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Abstract
Urban green spaces provide important habitats for insects, but their value for biodiversity conservation depends on both local habitat characteristics and
spatial configuration. Acoustically active Orthoptera, including crickets and katydids, are widely distributed in urban environments and can be efficiently
surveyed through their species-specific calling songs. However, how patch area and spatial position jointly influence their distribution in urban green
spaces remains poorly understood. We surveyed acoustically active Orthoptera across 126 urban green space sites in Kyoto, Japan, and examined how
species richness was related to green space type, patch area, and network distance from the Katsura River riverbed, a major riparian habitat. Species were
identified primarily by acoustic characteristics during nocturnal surveys, and patch area was quantified using GIS. A total of 18 species were recorded.
Species richness varied among green space types and was higher in larger patches such as riverine habitats, parks, and corporate green spaces.
Generalized linear models showed that patch area had a positive association with species richness. The negative relationship between species richness
and distance from the riverbed became weaker after accounting for patch area, suggesting that patch size partly explained the apparent spatial gradient
in species richness. These results indicate that patch area is a key factor shaping the distribution of acoustically active Orthoptera in urban green spaces.
While spatial position relative to large riverine habitats may also influence species occurrence, the findings highlight the importance of conserving and
managing sufficiently large vegetated patches within urban landscapes. Acoustic surveys of Orthoptera may provide a practical approach for monitoring
insect diversity in urban green spaces.

1. Introduction
Urban expansion frequently leads to fragmentation and isolation of green spaces within cities. Such landscape fragmentation reduces habitat availability
and disrupts ecological processes that support biodiversity in urban ecosystems (Haila 2002; Wei et al. 2018). As a consequence, maintaining
connectivity among urban green spaces has become an important objective in urban biodiversity conservation and sustainable city planning (Parker et al.
2008; Dai et al. 2021). Networks of interconnected green spaces are often referred to as urban ecological networks and are considered a key component
of urban green infrastructure (Jongman & Pungetti 2004; Mell et al. 2017).

Urban ecological networks are commonly evaluated using spatial analyses of green space configuration derived from land-use maps or remote sensing
data. Various spatial indices have been developed to quantify structural connectivity among green spaces, including distance-based metrics and graph-
based network analyses (Yeo et al. 2024). However, structural connectivity derived from spatial data does not necessarily reflect how organisms actually
use urban landscapes. Therefore, evaluating connectivity from the perspective of species distribution is essential for understanding the ecological
functioning of urban green spaces.

Biological indicators provide a practical approach for assessing habitat conditions and ecosystem changes. Biological indicators are species or
assemblages that reflect environmental conditions and ecological processes in an ecosystem (Chowdhury et al. 2023). Among potential indicator taxa,
insects are particularly useful because they are abundant, respond rapidly to environmental changes, and can be surveyed efficiently (Kremen et al. 1993;
Schowalter et al. 2003). Due to their sensitivity to habitat structure and land-use intensity, insect communities have been widely used to evaluate
ecosystem health and environmental change (Mahanta et al. 2023).

Orthoptera (grasshoppers, crickets, and katydids) are known to respond strongly to vegetation structure and habitat management, and their community
composition has been used as an indicator of habitat quality in various ecosystems (Ramola et al. 2024). In particular, many orthopteran species depend
on herbaceous vegetation and are sensitive to mowing, land-use intensity, and vegetation structure. These characteristics make them potentially useful
organisms for evaluating the ecological conditions of urban green spaces.

Within orthoptera, acoustically active species—here referred to as sounding orthoptera—may offer additional advantages as biological indicators. Many
orthopteran species produce species-specific calling songs that allow reliable identification without capture. Acoustic surveys can therefore enable
efficient monitoring of orthopteran communities across relatively large areas. In addition, sounding orthoptera are familiar insects in Japan and hold
cultural significance, making them particularly suitable for environmental education and public engagement (Kano 2011).

Despite these advantages, the spatial distribution of sounding orthoptera in urban green spaces and their potential usefulness as indicators of spatial
connectivity remain poorly understood. Most previous studies on urban ecological networks have relied primarily on spatial analyses of land cover rather
than on biological data. As a result, the relationship between urban green space configuration and the distribution of insect communities remains
insufficiently explored.

To address this knowledge gap, this study investigates the spatial distribution of sounding orthoptera in urban green spaces within a typical urban
landscape in Kyoto, Japan. Specifically, this study addresses the following research questions:

1. How does species richness of sounding orthoptera vary among different types of urban green spaces?

2. How does spatial proximity to a potential source habitat influence species richness?

3. Can spatial patterns in sounding orthoptera distribution provide useful information for understanding connectivity among urban green spaces?

By examining these questions, this study aims to clarify the spatial patterns of sounding orthoptera in urban landscapes and explore their potential as
biological indicators for evaluating habitat conditions and spatial connectivity in urban green spaces.
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2. Methods

2.1. Study Area
The study area covering approximately 110 ha was defined as the urban region comprising Umezu, Ukyo Ward, and Kyoto City in Kyoto Prefecture, Japan
(135°42'21"E 35°0'7"N; Fig. 1). Kyoto has a humid subtropical climate with a mean annual temperature of approximately 16°C and annual precipitation of
about 1,500 mm. The study area is located in a densely populated urban district with a population density of approximately 11,668 people per square
kilometer. The landscape includes a mosaic of residential areas, corporate premises, parks, schools, temples, agricultural land, and the Katsura River
riverbed. The Katsura River riverbed contains extensive grassland habitats and is known to support high diversity of sounding orthoptera species, making
it a potential source habitat for surrounding urban areas.

2.2. Survey of Sounding Orthoptera
The survey targeted sounding orthoptera species that are primarily active during autumn nights. Field surveys were conducted in September 2025 during
the peak calling season. Three types of survey zones were defined based on land use and accessibility (Fig. 1):

a) corporate grounds
b) urban areas
c) river zones
Survey methods differed slightly among these zones due to access constraints.

In corporate grounds, surveys were conducted after obtaining permission from the companies. Green spaces within the premises were walked while
listening for insect calls. Surveys were conducted on September 2 and 3, 2025. In urban areas, surveys were conducted by walking along roads within the
study area (Fig. 1). When insect calls were heard, the location of the green space was recorded using a handheld GNSS device (Garmin GPSMAP 66i).
Surveys were conducted on September 8, 18, and 24, 2025. River zones were divided into riverbed and riverbank habitats. Surveys were conducted by
walking these areas on September 19, 2025.

All surveys were conducted within two hours after sunset when acoustic activity of orthoptera is high. The walking speed was kept relatively constant to
standardize detection effort. Species were identified primarily based on acoustic characteristics using standard references. All surveys were conducted
by the same observer with extensive experience in identifying orthopteran sounds in the field.

2.3. Classification of Green Spaces
To classify green spaces containing sounding orthoptera, an orthomosaic image (4 cm/pixel) was created from images captured by an unmanned aerial
vehicle (DJI Mavic 3T) on September 26, 2025. The locations where sounding orthoptera were identified were imported into GIS, visually corrected, and
point data was created. This point data was overlaid with orthomosaic imagery, and the green spaces where sounding orthoptera were present were
classified into 11 categories (Fig. 2). Classification considered the importance of green space management entities regarding planning of quality
improvements or creation of ecological networks.

2.4. Data Analysis
Species richness among green space types was compared based on the number of sounding orthoptera identified at each survey site. Species counts
were calculated using presence/absence data at each site. Differences in species richness between green space types were visualized using box plots.

Indicator species analysis was conducted to evaluate the relationship between sounding orthoptera and green space types. Indicator species analysis
can extract ecologically meaningful indicators (indicator species) for any type of classification (Dufrnc and Lcgendrc l997). The analysis used the IndVal.g
method (group equalized indicator values), implemented via the multipatt function in the R package indicspecies. First, fidelity and specificity were
calculated. Fidelity is defined as the occurrence rate of a species at survey sites within the same green space type, while specificity is defined as the
proportion of occurrence sites within a green space type relative to the total number of occurrence sites (Dufrnc and Lcgendrc l997). The index value was
calculated as the product of specificity and fidelity (IndVal = A × B) (Dufrnc and Lcgendrc l997). The statistical significance of indicator values was
assessed using a permutation test with 999 permutations. However analysis was not limited to statistically significant indicator species; specificity,
fidelity, and index values were calculated for all species.

Spatial connectivity between sites was evaluated using network distances constructed from geographic coordinates. Pairwise geographic distances (m)
were calculated from the latitude and longitude of survey sites, and a k-nearest neighbor network (k = 6) was constructed to ensure connectivity between
sites. Two sites on the Katsura River riverbed were treated as source sites. For each survey site, the minimum distance from the two source sites was
used as the network distance to the source site. To quantify the relationship between spatial proximity and species richness, a negative binomial
generalized linear model was fitted with species richness as a function of the base network distance from source sites. Deviation residuals from a model
were calculated to represent variation in species richness not explained by distance alone. Residuals were compared between green space types using
box plots. Statistical differences in residuals between green space types were verified using the Kruskal-Wallis test, with post-hoc tests performed using
Dunn's multiple comparison method with Benjamin-Hochberg correction.

3. Results
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3.1. Species composition and distribution
Eighteen species of sounding orthoptera were identified. The species observed at the most sites was Ornebius kanetataki, while the species identified in
the most green space type was Velarifictorus micado (Table 1). Of the 18 species, two— O. kanetataki and Truljalia hibinonis —are arboreal, while the others
are grassland species. The 128 green space sites where sounding orthoptera were identified were classified into 11 types (Fig. 3).

The number of sounding orthoptera identified at each survey site varied by green space type (Figs. 4 and 5). Riverbed had the highest number of identified
species at 13. While riverbed, riverbank, parks, and corporation included sites with high species richness, other green space types showed low medians
and limited variation. In addition to differences in median species richness between green space types, the variation in species richness between sites
within the same green space type also differed across green space types. While differences in survey area at each sites likely influenced species richness,
this study prioritized the managing entity of the green space and therefore did not adjust for area.

3.2. Indicator species analysis
Analysis of specificity and fidelity revealed the indicator characteristics of sounding orthoptera within each green space type (Fig. 6). No species showed
statistically significant indicator values based on the replacement test (p < 0.05). However, many species exhibited relatively high specificity or high
fidelity for specific green space types. Some species exhibited high fidelity within specific green space types despite relatively low specificity. High fidelity
suggests that these species occur stably within that specific green space type. In contrast, species exhibiting high specificity and low fidelity also existed.
High specificity suggests that these species are restricted to specific green space types.

3.3. Effects of network distance and patch area
Species richness tended to decrease with increasing network distance from the Katsura River riverbed (Fig. 7). In contrast, species richness increased
with increasing patch area (Fig. 8). Generalized linear modeling indicated that patch area had a positive association with species richness (Table 2). The
effect of network distance became weaker after accounting for patch area (Fig. 9), suggesting that some of the apparent distance effect was associated
with variation in patch size among sites. The partial effect plots derived from the generalized linear model demonstrated a strong positive effect of patch
area on predicted species richness (Fig. 9A), whereas the negative effect of network distance was comparatively weaker after controlling for patch area
(Fig. 9B).

3.4. Residual variation among green space types
Deviance residuals from the generalized linear model varied among green space types (Fig. 10). A Kruskal–Wallis test indicated significant differences
among green space types (Table 3). Positive residuals indicate sites with higher species richness than predicted by patch area and network distance
alone, suggesting that additional unmeasured habitat factors may influence Orthopteran assemblages.
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Table 1
Number of sites where sounding orthoptera identified by green space type. n indicates the number of survey sites for each green space type; other figures

show the number of sites where sounding orthoptera identified.
Scientific
name

Classification of green spaces  

Riverbed River
bank

Park Corporation School Temples
and
shrines

Farmland Garden
(Detached
House)

Garden
(Others)

Vacant
lot

Parking
lot

Total

n 8 5 5 2 2 2 11 72 14 2 3  

Ornebius
kanetataki

3 1 5 2 1 2 2 55 5 � � 76

Loxoblemmus
campestris

5 2 4 2 1 2 3 7 7 � � 33

Velarifictorus
micado

5 2 4 2 1 1 4 10 1 � 2 32

Teleogryllus
emma

6 3 3 2 1 � 7 2 1 1 � 26

Dianemobius
nigrofasciatus

5 2 3 2 � � 2 2 2 1 2 21

Loxoblemmus
doenitzi

2 1 2 2 � � � 5 1 � � 13

Truljalia
hibinonis

2 � 1 2 1 2 2 � 2 � � 12

Polionemobius
mikado

3 2 2 2 � � � � 1 � � 10

Oecanthus
euryelytra

3 3 1 1 � � � � � 1 � 9

Xenogryllus
marmoratus

2 3 1 1 1 � � 1 � � � 9

Meloimorpha
japonica

2 3 1 � � � � � � � � 4

Ruspolia
lineosa

2 1 1 � � � � � � � � 4

Conocephalus
exemptus

2 1 � � � � � � � � � 3

Mitius minor 2 1 � � � � � � � � � 3

Modicogryllus
siamensis

1 � � 1 � � 1 � � � � 3

Mecopoda
niponensis

1 1 � � � � � � � � � 2

Screlogryllus
punctatus

2 � � � � � � � � � � 2

Oecanthus
longicauda

1 � � � � � � � � � � 1

4. Discussion

4.1. Spatial patterns of sounding orthoptera in urban green spaces
This study revealed clear spatial patterns in the distribution of sounding orthoptera within an urban landscape. Species richness tended to decrease with
increasing network distance from the Katsura River riverbed, suggesting that proximity to a potential source habitat influences the occurrence of
sounding orthoptera in surrounding urban green spaces. Such spatial gradients are consistent with ecological theory predicting that species richness in
fragmented landscapes often declines with increasing distance from major habitat patches. However, considerable variation in species richness was
observed among sites within the same green space types. This pattern indicates that spatial proximity alone cannot explain the distribution of sounding
orthoptera. Local habitat conditions, such as vegetation structure, habitat area, and management practices, likely play important roles in determining
habitat suitability. Orthopteran assemblages are known to respond strongly to vegetation height, plant species composition, and disturbance intensity
(Ramola et al. 2024), suggesting that these factors may influence species occurrence even within similar green space categories.

4.2. Species-specific distribution patterns
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The species composition observed in this study reflects the ecological characteristics of sounding orthoptera. Among the recorded species, the tree-
dwelling cricket Ornebius kanetataki was detected at the largest number of sites. This species is commonly associated with shrubs and trees and is
known to occur widely in urban environments. Its frequent occurrence in residential gardens and other small green spaces suggests that arboreal species
may tolerate relatively small habitat patches in urban areas. In contrast, many of the other species detected in this study are grassland-associated
orthoptera. These species generally depend on herbaceous vegetation and are therefore more strongly influenced by the availability of grassland habitats.
For example, Velarifictorus micado, which was observed across the largest number of green space types, is known to inhabit open grassland habitats and
appears to be relatively tolerant of moderate disturbance. This ecological flexibility may explain its widespread distribution across different urban green
spaces. Some species, such as Teleogryllus emma, were recorded primarily in specific green space types. This species often inhabits open herbaceous
environments and may therefore depend on relatively well-developed grassland vegetation. The restricted occurrence of such species suggests that the
presence of suitable herbaceous vegetation within urban green spaces may be important for maintaining orthopteran diversity. These species-specific
patterns highlight the importance of vegetation structure in shaping orthopteran assemblages. Urban green spaces that include both herbaceous
vegetation and woody plants may provide a wider range of microhabitats and therefore support higher species richness.

4.3. Patch area as a major driver of species richness
The inclusion of patch area substantially improved the ecological interpretation of the observed distribution patterns. Species richness increased with
increasing patch area, consistent with the species–area relationship commonly observed in fragmented landscapes. Larger green spaces may support
more Orthopteran species because they contain a greater variety of microhabitats, including herbaceous vegetation, shrubs, trees, and less disturbed
interior areas.

Importantly, the relationship between species richness and distance from the Katsura River riverbed became weaker after accounting for patch area. This
suggests that some of the apparent spatial gradient in species richness may have reflected differences in patch size rather than distance from the source
habitat alone. Therefore, the results should not be interpreted as direct evidence of functional connectivity. Instead, they indicate that patch area and
spatial position jointly shape the distribution of sounding Orthoptera in urban green spaces.

This finding directly addresses one of the main limitations of the earlier analysis. Because patch area is a fundamental determinant of species richness in
landscape ecology, its inclusion provides a more rigorous basis for interpreting differences among green space types. Corporate green spaces, parks, and
riverine habitats tended to have larger vegetated areas and supported higher species richness, whereas residential gardens and small vacant lots
generally had smaller patch areas and lower species richness. However, because vegetation structure and management intensity were not directly
quantified, these mechanisms should be interpreted cautiously.

4.4. Influence of green space types
Corporate green spaces and parks exhibited relatively high species richness compared with other green space types. These areas typically include
relatively large and continuous vegetated patches and often contain heterogeneous habitat structures, such as combinations of grasslands, shrubs, and
trees. Such structural heterogeneity is known to increase habitat availability for orthopteran species by providing a wider range of microhabitats, including
calling sites, shelter, and oviposition substrates (Ramola et al. 2024). In particular, grassland-associated species are likely to benefit from the presence of
well-developed herbaceous vegetation, while arboreal species can utilize shrubs and trees. Therefore, the coexistence of multiple vegetation layers in
these green spaces may contribute to the observed higher species richness. In addition, the relatively large area of corporate green spaces and parks may
also play an important role. Larger habitat patches generally support more species due to increased habitat diversity and reduced local extinction risk.
Although habitat area was not explicitly quantified in this study, the consistently higher species richness observed in these green space types suggests
that patch size may be an important factor influencing orthopteran assemblages in urban environments.

In contrast, residential gardens, vacant lots, and parking areas generally showed lower species richness. These green space types are typically
characterized by small patch size, simplified vegetation structure, and relatively high levels of disturbance, such as frequent mowing or human activity.
Such conditions may reduce habitat suitability for many orthopteran species, particularly those dependent on stable herbaceous vegetation. As a result,
these environments are more likely to support a limited number of generalist species that can tolerate disturbance (White & Ker 2007).

Agricultural land also exhibited relatively low species richness in this study. This pattern may be associated with intensive management practices,
including mowing, pesticide use, and fertilization, which can reduce vegetation complexity and negatively affect insect communities (Sanchez-Bayo and
Wyckhuys 2019). However, some sites showed higher species richness than expected, suggesting that less intensively managed farmland may still
provide suitable habitats for certain orthopteran species.

Temples and shrines, as well as school grounds, showed intermediate levels of species richness. These sites often contain woody vegetation but may
have limited herbaceous layers due to management practices such as mowing or landscaping. This combination of habitat features may support a subset
of orthopteran species but may not provide optimal conditions for maintaining high species diversity.

Overall, these patterns suggest that vegetation structure, habitat area, and management intensity are likely key factors influencing the distribution of
sounding orthoptera across urban green spaces. However, because these variables were not explicitly quantified in this study, the interpretations
presented here should be considered as hypotheses that require further investigation.

4.5. Implications for urban green space management
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Although the present study focused primarily on spatial patterns in species richness, the results suggest that both spatial configuration and habitat
characteristics influence orthopteran assemblages in urban landscapes. Maintaining diverse vegetation structures, including herbaceous vegetation and
shrubs, may help support a wider range of orthopteran species within urban green spaces. At the landscape scale, the presence of large habitat areas
such as river corridors may also contribute to maintaining insect diversity in surrounding urban environments. However, because this study did not
directly measure dispersal processes or ecological network dynamics, management implications should be interpreted cautiously.

4.6. Limitations and future research
Several limitations of this study should be acknowledged. First, environmental variables such as vegetation structure, habitat area, and management
intensity were not explicitly incorporated into the statistical analyses. Including these variables would likely improve understanding of the drivers of
species richness patterns. Second, surveys were conducted during a limited period within the peak calling season. Although this timing maximizes
detection probability, repeated surveys across seasons would provide a more comprehensive understanding of temporal dynamics. Third, spatial
autocorrelation among sites was not explicitly modeled. Future studies incorporating environmental variables, repeated surveys, and multiple urban
regions would help clarify the ecological processes shaping orthopteran distribution and further evaluate their usefulness as biological indicators of
urban biodiversity.
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Figures

Figure 1

Study area. The red frame indicates the survey area. a is corporate grounds, b is urban area, c is river zones. Survey methods differ slightly between areas
a–c. Map source: Geospatial Information Authority of Japan.
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Figure 2

Eleven type of green spaces.

Figure 3
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Elevn green space type at 128 sites where sounding orthoptera were identified

Figure 4

Species richness of sounding orthoptera across green space types. Boxes represent medians and interquartile ranges, whiskers indicate ranges excluding
outliers, and points represent individual survey sites. Species richness varied among green space types, although statistical comparisons were not
conducted due to differences in survey area and sampling conditions.
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Figure 5

Spatial distribution of species richness of sounding orthoptera identified at each survey site
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Figure 6

Specificity (A) and fidelity (B) of sounding orthoptera across green space types. Each point represents a species, with point size indicating the indicator
value (IndVal = A × B). No significant index values were found (p < 0.05, permutation test using 999 permutations). Non-significant species are shown to
indicate continuous variation in the index characteristics. Species IDs were displayed for all species except those with IndVal = 0.
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Figure 7

Relationship between species richness and network distance from the Katsura River riverbed. Species richness tended to decrease with increasing
network distance from the riverbed.
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Figure 8

Relationship between patch area and species richness of acoustically active Orthoptera. The x-axis is shown on a logarithmic scale because patch area
varied substantially among sites. Species richness increased with increasing patch area.
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Figure 9

Partial effects of patch area and network distance on species richness of acoustically active Orthoptera. (A) Partial effect of patch area. (B) Partial effect
of network distance from the Katsura River riverbed. Shaded areas indicate 95% confidence intervals.
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Figure 10

Deviation residuals from the negative binomial model (species richness ~ network distance) by green space type. Boxes show medians and interquartile
ranges, and points represent individual survey sites. Positive residuals indicate sites with higher species richness than predicted by spatial distance
alone. Differences among green space types were tested using a Kruskal–Wallis test (χ² = 35.25, df = 10, p < 0.001; see Table 2).
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