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Abstract

Old trees function as enduring ecological legacies that preserve historical biodiversity
within intensively human-modified landscapes, yet the relative influence of environmental
versus anthropogenic drivers on their diversity remains unclear. Here, we aim to dis-
entangle the joint effects of climate, urbanization intensity and cultural preservation on
old-tree density and community composition. We analyzed a province-wide census of
21,733 old-tree individuals across 115 counties in Shanxi Province, China, encompassing
species origin (native vs. nonnative) and growth form (trees vs. shrubs). Old-tree density
was assessed using spatial simultaneous autoregressive error models, while compositional
dissimilarity was quantified using generalized dissimilarity modeling. In total, 131 species
were recorded, with four dominant species comprising more than 75% of all individuals.
Old-tree density increased with mean annual temperature, human population density, and
cultural heritage abundance, but declined sharply with cropland coverage. Driver impor-
tance varied among groups: native species were primarily governed by climatic conditions,
nonnative species by land-use intensity, and tree-form old trees were positively associated
with cultural heritage abundance, an effect absent in shrub-form old trees. Compositional
dissimilarity was driven mainly by climatic gradients and spatial distance, with additional
contributions from human-related variables, particularly for nonnative assemblages. Our
findings demonstrate that climate and spatial processes establish the regional framework
of old-tree community composition, while cultural and demographic contexts promote
local retention of old trees. By explicitly integrating ecological filters with socio-cultural
drivers, this study advances old-tree research through a large-scale empirical framework,
providing both scientific insight and socially relevant guidance for conservation under
land-use intensification and climate warming.

Keywords: heritage tree; cultural activity; biodiversity conservation; species origin;
growth forms

1. Introduction

Old trees represent a distinctive form of natural-cultural heritage, acting as long-
lived biological legacies that link ecological processes with human history [1]. Because
of their exceptional size and longevity, they contribute disproportionately to biodiversity
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maintenance and ecosystem functioning by providing specialized habitats, buffering micro-
climates, storing large carbon pools, and conserving irreplaceable genetic resources [2—4].
Beyond these ecological functions, old trees play a central role in landscape aesthetics, par-
ticularly when composed of indigenous, slow-growing species that are culturally familiar,
visually distinctive, and symbolically valued within local landscapes [5]. Old trees are also
deeply embedded in religious, ethnological, and anthropological traditions worldwide [6,7].
Sacred groves, temple trees, churchyard trees, and commemorative plantings have been
documented across Asia, Europe, Africa, and the Americas, reflecting shared human
practices of attributing spiritual, social, and historical meaning to long-lived trees [8-11].
Despite this combined ecological, aesthetic and cultural importance, old trees are declining
worldwide due to climate change, urban expansion, logging, and other anthropogenic
pressures [12]. Clarifying the drivers underlying their diversity and compositional patterns
is therefore essential.

Old trees are commonly found within human-dominated landscapes such as cities,
villages, and agricultural mosaics [13,14]. A growing body of evidence shows that both
environmental conditions and human activities shape their spatial distribution and di-
versity by regulating fundamental biological processes, including growth rates, lifespan,
stress tolerance, and resilience to disturbance [1,15]. Climate is a key determinant, with
mean annual precipitation strongly influencing old-tree abundance and wetter regions
generally supporting higher densities [16]. Edaphic and topographic constraints further
limit persistence: flat terrain with deep, fertile soils typically sustains more old trees than
shallow or rugged landscapes, underscoring the importance of soil depth and nutrient
availability [17,18]. In addition, long-lived tree species are often associated with higher ele-
vations, where reduced disturbance and cooler conditions with lower metabolic rates may
favor longevity [19]. Together, these patterns highlight the dominant role of environmental
filtering at broad spatial scales.

Human activities impose additional and often decisive influences on old-tree dy-
namics. Logging, agricultural expansion, habitat fragmentation, biological invasions, and
anthropogenic climate change have driven widespread losses of large and old trees world-
wide [12]. For instance, intensive harvesting has markedly reduced large trees in managed
and semi-natural forests across Europe [20]. Beyond external disturbances, physiological
aging and accumulated structural damage increase old trees’ susceptibility to pathogens
and pests, often amplifying the effects of human disturbances [21]. However, human im-
pacts are strongly context dependent. In culturally significant settings, old trees associated
with temples, ancestral halls, or sacred sites benefit from long-term protection and active
management, including watering, pruning, and disease monitoring, pest control, and legal
protection of veteran or monumental trees, which can substantially enhance survival and
longevity [22-24].

These contrasting outcomes highlight the importance of cultural heritage as a me-
diating pathway linking human activities to ecological processes [25,26]. In long-settled
landscapes, cultural heritage shapes old-tree persistence by influencing human behav-
ior, including selective retention, disturbance suppression, and sustained management
across generations [27]. Tangible cultural heritage, such as immovable cultural relics, may
serve as stable spatial refugia for old trees, while intangible cultural heritage, including
beliefs and ritual practices, can influence planting, retention, and disturbance regimes
through intergenerational transmission [24,28]. Species traits are likely to mediate these ef-
fects [29]. Native species often exhibit stronger cultural recognition, aesthetic appreciation,
and ecological compatibility with local environments, whereas non-native species may be
constrained by management intensity, lower cultural attachment, or invasive potential [30].
Similarly, long-lived tree species generally differ from shrubs or fast-growing taxa in their
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sensitivity to disturbance, longevity, and cultural symbolism [31]. Integrating climatic
constraints, urbanization intensity, indicators of cultural heritage with species origin and
growth form therefore provides a robust framework for disentangling the relative roles
of ecological filters and socio-cultural preferences in shaping old-tree diversity, density,
and composition.

Located in the Yellow River Basin of China, Shanxi Province contains an exceptional
concentration of cultural heritage sites and a long history of old-tree preservation [32]. The
persistence of millennia-old cypress trees (Platycladus orientalis) planted during the Zhou
Dynasty exemplifies the deep coupling between cultural continuity and old-tree survival,
making the region an ideal natural laboratory to examine how environmental constraints,
human pressures, and cultural protection jointly shape old-tree assemblages at regional
scales [33]. Drawing on a comprehensive census of old trees across 115 counties, together
with environmental variables and anthropogenic indicators representing both destructive
and protective forces, we addressed three questions: (a) how does old-tree dominance
structure vary among counties? We hypothesized that a small number of dominant species
are widely distributed across counties, due to the similar cultural identity among people
within the province [27]. (b) How do environmental and anthropogenic factors jointly
regulate spatial variation in old-tree density across species origins and growth forms? We
hypothesized that cultural protection activities exert a positive mediating effect on old-tree
density, particularly for native species and tree-form old trees that hold strong cultural
significance [34]. (c) To what extent do climatic gradients and spatial distance establish the
regional framework of old-tree compositional dissimilarity, and how do human-related fac-
tors further modify these patterns? We expected that climatic gradients and spatial distance
would define the primary structure of compositional dissimilarity at the regional scale [35].
By integrating ecological, cultural, and trait-based perspectives, this study advances a more
holistic understanding of old-tree persistence in human-dominated landscapes.

2. Materials and Methods
2.1. Old Trees Collection

In the literature, trees of exceptional age, size, or cultural significance are referred to
as old trees, ancient trees, large old trees, heritage trees, or monumental trees [1,4,9,14,34].
In this study, old trees were defined as woody individuals older than 100 years, following
the Regulations on the Protection of Old and Famous Trees issued by the National Forestry
and Grassland Administration of China. This threshold represents an administrative
and conservation-based definition rather than a biological lifespan criterion, and has
been widely applied in national surveys, management practices, and scientific studies in
China [34,36]. Although tree longevity varies greatly among species and regions, trees
meeting this criterion generally function as long-term ecological legacies and carriers
of cultural heritage, which is conceptually comparable to heritage or monumental trees
recognized in other countries, despite differences in specific age thresholds. Since 2001,
nationwide censuses of old and famous trees have been conducted every ten years in
accordance with the Specifications for the Identification of Old and Famous Trees and the
Technical Specifications for the Census of Old and Famous Trees. These surveys focus
on areas outside nature reserves and forest regions, documenting scattered old trees and
recording their species identity, estimated age, tree height, diameter at breast height (DBH),
crown width, and geographic location (see details in Appendix A). To ensure data reliability,
all records undergo multi-level quality control at county, provincial, and national levels,
followed by data collation, verification, and expert review. Finalized datasets are released
through official platforms or published volumes. In this study, we used data from the
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2018 old-tree census in Shanxi Province, covering 118 counties and representing the most
comprehensive and standardized dataset currently available for the region.

To ensure data completeness, counties with fewer than five old-tree individuals were
excluded, yielding a final dataset comprising 115 counties. Latin names of species were
standardized using the Leipzig Catalogue of Vascular Plants [37] and the Flora of China
(http:/ /www.iplant.cn) (accessed on 26 June 2025). Provincial-level species origins were
identified based on the Flora of China. Species recorded outside their native provincial
ranges were classified as nonnative [38]. To assess whether distribution mechanisms
differed by growth form, species were further categorized as trees or shrubs according
to descriptions in the Flora of China and related studies. For analyses involving species
origin or growth form, counties containing only native species or only tree species were
excluded to maintain comparability. This resulted in 93 counties for origin-based analyses
and 72 counties for growth-form analyses. Hereafter, “old trees” refers to all qualifying
woody individuals, whereas “trees” and “shrubs” denote tree-form and shrub-form old
trees, respectively.

2.2. Explanatory Variables

To explain spatial variation in old-tree diversity and composition, explanatory vari-
ables were grouped into natural environmental and human activity categories. En-
vironmental variables included mean annual temperature (MAT), temperature sea-
sonality (TEMP_Season), mean annual precipitation (MAP), precipitation seasonality
(PREC_Season), mean elevation (EleM), and elevation range (EleR). Bioclimatic data were
obtained from WorldClim v2.0 at 30 arc-second resolution (http:/ /www.worldclim.org/)
(accessed on 28 June 2025). Elevation metrics were derived from the EarthEnv-DEM90
digital elevation model [39], with mean elevation and elevation range calculated for each
county. Spatial averages of environmental variables were computed using 1 km grid cells
within county boundaries [40].

Human activity variables represented both urbanization intensity and cultural preser-
vation. Urbanization indicators included human population density (HPD), gross domestic
product (GDP), and cropland coverage (CLC), and they were all extracted from the Shanxi
Statistical Yearbook 2018 [41]. Cultural preservation was characterized using cultural her-
itage abundance (CHA) and intangible cultural heritage abundance (ICHA). CHA was
compiled from 1105 national- and provincial-level key cultural relic protection units listed
by the Shanxi Provincial Cultural Relics Bureau, encompassing ancient buildings, sites,
tombs, grottoes, and stone carvings. ICHA included 1306 nationally and provincially
recognized intangible cultural heritage items released by the Chinese State Council and the
Shanxi Provincial Government, covering folk literature, traditional music, dance, drama,
fine arts, crafts, medicine, and folk customs.

To reduce multicollinearity, variables with Pearson correlation coefficients exceeding

10.7 | were excluded prior to analysis [42]. The final set of predictors comprised three
environmental variables (MAT, MAP, EleR) and four anthropogenic variables (CLC, HPD,
CHA, ICHA).

2.3. Response Variables

County-level diversity was quantified using old-tree density, calculated as the number
of individuals divided by county area (trees per ha), and compositional dissimilarity,
measured using the Bray—Curtis index (dj;) based on species abundance. For counties j and
k, the contribution of species i to Bray—Curtis dissimilarity is defined as:

[Xij — Xi]

S B I 1
Y (Xij + Xa) W

dijk =
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where x denotes the abundance of species i in counties j and k. Overall dissimilarity is
calculated as dj = Ziszl djjr where S is the total number of species [43]. Values range from 0
to 1, with lower values indicating greater compositional similarity. Compositional similarity
was expressed as 1 — dj.

2.4. Statistical Analysis

To account for potential spatial autocorrelation in old-tree density across counties, we
applied spatial simultaneous autoregressive error models (SARs), which explicitly model
spatially structured residuals and thereby ensure unbiased parameter estimates in the
presence of spatial dependence that violates the independence assumption of ordinary
least squares (OLS) [44]. Moran’s [ was calculated before and after model fitting to evaluate
the presence and reduction in spatial autocorrelation [45]. For each dataset, all possible
combinations of predictor variables were fitted, and Akaike weights (w) were computed to
assess the relative importance of individual predictors across all model combinations [46].
Model selection was based on minimizing Akaike’s Information Criterion (AIC) [47]. To
improve normality and linearity, old-tree density, CLC, and HPD were log-transformed
prior to analysis. All predictors were standardized to zero mean and unit variance.

Generalized additive models (GAMs), which can flexibly capture non-linear relation-
ships, were used to examine relationships between pairwise community similarity and
geographic distance by using the R package mgcv, allowing comparisons of distance—decay
patterns among old trees differing in species origin and growth form [48]. Geographic
distance was calculated as the Euclidean distance between counties based on latitude and
longitude [49].

To quantify the relative contributions of environmental and spatial gradients to varia-
tion in old-tree community composition, we applied generalized dissimilarity modeling
(GDM) using the gdm package in R. GDM is a nonlinear matrix-regression framework
developed for 3-diversity analyses that accommodates nonlinear relationships between
compositional dissimilarity and predictor gradients [50]. Models were fitted using the de-
fault three I-spline basis functions, whose shapes describe rates of compositional turnover
along each gradient. The summed I-spline coefficients indicate the magnitude of each
predictor’s contribution to 3 diversity and correspond to the maximum height of the spline
curve [51]. To facilitate comparison, coefficients were rescaled so that their sum equaled the
deviance explained by the model [52]. Predictor significance was evaluated using Monte
Carlo permutation tests with stepwise backward elimination implemented via the function
gdm.varlmp. All analyses were conducted in R v4.5 [53].

3. Results
3.1. Diversity Distribution Patterns of Old Trees

We assembled a comprehensive inventory of 21,733 old-tree individuals representing
131 species across 115 counties in Shanxi Province, spanning 71 genera and 34 families.
The dataset comprised 103 tree species and 28 shrub species, including 90 native and
41 nonnative taxa at the provincial scale. Old trees were unevenly distributed, with
pronounced concentration in central and southeastern Shanxi. Fifteen counties supported
more than 20 species (Figure 1a), 13 counties contained over 400 individuals (Figure 1b),
and 11 centrally located counties exhibited densities exceeding 50 individuals per hectare
(Figure 1c).

https://doi.org/10.3390/£17020261


https://doi.org/10.3390/f17020261

Forests 2026, 17, 261 60f17
(@) (b) (©)
Species richness Individual abundance { Density of old trees(n/ha)

®--® <5 ) <10 ( <5
5—10 & @ 10—100 (%) 5—15
.9 ;‘ 10—15 ; 100—200 i t 15-25
" 15-20 { 200—400 g 2550

) @ >20 (] ' @ >400 S ® >s0

®
® ® ®
@
PS 0. P

(a)

Number of Counties

25

30

Figure 1. Spatial patterns of (a) old-tree species richness, (b) individual abundance, and (c) density
across 115 counties in Shanxi Province.

Species occurrence was highly skewed.  Six species—Styphnolobium japonicum,
Platycladus orientalis, Ulmus pumila, Pinus tabuliformis, Salix matsudana, and Gleditsia sinensis—were
widespread, each occurring in more than half of all counties, whereas 45 species were restricted
to a single county (Figure 2a). Abundance patterns were similarly uneven: four dominant species,
each characterized by distinct geographic distributions, exceeded 1000 individuals and together
accounted for more than 75% of all recorded old trees. In contrast, 61 species were represented
by fewer than five individuals, including 26 singletons (Figures 2b and Al).
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Figure 2. Frequency distributions of old trees across species by (a) number of counties and (b) indi-
vidual abundance.

3.2. Factors Influencing the Density of Old Trees

Old-tree density was shaped by both environmental and anthropogenic drivers, with
effects differing in magnitude and direction (Table 1). Across all old trees, human popula-
tion density (HPD) and mean annual temperature (MAT) exerted the strongest positive
influences, followed by cultural heritage abundance (CHA), whereas cropland coverage
(CLC) showed a significant negative association. Native and nonnative species responded
similarly overall but differed in dominant controls: MAT was the strongest driver for native
species, while CLC imposed a stronger constraint on nonnative species. Growth forms also
diverged markedly. For trees, CHA emerged as the primary positive predictor, whereas no
significant effects were detected for shrubs. Instead, shrub density was mainly associated
with HPD, with MAT showing comparatively weak relationships.
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Table 1. Spatial simultaneous autoregressive (SAR) models evaluating the effects of environmental
and human-activity variables on old-tree density across origins and growth forms.

Density Origins Growth Forms
All Native Nonnative Trees Shrubs
4 Variables
1 coef. 2w coef. w coef. w coef. w coef. w
MAT 0.299 * 0.669 0.716 *** 0.996 0.464 *** 0.980 0.438 ** 0.912 0.301 ** 0.904
MAP 0.287 —0.334 ** 0.670 —0.490 *** 0.988 —0.271* 0.535 0.363
EleR 0.393 0.301 0.380 0.276 0.333
CLC —0.158 * 0.549 —0.430 *** 0.987 —0.650 *** 1.000 —0.389 *** 0.980 —-0.215* 0.801
HPD 0.250 *** 0.975 0.633 0.300 0.426 *** 0.997 0.447 *** 0.970
CHA 0.152* 0.636 0.190 * 0.696 0.346 *** 0.989 0.255 * 0.656 0.403
ICHA 0.391 0.184 * 0.644 0.169 0.588 0.316 0.294
3 Pseudo r? 0.642 0.554 0.452 0.596 0.382

1 Values are standardized coefficients (coef.) from the best-supported model based on Akaike’s Information
Criterion. 2 Akaike weights (w) indicate the relative importance of predictors derived from all model combina-
tions. 3 Pseudo r? values are presented to indicate the explanatory power of the models. * MAT, mean annual
temperature; MAP, mean annual precipitation; EleR, elevation range; CLC, cropland coverage; CHA, cultural
heritage abundance; ICHA, intangible cultural heritage abundance; HPD, human population density. *** p < 0.001;
**p <0.01;*p <0.05.

3.3. Compositional Similarity of Old Trees Among Counties

Old-tree assemblages exhibited a clear distance—decay pattern, with compositional
similarity declining significantly with increasing geographic distance (Adjusted R? = 0.221,
p < 0.001; Figure 3a). The magnitude of spatial turnover varied among groups. Native
assemblages showed a steeper and more pronounced decay than nonnative assemblages,
while maintaining higher overall similarity across distances (Figures 3b and A2a). A compa-
rable contrast was observed between growth forms: trees displayed stronger distance-decay
relationships and higher compositional similarity than shrubs (Figures 3c and A2b).

(a) (b) ()

1.00| — An: Adjusted R*=0.221 P<0.001 1.00 Native: Adjusted R*=0.216 P <0.001 1.00 Tree: Adiusted R?=0.232 P<0.001
— Nonnative: Adjusted R:=0.034 P<0.001 Shrub: Adjusted R*=0.052 P <0.001
078 2075 £0.75
S S S
E E E
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Figure 3. Distance—decay relationships of compositional similarity for old trees: (a) all species, (b) by
origin, and (c) by growth form. Curves were fitted using generalized additive models (GAMs);
shaded bands denote 95% confidence intervals. Colors represent different groups.

3.4. Drivers of Species Compositional Patterns

Determinants of compositional dissimilarity differed markedly among groups, al-
though climatic and spatial variables consistently dominated. For all old trees, mean
annual temperature (MAT), geographic distance (DIS), and mean annual precipitation
(MAP) were the principal predictors, while human-activity variables contributed little,
with only HPD showing a weak but significant effect. Native species closely mirrored the
overall pattern, with dissimilarity structured primarily by climate gradients and spatial
separation. In contrast, nonnative species exhibited low explanatory power and weak
spatial structuring, with HPD emerging as a relatively main driver. Among growth forms,
trees showed strong climate- and space-driven compositional turnover, whereas shrubs
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displayed low explained deviance and responded mainly to climatic variables (Figure 4;
Table Al).

All

Nat

Non

Tree

Shrub

T T T T 1

T
0 10 20 30 40 50 60

B DIS MAP © CLC ® CHA
B MAT EleR ® HPD M ICHA

Figure 4. Relative contributions of spatial, environmental, and human-activity predictors to explained
deviance in compositional dissimilarity based on generalized dissimilarity modeling (GDM). Analyses
were conducted for all species (All), native (Nat) and nonnative species (Non), and tree and shrub
groups. Predictor importance is indicated by the maximum height of GDM transformation functions.
Bar colors denote predictors; definitions are provided in Table 1.

4. Discussion
4.1. Dominance Structure of Old Tree Diversity

Our province-wide census of 21,733 old-tree individuals spanning 131 species across
115 counties in Shanxi Province demonstrates that, although old trees constitute only a small
fraction of regional tree resources, they represent more than 25% of the naturally occurring
woody plant species pool [54]. This marked overrepresentation highlights old trees as long-
lived legacy elements that retain historical vegetation signals and safeguard a substantial
share of regional biodiversity within increasingly human-dominated landscapes [4].

Consistent with hypothesis, old-tree assemblages in Shanxi exhibit a pronouncedly un-
even dominance structure, with a few widespread and abundant species co-occurring along-
side many rare and geographically restricted taxa, consistent with patterns reported for
Taiyuan city of Shanxi province [33]. The prominence of dominant species likely reflects the
relationship between broad ecological tolerance, sustained utilitarian value, and long-term
cultural selection [27]. Species such as Ulmus pumila and Gleditsia sinensis combine strong
adaptation to regional environments with repeated human preference for medicinal and
edible uses [55,56]. Beyond utilitarian functions, culturally revered species—exemplified
by Styphnolobium japonicum—have been intentionally conserved because of their symbolic
importance in historical narratives, collective memory, and place-based identity [57]. The
Big Pagoda Tree (Styphnolobium japonicum) in Hongdong County of Shanxi, which served
as a major gathering site for migrants during the early Ming Dynasty and remains a potent
symbol of ancestral origin for millions of descendants, illustrates this process vividly [58].
Together, these examples underscore the central role of biocultural processes in structuring
contemporary old-tree diversity [59,60].

Accordingly, dominant old-tree species can be viewed as “winners” of long-term an-
thropogenic filtering, possessing traits that enable persistence under sustained disturbance
and management and thus being preferentially retained in settlements, cultural landscapes,
and restoration settings [2,61]. Conversely, the high proportion of low-abundance and
single-county species indicates substantial regional vulnerability, as stochastic losses of rare
old trees may disproportionately erode compositional diversity [62,63]. Many endangered
and relict taxa, including Ginkgo biloba, persist primarily as isolated old individuals within
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human settlements, where they function as irreplaceable reservoirs of genetic diversity
and evolutionary history [4]. Thus, recognizing such dominance patterns may help pri-
oritize keystone species for protection in culturally important landscapes, where their
loss would disproportionately affect both ecological functions and cultural identity [64].
Collectively, these patterns emphasize the dual role of old trees as archives of long-term
human-environment interactions and as priority conservation targets, underscoring their
importance for biodiversity conservation, cultural heritage preservation, and the mainte-
nance of evolutionary potential in modified landscapes [1].

4.2. Environmental and Anthropogenic Controls on Old Tree Density

The significant effects of anthropogenic and climatic predictors on old-tree density
also reflect the joint influence of human-mediated selection and long-term environmental
filtering [65]. The strong positive relationship between human population density and
old-tree density across all groups indicates preferential retention of old trees in densely
inhabited areas. This pattern is consistent with evidence from both provincial [66] and
national scales [36] and suggests that human presence does not inherently translate into old-
tree loss. Instead, densely populated regions often coincide with greater economic resources
and institutional capacity, facilitating conservation infrastructure, management inputs, and
legal protection that promote old-tree persistence. Such stewardship commonly involves
active management (e.g., watering, pruning, pest control) and deliberate protection driven
by cultural, religious, and symbolic values [1].

The positive association with cultural heritage abundance suggests that cultural her-
itage mediates human-—tree interactions that heritage-rich counties tend to support reduced
tree removal and sustained stewardship, allowing temples, monuments, and other im-
movable heritage sites to function as long-term refugia for old trees in human-dominated
landscapes [24]. Consistently, Zhang and Grose (2025) found that 62% of large old trees
in Zhoukou city were located within or directly associated with temples [28]. By contrast,
the strong negative effect of cropland coverage highlights the enduring tension between
intensive agriculture and old-tree persistence, as agricultural expansion and mechanization
have historically necessitated tree removal and limited opportunities for long-term sur-
vival [67]. Together, these opposing influences show that old-tree density in anthropogenic
landscapes reflects a balance between culturally driven protection and land-use intensi-
fication. By comparison, old trees occurring in managed forests are subject to a different
set of constraints. Silvicultural practices such as rotation-based harvesting, thinning, and
timber-oriented management often limit the persistence of very old individuals, regardless
of surrounding population density or cultural context [12,68]. As a result, the positive
associations between human presence, cultural heritage, and old-tree density documented
in human-dominated landscapes may be reduced or absent in managed forest systems [69].

For different species of origin, the influences of climate and anthropogenic factors on
old-tree density varied markedly. For example, native old-tree density was most strongly
associated with temperature, indicating that the current distribution of native legacy indi-
viduals continues to reflect long-term climatic filtering and historical climate-vegetation
equilibria [2,70]. Having persisted through centuries of environmental variability, these
native old trees remain tightly linked to regional thermal regimes, suggesting climatic filter-
ing over extended timescales and a potential sensitivity to ongoing climate change [71,72].
By contrast, nonnative old-tree density was more strongly constrained by the cropland
coverage, suggesting that land-use intensity outweighs macroclimatic controls on their
persistence. This pattern likely reflects anthropogenic introduction and management path-
ways, whereby establishment and survival are shaped more by land-use context and human
decision-making than by climatic suitability alone [73].
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Growth forms further modulated these relationships. Cultural activity exerted a much
stronger influence on tree density than on shrub density, indicating that trees are more
likely to be preserved and actively managed in culturally rich regions. This disparity is
plausibly linked to tree stature: greater height, biomass, and longevity increase visibility
and the likelihood of acquiring symbolic, historical, or spiritual significance [5]. Supporting
this interpretation, Huang et al. (2023) showed that old-tree species with greater potential
height have a higher probability of long-term persistence [34]. In contrast, density of shrub-
form old trees was driven primarily by human population density, with climatic variables
playing a secondary role, suggesting that smaller, more disturbance-tolerant shrubs are
more tightly coupled to local management regimes than to broad-scale climate gradients.

Collectively, these findings indicate that urban and village landscapes can sustain
high densities of old trees when long-term protection and active stewardship are in place,
particularly where cultural heritage reinforces tree retention. Integrating old-tree conser-
vation into cultural heritage management, urban green infrastructure, and village-level
land-use planning may therefore enhance persistence, whereas intensively farmed regions
require targeted retention and buffering strategies. Conservation planning should further
account for differences in species origin and growth form, as these traits mediate sensitivity
to land-use intensity and management regimes.

4.3. Drivers of Compositional Dissimilarity Across Species Groups

The pronounced distance—decay relationships among counties indicate that old-tree
assemblages remain strongly spatially structured at the regional scale, with compositional
similarity declining with increasing geographic distance. This pattern reflects persistent
spatial processes, including dispersal limitation and historical contingencies associated with
past land use and cultural practices, that continue to shape old-tree community composi-
tion [27,29]. Steeper distance—-decay slopes for native species and tree growth forms indicate
stronger spatial turnover and regional differentiation, consistent with a greater imprint of
long-term biogeographic processes and enduring environmental filtering than observed
for nonnative species and shrubs [74]. Notably, native old trees and tree-form assemblages
also exhibited consistently higher overall compositional similarity than nonnative species
and shrubs. This seemingly counterintuitive pattern likely arises from the dominance of a
small set of widespread native tree species that combine broad geographic distributions
with high local abundance. The disproportionate contribution of these ecologically tolerant
and historically favored taxa elevates compositional overlap among counties, increasing
regional similarity despite marked spatial turnover. Together, these results suggest that
native old-tree composition is governed not only by climate and spatial constraints but
also by uneven species contributions resulting from long-term ecological suitability and
selective persistence under human influence [29].

In contrast, nonnative old trees displayed weaker distance-decay relationships and
low model explanatory power, with species composition showing only marginal responses
to climatic and spatial gradients. Instead, human population density emerged as the
relatively stronger predictor, indicating that nonnative old-tree assemblages are largely
decoupled from natural biogeographic constraints. This spatial homogenization is consis-
tent with human-mediated introduction, cultivation, and repeated planting of a limited set
of favored species across broad areas, which reduces spatial differentiation and dampens
environmental signals [35,75].

These patterns were also modulated by growth form. Tree-form old trees exhibited
strong climate- and space-driven compositional differentiation, indicating that long-lived,
large-stature woody species integrate cumulative effects of environmental filtering and his-
torical dispersal constraints over extended timescales [76,77]. Similar dynamics have been
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reported in old-growth and mature forest systems, where canopy-dominant assemblages
remain tightly aligned with macroclimatic and spatial gradients despite local disturbances
at large spatial scales [78]. The relatively weak imprint of contemporary human activ-
ity on old-tree composition may reflect historical reliance on locally adapted species in
plantings or the persistence of remnant individuals following past disturbances, both
of which reinforce congruence with regional environmental conditions [79]. Although
the widespread occurrence of a few dominant species increases compositional similarity
among counties, recent population movements and economic activity do not appear to have
led to strong regional homogenization. In contrast, shrub-forming old trees—occupying
lower vertical strata and characterized by high tolerance to disturbance, pruning, and
resprouting—showed weak spatial structuring and low explained deviance, suggesting
that their assemblages are shaped primarily by local-scale processes such as microhabitat
heterogeneity and localized human disturbance, with regional climatic and spatial signals
largely attenuated. In addition, low explained deviance of shrubs would be related to the
unevenly distributed and comparatively sparse across counties, which can reduce statistical
power at broad spatial scales [80].

Collectively, old-tree compositional patterns were shaped by the joint influence of
long-term climatic filtering, spatial constraints, and human-mediated selection. Origins
and growth forms modulate the balance between regional-scale environmental filtering
and local-scale anthropogenic and ecological processes within old woody assemblages.
Although anthropogenic variables did not dominate compositional patterns at the regional
scale, their effects may be partly obscured by unaccounted interspecific differences in
cultural significance and utilitarian value [34]. The context-dependent effects observed
across species origins and growth forms further suggest that conservation and landscape
management should adopt differentiated strategies, aligning species traits and cultural
values with local environmental and socio-economic contexts.

4.4. Implications and Limitations

Our results highlight that old-tree conservation in human-dominated landscapes
cannot rely solely on protected areas but must be embedded within cultural heritage plan-
ning, urban green-space design, and agricultural land-use management. By identifying
the contrasting roles of cultural protection and land-use intensification, this study pro-
vides a spatial framework for prioritizing areas where old-tree persistence can be most
effectively supported.

Several limitations should be acknowledged. First, this study focused on regional-scale
patterns and did not incorporate site-level attributes such as aesthetic value and tree vitality,
or health status. These attributes are important dimensions for evaluating the condition,
visibility, and social perception of individual old trees, and may strongly influence local con-
servation decisions and management priorities in human-dominated landscapes. Future
studies could adopt multi-scale approaches that integrate regional analyses with site-level
assessments based on field surveys, expert evaluations, or standardized health and aes-
thetic indicators. Second, causal mechanisms underlying human-tree relationships cannot
be fully resolved using correlative approaches. Future work that integrates site-level assess-
ments of vitality and aesthetic or cultural valuation with long-term management histories
would help resolve how human preferences interact with ecological processes to shape the
biogeography of old-tree communities. Third, the administrative 100-year threshold may
differentially represent ecological age across fast- and slow-growing species, a limitation
that warrants refinement using species-specific longevity metrics in future studies.
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5. Conclusions

This province-wide analysis shows that regional patterns of old-tree diversity
arise from the coupled effects of species dominance, climatic filtering, spatial con-
straints, and differentiated human influences. A small number of widespread, abundant
species—favored by broad environmental tolerance and long-term cultural and utilitar-
ian selection—dominate old-tree assemblages and elevate compositional similarity across
space. Old-tree density is jointly promoted by climatic suitability and human presence,
whereas intensive agriculture consistently undermines persistence, highlighting the con-
trasting roles of settlement and land-use intensification. At the compositional level, strong
distance—-decay relationships indicate that native and tree-form old trees remain struc-
tured by long-term biogeographic processes, while nonnative and shrub assemblages are
increasingly homogenized through human-mediated management. Beyond the regional
context, our findings provide a general framework for understanding how ecological filters
and socio-cultural preferences jointly shape old-tree assemblages in human-dominated
landscapes worldwide. We demonstrate that conserving old trees requires context-specific
strategies, including reducing intensive agricultural expansion in culturally valued areas
and applying buffer zones, incentive-based protection, and landscape integration in inten-
sively farmed regions. Recognizing old trees as both ecological assets and cultural heritage
can align biodiversity conservation with spatial planning and community engagement.
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Appendix A

Old trees data

These scattered old trees were recorded in terms of their species identity, estimated
age, tree height, diameter at breast height (DBH), crown width, and geographic location.
Tree age was estimated using a non-destructive, integrative approach commonly applied
in old-tree surveys, including literature-based tracing, interview-based estimation with
residents or managers, and indirect inference from morphological characteristics such
as trunk diameter and growth form. Where applicable, age estimation was informed by
empirical relationships between tree-ring data and diameter reported in previous studies.
Tree height was measured in the field using a hypsometer or laser rangefinder; in cases
where instrument-based measurement was constrained, tape-and-pole methods were
applied as supplementary approaches. Diameter at breast height (DBH) was measured at
1.3 m above ground using a standard diameter tape. Crown width was determined using
the cross method, by measuring crown diameters along two perpendicular directions and
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calculating their average. Geographic coordinates were recorded in situ using handheld
GPS devices.

Pinus tabuliformis Ulmus pumila Gleditsia sinensis

Figure A1. Geographic distributions of the six most abundant species based on individual counts.
Each dot represents the occurrence of an individual tree of the corresponding species.

Table A1. Results of generalized dissimilarity models (GDMs). Values represent the summed I-spline
coefficients (maximum spline height) for each predictor. Predictors with zero I-spline sums were
excluded a priori. Statistically significant predictors are shown in bold (p < 0.05). Total deviance
explained indicates the proportion of compositional dissimilarity accounted for by all predictors in

each model.

Variables All Nat Non Tree Shrub

DIS 14.634 14.295 2.083 16.927 0.765

MAT 22.983 20.786 3.272 18.426 5.018

MAP 8.321 8.195 0.223 8.000 2.241

EleR 0.509 0.310

CLC 1.873 1.525 0.915 3.025

HPD 3.598 2.641 3.127 2.552 2.050

CHA 1.004 1.200 0.561 2.242 0.655

ICHA 0.572 0.368 0.281
Percent deviance explained 52.413 49.215 11.059 51.172 11.320
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Figure A2. Compositional similarity of old trees among counties: (a) native versus nonnative
species; (b) trees versus shrubs. Group differences were assessed using the Wilcoxon rank-sum test.

*** p < 0.001.
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