










 681 

Figure 5. a) Relative seasonality variance calculated per ant species in two representative land-682 
cover groups each containing eight sites: more forested and more developed. Only species shared 683 
between groups (abbreviations of those found in Table S2) and with total counts ≥100 were 684 
retained, whereupon species counts were rarefied to the minimum between groups. On average, 685 
species have a higher relative seasonality variance in the forested group (paired Wilcoxon Test; p 686 
= 0.003), and no apparent patterns exist regarding alien status. b) Seasonal component time-687 
series for each species (lines) found in the more forested and more developed groups, 688 
standardized by total species activity and separated by invasive species status. The dashed black 689 
line shows the mean standardized seasonality across all species per land-cover group, showing 690 
much greater temporal mismatch in ant communities at sites with greater human development. 691 
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Supporting Information 692 

A. Ant activity data details 693 
As sites across the island were sampled in sequential groups rather than simultaneously for each 694 
biweekly period (differences are on the order of 7 days), to allow for appropriate site 695 
comparisons, we assigned each sample a time step (52 in total) based on the relative sampling 696 
order for that site. To this activity dataset, we filled in absence data when species that were 697 
observed at least once at a site were not observed for other time steps for that site in order to 698 
calculate temporal variability metrics. Values of NA (n = 8) were assigned to samples that 699 
experienced trap malfunctions or data loss via extreme weather events and were removed from 700 
analyses.  701 
 702 

B. Rarefaction permutations 703 
Community samples collected over time are typically biased by sampling error, which results in 704 
fluctuations in activity due to site placement or other external factors, but this bias can be 705 
reduced via data rarefaction (Gaston & McArdle, 1994). As natural differences in total 706 
community count across sites were high (from n = 3,616 [Yona Forest] to n = 82,781 [Sueyoshi 707 
Forest]), we rarefied site- and group-level count while retaining original activity patterns to 708 
reduce the effects of sampling error, allowing us to make more even comparisons of temporal 709 
variability. For site-level activity, we randomly resampled the individual counts of species i at 710 
time t for each site to equal the minimum total site count (n = 3,616). For group-level activity, 711 
we first limited the species considered to those with total count greater than 100 for the two-year 712 
study period, then randomly resampled (with replacement) the individual counts of species i at 713 
time t for each group to equal that species’ minimum total count between groups. We performed 714 
1000 iterations of each rarefaction and conducted all proceeding analyses on these iterations. 715 
 716 

C. Community and compositional variability calculations 717 
We measured community temporal variability by calculating the coefficient of variation (CV) of 718 
summed ant count by site over the 2-year sampling period. We measured compositional temporal 719 
variability by calculating temporal beta diversity for each site community as the total variability 720 
of the species composition matrix (here, species × time step) after a Hellinger transformation (to 721 
ensure purely relative count data; Legendre & De Cáceres, 2013) using the function beta.div 722 
from the R package adespatial (Dray et al., 2022). As an additional product of this function, we 723 
derived species contributions to beta diversity per site, which is calculated as species variance 724 
divided by the total community variance (summing to 1). We then summed these contributions 725 
for each invasive status category (native, uncertain, alien) to determine the contribution of each 726 
category. We calculated both indices of temporal variability on each rarefied site activity dataset, 727 
then found the mean values across datasets. These mean rarefied site values were used in 728 
subsequent models. 729 
 730 

D. Formulas for temporal decomposition and associated variance 731 
We used the TSLM() function in the R package fable (O’Hara-Wild et al., 2021) to fit time-732 
series linear models with the following formula: 733 
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 734 
𝑦! =	𝛽" +	𝛽#𝑡 +	𝛽$𝑥# 735 
 736 
where yt is the total count of ants at a site, with t equal to the range 1 to T, the number of time 737 
intervals; and where x1 is the 1st order Fourier term sin(	$%!

&
	), with m equal to the number of 738 

seasonal periods (in this case, m = 2 for 2 years). 739 
 740 
We calculated the temporal components in the following ways: 741 
 742 
 𝑡𝑟𝑒𝑛𝑑 = 	𝛽" +	𝛽#𝑡 743 
 744 
𝑠𝑒𝑎𝑠𝑜𝑛 = 	𝑦! − 	𝑡𝑟𝑒𝑛𝑑 − 𝑟𝑒𝑠𝑖𝑑  745 
 746 
𝑟𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟 = 	𝑟𝑒𝑠𝑖𝑑  747 
 748 
where resid is the model residuals. 749 
 750 
In addition to calculating absolute variance of temporal components, we calculated relative 751 
variance with the following formula: 752 
 753 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑣𝑎𝑟' =	
𝑣𝑎𝑟(𝑧)

𝑣𝑎𝑟(𝑡𝑟𝑒𝑛𝑑) + 𝑣𝑎𝑟(𝑠𝑒𝑎𝑠𝑜𝑛) + 𝑣𝑎𝑟(𝑟𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟) 754 

 755 
where z is one of the temporal components: trend, season, or remainder. 756 

 757 

E. Assessing effects of spatial autocorrelation on models 758 
We first built models using ordinary least squares (OLS) regression to estimate the relationships 759 
between land cover and the variables of interest. As some OKEON sites are relatively close to 760 
others, we assessed the spatial autocorrelation present in the OLS model residuals by calculating 761 
Moran’s I and testing with random permutations using the function moran.randtest() from the R 762 
package adespatial (999 repetitions; Dray et al., 2022). But as this test was not significant for 763 
any of the models (p > 0.05), we fitted OLS models instead of more complex generalized least 764 
squares (GLS) models with spatial structure. We determined goodness-of-fit with the adjusted 765 
coefficient of determination (R-squared) and compared these between different count threshold 766 
choices. 767 
 768 

F. Effects of count threshold choice 769 
As we avoided bias in temporal variability estimates by limiting all count values to an assigned 770 
threshold, we examined how robust our results are over a range of different thresholds. We 771 
report results in the main text for the relatively conservative threshold of 500 set at the station-772 
level, but additionally ran the same analyses with no threshold, and with thresholds 100, 200, 773 
1000, and 2000, applied at both the station- and site-levels. We observed some differences across 774 
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the different thresholding schema, but no threshold fundamentally changes our results (which we 775 
report for threshold 500 set at the station-level). The adjusted R-squared values for the metrics 776 
calculated were sensitive in varying degrees to threshold (Fig. S7), with the exception of 777 
compositional temporal variability—this is because our beta diversity calculation includes a 778 
Hellinger transformation that mollifies the effects of outliers in the data. Further, thresholding at 779 
the station- and site-levels showed the same general trends. The highest threshold considered 780 
(2000) for the station-level was most often associated with the lowest R-squared values. The 781 
absence of a threshold had the most dramatic differences. This reduced the R-squared value for 782 
functional temporal variability to 0.11 from a thresholded minimum of 0.40, and seasonality 783 
variance to 0.16 from 0.39. R-squared values for other metrics were similarly reduced, but more 784 
closely followed decreasing trends as thresholds became larger. These reductions in correlations 785 
with PC1 occurred because, without thresholding, sites with extreme count values for one or 786 
several species spike in functional variability (calculated with CV) and lose seasonality, and the 787 
existence of such spikes has little to do with land cover. 788 
  789 
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Table S1. Pearson correlations between proportions of land-cover classes within 1 km buffers of 790 
sampling sites. “MISC” stands for miscellaneous and includes the classes for unclassified pixels 791 
and those classified as bare rock or soil. As pairwise correlations were high, we conducted a 792 
principal component analysis (PCA) to derive the main orthogonal land-cover gradients. 793 
 794 
 795 

 AGRICULTURE FOREST WATER GRASS SAND URBAN MISC 

AGRICULTURE 1       

FOREST -0.89 1      

WATER -0.05 0.02 1     

GRASS 0.53 -0.44 0.02 1    

SAND 0.54 -0.48 -0.04 0.23 1   

URBAN 0.56 -0.84 -0.08 0.01 0.20 1  

MISC 0.51 -0.73 0.13 0.18 0.53 0.74 1 

  796 
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Table S2. Invasive status for all observed ant species based on existing literature and expert 797 

opinion. 798 

 799 

species status 

Aenictus ceylonicus native 

Aenictus lifuiae native 

Anoplolepis gracilipes uncertain 

Aphaenogaster concolor native 

Aphaenogaster irrigua native 

Brachyponera chinensis native 

Brachyponera luteipes native 

Camponotus bishamon native 

Camponotus devestivus native 

Camponotus monju native 

Camponotus OK01 native 

Camponotus yambaru native 

Cardiocondyla kagutsuchi uncertain 

Cardiocondyla minutior uncertain 

Cardiocondyla obscurior uncertain 

Cardiocondyla wroughtonii native 

Carebara hannya native 

Carebara oni native 

Carebara yamatonis native 

Colobopsis shohki native 

Crematogaster cf. matsumurai native 
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Crematogaster nawai native 

Crematogaster vagula native 

Cryptopone tengu native 

Diacamma OK01 native 

Discothyrea kamiteta native 

Ectomomyrmex OK01 native 

Erromyrma latinodis native 

Euponera pilosior native 

Hypoponera nippona native 

Hypoponera OK01 native 

Hypoponera punctatissima alien 

Hypoponera sauteri native 

Leptogenys confucii native 

Lioponera daikoku native 

Monomorium chinense native 

Monomorium floricola uncertain 

Monomorium hiten native 

Monomorium intrudens native 

Monomorium pharaonis alien 

Myrmecina ryukyuensis native 

Nylanderia amia uncertain 

Nylanderia OK02 uncertain 

Nylanderia OK03 uncertain 

Nylanderia ryukyuensis native 

Nylanderia yambaru native 

Ochetellus glaber native 
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Odontomachus kuroiwae native 

Ooceraea biroi uncertain 

Paratrechina longicornis alien 

Pheidole fervens uncertain 

Pheidole megacephala alien 

Pheidole noda native 

Pheidole parva uncertain 

Pheidole pieli native 

Plagiolepis alluaudi alien 

Polyrhachis dives native 

Polyrhachis moesta native 

Ponera takaminei native 

Ponera tamon native 

Pristomyrmex punctatus native 

Proceratium japonicum native 

Protanilla lini native 

Rhopalomastix OK01 native 

Solenopsis tipuna native 

Stigmatomma sakaii native 

Stigmatomma silvestrii native 

Strumigenys circothrix native 

Strumigenys emmae uncertain 

Strumigenys exilirhina native 

Strumigenys hexamera native 

Strumigenys hirashimai native 

Strumigenys lewisi native 
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Strumigenys mazu native 

Strumigenys membranifera uncertain 

Strumigenys minutula native 

Strumigenys OK01 uncertain 

Strumigenys strigatella native 

Tapinoma melanocephalum uncertain 

Tapinoma saohime native 

Technomyrmex brunneus alien 

Temnothorax indra native 

Temnothorax OK01 native 

Tetramorium bicarinatum alien 

Tetramorium kraepelini uncertain 

Tetramorium lanuginosum alien 

Tetramorium nipponense native 

Tetramorium simillimum alien 

Tetramorium smithi alien 

Trichomyrmex destructor uncertain 

Vollenhovia OK01 native 

  800 
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Table S3. Results from linear regression models built with two land-cover PCA axes: PC1, 801 
explaining the forested-developed gradient, and PC2, explaining the rural-urban gradient. All 802 
model residuals were tested for spatial autocorrelation by calculating Moran’s I and testing with 803 
random permutations (moran.randtest() from the R package adespatial; 999 repetitions), yet 804 
none had significant results. 805 
 806 

 PC1 PC2 Adj. R2 Moran p 
Response 
variable Intercept Estimate 

Std. 
Error p Estimate 

Std. 
Error p   

Total activity 
(natural log) 10.082 -1.575 0.206 0 NA NA NA 0.714 0.269 
Total richness 
(rarefied) 22.742 3.453 1.557 0.037 NA NA NA 0.145 0.727 
Native 
richness 
(rarefied) 13.662 8.351 1.367 0 NA NA NA 0.612 0.789 
Uncertain 
richness 
(rarefied) 5.863 -3.585 1.019 0.002 NA NA NA 0.331 0.179 
Alien richness 
(rarefied) 3.217 -1.314 0.509 0.017 NA NA NA 0.198 0.59 
Total richness 
(observed) 30.708 NA NA NA NA NA NA 0 0.887 
Native 
richness 
(observed) 18.708 7.483 1.686 0 -7.594 4.611 0.114 0.47 0.8 
Uncertain 
richness 
(observed) 7.875 -5.188 1.516 0.002 NA NA NA 0.318 0.312 
Alien richness 
(observed) 4.125 -2.052 0.643 0.004 NA NA NA 0.285 0.271 
Total richness 
(estimated) 38.923 NA NA NA NA NA NA 0 0.862 
Native 
richness 
(estimated) 23.781 13.457 3.646 0.001 NA NA NA 0.354 0.767 
Uncertain 
richness 
(estimated) 8.427 -5.717 1.636 0.002 NA NA NA 0.328 0.487 
Alien richness 
(estimated) 4.292 -2.092 0.802 0.016 NA NA NA 0.202 0.3 
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Functional 
temporal 
variability 0.67 0.405 0.059 0 NA NA NA 0.667 0.269 
Compositional 
temporal 
variability 0.23 0.141 0.024 0 NA NA NA 0.601 0.703 
Native SCBD 0.53 0.237 0.059 0.001 NA NA NA 0.397 0.776 
Uncertain 
SCBD 0.229 -0.16 0.05 0.004 NA NA NA 0.283 0.524 
Alien SCBD 0.257 -0.087 0.05 0.094 NA NA NA 0.082 0.465 
Seasonal 
variability 
(absolute) 1209.034 1850.927 

328.6
26 0 NA NA NA 0.572 0.918 

Seasonal 
variability 
(relative) 0.478 0.201 0.081 0.022 -0.373 0.222 0.108 0.232 0.39 
Trend 
variability 
(absolute) 194.354 311.24 

90.18
5 0.002 NA NA NA 0.322 0.567 

Trend 
variability 
(relative) 0.079 NA NA NA NA NA NA 0 0.722 
Stochastic 
variability 
(absolute) 946.566 660.74 

297.5
68 0.037 NA NA NA 0.146 0.591 

Stochastic 
variability 
(relative) 0.443 -0.223 0.066 0.003 0.345 0.18 0.069 0.363 0.403 

 807 

 808 
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 809 

 810 

Figure S1. Conceptual workflow schematic describing the analysis steps. A) The main analysis 811 
uses ant activity data from all sites. Richness is calculated for observed data and estimated via 812 
Hill numbers, then the dataset is rarefied by randomly resampling individual workers per site to 813 
match the minimum total site activity; rarefied richness is calculated from this rarefied dataset. 814 
Next, the following analyses are conducted: functional temporal variability, compositional 815 
temporal variability (including species contribution to beta diversity [SCBD]), and temporal 816 
decompositions to derive seasonal, trend, and remainder (stochastic) components. B) The group-817 
level analysis first splits sites into two groups (green and pink points) based on land-cover PC1, 818 
explaining the forested-developed gradient. Both groups share the same species, and those with 819 
mid-level PC1 values are excluded (black points). These grouped data are then rarefied by 820 
randomly resampling individual workers per species within each group to match the minimum 821 
total species activity between groups. The same temporal decomposition is then conducted on 822 
these grouped data. 823 
  824 
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 825 

Figure S2. Biplot of the principal component analysis for the land-cover proportion dataset. PC1 826 
explains the main anthropogenic stress gradient (low: more forested, high: more developed), 827 
while PC2 explains the rural (high; agriculture and/or grass) to urban (low) gradient.  828 
  829 
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 830 
Figure S3. Plot of compositional variability by functional variability, showing the sampling sites 831 
with colors corresponding to the forested-developed gradient (PC1), where higher values (blue) 832 
are more forested and lower values (red) have more human development. Site abbreviations 833 
correspond to those used in Figure 1. The gray line shows the relationship between two 834 
variabilities modeled with linear regression.  835 
 836 
 837 
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 838 

Figure S4. Relationships between PC1 and summed species contributions to beta diversity 839 
(SCBD) for native, uncertain, and alien species for the rarefied activity data. PC1 explains the 840 
anthropogenic stress gradient (low: more developed, high: more forested). 841 
  842 
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 843 

Figure S5. Relationships between PC1 and total richness, as well as richness of native, uncertain, 844 
and alien species for the rarefied activity data. PC1 explains the anthropogenic stress gradient 845 
(low: more developed, high: more forested).  846 
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 847 
Figure S6. Absolute seasonality variance of temperature at the a) regional and b) site-level scales 848 
over the two-year study period (2016 – 2018). Regional temperature measurements were taken 849 
from Japanese Meteorological Association weather stations, and station names correspond to 850 
those on the map. Site-level temperature measurements were taken for air and soil at one station 851 
per sample site. Oyama Park (OYA) and OIST Open (OIT) were the only sites with sensors not 852 
located below forest canopy, and thus have higher variance for soil temperature seasonality. 853 
 854 
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 855 

Figure S7. The adjusted R-squared value for the metrics measured in this study at different count 856 
thresholds and spatial levels for thresholding (station, site). The threshold value “none” is used as 857 
a reference and is symbolized by the red point and orange line. For reference, the analysis 858 
described in this paper is a threshold value of 500 at the station level. 859 
 860 
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