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Abstract: In the context of rapid urbanization, traditional villages in the Weibei Loess
Plateau gully region are facing compounded pressures from social structure disruption
and physical space reconstruction. It is urgent to deeply analyze the influence mechanism
of social relations on spatial adaptability. This study attempts to construct an analytical
framework that couples social relationships with village spatial development. With Tangjia
Village in the gully region of the Weibei Loess Plateau as an example, the study integrated
various data sources such as satellite imagery, interviews, and policy documents. Through
social network analysis and an improved cascade failure model, the spatial adaptation
processes and characteristics based on changes in kinship, occupational ties, and geo-
graphical networks were explored. The findings indicate that (1) before 2001, kinship
networks led to the formation of a monocentric settlement structure. From 2001 to 2011,
occupational ties fostered the differentiation of industrial and residential zones. After
2011, geographical networks drove the multifunctional integration of space. (2) Clan-based
settlement zones (consisting of 80 kinship nodes) and core cultural tourism facilities are key
units in maintaining spatial adaptability. The research reveals the impact mechanism of
social network fission on spatial function reorganization and proposes adaptive planning
strategies, aiming to provide theoretical and practical value for the coordinated governance
of society and space in traditional villages.

Keywords: traditional villages; social networks; spatial adaptability; mechanism

1. Introduction

Under the background of global urbanization, traditional villages commonly face
conflicts between the transmission of intangible cultural heritage and modern economic
activities [1]. This mismatch may trigger a systemic crisis, leading to the disintegration of
traditional social structures and the misalignment of spatial functions [2]. Since the reform
and opening up, the economic gap between urban and rural areas in China has continued
to widen, a trend particularly pronounced in the ecologically fragile and economically
underdeveloped Loess Plateau gully areas, which are mainly distributed in provinces such
as Shaanxi and Gansu [3]. The Weibei region, as a typical representative of this area, is
characterized by its unique landforms of intersecting gullies and vast loess, encompassing
typical geomorphological units such as plateaus, gully slopes, gully valleys, and river
valleys [4]. After a long-term integration of various social cultures, a unique traditional
village system has developed here, with 93 sites currently recognized at the provincial level
or above. Based on settlement distribution characteristics, the region can be divided into
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three types: tableland, gully slope, and valley settlements [5]. Among the villages, the
plateau-type village is the main type.

The co-evolution of social relationships and village spaces in the traditional villages
exhibits distinct stage characteristics. In the first stage (before 2000), characterized by
a smallholder economy, the settlements showed a trend of balanced distribution across
the region, with kinship playing a particularly prominent role in the centrally oriented
spatial structure [6]. During the second stage (2000-2012), driven by economic reforms and
household registration system adjustments, non-agricultural industries absorbed a large
amount of surplus rural labor, and individuals gradually became independent-interest
subjects (i.e., self-employed) [7]. Occupational ties replaced kinship as the core driver
for population aggregation in tableland-type villages, promoting their spatial expansion.
In the third stage (2012—present), under the background of urban-rural integration, the
popularization of modern agricultural technology has significantly improved agricultural
production efficiency and reshaped villagers” lifestyles [8], such as shifting from traditional
family-based labor patterns to diversified occupational roles and spatial relationships [9].
This has led to the interruption of cultural heritage in traditional villages and the degrada-
tion of spatial functions, with some gully-type villages being merged into tableland-type
villages [10]. Therefore, it is of value to carry out systematic research to reveal the adaptive
evolution of traditional village space under the change in social relationships.

Existing research on the spatial adaptability of traditional villages mainly focuses on
social associations and spatial patterns [11], social representation and spatial forms [12], as
well as capital flows and spatial types, and analyzes the spatial change process and driving
mechanisms [13]. These studies consistently demonstrate a significant two-way interaction
between village spatial form and social structure [14]. However, existing research still has
obvious limitations. Firstly, most studies are limited to the analysis of social relations in a
single dimension, such as kinship and geographical ties, and fail to systematically reveal the
impact of multiple social networks on the evolution of spatial functions. Secondly, current
static association analyses typically use the Pearson’s correlation coefficient or multiple
regression models, and their linear assumption makes it difficult to reveal the co-evolution
mechanism of social networks and spatial systems. Lastly, the existing spatial adaptability
evaluation relies too much on spatial form indicators and cannot fully reflect the impact of
subject behavior on spatial function renewal.

Therefore, understanding how the dynamic evolution of kinship, occupational, and
geographical networks drives the spatial adaptability of traditional villages has become an
urgent research priority. To address the limitations outlined above, this study constructs
a dynamic coupling analysis framework between social relations and village space. The
core of this framework is as follows: (1) integrating a multidimensional social network
analysis to systematically reveal the dynamic interactions between kinship, occupational,
and geographical ties; (2) incorporating complex systems theory and methods to go beyond
the constraints of linear associations, enabling a quantitative analysis of the nonlinear
co-evolutionary mechanisms between social and spatial systems; (3) incorporating the
interaction between human behavior and spatial functions into the evaluation of spatial
adaptability, overcoming the shortcomings of relying solely on static indicators, and deep-
ening the assessment of traditional villages” adaptive capacity. Through this framework,
the study aims to enhance our understanding of the complex, internal driving forces of
the co-evolution of social and spatial systems in traditional villages, providing a research
foundation for sustainable development in the face of urbanization pressures. The structure
of this paper is arranged as follows. The second section introduces the research frame-
work of the spatial adaptability of traditional villages. The third section describes the data
collection and processing procedures along with the research methods used. The fourth
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section presents the adaptive evolution characteristics of traditional village spaces and the
adaptive prediction results. The fifth section discusses the mechanisms behind the spatial
adaptability evolution of traditional villages. Finally, we look ahead to the future research
on this subject.

2. Spatial Adaptability Research Framework

To promote the inheritance of intangible cultural heritage, research should integrate
the perspective of actors’ behaviors to reflect the adaptive changes in village spatial func-
tions throughout the evolution of diverse social relationships. The cross-scale integration
from resilience theory to complex adaptive systems (CAS) theory provides a theoretical
framework for studying the spatial adaptability of traditional villages [15]. In the macro-
temporal dimension, the “r-stage exploitation, k-stage conservation, ()-stage release, and
a-stage reorganization” model proposed by Holling reveals the time trajectory of system
evolution [4]. Its core value lies in constructing the feedback logic in the process of distur-
bance absorption, structural adjustment, and functional transition [16]. At the mesoscale,
Folke’s adaptive cycle model explains the driving logic of spatial reconstruction through
the structural transformation mechanism of social networks, including the release of capital
stock and the reorganization of innovation elements [17]. At the microlevel, CAS theory
reveals the dynamic mechanism driving the reconfiguration of spatial elements through the
formal modeling of subject adaptive behavior [18], the spatial transmission mechanism of
nonlinear interaction [19], and modular reorganization techniques [20]. Based on complex
systems theory, this study defines spatial adaptability as a village system’s ability to dy-
namically reconfigure spatial elements through social network topology optimization (such
as the reorganization of node centrality), thereby maintaining the dynamic adjustment
ability of multifunctional balance [21]. This definition integrates cross-scale mechanisms:
the macrolevel based on the temporal trajectory of social-spatial system evolution, the
mesolevel focusing on the driving logic of social network structural transformations on spa-
tial reconstruction, and the microlevel achieving the dynamic coupling of agent behavior
and spatial functions by identifying systems, interaction rules, and modular mechanisms.

The evaluation methods of the spatial adaptability of traditional villages are mainly
divided into three categories. The first category is the comprehensive indicator system
method [22], which evaluates spatial adaptability through multiple dimensions such as
ecology, economy, and society [23]. Although this method can reflect the overall character-
istics of village space, it has limitations in depicting the nonlinear relationships between
social relationships and village space [24]. The second type incorporates system dynamics
models [18]. These methods simulate the feedback effects of social, economic, and environ-
mental factors on spatial adaptability through mathematical models. Their advantage is
that they can analyze the adaptation process of space under external shocks. However, they
face challenges in accurately modeling the dynamic interactions of kinship, geographical
ties, and occupational relationships [25]. The third type is the social network analysis
method, which quantitatively analyzes the role of social factors such as gentry governance
and ethnic relations in reconstructing spatial patterns by constructing an interactive net-
work between subjects and space [26]. Combined with multiagent methods, this method
can simulate temporal evolution trajectories of space, making it useful for depicting non-
linear relationships and dynamic interactions. It is helpful for studying traditional village
spatial adaptability evolution.

In summary, as shown in Figure 1, this paper establishes an analytical framework
composed of “macrolevel temporal trajectories, mesolevel structural reorganization, and
microlevel behavioral rules” to analyze the spatial adaptability evolution mechanism of
traditional villages under changing social relationships. At the macrolevel, spatial topol-
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ogy characteristics are extracted from multisource heterogeneous data (such as satellite
imagery and field surveys). A social relationship adjacency matrix is constructed through
in-depth interviews, and social disturbance nodes (e.g., thresholds for changes in the
household registration system) are identified from policy documents. Based on complex
network theory, a dynamic topological network is established to interpret its spatiotem-
poral evolution pathways. At the mesolevel, a three-dimensional network analysis model
(kinship, occupational, and geospatial networks) is introduced, which integrates social
network analysis to quantify network evolution characteristics and reveal mechanisms of
spatial adaptability. At the microlevel, a cascade failure model is employed to simulate
the coupling behavior of actors and space under three stress scenarios: planning-driven,
random disturbance, and extreme pressure. By quantifying system adaptability, key nodes
within the system are identified, which informs the development of an adaptive planning
intervention framework.
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Figure 1. Spatial Adaptability Analysis Framework.

3. Materials and Methods
3.1. Typicality Analysis of Case Village

Tangjia Village is situated in the center of the Weibei Loess Plateau gully region,
covering an area of approximately 3 square kilometers. It is a typical “tableland-type”
traditional village, famous for the Tangjia Courtyard built in the Ming Dynasty (Figure 2).
In the process of urbanization, with the continuous influx of people from the surrounding
“gully-type” villages and the progressive development of tourism at Tangjia Courtyard, the
traditional clan relationships within the village have rapidly weakened over the past decade
The villagers’ spiritual culture has shifted from a collective identity rooted in kinship to an
emphasis on individual development and external connections. Therefore, kinship ties have
been rapidly disintegrated, and the endogenous development momentum of the settlement
is obviously insufficient. At the same time, the existing spatial layout is difficult to adapt to
and carry new geographical and industrial relations, resulting in dilapidated public spaces
such as ancestral halls and squares, as well as vacant residential houses. Externally, the
social production activities of villagers in recent years are no longer limited to traditional
agricultural resources such as land, water sources, and raw materials. Social interactions
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and services have also gradually exceeded the scope of villages and towns, and they tend
to choose housing, education, and healthcare options in counties and cities. This shift
has rendered the original village-town system inadequate in meeting residents’ evolving
needs, resulting in imbalanced resource allocation and mismatched public services. The
fundamental issue lies in the contradiction between the rapidly changing social relationship
patterns and the sluggishly evolving settlement space, a challenge universally faced by
traditional villages in this region. Therefore, Tangjia Village is selected as the case study for
this research.
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Figure 2. Location Map of the Study Area.

3.2. Data Source

The research data includes village boundary vector data, satellite images, question-
naires, and interviews, as well as official documents related to the study area. The village
boundary data comes from the third national land survey conducted by the Natural Re-
sources and Planning Department. Satellite imagery is obtained from the Geospatial Data
Cloud (http://www.gscloud.cn/, accessed on 17 July 2018). For the questionnaire and
interview part, participants were selected through random sampling proportional to the
village population and cadre ratio. A total of 190 questionnaires were distributed, with
152 returned and 122 deemed valid after quality screening. To ensure data accuracy, uni-
versity researchers conducted face-to-face interviews during household visits, directly
recording responses from either the household head or primary resident. The questionnaire
design was based on the findings of preliminary in-depth interviews. It covered aspects
such as the kinship networks of household heads or primary permanent residents within
the village, work-related contacts, and participation in cultural and recreational activities.
On average, each valid questionnaire recorded approximately 5 kinship-related entries and
10 to 15 entries related to work and leisure interactions. To supplement village background
information, the research team simultaneously conducted structured interviews with vil-
lage cadres to obtain basic data on the surveyed administrative villages, including the scope
of construction land, population mobility, villagers” income structure, the development of
characteristic industries, and the distribution of regional natural resources. In addition,
official documents such as government work reports and rural planning documents were
used to further verify and refine the administrative-level data background.
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3.3. Data Processing

Based on satellite images, questionnaires, interviews, and government report data, the
years 2001, 2011, and 2021 were selected as key research years to organize the spatial data
of Tangjia Village (see Table 1 and Figure 3).

Table 1. Basic Data of Social Networks.

Village Name

Year Number of Nodes

Network Element

Network Element Content
Category

Tangjia Village

2001

342 Kinship Household points
Household points, farmland,
commercial spaces, village
committee, historical buildings,
Xunyi County, Xianyang City
Household points, historical
346 Geographical ties buildings, entertainment spaces,

Xunyi County

348 Occupational ties

2011

375 Kinship Household points
Household points, farmland,
commercial spaces, village
committee, historical buildings,
Xunyi County, Xianyang City
Household points, historical
379 Geographical ties buildings, entertainment spaces,

Xunyi County

382 Occupational ties

402 Kinship Household points
Household points, farmland,
commercial spaces, village

410 Occupational ties committee, historical buildings,

2021 factories, industrial parks, Xunyi

County, Xianyang City
Household points, historical
408 Geographical ties buildings, entertainment spaces,
industrial parks, Xunyi County

/ S\ialNetwork

Space Projection — Kinship Network
Historical Bufl in/g T — Occupational Network
/q. E. I — Geographical Network
//. | ."0 R;i den:ial Locati(::lillage Co i ——— Social Spatial Connection
laza  Production Space ®  Network Node

Tangjia Village Spatial Elements ®  Spatial Elements
Figure 3. Composition of Social Networks in Tangjia Village.

Network Node Identification: The social network nodes in Tangjia Village can be di-
vided into three categories. The first category is residential space nodes, which correspond
to each household and their respective buildings [27]. The geometric center of these nodes
represents the geographic coordinates of the residential spaces, while their attributes reflect
the generational relationships among family members. The second category is industrial
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space nodes. This category includes daily work locations such as households, farmland,
commercial areas, factories, historical buildings like Tangjia Courtyard, the village com-
mittee, and nearby urban centers like Xunyi County and Xianyang City. The geometric
center of industrial space nodes corresponds to the geographical location of their industrial
activities. For ease of analysis, urban centers are symbolically proximate to the settlement
area in illustrations [28]. The attributes of these nodes reflect the types of industries in
different spaces. The third category is recreational space nodes, representing venues for
villagers’ daily social activities, including household buildings, agricultural parks, histori-
cal buildings, and squares. The geometric center of these nodes indicates the geographic
coordinates of recreational spaces, while their attributes describe the types of recreational
activities conducted in these spaces.

Network Edge Identification: The social network edges in Tangjia Village can be
divided into three categories [29]. The first category is kinship ties, established through
connections between residential space nodes. Such ties are defined by a direct family
relationship within three generations between two households, with attributes defined as
kinship [30]. The second category is occupational ties, formed by linking residential space
nodes to industrial space nodes. An occupational tie is identified when a villager holds a
formal job at an industrial space node and works there for no less than six months within
a year. Relationships meeting these criteria are attributed as occupational ties [31]. The
third category is geographical ties, connected through residential and recreational space
nodes. Geographical ties are determined under two conditions. For recreational space
nodes outside the settlement, if a villager visits the site at least three times within a month
or spends over 50% of their time there during official long holidays, a geographical tie can
be established [32]. For the recreational space nodes within the settlement, if a household
of villagers conducts recreational activities at least three times in a week, a geographical
relationship can be established between the nodes. The relationship attributes in both cases
are geographical ties.

3.4. Research Methods
3.4.1. Topological Simulation

First, the social relationship data is used to construct a binary adjacency matrix. In this
process, the spatial elements, social subjects, social relationships, and spatial connections of
Tangjia Village in 2001, 2011, and 2021 are compiled into a network structure consisting of
nodes and edges [33,34].

Secondly, a cascade failure model is employed to simulate the structural evolution of
the village system under external disturbances. This methodology simulates chain reactions
triggered by the failure of spatial functional units (e.g., residential clusters, industrial nodes)
through the progressive removal of nodes and their connected edges within the settlement
network. Upon node failure, its original functions are redistributed to adjacent nodes based
on spatial proximity and functional linkage intensity. If the additional functions received by
these neighboring nodes exceed their own capacity, failure will occur, triggering a cascading
propagation of failure [34-36].

To comprehensively evaluate the system’s response capacity under distinct inter-
vention pathways, this process was implemented across three disturbance scenarios: the
“planning scenario” prioritizing planning-oriented guidelines, the “random scenario” sim-
ulating stochastic disruptions, and the “extreme adverse scenario” emulating deliberate
attacks [37]. Aligned with the objective of mitigating negative outcomes while ampli-
fying positive impacts, the planning scenario follows the Tangjia Village Construction
Plan (2021-2035). Nodes were iteratively removed based on actual construction difficulty
gradients until a 60% urbanization rate was achieved (terminated upon retaining 40% of
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nodes). The random scenario emulates the settlement’s adaptability to unpredictable exter-
nal disturbances (e.g., policy shifts) through completely stochastic deletion of nodes and
edges. Conversely, the extreme adverse scenario evaluates the “peak resistance capacity”
of spatial structures against external shocks by sequentially removing nodes and edges

based on the descending order of betweenness centrality.

3.4.2. Adaptability Evaluation Indicator System
1.  Integrity

In order to evaluate the interaction frequency and resource exchange efficiency be-
tween social and spatial nodes within the village, network density is selected to analyze
the proportion of actual connections in the network [38]. Network density can reflect the
closeness and connection strength within the system. The calculation formula for network
density is as follows:

L 2L
b= g(gz—l) - g(g—1) @

where g is the total number of village spatial units and social actor nodes in the network,
and L is the existing social interactions and spatial connections within the village.

2. Stability

In complex network theory, cohesive subgroups refer to collections of closely con-
nected social groups. This paper analyzes the K-core decomposition in the village social
network and reveals the spatial distribution characteristics and connection patterns between
different social groups. Among them, the K-core value captures the system’s structural core
strength, with higher-core nodes indicating stronger internal support and greater potential
for adaptive transformation [39].

3. Resilience

Betweenness centrality is used to measure the structural robustness of the network.
Since the failure of intermediary nodes can lead to network fragmentation, nodes with high
betweenness centrality are crucial for system resilience. In traditional villages, these nodes
often serve as key individuals and connectors between different families, areas, or social
groups [40]. The calculation formula is as follows:

v =y, @
sA£vAt st

where oy is the total number of shortest paths from node s to node t, measuring the
connectivity between nodes in the network, and oy (v) is the number of those paths passing
through node v. The higher this value, the more significant the intermediary role of node v
in the network.

4. Recoverability

In order to evaluate the efficiency of social information and resource transmission
in the network, network efficiency indicators can be used. Network efficiency is used to
measure the resilience of village space. High efficiency indicates that the network can
quickly recover and reestablish connections after disturbances [41]. The calculation formula

is as follows: 1

1
N(N - 1) i#jZEZN d(i,j)

E(G) = ©)
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where N is the total number of nodes in the network, referring to all spatial units and social
actor nodes in the village network, and d(i,j) is the shortest path length between nodes i
and j.

5. Connectivity

In order to measure the ability of complex systems to maintain basic social connections
or continuous development of the spatial environment under externally caused distur-
bances, this study uses the relative size of the largest subgraph to evaluate the connectivity
of space [42]. Its calculation formula is as follows:

_KNL

KS = 7 (4)

where KNy, is the number of nodes in the largest connected subgraph, representing the total
count of nodes included in the most extensive connected social-spatial structure within the
village system, and KN is the total number of nodes in the graph, encompassing all village
spatial units and social actor nodes.

4. Results
4.1. Spatial Evolution Simulation

The years 2001, 2011, and 2021 were selected as time points for observing the evolution
of social relations and village space, and the evolution diagram of the relationship topology
network and village spatial structure of Tangjia Village is depicted in Figure 4.

In 2001, 2011, and 2021, the size of the kinship network (i.e., the number of nodes)
was 342, 375, and 402, respectively. However, the network density showed a gradually
decreasing trend. By 2021, the number of edges was only 33.2% of that in 2001. From
the perspective of spatial distribution, in 2001, the nodes were mainly concentrated in
the village center, demonstrating high aggregation. By 2011, nodes began spreading
toward the west and north, with the network structure becoming more dispersed. By
2021, nodes had been evenly distributed around the village center. However, the original
core area had vanished, and node density further decreased. Therefore, the kinship space
showed a trend of gradually spreading outward from central aggregation and ultimately
becoming scattered.

In terms of occupational networks, the node counts were 348 in 2001, 382 in 2011,
and 410 in 2021, with edge counts of 1066, 1165, and 1286, respectively, indicating steady
growth in network size and connection density. Spatially, in 2001, occupational nodes were
mainly concentrated in the eastern part of the village, with key nodes including farmland,
the village committee, Tangjia Courtyard, and Xunyi County and Xianyang City districts.
By 2011, occupational nodes had gradually expanded to the village’s center. By 2021, due
to the establishment of an industrial park on the west side, the distribution of occupational
nodes became more uniform. Consequently, the occupational space displayed a trend of
gradual expansion and homogenization.

In 2001, 2011, and 2021, the number of nodes in the geographical networks was 346,
379, and 408, respectively. By 2021, the number of edges was twice that of 2001, showing a
significant increase in network scale and connection density. Spatially, in 2001, geographical
nodes were primarily concentrated in the northern part of the village, forming a northern-
centric aggregation pattern with key nodes such as some household points, a central square,
and Tangjia Courtyard. By 2011, geographical nodes had expanded throughout the entire
village, achieving an even distribution. However, by 2021, geographical nodes had once
again formed clusters in the eastern and central parts of the village. Thus, the geographical
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space experienced a development trend from regional concentration to comprehensive
expansion, and then to multicenter agglomeration.

(a) Schematic Diagram of Spatial Element Evolution

Occupational network structure in 2001

. )
~e

°
Geographical network structure in 2001 Geographical network structure in 2011 Geographical network structure in 2021

Figure 4. Schematic Diagram of Social Network and Spatial Element Evolution: (a) Schematic
Diagram of Spatial Element Evolution; (b) Schematic Diagram of Social Network Evolution.

4.2. Network Evolution Characteristics

As illustrated in Figure 5 and Table 2, the integrity of the kinship network is analyzed
by the network density index. In 2001, the network density was at its highest, and then it
declined year by year. By 2021, the density of the kinship network was only 18.6% of that
20 years ago. This change reflects that Tangjia Village has gradually evolved from a “Tang”
surname village with close blood ties to a multisurname village with relatively loose kinship
ties. The stability of the kinship network is assessed through the K-core index. In 2001,
2011, and 2021, the maximum K-core of the kinship network in Tangjia Village decreased
from 72 to 40, and then to 8. If the 8-core or above region is regarded as the standard for
network stability, the network stability in 2021 had decreased by 88.9% compared with
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2001. Simultaneously, the number of core subgroups decreased from 12 in 2001 to 3 in 2021,
indicating the reduction in both global and local network stability. The resilience of the
kinship network is evaluated using the betweenness centrality indicator. With 0.01 as the
threshold, the number of key members in the kinship network was 4, 32, and 0 in 2001, 2011,
and 2021, respectively. The frequent interactions in the first decade increased the number of
key nodes, while the rapid urbanization in the second decade led to a significant decrease
in bridge nodes. The gradual contraction of kinship networks directly reflected the erosion
of the kinship-dominated centripetal structure during urbanization, while simultaneously
validating the progressive dissolution of the small-scale peasant economy.
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Figure 5. Changes in Kinship Network K-core Indicators.

Table 2. Temporal Evolutionary Dynamics of Networks.

Network Year Network Count of Maximum
Category Density Central Nodes  K-Core Ratio
2001 0.0663 4 0.108 (72-core)
Kinship 2011 0.0317 32 0.056 (40-core)
2021 0.0124 0 0.097 (8-core)
2001 0.0059 6 0.046 (4-core)
Occupational ties 2011 0.0053 6 0.047 (4-core)
2021 0.0051 71 0.076 (4-core)
2001 0.0026 17 0.011 (4-core)
Geographical ties 2011 0.0064 116 0.340 (4-core)
2021 0.0075 15 0.041 (8-core)

As shown in Figure 6 and Table 2, the integrity of the occupational network is analyzed
by the change in network density. From 2001 to 2021, the density of the industry network
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increased by only 15.7%. Although several new occupational nodes were added in 2021,
the overall connectivity did not significantly strengthen. While villagers gained new job op-
portunities, they lost traditional agricultural ties, and the proportion of part-time villagers
remained relatively low. The stability of the occupational network is assessed by the K-core
index. Although the maximum K-core value of the industry network structure of Tangjia
Village was 4 in 2001, 2011, and 2021, the proportion of stable network areas increased
by 65.2% in 2021 compared to 2001. Most of the newly added stable network areas are
located in the new village area in the central part, and their stable and diverse employment
environment mainly relies on the support of the foreign population. The resilience of
the occupational network is analyzed by the betweenness centrality index, with 0.001 as
the threshold. In 2001, 2011, and 2021, the number of key members in the occupational
relationship network was 6, 6, and 71, respectively. Over the past decade, cultural tourism
development at Tangjia Courtyard has driven villagers to participate in the cultural and
tourism industries, significantly increasing the number of key nodes. The robust expansion
of occupational connections marks a pivotal societal shift. Occupational ties now supersede
kinship as the primary driver of social restructuring, reflecting the livelihood imperatives
necessitating the transition from subsistence agriculture to diversified livelihood portfolios.
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Figure 6. Changes in Occupational Social Network K-core Indicators.

As shown in Figure 7 and Table 2, the integrity of the geonetwork is analyzed by
the change in network density. Compared to 2001, the geographical density in Tangjia
Village increased notably from 0.0026 to 0.0075 in 2021, an increase of 188.46%. This is
due to the continuous construction of internal communication venues in the village and
the increasing richness of villagers’ cultural and recreational activities. The stability of the
geographical network is evaluated using the K-core index. The maximum K-core value
of the geographical network structure was 4, 4, and 8 for the years 2001, 2011, and 2021,
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respectively. If the area above 4 cores is regarded as a stable network area, the stability
of the geographical network in 2021 has doubled compared to 2001. The number of core
subgroups increased significantly over the past decade, indicating that the geographical
relationship network has become increasingly stable and the rural cultural construction has
achieved remarkable results. The resilience of the geographical network is analyzed using
betweenness centrality with a threshold of 0.001. In 2001, 2011, and 2021, the number of key
members in the geographical relationship network was 17, 116, and 15, respectively. The de-
velopment trend of the geographical network reflects changes in the village’s demographic
structure and spatial utilization patterns, specifically manifested in Tangjiacun’s transition
from a single-surname community to one characterized by surname diversification, as
well as the differentiation of cultural and recreational space functions. Fundamentally, this
spatial reorganization corroborates the broader societal trend of accelerated integration
between urban and rural elements.
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Figure 7. Changes in Geographical Social Network K-core Indicators.

4.3. Spatial Adaptability Prediction

As shown in Figure 8a, under the planning scenario, the kinship network exhibits
high connectivity and resilience. In the orderly attack stage, both the network efficiency
and the largest subgraph proportion remain stable, indicating that the core clan nodes
play a key role in maintaining the overall connectivity and social support of the network.
When the node attack rate approaches 60% (the rate at which urbanization is completed),
although network efficiency and the largest subgraph proportion decrease to 72.43% and
88.13% of their initial values, respectively, they still maintain adequate capacity for resource
transfer and social connection. In the random scenario, network efficiency and the largest
subgraph proportion decline only slightly to 96.55% and 94.45% of their initial values
after a random loss of 30% of nodes, reflecting strong kinship ties within Tangjia Village.
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However, under extreme adverse conditions, once the core clan nodes of the village are lost

first, the buffering and recovery capacity of the kinship network will be greatly reduced.
Such nodes account for about 21% of the total, and their loss will lead to a lack of sufficient
resilience in the face of adverse changes. Therefore, there are about 80 key nodes in the

kinship network, mainly located in the clan settlement area in the south of the village.

These nodes serve as bridges between distinct kinship groups, facilitating the transmission

of shared values, rituals, and collective memory. Consequently, they function not only as

spatial and relational hubs but also as key anchors of villagers” emotional ties and sense of

cultural belonging.
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Figure 8. Potential Adaptability of Three Types of Spaces under Scenario Analysis.

As shown in Figure 8b, under the planning scenario, the efficiency and the largest

subgraph proportion of the occupational network are stable in the early stage, indicating

that retaining key industry nodes effectively supports resource transfer and network

connectivity. Nevertheless, when the node removal rate approaches the “urbanization
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completion” threshold, the network efficiency and the largest subgraph proportion notably
decrease to 74.84% and 67.63% of their initial values. This suggests that the occupational
network has high connectivity and recovery capabilities while retaining core nodes. In
contrast, under random conditions, network efficiency and the largest subgraph proportion
rapidly drop to 49.82% and 58.53% after a 30% node loss, highlighting the destructive
impact of unplanned disturbances on the occupational network. Under extreme adverse
conditions, the core industrial nodes of the village are lost first. Due to their limited number,
their loss would render the village’s industries extremely fragile. Therefore, the key nodes
in the occupational network include the following five: Tangjia Courtyard, farm stays, the
industrial park, the packaging plant, and the village committee. These nodes perform
essential functions of resource transfer and social connectivity in the network, supporting
the stability of the village’s economic activities and employment network.

As depicted in Figure 8c, under the planning scenario, the geographical network’s
efficiency and largest subgraph proportion remain stable. When the node removal rate
nears the “urbanization completion” ratio, these indicators stand at 49.65% and 66.82% of
their initial values, respectively, showing good recovery capacity and connectivity when
core nodes are preserved. However, under random conditions, the geographical network’s
efficiency and largest subgraph proportion significantly drop to 21.54% and 46.40% after
a 30% node loss. This indicates vulnerability within the geographical network and a
strong dependence on core nodes. Under extreme adverse conditions, the loss of a small
amount of entertainment space may lead to a significant decline in social interactions and
cultural practices. Therefore, the key nodes affecting the geographical network include the
following five: Tangjia Courtyard, farm stays, the central square, the eastern square, and
farmland. These nodes serve pivotal roles in resource transfer and social connection in the
network, supporting the spatial structure of villagers’ daily interactions.

5. Discussion
5.1. Village System Adaptation Evolution Path Identification

According to the adaptive cycle theory, the spatial adaptability evolution process of
Tangjia Village can be divided into three stages: absorption, adaptation, and reorganization.

During the absorption phase (before 2001), the village exhibited a dense kinship net-
work (density of 0.82) with a highly cohesive structure (K-core = 72), forming a “high
potential-low connectivity” stable layout. This aligns with the “exploitation (r) and conser-
vation (k)” phases in the adaptive cycle model. As the cultural core, the old street supports
the compact layout of traditional residential space, aligning spatial functions closely with
agricultural livelihoods.

As the village entered the adaptation phase (2001-2011), societal changes such as
household registration (hukou) reforms and improvements in tourism infrastructure trig-
gered rural migration and livelihood transitions, leading to a 62% decrease in kinship
network density. The system transitioned into a critical “release (())-reorganization («)”
state. The occupational network expanded industrial spaces by occupying structural holes
(adding 65.2% more stable areas), while traditional residential spaces were reconfigured
and repurposed.

In the reorganization phase (after 2011), the density and K-core metrics of the geo-
graphical network increased significantly, marking the system entering the “reorganization
(o0)” stage. The interaction among villagers is increasingly linked to economic interests, cre-
ating a dual-cluster structure of recreational spaces in the north and south. It shows a new
“multicenter-weak connection” topological feature. Concurrently, traditional settlement
spaces gradually disappeared, with industrial spaces evolving from point-like distributions
to chain-like clusters.
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5.2. Spatial Adaptation Evolution Mechanism Under Social Reconstruction

According to the comparison of the K-core index of the kinship network and the
settlement space elements, the evolution of the traditional spatial pattern of Tangjia Vil-
lage can be observed (see Figure 5). Before 2001, the village developed around the old
street, relying on close blood relations to form a “single-center structure” with secondary
building clusters distributed at the periphery. Between 2001 and 2011, with the deaths
of the elderly in the traditional core area and the outflow of population, the core nodes
gradually weakened, and the kinship ties began to shift to the new residential areas in
the west and north. At the same time, the kinship ties originally located in the south of
the village also weakened. In terms of spatial layout, this change led to vacant or even
abandoned homesteads, demonstrating characteristics of “central collapse and peripheral
shift”. After 2011, the influx of outsiders further diluted the “Tang family” blood ties within
the village. By then, Tangjia Village had almost no significant kinship ties, with core groups
and nodes in traditional settlement spaces nearly disappearing. These changes indicate
that the disintegration of the kinship network has accelerated the decline of traditional
residential spaces.

According to the comparison between the K-core index of the occupational network
and the elements of the settlement space, the industrial development trajectory of Tangjia
Village can be shown (see Figure 6). Before 2001, employment in the village lacked system-
atic organization, with villagers primarily engaged in agricultural work, and only a few
involved in basic services at Tangjia Courtyard. The industrial space was characterized
by a scattered distribution. Over the next decade, with an increasing number of external
investors, the occupational network expanded continuously. To improve service quality
and the employment environment, the government undertook protective construction at
Tangjia Courtyard and promoted the conversion of central village residences to mixed-
use commercial and residential formats, enabling functional replacement. Additionally, a
packaging plant was constructed in the northwest part of the village, creating a dual-core
structure of “Tangjia Courtyard” and “workshops” within the industrial space. After 2011,
the employment situation in Tangjia Village further improved, the number of jobs provided
became increasingly abundant, and the industry network expanded to the northwest re-
gion. The government planned to build a packaging industrial park and finally formed
an integrated industrial chain space cluster of “production, processing, service”. These
changes illustrate that the expansion of the occupational network effectively facilitated the
development and enhancement of industrial spaces.

According to the comparison of geographical K-core indicators with settlement spatial
elements (see Figure 7), significant changes have occurred in the geographical relationships
and recreational spaces of Tangjia Village. Before 2001, the geographical relationship
between villagers was mainly established through kinship and clan identity and was
relatively closed overall. The geographical connection with the outside world was mainly
through the Tangjia Courtyard, the central square, and sporadic farm stays to the north.
Thus, recreational spaces were scattered, small in size, and concentrated predominantly
on the eastern stretch of the old street, consisting mainly of ancestral temples and small
squares. Between 2001 and 2011, the spiritual culture of the village gradually opened
up, and farmers’ families began to become new geographical nodes. At the same time,
the development of Tangjia Courtyard facilitated the establishment of an eastern square,
which along with mixed-use commercial and residential buildings in the village center,
supported a significant amount of external geographical connections. During this phase,
geographical relationships transitioned from “kinship dependence” to “interest sharing”,
with a notable increase in the number and dispersion of recreational spaces. Since 2011, the
government has redeveloped idle residences around Tangjia Courtyard and enhanced rural
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tourism service facilities, significantly improving the area and quality of local public spaces
and forming a more centralized new type of geographical relationship. At this stage, the
recreational spaces in Tangjia Village evolved into distinct northern and southern clusters.
These changes indicate that the differentiation of the geographical network has driven the
reconstruction of recreational space.

In summary, the evolution of Tangjia Village has gone through three major devel-
opment stages: the spatial stability period dominated by kinship before 2001, the spatial
renewal period driven by industry from 2001 to 2011, and the spatial reconstruction period
under geographical differentiation after 2011. Prior to 2001, villagers organized agricultural
production, public rituals, and residential layouts through blood-based kinship networks,
forming a high-density, monocentric settlement pattern. During this phase, geographical
ties (e.g., neighborhood interactions) and occupational ties operated as secondary support
systems subordinate to the kinship structure. From 2001 to 2011, the shift to a nonagrarian
economy catalyzed occupational ties (e.g., employment and collaboration), which emerged
as the dominant force reshaping spatial organization. The original kinship networks weak-
ened under intensified population mobility, enabling industrial spaces to segregate from
residential zones and repurpose recreational areas for economic functions. Geographical
ties, such as neighborhood cooperation, played a supporting role in facilitating the spa-
tial integration of occupational expansion at this stage. From 2011 onward, tourism and
e-commerce spurred commercially oriented geographical ties, rooted in economic alliances
between local villagers, external capitalists, and operators. These market-driven relation-
ships propelled the functional synthesis of recreational, industrial, and residential spaces.
Traditional kinship relations had further dissolved, while occupational ties had merged into
commercial geographical networks, collectively forming a multifunctional and multiscaled
spatial system. This study further supports the significant impact of social relationships on
spatial adaptability. Existing research has demonstrated that heritage conservation actions
can enhance the resilience of heritage communities [43], while improvements in community
trust and connectivity also contribute to strengthening community resilience [44].

5.3. Adaptive Planning Response Under Subjective Behavior Simulation

This study revealed that Tangjia Village is currently in the reorganization phase (x) of
the adaptive cycle. To achieve a positive transition toward the exploitation phase (r), it is
necessary to implement a transmission mechanism focused on “potential, connectivity, and
resilience” [45]. This transition is driven by the dynamic interaction between social resource
reorganization and spatial structure reconstruction. Therefore, in the conservation planning
of traditional villages, a regulatory approach that integrates kinship node protection,
occupational cluster reorganization, and geographical path renewal can be adopted to
enhance spatial adaptability.

Firstly, the maintenance of kinship nodes serves as the anchor of the system’s cultural
foundation. It is recommended to designate 80 clan nodes in the southern area (ancestral
halls/courtyards) as a “Cultural Heritage Protection Zone”. Commercial redevelopment
should be prohibited, while traditional functions (such as genealogy preservation and clan
activities) should be reinforced. This will ensure that the efficiency of the kinship network
remains above 70%, thereby safeguarding cultural heritage as a key storage unit of potential
during the reorganization phase and preventing the risk of degradation caused by resource
loss. Secondly, the reorganization of occupational clusters can mitigate the risk of single-
point failure. It is recommended to add three to five secondary hub nodes (such as logistics
centers and e-commerce bases) between the northwest packaging industrial park and the
central mixed-use areas. This will fill structural gaps in the occupational network, reduce
dependence on the Tang Family Courtyard, and create a multicore, redundant topology.
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Such a configuration shortens resource allocation paths and drives the industrial pattern
from “isolated points” to “coordinated chains”. Finally, geo-spatial pathway renewal
is a solution to spatial differentiation bottlenecks. By introducing transitional public
spaces (e.g., community squares, cultural centers) between the northern and southern
clusters, spatial connectivity will be enhanced. Simultaneously, five key cultural and
recreational nodes (such as Tangjia Courtyard and Central Square) can be upgraded,
incorporating traditional cultural activities (e.g., intangible cultural heritage markets, festive
performances) to stimulate social capital density and reinforce system resilience [46].

6. Conclusions and Prospects

Based on multisource data including satellite imagery, interviews, and policy docu-
ments, this study employed social network analysis and an improved cascade failure model
to construct a framework for analyzing spatial dynamic adaptability. The research confirms
the adaptive evolution pathway of the village from “kinship maintenance” (absorption
phase) to “occupational expansion” (adaptation phase), and then to “geographic differenti-
ation” (reorganization phase). During the absorption phase (before 2001), a “single-center”
spatial steadiness dominated by kinship networks was observed. In the adaptation phase
(2001-2011), occupational networks drove the differentiation of spatial functions. In the
reorganization phase (after 2011), geographic networks facilitated the integration of spatial
functions. This process highlights the cyclic discontinuity in the development of traditional
villages. By identifying different evolutionary stages, measures such as attracting original
residents back to the village for entrepreneurship and increasing new business functions
can promote positive social and spatial interaction and development.

Furthermore, this study reveals that the disintegration of kinship networks leads to
the decline of traditional residential spaces, while the expansion of occupational networks
drives the enhancement of industrial spaces. Meanwhile, the differentiation of geographic
networks facilitates the reconstruction of cultural and entertainment spaces. Therefore,
the optimization of social relationships can enhance the spatial adaptability of traditional
villages. Moreover, in future scenario simulations, kinship networks exhibit relatively high
adaptability, mainly supported by 80 clan nodes concentrated in the southern settlement
area of the village. In contrast, the adaptability of occupational and geographic networks
is relatively weaker, relying on a few key nodes such as Tangjia Courtyard, farm stays,
industrial parks, and packaging factories. Based on these findings, adaptive planning
strategies are proposed.

This study innovatively constructs a dynamic coupling model between social networks
and spatial topology, overcoming the limitations of traditional settlement studies that
rely on static attribute analysis. By incorporating perspectives on individual behavior, it
addresses the lack of microscale research in the region [47]. Additionally, by integrating
multisource data (such as satellite imagery, in-depth interviews, and policy documents), a
spatiotemporal analysis framework is established. This framework reveals the nonlinear
transmission mechanism between social network fission and spatial function reorganization.
Furthermore, a three-stage evolutionary pattern is confirmed: the disintegration of kinship
networks leads to the decline of residential spaces, the expansion of occupational networks
drives the transformation of production spaces, and the differentiation of geographic
networks facilitates the reconstruction of cultural and entertainment spaces. Crucially, this
study considers potential future development scenarios for villages based on the current
social relationships and spatial functions. It identifies key kinship hub nodes crucial for
the preservation of intangible cultural heritage and proposes a collaborative governance
framework of “kinship anchoring, occupational cluster regeneration, and geographical path
renewal”. Compared to traditional conservation planning, this approach offers quantifiable



Land 2025, 14, 1290 19 of 21

decision paths for the revitalization and continuous inheritance of intangible cultural
heritage in traditional villages.

This study examines the impact mechanisms of major social relationships on the spatial
adaptability of traditional villages in the gully region of the Weibei Loess Plateau. However,
it only utilizes a 20-year observation period and a single-case dimension. It did not fully
explore the delayed effects of policy interventions in the context of rural revitalization, such
as industrial development cycles which typically last over five years, nor the differentiation
patterns among regional village types. Future research should deepen in two dimensions.
First, the observation period should be extended to over 30 years. Thus, the impacts of
policy interventions, capital flows, and technological reforms on society and space can
be quantitatively analyzed. Second, an analytical framework should be developed that
includes all types of villages, such as the less common gully-type villages. Through this
framework, the mechanisms of spatial adaptability evolution in different traditional village
types can be explored, and the evolution trajectories of village systems under various rural
revitalization pathways can be predicted.
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