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A B S T R A C T   

Multi-species indicators (MSIs) have been useful tools for reflecting the state of taxa and ecosystems at global, 
regional, and national levels. However, most indicators are from Europe and North America, and there are few 
from the world’s major tropical and subtropical biodiversity hotspots, often in large part because of insufficient 
data availability. We modelled the population trajectories of 107 regularly-occurring breeding bird species in 
Taiwan (100 native and seven introduced species) and developed MSIs for (i) forest, (ii) farmland, and (iii) 
introduced bird species based on the Taiwan Breeding Bird Survey dataset between 2011 and 2019. Individual 
population trajectories for 87 species did not show a significant change, those for 11 species grew significantly, 
and those for two species declined significantly. All MSIs show significant growth. Based on the phylogenetic 
generalised least squares (PGLS) results, the forest bird indicator increased somewhat more rapidly than the 
farmland bird indicator, perhaps reflecting very low rates of deforestation contrasting with more rapid land use 
change on farmlands in Taiwan. Some of the forest and farmland species, however, showed rapid declines, and 
most of these atypical decliners were common species or carnivores. Further, the PLGS results show that the 
introduced species indicator had more rapid growth than native species indicators, posing a potential risk for the 
integrity of native bird communities in the near future as well as compromising broader ecosystem intactness. 
Our study provides important information on bird population changes in subtropical Asia. The MSIs will be 
updated regularly and will be used to provide information to support conservation policies in Taiwan.   

1. Introduction 

Biodiversity loss is one of the most pressing challenges in the 
Anthropocene (Pimm et al., 2014; Ceballos et al., 2015, 2020), and the 
pervasive impacts of habitat loss and overexploitation on species are 
clear (Maxwell et al., 2016). The difficulty of demonstrating progress 

towards achieving biodiversity targets, such as the Aichi Biodiversity 
Targets (Tittensor et al., 2014), implies an urgent need to build intuitive 
indicators based on species abundance and distribution, to support the 
Post-2020 Global Biodiversity Framework (Díaz et al., 2020). Clear 
targets and indicators can help environmental management agencies to 
plan conservation actions and measure their effect on halting 
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biodiversity loss (Gregory et al., 2005; Nicholson et al., 2021). 
Multi-species indicators (MSIs), or composite indicators, combine 

the status of multiple species into a single indicator (Buckland et al., 
2005; Massimino et al., 2015). They have been used to indicate envi
ronmental quality and to raise awareness about the status and trends of 
groups of species (Gregory et al., 2019; Kamp et al., 2021). They can also 
help to reveal causes of change – for example, changes in an indicator for 
a group of species with similar resource requirements may imply that the 
availability of those resources has changed; or may reflect the result of 
survival pressures impacting on that species group. Multi-species in
dicators have been widely used to determine the effectiveness of con
servation actions and to track assemblage trajectory towards 
conservation targets (Gregory et al., 2003; Mace and Baillie, 2007; 
Collen et al., 2009) at global (Pereira and Cooper, 2006), regional 
(Smith and Edwards, 2020), and national (Fraixedas et al., 2015) levels. 
For example, the Red List Index (RLI; Butchart et al., 2004, 2007) has 
been used by many countries to assess the results of their conservation 
policies and actions, and has been the main indicator for Goal 15 of the 
Sustainable Development Goals (United Nations, 2015). 

Citizen science has emerged as a key data source for building MSIs 
and many other biodiversity indicators (Fritz et al., 2019; Fraisl et al., 
2020). In recent years, many authorities, stakeholders, and non- 
governmental organizations (NGOs) have launched citizen science 
projects to collect large volumes of occurrence data (Theobald et al., 
2015). Compared with data collected by national statistical offices or 
professional technical agencies, citizen science can generate very high 
levels of spatial and temporal coverage, and can be conducted and 
updated at high frequency (Lloyd et al., 2020). For example, eBird 
(Sullivan et al., 2014) has accumulated 872 million observations on the 
Global Biodiversity Information Facility (GBIF; https://www.gbif. 
org/dataset/4fa7b334-ce0d-4e88-aaae-2e0c138d049e, accessed on 
September 1st 2021) since its launch in 2002, and has been influential in 
informing conservation decisions around the world (Sullivan et al., 
2017). Danielsen et al. (2014) reported that citizen science could pro
vide the necessary information for 186 indicators embodied in 12 in
ternational environmental agreements, and there is general consensus 
that citizen science is becoming increasingly useful for prioritising and 
realising conservation goals (Mckinley et al., 2017; Bonney, 2021). 

Currently available multi-species indicators are spatially and taxo
nomically biased, with a global review of 254 indicators for birds finding 
only 30 from outside Europe (Fraixedas et al., 2020). Although there are 
at least 13 global indicators, these will often suffer from the same un
derlying biases in the geographical coverage of the constituent data 
(McRae et al., 2017). Although there are many MSIs around the world, 
these biases mean there are substantial gaps in tracking progress toward 
biodiversity conservation goals in many areas of the planet where such 
tracking is particularly crucial, such as Asia (but see SoIB, 2020). 

As a first step toward filling the biodiversity indicator gaps in Asia, 
this study aims to build a set of indicators to facilitate overall monitoring 
of the state of three groups of breeding birds in Taiwan (forest birds, 
farmland birds, and introduced birds), using data from the Taiwan 
Breeding Bird Survey (BBS Taiwan; Ko et al., 2017) between 2011 and 
2019. Further, we used phylogenetic generalised least squares regres
sion models to identify the species characteristics explaining variations 
in rate of population change among species. The species’ characteristics 
include endemism, conservation status, nativeness, body mass, clutch 
size, elevation range, and habitat preference (see Table 1 for more detail 
including information sources). Synthesizing population trajectories in 
recent years and identifying species characteristics will help (i) 
communicate about the status of breeding birds in Taiwan, and (ii) 
suggest where conservation responses might be needed. 

2. Methods 

2.1. Study area 

The study area was Taiwan island (its outlying islands were not 
included), a mountainous sub-tropical island (ca. 36,104 km2) in East 
Asia (23.6978◦ N, 120.9605◦ E). The western one-third is dominated by 
plains and foothills; and the eastern two-thirds is dominated by five 
forest-covered mountain ranges with 286 peaks above 3,000 m above 
sea level. Extreme topographic and climate heterogeneity leads to a 
number of distinct ecosystem types in a relatively small area. The low
land and submontane zones (ca. 500–1,800 m) are covered by sub
tropical evergreen broad-leaved forests and the main montane zone (ca. 
1,800–2,400 m) is covered by deciduous and evergreen broad-leaved 
forests (Li et al., 2013). The upper-montane zone (ca. 2,400–3,600 m) 
is home to coniferous forests (Li et al., 2013). A multitude of micro- 
habitats exist amongst these ecosystems, supporting an array of 
endemic species in multiple taxa. Overall, the landscape of Taiwan is 
dominated by forest (58 %) and farmland (20 %, including rice fields (4 
%), orchards (5 %), vegetable and coarse cereals (4 %), and others (7 %); 
Ministry of the Interior of Taiwan, 2015). The remaining major land 
cover types are water bodies and built-up areas. 

2.2. Bird survey data 

The BBS Taiwan is a nationwide citizen science project that aims to 
monitor breeding bird population status and trends to inform conser
vation management (Fig. 1a; Ko et al., 2017). It was launched in 2011 as 
a partnership between the Endemic Species Research Institute, the 
Institute of Ecology and Evolutionary Biology of National Taiwan Uni
versity and the Taiwan Wild Bird Federation. The BBS Taiwan comprises 
transects of one to two km in length, located according to a random 

Table 1 
The definitions and sources of the seven explanatory variables for phylogenetic generalised least squares regression models.  

Variable Definition Value Unit Hypothesis References 

Endemism endemic species = 1, endemic subspecies 
= 1, others = 0 

1, 0 –- Taiwan’s endemic birds might be more vulnerable to local 
threats because of their weaker dispersal ability. 

Ding et al., 2020 

Conservation 
status 

Critically Endangered, Endangered, & 
Vulnerable = 1; Near Threatened & Least 
Concern = 0 

1, 0 –- Conservation status of Taiwan’s birds may reflect population 
trajectories of a given species. 

Lin et al., 2016 

Nativeness native = 1, Introduced = 0 1, 0 –- Introduced species might grow rapidly and become a potential 
threat in Taiwan. 

Ding et al., 2020 

Body mass mean body mass numeric g Body mass reflects physiological and behavioural responses 
and vulnerability to threats. 

Gregory et al., 2009; Tsai 
et al., 2020 

Clutch size mean clutch size numeric –- Clutch size indicates breeding productivity of a species, and it 
may be affected by threats. 

Klomp, 1970, Tsai et al., 
2020 

Habitat 
preference 

forest = 1, farmland = 0 1, 0 –- Species that prefer different habitats may face differential 
impacts of land use change. 

Tu et al., 2020, Lin et al., 
submitted for publication 

Elevation range elevation range (upper elevation 
boundary – lower elevation boundary) 

numeric m Elevation is a strong correlate of the distribution of Taiwan’s 
breeding birds, and species at higher elevation can be more 
vulnerable to climate change. 

Lee et al., 2004, Ding et al. 
2005, Wang 2019, Tsai et al., 
2020  
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stratified design to mitigate influence of spatial autocorrelation (Ko 
et al., 2017). Taiwan Island was divided into 91 regions, based on 41 
ecoregions (Su, 1992) and three elevation ranges (0–1,000, 
1,001–2,500, 2,501–4,000 m). Grid cells (1 km × 1 km squares) without 
roads or trails in good condition were excluded to ensure ease of 
accessibility by volunteers, and 428 cells were randomly selected from 
the remainder, with the number of selected grid cells being proportional 
to the area of the region in which they occur (Ko et al., 2017). The lo
cations of each transect and sites are fixed. A transect was set in each 
selected grid by the surveyor who first adopted it. Each transect contains 
six to ten survey points spaced at least 200 m apart (see an example in 
Fig. 1b, the transect (black line) comprising seven survey points (pur
ple)). A trained surveyor visited the points along each transect twice 
each year from sunrise to four hours after sunrise on days with mild 
weather during the breeding season (March to June inclusive). The two 
visits were at least four weeks apart. On each visit to a survey point, the 
surveyor conducted a 6-minute stationary point count and recorded all 
the birds detected by sight or sound within a 100 m radius of point. To 
mitigate the variance of detection and identification abilities among 
surveyors, the BBS Taiwan managers launched at least two training 
workshops every year, and assigned at least one experienced surveyor 
for surveying birds with non-experienced volunteers till they can survey 
birds independently (Ko et al., 2017). The number of survey transects 
and surveyors are listed in Table S1. 

2.3. Population trajectories of single species 

Of the 428 transects, 306 were surveyed at least in three years be
tween 2011 and 2019, and we used count data at those sites. The data of 
species that do not breed in Taiwan were discarded (Ding et al., 2020). 
The mean count of observed individuals of each species in each transect 
each year (including two visits) was used to build a site-year matrix for 
estimating population trajectories and building indicators. To deal with 
variation among transects and the influence of extreme counts, we 
adopted the “smoothed hierarchical model” developed by Amano et al. 
(2012) with R (R core team, 2020). It has been shown to provide more 
accurate and precise estimates of species population trends, compared to 
non-hierarchical versions of generalised linear (ter Braak et al., 1994) or 
additive (Fewster et al., 2000) models, especially when there is sub
stantial variation in trends among sites (Amano et al., 2012). 

In this model, a site-year matrix of each species tabulated mean 
counts at N sites over T years. yit represents the mean count of bird 

individuals observed at site i in year t. The site effect for site s and year 
effect for year y are the fundamental information in this model. The 
following two features: (1) the smoothed overall year effect, which is 
correlated among years and (2) the site-specific year effect, make the 
model enable to account for variations in the percentage of change in 
counts among sites when estimating smooth population trajectories. 

We assumed that the overall year effect in year t βt is influenced by 
the overall year effect in the previous two years: 

βt Normal
(
βt− 1 + r(βt− 1 − βt− 2), σ2

i

)
(1) 

where σ2
i is the variance of the smoothed year effect, and r (range 

from 0 to 1) determines the smoothness of the estimated curve. Here the 
overall year effect is modelled as a correlated random walk with 
different degrees of smoothness (larger r values indicate a more 
smoothed change), or as a simple random-walk process with r = 0. In 
this study we assumed r = 1 in order to estimate the smoothed trend of 
each species. The site-specific year effect βit is drawn from a normal 
distribution with mean βt: 

βit Normal
(

βt, σ2
β

)
(2) 

The mean count μit at site i in year t is modelled with the site effect αi 

and the site-specific year effect βit: 

log(μit) = αi + βit. (3) 

where αi is drawn from a normal distribution with mean of 0 and 
variance of σ2

α. The population index It in year t is defined as: 

It = 100 ×
exp(βt)

exp(β1 )
(4) 

where β1 represents the overall year effect in 2011 as the base year. 
A Bayesian approach (Cressie et al., 2019) was used to apply the 

smooth hierarchical model. The model was fitted to the data using the 
Markov chain Monte Carlo method (MCMC) with R package r2jags (Su 
and Yajima, 2009). The MCMCvis package (Youngflesh et al., 2018) was 
used to create trace and density plots of MCMC chains, extract posterior 
chains, and summarise MCMC output for the percentage of change of a 
given species. We set prior distributions of parameters as non- 
informatively as possible. Gamma distributions (mean = 1, variance 
= 100) were applied as prior distributions for the inverses of σ2

i , σ2
β and 

σ2
α. Normal distributions (mean = 0, variance = 1,000) were applied as 

Fig. 1. Map of the major land use types and the bird survey transects in the Taiwan BBS (a) and an example of bird survey points with 100 m buffer zone along an 
individual transect (b). 
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prior distributions for β1 and β2. 
We ran each MCMC algorithm with three chains using different 

initial values for 20,000 iterations with the first 10,000 discarded as 
burn-in and the remainder thinned to one in every-four iterations to save 
storage space. R-hat values (Gelman et al., 2003) were used to check 
model convergence, and trace plots of all the chains for sampling 
(Spiegelhalter et al., 2003). We reported means and 2.5 and 97.5 per
centiles of posterior samples, as posterior medians were essentially 
identical to the means. The rates of change were presented with 2011 as 
the base year (i.e., index = 100 in 2011). We calculated the percentage 
of change for every posterior sample by a simple comparison in It be
tween the base year and year t as: 

Percentage of change = 100 ×
It − I1

I1
(5) 

The median, 2.5 and 97.5 percentiles of the estimated percentage of 
change were presented. If the confidence interval of 2.5 and 97.5 per
centiles included zero, the population trajectory was identified as “non- 
significant change”; if the confidence interval excluded zero, the popu
lation trajectory was identified as “significant change / growth or 
decline” according to the sign of the estimated percentageof changes. 

The model adopted in this study has two limitations. It does not fully 
account for overdispersion in counts and imperfect detection of in
dividuals, which can potentially affect trend estimates (Royle and Dor
azio, 2008; Tirozzi et al., 2022). Thus the results of this study need to be 
interpreted with care and future work should consider incorporating 
both factors into the modelling framework. 

2.4. Building multi-species indicators 

Bird species were first classified into three groups: forest birds, 
farmland birds, and introduced birds, to build three MSIs respectively. 
The nativeness of each species was defined according to the 2020 TWBF 
Checklist of the Birds of Taiwan (Ding et al., 2020), and the habitat 
preferences were identified by a combination approach of empirical data 
analysis (used generalised linear mixed model to examine the associa
tions between bird counts of BBS Taiwan and land use types for each 
same breeding bird species) and expert elicitation (Lin et al., submitted 
for publication). For each group, the population indicators of all species 
were integrated by geometric means to build the MSIs (Buckland et al., 
2005). We took 1,000 random samples from a total of 7,500 MCMC 
posterior samples for each species to estimate 2.5, 97.5 percentiles, 
median, and 95 % confidence intervals of each MSI. The MSIs were 
presented with 2011 as the base year (i.e., index = 100 in 2011). If the 
confidence interval of 2.5 and 97.5 percentiles included zero, the MSI 
was identified as showing a “non-significant change”; if the confidence 
interval excluded zero, the MSI was identified as “significant change / 
growth or decline” according to the sign of the estimates. 

2.5. Phylogenetic comparative analysis 

We investigated the effects of species characteristics on the per
centage change in population indicators, to identify factors explaining 
variations in population changes among species, which are the elements 
of the three MSIs above. We used phylogenetic generalised least squares 
regression models with the R package caper (Orme et al., 2018) to ac
count for phylogenetic autocorrelation (Hillis, 1997, Martins and Han
sen, 1997). The response variable was the median percentage of change 
in each species’ population trajectories between 2011 and 2019. We also 
used the differences between β9 and β1 as the response variable to 
confirm the consistency of analysis. The explanatory variables were 
endemism, conservation status, nativeness, mean body mass, clutch size, 
elevation range, and habitat preference (see Table 1 and Table S3 for 
more detail). All numeric variables were standardised before analysis. 
To assess the influence of multicollinearity among explanatory vari
ables, we used the R package car (Fox and Weisberg 2019) to calculate 

Variance Inflation Factors (VIF) scores. If VIF < 5, this indicates a 
relatively weak effect of collinearities among the explanatory variables 
(Daoud, 2017). 

To deal with uncertainty about the phylogenetic relationship among 
species, we downloaded 1,000 equally plausible, ultrametric trees based 
on the Ericson backbone (Ericson et al., 2006) from the BirdTree website 
(Jetz et al., 2012; https://birdtree.org). We fitted a phylogenetic 
generalised least squares regression model using each of the 1,000 trees 
and derived the mean coefficient estimates and associated standard er
rors for each explanatory variable. We assumed that the residual errors 
were correlated with phylogenetic proximity among species, and a 
Brownian Motion evolution model was used to simulate the error 
structure. To incorporate uncertainties (Villemereuil et al., 2012), for 
each model, we randomly sampled 100 coefficient estimates from a 
normal distribution with the mean of the mean coefficient estimate and 
standard deviation of the associated standard error, and combined them 
across 1,000 trees. From the 100,000 estimates (100 estimates × 1,000 
trees) we then calculated the median, 2.5, and 97.5 percentiles to 
determine the significance level of each explanatory variable. For the 
categorical variables, we assigned binomial values (0, 1) to quantify the 
values (see Table 1). The value zero was the reference and the coefficient 
indicates how the percentage of change (=1) differs from that of the 
reference (=0). For example, in “habitat preference”, the value of forest 
birds is 1 and that of farmland birds is 0, and we set the farmland birds as 
the reference and the coefficient indicates how percentage change of 
forest birds differs from that of farmland birds. If the confidence interval 
of 2.5 and 97.5 percentiles included zero, the estimated coefficients 
were identified as showing non-significance; if the confidence interval 
excluded zero, the estimated coefficients were identified as significant. 

3. Results 

3.1. The percentage of change of each species 

In the BBS Taiwan dataset, volunteer surveyors collected 237,562 
bird records from 306 transects between 2011 and 2019. The percentage 
of change of 100 native resident species and seven introduced species 
between 2011 and 2019 were estimated. The native species comprised 
52 forest species, 20 farmland species, and 28 species that prefer other 
habitats. The population trajectories of each species were presented in 
Supporting Information (Fig. S1-S4, Table S2). Of the 52 forest birds, the 
populations of 44 species (84.62 %) did not show a significant change. 
The populations of six species (11.54 %) significantly grew, and only 
Morrison’s Fulvetta Alcippe morrisonia showed a significant decline 
(Fig. 2; Fig. S1). Of the 20 farmland birds, the populations of 17 species 
(85 %) did not show a significant change. The populations of three 
species, Gray-throated Martin Riparia chinensis, White-rumpled Munia 
Lonchura striata, and Scaly-breasted Munia Lonchura punctulata, signifi
cantly grew (Fig. 2; Fig. S2) while none declined. Of the seven intro
duced birds, the populations of six species (85.71 %) significantly grew, 
and only Oriental Magpie-Robin Copsychus saularis did not show a sig
nificant change (Fig. 2; Fig. S3). Of the 28 species that were neither 
farmland nor forest specialists, the population trajectories of 25 species 
(89.29 %) did not show a significant change. The abundance of House 
Swift Apus nipalensis and Malayan Night-Heron Gorsachius melanolophus 
significantly grew, but that of Taiwan Bamboo-Partridge Bambusicola 
sonorivox significantly declined (Fig. 2; Fig. S4). 

3.2. Multi-species indicators 

The forest bird indicator contained 52 species (Fig. 3a), the farmland 
bird indicator 20 species (Fig. 3b), and the introduced bird indicator 
seven species (Fig. 3c; Fig. S1). All MSIs grew significantly between 2011 
and 2019 (median percentage of change, 2.5th – 97.5th percentiles), 
including forest bird indicator (14.00 %, 4.65 – 24.84 %), farmland bird 
indicator (11.43 %, 0.13 – 24.05 %), and introduced bird indicator 
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(165.48 %, 97.74 – 252.26 %). 

3.3. Effects of species characteristics on population change 

The VIFs of all explanatory variables were lower than five (ende
mism = 1.79; threatened level = 1.27; forest = 3.13; nativeness = 1.24; 
body mass = 1.03; elevation range = 2.65; clutch size = 1.47), indi
cating little effect of collinearity in our model (Fox and Weisberg 2019). 
We found that introduced species (median coefficient for nativeness (2.5 
– 97.5 percentiles): − 73.74 (-106.80 – − 40.67)) and forest species 
(habitat preference: 62.97 (23.98 – 104.50)) showed a significantly 
higher rate of increase in abundance, but the other explanatory variables 
had no significant association (Figs. 4 and 5; Table S4). The median 
adjusted R squared was 0.37 (2.5 – 97.5 percentiles: 0.31 – 0.45). The 
results were essentially the same in the analysis using differences in β 
values as the response variable (Figure S5). 

4. Discussion 

4.1. Trajectories of Taiwan’s breeding birds 

We discovered positive trajectories for the forest and farmland bird 
indicators, suggesting some short-term increase in the fortunes of Tai
wan’s breeding birds between 2011 and 2019. Further, the percentage 
of change of forest birds was significantly higher than that of farmland 
birds (Figs. 4 and 5). The results may reflect Taiwan’s conservation ef
forts and land use polices in forests and farmlands. Stable forest 
coverage in Taiwan might be the cause behind growing forest bird 
numbers, coupled with recent conservation efforts in Taiwan’s forests. 
Forests and farmlands are the two main natural land cover types in 
Taiwan. Forests currently occupy 2,197,090 ha (ca 60.71 %) in Taiwan 
and most are located in the Central Mountain Ranges (Fig. 1a; Forest 
Bureau, 2020). Logging of native forests has been banned in this area 
since 1991, and annual timber extraction volumes are restricted to a 
maximum of 200,000 m3 for all of Taiwan (Forest Bureau, 1997). 

Furthermore, 633,837 ha of Taiwan’s forests are located in some form of 
protected area, improving the conservation status of forest species 
(Forest Bureau, 2020). 

Compared to forests, farmlands in Taiwan are strongly and 
frequently affected by artificial disturbance, so it was more surprising to 
see the positive trajectory in the farmland indicator. Land use compe
tition is intense in the plains and lowlands, with many factories and 
luxury houses being built on farmland in recent years (Chung, 2019), 
and likely to have led to local decreases in farmland birds. However, 
perhaps such land use changes have thus far affected only a small pro
portion of Taiwan’s farmland. Moreover, authorities and local stake
holders have launched a series of environmentally-friendly agriculture 
policies in 2018, such as the promotion of organic agriculture (Sun et al., 
2017), which perhaps have counteracted some of the land use changes to 
a certain extent. There were also efforts to implement the Satoyama 
Initiative (Lin et al., 2020b) in which aims to realise human commu
nities in harmony with nature by sustainable management of human 
working lands. These policies have the potential to improve the quality 
of agricultural habitats and in turn potentially lead to an increase in 
farmland birds. The farmland bird indicator showed overall growth 
between 2011 and 2019 even though a decline was recorded between 
2015 and 2017 (Fig. 3b). This pattern may be difficult to interpret 
without further research, but perhaps it reflects the unstable condition 
of Taiwan’s farmlands (Chen et al., 2019). For example, in recent years 
some farmland has been reclaimed for solar panels under the current 
government’s efforts to expand the use of green energy in Taiwan (Liu, 
2021). Future iterations of the farmland bird indicator will reveal how 
some of the issues play out in the future. 

The dramatic increase of introduced birds suggests that their 
expansion may pose a serious threat to Taiwan’s native taxa. The per
centage of change of introduced birds is much more higher than that of 
native birds (Figs. 4 and 5). The seven species which comprise the 
introduced bird indicator are all popular pets in Taiwan. Common Myna 
Acridotheres tristis, Javan Myna Acridotheres javanicus, and Feral Dove 
Columba livia are highly-abundant invasive species. Of particular 
concern, the expansion of invasive myna species may lead to competi
tion over breeding sites with Taiwan’s own Crested Myna Acridotheres 
cristatellus (Wang, 2013), and the local Eurasian Tree Sparrow Passer 
montanus. It may not be realistic to eradicate the rapidly expanding 
mynas and doves from Taiwan, but some control of population growth 
might mitigate against them expanding their range to Taiwan’s outlying 
islands and to neighboring countries. On the other hand, as in the 
increasing of mynas have been also a result of habitat change (Grarock 
et al., 2014), for example urban expansion, further research to under
stand the driver of introduced species increase will be needed. 

The Oriental Magpie Pica serica was initially introduced by the Im
perial Qing Dynasty in the 18th century (Wang et al., 1720), and its 
recent population growth might simply be part of a short-term dynamic. 
Even though they have been introduced into Taiwan for over 300 years, 
they have only colonised the west, with no stable population in the east 
(Ko et al., 2017). Meanwhile, the Oriental Magpie-robin, White-rumped 
Shama Copsychus malabaricus, Chestnut-tailed Starling Sturnia malabar
ica, and Black-collared Starling Gracupica nigricollis are newly estab
lished species derived from escaped pets. Though their populations have 
expanded to different parts of Taiwan in recent years, there is still 
perhaps a chance to eradicate them. 

In contrast to these increases, two species (Morrison’s Fulvetta and 
Taiwan Bamboo-Partridge), showed significant population declines, and 
four other species (Plumbeous Redstart Phoenicurus fuliginosus, Eurasian 
Tree Sparrow, Vinous-throated Parrotbill Sinosuthora webbiana, and 
Light-vented Bulbul Pycnonotus sinensis) showed marginally significant 
declines (Fig. S1, Table S2). This suggests that while the assemblages are 
not declining wholesale, population trajectories of some individual 
species are cause for substantial concern and further investigation. 

Based on the results of phylogenetic comparative analysis, habitat 
preference and nativeness are the two significant variables which are 

Fig. 2. Summary of the number of species whose populations significant 
decline, significant growth, or non-significant change between 2011 and 2019 
of 100 native breeding bird species inhabiting in farmland, forest, and other 
habitats; and for seven introduced species. 
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associated with the population change rates of breeding birds (Figs. 4 
and 5). In contrast, the species attributes including endemism, conser
vation status, elevation range, clutch size, and body mass have not 
significantly associated with population change rates (Fig. 3). It reveals 

that land use change may be one of the main threats to Taiwan’s native 
birds, rather than other characteristics of life history and distribution 
ranges. 

However, many of the common breeding birds in Taiwan are 

Fig. 3. The trajectories of three multi-species indicators between 2011 and 2019. Grey shading indicates 2.5th and 97.5th percentiles, and the red line shows the 
median. Bar charts show the proportion of species in the indicator that showed significant growth, decline or non-significant change. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Effects of bird species characteristics on the median of percentage of change in abundance for 79 species (52 forest birds, 20 farmland birds, and seven 
introduced). Each box shows the 25th, 50th, and 75th percentiles, and each lower and upper whisker shows the 2.5th and 97.5th percentiles of the standardised 
coefficients of each explanatory variable in phylogenetic generalised least squares models. 
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threatened by illegal hunting and the bird trade, for religious cere
monies, jungle meat, or the pet market (Lin and Pursner, 2020). Indeed, 
the six species that we identify as showing significant or near-significant 
declines are typical examples of such species, although notably they are 
all currently evaluated as nationally Least Concern (Lin et al., 2016). 
This highlights the role of quantitative analysis of citizen science data in 
discovering declines. Hunting birds was common in Taiwan before the 
passage of the Wildlife Conservation Act in 1989, but the number of 
cases has decreased dramatically since its enforcement. However, de
mand for wild birds still exists, with sellers and buyers frequently using 
social media to connect with each other (Ding, 2020). Furthermore, the 
Buddhist practice of merit release has become not just a serious threat to 
wild birds, but an increasing source of introductions of non-native spe
cies (Su et al., 2016). Taiwan Bamboo-Partridge is sometimes listed on 
restaurant menus, and Morrison’s Fulvetta is commonly observed in the 
local pet trade (Severinghaus et al., 2012), suggesting that illegal 
hunting may be threatening these species and others. Further investi
gation could determine whether any of the six declining native species 
should be listed as threatened in Taiwan, and whether strengthened 
control of the illegal bird trade is warranted. 

Other factors are likely at play besides illegal hunting. Survivorship 
and reproduction of the Plumbeous Redstart and Vinous-throated Par
rotbill may be affected by land use change and habitat degradation, and 
intensive riverbank management in Taiwan has become a serious threat 
to riparian wildlife (Tsai et al., 2005). The reproduction and foraging of 
Plumbeous Redstart are highly dependent on riverbanks with high 
structural heterogeneity (Severinghaus et al., 2012), and hardening of 
riverbanks with concrete is likely to severely impact the survival and 
reproduction of the redstarts. More broadly, land use competition is 
intense in Taiwan, especially in the western plains, where solar panel 
expansions are leading to loss of farmlands and grasslands, and perhaps 
causing population decreases in farmland birds such as parrotbills, 
munias, and sparrows. Lastly, intentional poisoning of birds feeding on 
agricultural crops threatens sparrows and other granivores (Hong et al., 
2021). 

4.2. Monitoring Taiwan’s breeding birds 

We have demonstrated the utility of the BBS Taiwan data for con
structing MSIs for forest birds, farmland birds, and introduced birds. 
These could be used to track long term change in, and provide a tool that 

can quickly communicate information on the status of Taiwan’s birds. 
Birds have been shown to be useful indicator taxa for monitoring envi
ronmental conditions with their population trajectories often reflecting 
identifiable environmental changes (Bibbly, 1999, Gregory et al., 2005, 
Pereira and Cooper, 2006). The MSIs we developed in this study could 
serve as a core component of the State of Taiwan’s Birds (Lin and Pursner, 
2020), which is updated biannually and endeavors to track the popu
lation status of bird species, monitor general environmental conditions 
in Taiwan, and assess the effectiveness of conservation policies. 

Our results suggest that systematic citizen science projects are a 
useful component of a national long-term monitoring system. Citizen 
science projects have been the major data collection mechanism for 
understanding population trends for a wide range of species (Issac et al., 
2014), but developing systematic citizen science projects is key for long- 
term monitoring (Bayraktarov et al., 2019). However, in the citizen 
science data, the wide confidence intervals present the uncertainties of 
large among-site variation, site effect, year effect, and the artificial 
factors such as the surveyors’ detection and identification abilities of 
birds (Amano et al., 2012). The effects of those factors were not included 
in our models of this study because the information on such factors 
affecting trends in population counts is often scarce in large-scale, long- 
term surveys. If those factors affecting population counts are specified, 
the effects of them should be modelled explicitly by incorporating 
appropriate covariates or random variables. Species selection and site 
selection are two methodological challenges of designing systematic 
citizen science (Fraixedas et al., 2020). Species selection is the procedure 
for choosing the key elements of MSIs. Several studies suggested that 
quantifying habitat preferences of target species (Larsen et al., 2011, 
Renwick et al., 2012) and selecting wider taxonomic groups for 
designing habitat-based MSIs (Butler et al., 2012, Wade et al., 2014) 
could make the indicators more sensitive and representative. We hope 
the methods used to develop the BBS Taiwan and the national MSIs will 
be widely applicable to launch systematic long-term monitoring projects 
and build MSIs in many other parts of the world. 
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Fig. 5. The percentage of changes in population indicators for (a) farmland and forest species, and (b) introduced and native species. Each box shows the 25th, 50th, 
and 75th percentiles, and each lower and upper whisker show the 2.5th and 97.5th percentiles of the percentage of changes of each species group. Red circles show 
outliers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Data availability 

Data will be made available on request. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ecolind.2022.109839. 
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