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Global studies consistently highlight a direct relationship between
habitat and species losses, and human population and economic growth.

Nevertheless, countries are experiencing below-replacement human
fertility and starting to depopulate; among these countries, Japanis a

global forerunner. To better understand whether human depopulation
automatically yields environmentally restorative outcomes, we examine
theimpacts of human depopulation on aspects of biodiversity in Japan.
Alongside population, land use and surface temperature, we analyse
biodiversity change among 464 taxonomic species of bird, butterfly, firefly
and frog egg masses, and 2,922 native and non-native plant speciesin
wooded, agricultural and peri-urban landscapes across Japan over periods
of 5-17 years from 2004. Irrespective of human population increase or
decrease, biodiversity losses continue among most species studied mainly
because of change in agricultural land use, either due to urbanization, disuse
and abandonment, or intensification. Only where human numbers are
currently stable, biodiversity is also more stable, although we anticipate that
this may also change as ageing deepens into depopulationin these areas.

We conclude by urging countries facing depopulation to account for its
outcomes in their biodiversity conservation and restoration strategies.

Earth’s ecosystems are in peril. Since 1970, 73% of global wildlife has
been lost, while human populations have more than doubled to more
than 8 billion alive today"?. Over the same period, those same people,
living mainly inricher countries, grew the world economy by 3,415%, to
a colossal US$105.44 trillion of global gross domestic product®.
Global studies have consistently provided evidence of a direct
relationship between habitat and species losses, and human popula-
tion and economic growth* ™, Earth’s sixth mass extinction may be
underway, withlosses acceleratingto100to 1,000 times greater than
pre-human influence levels” . This surge threatens human sustain-
ability by diminishing ecosystem functionality, and damages human
health, socio-economic well-being and cultural vitality, prompting
intense discussion around new theoretical frameworks, including the
Great Acceleration, planetary boundaries and the Anthropocene™**

(Appendix A in the Supplementary Information). The cumulative
effects of the number of humans alive on Earth is central to these
questions.

Estimates of Earth’s sustainable human carrying capacity vary,
with recent calculations of 3.1-3.3 billion people, which was exceeded
in1965", Nevertheless, an emergent feature of the Anthropocene pre-
sentisaglobal decreasein human fertility towards below-replacement
levels'®. Many hope this might yield environmentally restorative out-
comes, that is, a ‘depopulation dividend” . It is a seductive logic,
butisittrue?

The impacts of human depopulation are an increasingly impor-
tant consideration for nature conservation, yet its inclusion in sus-
tainability research remains limited*’*2. So far, outcomes are usually
context-specific, and may vary according to sociopolitical, legal and
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conservation frameworks, and ecosystem characteristics****. An
emerging question is whether and how human depopulation may
contribute to recovery or whether it perhaps drives further losses> %%,

United Nations projections anticipate that 85 countries will be
continuously depopulating by 2050, and 73 will have populations
1% or more lower in 2050 than 2023, with those numbers set to rise
thereafter’. Amongthese, weisolated 11 that have experienced at least
Syears of continuous depopulation through to 2023 (Supplementary
Tables 1and 2 and Appendix B in the Supplementary Information).
Two countries,Japan and Italy, are noteworthy as global demographic
bellwethers for their world regions—Northeast Asia and Southern
Europe—because of their population size, stage of development and
sociopolitical independence and stability. Continuous population
declinebeganineach from 2010 and 2014, respectively. We call these
depopulation vanguard countries (DVCs).

East Asia is a major contributor to the Great Acceleration”. With
Japanatthe vanguard, many neighbouring countries have experienced
similar accelerated development pathways® (Supplementary Figs. 1
and 2). Habitat and species losses have been extensive'. As Northeast
Asia’s DVC, with 23 of 47 prefectures depopulating since 1995, and
many remote areas losing population continuously since the 1950s or
earlier,Japanis one of few countries where researching depopulation
and environmental change can be conducted with sufficient rigour to
carry meaning beyond its own borders®®*",

Japanisalso one of 36 biodiversity hotspots, with some of the most
diverse and threatened ecosystems on Earth®. Unlike most hotspots,
where population growth encroaches on habitats®, Japan’s population
isdecreasing. Yet, conservationresearch there has focused mainly on
variables suchas changeinland use, without sufficiently detailed analy-
sis of local spatial and temporal variability in human population®".
Where studies examine biodiversity in the context of depopulation, the
scale, range and local specificity of demographic analysisis limited and
doesnot consider theimplications of Japan’s post-growth demographic
transition pathways for its world region®®2%%,

We advance sustainability studies by holistically combining mul-
tidisciplinary analysis of large micro-level and macro-level datasets
in ecology and demography from Japan (Methods, Supplementary
Tables 1and 2, and Appendix B in the Supplementary Information).
Fromthe perspective of community ecology, alongside local variation
in population, land use and surface temperature, we analyse aspects
of biodiversity change by focusing on species richness and abundance
at158sitesacrosstheJapanese archipelago over periods of 5-17 years
from 2004 (Supplementary Table 3 and Appendix C in the Supple-
mentary Information). Our research sites are mosaic landscapes that
include agricultural fields and orchards, grasslands, ponds and water-
courses, secondary and planted woodlands and coppices, and towns
and villages, which together occupy the land between Japan’s steep
forested mountainsides, coastlines and dense urban settlements*.

These wooded, agricultural and peri-urban (WAPU) landscapes
are characterized by moderate human disturbances that create and
sustain ecosystems supporting a variety of wildlife; they are main-
tained by humaninterventionin drawing resources such as fuel, food,
materials and fertilizer from nature. These areas have experienced
the greatest levels of human depopulation since the 19990s***', WAPU
environments include not only disturbance-dependent agricultural
and grassland species, but species that depend on surrounding forests
and edge-dwelling organisms for their coexistence. These heterogene-
ous mosaic environments have markedly decreased in area in recent
decades, although they include many endangered species®.

Our biodiversity dataset encompasses a comprehensive list of
taxaintheecological trophic pyramid within Japan’s WAPU landscapes.
The dataset registers more than 1.5 million individual detections of
464 taxonomic species of bird, butterfly, firefly and frog egg masses,
and 2,922 native and non-native plant species. Given many people’s
assumptions that depopulation would yield socio-environmental gains,

we ask whether a biodiversity depopulation dividend is occurring for
all or specific organism groups inhabiting Japan’s WAPU landscapes.

Results

Irrespective of human populationincrease or decrease, losses continue
among most of our studied species in Japan’s WAPU landscapes. Only
in areas where human population size is currently stable are species
richness and abundance also more stable.

Depopulation and land use

Consistent with the demographic information presented elsewhere,
Fig.1showsthatinthe25-year period from1995t02020 human popula-
tions increased in 43 sites we researched (27%), decreased in 64 sites
(41%), withnoclear trend in 51locations (32%). Notably, depopulation
nationally began midway through this periodin2008-2010. Many areas
that showed anincreased population in 2020 over 1995 had reached
their peak population and already begun to depopulate before 2020.
Therefore, the biodiversity losses that we identified are potentially
accelerating more rapidly than we show in this study, as a greater pro-
portion of Japan’s WAPU landscapes begin to depopulate.

Again, irrespective of population change, agricultural land is
decreasing, transitioning mainly to urban sprawl, and forested land
areaislittle changed. Inthe 43 sites with increasing populations (Sup-
plementary Fig. 3), urban land use continues to expand, with urbaniza-
tion advancing in 36 (84%) and no sites showing a decrease. Forty of
43 sites (93%) experienced adecrease in agricultural land use, withno
sites showing an increase. Concerning forest area, 6 of 43 sites (14%)
showed adecrease, with none showing anincrease.

Urban land use continues to expand even in depopulating areas.
Indeed, none of 64 depopulating research sites showed a decrease in
urban land use (Supplementary Fig. 3), while urbanization increased
in17 sites (27%) and the remaining 47 (73%) exhibited no significant
change. Agricultural land use continues to decrease, with 31 (48%) of
64 depopulating sites showing a decrease, and just one an increase.
Additionally, forest areaincreased injust ten (16%) of these sites, with
none showing a decrease.

Long-term biodiversity in WAPU landscapes

Overall, species richness and abundance in Japan’s WAPU landscapes
shows clear change (Fig. 2 and Supplementary Table 4). Among the
82 sites where we analysed birds, data show an increase in bird abun-
dance in 12 sites (15%), a decrease in 29 (35%) and no clear trend in 41
(50%). Bird species richness data showed an increase in eight of those
82sites (10%), adecreasein 24 (29%) and no clear trend in 50 (61%). For
Japanese brown frog (Ranajaponica) abundance, ten of 28 sites (36%)
showed anincrease, 14 (50%) showed a decrease and 4 (14%) no clear
trend. Montane brown frog (Rana ornativentris)and Ezo brown frog
(Ranapirica) showed increasing abundancein ten of 31sitesresearched
(32%), with 20 (65%) showing a decrease and one (3%) no clear trend. For
Geniji firefly (Nipponoluciola cruciata) abundance, six of 31 sites (19%)
showed anincrease, 18 (58%) a decrease and seven (23%) no clear trend.
With Heike firefly (Aquatica lateralis), nine of 26 sites (35%) showed an
increase, 16 (61%) adecrease and one (4%) no clear trend. For butterfly
populationdata, 16 of 40 researched sites (40%) showed anincrease, 15
(38%) adecrease and nine (22%) no clear trend. With butterfly species
richness data, eight of 40 sites (20%) showed anincrease, nine (23%) a
decrease and 23 (57%) no clear trend. For plant native species richness
data, 45 of 103 researched sites (44%) showed an increase, 38 (37%) a
decrease and 20 (19%) no clear trend. Plant invasive species richness
showed an increase in 36 sites (35%), 24 (23%) showed a decrease and
43 (42%) no clear trend.

In areas experiencing human population growth, the abundance
and richness of birds, and the abundance of Japanese brown frog
and Geniji firefly, are notably decreasing (Fig. 3 and Supplementary
Tables 5 and 6). Interestingly, Montane brown frog, Heike firefly,

Nature Sustainability


http://www.nature.com/natsustain

Article

https://doi.org/10.1038/s41893-025-01578-w

[ [ )
Population rd
/ °
e]
1
()
o°
NS =51 Increase = 43 U...
0y 0
(32%) . (27%) L
v .

Decrease = 64

(41%)
( X )
@
G?.
® o
Land under
cultivation .
o
J
Increase =1 o °
(0.6%) .
NS = 47 Peo
(30%) ‘e
Decrease = 110 :’
(70%) ®
oo
5 e °
o’ e
E ®
. o
(¥ ) .Q ®
@
@ O..
® [}

Fig. 1| Changes in human population, urbanization and areas of land under
cultivation and forest. The colour coding on the map represents the statistical
results (Supplementary Table 4), with red indicating increasing trends, blue
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indicating decreasing trends and grey indicating no significant trend. The pie
chart shows the summary of the results for the 158 sites used in the present study.
NS, no significant trend.

butterfly abundance and richness, and native and non-native plant
richness areincreasing alongside human populationgrowth (Fig.3and
Supplementary Tables 5and 6). Inlocations experiencing human popu-
lation decline, the abundance and species richness of all organisms,
except for non-native plants, decreased (Fig. 3 and Supplementary
Tables 5and 6). Notably, the slope of species richness and abundance
decrease in depopulating areas for most species, excluding bird and
non-native plant species richness, is steeper thanin sites with stable or
increasing human populationsize (Fig. 3 and Supplementary Tables 5
and 6).

Atsites withincreasing urbanland use, bird,Japanese brown frog
and Geniji firefly abundance, and butterfly and native and non-native
plant species richness, decreased (Supplementary Fig. 4 and Sup-
plementary Tables 5 and 6). At these sites, the decreasing species
richness curves for bird, butterfly and native plant species richness
were steeper than for non-urbanizing sites. Significantly, there was
anincrease in Montane brown frog, Heike firefly and butterfly popu-
lations in these urbanizing areas. For many organisms, a decrease in
species richness and abundance is occurring at sites with decreasing
agricultural land, although not for Montane brown frog populations
nor native and non-native plant species richness (Supplementary Fig. 5

and Supplementary Tables 5and 6). For species richness between Heike
firefly and butterfly populations, there was a decrease at sites with
decreasing agricultural land, althoughincreases were recorded at sites
where agricultural land is stable.

Discussion

Human depopulationisnot yet yielding automatic gainsin speciesrich-
ness and abundance in Anthropocene Japan. Irrespective of whether
human numbersareincreasing or decreasing, losses are still occurring
among our target species assemblages in Japan’s WAPU landscapes.
Thisis due mainly to land use change, with depopulation contributing
either to urbanization, disuse and abandonment, or intensification
(Supplementary Figs.3 and 6). Itis mainly areas where the human pres-
enceis currently relatively stable, and traditional wet-rice agriculture
continues comparatively undisturbed, that biodiversity is more stable
(Fig.3).Hence, we are disappointed thus far not to report the achieve-
ment of a biodiversity depopulation dividend for Japan.

Wefocused onbiodiversity change under human depopulationin
Japan’s WAPU landscapes, although we acknowledge the limitations of
our demographic data. Even at sites showing human population sta-
bility, it is highly likely that latent depopulation is advancing because
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Fig. 2| Biodiversity change in158 sites on WAPU landscapes for five different
organisms (bird, frog, firefly, butterfly and plant) across the studied area

of the Japanese archipelago over periods between 5 and 17 years starting in
2004. a, Graphs showing aspects of biodiversity change. b, Maps showing the
distribution of site results based on the trends ina. The colour coding of the

trends and maps represents the statistical results (Supplementary Table 4), with
red indicating increasing trends, blue indicating decreasing trends and grey
indicating no significant trend. The pie chart summarizes the results for the
study sites.

of ongoing population ageing, although we were unable to examine
the potential impacts directly. As most ageing regions are expected
to transition into population decline, our findings for depopulating
areas are likely to be similar for currently stable areas in the future.
Moreover, we theorize fromJapan’s status as Northeast Asia’s DVC for
similar processes and results occurringin WAPU landscapes in neigh-
bouring countries, and connect with global research on the impacts of
depopulation on ecosystems worldwide?-?4*%,

Our results are not surprising, and are probably attributable to
niche contraction and reduction because of decline or cessation of
traditional human livelihood practices that provide dynamic stabil-
ity (agriculture, soil and forest management, landscape and property
upkeep) and contribute to the sustainability of biological communities
inhabiting WAPU-like ecosystems>****>, Even in urban and peri-urban
locales, activities such as green space management and population
mobility may facilitate the movement and reproduction of certain
organisms*

Thelatest demographic datashow allindicators pointing towards
a continuation and acceleration of Japan’s low fertility, ageing and
depopulation in all 47 prefectures, as well as deepening rural-urban
imbalances®. Despite 40% of surveyed areas showing population
decline, urban land use in many areas continues to expand alongside
agricultural disuse and intensification, with a fraction transforming

into forests (Supplementary Figs. 3 and 6) because of plantation and,
in most cases, natural succession. Despite limited information, some
bird taxa in Japan are reported to benefit from the abandonment of
agricultural land®,

We argue thathumans are adeeply embedded and essential agent
of ecosystem sustainability withinJapan’s WAPU environments through
traditional agricultural and livelihood practices. However, existing
alongside these regions approximately 67% of Japan’s land area is for-
ested, of whichabout40% is plantations*’. Most are sparsely inhabited
or uninhabited by humans because of their steep-sided mountainous
terrain, high elevation, inhospitable climates and difficultiesin access-
ing basic utilities and services. Human population decline occurred
in these areas mainly during the 1950-1990 period of rapid national
economicand populationgrowthbecause of the local push-pull effects
of the decline of the forestry industry alongside industrial and urban
expansion attracting mostly younger adults to move away, rather
thanbelow-replacementfertility leading to ageing and national-scale
depopulation, which is the situation now with WAPU regions*.

Mosses, lichens, mammals and invertebrates—including soil
organisms such as nematodes and molluscs—are important biolog-
ical groups closely associated with forest habitats that we did not
include*®*. Moreover, inrecent decades, knowledge about functional
biodiversity has improved, emphasizing the traits of species and
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organism groups and their roles in ecosystems*’, although we did not
consider thisin our analysis. Incorporating these biological groups and
functional diversity indicators in future research could enhance our
understanding of depopulation-biodiversity interactions.

Notwithstanding, our research shows that human depopulationin
Japan’s WAPU landscapes can be ecologically highly disruptive and even
destructive. Some species thrive in disruptive environments. These
are often non-native and present additional conservation challenges,
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such as the drying and choking of formerly wet-rice paddy fields by
plains forb species (for example, Solidago altissima). Fewer species
survive in destructive environments, whether the human population
isgrowing or decreasing.

Globally, change in land use and agricultural intensification,
due to population and economic growth and lifestyle changes, are
the major drivers of ecosystem degradation and biodiversity loss***.
Biodiversity loss is manifested most prominently in primary forest
clearance in developing countries for the production of meat and
ultra-processed foods, and associated human settlement™. However,
Japanis not Brazil. Rather than expanding into areas where contem-
porary human civilization has not had a large-scale presence, the
number of people living and farming inJapan’s long-settled agricul-
tural regions is declining. These areas evolved into human-settled,
rice-based, semi-natural agroecosystems from the time of the
Jomon-Yayoi transition, beginning roughly 3,000 years ago, and
spreading south and east from northern Kyushu thereafter®. They
depend onthe maintenance provided by human livelihood practices,
although their agrobiodiversity stability and sustainability are often
overlooked™~.

Japanis not Chernobyl either, where a one-time exogenous factor
caused asudden, almost total human populationloss, leading tosome
startling, although contested, accounts of biodiversity revival**.
Instead, an expanding mosaic of under-occupied and abandoned
farms and properties emerges gradually from within ostensibly
still-functioninginhabited settlements. Asdemographic circumstances
persist, so depopulation deepens and spreads across the national
space over a period of decades to include broader regions and larger
settlements®. Grey infrastructure also falls into disuse but is rarely
removed. The outcome has been a simultaneous neglect of the built
and transformation of the natural environments.

Crucially, the number of akiya (empty or abandoned homes) is
steadily increasing to more than 9 million nationwide by October
2023 (5.8 million in 1998), or 13.8% of the housing stock’®. This has
consequences for attached paddy fields, fruit orchards and coppiced
woodland becoming akichi (disused or abandoned land). Total agricul-
turaloutput value has declined by 25% since 1984, withrice production
falling 64%, indicating a substantial decline in wet-rice land use. The
number of farmers is also declining, with their average age rising to
68.4, signalling a crisis of human sustainability*’. Hence, while reports
of increasing take-up of sustainable and traditional agricultural prac-
ticesappear (areas awarded Globally Important Agricultural Heritage
Systemstatusincreasedto15in2023; Appendix Dinthe Supplementary
Information), the overall agricultural land areais decreasing and dilapi-
dated, and abandoned farmland is expanding. Land use transformation
to either urban sprawl, or consolidation and intensification under a
business-oriented agricultural policy, is advancing*®*’,

Partly because of high demolition and disposal costs, and punitive
land taxes, housing and land in many rural areas are almost valueless
and unsalable, exacerbating the problem of abandonment and neglect.
However, under the continuing legacy of Japan’s developmental and
construction state®, land is often sold to developers for transforma-
tion to urban functions, such as road transport and ribbon develop-
ment, or shopping malls, sports facilities, new residential development
and car parking, or consolidation of family farms into larger-scale
agro-industrial intensification, such as vegetable and fruit horticulture
under vast plastic hothouses®'.

Future prospects for biodiversity under depopulation

Itis imperative that we halt the catastrophic decline of Earth’s bio-
diversity and strive to restore the biosphere. The current situation
is more than urgent®”. Natural ecosystems hold intrinsic value and
are indispensable for sustaining human life. Humans are integral to
sustainingJapan’s semi-natural areas; we know that depopulation will
continue to deepen and expand spatially. These human outcomes are

incompatible with either halting habitat and biodiversity losses or
achieving revival and recovery under the current regime.

By introducing our theory of DVCs and positioning Japan as the
DVC for Northeast Asia, we have established an agenda for further
research into the relationship between human depopulation and its
socio-environmental outcomes globally. In this study, our research
suggests that depopulation and the associated change in land use
may be a significant contributor to habitat and biodiversity loss for
other ancient wet-rice anthropogenic biomes in Northeast China,
South Korea and Taiwan, where human development patterns and
geographical conditions are similar?*°. Consequently, we advise that
passively waiting for spontaneous habitat and biodiversity recovery
to occur in depopulating areas anywhere will probably result in an
underwhelming outcome>*,

Rewildingis gaining attention worldwide as a strategy for recover-
ing habitats and restoring ecosystem functionality and sustainability.
Although a few rewilding projects are underway in Japan, these are
small-scale and usually in mountainous areas, such as Akaya Forest
in Gunma prefecture and Mount Diasen in Tottori prefecture®®. Qur
findings show that large-scale spontaneous rewilding is unlikely in
Japan’s depopulating WAPU landscapes because urban expansion
andland disuse and abandonment patterns as yet prevent widespread
succession. Therefore, counterintuitively, we find that the reduction
of human influence from depopulation does not necessarily result in
restorative ecological outcomes.

This prompts the question of what an interventionist rewilding
would look like inthis context. What type of ecosystem would or should
rewilding revert to, given that wet-rice agriculture and associated
human practices have long been present? The experience of the Knepp
Estate in the UK suggests that a true rewilding of ancient agricultural
landscapesisimpossible, but that anew interventionist wilding could
be successful®. As a keystone species in Japan’s WAPU landscapes,
what role would humans haveinsuch awilding, even as their numbers
continue to decline?

Human depopulation presents substantial opportunities for
achieving socio-environmentally (re)generative solutions. Global
researchindicates thatinvestmentin biodiversity conservation works
in most cases®. Hence, long-term monitoring of biodiversity along-
side human activities, and understanding the significance of these
interrelationships in the context of local and global change, is essen-
tial. Although population decline and land use change have often not
been analysed together in sufficient detail in biodiversity studies, we
consider it necessary for Japan and other depopulating countries in
Northeast Asia, Southern Europe and elsewhere in future. Careful
consideration of the maintenance of wildlife-friendly human liveli-
hood practices in depopulating WAPU landscapes in these countries
is crucial. Achieving a biodiversity depopulation dividend demands
coordinated long-term monitoring of the human-environment nexus
with active habitat and biodiversity management for conservation
and recovery. In the absence of such coordination, habitat and biodi-
versity losses in Japan’s WAPU landscapes are likely to continue, even
asthe number of people living there decreases. Therefore, we urge all
countries facing depopulation now or in the future to account for its
outcomesintheir biodiversity conservation and restoration strategies.

Methods

Study area

Alongside other countries, over the past 100 years, significant loss of

natural and semi-natural habitat has occurred inJapan, mainly because

of urbanization and agricultural expansion in the course of Japan’s

demographic and economic development (Supplementary Fig. 6).
Our research revealed aspects of biodiversity trends relating to

depopulation, land use and climate change in WAPU locations across

the Japanese archipelago. We focused on these areas because they

represent regions of greatest interaction between nature and humans;
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they are where the greatest human population decline hasbeen occur-
ringinrecent decades under national-scale depopulation. Moreover,
these regions bearimportant geographical and ecological similarities
toequivalentlandscapesinSouth Korea, Northeast Chinaand beyond,
where wet-rice agriculture and its associated human livelihood prac-
tices are an embedded feature of local ecosystems.

Macro-level demographic data

Japan is already well known as the first Asian country to encounter
long-term below-replacement human fertility, leading to demographic
ageing and depopulation. To demonstrate Japan’s role as the DVC for
Northeast Asia, we set it within both the world and regional contexts
using the United Nations Population Division World Population Pros-
pects 20247 While noting this dataset’s limitations for future fertility
projections'®, it presents globally comparable and actual national popu-
lation change to 2023, and models projections from 2024 onwards.
Our research measures only changes among selected biodiversity
assemblages against changes in human population size, without con-
sidering the impact of changes in the population-age structure. We
assume that ageing will have a similar, perhaps more muted, effect
because of the tendency for older farmers to reduce productivity in
labour-intensive agriculture®®®,

Adopting strict inclusion criteria, we narrowed the dataset pool
of 233 countries and territories to 11 independent countries showing
the earliest onset for indicators of long-term continuous depopulation
caused primarily by natural causes (Supplementary Table 1). Among
these1l,Japanwasthe only Asian country. Next, to demonstrate Japan’s
positionat the vanguard of aregion-wide trend of low fertility leading to
depopulation, we used the same indicators to compare Japan’s situation
inrelation to its Northeast and Southeast Asian neighbours. Supple-
mentary Table 2 shows that the whole East Asianregionisin the grip of
along-termdepopulationtrend, with Japan at the vanguard. The table
alsoshows Northeast and Southeast Asian countries as distinct groups,
with Northeast Asia depopulating and Southeast Asia growing but
with decreasing human fertility leading to depopulationin the future.

Local-level population, land use and climate change data

To account for temporal and local spatial inconsistencies between our
demographic and biodiversity data, we combined local-area mesh sta-
tistics with the National Census for 1995-2020. Mesh statistics divide a
regioninto local-areagrids (meshes) based on latitude and longitude
and organize statistical data for each grid. Combining these datasets
enables precise observation of demographic and biodiversity change
over smaller geographical scales.

First, we aggregated human population data for the areas sur-
rounding the study sites. After determining the latitude and longi-
tude coordinates for eachresearchsite, we used Rtoidentify the 1-km
mesh code. We selected two scales, 25 km? (5 x 5 km) and 100 km?
(10 x10 km), as the basic unit range for the analysis. The process for
obtaining data within a 25-km? range involved identifying the 1-km
mesh code, using ArcGIS to open the grid map, taking the confirmed
1-km mesh as the centre, and then counting two grids on the top, bot-
tom, leftand right to determine asquare areawithasidelength of 5 km
containing twenty-five 1-km grids. We obtained the population size of
each 25-km?range by aggregating the population size of these 25 grids.
Similarly, for the 100-km? range, after confirming the mesh code, we
counted four grids to the left and upper sides of the confirmed 1-km
grid, and five grids oniits right and lower sides, to determine a square
area with a side length of 10 km containing one hundred 1-km grids.
Finally, we aggregated the population of each grid to obtain the popula-
tion size within a100-km?range.

Next, we included data on land use change from 1997 to 2016,
the closest available period. We applied the same scoping method as
above, then combined it with nationalland numerical information data.
Nationalland numericalinformation statisticsinclude dataonthe area

of each land use category (paddy field, forest, wasteland, built site,
highway site, river area, lake). Change in land use was divided for later
analysisintothree groups: urban; forested; and land under cultivation.
The proportionofland under cultivation surrounding each survey site
in1997 averaged 21.9% with ans.e. of 1.2%, while forests averaged 42.9%
(s.e.=2.2%) and artificial land averaged 28.0% (s.e. =1.9%).1n 2016, the
proportion of land under cultivation decreased to an average of 17.7%
(s.e.=1.2%), while forests increased slightly to 44.4% (s.e. = 2.2%) and
artificial land expanded to 31.4% (s.e. = 2.1%).

We then compared the demographic and data on land use and
found that they were highly significantly correlated between the 25-km?
and100-km?areas (population demography, r=0.67, P < 0.001; urbani-
zation,r=0.95,P<0.001;land under cultivation, r = 0.88, P < 0.001; for-
estation,r=0.94,P<0.001). Considering human movement distances,
we used the 100-km? (10 x 10 km) data in the subsequent analyses.

Finally, when analysing long-term biodiversity change, the impact
of climate change cannot be ignored. As a covariate factor, we conse-
quently included annual average temperatures from the Japan Mete-
orological Agency from 1995 to 2020, using data from the nearest
meteorological station to each survey site.

Biodiversity data

We used unpublished biodiversity data for the period spanning 2004
t02021from Monitoring Sites 1000 (Appendix Ein the Supplementary
Information). The data used are from surveys conducted in WAPU land-
scapes. These landscapes account for approximately 40% of the land
areainJapan’®. The study sites were selected from agricultural second-
ary natural areas onland, excluding locations of newly created habitat
by humans, such as artificial biotopes. Furthermore, we did notinclude
‘pristine’ natural environments free from obvious signs of human
disturbance in our study. Over the past 50 years, from 1970 through
to the present, Japan’s forest cover has remained approximately 67%,
with around 40% consisting of plantations, such as Japanese cedar
(Cryptomeriajaponica) and Japanese cypress (Chamaecyparis obtusa)
fortimber production. The WAPU areas surveyed in our study include
both succession forests and plantations. However, as already stated,
ourstudy sites aresettled rural and peri-urban areas where agricultural
land, forests and artificial land are intermingled in a mosaic pattern.

The survey area for each site was set to encompass a contiguous
ecosystem, with atarget size of approximately 30-100 hectares. Data
from sites with a survey duration of less than 4 years were excluded;
analysis was conducted on 158 sites within the latitude and longitude
ranges of 24-44° and 123-145°, respectively, and with surveys con-
ducted continuously for over 5 years. Detailed data for each site can
be found in Supplementary Table 4. While the survey methods were
generally standardized across all sites, we accounted for climate and
topography variations at each survey location. Consequently, surveys
differed in terms of survey area coverage and the number of surveys
conducted annually for each individual site. Hence, we analysed indi-
vidual sites to understand the cumulative fluctuating trends in biodi-
versity among selected species across Japan asawhole.

For this study, we focused on reliable information obtained
through censuses for specific taxa, including birds (community data),
frogs (population data for three species), insects (population data
for two species of fireflies and community data for butterfly species)
and plants (community data for both native and non-native species).
Among the Monitoring Site 1000 data, camera trap datafor mammals
were included. However, because of changes in camera trap meth-
ods over time, direct comparisons with past data are challenging. To
avoid drawingincorrect conclusions, we excluded these datafrom our
analysis. Additionally, surveys of habitat area for the harvest mouse
were conducted but abundance was not measured for this species.
Hence, we excluded it from our analysis. The selected taxa cover a
broad range of the ecological pyramid in semi-natural ecosystems,
fromtop predators (birds) to producers (plants). Consequently, they
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provide asuitable dataset for evaluating the impacts of demographic
and environmental change on organisms in semi-natural ecosystems
(Supplementary Table 3).

During the breeding (April-August) and wintering (October-
March) seasons, observers recorded the names and number of species,
and the number of individuals, of birds observed within a 50-mradius
alongsurveyroutes for subsequent analysis. Surveys were conducted
three times per season, totalling six annually; the same routes were
traversed to minimize survey biases for each round.

We conducted surveys of frogs, a key indicator species for both
terrestrial and aquatic ecosystems, during the breeding season (Octo-
ber-June). Each survey location had a markedly different latitude,
so the breeding season for each site was surveyed over a wide range.
We counted the total number of egg masses for three frog species (R.

Jjaponica, R. ornativentris and R. pirica) because counting egg masses
made the survey easier. Adult frogs inhabit areas such as farmland and
mountain lowlands, making it preferable to focus on surveying their
congregations during the breeding season to quantify their popula-
tion. Moreover, as R. pirica inhabits a limited number of regions, we
analysed italongside R. ornativentris, which is phylogenetically close’.

Amonginsects we surveyed butterflies, whose larval host plantsand
adult nectar sources are located in semi-natural grasslands and forests
around farmlands. Additionally, fireflies live close to water resourcesin
the agricultural environment. For butterflies, we recorded the species
name and number of individuals observed within a5-mradius along the
survey routes, with surveys conducted one or more times per month.
For fireflies, werecorded the number of individuals during the breeding
season for two key species, Genji fireflies (V. cruciata) and Heike fireflies
(A. lateralis), which serve as indicators for aquatic organisms.

For plant species, once amonth we recorded the names of plants
with reproductive organs, such as flowers and fruits, observed along
the survey routes. Each survey route was set to include a variety of
landscapetypes, such as forests, forest edges, rice fields, fallow fields,
wetlands, grasslands and roads; we recorded plant species observed
alongtheseroutes. The surveyed plantsincluded herbaceous species
(seed plants and ferns) and woody species. Assessing plant abundance
was not feasible, so we opted to analyse the number of species instead.

For taxonomic groups with available dataonindividual counts, we
conducted analyses of annual variationin abundance using the method
described below. Additionally, for birds, butterflies and plants with data
onspecies numbers, we also conducted analyses of annual variationin
species richness. We categorized plants into native and non-native spe-
cies because the impact of population and land use changes may vary
for each category. Separate analyses were conducted for the number
of species for each group. For birds and butterflies, we analysed only
native species because the number of non-native species was seven
and one, respectively.

Analysis overview

Our analysis consisted of three components. First, we analysed and
mapped human population transitions, change inland use and average
temperature change (158 sites). Then, we analysed and mapped fluc-
tuationsinspeciesabundance and richness (Supplementary Table 4).
Finally, we analysed the relationships between population and change
inland use, and changes in species abundance and richness (Supple-
mentary Table 4).

Fluctuation trends in environmental factors

To examine annual change in environmental factors at each site, we
used linear models with the population, land use or meantemperature
astheresponse variables and year as the explanatory variable for each
study site. In other words, the environmental factors in each sample
E;were defined as:

E; ~ NQL)

Expectations under a Gaussian process A; were:
=B xYi+B

where 8,and 8, are the parameters estimated using linear modelsand Y;
isthe year. Based on the significance of the slope for the year (a = 0.05),
eachstudy site was classified into three environmental change catego-
ries:increase (significantly positive); decrease (significantly negative);
and no significant trend.

Fluctuating biodiversity trends

To examine annual changes in biodiversity among our selected taxo-
nomic species at each site, we used generalized linear models (GLMs)
(family = Poisson; link = log) with abundance or species richness as the
response variables and year and month as the explanatory variables for
eachstudysite. The exception was where the survey date was included
inthe bird model asarandomeffect (generalized linear mixed models
(GLMMs)) because bird surveys were performed multiple times per
day. In other words, species richness or abundance in each sample N,
were defined as:

N; ~ Poisson(4;)

Inthis case, expectations under a Poisson process A, were:
exp (B x Y;+Bo+M; +d;), if birds

o exp(BxYi+ B+ M), other organisms

where f, and 3, are the parameters estimated using GLMs or GLMMs,
Y,isthe yearand d;is the random effect of the survey date. The effects
M;of the month on species richness or abundance were:

M; =B xmy;+ By XMyj+ -+ Bpyg X My_y;

where S, B, B..,werethe parameters estimated using GLMs or GLMMs,
and m;;, m,; m,_,;are thedummy variables of n month.

We excluded from the analysis some sites where the target taxa
were not observed inany individuals. Based on the significance of the
slope for the year (a = 0.05), each study site was classified into three
change categories: increase (significantly positive); decrease (signifi-
cantly negative); and no significant trend.

Effects of human anthropogenic factors on biodiversity

We evaluated how the population and land use change categoriza-
tions (increase, decrease, no significant trend) affect biodiversity. The
response variable was the abundance or species richness of each taxon.
The explanatory variables were: year, month; changes to population,
urbanization, land under cultivation, forest and temperature; and
interactions between year and each environmental change. Site iden-
tity and spatial autocorrelation were incorporated as random effects
in GLMMs (family = Poisson, link = log). The spatial autocorrelation
matrix was fitted using the spaMM package’ with the Matérn structure
of pairwise correlations between the coordinates of each site location,
accounting for spatial dependencies that might otherwise bias the
results. In other words, species richness or abundance observed in
each sample i was defined as:

N; ~ Poisson(4;).

Inthis case, expectations under a Poisson process A, were:

A = exp ((ﬁl X Pinci + B2 X Pyec,i + B3 X Uinc,i + Ba X Cyec,i + Bs X Fgec,i
+B6 X Finci + B7 X Tinc,i +ﬂs) X Y; + Bo X Pinc,i
+B10 X Paec,i + B X Uine,i + B2 X Caec,i + Bis X Foec,i

+B14 X Finc,i + Bis X Tinc,i + Bio + M; + 5; + &)

where B, B,, . B, are parameters estimated using GLMMs, Y;is the
year, P,..;and P, ;are the dummy variables of the population change
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categories, U;,.;isthe dummy variable of the urbanization change cat-
egories, C4.;is the dummy variable of the land under cultivation change
categories, Fy..;and F,.;are the dummy variables of the forest change
categories, T;,.;isthe dummy variable of the temperature change cat-
egoriesands;is the random effect of study site (‘inc’=increase, ‘dec’=
decrease in all variable labels). §; is the random effect accounting for
spatial autocorrelation. Also, the effects of the month (M,) on species
richness or abundance were:

M; = Bi7 x my; + Pig X My + -+ + Bryis X My

where B, Bis, . B . s are the parameters estimated using GLMMs, and
my;, m,; m,;;arethe dummy variables of n month.

Before the analysis, we calculated the variance inflation factor val-
ues foreachmodel to check forissues of multicollinearity (all variance
inflation factors were less than 3.3). The best model was selected based
onthe minimum Akaike information criterion by evaluating all possible
combinations of the explanatory variables. We conducted all analyses
inRv.4.4.2 (ref. 73) using the fitme function with the spaMM package’.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw population data were obtained from the Statistics Bureau of
Japan (www.stat.go.jp/data/jinsui/). The raw land-use map data were
sourced from the National Land Information Division, National Spatial
Planning and Regional Policy Bureau, MLIT of Japan (https://nlftp.
mlit.go.jp/ksj/). The raw climate data were obtained from the Japan
Meteorological Agency (www.data.jma.go.jp/stats/etrn/index.php).
Therawbiodiversity data were provided by the Biodiversity Center of
Japan (www.biodic.go.jp/index_e.html). To use biodiversity data for
research purposes, researchers mustapply to the Biodiversity Center
ofJapan for permission regarding the purpose and use of the data. The
Biodiversity Center of Japan can provide information on the time frame
forresponses torequests and the details of any restrictionsimposed on
datauseviadatause agreements. The datathat we curated and analysed
fromtheraw dataare available via Figshare at https://doi.org/10.6084/
m9.figshare.26347669 (ref. 74).

Code availability
The code used for the analyses is available via Figshare at https://doi.
org/10.6084/m9.figshare.26347669 (ref. 74).
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Software and code

Policy information about availability of computer code

Data collection  The diversity of all organisms were quantified with visual count survey method. The bird diversity was conducted both visual and acoustic
survey. All surveys are the result of researches have conducted by researchers, advanced amateurs, non-profit organizations, and citizens
throughout Japan. All data are compiled by the Ministry of the Environment, Government of Japan. To use biodiversity data for research
purposes, the researchers have to apply to the Biodiversity Center of Japan for permission regarding the purpose and use of the data (https://
www.biodic.go.jp/index_e.html).

Population, land-use, and meteorology data can be downloaded by Ministry of Internal Affairs and Communications, Ministry of Land,
Infrastructure, Transport and Tourism, and Japan Meteorological Agency, respectively (see Data Availability section).

Data analysis All analyses were conducted using R version 4.4.2. The code used for the analyses has been uploaded to [figshare].
[figshare]:https://doi.org/10.6084/m9.figshare.26347669
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We used unpublished biodiversity data for the period spanning 2004 to 2021 from Monitoring Sites 1000 (project in the Ministry of the Environment, Government
of Japan). The data used for the analyses have been uploaded to [figshare]. Although, the raw data including the distribution of endangered organisms cannot be
made open due to conservation concerns, the raw data can be obtained by submitting an application for use. To use biodiversity data for research purposes, the
researchers have to apply to the Biodiversity Center of Japan for permission regarding the purpose and use of the data (https://www.biodic.go.jp/index_e.html).
The researchers need ask the data availability for the Biodiversity Center of Japan about the timeframe for response to requests and details of any restrictions
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Population, land-use, and meteorology data can be downloaded by Ministry of Internal Affairs and Communications, Ministry of Land, Infrastructure, Transport and
Tourism, and Japan Meteorological Agency, respectively (see Data Availability section).
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Ecological, evolutionary & environmental sciences study design
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Study description We analysed biodiversity change in 158 sites in semi-natural and peri-urban areas across the Japanese archipelago over periods of
between 5 to 17 years starting in 2004, alongside actual local spatial and temporal variability in human population, land use, and
average annual surface temperature. Our biodiversity dataset encompasses a comprehensive list of taxa in the ecological trophic
pyramid within semi-natural ecosystems, registering more than 1.5 million individual detections of 464 taxonomic species of bird,
butterfly, firefly, and frog egg masses, and 2,922 native and non-native plant species.

Research sample We used unpublished biodiversity data for the period spanning 2004 to 2021 from Monitoring Sites 1000. Established in 2003 to
continuously gather and store data on species diversity and environmental conditions collected by researchers and citizens, this
dataset is compiled and archived by the Ministry of the Environment’s Biodiversity Center, Government of Japan. More details here.
https://www.biodic.go.jp/moni1000/findings/newsflash/.

Data from sites with a survey duration of less than 4 years were excluded, and analysis was conducted on 158 sites within latitude
and longitude ranges 24°-44° and 123°-145° 396 respectively, and with surveys conducted continuously for over 5 years duration.

Sampling strategy This study utilized national-level biological monitoring data that had been collected prior to the design of this research. Although
statistical methods were not used to determine the sample size, all samples were included in the analysis except for those excluded
based on the criteria outlined in the data exclusions section. As a result, there was no bias in the selection of samples. Furthermore,
even after exclusions, data from 158 sites covering the Japanese archipelago were analyzed, which is considered sufficient for this
study.
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Data collection The diversity of all organisms were quantified with visual count survey method. The bird diversity was conducted both visual and
acoustic survey. All surveys are the result of researches have conducted by researchers, advanced amateurs, non-profit
organizations, and citizens throughout Japan. All data are compiled by the Ministry of the Environment, Government of Japan, and
raw data can be obtained by submitting an application for use. Population, land-use, and meteorology data can be downloaded by
Ministry of Internal Affairs and Communications, Ministry of Land, Infrastructure, Transport and Tourism, and Japan Meteorological
Agency, respectively.

Timing and spatial scale = We analyzed biodiversity change in 158 sites in semi-natural and peri-urban areas across the Japanese archipelago over periods of
between 5 to 17 years starting in 2004. At each site, multiple surveys were conducted annually during the active periods of the target
taxa.

Data exclusions Data were excluded from the analyses if they were from sites with a survey duration of less than 4 years, as this duration is too short
to observe temporal changes. Additionally, we excluded from the analysis sites where the target taxa were not observed at all during
the survey period. These criteria were determined prior to the analysis.

Reproducibility To ensure reproducibility, all protocols and procedures used in this study were meticulously documented. The data and code used for
the analyses are publicly available at [figshare]. By using data from 158 sites, we confirmed that the results were not due to site-
specific phenomena.
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Randomization This study involved numerous field surveyors conducting research at various locations, ensuring that no specific surveyor was
disproportionately represented. Additionally, all site data were used except for the locations excluded as mentioned in the data
exclusions section, ensuring that there was no bias in the selection of survey sites.

Blinding This study used data from the long-term biological monitoring program, Monitoring Site 1000, which has been conducted nationwide
since 2003. This program was established prior to the initiation of this study, ensuring that data collection was not influenced by any
biases related to this research.

Did the study involve field work? Yes |:| No

Field work, collection and transport

Field conditions The sampling was carried out during the peak season of biomass production and active period for all species. All sampling was not
conducted in rainy condition or excluding sampling data in the rain condition before analysing.

Location Data from sites with a survey duration of less than 4 years were excluded, and analysis was conducted on 158 sites within latitude
and longitude ranges 24°-44° and 123°-145° 396 respectively, and with surveys conducted continuously for over 5 years duration.

Access & import/export  On-site work permits were issued by the landowner and the local administration. At each of the survey areas, the surveys were
conducted after the respective permits were obtained.

Disturbance Activity of investigators was spatially limited at each site.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Dual use research of concern
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals No laboratory animals were involved in the study.




Wild animals We did not collected wild animals for the study. We collected species data using the visual and the acoustic methods.

Reporting on sex No sex-related data were collected for this study.
Field-collected samples  We did not collected wild animals for the study. We collected species data using the visual and the acoustic methods.

Ethics oversight We did not collected wild animals and plants for the study. We collected species data using the visual and the acoustic methods.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Experiments of concern

Does the work involve any of these experiments of concern:

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen
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Any other potentially harmful combination of experiments and agents

Plants

Seed stocks We did not collect the plant seeds.

Novel plant genotypes  We did not collect the plant genes.

Authentication We did not collect the plants.
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