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a  b  s  t  r  a  c  t

Evaluations  of  species  richness  patterns  have  been  performed  at diverse  scales,  and  biodiversity  hotspots,
especially  endemism  hotspots,  have  received  much  attention  in  conservation  biology.  We  estimated
the  distributions  of endemic  bird  species  based  on a 12-yr  avian  inventory  project  in  Taiwan,  identified
biodiversity  hotspots  of endemism  on a regional  scale  based  on predictions  from  the  ensemble  forecasting
framework  and  frequency  histogram  approach,  and  assessed  the efficiency  of  protected  areas.  The results
indicated that  the  predicted  endemism  hotspots  were  mostly  located  in  mid-  and high-elevation  areas
along  the Central  Mountain  Range  of Taiwan.  An  observed  endemism  hotspot  was  defined  as  one in
which  at least  five  of  Taiwan’s  17  endemic  bird  species  were  present.  This  criterion  was  used  because
the  5%  of  the sampled  grid  squares  that were  the  richest  in  endemic  bird  species  all  had  5  endemic
bird species  or  more.  Seventy  to seventy-one  percent  of  the observed  biodiversity  hotspots  matched
the  predicted  biodiversity  hotspots.  This outcome  was  obtained  whether  the  richness  biodiversity  in a
grid square  was  based  on summed  predicted  probability  or summed  predicted  richness.  The majority  of
the  protected  areas  for these  Taiwanese  endemic  bird  species  were  national  parks,  protecting  24.1%  of

the  predicted  hotspot  areas,  whereas  nature  reserves  and  wildlife  refuges  protected  less  than  7%.  Most
of the  predicted  endemism  hotspots  were  not  adequately  protected.  We  conclude  that  the  ensemble
forecasting  framework  and  the  frequency  histogram  approach  are  useful  for  selecting  critical  habitats
and biodiversity  hotspots  for  endemic  species  and  for appraising  the  efficiency  of  the  protection  status
provided  by  governments.

© 2014  Elsevier  GmbH.  All  rights  reserved.
ntroduction

Worldwide biodiversity levels are in a state of decline (Butchart
t al., 2010; Rands et al., 2010; Hoffmann et al., 2011), and the
ast 60 years have witnessed a steeper decline than that occur-
ing at any previous time in human history (Edwards & Richardson,
004; Domisch, Jaehnig, & Haase, 2011). Anthropogenic threats,

uch as pollution, habitat destruction, introduced species, and cli-
ate change, are leading to irreversible losses of biodiversity, and

cosystem services are also expected to be affected by these losses

∗ Corresponding author. Tel.: +886 233662469; fax: +886 223623501.
E-mail address: leepf@ntu.edu.tw (P.-F. Lee).

ttp://dx.doi.org/10.1016/j.jnc.2014.08.012
617-1381/© 2014 Elsevier GmbH. All rights reserved.
of animal or plant species from the food chain (Worm & Emmett,
2003).

Protecting species’ critical habitats and biodiversity hotspots
(Myers, 1988; Myers, Mittermeier, Mittermeier, da Fonseca, & Kent,
2000) are effective methods of sustaining and increasing biodi-
versity (Dobson et al., 2006; Schmitz, Hawlena, & Trussell, 2010).
Studies have found that in protected habitats, plants and animals
are more than twice as likely to move toward recovery as species in
unprotected habitats (Myers, 1988; Myers et al., 2000). However,
identifying critical habitats and hotspots remains highly challeng-

ing because the comprehensive data on species distribution and
abundance that are required for such identification are often lack-
ing (Clemens, Weston, Haslem, Silcocks, & Ferris, 2010; Clemens,
Herrod, & Weston, 2014). To overcome this limitation, species
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http://www.sciencedirect.com/science/journal/16171381
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istributions are predicted by either (1) associating individual
pecies occurrences with known habitat preferences, constructing
elationships between environments and species distribution at the
ndividual species level, and then combining distribution informa-
ion from different species (Austin, 2002; Elith et al., 2006; Araújo &
ew, 2007; Elith & Leathwick, 2009) or (2) using a cross-covariance
atrix to find linear combinations of environments and a group of

pecies’ distributions that have a maximum correlation with each
ther at the community level (Ferrier & Guisan, 2006; Johnson

 Wichern, 2007). Both approaches provide critical but slightly
ifferent elements for use in identifying species’ critical habitats.

 major drawback is that cross-covariance matrices cannot fur-
ish any information about the detailed composition of species
ommunity assemblages and/or the biotic interactions that may
ffect species’ spatial co-occurrence patterns, whereas the individ-
al species-level approach can (Baselga & Araújo, 2009; Chapman

 Purse, 2011; Dubuis et al., 2011). For this reason, the individ-
al species-level approach (i.e., species distribution models, SDMs)

s currently used relatively more widely to estimate species rich-
ess and to identify further hotspot locations. Here, we used the

ndividual species-level approach for Taiwanese endemic bird bio-
iversity.

Species distribution models predict the distributions of species
y correlating habitat characteristics with species occurrences
presence only or presence/absence; Elith et al., 2006; Stockwell,
007). Such SDMs were first applied in terrestrial systems, and
he utilization and complexity of species distribution models have
ncreased rapidly. A wide variety of methods associated with
DMs have been developed over the past 20 years and applied to
arious conservation cases (e.g., Manel, Dias, & Ormerod, 1999;
lith et al., 2006; Ferrier & Guisan, 2006; Araújo & New, 2007;
eynard & Quinn, 2007; Phillips & Dudik, 2008; Baselga & Araújo,

009; Ko, Lin, Ding, Hsieh, & Lee, 2009; Araújo, Alagador, Cabeza,
ogués-Bravo, & Thuiller, 2011; Chapman & Purse, 2011; Barbet-
assin, Thuiller, & Jiguet, 2012; Wu,  Walther, Chen, Lin, & Lee,

014). The results of individual SDMs are accumulated to estimate
odeled species richness. The sum of the continuous probabil-

ty/suitability values furnished by the individual SDMs represents a
irect estimate of total species richness. Alternatively, a threshold
or converting continuous probability/suitability values to binary
alues (presence/absence) can be set for each species, and all indi-
idual SDMs are then overlapped to derive a possible value for
pecies richness. On average, the latter (i.e., threshold) approach
sually exhibits a statistical artifact that may  cause the over-
rediction of species richness (i.e., commission errors, Guisan &
ahbek, 2011; Calabrese, Certain, Kraan, & Dormann, 2014). In con-
rast, the former approach may  shape a lower possible species
ichness due to a low contribution of the species’ predicted prob-
bility/suitability (although the species may  be present) to the
um. To fill the aforementioned gaps, we chose a percentage-
ased highest scoring prediction of grid locations rather than
he traditional number calculated from species-based thresh-
lds to determine predicted species biodiversity hotspots in this
tudy.

The purpose of this study was to (1) use multiple individual-
pecies distribution models and structure a frequency histogram
pproach to determine the locations of endemism hotspots for bird
pecies in Taiwan and (2) evaluate whether the current protected
reas are suitably located. We  considered that endemic bird species
ould furnish an ideal metric and serve well as both conservation

oncern and critical links to the biotic community within the for-
st space (i.e., provision of ecosystem functions; Whelan, Wenny,
 Marguis, 2008). We  interpreted areas with high endemism at
 regional scale as biodiversity hotspots (Myers, 1988; Pressey,
umphries, Margules, Vane-Wright, & Williams, 1993; Myers et al.,
000; Orme et al., 2005).
Fig. 1. The location of Taiwan, grid squares surveyed in this study, and protected
areas in Taiwan.

Methods

Study area

Taiwan, an island with an area of more than 36,000 km2, is
located in the western Pacific Ocean and the importance of Taiwan’s
rich variety of endemic species has been noted frequently in Asian
and global studies (Fig. 1; Myers et al., 2000; Ceballos & Ehrlich,
2006). Among the taxa belonging to Taiwan’s biota, bird species are
a well-defined and complex group, and standardized bird inven-
tories in Taiwan have been implemented for more than 10 years
(e.g., Koh, Lee, & Lin, 2006). Moreover, the Taiwanese endemic bird
species are the subject of frequent studies (Nieh, 1999; Lee, Ding,
Hsu, & Geng, 2004; Koh et al., 2006; Ko, Lin, & Lee, 2010; Wu  et al.,
2014) and are often used as indicators to represent potential pat-
terns of changes that may  affect other species (Ko et al., 2009).

Study species

Seventeen endemic bird species were selected in this study
(Table 1). Among them, six species are listed as near threatened
or vulnerable species on the International Union for Conservation
of Nature (IUCN) Red List; http://www.iucnredlist.org/). Fifteen of

the bird species were recognized as endemic species before 1990,
and the endemic status of the other two  species was  recently con-
firmed: the Taiwan Hwamei (Garrulax taewanus)  in 2006 and the
Taiwan Barbet (Megalaima nuchalis) in 2008. These species belong

http://www.iucnredlist.org/
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Table 1
List of 17 endemic bird species in Taiwan. The family, common English name, and scientific name of each species are based on “The eBird/Clements checklist of birds of the
world: Version 6.7” by Clements et al. (2012).

Family English name Scientific name IUCN red
list criteria*

No. of occurrences
in grid squares

Elevation range
(mean; m)

Corvidae Formosan Magpie Urocissa caerulea LC 156 7–1487 (486)
Leiothrichidae Taiwan  Hwamei Garrulax taewanus NT 482 2–2735 (373)

White-whiskered Laughingthrush Garrulax morrisonianus LC 207 100–3707 (2363)
White-eared Sibia Heterophasia auricularis LC 779 7–3358 (1400)
Steere’s Liocichla Liocichla steerii LC 673 98–3155 (1624)
Taiwan Barwing Actinodura morrisoniana LC 102 7–3015 (2043)

Locustellidae Taiwan Bush Warbler Bradypterus alishanensis LC 135 147–3422 (2200)
Megalaimidae Taiwan Barbet Megalaima nuchalis LC 1,657 2–2956 (564)
Muscicapidae Collared Bush Robin Tarsiger johnstoniae LC 202 100–3707 (2283)

Formosan Whistling Thrush Myophonus insularis LC 481 7–2764 (877)
Paridae Yellow Tit Macholophus holsti NT 151 7–2815 (1569)
Phasianidae Taiwan  Partridge Arborophila crudigularis NT 408 18–2630 (1162)

Mikado Pheasant Syrmaticus mikado NT 30 100–2979 (1918)
Swinhoe’s Pheasant Lophura swinhoii NT 95 100–2457 (1343)

Pycnonotidae Styan’s Bulbul Pycnonotus taivanus VU 414 3–2321 (282)
Regulidae Flamecrest Regulus goodfellowi LC 112 378–3707 (2551)
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Zosteropidae Taiwan Yuhina Yuhina brun

* Abbreviation: LC, least concern; NT, near threatened; VU, vulnerable.

o 11 families that vary in abundance, and they occur at various
levations throughout Taiwan.

ird distribution data

Presence and absence records of the 17 Taiwanese endemic bird
pecies were compiled from a 12-year avian survey (from 1993 to
004; Hsu, Yao, Lin, Yang, & Lai, 2004; Koh et al., 2006). The avian
urvey was based on distance sampling methods, including point-
ount and transect-count methods (Buckland, Anderson, Burnham,

 Laake, 1993; Buckland, Goudie, & Borchers, 2000), in which the
ntire island of Taiwan was  surveyed using 1 × 1-km grid squares
a total of 37,552 grid squares). The point-count method involved
ollowing a sampling route, 1500 m long, with 10 counting points
50 m apart. Each counting point along the sampling route was sur-
eyed for 6–10 min  in a 50-m fixed radius. Differences in sampling
uration at each counting point were caused by the local landscape
nd experience of the surveyors (Shiu & Lee, 2003). The transect-
ount method involved following a fixed transect line that covered

 distance of 2 km at a walking speed of 1.5 km/h without stopping
t any specific site. Both the counting points and the transect lines
ere sampled once per year during the breeding season or once per

eason during one year. To avoid biases resulting from the time of
ay, the surveys were conducted between 0600 and 1000 h. Both
isual and auditory records of species were included. The coordi-
ates of each sampled point were recorded and transformed to the
rid-square system. Given the limitations of personnel, time, and
unds, 4082 grid squares representing 11% of the area of Taiwan
ere surveyed (Fig. 1). Each species was present in a different
umber of grid squares (Table 1).

pecies distribution models

Four categories of environmental variables (a total of 14 vari-
bles), including topography, climate, vegetation, and human
isturbance, with high correlations between species distributions
nd environments were chosen by Ko et al. (2009) and Ko, Ko, Lin,
nd Lee (2013) and used in the following five different individual-
pecies distribution models: logistic regression (LR), discriminant

nalysis (DA), genetic algorithm for rule-based prediction (GARP),
rtificial neural network (ANN), and maximum entropy (MAXENT).
hese models are widely used and have been shown to provide
ffective conservation management strategies based on estimates
s LC 772 7–3358 (1545)

of the spatial distributions of those species requiring attention
(Elith et al., 2006; Meynard & Quinn, 2007; Phillips & Dudik, 2008).

Values of the mean/total, standard deviation, and range of ele-
vation, precipitation, and temperature, warmth index, percentage
of forest cover, normalized difference vegetation index (NDVI),
percentage of building areas, and road density were generated as
variables in the four categories of environmental variables. Eleva-
tional variables in the topographical category were derived from
a map  of a digital elevation model with 40-m resolution. Climatic
variables, including precipitation, temperature, and warmth index,
were calculated from monthly meteorological monitoring records
obtained for the past 30 years by the Central Weather Bureau
of Taiwan, which has operated 25 long-term climate-monitoring
stations since the 1950s and an additional 102 auto-rain gauges
since 1990 around the entire island of Taiwan. We  used a data
assimilation method, a technique employing statistical analysis and
interpolation to integrate irregularly distributed observations into
regular model grids (Wang, Zou, & Zhu, 2000), to generate high-
resolution grid temperature and precipitation data. The warmth
index was defined as the accumulated mean monthly temperature
above 5 ◦C in response to plant growth conditions (Liu & Su, 1992).
Variables related to vegetation and human disturbance (i.e., per-
centage of forest cover, NDVI, percentage of building areas, and
road density) were calculated from a land-cover map generated by
a supervised classification of SPOT mosaic images taken in 2002.
The forest cover was calculated as forest density in percent (%), as
the ratio of forest area to a grid square’s area. The percentage of
building areas was calculated as the ratio of total building areas to
a grid square’s area. The road density was calculated as the ratio of
the total length (m)  of all levels of paved roads to a grid square’s
area. Both topographic and land-cover maps were provided by the
Aerial Survey Office, Forestry Bureau, Taiwan. To be consistent with
the bird distribution data, we averaged and transformed data at a
1 × 1-km resolution for all categories of environmental variables.
Additional details about each environmental variable were pre-
sented in Lee et al. (2004) and Koh et al. (2006).

The five individual-species distribution models in this study are
based on different theoretical concepts and mathematical statistics.
Three of the models (i.e., LR, DA, and ANN) are presence/absence
models, and the others (i.e., GARP and MAXENT) are presence-only

models. Surveyed grid squares with multiple sampling times but
without occurrence records for a specific species were regarded
as absences of that species. We  applied an ANOVA to compare
the records of the presences and absences of species and kept the
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Grid squares with at least five (Fig. S1, showing the highest-
scoring 5% biodiversity of sampled grid squares) out of 17 different
endemic bird species occurrences were defined as observed
C.-Y. Ko et al. / Journal for Natu

ariables that could differentiate species occurrences; we then used
ackward elimination to select significant variables (down to 5–7
ariables for each species in the final models; Tables S1 and S2) in
oth the LR and DA models. The significant variables at each step
ad to significantly reduce the scaled deviance, and the range of the
caled deviance was approximately distributed as �2 (McCullagh &
elder, 1989). GARP searches iteratively for non-random correla-

ions between species presence and absence and environmental
arameter values using several types of rules, including atomic,

ogistic regression, bioclimatic envelope, and negated bioclimatic
nvelope rules (Scachetti-Pereira, 2001; Meynard & Quinn, 2007).
n our study, four rules (i.e., atomic rules, range rules, negated
ange rules, and logit rules) were combined to perform 100 runs
er species, with a maximum of 1000 iterations and a conver-
ence limit of 0.01. We  derived a probability map  for each species
ccording to 100 runs. ANN is a computational model that was
nspired by the structure and/or functional aspects of biological
eural networks (Manel et al., 1999). The algorithm of ANN consists
f an interconnected group of artificial neurons, and it processes
nformation using a connectionist approach to computation. To
onstruct a network for a given species, one hidden layer with five
eurons was used in this study (also see other detailed implementa-
ion instructions in Manel et al., 1999). MAXENT serves to estimate

 target species’ distribution by finding the distribution of maxi-
um  entropy (closest to uniform) subject to the constraint that

he expected value of each feature under this estimated distribu-
ion matches its empirical average (Phillips & Dudik, 2008). This
istribution is equivalent to the maximum likelihood Gibbs dis-
ribution. We  used the default setting in MAXENT, except for the

aximum number of iterations. A maximum of 1000 background
oints and iterations was used for all of our species.

To evaluate the predictive performance of the SDMs for each
pecies, we used a random subset (two-thirds) of species distribu-
ion data to determine the models (i.e., as a training set) and then
sed the remaining data for evaluation (i.e., as a testing set) with
wo prevalence-independent values: the area under the receiver
perating characteristic curve (AUC) and the true skill statistic (TSS;
earce & Ferrier, 2000; Allouche, Tsoar, & Kadmon, 2006). Both
ave been widely used for accuracy measures in various disciplines
ver many years (Youden, 1950; Pearce & Ferrier, 2000; Allouche
t al., 2006). The AUC value, also a threshold-independent value,
as calculated from the probability that a model will rank a ran-
omly chosen species presence higher than a randomly chosen
pecies absence, and it indicates a better predictive performance
s the value nears 1 (Pearce & Ferrier, 2000). TSS was  derived from
lements of a confusion matrix and defines an average of the net
rediction success rate for species presences and absences (Youden,
950; Allouche et al., 2006). TSS ranges from −1 to 1, where 1

ndicates perfect predictive performance and values of zero or less
ndicate a performance no better than random.

Predicted distribution maps covering the entire island of Taiwan
or each species were obtained from each model. In addition to
sing the predicted species distributional probability maps, we  also
ransformed the predicted species distributional probability maps
nto predicted species distributional presence/absence maps based
n a threshold that selected a high value between a species’ AUC
nd its prevalence, i.e., if the AUC value was greater than the species
revalence, we used the AUC value as the threshold for the species;
therwise we used the prevalence (Ko et al., 2009).

otspot definition and estimation
We  used an ensemble forecasting framework based on the
ndividual-species predicted probability and presence/absence
istributions and assigned a value of 1 to each species with-
ut considering prevalence differences. For both the predicted
servation 22 (2014) 570–576 573

probability and presence/absence species distributions, we over-
lapped the 17 species’ predicted maps analyzed by each model (i.e.,
LR, DA, ANN, GARP, and MAXENT) with values from 0 to 17, rep-
resenting the probable biodiversity (0 to high biodiversity) or the
number of species (0 to 17) predicted to be present in a grid square.
The highest-scoring 5% of the grid squares (definition according
to the observed biodiversity, see below), including all the grid
squares that tied at the lowest score in this range, were identi-
fied as summed predicted probability (for the probability score)
and summed predicted richness (for the species number) hotspots.
Each model exhibited specific hotspots in this step. We  then sum-
marized the results from the five models in a frequency histogram
with six classes of hotspots (0–5: 0, no hotspot predicted; 1, pre-
dicted by only 1 model; 2, predicted by 2 models; 3, predicted by 3
models; 4, predicted by 4 models; and 5, predicted by all models).
The ensemble forecasting framework and the frequency histogram
approach used in this study can enable more robust decision mak-
ing in the face of uncertainty and have much to offer to conservation
planning, as advocated in 2007 (Araújo & New, 2007).
Fig. 2. Model performance measured by (a) the area under the receiver operating
characteristic curve (AUC) and (b) the true skill statistic (TSS) of each model for
each species. Abbreviations for the models: LR, logistic regression; DA, discriminant
analysis; GARP, genetic algorithm for rule-based prediction; ANN, artificial neural
network; MAXENT, maximum entropy.
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otspots. To evaluate differences between observation and predic-
ion, we calculated the area of overlap of the observed and predicted
otspot grids. To estimate the protection status of the endemic bird
pecies in Taiwan, protected areas designated as national parks,
ature reserves, and wildlife refuges were used to analyze the effi-
iency of protection. The number of grid squares belonging to the
bove-predicted hotspots that were included in the protected areas
as used to measure protection status.

All modeling, evaluation, and statistical analyses were per-
ormed using R version 2.12 (except for GARP, which was
erformed with the “DesktopGarp” interface; R Development Core
eam, 2010), and the maps were produced using ESRI ArcMap ver-
ion 9.3.

esults

The five models for each species all showed AUC values >0.7 and

SS values >0.3 and demonstrated relatively good model perfor-
ance for application to our hotspot analyses (Fig. 2). Among the
odels, GARP and MAXENT showed the highest values of model

erformance for most species.

ig. 3. Spatial distributions of observed and summed predicted (a) probability and (b) ric
ith  at least five endemic bird species. The predicted biodiversity hotspots were obtaine

ogistic regression (LR), discriminant analysis (DA), genetic algorithm for rule-based pred
or  each model, the predicted distributions of the 17 endemic species were combined t
anked  according to their summed probability/richness, and the highest-ranked grid squa
hen  obtained through a frequency histogram approach by establishing six classes of hot
articular hotspot.
servation 22 (2014) 570–576

The biodiversity hotspot areas for Taiwanese endemic bird
species were primarily located along the Central Mountain Range,
showing a continuous distribution both on the summed predicted
probability and richness hotspot maps (Fig. 3). With the excep-
tion of the MAXENT predictions, which identified almost none
of the endemism hotspots in the middle of the island, all maps
derived from the ensemble forecasting framework showed simi-
lar patterns. The area of summed predicted probability hotspots
found by GARP (2,759 km2) was the highest, followed by MAXENT
(2179 km2), ANN (2003 km2), LR (1918 km2), and DA  (1683 km2).
Although slightly different results were obtained, the summed
richness hotspots ranked by largest to smallest predicted area
were GARP (2702 km2), ANN (2691 km2), MAXENT (2636 km2), LR
(1796 km2), and DA (1683 km2). Based on the combined hotspot
maps (i.e., frequency histogram approach), the hotspots in class 5
were predicted to cover approximately 1% of the area of Taiwan
(summed predicted probability hotspots: 0.91–1.18%, summed
predicted richness hotspots: 1.18–1.90%). The four models, except

for DA, contributed similar predictions in class 4 (approximately
95%). However, for classes 1–3, there were no consistent contribu-
tion patterns among the models between the summed predicted
probability and richness hotspots.

hness biodiversity hotspots. The observed biodiversity hotspots were grid squares
d through predictions using five individual-species distribution models, including
iction (GARP), artificial neural network (ANN), and maximum entropy (MAXENT).
o yield summed values whose values ranged from 0 to 17, the grid squares were
res were then selected (see the text). The final predicted biodiversity hotspots were
spots, numbered 0 through 5, based on the number of models that identified that
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Approximately 98% of the observed biodiversity hotspots were
ocated within a region for which at least one model predicted
ccupation by at least five endemic species, whereas 70–71% of
he observed biodiversity hotspots were found in the summed
redicted probability and richness hotspots (Fig. 3). With the fre-
uency histogram approach for the summed predicted probability
otspots, 8.6% of the observed hotspots were located in class 5 and
lass 4, 18.7% in class 3, 24.9% in class 2, and 17.9% in class 1. For
he summed predicted richness hotspots, 12.1% of the observed
otspots were located in class 5 and class 4, 14.8% in class 3,
3.7% in class 2, and 20.2% in class 1. For both the summed pre-
icted probability and the summed predicted richness hotspots,
he nonlinear models (i.e., ANN, LR, GARP, and MAXENT) gener-
lly predicted 76.6% of the observed hotspots as possible hotspots,
hereas the linear model (i.e., DA) predicted 59.1%. Individually,

he hotspots predicted by the MAXENT model covered the most
bserved hotspots, at 63.8%, followed by ANN at 48.9%, DA at 46.8%,
ARP at 37.2%, and LR at 33%.

rotection status

The broad patterns of the high values of hotspot classes were
oncentrated in relatively few regions, those above 2000 m a.s.l.
ased on the frequency histogram approach, we identified the
lasses with values of 3 or higher (i.e., classes 3–5), including the
ummed predicted probability and richness hotspots, with a total
rea of 1538 km2 (4.1% of Taiwan Island), as hotspots that were
ltimately critical for estimating protection status. Most of the
rotected areas for the 17 endemic bird species were national
arks. Unfortunately, most of the predicted hotspots were not
rotected (Table 2). Only 24.1% of the predicted hotspots were
nder protection as national parks. Shei-Pa and Yushan National
arks contributed more than the others, and no predicted hotspots
ccurred in Yangmingshan or Kenting National Parks. Nature
eserves and wildlife refuges protected 6% and 0.4%, respectively,
f the predicted hotspot areas.

iscussion

The biodiversity hotspots for Taiwanese endemic bird species
ppeared to be rather consistent among the predictions of the five
ndividual-species distribution models considered in this study. In
eneral, the mid- and high-elevation areas have higher species
ichness. These areas are remote and less disturbed, providing
ore suitable habitats than other areas for the 17 endemic bird

pecies. Nevertheless, low elevations remain important, especially
or Taiwan Hwamei (Garrulax taewanus), Styan’s Bulbul (Pycnono-
us taivanus), and Formosan Magpie (Urocissa caerulea; Ko et al.,
010). Because the low elevations received a relatively low rank-
ng using the frequency histogram approach, special consideration
hould be given to the protection of these low-elevation species.

Using the frequency histogram approach, the spatial distribu-
ions of predicted biodiversity hotspots showed that the high-value

able 2
ercentage of predicted biodiversity hotspots of the Taiwanese endemic bird species
rotected by national parks, nature reserves, and wildlife refuges.

Protected areas % Of hotspots protected

National parks 24.1
Yangmingshan 0
Shei-Pa 8.3
Taroko 2.3
Yushan 13.5
Kenting 0

Nature reserves 6.0
Wildlife refuges 0.4
servation 22 (2014) 570–576 575

areas for the 17 Taiwanese endemic bird species were geograph-
ically cohesive and a good match with those regions that have
traditionally been defined as ‘principal ecological habitats’ in
Taiwan (Lue & Chang, 1999). Unfortunately, not all the observed
hotspots were projected to be in the predicted hotspots. These
results cannot yet be explained. Errors in the modeling processes
occurring in each model for each species might produce this out-
come. However, the performance of the models was estimated in
the initial phase of the model-building processes, and the results
obtained indicated that the effects of model errors were relatively
small.

Using empirical estimates of species richness or rarity to rep-
resent critical habitats and hotspots of biological diversity is more
common than the use of predicted species distributions (Myers,
1988; Myers et al., 2000; Orme et al., 2005; Ceballos & Ehrlich,
2006). However, given the limited information available on real
and complete species distributions, our determination of biodiver-
sity hotspots can provide a basis for the decision to classify habitats
as critically important for biodiversity. This tool can also be applied
to understand how species distributions will shift under climate
change. Giving equal weight to species with differing prevalence
may  not be a perfectly adequate method of identifying biodiver-
sity hotspots if the foremost task in the conservation process is
to rate different hotspots for their holdings of rare, threatened,
or endemic species. Nevertheless, we  believe that this approach
can provide basic knowledge about species’ distributions and help
locate areas and habitats with a high concentration and/or biodiver-
sity of species such that critical habitats and biodiversity hotspots
would attain priority for conservation.

The protection of Taiwanese endemic bird species is inade-
quate because only approximately 30% of the biodiversity hotspots
we identified are located within established protected areas (i.e.,
national parks, nature reserves, and wildlife refuges). More than
70% of the areas that are important have not received notice.
Although the government of Taiwan has recently designated a con-
servation corridor along the Central Mountain Range that would
encompass some of the biologically important areas we identified,
the designation is not legally binding, and the boundaries of the cor-
ridor are not well defined. The lack of such legal designation and
the lack of clear boundaries will most likely prevent the corridor
from achieving the intended conservation goals.

Considering endemic birds as an indicator of all breeding birds
in Taiwan may  reduce the time and energy needed for conser-
vation assessments due to the difficulty of obtaining distribution
data for all breeding bird species but has been debated by different
authors (Nieh, 1999; Lee et al., 2004; Koh et al., 2006; Wu et al.,
2014). The lack of congruence may be caused by the use of dif-
ferent spatial scales, especially evident at a smaller spatial scale
such as a fine scale of 1 × 1-km grid squares in our and Wu et al.’s
(2014) study (Lund & Rahbek, 2002; Moore et al., 2003; Franco et al.,
2009). Moreover, whether endemic bird species can be used as an
indicator of overall taxonomic species is unknown and requires fur-
ther investigation. Ceballos and Ehrlich (2006) indicated that the
broad hotspot patterns in bird distributions are remarkably sim-
ilar to those in mammalian distributions throughout the world,
but the rough scale in that study may  not be representative of
the finer-scale situation in this study. We  must, therefore, main-
tain a conservative position about the overall representativeness
of Taiwan’s endemic bird species.
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