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Abstract
Urbanization has been a global phenomenon producing great environmental and ecological challenges including species 
composition shifts in urban areas. To evaluate the interaction networks of the inhabitant metacommunities in urban parks, 
we applied the nestedness analysis using ecological survey data of birds, reptiles, frogs, and butterflies among 16 parks in 
Taipei City of Taiwan and identified critical environmental factors for biodiversity conservation. Results found significant 
nestedness of the metacommunities among these parks, which indicated strong interaction networks and the importance of 
urban parks for sustaining these metacommunities. In addition, various types of land use had different effects on the species  
incidence of birds, reptiles, frogs, and butterflies. It demonstrates that landscape design should consider the taxonomic  
differences in the development of conservation guidelines. Results also showed that the area of parks and the area of woodlot  
in the park were critical elements for the nested structure. Nonetheless, abundant bird generalists were found to be highly 
related to the area of buildings within parks, distance to forests, rivers, and the neighbouring parks. Moreover, exotic species  
were found to affect the interaction networks of native species. However, based on the current information, we cannot confirm 
the actual effects of the exotic species on the native assemblages. Reptiles and frogs appeared to be more easily threatened 
by land development and habitat fragmentation due to their lower vagility. In this regard, we suggest that conservation  
action should focus on preserving green space with large areas and constructing green corridors, creating crucial elements, and  
increasing the vertical complexity in the parks for species with various vagilities. We believe these strategies can help reduce 
the impact of urbanization to retain healthy interactions and connections of metacommunities among habitats for effective 
biodiversity conservation in urban areas.
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Introduction

Urbanization has been known to result in a series of eco-
nomic, social, and environmental changes leading to various 
ecological impacts, and is still undergoing (Fan et al. 2019; 
United Nations 2019). In particular, serious environmental 
deterioration occurs resulting in fragmentation and reducing 
habitat connectivity (Danielle et al. 2011) that further change 
the inhabitant species composition and distribution (Habel 
et al. 2019), and affect species abundance, compositional 
variation, ecological integrity, and biodiversity (Alexandre 

et al. 2008; Danielle et al. 2011). Although some species 
may have adapted to the niches provided by these urban 
environments, or generalized species often quickly occupy 
new niches even in the highly urbanized areas (Čeplová et al. 
2017; Apfelbeck et al. 2020), species with habitat specificity 
or sensitivity to environmental changes suffer serious sur-
vival threats (Dennis and Eales 1997). Nowadays, there is a 
general awareness of the importance of green space for spe-
cies survival and biodiversity conservation (Lepczyk et al. 
2017), so the idea of “wildlife-inclusive urban design” has 
been recently promoted and incorporated into urban plan-
ning that gives much value to the green space like parks and 
yards within the urban areas (Apfelbeck et al. 2020).

To explore the importance of green space to the state 
of ecological communities, the concept of nestedness  
proposed by Darlington (1957) has been used to describe 
the distribution pattern of animals (Pinheiro et al. 2019; 
Tan et al. 2021). The nestedness depicts the mechanism 
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that drives the biogeographical pattern. In addition, green 
space in urban areas is often situated apart, like an ecologi-
cal island. Based on the concept of island biogeography, 
the richness of species is distributed in association with 
the migration and extinction probability determined by the 
size and the isolation level of the correspondent habitats 
(MacArthur and Wilson 2001). The species presented in 
species-poorer islands are often a subset of the species 
composition in species-richer islands (Atmar and Patterson 
1993). Since the early development of the concept of nest-
edness (Darlington 1957), numerous studies have started 
to quantify the nested patterns and structures (Atmar and 
Patterson 1993; Cutler, 1994; Azeria and Kolasa 2008; 
Wang et al. 2010; Pinheiro et al. 2019). The “Weighted 
nestedness based on the overlap and decreasing abundance” 
(WNODA) has been applied as an advanced quantification 
method to detect the nested structure and standardize the 
bias resulting from the size difference of the species com-
position matrix. Specifically, the WNODA calculates the 
predictive gradient of the species composition matrix as 
the nestedness. It considers the inequality and overlap of 
the internal species composition and conservatively pre-
sents the abundance weighted matrix, it resolves the rare 
species influence to examine the habitat-species relation-
ships mimicking the real interactions among the ecological 
systems of metacommunities and their habitats (Pinheiro 
et al. 2019). Although WNODA provides a way to evalu-
ate the habitat-species interactions, suitable for detecting 
the metacommunity interactions in isolated habitats (Atmar 
and Patterson 1993), studies showed that selective extinc-
tion/colonization, habitat nestedness, and passive sam-
pling also determine the level of nestedness (Atmar and 
Patterson 1993; Vázquez et al. 2007; Wang et al. 2010). 
Besides, environmental conditions and landscape design 
are important considerations beyond the nestedness for spe-
cies conservation.

This study aims to explore the importance of urban 
green space for biodiversity conservation and to investi-
gate how different environmental factors affect the species 
composition and connectivity between metacommunities 
in urban areas. In this paper, we apply the WNODA to 
examine the nestedness of metacommunities interaction 
networks among the selected 16 parks in the highly urban-
ized Taipei city of Taiwan. We first test the random place-
ment hypothesis and then apply the nestedness analysis to 
evaluate the temporal changes in the nestedness. Following 
that, we examine the relationship between gradients of 
environmental factors and species incidences from nested-
ness by Spearman’s correlation test (Schouten et al. 2007; 
Ulrich 2009). In the end, we list trade-offs between land 
development and biodiversity conservation and provide 
considerations and suggestions for park design and urban 
planning.

Methods

Study area and data description

Taipei City (24°N, 121.5°E), the capital of Taiwan, is 
located in the riverine basin situated in the subtropical 
monsoon climate zone (Huang 1993). With rapid urbaniza-
tion, Taipei City has undergone a vast land-use change and 
changes are continuing (Jim and Chen 2008; Chang et al. 
2021). Excluding water fields and wetlands, there are 976 
small parks and green spaces with a total area of 1403 ha 
distributed across Taipei City (Parks and Street Lights 
Office 2018).

The ecological surveys, provided by the Taipei City 
Animal Protection Office, have been conducted regularly 
in parks with an area greater than 1 ha for long-term inves-
tigations of birds, reptiles, frogs, butterflies, dragonflies, 
fish, and aquatic invertebrates from 2007 to 2017. In this 
study, we assembled species observation data in 16 parks 
based on the common biogeographic history and the com-
plete species survey over the investigation periods to rep-
resent the nearly 1,000 parks in the city (Fig. 1). These 16 
parks have been selected under the biodiversity monitor-
ing program by the Taipei City Animal Protection Office, 
Taipei City Government since 2006 with a standard eco-
logical survey process (Lee et al. 2016). They account for 
1.6% of the number of parks in Taipei City but comprise 
different kinds of environmental settings that occupy 18% 
of the total area of the parks and green spaces.

To represent the interactions among species and their 
habitats, we conducted the nestedness analysis with species 
that occurred in all the 16 parks with the overlapped period 
from 2008 to 2015. The selected species included meta-
communities of bird, reptile, frog, and butterfly. We sorted 
these species composition data into a species-habitats 
matrix (Atmar and Patterson 1993) using ArcGIS version 
10.5. The species composition data were organized into 
two datasets. One included the exotic and native species, 
and the other included only the native species. We arranged 
the species-habitats matrix with a vertical axis representing 
the species composition of each habitat, and a horizontal 
axis the species incidences in all the habitats (Atmar and 
Patterson 1993; Almeida-Neto and Ulrich 2011) using the 
software of R 4.0.3. After that, we adjusted the abundance 
of each species by the frequency of surveys to produce the 
weighted abundance.

Testing the random placement hypothesis

To examine if passive sampling affects the nestedness 
analysis, we applied the random placement model to test 
the nested pattern in species richness and composition by 
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random sampling from a common species pool (Patterson 
and Atmar 1986; Ulrich et al. 2009). The random place-
ment model assumes that the species are randomly dis-
tributed across the sites, so the incidence of a species is 
proportional to the inhabitant area (González-Oreja et al. 
2012). Therefore, the expected number of species per site 
and the incidence of each species can be derived by the 
following equations (Coleman et al. 1982):

αp = ap∕Σp(ap),

ŝ(α) = S − Σq(1 − α)bq

s2(α) = Σq(1 − α)bq − Σq(1 − α)2bq ,

where ap is the area of the pth site, αp is the proportional 
cover of the pth site to the total area of Σp(ap) , ŝ(α) is the 
expected number of species per site with summing across bq 
individuals of qth species, S is the total number of species, 
and s2(α) is the variance of ŝ(α) to plotting the expected spe-
cies number of each site with confidence interval. To test if 
the species community follows the random placement 
hypothesis, we followed the method developed by González-
Oreja et al. (2012) that replaced S with the number of p sites 
to calculate the expected incidence of each species, and 
summed across the αp of pth site instead of bq individuals. 
Then, by plotting the observed richness per site against αp , 
when more than two-thirds of the observation data follow 
the trends of the expected number of species per site within 
one standard deviation (i.e., the bands of ŝ(α) ± s(α)), then 

Fig. 1  A schematic map showing the land-use types in Taipei City of Taiwan and the location of the selected parks with their names and an 
example of the land-use types within park #16
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we can determine the ecological observation data systemati-
cally obey the random placement hypothesis. In contrast, if 
there are excessive observed data departure from the trends, 
it indicates the observed species community appears a non-
random pattern in species richness and composition 
(González-Oreja et al. 2012).

The nestedness analysis

To perform the nestedness analysis, we constructed a species-
habitat matrix by filling in the weighted abundance in a hier-
archical relationship, that organized the matrix in order by the 
magnitude of the marginal sums of the weighted abundance 
in the rows and columns. As such, parks with higher richness 
and abundance were placed in the upper rows, and species with 
higher incidences to the columns at the left (Ulrich et al. 2009). 
Then, we applied WNODA to examine whether the inhabit-
ant metacommunities of bird, reptile, frog, and butterfly exist 
in nested patterns and the associated gradient change among 
the selected 16 parks in Taipei City. The higher the WNODA, 
the stronger the nested structure (Pinheiro et al. 2019). To 
permit an unbiased comparison of different size communi-
ties, the nested structure of the species-habitat matrix should 
be sorted and standardized (Pinheiro et al. 2019). To make 
WNODA independent of matrix size or shape, we measured 
WNODA by double normalization of the metric of WNODAc 
and WNODAr (Atmar and Patterson 1993; Almeida-Neto and 
Ulrich 2011; Pinheiro et al. 2019):

where WNODAc represents the nestedness for columns, 
WNODAr is the nestedness for rows, m is the number of 
islands placing in rows, n is the number of species placing in 
columns, i is the ith column, and j is the next column of the 
ith. Since column i and column j are paired, kij represents the 
rows with decreasing values. Therefore, WNODAc is calcu-
lated by adding up the declined values of k/n to represent the 
gradient of species incidence. Similarly, WNODAr is calcu-
lated by adding up the declined values of k/m to represent the 
gradient of species composition (Atmar and Patterson 1993; 
Almeida-Neto and Ulrich 2011; Pinheiro et al. 2019). The 
number of “100” was multiplied to standardize WNODAc 
and WNODAr to the range of the nestedness index from 0 

WNODA =
2(WNODAc +WNODAr)

m(m − 1) + n(n − 1)
,

WNODAc = 100
∑n−1

i=1

∑n

j=i+1

kij

nj
,

WNODAr = 100
∑m−1

i=1

∑m

j=i+1

kij

mj

,

to 100, allowing an unbiased comparison of the metacom-
munities with different sizes. Based on the characteristics 
of the original matrix, we produced a null model to perform 
permutation. We applied the Fixed row totals-Equiprobable 
column totals as the null model (i.e., the FE null model, 
Gotelli 2000; Ulrich and Gotelli 2007). It keeps the size 
and marginal sum to retain the characteristics of the original 
matrix, but permutates by randomizing species incidence 
equiprobably to examine the significance level of WNODA 
(Moore and Swihart 2007; Ulrich and Gotelli 2007; Pinheiro 
et al. 2019).

Identification of critical environmental factors

As the nestedness is associated with different probabilities 
of selective immigration and extinction of species (Atmar 
and Patterson 1993; Vázquez et al. 2007), it can be driven 
by the interaction of species composition, abundance, and 
heterogeneous environmental conditions. To identify the 
critical environmental factors, we allocated potential envi-
ronmental factors based on the rationale of island biogeog-
raphy associated with areas and/or distances to the sources 
of species, including factors of the area or boundary ratio of 
parks, road or building density around parks, and distance 
to usable habitats that may affect the survival of species and 
the interaction networks of the metacommunities (Atmar 
and Patterson 1993; MacArthur and Wilson 2001; Platt 
and Lill 2006; Ulrich 2009; Lee et al. 2016). In addition, to 
evaluate the role of landscape design of the parks to sustain 
the biodiversity (Rico-Silva et al. 2021), we considered the 
configuration settings within each park, including landscape 
components, habitat heterogeneity, and green space within 
each park. The Landsat-8 satellite image from the USGS 
Earth Explorer was used to digitalize the chosen environ-
mental factors. Then to select the critical environmental 
factors, as well as avoid factors with high correlations, we 
performed a correlation matrix to exclude factors with a cor-
relation coefficient higher than 0.7 and at a significance level 
of P < 0.05 (Dormann et al. 2013). After that, we examined 
the influence of the surrounding environmental configura-
tion on the interaction networks of the metacommunities 
by Spearman’s correlation test considering the relationship 
between ecological gradients and species incidences from 
nestedness using the following equation (Ulrich 2009):

where rs is the correlation coefficient, ranging from -1 to 
1, v is the order of each object, w is the total number of 
objects, Rxv

 and Ryv
 represent the arrangements of habitats in 

the matrix with the maximum nestedness, and the selected 

rs =

∑w

v=1
(Rxv

− Rx)(Ryv
− Ry)

�

∑w

v=1
(Rxv

− Rx)
2 ∑w

v=1
(Ryv

− Ry)
2
,
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environmental factors of the habitats of Rx in ordered, to 
the rank of x and y of the vth object, respectively. After that, 
we performed a one-thousand-times permutation of Ry and 
applied two-tailed test to check the statistical significance of 
rs on each of the environmental factor (Schouten et al. 2007; 
Wang et al. 2012).

Below we describe the calculation of the potential envi-
ronmental factors considered in this study.

A. Area of different land-use types within each park.
  To estimate the land-use types within each park, 

including woodlot, shrubs, grasslands, water zone, 
roads, and buildings, we downloaded a map from 
Google Maps and performed an in-situ investigation in 
each park to mark the correct land-use types on the map. 
Then we digitalized and quantified the projected areas 
of each land-use type within each park using Arc-GIS 
version 10.5.

B. Habitat heterogeneity.
  We determined the habitat heterogeneity (Harini 

2002) by calculating the patch number of each land-use 
type using the Simpson’s diversity index as (Simpson 
1949):

where D represents Simpson’s diversity index, ui is the 
number of patches of ith land-use type, and U is the total 
number of the land-use types.

C. Identification of green space within each park.
  To identify the green space within each park, we 

applied two indices to represent the intensity of live 
green vegetation, including (1) proportion of green 
space, and (2) average normalized difference vegeta-
tion index (NDVI) within green space. To systemati-
cally calculate the two indices, we gathered the satellite 
images of Taipei City from Landsat-8 from 2013 to 2015 
and performed a geometric correction. We only used the 
satellite images without clouds to reduce the effects of 
clouds and the derived errors. The NDVI can be calcu-
lated as (Rouse et al. 1974):

where NIR is the far-red light spectrum value, and RED 
is the red-light spectrum value.

  Based on the calculated NDVI, the “proportion of 
green space” was determined as to where NDVI > 0 
within each park, and “average NDVI within green 
space” can therefore be examined within the chosen 
green space.

D. Area and boundary ratio of parks.

D = 1 −

∑i

1
ui(ui − 1)

U(U − 1)
,

NDVI =
NIR − RED

NIR + RED
,

  We estimated the area of parks using ArcGIS version 
10.5. To represent the possible edge effects, we calcu-
lated the boundary ratio of parks as the perimeter of the 
park divided by the area.

E. Road and building density around parks.
  Building and road density around parks were deter-

mined separately as the proportion of area occupied by 
buildings or roads within a buffer of 100 m around each 
park (Rico-Silva et al. 2021).

F. Distance to usable habitats. To examine the ecological 
connection between usable habitats, like green spaces 
and aquatic environments, we calculated the shortest dis-
tance from each park to the nearest habitats, including 
forests, rivers, and the neighbouring parks. In this study, 
forests were defined as an area occupied by trees larger 
than 5 hectares.

Results

Overview of the composition of the metacommunity

We reviewed the selected biological metacommunities of 
bird, reptile, frog, and butterfly, and organized the obser-
vation data into native versus exotic species. Based on the 
observation records, there were 10 exotic and 77 native 
bird species. The exotic bird species included Muscovy 
Duck (Cairina moschata (Established Feral)), Rock Pigeon 
(Columba livia), Oriental Magpie (Pica serica), Mallards 
(Anas platyrhynchos (Domestic type)), Asian Glossy Star-
ling (Aplonis panayensis), Oriental Magpie-Robin (Copsy-
chus saularis), Common Myna (Acridotheres tristis), Javan 
Myna (Acridotheres javanicus), Black-collared Starling 
(Gracupica nigricollis), and Parakeet (Conuropsis carolin-
ensis). In the observed 77 native bird species, Eurasian Tree 
Sparrow (Passer montanus) was found to be the dominant 
species in the selected 16 parks.

The observed metacommunity of reptiles included 5 
exotic and 10 native species, which the exotic species were 
Red-eared Slider (Trachemys scripta elegans), Cuban Slider 
(Trachemys decussata), Map Turtle (Graptemys sp.), River 
Cooter (Pseudemys concinna), and Common House Gecko 
(Hemidactylus frenatus), whereas Swinhoe's Japalure (Dip-
loderma swinhonis) was the dominant native species in the 
selected 16 parks.

The observed composition of the metacommunity of frog 
was found to include 2 exotic and 13 native species. The 
exotic frog species were American Bullfrog (Lithobates 
catesbeianus) and Brown Tree Frog (Polypedates mega-
cephalus); while the native species were mainly composed 
of Asian Common Toads (Duttaphrynus melanostictus) in 
the selected 16 parks. In terms of the metacommunity of 
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butterflies, all of the 71 recorded species were native spe-
cies, and Pieris canidia was the dominant native species in 
the selected 16 parks.

By testing the random placement hypothesis, we found 
that the observed number of species per site did not follow 
the expected trend of the random placement model (Fig. 2a). 
For instance, birds happened to have only one observed 
species within the band of the expectation, which accounts 
for only 6.2% of the total observed number of species per 
site. For butterflies, there were four observed species, about 
25%, falling into the band. Reptiles and frogs both had six 
observed species per site in the band, accounting for about 
40% and 37.5%, respectively (Fig. 2a). Nonetheless, the 
majority of the observed incidents per species followed the 
expected trend (Fig. 2b). The divergence of the observed 
incidents per species from the random placement model was 

13 (17%) for birds, 3 (4%) for butterflies, 4 (25%) for rep-
tiles, and 3 (27%) for frogs (Fig. 2b).

The nestedness structure among metacommunities 
and parks

Excluding the exotic species in the composition data, 
results showed that all the metacommunities of native 
species had significant nestedness among these 16 parks 
in Taipei (Table  1 and Fig.  3). Reptiles appeared the 
strongest nestedness (WNODA = 60.93, P < 0.001), fol-
lowed by frogs (WNODA = 51.12, P = 0.017) and birds 
(WNODA = 48.17, P < 0.001), and butterflies the weakest 
(WNODA = 28.91, P < 0.001). However, when including 
the exotic species in the analysis, the nestedness of all the 
biological groups slightly declined (Table 1 and Fig. 3). 
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Fig. 2  Comparison of the observed data to the expected trend from the 
random placement model for testing the random placement hypothesis 
on the metacommunities of birds, butterflies, reptiles, and frogs. (a) 
The black solid line represents the expected number of species per site 

and the grey band discloses the range of ± 1 standard deviation (grey 
band), and (b) the black solid line represents the expected count per 
species and the grey band discloses the range of ± 1 standard deviation
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Based on the temporal trend of WNODA, we found that 
the WNODA of frogs and reptiles was usually higher than 
that of birds and butterflies (Fig. 4). Nonetheless, we tested 
the trend using the method of ordinary least squares and 
found none of the taxon’s temporal trends in nestedness 
reached a significant level of P < 0.05. The correspondent 
P-value of the temporal trend of nestedness on birds, but-
terflies, reptiles, and frogs was 0.258, 0.323, 0.393, and 
0.471, respectively.

Identification of critical environmental 
by Spearman’s correlation test

According to the correlation matrix, we excluded some 
of the highly correlated environmental factors, including 
the area of grass, roads, and buildings, boundary ratio of 
parks, and road density around parks (Fig. S1). Analysis 
results from the Spearman’s correlation test found that the 
land-use types within parks showed a different level of 

Table 1  The calculated WNODA using the species composition data 
of the metacommunities of birds, reptiles, frogs, and butterflies dur-
ing the years 2008 to 2015. The expected WNODA, standard devia-
tion (SD), and the significance level (P-value) were derived from 

1000-times permutation. Note that the recorded butterfly metacom-
munity was composed of native species only, so we cannot calculate 
the WNODA for including the exotic butterfly species

Category Native species only Exotic species included Permutation

WNODA P-value WNODA P-value Expected 
WNODA

SD

Bird 48.17 P < 0.001 47.52 P < 0.001 0.90 0.43
Reptile 60.93 P < 0.001 55.88 P < 0.001 8.04 1.58
Frog 51.12 P = 0.022 46.22 P < 0.001 20.82 2.72
Butterfly 28.91 P < 0.001 – – 9.85 1.75

Fig. 3  Nestedness plot of the 16 parks with only the native species of (a) birds, (b) butterflies, (c) reptiles, and (d) frogs
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influence, and the habitat heterogeneity showed lower and 
non-significant correlations on the nestedness of the meta-
communities (Table 2). In particular, we found a signifi-
cant positive correlation between certain land-use types 
and the incidence of native species of birds, reptiles, and 
butterflies. For example, the correlation coefficients of the 
“area of woodlot in the park” to native birds, reptiles, and 
butterflies were 0.52, 0.78, and 0.70, respectively. Yet, the 
correlation coefficient of frogs to the “area of woodlot in 
the park” was at a lower value (0.27), and not significant. 
In addition, we also found that shrub is a critical land-use 
type for birds and butterflies, with a higher positive cor-
relation coefficient of 0.67 for native birds at a significance 

level of P < 0.01, and for native butterflies with a correla-
tion coefficient of 0.58 at P < 0.05. Furthermore, results 
found significant correlations of birds and butterflies to 
the area of parks with a correlation coefficient of 0.54 and 
0.47, respectively. Besides, the species incidence of birds 
was found to be most affected by distance to rivers with 
a positive correlation coefficient of 0.77 at a significance 
level of P < 0.01. In contrast, the distance to the neigh-
bouring parks appeared a negative correlation of -0.56 at 
a significance level of P < 0.05 to the species incidence of 
birds (Table 2).

More importantly, we found different analysis results 
of the exotic species on the interaction networks of native 
species. It seemed that the species incidence gradient of 
exotic species was more random than that of native spe-
cies. For example, when including the exotic species in 
the analysis, the significance level of the correlation of 
birds to the “area of woodlot in the park” turned from sig-
nificant to non-significant. An interesting result was found 
that with the exotic species, the correlation of the build-
ing density around parks to birds decreased from -0.41 to 
-0.34, and the significance level dropped from P < 0.1 to 
insignificance. Similarly, the area of parks was found to be 
a significant factor whether we included the exotic reptile 
species. However, “average NDVI within green space” was 
the factor that changed the correlation from 0.63 (P < 0.01) 
to 0.41 (P < 0.1) when the exotic species were included 
(Table 2).
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Fig. 4  The temporal change of WNODA on the metacommunities of 
birds, butterflies, reptiles, and frogs

Table 2  The correlation among weighted abundance of the metacom-
munities of birds, reptiles, frogs, and butterflies to the selected environ-
mental factors from the Spearman’s correlation test, with “N” indicating 
the results with “native species only”, and “NE” indicating those with 

“native plus exotic species”. In the table, * represents the significance 
level of P < 0.1, ** for P < 0.05, and *** for P < 0.01. Note that because 
the records of the butterfly metacommunity were composed of native 
species only, results of “NE” were not available

Metacommunity
Environmental factors

Bird Reptile Frog Butterfly

N NE N NE N NE N

Land-use types within parks
  (1) Area of woodlot

0.52** 0.33 0.78*** 0.87*** 0.27 0.27 0.70***

    (2) Area of shrubs 0.67*** 0.78*** 0.02 0.26 0.05 0.04 0.58**

    (3) Area of water zone -0.03 -0.13 0.30 0.07 0.16 0.15 -0.06
Habitat heterogeneity 0.09 0.07 0.25 0.10 0.28 0.29 0.26
Identification of green space within each park
    (1) Proportion of green space -0.06 -0.15 -0.06 0.06 0.06 0.06 0.09
    (2) Average NDVI within green space -0.11 -0.25 0.63*** 0.41* 0.38 0.39 0.23
Area of parks 0.54** 0.54** 0.26 0.42* -0.09 -0.11 0.47*

Building density around parks -0.41* -0.34 -0.12 -0.28 0.03 0.04 -0.4
Distance to usable habitats
    (1) Distance to forests 0.51* 0.48* -0.06 0.29 0.02 0.02 0.04
    (2) Distance to rivers 0.77*** 0.75*** 0.21 0.41 0.22 0.22 0.31
    (3) Distance to neighbouring parks -0.56** -0.52** 0.09 -0.15 -0.11 -0.10 -0.35
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Discussion and conclusion

To examine the interaction networks of metacommunities 
of birds, reptiles, frogs, and butterflies among the parks in 
urban areas, we applied the nestedness analysis of WNODA 
to measure and observe the community patterns in habitats 
facing fragmentation or isolation conditions (Atmar and 
Patterson 1993). Results showed significant nestedness of 
all the metacommunities among these parks, implying the 
importance of parks in the urban ecosystems as “island-like” 
habitats governing the assemblage networks and ecological 
community interactions. Given the selective colonization 
and extinction pressure caused by the respective environ-
mental properties of each habitat, the assemblage networks 
are prone to develop a nested structure with unequal biogeo-
graphical patterns of the species distribution and abundance 
(Atmar and Patterson 1993; MacArthur and Wilson 2001; 
Vázquez et al. 2007; Wang et al. 2010). As a result, when 
the system of these ecological islands becomes stable, the 
ubiquity of nestedness shows (Thebault and Fontaine 2010).

We tested the random placement hypothesis of the meta-
communities of birds, reptiles, frogs, and butterflies, and 
found that the observed species number of birds and but-
terflies did not obey the expected trend (Fig. 2a), showing 
the species composition had a nested pattern rather than ran-
domness (González-Oreja et al. 2012). Nonetheless, most of 
the species sequences followed the expected trends of the 
random placement model (Fig. 2b), implying the nested pat-
tern might be caused by passive sampling from a common 
species pool (Patterson and Atmar 1986; Ulrich et al. 2009). 
However, habitat conditions and sample size of the species 
could influence the nested pattern. More work is still needed 
before a definite conclusion can be reached about this point.

Based on WNODA with native species only, reptiles 
and frogs showed stronger nested structures than birds and 
butterflies. This may indicate a greater influence of habitat 
fragmentation on the biological groups with lower vagility 
being more restricted in their movements (Habel et al. 2019), 
affecting the species distribution that further shapes the 
nested pattern (Wang et al. 2010). It also demonstrates the 
necessity of the conservation strategy of green spaces during 
land development for those being threatened or struggling to 
survive, such as the lower vagility biological groups, in the 
highly fragmented urban environments. However, none of 
the temporal changes of the four metacommunities’ nested-
ness showed significant upward trends (Fig. 4), which may 
be obfuscated by the species distribution affected by season-
ality (De la Hera 2019). To strengthen our understanding 
of the temporal nestedness patterns to the metacommunity 
composition and the important features of parks, continued 
species survey and habitat monitoring in different seasons 
across long-term time scales is required.

When we included both the native and the exotic species 
in the WNODA calculation, results appeared as declined 
nestedness of all the four selected metacommunities show-
ing a more disordered interaction network of the associated 
assemblages among these parks. The declined nestedness 
implied that the distribution of the exotic species was more 
random than the native species (Atmar and Patterson 1993). 
In addition, the niches of the exotic species might be more 
general than those inhabitant native species to adapt to the 
urban environments (Čeplová et al. 2017), which might 
threaten the survival of the native species due to competitive 
disadvantages (Gaertner et al. 2016). As such, controlling 
or removing the exotic species is commonly suggested to 
prevent the territory development for native species con-
servation (Gaertner et al. 2016). However, it is difficult to 
partition the effects of exotic species on the native ones, 
because of the confounding effects caused by interspecific 
competition, predation, and many other complex interac-
tions (González-Oreja et al. 2018). Therefore, although in 
our analysis we found that the interaction network of exotic 
species was more random than that of native species, we 
cannot confirm the actual impacts of the exotic species on 
the native assemblages.

Given the importance of parks in sustaining the interaction 
networks among different metacommunities, we cooperated 
the Spearman’s correlation test to explore the critical envi-
ronmental factors and crucial elements in the parks for land-
scape improvement suggestions (Ulrich et al. 2009). Results 
found that various types of land use had different effects on 
the species incidence of birds, reptiles, frogs, and butterflies, 
demonstrating that the landscape design should consider the 
taxonomic differences in the development of conservation 
guidelines. The correlation reflected different importance 
levels of landscape settings in promoting species incidence 
(Fleishman et al. 2002), due to the different resource require-
ments that formed the community structure. For example, 
the vegetation was found to affect the incidence of butterflies 
more than that of birds, because the behaviors of butterflies 
on the pollination, reproduction, and foraging are all directly 
associated with plants (Fleishman et al. 2002). Consequently, 
increasing the number of native nectariferous plants in the 
parks may be an effective way to promote the conservation of 
butterflies (Oliveira and Scheffers, 2019). Although less cor-
related than butterflies, vegetation also helps shape a habitat 
environment for birds on food availability and noise reduction 
to avoid human disturbances (González-Oreja et al. 2012).

Besides, areas of trees and shrubs within parks were 
found to be positively correlated with the species inci-
dence of native species of birds, reptiles, and butterflies. 
This reveals that the design of a multi-layered environment 
could potentially benefit biodiversity conservation by pro-
viding diverse habitats for different species, enhancing the 
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robustness of the ecological interaction networks (Oliveira 
and Scheffers 2019). The species incidence of native rep-
tiles was found in parks where there were a high variety of 
vegetation resources offering hiding and inhabiting places 
(Wang et al. 2010). Therefore, promoting the conservation 
of native reptiles requires abundant trees and shrubs. Sur-
prisingly, habitat heterogeneity, as a transformed index, did 
not show significant correlations to birds, reptiles, frogs, 
and butterflies. We suspect the reason may be from the 
relatively small scale of the parks in Taipei causing the 
habitat heterogeneity relatively minor in comparison with 
other environmental factors (Schouten et al. 2007; Rico-
Silva et al. 2021). This highlights the irreplaceable role of 
the in-situ measurements or observations in understanding 
reality. It also warns against the use of the transformed 
index as a supplementary and/or a more comprehensive 
addition.

In addition to the configuration of parks, the area of and 
distance to usable habitats, and sources of species are impor-
tant factors affecting the nestedness (Atmar and Patterson 
1993; MacArthur and Wilson 2001). On the landscape scale, 
“area of parks” exhibited a positive correlation with the spe-
cies incidence of birds and butterflies significantly. According 
to the correlation matrix, we observed a negative correlation 
of “area of parks” to the boundary ratio of parks, and road or 
building density around parks (Fig. S1). It demonstrates that a 
larger park with a lower boundary and less isolation may help 
reduce the edge effects to benefit the incidence of birds and 
butterflies. Larger areas also help avoid interference to reduce 
the effects of human disturbances. This is observed in birds’ 
occurrence or habitat preference that when humans disturb 
them while foraging, singing, or doing other activities, they 
tend to hide and/or leave (González-Oreja et al. 2012). The 
preservation of large green spaces can help provide various 
niches to accommodate different species and offer a relatively 
low disturbance space in urban areas for species to survive 
(Lee et al. 2016; Čeplová et al. 2017). Therefore, it is impor-
tant to maintain a minimum area of suitable patches during 
the development (Atmar & Patterson, 1993; González-Oreja 
et al. 2012).

Moreover, our results found that the species incidence of 
birds was negatively correlated with distance to the neigh-
bouring parks, and positively correlated to distance to the 
nearest forests and rivers. It indicates the importance of habi-
tat accessibility for birds to stabilize the interaction networks 
and increase the re-colonization rates of native species. Loss 
of connection could potentially impact the networks and 
resilience of metacommunities and increase the probability 
of extinction (Alexandre et al. 2008). Actions can be done 
to uphold the decreasing biodiversity of birds in the highly 
urbanized environment (Alexandre et al. 2008), including 
developing green corridors between habitats, improving 
connections between parks and natural areas (Simberloff 

and Cox 1987), increasing natural designs, planting native 
nectars and fruits (Akif et al. 2020), and preserving exist-
ing green space. Interestingly, the incidence of birds, either 
native or exotic, was found to remain a positive correlation 
with distance to the nearest forests and rivers significantly. 
This situation did not follow the expectation about the 
habitat accessibility in the island biogeography (Atmar and 
Patterson 1993; MacArthur and Wilson 2001) that may be 
caused by the habits of the generalist species accounting for 
the majority of total weighted abundance, such as Eurasian 
Tree Sparrow (Passer montanus) accounted for 33.7% to 
affect the arrangements of the abundance. Since the ecologi-
cal requirements for the generalists of birds, often the omniv-
orous, granivorous, or cavity-nesting birds, are more easily 
fulfilled in urban areas (Simberloff and Cox 1987), it may 
represent the indirect impact of urbanization on the rich-
ness of native birds with narrow niches (Chace and Walsh 
2006). It also implies the revealed community interactions 
may be an outcome of species selection, and similarly, the 
abundance-weighted index is influenced by the incidence of 
common species.

When including the exotic species, we observed that the 
significance level of some correlations shifted. In terms 
of land-use types within each park, the factor of the “area 
of woodlot in the park” turned into non-significant, while 
the “area of shrubs” holds its positive and significant cor-
relation. Besides, with the inclusion of the exotic bird spe-
cies, the “density of buildings around the parks” became 
less negative and not significantly related, reflecting the 
species-specific adaptability of the exotic birds in the urban 
areas and their utilization of the roads and buildings. If the 
thrived population of exotic bird species outcompetes the 
native bird species, it may cause the loss of biodiversity 
(Chace and Walsh 2006). Similarly, the species incidence 
of native reptiles was found to be significantly correlated 
to “area of woodlot in the park” and “average NDVI within 
each park”, expressing the need for native reptiles, such as 
Swinhoe's Japalure and Hekou's Gecko (Gekko hokouensis), 
for high-quality green vegetation and large trees. However, 
when the exotic reptile species were included in the analysis, 
the correlation coefficient between species incidence and 
“area of parks” became higher and the correlation to “aver-
age NDVI within each park” decreased. These changes may 
be caused by the dominant exotic species of red-eared slid-
ers, an aquatic species that have often been abandoned in 
large parks and have been found to establish their population 
there (Zhang et al. 2020). In this regard, these results rein-
force the need to control the introduction of exotic species 
for native species protection.

In conclusion, metacommunities of birds, reptiles, frogs, 
and butterflies showed significant nestedness among the 16 
parks in Taipei, indicating strong interaction networks of the 
metacommunities among these habitats (Atmar and Patterson 

1848 Urban Ecosystems (2022) 25:1839–1850



1 3

1993). The existence of parks plays a vital role in sustain-
ing these metacommunities (Almeida and Ulrich 2011). In 
addition, land development may affect the biological groups 
with lower vagility more seriously, such that in our analysis 
reptiles and frogs were found to be more easily threatened 
by habitat fragmentation (Habel et al. 2019). To reduce the 
impact of urbanization, and help retain healthy interactions 
and connections of metacommunities among the habitats, 
we suggest conserving green space with large areas and con-
structing green corridors (Alexandre et al. 2008). In the parks, 
the landscape settings affect the species’ incidence differently. 
The landscape design should consider the taxonomic differ-
ences in the development of conservation guidelines. For 
birds, butterflies, and reptiles, it is recommended to increase 
the area of shrubs and trees, and plant native nectariferous 
vegetation. For various species with different vagilities, we 
suggest increasing the vertical complexity of multi-layered 
trees to enhance their survival (Oliveira and Scheffers 2019). 
We believe that these strategies are essential to constructing 
wildlife-inclusive cities and conserving the community ecol-
ogy in urban areas.
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