternative explanations exist for slowing population
growth. For example, the population could be approaching habitat-based carrying capacity, or
a separate factor that caused creeper growth rate to decline also caused the subsequent increase
(starting 4 years later) in white-eyes. The short-term increase in creeper and ā̀kepa popula-
tions between 1987 and their break-points might have been due to habitat quality improve-
ment and carrying capacity increase after fencing and the removal of ungulates, particularly
cattle and pigs, from some management units of Hakalau. The first management unit was
fenced and ungulates removed in 1989, with more extensive work following in other units
over the next 25 years [21, 68, 69]. We note that fence maintenance and other management
activities waxed and waned during this time period, which may have influenced population
trajectories since 1996 as the forest condition and carrying capacity fluctuated to varying
degrees. Distinguishing these alternative hypotheses will be necessary to an ultimate resolution
of the debate.

Some studies report the population trajectories of the creeper and the ā̀kepa as stable or
increasing [22±24], while others report evidence of population decline or of impending col-
lapse [25±29]. Kingsford [70] reviewed a subset of these studies and noted differences between
them in survey methods, spatial and temporal scales, data analyzed, and statistical methods,
with no clear way to reconcile the results. As an example, Kingsford [70] noted that Camp
et al. [22] analyzed long-term abundance data from hundreds of survey stations across Haka-
lau starting in 1987 (open forest) and 1999 (closed forest), while Freed and Cann [25] analyzed
various demographic measurements (e.g., banding, adult sex ratio, fledgling survival) that were
collected in varying time intervals (1 to 18 years) at different sites across different years. We
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illustrate the differences in spatial and temporal scales between some of the studies involved in
the controversy in S3 Fig. Potentially adding to the confusion, the dynamics of the forest
have changed across the duration of the studies, with areas once classified as pasture gradu-
ally returning to forest [22, 66]. Consequently, one possible explanation for the disparities
in population trajectories is that different events happening in different local sites across a
subset of years were captured in Freed and Cann's research, while the overall Hakalau-wide
patterns were revealed in Camp et al.'s work and in our study (see also [71]). This might be
analogous to observing a component (individual) Allee effect that does not result in a demo-
graphic (population) Allee effect [72]. That is, there can be reductions in individual repro-
ductive success or survival (component Allee effect) that do not have population-level
consequences (lack of demographic Allee effect). Consistent with this explanation, in some
species, local habitats are known to drive reproduction, and thus micro-landscapes may
influence demography [73]. In further support of this possibility, genetic population sub-
structuring has been reported for island birds at very small spatial scales (10±20 km) [74,
75]. Finally, it could also be that neither group has a complete picture of the dynamics of the
species because data come from different parts of the species' ranges, or from different par-
ticular subsets of those ranges. A recent analysis of Christmas Bird Count data, where all
survey circles occurred outside of Hakalau, proposed yet a different assessment: that the
ā̀kepa experienced a population collapse starting around 1977 that ended around 1987
(though the authors note the population has recently hovered around their predefined col-
lapse boundary), and the creeper experienced a collapse around 1998 and recovered around
2007 [76]. Although creeper and ā̀kepa populations within Hakalu appear to be rebound-
ing, the species futures are by no means secure. Their population sizes are small, distribu-
tions restricted and possibly contracting, and subpopulations are isolated.

Management implications
We found no support for early warning signals indicating a recent or impending critical
slowing down in the populations of either species. It is not clear, however, how useful cur-
rent early warning signals might be in anticipating critical transitions of natural popula-
tions. One stark difference between the application of early warning signal detection
analyses to ongoing ecological data collection, as compared to simulation and microcosm
studies, is that the fate of the study species (about to start a population crash or not) in a nat-
ural system is unknown. Simulation and microcosm studies make their assessments post
hoc, while a resource manager needs to anticipate problems in species with unknown fates.
In addition, early warning signal performance may be driver-dependent and multiple driv-
ers acting simultaneously on a system, or system noise, might obscure or mask signals of
critical slowing down [77]. What would benefit species conservation and ecosystem man-
agement is a set of sensitive, early warning indicators that work on the scale of time series
data typical of managed systems. To achieve the desired goal of using these early warning
signals in species management [30], however, rules-of-thumb and statistical criteria for the
amount of change in signal that is associated with imminent collapse need to be developed
or identified. Of concern in the application of early warning signals, Dakos et al. [56] sug-
gested that there is no built-in way to test a null hypothesis for many of the rolling window
metrics. In particular, resource managers need to know how much of a change in an indica-
tor metric (or suite of metrics) is required before an alert limit is triggered and management
actions are implemented to counter population declines. Without this, early warning signals
of critical transitions are an interesting phenomenon with little practical application to con-
servation resource managers.
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Supporting information
S1 Text. Methods and results for populations trends.
(PDF)

S1 Table. Early warning signal analysis of detection-corrected abundance estimates. Ken-
dall's τ and linear trends of the early warning signals autocorrelation, sample variance, and lin-
ear skewness in the Hawai`iCreeper and the Hawai`i Ā̀kepa using detection-corrected
abundance estimates in Hakalau.
(PDF)

S2 Table. Population trend results. Estimated break-points and piecewise regression slope
estimates for the Hawai`iCreeper and the Hawai`i Ā̀kepa. Break-points are shown with the
corresponding posterior probability (P) of a change-point at that time.
(PDF)

S1 Fig. Linear skewness versus ordinary skewness. Linear skewness (black solid line) and
ordinary skewness (brown dashed line) with two rolling window sizes (50% top graphs, 25%
bottom graphs) for the Hawai`iCreeper and the Hawai`i Ā̀kepa. The vertical red line occurs at
the year 2000, when the Japanese White-eye population increased and the purported start of
both species' population declines. Inset graphs (blue dots) depict the relationship between val-
ues of linear and ordinary skewness; abscissa is L-skewness and the ordinate is ordinary skew-
ness.
(PDF)

S2 Fig. Bayesian change-point analysis. Change-point assessment of the Hawai`iCreeper,
Hawai`i Ā̀kepa, and Japanese White-eye natural log-transformed detection-corrected state-
space generated abundance estimates from 1987 to 2012 in Hakalau using Bayesian change-
point analysis (R package `bcp').The upper plots show the annual abundance estimates (green
dots) along with the posterior means at each annual survey (black solid, red dotted, and green
dashed lines). The lower plots show the weight of the evidence for a change-point along the
time series, as indicated by the Bayesian posterior probabilities (P). Included in the lower plots
are the estimated break-point locations from R packages `segmented' and `strucchange'and
their associated posterior probabilities of a change-point. As per Camp et al. (2010), we consid-
ered posterior probabilities<0.1 to be very weak; weak if 0.1� P< 0.5; moderately strong if
0.5� P< 0.7; strong if 0.7� P< 0.9; and very strong if P� 0.9. Estimated break-points for
the Hawai`iCreeper had weak (44%) and very weak (2%) support, the break-point estimated
for the Hawai`i Ā̀kepa had very weak support (9%), and those fro the Japanese White-eye had
very weak (2%) and strong (78%) support.
(PDF)

S3 Fig. Comparison of methods of different research groups analyzing forest bird data in
Hakalau. Comparison of the methods, and spatial and temporal scales described in six papers
analyzing forest birds in Hakalau. Blue portions represent annual point-transect sampling
(excluding 2009 in Camp et al. 2016 as indicated by the dashed line); green portions represent
mist netting efforts; and red portions represent other methods, as described. Question marks
on the timeline refer to unspecified dates (e.g., in Freed et al. 2008 the 1830m site is described
as being sampled ªduring the mid-1990s and after 2002º). Dots refer to sampling efforts that
occurred in a single year. ªUnk. siteº refers to sampling efforts not attributed to a specific area.
In the case of the unknown sites in Freed and Cann 2013, a map illustrates the sites which may
be at 1700 m and 1585 m based on a similar map (in Freed and Cann 2014) though it is still
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unclear which site was sampled during which years.
(PDF)

Acknowledgments
Disclaimer: Any use of trade, firm, or product names is for descriptive purposes only and does
not imply endorsement by the U.S. Government.

This research was supported by the Tufts University Water Diplomacy IGERT (NSF
0966093), USGS±Pacific Island Ecosystems Research Center, and Hawai`iCooperative Studies
Unit, University of Hawai`iat Hilo. We thank the Refuge managers and field biologists who
collected the bird survey data, and the technicians that assisted with data preparation. We
thank J. Hatfield for his review of an early version of the manuscript and two anonymous jour-
nal reviewers. JMR thanks S. Levine and S. Orzack for many conversations about early warning
signals.

Author Contributions
Conceptualization: Jessica C. Rozek, Richard J. Camp, J. Michael Reed.

Data curation: Richard J. Camp.

Formal analysis: Jessica C. Rozek, Richard J. Camp, J. Michael Reed.

Funding acquisition: Jessica C. Rozek, Richard J. Camp, J. Michael Reed.

Investigation: Jessica C. Rozek, Richard J. Camp, J. Michael Reed.

Methodology: Jessica C. Rozek, Richard J. Camp, J. Michael Reed.

Project administration: Jessica C. Rozek, Richard J. Camp, J. Michael Reed.

Resources: Jessica C. Rozek, Richard J. Camp, J. Michael Reed.

Software: Jessica C. Rozek, Richard J. Camp, J. Michael Reed.

Supervision: Richard J. Camp, J. Michael Reed.

Validation: Jessica C. Rozek, J. Michael Reed.

Visualization: Jessica C. Rozek, J. Michael Reed.

Writing ±original draft: Jessica C. Rozek, J. Michael Reed.

Writing ± review & editing: Jessica C. Rozek, Richard J. Camp, J. Michael Reed.

References
1. Roderick G, Gillespie R. Speciation and phylogeography of Hawaiian terrestrial arthropods. Mol Ecol.

1998; 7: 519±531. PMID: 9628003
2. Fleischer R, McIntosh C. Molecular systematics and biogeography of the Hawaiin avifauna. In: Scott M,

Conant S, van Riper C III, editors. Evolution, ecology, conservation andmanagement of Hawaiian
birds: a vanishing avifauna. Studies in Avian Biology, no. 22. Lawrence: Cooper Ornithological Society,
Allen Press, Inc; 2001. pp. 51±60.

3. Pratt HD. The HawaiianHoneycreepers: Drepanidinae. Oxford: University Press; 2005.
4. ReÂgnier C, Bouchet P, Hayes KA, YeungNW, Christensen CC, ChungDJ, et al. Extinction in a hyperdi-

verse endemic Hawaiian land snail family and implications for the underestimation of invertebrate
extinction. Conserv Biol. 2015; 29:1715±1723. https://doi.org/10.1111/cobi.12565 PMID: 26234768

5. Reed JM, DesRochers D, Vanderwerf E, and Scott J. Conservation reliance and long-term persistence
of Hawai`i'sendangered avifauna. Bioscience. 2012; 62:881±892.

No evidence of critical slowing down in two endangered Hawaiian honeycreepers

PLOSONE | https://doi.org/10.1371/journal.pone.0187518 November 13, 2017 15 / 18

http://www.ncbi.nlm.nih.gov/pubmed/9628003
https://doi.org/10.1111/cobi.12565
http://www.ncbi.nlm.nih.gov/pubmed/26234768
https://doi.org/10.1371/journal.pone.0187518


6. U. S. Fish andWildlife Service. 2016 [cited 12 Jun 2016]. Environmental conservation online system.
Available from: http://ecos.fws.gov/tess_public/pub/SpeciesReport.do?groups=B&listingType=
L&mapstatus=1.

7. Wilmshurst JM, Hunt TL, Lipo CP, and Anderson AJ. High-precision radiocarbon dating shows recent
and rapid initial human colonization of East Polynesia. Proc Natl Acad Sci USA. 2011; 108:1815±1820.
https://doi.org/10.1073/pnas.1015876108PMID: 21187404

8. Scott JM, Conant S and van Riper C III, editors. Evolution, ecology, conservation andmanagement of
Hawaiian birds: a vanishing avifauna. Studies in Avian Biology, no. 22. Lawrence: Cooper Ornithologi-
cal Society, Allen Press, Inc; 2001.

9. BankoWE, and Banko PC. Historic decline and extinction. In: Pratt TK, Atkinson CT, Banko PC, Jacobi
JD, Woodworth BL, editors. Conservation biology of Hawaiian forest birds: implications for island avi-
fauna. NewHaven: Yale University Press; 2009. pp 25±58.

10. Gorresen PM, CampRJ, ReynoldsMH,Woodworth BL, and Pratt TK. Status and trends of native
Hawaiian songbirds. In: Pratt TK, Atkinson CT, Banko PC, Jacobi JD, Woodworth BL, editors. Conser-
vation biology of Hawaiian forest birds: implications for island avifauna. NewHaven: Yale University
Press; 2009. pp 108±136.

11. Elphick CS, Roberts DL, and Reed JM. Estimated dates of recent extinctions for North American and
Hawaiian birds. Biol Cons. 2010; 143:617±624.

12. Atkinson CT, LaPointe DA. Ecology and pathology of avianmalaria and pox. In: Pratt TK, Atkinson CT,
Banko PC, Jacobi JD, Woodworth BL, editors. Conservation biology of Hawaiian forest birds: implica-
tions for island avifauna. NewHaven: Yale University Press; 2009. pp 234±252.

13. Foster JT, Pratt TK, Atkinson CT, Banko PC, Jacobi JD, Woodworth BL. The history and impact of intro-
duced birds. In: Pratt TK, Atkinson CT, Banko PC, Jacobi JD, Woodworth BL, editors. Conservation
biology of Hawaiian forest birds: implications for island avifauna. NewHaven: Yale University Press;
2009. pp. 312±330.

14. LindseyGD, Hess SC, Campbell EW III, and SugiharaRT. Small mammals as predators and competi-
tors. In: Pratt TK, Atkinson CT, Banko PC, Jacobi JD, Woodworth BL, editors. Conservation biology of
Hawaiian forest birds: implications for island avifauna. NewHaven: Yale University Press; 2009. pp.
274±292.

15. Pratt TK, Atkinson CT, Banko PC, Jacobi JD, andWoodworth BL, editors. Conservation biology of
Hawaiian forest birds: implications for island avifauna. NewHaven: Yale University Press; 2009.

16. Atkinson CT, LaPointe DA. Introduced avian diseases, climate change, and the future of Hawaiian hon-
eycreepers. J AvianMed Surg. 2009; 23:53±63. https://doi.org/10.1647/2008-059.1PMID: 19530408

17. Atkinson CT, UtzurrumRB, Lapointe DA, CampRJ, Crampton LH, Foster JT, et al. Changing climate
and the altitudinal range of avianmalaria in the Hawaiian Islands±an ongoing conservation crisis on the
island of Kaua'i. Glob ChangeBiol. 2014; 20:2426±2436.

18. Vorsino AE, Fortini LB, Amidon FA, Miller SE, Jacobi JD, Price JP, et al. ModelingHawaiian ecosystem
degradation due to invasive plants under current and future climates. PLoSOne. 2014; 9:e95427.
https://doi.org/10.1371/journal.pone.0095427 PMID: 24805254

19. Fortini LB, Vorsino AE, Amidon FA, Paxton EH, and Jacobi JD. Large-scale range collapse of Hawaiian
forest birds under climate change and the need 21st century conservation options. PLoSOne. 2015;
10:e0140389. https://doi.org/10.1371/journal.pone.0140389PMID: 26509270

20. Scott JM, Mountainspring S, Ramsey FL, Kepler CB. Forest bird communities of the Hawaiian Islands:
their dynamics, ecology, and conservation. Studies Avian Biol. 1986; 9.

21. LeopoldCR, Hess SC, Kendall SJ, and Judge SW. Abundance, distribution, and removals of feral pigs
at Big IslandNationalWildlife RefugeComplex, 2010±2015.Hawai'i Cooperative Studies Unit Technical
Report HCSU-075. 2016. Available from: https://dspace.lib.hawaii.edu/bitstream/10790/2684/1/
TR075LeopoldPigRemoval.pdf

22. CampRJ, Pratt TK, Gorresen PM, Jeffrey JJ, andWoodworth BL. Population trends of forest birds at
Hakalau Forest NationalWildlife Refuge, Hawai'i. Condor. 2010; 112:196±212.

23. CampRJ, Pratt TK, Gorresen PM,Woodworth BL, Jeffrey JJ. Hawaiian forest bird trends: Using log-lin-
ear models to assess long-term trends is supported by model diagnostics and assumptions (reply to
Freed and Cann 2013). Condor. 2014; 116:97±101.

24. CampRJ, Brinck KW, Gorresen PM, Paxton EH. Evaluating abundance and trends in a Hawaiian avian
community using state-space analysis. Bird Conserv Int. 2016; 26:225±242.

25. Freed LA, CannRL. Misleading trend analysis and decline of Hawaiian forest birds. Condor. 2010;
112:213±221.

26. Freed LA, CannRL. More misleading trend analysis of Hawaiian forest birds. Condor. 2013; 115:442±
447.

No evidence of critical slowing down in two endangered Hawaiian honeycreepers

PLOSONE | https://doi.org/10.1371/journal.pone.0187518 November 13, 2017 16 / 18

http://ecos.fws.gov/tess_public/pub/SpeciesReport.do?groups=B&listingType=L&mapstatus=1
http://ecos.fws.gov/tess_public/pub/SpeciesReport.do?groups=B&listingType=L&mapstatus=1
https://doi.org/10.1073/pnas.1015876108
http://www.ncbi.nlm.nih.gov/pubmed/21187404
https://doi.org/10.1647/2008-059.1
http://www.ncbi.nlm.nih.gov/pubmed/19530408
https://doi.org/10.1371/journal.pone.0095427
http://www.ncbi.nlm.nih.gov/pubmed/24805254
https://doi.org/10.1371/journal.pone.0140389
http://www.ncbi.nlm.nih.gov/pubmed/26509270
https://dspace.lib.hawaii.edu/bitstream/10790/2684/1/TR075LeopoldPigRemoval.pdf
https://dspace.lib.hawaii.edu/bitstream/10790/2684/1/TR075LeopoldPigRemoval.pdf
https://doi.org/10.1371/journal.pone.0187518


27. Freed LA, CannRL, Bodner GR. Incipient extinction of a major population of the Hawai`iAkepa owing to
introduced species. Evol Ecol Res. 2008; 10:931±965.

28. Freed LA, CannRL. Changes in timing, duration, and symmetry of molt of Hawaiian forest birds. PLoS
One. 2012; 7:e29834. https://doi.org/10.1371/journal.pone.0029834PMID: 22279547

29. Freed LA, Medeiros MC, Bodner GR. Explosive increase in ectoparasites in Hawaiian forest birds. J
Parasitol. 2008; 94:1009±1021. https://doi.org/10.1645/GE-1378.1 PMID: 18576747

30. FoleyMM, Martone RG, Fox MD, Kappel CV, Mease LA, Erickson AL, et al. Using ecological thresholds
to inform resourcemanagement: current options and future possibilities. Front Mar Sci. 2015; 2:95.

31. Scheffer M, Carpenter SR, Dakos V, van Nes EH. Generic indicators of ecological resilience: inferring
the chance of a critical transition. Annu Rev Ecol Evol Syst. 2015; 46:145±167.

32. Wissel C. A universal law of the characteristic return time near thresholds. Oecologia. 1984; 65:101±
107. https://doi.org/10.1007/BF00384470 PMID: 28312117

33. Gandhi A, Levin S, and Orszag S. ªCritical slowing downº in time-to-extinction: an example of critical
phenomena in ecology. J Theor Biol. 1998; 192:363±376. https://doi.org/10.1006/jtbi.1998.0660 PMID:
9650292

34. van Nes EH, Scheffer M. Slow recovery from perturbations as a generic indicator of a nearby cata-
strophic shift. AmNat. 2007; 169:738±747. https://doi.org/10.1086/516845PMID: 17479460

35. Dai L, Vorselen D, Korolev KS, and Gore J. Generic indicators for loss of resilience before a tipping
point leading to population collapse. Science 2012; 336:1175±1177. https://doi.org/10.1126/science.
1219805PMID: 22654061

36. Scheffer M. Critical transitions in nature and society. Princeton: Princeton University Press; 2009.
37. Drake JM, Griffen BD. Early warning signals of extinction in deteriorating environments. Nature. 2010;

467:456±459. https://doi.org/10.1038/nature09389PMID: 20827269
38. Petraitis PS, DudgeonSR. Cusps and butterflies: multiple stable states in marine systems and catastro-

phes. Mar Freshwater Res. 2016; 67: 37±46.
39. Ditlevsen PD, Johnsen SJ. Tipping points: early warning and wishful thinking. Geophys Res Lett. 2010;

37: L197703.
40. Dakos V, van Nes EH, D'Odorico P, Scheffer M. Robustness of variance and autocorrelation as indica-

tors of critical slowing down. Ecology. 2012; 93:264±271. PMID: 22624308
41. Veraart AJ, Faassen EJ, Dakos V, van Nes EH, LuÈrlingM, Scheffer M. Recovery rates reflect distance

to a tipping point in a living system. Nature 2012; 481:357±359.
42. Clements CF, Drake JM, Griffiths JI, Ozgul A. Factors influencing the detectability of early warning sig-

nals of population collapse. AmNat. 2015; 186:50±58. https://doi.org/10.1086/681573PMID: 26098338
43. Biggs R, Carpenter SR, BrockWA. Turning back from the brink: detecting an impending regime shift in

time to avert it. Proc Natl Acad Sci USA. 2009; 106:826±831. https://doi.org/10.1073/pnas.
0811729106PMID: 19124774

44. Seavy NE, ReynoldsMH, LinkWA, Hatfield JS. Postcatastrophe population dynamics and density
dependence of an endemic island duck. J Wildl Manag. 2009; 73:414±418.

45. LindegrenM, Dakos V, GroÈger JP, Gårdmark A, Kornilovs G, Otto SA, et al. Early detection of ecosys-
tem regime shifts: a multiplemethod evaluation for management application. PLoSOne. 2012; 7:
e38410. https://doi.org/10.1371/journal.pone.0038410 PMID: 22808007

46. Hefley TJ, Tyre AJ, Blankenship EE. Statistical indicators and state±space populationmodels predict
extinction in a population of bobwhite quail. Theor Ecol. 2013; 6:319±331.

47. LitzowMA, Mueter FJ, Urban JD. Rising catch variability preceded historical fisheries collapses in
Alaska. Ecol Appl. 2013; 23:1475±1487. PMID: 24147417

48. KrkosÏek M, Drake JM. On signals of phase transitions in salmon population dynamics. Proc Royal Soc
B. 2014; 281:20133221.

49. Boettiger C, Hastings A. Quantifying limits to detection of early warning for critical transitions. J Royal
Soc Interface. 2012; 9:2527±2539.

50. Boerlijst MC, OudmanT, de Roos AM. Catastrophic collapse can occur without early warning: examples
of silent catastrophes in structured ecological models. PLoSOne. 2013; 8:e62033. https://doi.org/10.
1371/journal.pone.0062033PMID: 23593506

51. Perretti CT, Munch SB. Regime shift indicators fail under noise levels commonly observed in ecological
systems. Ecol Appl. 2012; 22:1772±1779. PMID: 23092014

52. Lepson JK, Woodworth BL. Hawai`iCreeper (Loxopsmana). In: Rodewald PG, editor. The Birds of
North America. Ithaca: Cornell Lab of Ornithology. 2002. Available from: https://birdsna.org/Species-
Account/bna/species/hawcre/

No evidence of critical slowing down in two endangered Hawaiian honeycreepers

PLOSONE | https://doi.org/10.1371/journal.pone.0187518 November 13, 2017 17 / 18

https://doi.org/10.1371/journal.pone.0029834
http://www.ncbi.nlm.nih.gov/pubmed/22279547
https://doi.org/10.1645/GE-1378.1
http://www.ncbi.nlm.nih.gov/pubmed/18576747
https://doi.org/10.1007/BF00384470
http://www.ncbi.nlm.nih.gov/pubmed/28312117
https://doi.org/10.1006/jtbi.1998.0660
http://www.ncbi.nlm.nih.gov/pubmed/9650292
https://doi.org/10.1086/516845
http://www.ncbi.nlm.nih.gov/pubmed/17479460
https://doi.org/10.1126/science.1219805
https://doi.org/10.1126/science.1219805
http://www.ncbi.nlm.nih.gov/pubmed/22654061
https://doi.org/10.1038/nature09389
http://www.ncbi.nlm.nih.gov/pubmed/20827269
http://www.ncbi.nlm.nih.gov/pubmed/22624308
https://doi.org/10.1086/681573
http://www.ncbi.nlm.nih.gov/pubmed/26098338
https://doi.org/10.1073/pnas.0811729106
https://doi.org/10.1073/pnas.0811729106
http://www.ncbi.nlm.nih.gov/pubmed/19124774
https://doi.org/10.1371/journal.pone.0038410
http://www.ncbi.nlm.nih.gov/pubmed/22808007
http://www.ncbi.nlm.nih.gov/pubmed/24147417
https://doi.org/10.1371/journal.pone.0062033
https://doi.org/10.1371/journal.pone.0062033
http://www.ncbi.nlm.nih.gov/pubmed/23593506
http://www.ncbi.nlm.nih.gov/pubmed/23092014
https://birdsna.org/Species-Account/bna/species/hawcre/
https://birdsna.org/Species-Account/bna/species/hawcre/
https://doi.org/10.1371/journal.pone.0187518


53. Lepson JK, Freed LA. Hawai`iAkepa (Loxops coccineus). In: Rodewald PG, editor. The Birds of North
America. Ithaca: Cornell Lab of Ornithology. 1997. Available from: https://birdsna.org/Species-
Account/bna/species/akepa1/

54. Borchers HW. Pracma: practical numerical math functions. R package version 1.9.3. 2016. Available
from: https://CRAN.R-project.org/package=pracma

55. RCore Team. R: a language and environment for statistical computing. Vienna: R Foundation for Statis-
tical Computing. 2016. Available from: http://www.R-project.org/.

56. Dakos V, Carpenter SR, BrockWA, Ellison AM, Guttal V, Ives AR, et al. Methods for detecting early
warnings of critical transitions in time series illustrated using simulated ecological data. PLoSOne.
2012; 7:e41010. https://doi.org/10.1371/journal.pone.0041010PMID: 22815897

57. Hosking JR. L-moments: analysis and estimation of distributions using linear combinations of order sta-
tistics. J Royal Statist Soc Ser B (Methodological). 1990; 52:105±124.

58. Hosking JR, Wallis JR. Regional frequency analysis: an approach based on L-moments. Cambridge:
CambridgeUniversity Press; 1997.

59. Hosking JR. Moments or L moments? An example comparing twomeasures of distributional shape. Am
Statist. 1992; 46:186±189.

60. Vogel RM, FennesseyNM. L moment diagrams should replace product moment diagrams. Water
Resour Res. 1993; 29:1745±1752.

61. QuinnGP, KeoughMJ. Experimental design and data analysis for biologists. Cambridge: Cambridge
University Press; 2002.

62. Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team. nlme: linear and nonlinearmixed effects mod-
els. R package version 3.1±120. 2015. Available from: http://CRAN.R-project.org/package=nlme.

63. Hastings A, WyshamDB. Regime shifts in ecological systems can occur with no warning. Ecol Lett.
2010; 13:464±472. https://doi.org/10.1111/j.1461-0248.2010.01439.x PMID: 20148928

64. Boettiger C, Ross N, Hastings A. Early warning signals: the charted and uncharted territories. Theor
Ecol. 2013; 6:255±264.

65. Strogatz S. Nonlinear dynamics and chaos: with applications to physics, biology, chemistry, and engi-
neering. Cambridge: Addison-Wesley Publishing Company; 1994.

66. Yelenik SG. Linking dominant Hawaiian tree species to understory development in recovering pastures
via impacts on soils and litter. Restoration Ecol. 2016; https://doi.org/10.1111/rec.12377

67. Freed LA, CannRL. Diffuse competition can be reversed: a case history with birds in Hawaii. Eco-
sphere. 2014; 5:1±40.

68. U.S. Fish andWildlife Service. Hawaii Forest Bird Recovery Plan. Honolulu: U.S. Fish &Wildlife Ser-
vice; 2003.

69. Hess SC, Jeffrey JJ, Pratt LW, Ball DL. Effects of ungulatemanagement on vegetation at Hakalau For-
est NationalWildlife Refuge, Hawai`iIsland. Pac Conserv Biol. 2010; 16:144±150.

70. Kingsford RT. Commentary: crisis for Hawaiian forest birds or time for optimism? Condor. 2010;
112:193±195.

71. Guillaumet A, Woodworth BL, CampRJ, Paxton EH. Comparative demographics of a Hawaiian forest
bird community. J Avian Biol. 2016; 47:185±196.

72. CourchampF, Berec L, Gascoigne J. Allee effects in ecology and conservation. Environ Conserv.
2008; 36:80±85.

73. Otero LM, Huey RB, GormanGC. A fewmetersmatter: local habitats drive reproductive cycles in a trop-
ical lizard. AmNat. 2015; 186: E72±E80. https://doi.org/10.1086/682359 PMID: 26655361

74. MilaÂB, Warren BH, Heeb P, TheÂbaud C. The geographic scale of diversification on islands: genetic and
morphological divergence at a very small spatial scale in the Mascarene grey white-eye (Aves: Zoster-
ops borbonicus). BMC Evol Biol. 2010; 10:1.

75. Bertrand J, Bourgeois Y, Delahaie B, Duval T, GarcõÂa-JimeÂnez R, Cornuault J, et al. Extremely reduced
dispersal and gene flow in an island bird. Heredity. 2014; 112:190±196. https://doi.org/10.1038/hdy.
2013.91 PMID: 24084644

76. Aagard K, Lockwood JL, Green EJ. A Bayesian approach for characterizing uncertainty in declaring a
population collapse. Ecol Model. 2016; 328:78±84.

77. Dai L, Korolev KS, Gore J. Relation between stability and resilience determines the performance of
early warning signals under different environmental drivers. Proc Natl Acad Sci USA. 2015;
112:10056±10061. https://doi.org/10.1073/pnas.1418415112PMID: 26216946

No evidence of critical slowing down in two endangered Hawaiian honeycreepers

PLOSONE | https://doi.org/10.1371/journal.pone.0187518 November 13, 2017 18 / 18

https://birdsna.org/Species-Account/bna/species/akepa1/
https://birdsna.org/Species-Account/bna/species/akepa1/
https://CRAN.R-project.org/package=pracma
http://www.R-project.org/
https://doi.org/10.1371/journal.pone.0041010
http://www.ncbi.nlm.nih.gov/pubmed/22815897
http://CRAN.R-project.org/package=nlme
https://doi.org/10.1111/j.1461-0248.2010.01439.x
http://www.ncbi.nlm.nih.gov/pubmed/20148928
https://doi.org/10.1111/rec.12377
https://doi.org/10.1086/682359
http://www.ncbi.nlm.nih.gov/pubmed/26655361
https://doi.org/10.1038/hdy.2013.91
https://doi.org/10.1038/hdy.2013.91
http://www.ncbi.nlm.nih.gov/pubmed/24084644
https://doi.org/10.1073/pnas.1418415112
http://www.ncbi.nlm.nih.gov/pubmed/26216946
https://doi.org/10.1371/journal.pone.0187518

