
1

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12234  | https://doi.org/10.1038/s41598-021-91732-z

www.nature.com/scientificreports

The role of anthropogenic 
disturbance and invasion of yellow 
crazy ant in a recent decline of land 
crab population
Ching‑Chen Lee1, Ming‑Chung Chiu1, Chun‑Han Shih1, Chin‑Cheng Scotty Yang2,3, 
Hung‑Chang Liu4,5 & Chung‑Chi Lin  1,5*

The yellow crazy ant, Anoplolepis gracilipes was first reported in Kenting National Park, Taiwan, in the 
2000s, raising the concern of this invasive ant’s potential effects on the native land crab populations. 
We investigated the distribution and abundance of A. gracilipes and its adverse effect on the land 
crab populations at four land crab hotspots within the park. Our survey results indicated that A. 
gracilipes was widespread and abundant at three of the study sites (Hsiangchiaowan, Shadao, and 
Natural Spring), while the distribution was much more confined at the fourth site (Houwan). Land 
crab populations experienced a notable decline at all the study sites except Houwan, indicating an 
inverse relationship between the population of land crabs and distribution/abundance of A. gracilipes. 
Combining the results of visual observations, the decline of land crab populations can be attributed, 
at least partially, to direct attacks by A. gracilipes on land crabs in their natural habitat and during the 
breeding migration season. Generalized additive model showed that worker abundance of this ant 
is associated with human disturbance levels, suggesting that anthropogenic disturbance may have 
contributed to the decline in land crab populations via promoting the abundance of A. gracilipes.

Social insects, particularly ants, are one of the most successful invasive groups due to their highly adaptable 
nature coupled with unique characteristics that significantly contribute to their ecological dominance (e.g., high 
reproductive rate, polygyny, and colony budding)1,2. In general, invasive ants are highly aggressive and often 
outcompete native species in their introduced areas3–5, negatively affecting the diversity and abundance of native 
invertebrates1,6,7, vertebrates8–10, and ecological services11.

Invasive ants can generally thrive in anthropogenically disturbed environments or human-modified areas 
such as landscape areas, forest edges, and agricultural fields12. The successful colonization of invasive ants could 
be facilitated by human activities for several reasons including: (1) anthropogenic habitat modification creates a 
conducive physical environments that favour the establishment of invasive ants (e.g., accessibility to food source, 
elevated soil moisture, relatively stable microclimatic conditions)13–15; (2) habitat modification or conversion 
negatively affects native ant assemblages that confer biotic resistance to species invasion16,17; (3) propagules of 
invasive ant species are typically first introduced in areas with considerable amounts of human activity, especially 
for those species that reproduce primarily by budding and depend mainly on human-mediated jump dispersal 
to spread to geographically distant areas1,18.

The yellow crazy ant, Anoplolepis gracilipes most likely originates from Southeast Asia19–21 and has spread to 
Australia, the Caribbean, and the islands of the Indian and Pacific Oceans via human commerce21. The yellow 
crazy ant forms polygynous supercolonies in which individuals exhibit limited aggression towards conspecific 
individuals from physically separated nests22. The yellow crazy ant is an omnivorous ant species that preys on 
a wide range of insects, crustaceans, arachnids, myriapods, and molluscs23. Owing to its numerical abundance, 
A. gracilipes is known to impact the taxonomic composition and abundance of invertebrate communities in its 
invaded regions24–27. The most striking example is the invasion of A. gracilipes on Christmas Island that leads 
to a major decline in the population of an endemic red crab (Gecarcoidea natalis), an increased rate of seedling 
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recruitment and litter accumulation, and alteration of the island’s forest landscape structure11. Anoplolepis gra-
cilipes can also harm vertebrates; it is known to kill newly born domestic animals and cause nesting failure in 
some bird species8,23.

Although the earliest record of A. gracilipes in Taiwan can be dated back to as early as 190928, data regard-
ing long-term population monitoring of this invasive ant in Taiwan has been scarce until the early 2000s. For 
example, this ant was first reported in Kenting National Park (Pingtung County, Taiwan, Fig. 1a), one of the 
largest national parks in Taiwan, in 2000, and multiple follow-up surveys in 2012 and 2013 have shown that 
this ant remained at a low population density in the national park29,30. Kenting National Park is well-known for 
housing an extremely high diversity of land crabs, with a total of 86 land crab species belonging to nine families 
recorded to date31–37. However, a 2015 survey revealed a major decline in land crab populations at virtually all 
land crab hotspots in the park (e.g., Hsiangchiaowan–Shadao, Fig. 1c), with one exception involving a hotspot 
site named “Houwan” (Fig. 1b) where the land crab populations continued to grow since a land crab survey initi-
ated in 200338. Considering that abiotic conditions (e.g., landscape and weather) have remained largely similar 
over years, biotic factors such as the yellow crazy ant may have contributed to the observed decline of land crab 
populations in these hotspots. Several field observations seem to support our speculation. For example, no cases 
of attacks on the land crabs by A. gracilipes were reported during an intensive land crab survey from 2012 to 
2014. Since 2015, Liu38 observed numerous occasions of such attacks across different land crab hotspot sites in 
the park, suggesting that there must have been frequent encounters between the land crabs and A. gracilipes as 
a result of expansion of the ant’s territory in most of the land crab hotspots (except Houwan).

We therefore hypothesized that land crab populations would be high where populations of A. gracilipes were 
low, and exhibited decline where ant populations were high. To test this hypothesis, we conducted a series of field 
surveys to understand correlation of land crab population dynamics (i.e., from 2015 to 2017) and status of A. 
gracilipes (i.e., distribution and abundance) within Kenting National Park. Additional statistical modelling was 
performed to investigate whether abundance or distribution of this invasive ant was associated with the extent 
of human disturbance. These data allow us to further assess the link between intensity of human interference 
and establishment and/or spread of A. gracilipes.

Figure 1.   (a) Satellite images of Kenting National Park and locations of the study sites indicated as filled blue 
circles. Monitoring of ovigerous females was carried out near the intertidal zone (marked with yellow line) in (b) 
Houwan and (c) the Hsiangchiaowan–Shadao area. For (a), map was created using ArcGIS v.10.2, URL: http://​
www.​esri.​com/​softw​are/​arcgis/​arcgis-​for-​deskt​op. The background image (13 September, 2015) of panel (a) was 
derived from Landsat 8 Operational Land Imager using GloVis platform (https://​glovis.​usgs.​gov/).; For (b), the 
satellite imagery is from Google Earth Pro (Map data 2019 Google; https://​www.​google.​com/​maps/@​22.​04291​
08,120.​70334​4,847m/​data=​!3m1!1e3); For (c), the satellite imagery is from Google Earth Pro (Map data 2019 
Google; https://​www.​google.​com/​maps/@​21.​92513​93,120.​83720​65,1213m/​data=​!3m1!1e3).

http://www.esri.com/software/arcgis/arcgis-for-desktop
http://www.esri.com/software/arcgis/arcgis-for-desktop
https://glovis.usgs.gov/
https://www.google.com/maps/@22.0429108,120.703344,847m/data=!3m1!1e3
https://www.google.com/maps/@22.0429108,120.703344,847m/data=!3m1!1e3
https://www.google.com/maps/@21.9251393,120.8372065,1213m/data=!3m1!1e3
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Methods
Study area profile.  Kenting National Park (21° 90′ N, 120° 80′ E) is located at the southernmost tip of 
Taiwan, covering approximately 17,731 ha of land and 14,900 ha of adjacent ocean. The park is surrounded by 
the sea and possesses marine, coral reef, and coastal forest ecosystems that provide an excellent habitat for land 
crabs. The climate of this region is tropical with humid summers and dry winters. Precipitation is usually con-
centrated from May through September.

Study site and sampling points.  A total of four land crab hotspots in Kenting National Park were 
selected, namely Houwan, Hsiangchiaowan, Shadao, and Natural Spring (consisting of Natural Spring I and II 
subareas) (Fig. 1a), each with 60 sampling points to assess the distribution and abundance of A. gracilipes. In 
Natural Spring, however, 60 sampling points were respectively set up in each subarea, resulting into a total of 
120 sampling points in the site. Each sampling point was spaced at least 10 m apart from each other within the 
same study site. The sampling points in Houwan were distributed around coastal forest and one internal walking 
trail, whereas the sampling points in both Hsiangchiaowan and Shadao were distributed around internal walk-
ing trails (surrounded by fossilized coral reefs) and 1-km and 1.6-km roads, respectively. The sampling points 
in Natural Spring were distributed around an approximately 1.6-km road and agricultural land (e.g., predomi-
nantly comprised of crop vegetation, pond and farmhouse).

Distribution and abundance of A. gracilipes.  Fieldwork was conducted once every 2  months from 
February to December 2017 (i.e., February, April, June, August, October, and December). To determine the 
distribution and abundance of A. gracilipes, we deployed liquid bait stations39 at each sampling point in all 
study sites (Fig. 2). As shown in Fig. 2a, a liquid bait station comprised a centrifuge tube filled with 30 mL of 
10% sucrose solution (w/w), which was attached inverted to the notch of an upside-down station. The tube was 
inverted to allow the bait solution to fill up the grove section where numerous ants were able to feed on the 
solution simultaneously (Fig. 2b). We used ant activity counts (i.e., number of foraging ants on the bait station 
30 min after deployment) to quantify worker abundance of A. gracilipes. Digital images of the foraging ants on 
the bait stations were captured using a camera (Tough TG-3, Olympus, Japan). The survey was conducted from 
5:00 to 10:00 AM and from 2:00 to 6:00 PM at all study sites. Ant activity was not assessed from 11:00 AM to 
2:00 PM as the ground temperature typically exceeded 35 °C during this period (especially during summer) and 
prevented most ants from foraging40. Worker abundance at each bait station was counted based on the digital 
images and was scored according to the following categories: 0 = no ants; 1 = 1–5 ants; 2 = 6–20 ants; 3 = 21–50 
ants; 4 = 51–100 ants; 5 =  > 100 ants. The abundance counts were pooled and averaged by sampling date (i.e., 
month) and study site. Bait stations with no A. gracilipes captured were not included in the subsequent statistical 
analyses (see “Statistical analysis” section).

Diversity and abundance of land crabs.  Note that different crab species were focused during our field 
observations as to reflect the fact that dominant land crab species vary across our study sites (see below for more 
details).

Houwan.  To allow for a fair comparison between the current study and Liu38, we followed the same survey 
technique, timing, location, and protocol used by Liu to understand the fluctuation of land crab populations 
over time (i.e., 2015–2017). The survey was conducted in August 2017 near the Houwan area of Kenting National 
Park. We patrolled near the intertidal zone (marked with yellow line in Fig. 1b, approximately 200 m long) after 
sunset every day from the first day until the sixth day of the lunar month as mass migration of land crabs usually 
occurs in conjunction with spring tides (i.e., during the full moon and new moon) that can quickly flush larvae 
into the ocean to avoid predation by other animals41. The species identity and number of ovigerous females 
migrating to the coastline to release larvae were recorded. We focused on C. carnifex, C. hirtipes, S. interme-
dium, and S. impressus because they are among the most dominant species in this area38. Ovigerous females 

Figure 2.   (a) Liquid bait station and (b) Anoplolepis gracilipes workers feeding on 10% sucrose solution.
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were marked with marking pens on the carapace after being recorded to prevent repeated sampling. As the data 
on A. gracilipes from the year 2015 in all land crab hotspots are limited, additional observations of ant attack 
during land crab survey can serve as supplementary evidence that allows empirical characterization of the ant’s 
effects on the land crab population possible. Hence, during the survey, we also recorded the number of ovigerous 
females under attack by A. gracilipes, if any.

Hsiangchiaowan–Shadao.  The survey of Hsiangchiaowan–Shadao was conducted in September 2017. We 
patrolled near the intertidal zone (marked with yellow line in Fig.  1c, approximately 100  m long) from the 
twenty-sixth day until the twenty-ninth day of the lunar month (from 2:30 to 5:00 AM). We focused on the 
abundance of a single dominant land crab species, M. aubryi42. Similar to the Houwan survey, the number of 
ovigerous females encountered and the number of ovigerous females under A. gracilipes attack were recorded.

Spatial distribution of A. gracilipes in relation to anthropogenic disturbances.  In order to 
examine the influence of anthropogenic disturbances on the distribution or abundance of A. gracilipes, the pro-
portion of human-disturbed land cover was utilized as an indicator of intensity of anthropogenic disturbance. 
First, a circular buffer of 100 m radius of each sampling site was generated using Buffer function. Second, the 
circular buffer of each sampling point was intersected with land-use data obtained from the National Land 
Surveying and Mapping Center in Taiwan (https://​maps.​nlsc.​gov.​tw/)43. The analysis was conducted based on 
Buffer function and Intersect tool respectively in ArcGIS v.10.244. Then the area and proportion of anthropo-
genic and human-disturbed land cover, such as agriculture, building, public facilities, recreation, transportation, 
etc., could be calculated.

Statistical analysis.  Student’s t-test was performed to compare the mean number of ovigerous females 
recorded per day for each dominant land crab species between year 2015 and 2017, at Houwan and Hsiangchi-
aowan-Shadao areas, respectively. For Hsiangchiaowan-Shadao, data in 2012 were not included in the analysis 
due to lack of information regarding mean number of ovigerous females recorded per day.

To further access the link between intensity of human disturbance and establishment and/or spread of A. gra-
cilipes, the generalized additive model (GAM) smoothing term with Poisson regressions was applied to investigate 
the correlation between average worker abundance score of A. gracilipes and proportion of human-disturbed land 
(note that sampling points with zero abundance score were excluded from the model). The average ant scores 
were considered as response variables while human disturbance levels as the fixed effect. The significance of the 
fixed effect was tested using the likelihood ratio test by comparing the full model with the model without the fixed 
effect term. Furthermore, nonparametric one-way Kruskal–Wallis test followed by pairwise Wilcoxon rank sum 
tests were conducted to analyse if worker abundance significantly differs across different human disturbance lev-
els, in which human disturbance was categorized into five different levels (i.e., 0, 0–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8).

In addition, one-way Kruskal–Wallis test followed by pairwise Wilcoxon rank sum tests was also applied to 
analyse if worker abundance of A. gracilipes and human disturbance levels significantly differed across sampling 
sites. All of the statistical analyses were conducted using R program45 with mgcv package.

Results
Ant distribution and activity.  Our distributional data showed that A. gracilipes tend to be more wide-
spread and abundant in Shadao and Natural Spring, where more than 20% of the sampling points were found 
with A. gracilipes throughout the study period (Fig. 3). By contrast, the distribution of A. gracilipes was more 
confined in Houwan, with the majority of positive sampling points being in close proximity to a car park (see 
Supplementary Fig. S1.1 online).

Throughout the study period, the distribution and activity of A. gracilipes in Houwan remained low, with 
positive sampling points ranging from 1.7% to 8.3%. Most of the positive sampling points were registered by 
an abundance score of 1 or 2 (Fig. 4). The only sampling points with an abundance score of 3 in Houwan were 
found during October 2017.

In Hsiangchiaowan, A. gracilipes was mostly confined to the southern part of the study site (i.e., near the 
fishing port), and also appeared at the northern part of the road in February 2017 (see Supplementary Fig. S1.2 
online). Of the 60 sampling points, 12 (20%) were positive for A. gracilipes with abundance scores ranging from 
1 to 4. In April 2017, ant distribution slightly decreased to 11.7% but A. gracilipes continuously expanded its 
range after April where 28.3% of sampling points were positive for A. gracilipes in December 2017 (Fig. 3). A. 
gracilipes was mostly confined to areas around the fishing port in Hsiangchiaowan. The ant activity was much 
higher in October than in other months, with 5% of the sampling points categorized with abundance scores of 
4 and 5, respectively (Fig. 4).

In Shadao, A. gracilipes was mostly confined to the northern part of the road and coastal forest; however, it 
was also found in the middle section of the road during February 2017 (see Supplementary Fig. S1.3 online). Of 
the 60 sampling points, 14 (23.3%) were positive for A. gracilipes, with abundance scores ranging from 1 to 4. 
Overall, the distribution of A. gracilipes in Shadao fluctuated throughout the study period, and the percentage 
of positive sampling points ranged from 23.3 to 35.0% (Fig. 3). Ant activity was much higher in August than 
in other months, with 6.7% and 15.0% of sampling points being categorized with abundance scores 4 and 5, 
respectively (Fig. 4).

In Natural Spring, A. gracilipes was mostly confined to the northern part of the road and agricultural land 
during February 2017 (see Supplementary Fig. S1.4 online). Of 120 sampling points, 25 (20.8%) were positive for 
A. gracilipes, with abundance scores ranging from 1 to 3. Anoplolepis gracilipes continuously expanded its range 
from February to October 2017, appearing 41.7% of sampling points in October 2017 (Fig. 3). Because most 

https://maps.nlsc.gov.tw/
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ant counts were distributed in the Natural Spring I subarea, only the distribution and abundance of A. gracilipes 
at this subarea were provided in Supplementary Fig. S1.5 to show the pattern of ant activity in Natural Spring. 
Ant activity was much higher in October than in other months, with 18.3% and 10.8% of sampling points with 
abundance scores of 4 and 5, respectively (Fig. 4).

Species and number of ovigerous female land crabs.  Analysing the data collected by Liu38, we found 
that in Houwan all land crab species experienced a steady increase in the total number of ovigerous females 
except C. carnifex, which experienced a decrease (Table 1). By contrast, the total number of ovigerous females 
of M. aubryi decreased sharply in the Hsiangchiaowan–Shadao area over the 6-year period (2012–2017), with 
only three ovigerous females found in the 2017 survey (Table 2). In Houwan area, the mean number of oviger-
ous females recorded per day for most dominant land crab species in the 2017 survey were higher than that of 
2015 survey (except C. carnifex), although no significant difference was observed (Table 1). On the other hand, 

Figure 3.   Differences in the percentage of sampling points found positive for Anoplolepis gracilipes at the four 
study sites throughout the study period.

Figure 4.   Percentage of sampling points with different worker abundance levels of Anoplolepis gracilipes 
at the four study sites throughout the study period (grey = abundance score 0; blue = abundance score 1; 
green = abundance score 2; yellow = abundance score 3; red = abundance score 4; purple = abundance score 5).
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in Hsiangchiaowan-Shadao area, the mean number of ovigerous females per day for M. aubryi in 2017 (0.8 ± 0.5) 
was significantly lower than that of 2015 (75.0 ± 28.8) (t = 2.578; d.f. = 6, P < 0.05) (Table 2).

Additional observation.  Ant attacks (Fig.  5) were only observed in the Hsiangchiaowan–Shadao area, 
with a total of 16 and 2 incidents in 2015 and 2017, respectively. On the contrary, ant attacks were never recorded 
in Houwan during the same observation periods.

Association between abundance of A. gracilipes and human disturbance level.  Based on the 
land-use data obtained from the National Land Surveying and Mapping Center, the spatial pattern of A. gracili-
pes seemed to be associated with the proximity to human-developed areas (Fig. 6). Further analyses indicated 
that worker abundance of the ant was significantly correlated with the proportion of human-disturbed land or 
human disturbance (likelihood test: X2 = 21.1, d.f. = 3.821, P < 0.001) (Fig. 7). The worker abundance was sig-
nificantly lower in the area without any human disturbance (Kruskal–Wallis test: X2 = 30.06, d.f. = 4, P < 0.001). 
Interestingly, worker abundance was highest in the area with intermediate level of human disturbance (i.e., 0.2–
0.6 disturbance level) despite no significant difference compared to other levels of human disturbance (except 
zero disturbance).

Table 1.   Total number of ovigerous females and mean number of ovigerous females recorded per day (in 
parentheses) for several dominant land crab species recorded during the breeding season in Houwan (2015, 
2017). a Data were obtained from Liu38.

Species

Observation period (number of days)

Test statisticsAugust 2015 (6 days)a August 2017 (6 days)

Cardisoma carnifex 60 (10.0 ± 4.1) 17 (2.8 ± 1.1) t = 1.704; d.f. = 10; p = 0.119

Cardisoma hirtipes 93 (15.5 ± 5.3) 147 (24.5 ± 5.3) t = − 1.208; d.f. = 10, p = 0.255

Sesarmops intermedium 58 (9.7 ± 2.4) 68 (11.3 ± 2.8) t = − 0.452; d.f. = 10, p = 0.661

Sesarmops impressus 94 (15.7 ± 4.2) 145 (24.2 ± 7.1) t = − 1.030; d.f. = 10, p = 0.327

Table 2.   Total number of ovigerous females and mean number of ovigerous females recorded per day (in 
parentheses) of Metasesarma aubryi at the Hsiangchiaowan–Shadao area during the peak breeding season. 
a Data for 2012 and 2015 were obtained from Liu, unpublished data and Liu38, respectively. b Data regarding 
mean number of ovigerous females recorded per day for the year 2012 are not available.

Observation period (number of days) Number of ovigerous females

September 2012 (4 days)a,b  > 2000

September 2015 (4 days)a 300 (75.0 ± 28.8)

September 2017 (4 days) 3 (0.8 ± 0.5)

Test statistic (2015 vs 2017) t = 2.578; d.f. = 6; p < 0.05

Figure 5.   Metasesarma aubryi swarmed by Anoplolepis gracilipes workers during migration towards the ocean.
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In addition, differences in worker abundance were significant among the four study sites (Kruskal–Wallis test: 
X2 = 17.17, d.f. = 3, P < 0.001), with the lowest ant abundance in Houwan (Fig. 8a). Similarly, there were significant 
differences in the human disturbance levels across the four study sites (Kruskal–Wallis test: X2 = 43.15, d.f. = 3, 
P < 0.001), where the human disturbance was lowest in Hsiangchiaowan (Fig. 8b).

Discussion
We conducted a field survey to characterize the status (i.e., distribution and worker abundance) of A. gracilipes 
and land crabs in Kenting National Park, Taiwan to demonstrate the potential negative effects of this ant on 
the land crab populations. The results of our survey indicated similar distribution patterns and abundances of 
A. gracilipes across all land crab hotpots except one. Compared with other study sites, distribution and abun-
dance of A. gracilipes were much more confined in Houwan. The population dynamics of land crabs appear to 
be associated with the status of A. gracilipes within the park. In Houwan, where abundance of A. gracilipes is 
low, the majority of dominant land crab species underwent steady growth in the number of ovigerous females. 
By contrast, A. gracilipes was widely distributed with greater abundance in Hsiangchiaowan–Shadao, and the 
number of ovigerous M. aubryi declined significantly from 2015 to 2017. Our work adds to a growing body of 
literature that demonstrates negative impacts of A. gracilipes invasion on land crab populations. Most previous 
studies reporting adverse effects of A. gracilipes on land crab populations were from Indian and Pacific island 

Figure 6.   The distribution or abundance of Anoplolepis gracilipes in relation to proximity to human-developed 
land around Houwan (a) and Hsiangchiaowan-Shadao-Natural Spring (b) areas. Area of human-disturbed land 
and undisturbed land was represented by peach color and green color, respectively. Each sampling point was 
denoted by filled diamond where different colors were used to indicate quantitative differences in the average of 
worker abundance score (white = abundance score 0; blue = abundance score 0 < x < 1; green = abundance score 
1 ≤ x < 2; yellow = abundance score 2 ≤ x < 3; red = abundance score 3 ≤ x < 4). Original  copyright source: ESRI. 
“Topographic” [basemap]. “World Topographic Map”. February 19, 2012. http://​www.​arcgis.​com/​home/​item.​
html?​id=​30e5f​e3149​c34df​1ba92​2e6f5​bbf80​8f. (October 1, 2020). The map was created using ArcGIS v.10.2, 
http://​www.​esri.​com/​softw​are/​arcgis/​arcgis-​for-​deskt​op.

http://www.arcgis.com/home/item.html?id=30e5fe3149c34df1ba922e6f5bbf808f
http://www.arcgis.com/home/item.html?id=30e5fe3149c34df1ba922e6f5bbf808f
http://www.esri.com/software/arcgis/arcgis-for-desktop
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nations8,11,46, while ours represents the first case in East Asia. In addition, we applied GIS-based approaches and 
generalized additive model to show an association of distribution of A. gracilipes and human disturbance, which 
constitutes one of rare datasets showing potential contribution of human land use to the occurrence and spread 
of the yellow crazy ant.

Figure 7.   The average abundance score of Anoplolepis gracilipes in relation to the human disturbance level. The 
regression line was estimated by generalized additive models with Poisson error. Box plots labelled with different 
letters indicate statistical difference (P < 0.05) between different categories of human disturbance (Wilcoxon rank 
sum test).

Figure 8.   The average abundance score of Anoplolepis gracilipes (a) and human disturbance level (b) recorded 
at each study site throughout the sampling period. For each subsection of graph, box plots labelled with different 
letters indicate statistical difference (P < 0.05) between different study sites (Wilcoxon rank sum test).



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12234  | https://doi.org/10.1038/s41598-021-91732-z

www.nature.com/scientificreports/

Rise of A. gracilipes and decline of land crabs.  Monitoring ovigerous female land crabs provides an 
insight into population dynamics despite lack of detailed information on the life cycle of some of the target 
land crab species. The population dynamics of land crabs from 2015 to 2017 in Kenting National Park seem 
to be tightly associated with the distribution of A. gracilipes. In Houwan, with a limited distribution and low 
abundance of this ant, most dominant land crab species (except for C. carnifex) underwent steady growth in the 
number of ovigerous females (Table 1). By contrast, the dominant land crab species in the Hsiangchiaowan–
Shadao area, where A. gracilipes is more widespread, experienced a significant decline in the number of oviger-
ous females. This suggests that the presence of A. gracilipes may affect land crab populations. Although the lack 
of data on the population dynamic of A. gracilipes from 2012 to 2017 limits the extent to which conclusions can 
be drawn, additional lines of evidence are supportive to the potential of A. gracilipes negatively impacting land 
crab populations. For example, ant attacks had not been recorded in the Hsiangchiaowan–Shadao area until 
201538, which perfectly coincides with the fact that the abundance and distribution of A. gracilipes were low 
before 2015. It is likely that the ant’s abundance and distribution have since then reached a level that is high 
enough to lead to frequent encounters between A. gracilipes and land crabs. Alternatively, the lack of recorded 
ant attacks in Houwan may be perfectly explained by near absence or a low level of A. gracilipes abundance in this 
site, which allows the land crabs to grow over years without the ant’s interference (or at least from 2015 to 2017).

Although the present study focused on only a handful of land crab species that are dominant at the study 
sites, we found that such a declining trend is also true for other land crabs in Kenting National Park. Liu and 
Jeng47 reported a total of 438 ovigerous females of Gecarcoidea lalandii during 2003 survey in the Hsiangchi-
aowan–Shadao area, with 40 ovigerous females as the highest recorded number per day. Strikingly, the same 
survey effort in 2015 recorded only 12 ovigerous females of G. lalandii, with a maximum number of ovigerous 
females recorded per day of 438. A similar trend was also observed in Cardisoma rotundum; a total of 377 ovi-
gerous females observed during 2003, whereas only 37 ovigerous females of the same species were recorded in 
201538. Unlike in Hsiangchiaowan–Shadao, increases in crab populations were apparent for most dominant land 
crab species in Houwan prior to 201538,48, and some species (e.g., S. impressus) even underwent a twofold increase 
in the number of recorded ovigerous females from 2013 to 2015. Based on the results presented in current study 
as well as that from previous studies, Houwan seems to serve as refugia for land crabs in the national park since 
land crab populations there likely face much less survival pressure exerted by the yellow crazy ant compared 
with other land crab hotspots.

Although a causal link between the abundance of A. gracilipes and population dynamics of land crabs could 
not be fully established in this study, their spatial–temporal overlap may help explain decreases in land crab 
populations at the hotspots with higher abundance of A. gracilipes. The yellow crazy ant is known to forage during 
both day and night40, which is also noted during our observations. The nocturnal nature of land crabs renders 
them highly prone to attack by A. gracilipes that forage at night, especially during their migration to the ocean 
for larval release (Fig. 5). Based on our observations, the aggressive behaviour of A. gracilipes towards land crabs 
is often triggered when the migratory pathways of ovigerous females overlap with ant territory. Similar to our 
findings, it was reported that a large number of red crabs were killed when ovigerous females are encountered 
by workers of yellow crazy ant during their annual migration on Christmas Island49,50. In a typical aggressive 
behavioural sequence, A. gracilipes workers immediately swarm any encountered land crabs and spray formic acid 
into their eyes and leg joints (Supplementary Movie S1). The formic acid blinds and immobilizes the land crabs, 
subsequently leading to death either from acid damage or dehydration. All the observed aggressive behaviours 
of A. gracilipes in this study were identical to those reported on Christmas Island11,51. Apart from the encounters 
with ants during migration to the ocean, we also observed A. gracilipes workers occupying land crab burrows at 
uplifted coral reef inside the coastal forest at Hsiangchiaowan (Liu, unpublished data), which may also represent 
another source of survival stress to these land crabs.

Despite observed survival threats posed by A. gracilipes invasion, at least two additional factors may have 
also contributed to the population decline of M. aubryi and possibly other land crab species in our study sites. 
First, coastal forest in the Hsiangchiaowan-Shadao area was penetrated by Provincial Highway 26 due to road 
and highway expansion. Since breeding season of land crabs (where ovigerous females cross the coastal road 
and migrate to coastline to release larvae) generally overlaps with the peak tourism season in Kenting National 
Park, heavy traffic volume on the road has been reported to cause significant casualty of the land crabs (i.e., road-
kill)35,52. During a one-month survey carried out within a 3.0 km long provincial road inside Kenting National 
Park, a total of 663 land crabs were found dead due to roadkill53. Secondly, Kenting National Park is one of the 
most popular tourism destinations in Taiwan and attracts large numbers of visitors annually. As a result, many 
natural habitats of land crabs have been converted to housing, parking and commercial facilities to accommodate 
tourist needs and activities35,52. For instance, in the Hsiangchiaowan-Shadao area, land crab habitat has been 
dramatically altered due to construction of homestays, hotels and other related recreational facilities. In order to 
conserve or restore land crab populations, relevant authorities have been implementing several measures such 
as establishment of ecological reserve or protected area, traffic control during the peak breeding season of land 
crabs. Despite the effort, major declines in land crab populations at Hsiangchiaowan-Shadao have been consist-
ently observed since 2015, suggesting that the presence of the yellow crazy ant may have negatively impacted 
land crab populations (especially for M. aubryi) to a notable extent.

Anthropogenic influence and management recommendations.  Although many studies focused 
on the effect of habitat disturbance on overall ant assemblages54–56, our current study is one of the few attempts to 
correlate worker abundance of single invasive ant species and the intensity of human disturbance. Our data show 
a clear trend of higher worker abundance at human-modified areas with major anthropogenic modifications 
such as agricultural land, farmhouses, forest edges, or fishing ports. For instance, worker abundance was high-
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est in the Natural Spring area which mainly comprises of agricultural land and also possesses a relatively higher 
level of human disturbance (i.e., second highest among the four study sites). This distribution pattern of A. gra-
cilipes indicates an apparent link between anthropogenic influence and successful establishment and subsequent 
spread of invasive ant species15,57,58. Invasions generally begin in areas with a greater level of human activity as it 
provides a more promising window for propagules to be introduced and possibly established in these areas59,60. 
As A. gracilipes is known to mainly reproduce by budding and hence largely relies on human factors to be intro-
duced into distant locations23,61, the level of anthropogenic disturbance would perfectly explain why worker 
abundance was significantly lower in area without such pre-existing conditions. Apart from propagule pressure, 
human-related structures may also shape the abundance of invasive ants because these physical structures and 
space within may act as temporary shelters for ant colonies during unfavourable weather conditions62. Further-
more, nesting in close proximity to buildings enables ant colonies to access to diverse resources such as foods, 
nesting space and water from irrigation17,63. Our data are consistent with the notion that A. gracilipes frequently 
nest in or under human-made objects (e.g., wooden board, canvas, discarded cooking pot) that likely offer 
favourable conditions for survival64,65. Moreover, we have observed queens accompanied by a group of workers 
(some of which carried brood) travelling along water pipes from one agricultural plot to another, suggesting that 
human-made structures such as water pipes may also assist A. gracilipes in dispersing to distant locations (Lee, 
personal observation).

While the worker abundances of A. gracilipes are highly associated with the human disturbance levels in 
this study, the relationship does not seem to fit in a linear model. Houwan area which possesses highest level 
of human disturbance harbours the least number of foraging workers among the four study sites, suggesting 
that the intermediate level of human disturbance, instead highest, leads to highest ant abundance. Similar to 
our findings, Vonshak and Gordon66 showed that highest abundance of the invasive Argentine ant, Linepithema 
humile was observed in semi-natural sites, demonstrating that the high level of invasive ant abundance is likely 
driven by intermediate anthropogenic disturbance. The low abundance of A. gracilipes at the Houwan area despite 
higher anthropogenic disturbances may be partially explained by limited nesting site availability for A. gracilipes 
colonies. Previous studies suggest that A. gracilipes prefers nesting in pre-existing physical spaces such as stack 
of human-made objects, in cracks and crevices or within leaf litter64,65. Our study site in the Houwan area is 
mainly comprised of multiple car parks and concrete buildings where most potentially preferable nesting sites 
of A. gracilipes (e.g., wooden boards, piles of corrugated metal ceiling, cavities of tree trunks) are lacking. The 
high proportion of concrete structures at the Houwan area may not be conducive to the nesting of A. gracilipes 
colonies. Alternatively, the low level of A. gracilipes abundance at the Houwan area may result from a higher 
level of interspecific competition between A. gracilipes and other exotic ant species. This possibility was further 
supported by the finding that higher alien species richness is generally observed in urbanized areas, instead of 
semi-natural habitats66. Since assemblages of ant species are beyond the scope of current study, further studies 
(i.e., assessment of exotic ant richness among the four study sites and/or characterization of interspecific com-
petition among these ant species at Houwan area) are needed to fill this gap.

Land crab populations in Kenting National Park may also be threatened by anthropogenic disturbances as 
mentioned above (e.g., habitat modification)38. Our findings suggest that the land crab populations in Kenting 
National Park may have been influenced by anthropogenic disturbance in an indirect manner. We suggest that 
anthropogenic disturbance may largely favour the introduction and establishment of A. gracilipes and subse-
quently exacerbates the effects of the ant on land crab populations via rapid population expansion of A. gracili-
pes and consequently frequent encounters between the ant and land crabs, especially during land crab’s mass 
migration to the ocean.

Kenting National Park houses an extraordinary level of land crab diversity. Hsiangchiaowan has the greatest 
land crab diversity of any coastal forest in the world, with at least 39 land crab species from 8 families formally 
described and recorded to date52. After multi-year efforts by academics and government agencies, research on 
the taxonomy, species distribution and breeding ecology of land crabs in the park has become internationally 
recognized. Land crabs are known to play multiple ecological roles at different trophic levels in an ecosystem11,67 
and also act as a key driver in many tropical coastal ecosystems where they shape the forest composition by selec-
tive predation of seeds and seedlings, excavation of burrow, and acceleration of leaf litter breakdown68. Through 
the degradation of leaf litter, land crabs directly influence nutrient cycling process which in turn affects forest 
productivity69. With the documented importance of land crabs in various ecological processes, there is an urgent 
need to protect and preserve land crab populations in Kenting National Park and elsewhere.

To conclude, the key findings of current study include: (1) population dynamics of land crabs are closely 
associated with the status of A. gracilipes within the national park, where A. gracilipes invasion negatively impacts 
land crab populations; (2) worker abundance of A. gracilipes is highly correlated with the level of human distur-
bance, although the relationship is not linear; (3) positive interactions between anthropogenic disturbance and 
invasion of A. gracilipes amplify the negative impacts of this invasive ant on land crab populations. These findings 
highlight the necessity of control of A. gracilipes populations (in fact a chemical control program by deployment 
of sucrose-based liquid bait containing boric acid has been initiated in the park, Lee et al., unpublished data) 
but also serve as baseline information for effective evaluation of conservation interventions. Habitat restoration, 
coupled with removal or elimination of human-made objects that serve as potential nesting sites for A. gracilipes, 
seems to be among the most effective interventions as this would increase potentially favourable habitats for land 
crabs and meanwhile discourage the establishment for A. gracilipes.

Data availability
Video recordings of A. gracilipes workers attacking land crab are available as Supplementary Movies S1. Spatial 
distribution and abundance of A. gracilipes at each sampling point throughout the survey period are provided 
in the Supplementary Information.
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