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Introduction: Accurately assessing the natural recovery processes of forest
ecosystems remains a key challenge in restoration ecology. The concept of
dark diversity—the set of species absent from a site but belonging to its habitat-
speci� c species pool—provides a novel lens for this assessment.
Methods: In this study, we developed and applied an integrated diagnostic
framework that synthesizes dark diversity, functional traits, and diagnostic
species. We applied this framework to a chronosequence of recovering forest
ecosystems in subtropical China, representing early, middle, and late
recovery stages.
Results: Our results demonstrated that the Community Completeness Index
(CCI), derived from dark diversity, increased signi� cantly during recovery, with
its stabilization indicating the approach to a stable state. The framework identi� ed
stagespeci� c early-warning species: the absence of light-demanding, acquisitive
transitional species in the mid-stage signaled successful progression, while the
absence of shade-tolerant, conservative climax species in the late-stage signaled
potential degradation. Crucially, analysis using Dark Diversity Af� nity (DDA)
revealed that the functional traits of species (e.g., seed mass, mycorrhizal type,
leaf economics) were the primary � lters determining species absence, exhibiting a
stronger in� uence than local environmental conditions. These � lters shifted
predictably across stages, from dispersal and establishment limitations early on
to competitive interactions later.
Discussion: The proposed framework translates dark diversity theory into an
actionable tool for restoration. It moves beyond simple observation to diagnose
recovery success, pinpoint speci� c bottlenecks, and inform targeted interventions
such as assisted dispersal or canopy management. This provides a mechanism-
based approach for guiding precision restoration in forest ecosystems.
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1 Introduction

Forests represent one of the most important ecosystems on earth
and play an irreplaceable role in biodiversity protection, climate
regulation, and maintenance of carbon and water cycles (Brockerhoff
et al., 2017; Chen et al., 2022). In recent decades, population growth
and social development have disturbed and damaged the
environment, leading to the degradation of forest ecosystems
(Hosseini et al., 2024; Liu et al., 2024; Riedl et al., 2024). Forest
degradation weakens the ecosystem’s service functions, thus affecting
people’s living environment (Liu et al., 2024). Therefore, it is
important to reconstruct and restore degraded forest ecosystems. In
terms of current conditions, natural recovery and arti�cial restoration
are the two most suitable methods (Qin et al., 2022; Zhang et al.,
2024a). Among them, natural recovery mainly relies on natural forces
to restore degraded forest ecosystems. Compared to costly and
technically complex arti�cial restoration, it is usually more cost-
effective and easier to apply on a large scale (Zhang et al., 2024a).
Although natural recovery has great potential, it still faces many
problems in practical application, such as the uncertainty of recovery
effects and processes, and the dif�culty in establishing dominant
species during natural recovery (Zhao et al., 2023; Zhang et al.,
2024a). Given this, most strategies for restoring forest ecosystems are
primarily based on natural recovery, with arti�cial restoration used to
assist natural recovery (Atkinson and Bonser, 2020).

Assessing the natural recovery potential of forest ecosystems is
the �rst step in ecological restoration work (Gatica-Saavedra et al.,
2017). Such assessment determines whether recovery objectives are
being met, identi�es facilitating or limiting factors, and informs
decisions on the necessity, timing, and methods of arti�cial
restoration. Traditional assessments often rely on observed
diversity metrics, requiring a suitable reference ecosystem (usually
pre-degradation) and potentially overlooking the full spectrum of
potential biodiversity (Helm et al., 2015; Shackelford et al., 2013;
Chollet et al., 2025). The concept of “dark diversity” - the set of
species that are absent from a site but belong to its habitat-speci�c
species pool under suitable conditions (Pärtel et al., 2011) offers a
novel and more comprehensive perspective. Integrating dark
diversity into restoration ecology can enhance the assessment of
natural recovery potential, identify factors limiting species
occurrence, and re�ne management priorities (Moeslund et al.,
2017; Desche�nes et al., 2024; Feng et al., 2025).

Hitherto, some studies have successfully applied the concept of
dark diversity to restoration and conservation issues. First, the
Community Completeness Index (CCI) based on dark diversity
can be used to assess whether a natural ecosystem in recovery is
approaching successful restoration (Cam et al., 2000; De Bello et al.,
2012; Pärtel et al., 2013). Lower CCI indicate that the current
ecosystem lacks a large number of suitable species and still requires
further restoration, while higher CCI suggest that the ecosystem’s
Abbreviations:CCI, Community Completeness Index; p, occurrence probability;

prab, The observed species presence/absence data; suit, the suitability of the site;

f , the functional association; SES_f , standardized effect size; CWM, the

community weighted mean; DDA, dark diversity af�nity; ddasp, species dark

diversity af�nity site dark diversity af�nity; ddasite, site dark diversity af�nity.
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recovery has been relatively successful (Pärtel et al., 2013; Moeslund
et al., 2017; Desche�nes et al., 2024). Secondly, combine the set of
species with high dark diversity and diagnostic species (species that
indicate speci�c habitat types, ecological conditions, or speci�c
characteristics of biological communities) to obtain a set of early
warning species for the current ecosystem. By analyzing the
characteristics of these early warning species, it can be inferred
what potential problems may exist in the natural recovery process of
ecosystems and provide reasonable restoration guidance (Caro and
Girling, 2010; Nicod et al., 2019; Rodrõ�guez-Rojo et al., 2020;
Zanzottera et al., 2020). Finally, establishing the link between
dark diversity and plant functional traits and environmental
characteristics, identifying limiting factors in the natural recovery
process of ecosystems, and assisting in the reconstruction of species
in dark diversity (Violle et al., 2007; Hemrova� and Münzbergova�,
2015; Boussarie et al., 2018; Carlucci et al., 2020; Hostens et al.,
2023; Aubin et al., 2024).

Despite these conceptual advancements, a critical knowledge
gap remains: the lack of a uni�ed, operational framework that
synthesizes these diagnostic tools into actionable guidance for forest
restoration. To address this gap, we integrate dark diversity theory
into a comprehensive framework for assessing forest natural
recovery (Supplementary Figure 1, which outlines the conceptual
structure and operational stages of our integrated diagnostic tool).
We applied this framework to forest ecosystems at different
recovery stages in southern subtropical region of Yunnan
Province, China. Pinus kesiya forests, as prevalent secondary
successional communities with dynamic understory turnover,
serve as an ideal system for investigating species re-establishment
and the role of dark diversity in community development. Our
speci�c research objectives are: (1) to assess the natural recovery of
forest ecosystems using CCI without a reference community for
recovery evaluation; (2) to identify key issues existing during the
recovery process of forest ecosystems through early warning species;
(3) to clarify the formation mechanisms of dark diversity and
identify key factors hindering forest ecosystems at different
recovery stages. By synthesizing these objectives, this study aims
to translate complex ecological diagnostics into precise, stage-
speci�c restoration strategies, thereby advancing the development
of resilient and high-biodiversity forest ecosystems.
2 Materials and methods

2.1 Study region

This study was conducted in Simao District, Pu ‘er City,
Yunnan Province (22°34�–22°53�N, 100°56�–100°09�E), China
(Figure 1). This region is located within the boundary and
transition zone between the tropical zone and the southern
subtropical zone. The climate is tropical humid, with an average
annual temperature of 21.7°C and an average annual precipitation
of 1490 mm. In�uenced by the southwestern Indian Ocean
monsoon, rainfall is concentrated in summer and autumn, while
winter and spring are relatively dry. The main soil type in the study
region is acidic laterite soil (Shang et al., 2021). The main vegetation
frontiersin.org
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types in the study area are the Pinus kesiya forest, mixed coniferous
and broadleaf forest, and monsoon evergreen broad-leaved forest.
Most P. kesiya forests are secondary forests formed after human
disturbance (e.g., logging and farming) of original monsoon
evergreen broad-leaved forests. Through natural regeneration,
these gradually develop into mixed coniferous and broadleaf
forests. This well-documented successional trajectory for
southwest Yunnan forms the empirical basis for our classi�cation
of forest recovery stages (Tang, 2010). The dominant tree species
include Castanopsis hystrix, Castanopsis echidnocarpa, and Schima
wallichii. The shrub layer consists mainly of tree saplings, and the
herb layer is dominated by Scleria levis, Dicranopteris pedata, and
some ferns (Tang, 2010).

2.2 Sample site setting and investigation

To investigate forest natural recovery across different stages, plots
were established within three distinct forest types in Simao District,
Pu’er City: Natural Secondary Pinus kesiya var. langbianensis Forest
(PKF), Natural Mixed coniferous and broadleaf forest (MCB), and
Natural Monsoon Evergreen Broadleaf Forest (MEB). These three
forest types were selected to represent empirically recognized early,
middle, and late stages of natural recovery, respectively (Tang, 2010).
By evaluating tree rings and consulting historical documents, the ages
of the three types of forest communities are approximately 40, 70, and
90 years old. The determination of the three forest types is based on an
integrated assessment of canopy species and species with relative
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importance greater than 10% in the community. To ensure
comparability and minimize confounding environmental factors, all
24 plots were situated within a contiguous geographical area
characterized by consistent climatic conditions and the same acidic
laterite soil type. Plots were speci�cally chosen to exhibit similar general
topographical conditions and comparable historical land-use
backgrounds within each successional category, speci�cally restricted
to an altitude range of 1317–1648 m, slopes between 6° and 18°.
Detailed topographic data for survey plots at different stages of forest
restoration, including speci�c ranges of altitude and slope, are provided
in Supplementary Table 1. Following the Center for Tropical Forest
Science (CTFS) standards (Condit, 1995), eight 30 m×30 m plots were
established for each forest type, with a minimum distance of 100 m
between plots, totaling 24 plots. The sample size of eight replicates per
stage was chosen to ensure adequate representation of intra-stage
structural variability while maintaining logistical feasibility for high-
intensity woody plant censuses, consistent with previous successional
studies in this region (Shang et al., 2021). Geographic coordinates,
altitude, slope, and aspect were recorded for each plot. Within each
plot, all woody plants with a diameter at breast height (DBH) � 1 cm
were identi�ed and counted, including lianas, shrubs, and trees. Based
on the survey results, we calculated the forest density (FD), the ratio of
tree number to plot area. We also used the allometric growth Equation
1 to calculate the total aboveground biomass (AGB) of woody plants
with DBH �1 cm in each 30 m×30 m plot (Zhang et al., 2024b).

AGB = Exp‰�2:334 + 2:118ln(DBH) + 0:5436ln(H) + 0:5953ln(WD)� (1)
FIGURE 1

Distribution diagram of the study region and sampling points.
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