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Abstract

Forests are among the most extensive terrestrial ecosystems, supporting diverse ecological
functions. In recent decades, the increasing frequency of extreme climatic events driven by global climate
change, coupled with disturbances from human activities, places forests at risk of degradation. After
disturbance, the natural regeneration process begins with the recruitment of plant seedlings. The dynamics
of the seedling stage are crucial for determining subsequent vegetation recovery patterns. However,
seedlings are likely to be highly susceptible to harsh environments after disturbances. Furthermore,
interactions among seedlings, influenced by both biotic and abiotic environmental factors, shape the
trajectory of forest restoration and determine the composition and structure of future stands.

Facilitation among plants, either directly or indirectly, can enhance the performance of the
interacting participants. Compared to natural forests, disturbed sites experience stronger environmental
stress, under which plant facilitation is more likely to be critical for seedling colonization success and
performance. Severe forest disturbance events, such as landslides and the ongoing soil erosion that
follows, create new environmental conditions in the disturbed areas. However, whether facilitation occurs
among newly recruited seedlings following disturbance, how such facilitation is shaped by environmental
conditions, and its ecological consequence towards restoration remain unclear. In my doctoral research, 1
investigate how the new biotic and abiotic conditions following landslides influence the process of
facilitation during seedling regeneration, aiming to uncover insights for forest restoration and
management. Specifically, by combining field surveys and common garden experiments, | conducted the
following three studies.

In Chapter 2, I am dedicated to clearly illustrating in the post-landslide area, how the initial
spatial distribution of seedlings emerges, and how those abiotic and biotic environmental conditions, i.e.
neighboring seedlings’ interactions and rill erosion, influence seedling performance. Based on a replicated
Artificial Landslide Experiment Sites (i.e., ALES), in the first growing season after the disturbance, I
monitored the seedlings’ performance and recorded the rill erosion. This study indicated that, in the post-
landslide area, newly recruited seedlings primarily exhibited spatial clustering with conspecific neighbors
and demonstrated significantly higher abundance around rills. At the scale of several centimeters,
proximity to conspecific and heterospecific neighbors significantly enhanced focal seedling survival and
growth. The survival of seedlings near rills decreased, and this response varied by species. Interactive
effects of plant facilitation and rill erosion on tree seedling colonization toward restoration have been
validated. The proximity of a seedling to heterospecific neighbors attenuated the negative influences of
being near rills. This study suggests that there were conspecific and heterospecific facilitative effects on
seedling survival at this post-landslide habitat, but the relative importance of conspecific and
heterospecific facilitative effects could be dependent on the degree of rill erosion. This study inspired the
understanding that the effects of plant-plant facilitation, together with the fine-scale geomorphological
heterogeneity, shape seedling performance, thereby influencing the forest restoration process.

In Chapter 3, I aimed to elucidate the genetic properties of the newly recruited seedlings and their
effects on seedling performance. In particular, the following questions were addressed: 1) are there
population differentiations among spatially proximate disturbance sites after landslides, 2) how landslide
scars and subsequent rill erosion shape the genetic structure of seedling populations, and 3) how genetic
relatedness among seedlings influence their performance. By using the same ALES sites of Chapter 2, I
examined the genetic structure of the dominant seedlings, Abies sachalinensis (F.Schmidt) Mast.
(Pinaceae), in each landslide site. I extracted genomic DNA from 292 seedlings and performed MIG-seq
analysis. This study indicated that the genetic structure of three spatially proximate seedling populations
exhibited significant differentiation, suggesting strong dispersal limitations. These dispersal limitations,
coupled with rill erosion within the patches, contributed to the low genetic diversity of the within-site
seedling populations. The genetic distance between a focal seedling and its nearest neighbor significantly
affects the focal seedling’s growth, and this effect depends on their spatial distance. This study suggests
that the restoration management of disturbed sites should consider the dispersal capacity of surrounding



tree species and the genetic structure of source populations. Considering the genetic diversity of restored
populations may provide valuable insights for forest restoration.

In Chapter 4, I explored how species diversity-ecosystem functioning relationships are influenced
by soil microorganisms and intraspecific genetic diversity. In parallel, how this species diversity, in turn,
shapes the composition of soil microorganisms (i.e., fungi and bacteria). I conducted a common garden
experiment to control intraspecific genetic diversity by combining seedlings from different origins and to
regulate soil microorganisms by inoculating natural soil collected beneath maternal trees or commercial
Akadama soil. In fact, the composition of microbe communities was significantly affected by the soil
inoculation treatment. Both soil inoculation treatment and genetic diversity treatment influenced the sign
and strength of species diversity effects on ecosystem functioning. The presence and absence of natural
soil microorganisms affected the selection effects of species diversity. Moreover, increasing genetic
diversity improved the complementarity effects of species diversity on ecosystem functioning. The effect
of natural soil inoculation on the relationship between species diversity and ecosystem functioning was
stronger than the effects of intraspecific diversity. Furthermore, changes in fungal community
composition from the start to the end of the study were driven by whether planted tree seedlings were in
polyculture or monoculture. My results indicated that plant species diversity could also play a critical role
in the restoration of soil microbial communities, which may feedback to the subsequent ecosystem
functioning. Overall, this common garden study suggests that an increase in the genetic diversity of plants
could strengthen the positive association between species diversity and ecosystem functioning. It should
also be noted that the management of soil inoculation or microbe communities could much enhance
species diversity effects. Toward a long-term forest restoration project, soil properties should be tailored
to the local plant community composition and the stage of restoration, as soil inoculation during the early
successional stages may disproportionately boost the performance of dominant seedlings.

In summary, during the natural regeneration process of plants after disturbance, the fine-scale
spatial and genetic structure of seedlings, small-scale topographic heterogeneity, and other ecosystem
participants such as soil microorganisms collectively shape plant facilitation. Furthermore, my research
pioneeringly reveals the interactive effects of plant species and genetic diversity on ecosystem
functioning. Species diversity fosters plant-soil feedback, while increased genetic diversity further
promotes the relationship between species diversity and ecosystem functioning. In future forest
restoration management, natural regeneration of local populations, supplemented by the manipulation of
new biotic and abiotic factors, will benefit the long-term development of restored communities.
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Chapter 1. General introduction



General introduction

Plants are usually surrounded by neighboring individuals in natural and managed environments,
and plant-plant interactions influence both the performance of plant individuals and the functioning of
ecosystems (Sato and Wuest, 2024). In terms of the consequences of interactions, facilitation occurs when
one species positively impacts the fitness of another (Z¢l¢ et al., 2018). Facilitations can ameliorate
environments through processes such as redistributing soil moisture (Zou et al., 2005), concentrating soil
nutrients (Zhang et al., 2018), stabilizing substrate (Kéfi et al., 2016), moderating microclimate (Brigham
and Suding, 2024), shielding neighbors from wind (Schdb et al., 2013) and water runoff (Mazal et al.,
2021), and protecting from herbivory (Carroll and MacDougall, 2024), thereby shaping community
productivity and stability (Montesinos, 2015; Soliveres and Maestre, 2014). Moreover, the effects of plant
facilitation are considered to increase under the harshness of abiotic or biotic challenges (stress-gradient
hypotheses) (Bertness and Callaway, 1994). However, we still lack an understanding of how newly
emerged abiotic and biotic environmental factors influence plant facilitation, and subsequently modify the
process of forest primary succession following severe disturbances.

Forests cover about one-third of the world’s land area (Sanchez et al., 2019). Forest ecosystems
perform multiple functions, such as carbon sinks (Pan et al., 2024), regulating climate (Thom et al.,
2017), preventing soil erosion and degradation (Ren et al., 2024), supporting biodiversity (Brockerhoff et
al., 2017), and providing resources for human societies (Kohl et al., 2015). A landslide in forest is a mass
movement of materials, including soil, rock, and debris, down a slope, removing above- and below-
ground biomass (van Westen et al., 2003). Landslides are often triggered by events such as heavy
rainstorms (Liu et al., 2021) and earthquakes (Ito et al., 2021) and are some of the major causes of forest
disturbance. In recent decades, the frequency of landslides worldwide has increased due to global climate
change (Ozturk et al., 2022), combined with anthropogenic factors such as deforestation and land-use
change (Pacheco Quevedo et al., 2023), making forest restoration in post-landslide areas an urgent and

challenging issue.



In mountainous forests, major natural disturbances, such as landslides, often result in "stand-
replacement" events (Swanson et al., 2011), followed by primary succession driven by pioneer species
(Dalling, 2008). Natural regeneration plays a pivotal role in shaping the forest restoration trajectory and
determining the composition and structure of future stands (Mejstiik et al., 2024). Unlike tree planting,
the process of natural colonization of restoration is regarded as a passive and more ecologically sound
approach (Bauld et al., 2023). It has gained significant attention for being more economical, efficient, and
less risky for tree disease and pests (Di Sacco et al., 2021). In the long term, natural regeneration creates
structural heterogeneity due to variations in age, tree species, and species composition, and gaps in forests
can provide more habitats for flora and fauna, promoting biodiversity in restoration sites (Pedersen et al.,
2023). However, the recruitment and colonization success of new seedlings in post-landslide areas face
numerous uncertainties. While a growing body of work has focused on plant regeneration following
landslides (Takaoka, 2019; Velazquez and Gomez-Sal, 2008; Yang et al., 2023), there is a lack of studies
examining how spatial structures of newly recruited seedlings, i.e. the spatial distribution and spatial
genetic structure, drive their colonization.

Landslides, along with the subsequent ongoing erosion, alter the abiotic environment of forests.
The physical environment is greatly altered following a landslide (Walker and Shiels, 2012). Large
subaerial landslides can have significant morphologic impacts on the Earth’s surface, causing slope retreat
and leading to a loss of soil resources (Schuster and Highland, 2003). Furthermore, landslides create
forest destruction. Widespread stripping of natural forests by mass movements has been noted in tropical
areas as the result of large-scale, earthquake-induced landslide activity (Schuster and Highland, 2003).
Furthermore, bare (vegetation-free) soil is often the immediate consequence of a landslide, and therefore
the amount of post-landslide erosion that occurs on landslide slopes can be significant (Walker and Shiels,
2012). Erosion that occurs after a landslide event is often neglected, but high rates of soil erosion can
happen even within months of the initial disturbance (Walker and Shiels, 2008), exerting complex and

long-lasting effects on the geographical and biological aspects of the landscape. The ongoing soil erosion



following a landslide can affect substrate stability and fertility (carbon, nitrogen, phosphorus and
potassium) (Walker and Shiels, 2008; Zarin and Johnson, 1995), thereby influencing vegetation
development. Moreover, it also creates topographic heterogeneity in both erosion and depositional zones.

New biotic conditions created after the landslide influence seedling performance during the
regeneration process. Seedlings of pioneer species (Brokaw, 1987) or dominant species (Connell and
Slatyer, 1977) are likely to be dispersed from the adjusted forest and initially colonize the post-landslide
area, resulting in low species richness. On the other hand, the physical barrier caused by the landslide,
coupled with the disruption of pollinator and seed disperser communities, may block gene and seed flow
among plant species, leading to potential differentiation of plant populations (Nazareno et al., 2021).
These processes result in newly recruited seedlings experiencing intra- and interspecific interactions that
differ from those in mature forests, with the relatively infertile resource conditions and ongoing soil
erosion in the post-landslide areas, likely causing further differences in the interaction patterns.
Additionally, the mechanisms of biodiversity-ecosystem functioning relationships underlying species
interactions are also likely to change in these disturbed areas.

Shallow landslides typically involve surface soil failing approximately 50-cm depth on the slope
(Dietrich et al., 2008), that harbors the highest biomass and the most active soil microbes (Lavahun et al.,
1996). Soil microorganisms are microscopic life forms in soil, including bacteria, fungi, and other groups
such as viruses and protists (Islam et al., 2022; Sala et al., 2017). Soil microorganisms are well known to
enhance plant performance through direct or indirect interactions with plant roots (Artursson et al., 2006).
Soil bacteria and fungi, through symbiotic relationships, can improve nutrient acquisition and resistance
in plants (Llado et al., 2017; Wahab et al., 2023). At the same time, they decompose litter and debris,
improving soil resource availability (Rashid et al., 2016). In post-landslide areas, plant-soil interactions
may change due to the disruption of soil structure, which can further impact plant-ecosystem functioning

(Forero et al., 2021).



In my doctoral research, I investigated how the new abiotic and biotic factors following
disturbance influence plant-plant interactions, aiming to uncover insights for forest restoration and
management. By combining a natural setting experiment and a common garden experiment, I conducted
three studies. Firstly, at a site that had recently experienced a severe forest landslide, I monitored the
spatial distribution and performance of newly recruited seedlings during the first growing season, aiming
to reveal the contribution of fine-scale spatial conditions of abiotic and biotic (neighbor) factors to
seedling colonization. Secondly, building on the same natural setting experiment, I illustrated how a
genetic approach sheds new light on the fine-scale spatial conditions of neighbor identity and genetic
diversity, and their influences on plant performance. Finally, based on a well-manipulated common
garden experiment, I further integrated biodiversity—ecosystem functioning (BEF) into forest restoration
strategies. Fine-scale biotic conditions influence the performance of plant individuals, which
consequently modifies the outcomes of BEF, laying the groundwork for developing effective forest
restoration and management.

Specifically, in Chapter 2, my goal is to clearly illustrate how the initial spatial distribution of
seedlings emerges, how rill erosion occurs at post-landslide stages, and how those environmental
conditions influence seedling performance. The field survey was conducted within a replicated artificial
landslide experiment, where slopes were artificially cleaned in mountainous forests to simulate the
depositional zones formed after natural landslides. During the first growing season following the
construction of the artificial landslides, I recorded the spatial distribution patterns of newly recruited
seedlings of two dominant species and monitored their performance throughout the season.

In Chapter 3, I aimed to determine whether the newly recruited seedlings exhibit population
differentiation tendencies after landslides, how landslide scars and subsequent rill erosion shape the
genetic structure of seedling populations, and how genetic relatedness among seedlings drives their
performance. I collected genomic DNA from leaf samples of the dominant species seedlings to analyze

the genetic structure of the population.



In Chapter 4, I established a common garden experiment to explore how species diversity-
ecosystem functioning relationships are influenced by the new biotic conditions introduced by landslides,
namely genetic diversity and soil microorganisms. The natural regeneration of seedlings following
landslides often involves multiple processes simultaneously shaping ecosystem functioning. Thus, this
common garden experiment was designed to control intraspecific genetic diversity by combining
seedlings from different origins and to regulate soil microorganisms by inoculating natural soil collected
from beneath maternal trees.

Finally, in Chapter 5, I synthesize all findings across Chapters 2, 3, and 4 and discuss how the

findings will contribute to the future management and restoration of forests in landslide-affected regions.






Chapter 2.
Post-landslide interactive effects of plant facilitation and rill erosion on tree

seedling colonization toward restoration



1. Introduction

A landslide in the forest is a mass movement of materials, including soil, rock, and debris, down a
slope, removing above- and below-ground biomass (Van Westen et al., 2003). Landslides are often
triggered by events such as heavy rainstorms (Liu et al., 2021) and earthquakes (Ito et al., 2021) and are
some of the major causes of forest disturbance (Garwood et al., 1979; Restrepo et al., 2009). Landslides
can transform soil substrates (Blonska et al., 2018) and increase forest heterogeneity (Geertsema and
Pojar, 2007; Hotta et al., 2024; Velazquez and Gémez-Sal, 2008), which dramatically impacts the
biodiversity of forest ecosystems (Freund and Silman, 2023; Furusawa et al., 2023; Ohwaki et al., 2023).
In recent decades, the frequency of landslides worldwide has increased due to global climate change
(Ozturk et al., 2022), combined with anthropogenic factors such as deforestation and land-use change
(Quevedo et al., 2023), making forest restoration in post-landslide areas an urgent and challenging issue
(Chen et al., 2014; Hu et al., 2020). One of the key issues in forest restoration is the recruitment and
colonization success of new seedlings (Bustamante-Sanchez et al., 2011; Thijs et al., 2014). While a
growing body of work has focused on vegetation structure following landslides (Takaoka, 2019;
Velazquez and Gomez-Sal, 2008; Yang et al., 2023), it remains poorly understood how post-landslide
biotic and abiotic environmental conditions, such as the spatial distribution of newly recruited seedlings
and soil erosion, govern the colonization success of seedlings.

Seed dispersal into a landslide area from surrounding forest trees and germination of these seeds
make up the initial spatial distribution of seedlings. Initial spatial distribution patterns of newly recruited
seedlings create new biotic conditions, which are likely to further affect the colonization success of later
recruited individuals through positive and negative interactions between neighbors, such as competition
and facilitation (Ben-Said et al., 2022; Bianchi et al., 2021). Resource competition among plants has been
long considered to be the primary factor in regulating the dynamics of plant populations and communities
(Craine and Dybzinski, 2013), while facilitation is more likely to be predominant under stressful, harsh

conditions (Bertness and Callaway, 1994; Bonanomi et al., 2011). Facilitations can ameliorate



environments through processes such as redistributing soil moisture (Zou et al., 2005), concentrating soil
nutrients (Zhang et al., 2018), stabilizing substrate (Kéfi et al., 2016), moderating microclimate (Brigham
and Suding, 2024), shielding neighbors from wind (Schdb et al., 2013) and water runoff (Mazal et al.,
2021), and protecting from herbivory (Carroll and MacDougall, 2024), thereby shaping community
productivity and stability (Montesinos, 2015; Soliveres and Maestre, 2014). Post-landslide areas
experience significant environmental stress (Veldzquez et al., 2014), making facilitation potentially
crucial for the successful colonization of seedlings. Nevertheless, both fine-scale spatial distribution of
new seedlings (i.e., individual seedling scale) and its effects on seedling performance in post-landslide
areas have remained to be elucidated.

Furthermore, following the landslide, subsequent erosion frequently occurs on the landslide scar
(Larsen et al., 1999). In particular, the erosion caused by overland flow resulting from rain creates rills,
which are small, intermittent watercourses with steep sides (Zheng and Gao, 2003), measuring 2 to 20 cm
in width and depth (Ou et al., 2021). Rill erosion has been defined as the process of dispersing, scouring,
and transporting soil during rill formation and development (Zheng and Gao, 2003), which could lead to
further soil loss, nutrient degradation, and the prevention of seedling colonization in the disturbed area
(Ou et al., 2021). Although previous studies highlighted the importance of rill erosion effects on
geological morphology and hydrology in post-landslide areas (Tang et al., 2024), only limited research
has focused on the impact of rill erosion on plant performance (Espigares et al., 2011; Wang et al., 2022).
These studies have reported mixed results, in which rill erosions positively or negatively influenced
seedling colonization, survival, and growth through changes in physical environments, including soil
water and soil instability (Espigares et al., 2011; Wang et al., 2022). It should also be noted that in post-
landslide areas, rill erosions emerge as a new abiotic environmental condition after disturbance, which
may influence fine-scale distribution and performance of seedlings in complex ways.

Initial succession following natural landslides is a complex assemblage of both newly recruited

seedlings and regenerated plants from remaining tissues (Hotta et al., 2024; Hu et al., 2018; Walker et al.,
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2013). Also, natural landslides are stochastic events with highly heterogenous land structures (Takaoka,
2019). It is often difficult to clearly examine spatial interactions among seedlings and define rill erosion
after landslides. Hence, in this study, we use a replicated artificial landslide experiment, where the initial
environmental conditions were approximately homogeneous because of all tree stands, roots and surface
soil were manually removed. This study is dedicated to clearly illustrating how the initial spatial
distribution of seedlings emerges, how rill erosion (Fig. 1) occurs at post-landslide stages, and how those
environmental conditions influence seedling performance. Specifically, we address the following
questions: 1) how newly recruited seedlings form spatial distribution patterns (i.e., random, uniform, or
clustered); 2) how the spatial distance between conspecific and heterospecific seedlings affect the survival
and growth of seedlings; 3) what roles rill erosion plays in post-landslide sites on the process of seedling
colonization; and 4) whether the distance of seedlings from neighbors and from the rill boundary

interactively shapes seedling performance.

2. Material and Methods
2.1. Artificial landslide experiment and focal organisms

This study was conducted at the Artificial Landslide Experimental Sites (ALES) established in
the three experimental forests of Hokkaido University in northern Hokkaido, Japan (Furusawa et al.,
2023; Makoto et al., 2024). We prepared 30 artificial landslide sites in mountainous forest stands for
ALES, and at each site, all trees in a 40 by 40 m area were harvested between December 2019 and March
2020. The remaining root systems, understory vegetation, and soil (approximately 50 cm in depth) were
removed using bulldozers and power shovels in the summer of 2020 and 2021. Finally, the surface layers
were contoured into a smooth slope. Details regarding the establishment and environments of ALES can
be found in (Furusawa et al., 2023; Makoto et al., 2024). For this study, we selected three sites, which
were completed in the summer of 2021 in the Nakagawa Experimental Forest (Site 1: 44.786° N,

142.252° E; Site 2: 44.783° N, 142.254° E; Site 3: 44.796° N, 142.249° E). The three sites were located in
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natural forest stands mixed with conifers (e.g., Abies sachalinensis (Fr. Schm.) Masters) and broad-leaved
trees (e.g., Acer mono Maxim. and Betula ermanii Cham.), with slope angles were 19°, 24.6° and 12°, at
Site 1, 2 and 3, respectively (Furusawa et al., 2023).

In the late spring of 2022, nine 2 X 2 m survey plots were established at each site, located within
the central area (30 X 30 m) of the ALES treatment, with a buffer zone greater than 10 m in width
separating the plots from the surrounding natural forest. These plots were evenly spaced in a 3 X 3 grid,
with a distance of 10 m between each plot and its adjacent plots. After the landslide treatment, rill erosion
appeared on these bare slopes due to rainfall. The morphology of the rills at these 3 sites was
approximately 5 cm deep and 10 cm wide, running from the top of the slope to the bottom (Fig. 1). There
were 17 of 27 plots intersected by rills, with a percentage coverage area of 11.56 = 5.10% (mean & SD).

In the first growing season after the landslide treatment, seedlings of two species, Abies
sachalinensis and Acer mono, mostly dominated. Both species are typically dominant in the local natural
forests. Abies sachalinensis is an obligate seeder that depends on seed reproduction. Woody debris (such
as fallen logs) is the primary regeneration site for its seedlings in the sub-boreal forests (Lian et al., 2008;
Nakagawa et al., 2003), but ALES treatment removed all residual woody debris and potential seed banks
(Makoto et al., 2024). The cones of A. sachalinensis contain numerous small seeds with wings developed
from ovuliferous scales. Acer mono is capable of reproducing both by seeds and vegetatively. Seeds of A4.
mono are winged. The seeds of the current year tend to germinate in the following spring, so their
recruitment is less dependent on the seed bank (Tanaka, 1995). Although adventitious roots occurred on
the natural layering of trunks and branches for reproduction, it is generally more common in older trees of
A. mono. However, we randomly excavated several Acer mono seedlings outside of the survey plots at
these sites, as well as at other ALES sites, and confirmed that all 4. mono seedlings originated from seeds
rather than root and stem systems. Therefore, in the first year after the landslide, the seedlings of both
species germinated from seeds that matured in the autumn of 2021 and were dispersed into the focal sites.

Hereafter, we refer to A. sachalinensis as Abies and A. mono as Acer.
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2.2. Surveys on spatial position and performance of seedlings

Our field surveys have been conducted three times (June, August, and October) on these 27 plots
to monitor the recruitment, survival, and growth of seedlings. During the June survey, we individually
marked all seedlings within the plots with labelled nails. Using a monopod, we manually took five digital
photographs from a height of 2 m above the center of each plot, perpendicular to the slope, and the photo
that most successfully captured the entire plot was selected for further processing (referred to as the
“map” hereafter; Fig. 1). Preliminarily, we performed a test to examine an image distortion in a
laboratory. We took photos of a measurement tape with a 1-mm scale from the same height. This
preliminary test confirmed that the bias due to pixel distortion at the edges of the photos in comparison to
the photo center was less than 1 mm.

Using ImageJ software (v1.53t), we manually determined the horizontal and vertical coordinates
(unit: cm) of each of the seedlings. We also traced the edge of all rills within the survey plots on the
digitized map. The Euclidean distance (unit: cm) of each seedling to the nearest neighboring seedling of
both conspecifics and heterospecifics, as well as the distance of each seedling to the nearest edge of the
rill, was measured using ImageJ. In subsequent surveys, all newly germinated seedlings were labelled and
recorded on the maps.

The survival status of all seedlings was also recorded. Seedlings that disappeared or were
uprooted were recorded as dead. Those that remained in place but lacked leaves or had only wilting leaves
and stems were also recorded as dead. The height (unit: cm) of surviving seedlings, defined as the length
from the ground level of the seedling to the tip of the highest leaf along the stem, was measured during
each survey. Relative growth rates (RGR, unit: cm-cm™") were calculated using Eq. (1).

RGR = (H, — Hg)/Hg €Y
where H is the height of the earlier month and H; is the later month. Thus, growth rates were obtained for

the periods of June to August, August to October, and June to August, respectively (Table S1). Continuous

13



erosion occurred on post-landslide slopes (Hu et al., 2020), which caused the instability of the soil surface
and introduced observatory errors in our height measurements of seedlings (i.e., negative growth rates).
To retain the most valid data, we used the growth rate from June to October for Abies and from June to
August for Acer, as this period showed the lowest percentage of seedlings with negative growth rates

(36.59% for Abies and 47.02% for Acer) (Table S1).

2.3. Spatial distribution pattern analysis

Generalized linear models (GLMs) were used to examine the difference in seedling abundance
(unit: the number of individuals per plot) between rill-absent and rill-present plots. The response variable
was the plot-level abundance, while the presence or absence of rill and the site ID were used as
explanatory variables. These GLMs followed the Poisson error distribution and used a log link function.

For each of both rill-absent and rill-present plots, the Clark and Evans aggregation index R was
used to estimate the spatial point patterns of all initially recruited seedlings that appeared during the first
season (including dead individuals), differentiated by species. In a random distribution, R equals 1. The
index of R less than 1 indicates a clustered distribution of points, with values closer to 0 reflecting higher
degrees of clustering; R greater than 1 indicates a uniform distribution of points, with larger values
indicating a greater tendency towards uniformity. R indices and P-values were calculated using the
clarkevans.test function with default options implemented in the R package spatstat. Donnelly’s method
was applied for edge correction. The seedling abundance in our survey, especially for Acer, was
extremely low in some plots (Table S3). Considering that a small sample size could introduce bias into
spatial point analysis (Ben-Said, 2021), we only performed the Clark and Evans test on plots containing
more than eight seedlings, which ensured relatively robust results while allowing for more than half of the
plots to be included in the analysis.

We also assessed whether seedlings clustered around rills and were differentiated by species. The

minimum distances of seedlings to the rill edge from all rill-present plots were combined, and we
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computed an empirical cumulative distribution function (ECDF) of the observed data. Simultaneously, for
all rill-present plots, we created 10 X 10 uniform grids with neighboring points spaced 20 cm apart and
calculated the minimum distance from each grid intersection to the rill edge; the minimum distances of
uniform points to the rill edge from all rill-present plots were combined, and the simulated null ECDF
was computed. A Kolmogorov-Smirnov test was performed to compare the observed ECDF with the null

ECDF to examine whether seedlings were clustered around rills.

2.4. Statistical analysis

To access the effects of new biotic and abiotic environmental conditions post-landslide, namely
neighboring individuals and rill erosion, on seedling performance, generalized linear mixed models
(GLMMs) were employed for both Abies and Acer, respectively. The GLMMs for seedling survival
followed the binomial error distribution. For the growth rate of seedlings, the GLMMs followed a Gamma
error distribution and used a log link function. A natural logarithmic transformation was performed for all
the three distance indices.

Firstly, we employed GLMMs to examine potential interactive effects between the distance to the
nearest neighbors and rill erosion on seedling performance. The survival and growth rates of Abies and
Acer were used as the response variables in the model, respectively. The explanatory variables included
the distance of each seedling to the nearest conspecific and heterospecific neighbors, the absence/presence
of rills in each plot, the interactive effects between neighboring distance and rill presence, as well as the
site ID, with the plot ID as a random intercept. Ime4 package was used for GLMM and type Il ANOVA
tables were obtained with the Anova function implemented in the car package.

Next, to clearly describe the effects of neighboring individuals and rill erosion on seedling
performance, separate GLMMs were bult for rill-absent and rill-present plots, respectively, and model
selection was performed. For rill-absent plots, the explanatory variables included the distance of each

seedling to the nearest conspecific and heterospecific neighbors, as well as the site ID, with the plot ID set
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as a random intercept. For rill-present plots, the explanatory variables included the distance between
conspecific and heterospecific individuals, the distance of the seedling to the nearest edge of the rill, as
well as the site ID, with the plot ID as a random intercept. Then, the backward stepwise selection was
conducted to obtain minimum adequate models (MAMs). The least significant variables were removed
from a full model one after the other until the MAM based on the least AIC (Akaike Information
Criterion; Akaike, 1974) value was obtained, or no variables were left in the model. All MAMs are shown
in Table 1. All statistical analyses were conducted in R software version 4.3.1 (R development core team

2023).

3. Results
3.1. Spatial distribution pattern of seedlings

The abundance of Abies seedlings in rill-present plots was significantly higher than in rill-absent
plots (Fig. 2a, Table S2), while the abundance of Acer seedlings showed no significant difference between
rill-absent and rill-present plots (Fig. 2b, Table S2).

In most plots, Abies seedlings exhibited spatially clustered tendency, regardless of whether they
were in rill-absent or rill-present plots (80% and 62.5%, respectively; Table S3). For Acer, seedlings were
spatially clustered in all rill-absent plots, while spatially randomized patterns were shown in more than
half of rill-present plots (70%) (Table S3). For the rill-present plots, seedlings showed different patterns in
clustering around rills. The ECDF curve for Abies was significantly higher near the rill edges than the null
ECDF (Fig. 3a), indicating a significant clustering of Abies seedlings around rills. In contrast, the ECDF
curve for Acer did not differ significantly from the null ECDF (Fig. 3b), suggesting that Acer seedlings

did not show a clustering tendency around rills.

3.2. Impacts of intra- and interspecific distance on survival and growth
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For survival and growth rate, marginally significant interactions between
conspecific/heterospecific distance and the presence of rills were detected (Table S4, Fig. 4). From here,
we address the effects of intra- and interspecific distance on survival and growth in rill-absent plots or
rill-present plots separately.

In rill-absent plots, the survival rates for Abies and Acer were 80.22% and 89.61%, respectively.
For growth rates, the mean growth rate (cm-cm™) for Abies was 0.35 + 0.27 (mean = SD), and for Acer, it
was 0.25 + 0.27. Effects of intra- and interspecific distance on survival and growth were tested by 10
plots where rills were absent. For Abies, seedlings exhibited a survival rate exceeding 80% when they
were within 10 cm of conspecific neighbors. The survival significantly decreased with an increase in the
nearest distance between conspecific seedlings (Fig. 4a, Table 1). For Acer, seedlings exhibited a survival
rate exceeding 90% when they were within 10 cm of conspecific neighbors. The survival significantly
decreased with an increase in the nearest distance between conspecific seedlings (Fig. 4b, Table 1).

The growth rate of Abies seedlings significantly decreased as they became further from
heterospecific seedlings (Fig. 4c, Table 1), suggesting that heterospecific neighbors had a positive impact
on the growth of Abies seedlings. For Acer, the growth rate significantly increased with an increase in the

nearest distance between conspecific seedlings (Fig. 4d, Table 1).

3.3. Impacts of distance from rills on survival and growth

In rill-present plots, the survival rates for Abies and Acer were 73.93% and 82.69%, respectively.
For growth rates, the mean growth rate (cm:cm™) for Abies was 0.45 + 0.44, and for Acer, it was 0.20 +
0.22. Effects of distance from rills on survival and growth of seedlings were tested by 17 plots where rills
were present. For Abies, survival was generally highest for individuals that were further from rills (Fig.
Sa, Table 1). A survival rate higher than 80% was observed when the distance was > 50cm, indicating that
the presence of nearby rills had a negative impact on the survival of Abies seedlings. The survival rate

also tended to increase with a decrease in the nearest distance to heterospecific seedlings (Fig. 5b, Table
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1), suggesting a trend that heterospecific neighbors had a positive impact on the survival of Abies under
rill erosion. For Acer survival, the distances to the nearest conspecific and heterospecific neighbors, as
well as the distance from the rill edge, had no significant influence (Table 1).

The growth rate of Abies seedlings was not influenced by the distance to the nearest conspecific
and heterospecific neighbors, nor by the distance from the rill edge (Table 1). The growth rate of Acer
was generally highest near the edge of rills (Fig. Sc, Table 1), indicating that rill proximity had a positive

impact on the growth of Acer seedlings.

4. Discussion

This study clearly highlighted how post-landslide conditions of biotic and abiotic environments
influenced initial seedling colonization with artificial landslide experiments. Both Abies and Acer
seedlings showed a spatially clustered pattern in rill-absent plots, and Abies seedlings were clustered
around rills in rill-present plots. The influence of conspecific and heterospecific neighbors on seedling
performance may also depend on the presence of rills. In rill-absent plots, seedlings survive better when
in proximity to conspecifics, and Abies seedlings grow faster when close to heterospecific neighbors. In
rill-present plots, the survival of Abies significantly decreased with the nearest distance to rills, but this
negative effect was likely to be attenuated by the presence of heterospecific neighbors. Furthermore, Acer
seedlings showed a significantly higher growth rate when close to rills. To our knowledge, this is the first
study that illustrates how biotic interactions and rill erosion interactively shape the colonization of new

seedlings after landslide disturbance.

4.1. Initial spatial distribution patterns of newly recruited seedlings
The initial spatial distribution of newly recruited Abies seedlings after ALES treatment was
clustered with or without rills (Fig. 3a, Table S2). This is likely due to 1) seed dispersal processes and/or

2)heterogeneity in the fine-scale physical environment. First, the dispersal limitation of seeds from adult
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trees is considered to be a crucial factor in determining the spatial distribution of seedlings (Beyns et al.,
2021; Lin et al., 2011; Masaki et al., 2019). The degree of spatial aggregation of seedlings sometimes
declines as the distance from the mother tree increases (Zhang et al., 2013; Zong, 2018). Although there
was no observed trend where seedling aggregation increased if the plot was closer to the boundary of the
survey site, seed dispersal from surrounding mother trees with different distances and heights may create
the clustered distribution of seeds. On the other hand, rainfall water flow is much stronger on the
landslide surface than on undisturbed forest stands. Water flows may also be important transporting
agents of seed dispersal, as water flowing through the upper natural forest could carry seeds into landslide
scars, leading to the aggregation of seedlings around rills. Second, habitat heterogeneity, including
topography, soil nutrients, and shading, may contribute to the initial spatial distribution of seedlings
(Getzin et al., 2008; Lara-Romero et al., 2016; Patifio et al., 2021). Newly recruited seedlings are
sensitive to habitat heterogeneity and can quickly establish in fine-scale patches with more favorable
germination conditions, resulting in spatial aggregations (Li et al., 2009; Zong, 2018). According to the
treatment of ALES, the initial condition within each landslide scar was presumed to be approximately
homogenous, with consistent slope angles and a lack of nutrient-rich topsoil. However, physical
heterogeneity in the soil would be triggered by rill erosion in terms of surface structure, soil deposition,
water and nutrient distribution. This heterogeneity may at least partially influence the distribution pattern
of seedlings.

Overall, both water flow transportation of seeds and rill-induced heterogeneity could play an
important role in shaping the clustered 4bies seedling distribution. This explains why the seedling
abundance in rill-present plots was higher (Fig. 2a) and why they were clustered around rills (Fig. 3a).
Our result aligns with the research of Wang et al. (2022), which showed a higher density and coverage of
vegetation on rills than on bare slopes, highlighting the seed-trapping function of micro-topography.
Therefore, habitat heterogeneity, primarily contributed by rill erosion, may be an important factor

influencing the initial clustering pattern of Abies seedlings.
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In addition, this notion can also explain why Acer seedlings exhibited less clustered distribution
than Abies. Acer seeds are relatively flat, with greater mass and larger wings compared to Abies seeds.
This is consistent with the research of Caravaca et al. (2002), which indicates that large, flat seeds
experience lower removal rates under water erosion. Thus, the effects of water transportation with rill
erosion should be weaker in Acer than those in Abies, explaining the lack of significantly higher seedling

abundance in rill-present plots (Fig. 2b) and the absence of clustering around rills (Fig. 3b).

4.2. Plant-plant facilitations further promote seedlings clustering

Initial clustered distribution can increase the probability of neighboring interactions between
conspecifics/heterospecifics. Our findings of positive effects of neighbors on survival and growth rates in
the absence of rills suggest facilitation between seedlings. These facilitative interactions may be explained
by the following mechanisms: 1) soil physical structure and 2) mycorrhizal networks.

The increased likelihood of survival (Fig. 4a, 4b) may be attributed to changes in soil physical
structure due to neighboring conspecific seedlings (Gilland and McCarthy, 2014; Jones et al., 1994). Plant
root systems can generate tensile stress at the soil-root interface, leading to the formation of soil
aggregates, as well as secrete mucilage to make soil particles adhere (Materechera et al., 1992; Poirier et
al., 2018). Also, plant root systems can create pore space between aggregates, thus improving gas
exchange between soil and atmosphere (Angers and Caron, 1998; Fernandez et al., 2019). Acer especially
exhibits a stronger and more extensive root system during the first growing season after a landslide (Fang,
personal observation). Its roots are also predicted to have stronger tensile strength (Zeng and Makoto,
2023), which helps it resist the movement of the soil surface. The extensive root system of Acer seedlings
was likely to promote soil stabilization, leading to the improvement of survival.

Common mycorrhizal networks (CMNs) may also contribute to the greater survival of nearby
conspecific seedlings (Figueiredo et al., 2021; Liang et al., 2021). It has been demonstrated that naturally

regenerating Abies seedlings could form symbiosis with Ectomycorrhizal (EcM) fungi (Obase et al.,
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2022; Policelli et al., 2019). Also, EcM fungi colonization has been observed on the root of the 1st -year
naturally recruited Abies in ALES sites (Cenococcum, Amanita, Thelephola, Tomentella; Utsumi,
unpublished data). EcM may improve seedling survival due to pathogen protection, nutrient allocations,
and improved soil substrate (Bennett et al., 2017; Branco et al., 2022; Caravaca et al., 2002; Liang et al.,
2021). We speculate that the EcM-dominated CMN network mediates the facilitation between Abies and
conspecific neighbors, thereby promoting their survival. However, the increased likelihood of survival for
Acer near conspecific seedlings (Fig. 4b) may not be attributed to mycorrhizal facilitation, though some
members of the family Aceraceae could form arbuscular mycorrhizae (AM) (Brundrett et al., 1990;
Gorzelak et al., 2015). Especially in bare sites, current-year seedlings of A. mono may not be obligatory
mycorrhizal (Yoshida et al., 2011). Regarding growth rates, the higher growth of Abies around
heterospecific neighbors (Fig. 4c) could also be explained by soil physical properties, as discussed above.
Additionally, niche partitioning between species may be able to enhance the positive effects of such soil
physical properties on the growth of newly recruited seedlings. This notion could also explain why Acer

displayed a greater growth rate with a longer distance than a neighbor conspecific seedling (Fig. 4d).

4.3. Interactive effects of rill erosion and plant interactions

Rill erosion negatively affects seedling survival (Espigares et al., 2011; Pang et al., 2018). Thus,
the negative effects of rill distance on the survival of Abies in rill-present plots (Fig. 5a) were likely due to
rill erosion disturbance. However, this effect is species-specific, and this influence was not detected in
Acer seedlings. The differential response of these two species to rill erosion is associated with their
functional traits. As we discussed in section 4.2., Abies seedlings are smaller and have softer stems and
shallower roots with fewer lateral root branches than Acer, making them more suspectable to being buried
or washed away by soil movement. In fact, the main cause of death of Abies in our survey was
disappearance, rather than wilting, supporting this explanation. Conversely, newly recruited Acer

seedlings are much more robust, with larger height and stronger above- and belowground morphology,

21



which could counteract the disturbance of rill erosion. Our results are consistent with the study by Wang
et al. (2014), in which seedlings of smaller species were more susceptible to rainfall erosion, while
seedlings of larger species having deeper and stronger roots had a reduced risk of being washed away by
precipitation-induced erosion.

However, interestingly, the mortality of Abies was potentially mitigated by heterospecific
neighbors (Fig. 5b). We discussed conspecific and heterospecific facilitative effects through soil physical
properties in section 4.2. In the presence of rill erosion, Acer’s protective effects on Abies based on the
interspecific differences in functional traits were likely to be more prominent than in the absence of rill.
Overall, there were conspecific and heterospecific facilitative effects on seedling survival at a post-
landslide habitat, but the relative importance of the two effects could be dependent on the degree of rill
erosion.

Moreover, we detected that Acer seedlings tended to grow faster when closer to the rill (Table 1,
Fig. 5c), which may be attributed to the resource enrichment of soil deposited around as well as increased
soil moisture. Although direct evidence is lacking in this study, the soil around rills is presumed to be
more fertile (Pang et al., 2018; Wang et al., 2022) as it originates from the topsoil of the upper mature
forest, washed down by rainwater. Acer, due to its more robust morphology, offsets the disturbance of soil
movement and acquires more nutrients from the deposited soil, resulting in higher growth rates.
Therefore, rill erosion potentially contributes to the enrichment of nutrients and water, creating resource

heterogeneity, which may promote spatial clustering of seedlings over the next few growing seasons.

5. Conclusion

This study found that newly recruited seedlings exhibited spatial clustering after landslides,
promoting the possibility of plant-plant interactions among neighbors. At a scale of several centimeters,
seedlings exhibited higher performance when co-occurring with conspecific and heterospecific neighbors,

which may be attributed to plant facilitation. Rill erosion represents critical fine-scale heterogeneity in
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post-landslide areas, attracting more seedlings with species-specific impacts on their performance.
Notably, plant facilitation partially attenuated the disturbances caused by soil movement due to rill
erosion, which may demonstrate the interactive effects of plant facilitation and rill erosion on seedling
performance. In post-landslide areas, fine-scale plant facilitation, together with habitat heterogeneity, will
continue to shape future spatial distribution patterns of seedlings. Our results suggest that during forest
restoration after landslides, careful consideration of the fine-scale spatial structure of neighboring species
and rill erosion will promote successful seedling colonization and establishment. Future research should
focus on a more quantitative description of fine-scale heterogeneity in post-landslide areas, such as soil
characteristics, soil microbial communities, and geomorphologies, toward a more comprehensive

understanding of the regulation of forest restoration.
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Table S1. The percentage of seedlings with negative growth rates and the mean growth rate within each
sampling interval.

Species Sampling time interval Percentage of seedlings with  Mean relative growth rate
negative relative growth rate  (cmrcm™') (mean + SD)

Abies June - August 41.18% 0.50+0.53

August — October 54.36% 0.32+0.42

June - October 36.59% 0.43+£0.41
Acer June - August 47.02% 0.22+0.24

August — October 76.44% 0.25+£0.57

June - October 64.60% 0.18+0.18

Note: The mean growth rate within each sampling interval is based solely on positive values.
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Table S2. The GLMs examining the difference in seedlings’ abundance between rill-absent and rill-
present plots.

Explanatory variables

Rill presence Site ID

Species Response P P

Abies No. seedlings <0.001 <0.001
per plot

Acer No. seedlings 0.666 <0.001
per plot

Note: P-values less than 0.1 are marked in bold.
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Table S3. Spatial point pattern analysis of newly recruited seedlings

Abies Acer
Rill erosion PlotID  Density R P Spatial Density R P Spatial
(No. / m?) pattern (No./m?) pattern
Rill-absent  1-t-5 2 0.725 0.077 C 1.5
1-t-15 1.5 3 0414 <0.001 C
1-t-25 1.25 2.5 0475 <0.001 C
2-b-5 6.5 0.785 0.022 C 7.25 0.695 <0.001 C
2-t-5 4.5 0.594 <0.001 C 3.25 0.740 0.041 C
2-t-25 2 0.776  0.150 R 0.75
3-b-15 2.5 0746  0.074 C 1
3-m-5 0.75 0
3-t-5 1.75 0
3-t-15 0 0
Rill-present  1-b-5 2.25 0.689 0.036 C 2.25 0.609 0.008 C
1-b-15 3.75 0.576  <0.001 C 1.75
1-b-25 2.5 0992 0955 R 3.5 0937 0.607 R
1-m-5 2.75 0.629 0.007 C 4 0.863 0.238 R
I-m-15  1.75 2 1.004 0979 R
I-m-25 2 0929 0.648 R 1.75
2-b-15 5.25 0.637 <0.001 C 5.75 0.746  0.010 C
2-b-25 5.5 0.677 0.001 C 2.25 1.048 0.748 R
2-m-5 6 0.841 0.101 R 4.5 0924 0491 R
2-m-15  4.25 1.085 0454 R 2.25 0.710  0.051 C
2-m-25  5.75 0.866 0.176 R 2.25 099 0976 R
2-t-15 4.25 0846 0.173 R 2.25 1.085 0.569 R
3-b-5 9.25 0.720  <0.001 C 0.5
3-b-25 4 0.618 0.001 C 1.25
3-m-15  3.75 0.761 0.046 C 1
3-m-25  6.25 0.633 <0.001 C 0.5
3-t-25 6.5 0.727  0.004 C 1.25

Note: ‘C’: Clustered; ‘R’

: Random. P-values less than 0.1 are marked in bold.
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FIGURE LEGENDS

Figure 1. An example of a plot showing rill erosion. This example is a plot from ALES-Site 1. (a) the
original photograph of this plot, (b) the rills are shown in light grey.

Figure 2. A comparison of seedling abundance between rill-absent and rill-present plots. a) represents
Abies and b) represents Acer.

Figure 3. Empirical cumulative distribution function (ECDF) of the two species in rill-present plots,
representing a distribution of a minimum distance to a rill from each seedling of a) Abies and b) Acer. The
grey dashed lines represent the simulated null ECDFs generated using uniform distribution points in each
plot.

Figure 4. Impacts of intra- and interspecific distance on survival and growth in rill-absent plots. Each
point represents raw data of seedlings. a) Impacts of the minimum conspecific distance on the survival of
Abies; b) Impacts of the minimum conspecific distance on the survival of Acer; c) Impacts of the
minimum heterospecific distance on the growth rate of Abies; d) Impacts of the minimum conspecific
distance on the growth rate of Acer. The fitted curves in the figure are calculated based on only the fixed
effects. Significance (P-value) calculations are derived on MAMs (Table 1).

Figure 5. Impacts of neighboring seedlings and rill erosion on survival and growth in rill-present plots.
Each point represents raw data of seedlings. a) Impacts of the minimum distance to the rill edge on the
survival of 4bies; b) Impacts of minimum heterospecific distance on the survival of Abies; c) Impacts of
the minimum distance to the rill edge on the survival of 4bies. The fitted curves in the figure are
calculated based on only the fixed effects. Significance (P-value) calculations are derived on MAMs
(Table 1)
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Figure 1. An example of a plot showing rill erosion. This example is a plot from ALES-Site 1. (a) the
original photograph of this plot, (b) the rills are shown in light grey.
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Figure 2. A comparison of seedling abundance between rill-absent and rill-present plots. a) represents
Abies and b) represents Acer.
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representing a distribution of a minimum distance to a rill from each seedling of a) 4bies and b) Acer. The
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Figure 4. Impacts of intra- and interspecific distance on survival and growth in rill-absent plots. Each
point represents raw data of seedlings. a) Impacts of the minimum conspecific distance on the survival of
Abies; b) Impacts of the minimum conspecific distance on the survival of Acer; c) Impacts of the
minimum heterospecific distance on the growth rate of Abies; d) Impacts of the minimum conspecific
distance on the growth rate of Acer. The fitted curves in the figure are calculated based on only the fixed
effects. Significance (P-value) calculations are derived on MAMs (Table 1).
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Figure 5. Impacts of neighboring seedlings and rill erosion on survival and growth in rill-present plots.
Each point represents raw data of seedlings. a) Impacts of the minimum distance to the rill edge on the
survival of Abies; b) Impacts of minimum heterospecific distance on the survival of Abies; ¢) Impacts of
the minimum distance to the rill edge on the survival of 4bies. The fitted curves in the figure are
calculated based on only the fixed effects. Significance (P-value) calculations are derived on MAMs
(Table 1)
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Chapter 3.
The genetic structure of newly recruited populations in post-landslide areas is

shaped by rill erosion and drives the outcomes of intraspecific interactions
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Abbreviations:

ISSR: inter-simple sequence repeat

MIG-seq: multiplexed ISSR genotyping by sequencing
PCR: polymerase chain reaction

SPRI: solid-phase reversible immobilization

SNP: single-nucleotide polymorphism

IBS: identity-by-state
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1. Introduction

Major natural disturbances, such as wildfires and landslides, often result in "stand-replacement”
events in forests (Swanson et al., 2011), followed by primary succession driven by pioneer species
(Dalling, 2008). The genetic differentiation among populations recruited in newly disturbed patches may
result from various ecological processes (Litrico et al., 2005), while the genetic identity and diversity of
the population are potentially critical for shaping the performance of population members (Wan et al.,
2022). The genetic properties of seedling populations following disturbance have long been
underappreciated. Global climate change is increasing disturbance risks to forests (Dale et al., 2001),
highlighting the need for ecological genetics insights into the colonization processes of pioneer tree
species to tackle the growing challenges of forest restoration.

The dispersal ability of plants has important consequences for the establishment, persistence, and
range dynamics of species (Major et al., 2021). Notably, dispersal initiates plant recolonization after
disturbances (Reid et al., 2015) and largely determines the genetic differentiation among and within
disturbed patches. If dispersal ability is high, newly recruited seedlings can originate from multiple adult
trees, resulting in higher diversity within newly colonized populations in a patch and weaker genetic
differentiation between patches (Suarez et al., 2022). Conversely, in the presence of strong dispersal
limitation, newly recruited seedlings will likely originate from only a few seed sources at the edge of
mature forests (Litrico et al., 2005). This results in a founder effect within patches, leading to relatively
homogeneous genetic composition within newly established populations, while genetic differentiation
between patches becomes more pronounced (Litrico et al., 2005). However, during the primary
succession after disturbance, the extent of the population’s genetic differentiation among and within
adjacent patches remains poorly understood.

Spatial genetic structure (SGS), defined as the non-random spatial distribution of genotypes,
characterizes the relationship of relatedness estimates between pairs of individuals and their physical

proximity (Mazal et al., 2021). Dispersal of pollen and seeds plays a crucial role in shaping spatial genetic
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structure (Banks et al., 2013; Mazal et al., 2021). During the succession following disturbances, complex
conditions may also shape SGS, including processes such as the initial spatial distribution pattern of
seedlings (Daniels, 1978), ongoing soil erosion (Ou et al., 2021), and seed redistribution caused by soil or
water movement (i.e. rill erosion in post-landslide area, Chapter 2). Moreover, at fine scales, within which
plants can interact with their immediate neighbors (‘zones of influence’, Stoll and Weiner (2000)), SGS
likely modify the genetic identities of neighboring seedlings. Genetic relatedness potentially influences
the outcome of intraspecific interactions, such as resource competition (Husain Jaafry et al., 2020) and
facilitation (Ehlers et al., 2016; Fajardo and Mclntire, 2011). There are no studies that address genetic-
performance relationships among newly-colonized neighbor seedlings at the early phase of primary
succession, while this knowledge can provide significant insight for forest restoration.

This study is dedicated to illustrating the genetic structure among and within adjacent sites after a
severe disturbance, and how genetic structure within a population shapes the outcome of intraspecific
interactions. Artificial Landslide Experimental Sites (ALES) simulated the natural shallow landslide
disturbances in mountainous forests by artificially creating well-cleaned patches with replications
(Furusawa et al., 2023; Makoto et al., 2024). Therefore, ALES provides an excellent opportunity to study
the associations between the genetic issues among and within newly colonized plant populations, and
ecological processes during the primary succession following disturbance. The following questions were
addressed: 1) are there population differentiations among spatially proximate disturbance sites after
landslides, 2) how do landslide scars and subsequent rill erosion shape the genetic structure of seedling

populations, and 3) how does genetic relatedness among seedlings influence their performance.

2. Material and Methods
2.1. Artificial landslide experiment and focal organisms
This study was conducted at three sites from the project of the Artificial Landslide Experimental

Sites (ALES) established in the Nakagawa Experimental Forest of Hokkaido University in northern
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Hokkaido, Japan (Fig. 1, Site 1: 44.786° N, 142.252° E; Site 2: 44.783° N, 142.254° E; Site 3: 44.796° N,
142.249° E). The plant stand, root systems, and approximately 50 cm of topsoil were removed at each
site using bulldozers and power shovels, contouring the surface layers into a smooth slope. The centre
area of ALES measures 30 x 30 m, surrounded by a 5-meter-wide buffer zone. The buffer zone prevented
any woody debris or vegetative structures, such as adventitious roots, from entering the post-landslide
area, ensuring that the seedlings originated solely from seed reproduction. All ALES treatments of these
three sites were completed in the summer of 2021 (Furusawa et al., 2023; Makoto et al., 2024). In the late
spring of 2022, the first growing season after the landslide treatment, nine 2 X 2m survey plots were
established, evenly spaced in a 3 X 3 grid, with a distance of 10 m between each plot and its adjacent
plots.

Seedlings of the species, Abies sachalinensis and Acer mono, mostly dominated. 4. sachalinensis
is commonly distributed at elevations below 1000 m (Forest Research and Management Organization,
Japan) and is one of the dominant conifer species in the natural forests of Hokkaido. A. sachalinensis is a
diploid (2n = 24, (Hizume et al., 2016)), monoecious species and an obligate seeder, depending on seed
reproduction. Seeds of 4. sachalinensis are mainly dispersed by gravity and wind. 4. sachalinensis can
also regenerate on woody debris in the sub-boreal forest (Lian et al., 2008), and may be dispersed through
the food storage behavior of birds and small mammals (Lobo, 2014). ALES removed the soil seed bank
and all woody debris, and no signs of mammals caching seeds were observed in the central area.
Therefore, we assume that all A. sachalinensis seedlings dispersed from the surrounding mature forest.
Hereafter we refer to A. sachalinensis as Abies. Details of the experimental forests, ALES treatment and

target plants can be found in Chapter 2.

2.2. Survey, measurement and sampling
From June to October 2022, we monitored the performance of newly recruited seedlings at the

three sites. Combining field photography with laboratory image analysis using ImageJ (v1.53t), we
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extracted the coordinates of seedlings and rill edges within each plot. The Euclidean distance (unit: cm) of
cach Abies seedling to the nearest conspecific neighbor within each plot was measured based on the
seedlings’ spatial coordinates, and the percentage of rill erosion in each plot was calculated as the ratio of
the rill area (a polygon enclosed by rill edges in the field photo) to the plot area. Furthermore, the height
(unit: cm) of surviving seedlings, defined as the length from the ground level of the seedling to the tip of
the highest leaf along the stem, was measured during each survey. The relative growth rate (unit: cm-cm™)
of Abies is defined as the change in seedling height, calculated by dividing the difference between the
height in October and June by the height in June (Chapter 2). 36.59% of the Abies growth rate data were
excluded because their values were below zero, due to measurement errors caused by unstable slope
surface during continuous erosion. The survey and the measurement of seedling performance were
detailed in Chapter 2.

We collected five healthy needles from the shoot at the middle position of each of the marked
Abies seedlings. It should be noted that tiny seedlings or seedlings without fully unfolded buds were
avoided. The sampled needle was at least 5 mm in length, and older or rust-spotted needles were avoided.
Scissors were used for sampling, and it was bleached with a sodium hypochlorite solution (KANEYO
SOAP Co., Ltd, Arakawa City, Tokyo, Japan) after each use. The collected needles were immediately
stored in a cool box and transferred to a -20°C freezer on the same day. [ kept the sample at -20°C until

genomic DNA extraction.

2.3. Library preparation for MIG-seq

A total of 292 Abies individuals were collected from these three sites. DNA extraction was
performed with Abies needles using the protocols described by Gupta et al. (2020). The MIG-seq library
was prepared as previously described by Suyama and Matsuki (2015). First, a multiplexed 1st PCR was
performed using MIG-seq primer set-1 (Suyama and Matsuki, 2015) to amplify the ISSR. Next, a 2nd

PCR was performed to attach index sequences and Illumina sequencing adapters. Subsequently, we
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employed SPRI-based purification to remove too-large and small fragments from the 2nd PCR products
(Double Size Selection, Backman Coulter, inc., Brea, CA, USA). The concentration of purified products
was quantified, after which 4 ng of DNA from each sample was pooled to create the library. Sequencing
was performed using the MiSeq Reagent Kit v3 (300 cycles, Illumina) on an Illumina MiSeq sequencer

(Illumina, San Diego, CA, USA).

2.4. SNPs detection

SNP detection was performed using ipyrad (v0.9.93) (Eaton and Overcast, 2020). For each
sample, the first 15 bases of R1 and R2 were trimmed, as they were part of the sequences of the MIG-seq
primer. The filter for adapters/primers was set at 2. The clustering threshold for de novo assembly was set
at 90% and the minimum depth at 5. All settings except for these have been set to defaults. SNP locus and
read depth information formatted as a .vcf file output by ipyrad were used for further downstream
analysis.

Quality control of SNP locus was performed by Tassel (v5.2.93) (Bradbury et al., 2007). It was
required that an allele not be unknown (N) in at least 50% (146 / 292) of the seedlings. Otherwise, the

locus was excluded. SNPs calling resulted in the selection of 2854 SNPs.

2.5. Genetic structure analysis and statistical analysis

Exploration of the genetic structure of the Abies population was done using discriminant analysis
of principal components (DAPC, Jombart et al. (2010)). Using ‘adegenet’ package. Moreover, pair-wise
and overall Fsr was calculated by GenAlEx (v6.51b2) (Peakall and Smouse, 2012).

Isolation-by-distance (IBD) has been tested within each Site. Specifically, a Mantel test (based on
Pearson's product-moment correlation) was used to assess the correlation between the IBS genetic

distance matrix and the spatial distance matrix of all individuals within a site, with the significance of the
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correlation evaluated using 999 permutations. The mantel function in the ‘vegan’ package was used for
the Mantel test.

At the plot level, we used linear mixed models (LMMs) to assess the effect of fine-scale habitat
heterogeneity, i.e. rill erosion, on the genetic diversity of seedlings. Nucleotide diversity (i) within each
plot was the response variable, while the coverage percentage of rill erosion within the plot and the Site
ID were the explanatory variables. Seedling abundance (unit: No. seedlings) within each plot was treated
as random effects. The Imer function in the Ime4 package was used for the LMM.

The generalized linear mixed models (GLMMs) were used to assess the relationship between the
growth rate and genetic relatedness of neighboring seedlings. First, based on the minimum conspecific
distance (Chapter 2), the focal seedlings and their spatially nearest conspecific neighbors were identified.
Second, seedlings with positive growth rates and estimated genetic identities were selected. Third, the
genetic distance between the target seedlings and their closest neighbors was extracted from the genetic
distance matrix. In the GLMM, the growth rate of a focal seedling was set as the response variable. The
genetic and spatial distance between this focal seedling and its spatially nearest neighbor, and their
interactive factor were set as explanatory variables. The explanatory variables were centered and
standardized to eliminate the influence of their scales on model fitting. It should be noted that some
seedlings were spatially nearest neighbors to each other. The explanatory variables of such seedling pairs
completely overlapped when these two were treated as focal seedlings respectively. To eliminate
collinearity, we included a ‘Pair ID’ for such seedling pairs as a random effect in the model. Furthermore,
the Plot ID was set as the random effect. The GLMMs followed a Gamma error distribution and used a
log link function. The glmer function in the lme4 package was used for the GLMM.

The significance of all mixed models was evaluated using the Type 11 Wald chi-square test.
Unless otherwise stated, all statistical analyses were conducted in R software version 4.3.1 (R

development core team 2023).
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3. Results
3.1. Genetic structure of the Abies population

The genetic structure of Abies populations shown by DAPC indicated that these three populations
generally clustered according to Sites, with a few individuals positioned between clusters (Fig. 2). This
pattern aligns with the relative geographic locations of the three sites (Fig. 1). Pair-wise and overall Fsr
values among Abies populations were all significantly different from 0, indicating a significant genetic

differentiation between Sites (Table 1).

3.2. Isolation-by-distance of the Abies population

The abundance of Abies populations from Site 1 to Site 3 was 53, 138 and 101, respectively
(Table 2). The Mantel test showed a significant positive correlation between the genetic and spatial
distance matrices in Site 1, with a correlation coefficient of 0.167 (P = 0.001, Table 2). This indicated the
IBD structure, in which genetic similarity decreases with increasing spatial distance between individuals
in this Site. However, no correlation between genetic and spatial distances was found in the populations

of Site 2 and Site 3. (Table 2)

3.3. Impacts of fine-scale habitat heterogeneity on seedlings’ genetic diversity

The average nucleotide diversity (1) of surveyed plots was 0.061 £ 0.004 (mean *+ SD), and the
mean abundance of Abies seedlings was 11.8 + 6.4 (No. seedlings per plot). The m tended to decrease
with an increase in the rill coverage percentage (P = 0.064, Fig. 3, Table 3). The plot with the most severe
rill erosion (rill coverage > 20%) exhibited the lowest nucleotide diversity, with a  of approximately

0.06 (Fig. 3).

3.4. Impacts of genetic distance between the nearest neighbors on growth
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72 Abies seedlings with extracted genomic DNA and valid growth rate were detected (see Section
2.5), with an average intraspecific distance of 22.5 + 13.7 cm. The GLMM results indicated that two
factors of genetic and spatial distances exhibit an interactive effect on focal seedlings’ growth, indicating
that the genetic distance between focal seedlings and their nearest neighbors on the growth of focal
seedlings significantly depends on their spatial distance (P = 0.007, Table 4). When the spatial distance
between a focal seedling and its nearest neighbor is at its minimum (3.409 cm), the growth rate decreases
with an increase in the genetic distance to its nearest neighbor. However, this negative pattern weakens as
the spatial distance increases. Once the spatial distance exceeds 12 cm, the growth rate begins to increase

with a greater genetic distance to the nearest neighbor (Fig. 4).

4. Discussion

Significant genetic differentiation was estimated among Abies populations across three spatially
proximate disturbed patches. Within Abies populations, a weak but significant fine-scale spatial genetic
structure was detected at least in one site. This finding suggests that dispersal limitation can work for
Abies even at this small spatial scale (i.e., 40 x 40 m). This can also explain why genetic differentiation
between all pairs of three sites was detected. Furthermore, stronger rill erosion following the landslide
reduced genetic diversity in the Abies population. Interestingly, the influence of the genetic distance
between focal seedlings and their nearest neighbors on the growth of the focal seedlings significantly
depends on their spatial distance. The higher genetic relatedness promoted the growth of focal seedlings
within close spatial distance, while this relationship reversed when the spatial distance increased. To our
knowledge, this is the first evidence of the among- and within-patch genetic structure of newly colonized
seedlings and how it shapes seedling growth at the early stage of primary succession following a heavy

disturbance.

4.1. Genetic differentiation of Abies populations among adjacent disturbed patches
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ALES removed all plant material, woody debris, and potential seed banks in the three Sites.
Therefore, these three newly colonized Abies seedlings in the first growing season originated by seed
dispersal from adjacent natural forests. Although the maximum geographic distance among the three Sites
is only 1.5 km, Fsr and DAPC analysis indicate significant genetic differentiation (Table 1, Fig. 2). The
limited dispersal ability of Abies may explain this genetic differentiation among adjacent patches.
According to Zou et al. (2007), the congeneric species Abies fargesii exhibits seed dispersal limitation in
natural communities, with seed rain primarily concentrated beneath the canopy and long-distance seed
dispersal (greater than 20 m) rarely observed. The strong dispersal limitation of 4Abies suggests that the
seedlings colonizing disturbed patches are likely derived primarily from a few mother trees at the patch
edges. The limited seed sources create a founder effect, leading to significant genetic differentiation
among patches, while genetic diversity within patches remains relatively low.

Our results contrast with the study of Litrico et al. (2005), which reported low genetic
differentiation among early-succession populations, attributing this to colonization from multiple nearby
source populations, facilitated by the proximity of forest fragments to lava flows. Meanwhile, our finding
is partially consistent with the result of Vandepitte et al. (2012). They found that the colonization of
orchid populations in vacant sites was mainly dispersed from a few nearby extant populations, with very
limited inflow from outside the spatially isolated reserve which reduced population diversity and
promoted genetic divergence among populations. In the current study, the newly colonizing Abies
populations within patches primarily originated from seed dispersal from nearby natural forests, with a
lack of other seedling recruitment processes (e.g., from soil seed bank). Given the likely limited seed

dispersal ability, this resulted in significant genetic differentiation among populations.

4.2. Fine-scale genetic structure and effects of rill erosion
We found that one of the three Sites newly colonizing 4bies populations exhibited a pattern of

isolation-by-distance at the scale of the post-landslide area (tens of meters), where the genetic distance
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between seedlings increased with increasing spatial distance. These patterns of fine-scale genetic
structures in seedling populations are mainly related to the genetic structure of source populations in the
surrounding natural forest.

Considering the dispersal limitations of Abies, spatial genetic structures may have existed within
its populations during the long-term development of local natural forests. The spatial genetic structure in
natural forests, “genetic groups”, shows stronger genetic identity-relatedness among individuals within
groups and genetic differentiation between groups. Based on survey-site information (Fig. 1) and DAPC
analysis (Fig. 2), we infer that Site 1 is located at the boundary between two genetic groups in the natural
forest, where the surrounding adult trees exhibit higher diversity. In contrast, Site 2 and Site 3 are situated
within a single genetic group, with adult trees in their vicinity showing greater genetic homogeneity. As
discussed in Section 4.1, the newly established seedlings in disturbed patches originate from seeds
dispersed by mother trees at the patch edges. Consequently, genetic structure, IBD, was detected in the
seedling population at Site 1, whereas no such structure was found in Site 2 and Site 3 populations.

Furthermore, the environmental heterogeneity caused by ongoing rill erosion following the
landslide may also contribute to the genetic structure within populations in disturbed patches. Under
strong rill erosion, i.e., in plots with higher rill coverage, the m value was significantly lower (Fig. 3),
which suggests the secondary seed distribution process (Vander Wall et al., 2005) caused by rill erosion
contributed to shaping the genetic structure of the population. After seeds disperse into the post-landslide
area, water flows, soil movement and mixing during the rill erosion may redistribute seeds, thus
weakening fine-scale genetic structures. Plots in Site 1 experienced the mildest rill erosion in our survey,
with rills on average covering 8.6% of the total plot area (Table 2). At Site 1, the seed redistribution
process caused by rill erosion was relatively weak, which may provide another explanation for the

significant genetic structure observed in the population.

4.3. Effects of the genetic relatedness among conspecific neighbors
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The dispersal limitation of Abies species, combined with the persistent rill erosion in the post-
landslide area, may have collectively contributed to the relatively low genetic diversity of newly
colonized populations within the site. Therefore, seedlings are more likely to interact with genetically
similar neighbors, modifying their performance. The growth-genetic distance relationships between the
focal seedling and its spatially nearest neighbor may result from the combined effects of three processes
including (1) conspecific competition, (2) competition avoidance among kin individuals, and (3)
conspecific facilitation mediated by mycorrhiza networks. The spatial ranges of these three processes
likely differ, leading to the growth-genetic distance relationship being significantly dependent on the
spatial distance between focal seedlings and their nearest neighbors (Fig. 4).

As discussed above, strong dispersal limitation results in a genetically non-diverse seedling
population, leading to highly related seedlings only occurring in a site. High relatedness, i.e. lower genetic
distance, among seedlings may indicate substantial niche overlap, meaning their resource requirements
are highly similar, which could intensify conspecific competition (Adler et al., 2018; File et al., 2011).
However, if related neighbors are in very close spatial proximity, the outcomes of competition may be
influenced by certain facilitative processes. For instance, mechanisms of competition avoidance have
been demonstrated among coexisting genetically related individuals, particularly root competition
avoidance, reduced cost of competition, thereby facilitate the accumulation of more aboveground biomass
(Tomiolo et al., 2021). Furthermore, common mycorrhizal networks can also contribute to conspecific
facilitation (Chapter 2). We speculate that these two processes outweigh intraspecific competition at very
close distances, which leads to higher genetic relatedness promoting the growth of focal seedlings within
close spatial distances. However, the effects of these two processes diminish as spatial distance increases,
resulting in growth-relatedness relationships reversed. When the spatial distance between the focal
seedling and its nearest neighbor exceeds approximately 12 cm, the growth of the focal seedling is
promoted by their greater genetic distance, which may be a result of intraspecific niche differentiation

(Sandhu et al., 2013).
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5. Conclusion

This study determined the dispersal limitation of the species Abies sachalinensis during early
succession following disturbance. This explains the genetic differentiation among Abies populations
across three spatially proximate patches and serves as a major driver of fine-scale spatial genetic structure
within the population. Stronger rill erosion reduces genetic diversity and may also mitigate genetic
structure within populations. Interestingly, the growth-genetic distance relationships between the focal
seedling and its spatially nearest neighbor may result from the combined effects of multiple processes.
The spatial scales at which these processes operate differ, leading to the outcomes of the growth-genetic
distance relationships that depend on the spatial distance. Our results suggest that a deeper understanding
of the among- and within-patch genetic structure of newly colonized seedlings and its influence on
seedling growth at the early stage of primary succession will provide valuable insights for guiding post-
disturbance forest restoration and management projects. In the future, prioritizing long-term monitoring of
the genetic structure of newly colonized populations and their interactions with community members,
such as herbivores, as populations develop, will contribute to a more comprehensive understanding of

forest restoration regulation.
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Table 1. The pair-wise and overall Fsr between newly colonized 4bies populations

Fsr P
Site 1 vs Site 2 0.079 0.001
Site 1 vs Site 3 0.087 0.001
Site 2 vs Site 3 0.040 0.001
Overall 0.060 0.001

Note: P-values less than 0.1 are marked in bold.
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Table 2. Mantel analysis between spatial and genetic distance matrix within populations.

r P Abundance Rill percentage
Site 1 0.167 0.001 53 8.6%

Site 2 0.009 0.34 138 13.16%

Site 3 0.018 0.217 101 10.2%

Note: Abundance refers to the number of seedlings detected for SNPs within each Site. Rill percentage

was calculated as the average coverage percentage of plots covered by rills within each Site. P-values less
than 0.1 are marked in bold.
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Table 3. A linear mixed model (LMM) for the average nucleotide diversity (7).

Explanatory variables

Rill percentage (%) Site ID
Response Estimate P Estimate P
) -0.024 0.048 -0.002 0.013

Note: P-values less than 0.1 are marked in bold.
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Table 4. A generalized linear mixed model (GLMM) for the growth rate of focal seedlings.

Explanatory variables

Genetic distance Spatial distance (cm) Genetic distance X

Spatial distance

Response Estimate P Estimate P Estimate P
Growth rate 0.199 0.074 -0.166 0.002 0.301 0.007

Note: The spatial and genetic distances were centered and standardized for modelling. P-values less than
0.1 are marked in bold.
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FIGURE LEGENDS
Figure 1. A geographical distribution map of the three Artificial Landslide Experimental Sites.

Figure 2. Discriminant analysis of principal components (DAPC) of the genetic structure of newly
established Abies populations across the three ALES sites based on SNPs. Each point represents a
seedling. Fsrrepresents the overall value derived from Table 1.

Figure 3. A linear mixed model (LMM) of the influence of plot-level rill coverage percentage (%) on the
Average nucleotide diversity (7). Each point represents the m value of a plot. The fitted curves in the
figure are calculated based on only the fixed effect. The P-value is derived from Table 3.

Figure 4. A generalized linear mixed model (GLMM) exploring the interactive effect of spatial and
genetic distances between focal seedlings and their nearest neighbors on the growth rate of focal
seedlings. Each point represents the growth rate of a seedling. The lines represent the predicted growth
rates as a function of genetic distance at different levels of spatial distance, based on the original data. The
P-value is derived from Table 4, where spatial and genetic distances were centered and standardized for
modelling.
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Figure 1. A geographical distribution map of the three Artificial Landslide Experimental Sites.
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Fsr=0.060
P =0.001

Figure 2. Discriminant analysis of principal components (DAPC) of the genetic structure of newly
established Abies populations across the three ALES sites based on SNPs. Each point represents a
seedling. Fsrrepresents the overall value derived from Table 1.
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Figure 3. A linear mixed model (LMM) of the influence of plot-level rill coverage percentage (%) on the
Average nucleotide diversity (m). Each point represents the m value of a plot. The fitted curves in the

figure are calculated based on only the fixed effect. The P-value is derived from Table 3.
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Figure 4. A generalized linear mixed model (GLMM) exploring the interactive effect of spatial and
genetic distances between focal seedlings and their nearest neighbors on the growth rate of focal
seedlings. Each point represents the growth rate of a seedling. The lines represent the predicted growth
rates as a function of genetic distance at different levels of spatial distance, based on the original data. The
P-value is derived from Table 4, where spatial and genetic distances were centered and standardized for
modelling.

58



59



Chapter 4.
Soil microorganisms and intraspecific genetic diversity influence relationships

between species diversity and ecosystem functioning
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1. Introduction

Ecosystem functions include the physicochemical and biological processes that occur within the
ecosystem to maintain terrestrial life (Trivedi et al., 2018), and the subject of biodiversity-ecosystem
functioning (BEF) focuses on how biodiversity and ecosystem functioning are interrelated (Ali, 2023;
Loreau, 2000; Loreau and Hector, 2001; Nacem and Li, 1997; Tilman, 2001). Forests perform vital
ecosystem functions (i.e. productivity: Hao et al., 2020; herbivory resistance: van Schrojenstein Lantman
et al., 2018; carbon balance: Lladoé et al., 2017), and their conservation and restoration are crucial for
regulating climate and mitigating global biodiversity loss (Trogisch et al., 2021). Previous studies have
revealed positive influences of plant species diversity on multiple ecosystem functions (Jiang et al., 2009;
van der Plas et al., 2016). The explanations for the mechanisms behind positive biodiversity-functioning
relationships can be partitioned into two main categories: complementarity effects and selection effects,
the former arises from niche differentiation and/or facilitation among species, while the latter results from
the dominance by species with particular traits, leading to improved functioning (Loreau and Hector,
2001). In recent decades, global climate change (Seidl et al., 2017), coupled with the impact of human
activities (FAO, 2000), has led to more frequent disturbances in forests (forest fire: Cannon et al., 2017;
landslides: Scheidl et al., 2020; and introduced species: Dale et al., 2001). Due to urgent demands for
more efficient forest restoration under these recent disturbance conditions, it is crucial to better
understand how biodiversity-functioning relationships in newly recruited seedling communities vary with
other ecological factors. In particular, both soil microorganism community and intraspecific diversity may
be largely affected by large-scale forest disturbance but how both alter the relationships between tree
species diversity and ecosystem functioning remains to be elucidated.

Soil microorganisms are microscopic life forms in soil, including bacteria, fungi, and other
groups such as viruses and protists (Islam et al., 2022; Sala et al., 2017). Soil microorganisms are well
known to enhance plant performance through direct or indirect interactions with plants (Artursson et al.,

2006). Soil bacteria and fungi, through symbiotic relationships, can improve nutrient acquisition and
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herbivory resistance in plants (Llado et al., 2017; Wahab et al., 2023). At the same time, they decompose
litter and debris, improving soil nutrient availability (Rashid et al., 2016). Plant-ecosystem functioning
could be explained by plant-soil interactions (Forero et al., 2021). Under climate change, landslides
triggered by heavy rainfall, remove topsoil and significantly alter soil microbial composition (Yamanaka
et al., 2022). However, the effects of changes in soil microbial composition on the BEF relationships in
seedling communities have not been sufficiently studied (see Raynaud et al. (2021)).

In BEF research, plant species diversity was initially the primary focus (Guo et al., 2019; Kunz et
al., 2019; Morin et al., 2011). Recently, the recognition of how multiple facets of biodiversity influence
biomass productivity and other functions has gradually increased (Ali, 2023). The influences of
biodiversity’s intraspecific (genetic) facet on ecosystem functioning are similar to that of species diversity
(Fargeot et al., 2024; Wan et al., 2022). Increased genetic diversity can enhance productivity (Reiss and
Drinkwater, 2018), suppress herbivory damage (Tooker and Frank, 2012), and improve the potential
adaptability of wild species to environmental changes (Hoban et al., 2021). However, there are no studies
exploring how genetic diversity influences the association between species diversity and ecosystem
functioning. Forest disturbances or fragmentation could reduce plant genetic variation through altering
habitat size and seed dispersal patterns (Lehouck et al., 2009; Patifio et al., 2010). How changes in genetic
diversity affect plant communities’ functioning, and how it interacts with species diversity, remain
unresolved.

Due to the complex structure of the natural forest, there are still few available BEF findings from
manipulation experiments in young tree communities (Tobner et al., 2016), while the dynamics of the
seedling stage are considered crucial in determining later vegetation patterns (Harper, 1977). To illustrate
how the new biotic conditions following forest disturbances affect the functioning of newly recruited
plant communities, we established a common garden experiment using seedlings of dominant species
from natural forests in northern Japan. The presence or absence of natural soil microorganisms and the

genetic diversity of seedlings were manipulated. Specifically, we address the following questions: 1) how
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species diversity-ecosystem functioning relationships are influenced by soil microorganisms and
intraspecific genetic diversity? 2) how this species diversity, in turn, shapes the composition of soil

microorganisms (i.e., fungi and bacteria)?

2. Material and Methods
2.1 Plant materials

Two species, Alnus hirsuta Turcz. and Betula ermanii Cham., both belonging to Betulaceae, were
used to establish a common garden. Both species are deciduous broad-leaved trees widely distributed in
the native natural forests of Hokkaido and can serve as pioneer species following disturbances. A/nus
hirsuta is a nitrogen-fixing tree capable of forming root nodules in symbiosis with Frankia bacteria and
has been suggested for use in landslide restoration (Kagiya and Utsumi, 2020; Makoto et al., 2024).
Betula ermanii is known for its rapid presence in forest gaps and post-disturbance sites (Tabata, 1966).
Hereafter, we refer to 4. hirsuta as Alnus and B. ermanii as Betula.

The experimental seedlings were grown from seeds collected from four experimental forests of
the Field Science Center for Northern Biosphere, Hokkaido University. The experimental forests, from
north to south, include Teshio (TS), Nakagawa (NK), Uryu (UR), and Tomakomai (TMK). The average
annual temperatures of the first three forests range from 3 to 5°C, with a maximum snow depth exceeding
200 cm. The experimental forest TMK is located in the suburbs of Tomakomai, a coastal industrial city.
The average annual temperature of the forest TMK is around 7°C, and the maximum snow depth is
approximately 70 cm. Alnus consists of one population sourced from TS, while Betula includes three
populations collected from NK, UR, and TMK. Since the distances between these origins are significantly
greater than the seed collection ranges within each origin, the Betula populations are considered to have
genetic variables. Seeds were collected from those origins in autumn 2020, immediately washed with
ethanol and water, dried at room temperature. And then, the seeds were sterilized with 15% hydrogen

peroxide for 20 minutes, and were wrapped with wet filter papers and stored at 4°C until sowing.
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In January 2022, seeds of Alnus and Betula were sown in seedling trays in the glasshouse of the
Sapporo Experimental Forest, Hokkaido University. Five seeds of each species (population) were planted
in each cell. Commercial gardening soil (Akadama soil, made from a type of volcanic clay) was used for
seed germination (MORI SANGYO Co., Ltd., Shihoro Town, Hokkaido, Japan). The seeds began
germinating in March 2022. We selected the largest seedlings in April and removed the remaining
individuals from each cell. When the height of the aboveground part of the seedlings reached
approximately 5 cm, we transplanted them from the seedling trays into separate pots (7.5 cm in diameter
and 6.5 cm in height). The pots were placed in a glasshouse for two weeks before being moved outdoors
until transplanted and combined in the common garden experiment. From seed germination until the start
of the common garden experiment, the seedlings were watered thoroughly twice a week and protected
from herbivory using insect mesh.

The natural soil used for inoculation was collected from UR in July 2022. The soil was classified
as brown forest soil. Approximately 30 L of soil were separately collected from beneath mature A/nus and
Betula tree crowns in the natural forest. Natural soil were collected from the ground surface down to a
depth of approximately 20 cm. The collected soil was then transported back to the laboratory at ambient
temperature. Plant tissues and soil animals were removed from both soil samples, which were then

combined, sieved through a 2 mm mesh, and stored at 4°C.

2.2 Common garden establishments

The common garden experiment was conducted from July 2022 to October 2023. In July 2022,
the common garden experiment was conducted in the open air of the cultivation field of Sapporo
Experimental Forest. This field is located in the urban area of Sapporo, where the average annual
temperature is 9.5°C and the maximum snow depth is 94 cm, calculated as the average from records

spanning 2001 to 2020 (Japan Meteorological Agency).
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We selected a 10 x 10 m area within the cultivation field. The above-ground weeds in this area
were removed, and plastic mats were laid down to prevent the re-establishment of weeds and to ensure
that the ground beneath all pots was homogeneous. The experimental zone was designated as a 16 x 16
grid, with each cell measuring 50 cm on each side. A 1 m wide buffer zone surrounded the experimental
zone.

The common garden was established using pots with a diameter and depth of 30 cm, which were
bleached with a 1% sodium hypochlorite solution (KANEYO SOAP Co., Ltd., Arakawa City, Tokyo,
Japan) before use. Each pot was filled with approximately 9 kg of commercial Akadama soil (KATO
SANGYO Co., Ltd, Kanuma City, Tochigi, Japan), a commonly used Japanese horticultural substrate
made from dried volcanic clay. Diversity treatments were implemented by transplanting different
combinations of seedlings into common garden pots. Four seedlings were transplanted into each pot, and
combinations for the diversity treatment included: the A/nus monoculture; monocultures of Betula with 1,
2, and 3 mixed populations; and polycultures of Alnus with 1, 2, and 3 Betula populations (see Table S1
for the details of combinations and the number of replicates). The transplanted seedlings were spaced at
least 15 cm apart. The soil was washed off the roots with tap water, and all A/nus had already formed root
nodules through symbiosis with Frankia bacteria before transplantation.

Furthermore, an equal number of pots were inoculated with the sieved natural soil to compare the
effects of the presence or absence of natural soil microbial communities on the host plants. The natural
soil was inoculated at a ratio of 1:49 (natural soil: Akadama soil on the weight basis), which has been
expected to alter the soil microbial community without increasing mineral nutrient availability (Luo et al.,
2017). Before transplanting the seedlings, the natural soil was evenly spread over the Akadama soil, and
an additional layer of the Akadama soil was placed on top. In summary, 226 pots were randomly placed at
the center of each 0.5 x 0.5 m cell. During the experiment, we weeded every two months during the
growing season and only watered during prolonged drought periods, defined as more than 10 consecutive

days without rain.
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2.3 Plant performance measurements

The percentage of leaf area loss has been used as the index of plant herbivory damage. For each
seedling, the leaf area loss caused by insect feeding was assessed on-site by visual estimation for the 2nd,
3rd, and 4th mature leaves from the top (excluding the top leaf if it was not fully expanded). The average
of the three leaves was calculated to represent the herbivory damage of each individual. Before this
census, as a reference for estimation, we collected 20 Betula leaves outside of the experimental zone,
scanned each leaf, and used ImagelJ (v1.53t) to quantify the area consumed by insect herbivory (Utsumi et
al., 2013). The percentage of leaf area loss was categorized into the following ranges: <1%, 1-2.5%, 2.5—
5%, 5-7.5%, 7.5-10%, 10-25%, 25-50%, 50-75%, and 75-100% (Lincoln and Mooney, 1984). All
seedlings were assessed for herbivory damage in mid-July 2023, the peak activity period for local
herbivorous insects during the growing season.

The difference in a seedling’s aboveground biomass at the start and end of the experiment was
used as an index of productivity (unit: g). Productivity at the population or community level was
calculated as the sum of the productivity of all seedlings within a pot (unit: g).

The height and diameter of all seedlings were measured at the start and end of the common
garden experiment. Seedling height was defined as the length from the base of the seedling to the tip of
the highest leaf along the stem, while diameter measurements were taken at the base, with two
measurements averaged. Aboveground biomass of experimental seedlings was fitted using Eq. (1),

B = —0.082261 + 0.011049H + 0.053617D; P < 0.001,R? = 0.770 Eq. (1)
where B is the above-ground biomass (unit: g), H is the height (unit: cm) and D (unit: mm) is the basal
diameter of a focal seedling. This regression was based on measurements from an additional 155 same-
aged Betula seedlings (30 from NK, 71 from UR and 54 from TMK), which were kept under the same
germination and cultivation conditions as the experimental seedlings before they were transplanted into

the common garden pots. We measured the height and diameter of these seedlings in their separated pots
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and measured dried aboveground biomass in the laboratory (70°C, 72 h). The same regression model was
used for Alnus and the three Betula populations, because both species belong to the Betulaceae family and

have similar morphology, especially during the seedling stage.

2.4 Soil sampling and DNA extraction

In September 2022 and October 2023, corresponding to the start and end of the common garden
experiment, I collected soil samples from all pots. Specifically, 40 mL of soil was collected from the
centre of each pot. Approximately 2 cm of surface soil was removed, and samples were taken from a 2 —
10 cm depth. The surface soil was then replaced. Samples were collected using a sterilized spoon and
placed in 50 mL centrifuge tubes. The collected samples were immediately stored in a cool box and
transferred to a -30°C freezer on the same day.

Soil samples for the analysis of the microorganism community were chosen from a total of 25
pots of Alnus monoculture, Betula monoculture, and species polyculture (see Table S2 for the list of soil
sample selections). Since each pot was sampled at both the initial and the end stages of the experiment, a
total of 50 samples were selected.

Soil DNA was extracted and purified using an ISOIL Beads Beating kit (NIPPON GENE Co.,
Ltd., Chiyoda City, Tokyo, Japan) with a few modifications to the original protocol by the manufacturer.
0.5 g of soil sample was taken and transferred into the supplied 2 mL tube, followed by the addition of
two types of Lysis Solution (BB and 20S) and 20 mg of Skim Milk (NACALAI TESQUE, INC., Kyoto,
Japan). The sample was pulverized using the SpeedMill PLUS system (Analytik Jena GmbH + Co. KG,
Jena, Thuringia, Germany) for 50 s, and then centrifuged (12000 X g, 1 min, ambient temperature). The
extracted DNA was air-dried, dissolved with 50 ml TE buffer (pH 8.0), and stored at —20°C until further

processing.

2.5 PCR and sequencing
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We used a two-step PCR approach for the library preparation for MiSeq sequencing. The first-
round PCR (1st PCR) was conducted to amplify the 16s rRNA regions and the ITS2 region using primers
specific to bacteria (515F — 860R, Caporaso et al. 2011) and fungi (gITS7 — ITS4, [hrmark et al. 2012),
respectively. For both bacteria and fungi, the volume of the 1st PCR reaction mixture was 25 pl,
containing 2 pl of template DNA, 0.5 ul of forward and reverse 1st PCR primers (with the concentration
of 10 uM), 12.5 pl of Platinum Hot Start PCR Master Mix (Thermo Fisher Scientific Inc., Waltham,
Massachusetts, USA), and 9.5 ul of Milli-Q water. A negative control was included in the 1st PCR, where
2 pL of template DNA was replaced with an equal volume of Milli-Q water, while the rest of the reaction
mixture was identical to that of the samples. The 1st PCR was performed under the following conditions:
initial activation at 94°C for 3 mins; 35 cycles at 94°C for 45 s (denaturation), 50°C for 60 s (annealing of
primers), and 72°C for 90 s (extension), and a final incubation at 72°C for 10 min.

The second-round PCR (2nd PCR) was carried out to append indices for different samples for
sequencing with MiSeq. For both bacteria and fungi, the volume of the 2nd PCR reaction mixture was
25 ul, containing 2.5 pl of template DNA (1st PCR products, without diluted), 2.5 pl of forward and
reverse index primers (with the concentration of 5 uM), 12.5 ul of KAPA HiFi HotStart ReadyMix
(NIPPON Genetics Co, Ltd., Bunkyo City, Tokyo, Japan), and 5 pl of Milli-Q water. A negative control
was included in the 2nd PCR, where 2.5 pL of template DNA was replaced with an equal volume of
Milli-Q water, while the rest of the reaction mixture was identical to that of the samples. 2nd PCR was
performed under the following conditions: initial activation at 95°C for 3 mins; 8 cycles at 95°C for 30s
(denaturation), 55°C for 30s (annealing of primers) and 72°C for 30s (extension), and a final incubation at
72°C for 5 min. The second PCR products were then pooled for each of the 16S rRNA and fungal ITS2
regions after a purification step using the AMPure XP Bead-Based Reagent (Beckman Coulter, Inc., Brea,
California, USA). The DNA library was paired-end sequenced (2 x 300 bp) on the MiSeq platform
(Illumina, San Diego, California, USA) using the MiSeq Reagent Kit v3 (600 cycle, Illumina, San Diego,

CA, USA). SimpliAmp Thermal Cycler (A24812, Thermo Fisher Scientific Inc.)
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2.6 Bioinformatics

The sequencing data were analyzed in R using “DADA2” (Callahan et al., 2016). Prior to the
bioinformatics pipeline in DADAZ2, I used the “fastp” and “cutadapt” software to remove primers from
the data and ensured that the data set comprises demultiplexed, paired-end fastq files. I applied the core
sample inference algorithm to the trimmed and filtered data using “dada” function, and then forward and
reverse reads were merged to obtain the full denoised sequences (the “mergePairs” function in the
package DADA?2). After the removal of the chimeras (the “removeBimeraDenovo” function), I applied
taxonomic assignment to ASV data. Each ASV was taxonomically assigned using the IDTAXA machine
learning algorithm (the “IdTaxa” function in DECIPHER; Murali et al. 2018), which is better than the
long-time standard set by the native Bayesian classifier. The RDP v18 classifier reference database, and
the UNITE 2024 database were used as training data sets with known taxonomy for bacteria and archaea,

and for fungi, respectively.

2.7 Statistical analysis

The species diversity effects of species polyculture pots (Groups 4, 5 and 6 in Table S1) were
statistically partitioned into complementarity and selection effects, and the net diversity effects were
calculated as the sum of the complementary and selection effects (Loreau and Hector, 2001). For the two
treatments in this experiment, namely the presence or absence of natural soil inoculation (y or n) in pots
and the genetic diversity of Betula seedlings (with population combinations of 1, 2, or 3), we calculated
the species diversity effects separately for each treatment. Two-sided t-tests were used to compare the
significant differences in diversity effects (complementarity, selection and net effects) from zero for each
treatment. The ANOVA was used to compare whether there are significant differences among different

levels within treatments.
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To visualize the pot difference in the microbial composition we performed the statistic of t-
distributed stochastic neighbor embedding (t-SNE). Additionally, we applied permutational multivariate
analysis of variance (PERMANOVA) to analyze whether species diversity, live soil inoculation and
experimental stage (initial or end stage of the common garden experiment) significantly affect the Bray-
Curtis dissimilarity distance of soil microbial community. The R package tsnemicrobiota was used to
perform t-SNE analysis, and the package vegan was used to perform PERMANOVA.

Soil bacteria and fungi were analyzed separately. First, we grouped the pots based on the natural
soil inoculation and their experimental stage, using t-SNE for visualization. PERMANOVA was applied
to analysis whether species diversity, natural soil inoculation, experimental stage, and the interactions of
these three factors significantly affected microbial composition as measured by Bray-Curtis distance.
Second, we performed t-SNE-based visualization of microbial composition separately for the initial and
end stages of the experiment, grouping the pots by species diversity and natural soil inoculation.
PERMANOVA was applied to analysis in different experimental stages, whether species diversity, natural
soil inoculation and their interactional effects affected the Bray-Curtis distance of microbial communities.

All statistical analyses were conducted in R software version 4.3.1 (R development core team

2023). The following packages were also used: ‘car’, ‘multcomp’ besides the above packages.

3. Results

3.1 Natural soil inoculation influenced species diversity - ecosystem functioning relationships

For communities with natural soil inoculation, the complementarity effect, selection effect or net
effect of species diversity on herbivory damage showed no significant difference from zero (Fig. 1a, Table
2). For communities without natural soil inoculation, both the selection effect and net effect of species
diversity on herbivory damage were significantly less than zero (Fig. 1a, Table 2). The selection effect
and the net effect were significantly higher in communities with natural soil inoculation compared to

those without natural soil inoculation (Fig. 1a, Table 1).
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For communities with natural soil inoculation, the selection effect and net effect of species
diversity on productivity were significantly less than zero (Fig. 1b, Table 2). For communities without
natural soil inoculation, the selection effect of species diversity on productivity was significantly greater
than zero (Fig. 1b, Table 2). The selection effect and net effect of species diversity on productivity were
significantly lower in communities with natural soil inoculation compared to those without natural soil

inoculation (Fig. 1b, Table 1).

3.2 Genetic diversity influenced species diversity - ecosystem functioning relationships

For communities with a single Betula population, a marginally negative net effect of species
diversity on herbivory damage was detected (Fig. 2a, Table 2). For communities with three Betula
populations, the complementarity effect and net effect of species diversity on herbivory damage were
significantly less than zero (Fig. 2a, Table 2). There were no significant differences between the number
of Betula populations in the complementary, selection and net effects of species diversity on herbivory
damage (Fig. 2a, Table 1).

For communities with one Betula population, the complementarity effect and net effect of species
diversity on productivity were less than zero (Fig. 2b, Table 2). For communities with two Betula
populations, the selection effect of species diversity on productivity was significantly less than zero (Fig.
2b, Table 2). The complementarity effect of species diversity on productivity significantly increased with
the number of Betula populations, the complementarity effect in communities with three Betula
populations was higher than that in communities with only one population (Tukey’s multiple

comparisons: P = 0.088; Fig. 2b, Table 1).

3.3 Compositions of soil bacterial and fungal communities.
For soil bacterial communities, in pots with only Akadama soil, the dominant classes in their

composition at both the initial and end stage of the common garden experiment were Actinobacteria,
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Alphaproteobacteria, Betaproteobacteria, Chitinophagia and Gemmatimonadetes (Fig. 3). In pots with
natural soil inoculation, for both the initial and end stage, the dominant class in soil bacterial communities
were Acidobacteria, Betaproteobacteria, Chitinophagia, and Spartobacteria (Fig. 3).

For soil fungal communities, the dominant classes in their composition at both the initial and end
stages, in pots with Akadama soil or natural soil inoculation, were Agaricomycetes, Dothideomycetes,
Leotiomycetes, and Mortierellomycetes (Fig. 4).

The experimental stage, natural soil inoculation, and their interactional effect significantly
influenced the composition of bacterial communities (Table 3, Fig. 5a). Specifically, at both the initial and
the end stage, the inoculation with natural soil significantly influenced the bacterial community
composition (Table 3, Fig. 5b). Interestingly, at the end of the experiment, seedling species diversity also
affected bacterial community composition, though this effect was marginally significant (Table 3, Fig.
5¢).

The experimental stage, natural soil inoculation, the interactional effect between experimental
stage and soil inoculation, as well as the three factors’ interactive effect between seedling species
diversity, experimental stage and soil inoculation significantly influenced the composition of fungal
communities (Table 3, Fig. 6a). Similar with bacterial communities, at both the initial and the end stage,
the inoculation with natural soil significantly influenced the fungal community composition (Table 3, Fig.
6b & 6¢). At the end of the experiment, seedling species diversity significantly influenced bacterial

community composition (Table 3, Fig. 6c¢).

4. Discussion

This study clearly illustrated that how soil microbial communities, and the genetic diversity of
component species modified species diversity—ecosystem functioning relationships. Natural soil
inoculation altered the composition of soil bacterial and fungal communities, and this effect was

significant from the beginning to the end of the experiment. Both soil inoculation and the genetic
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diversity of Betula influenced the net effect of species diversity on functioning, while the processes
involved were different. Soil inoculation significantly altered the net effect of species diversity by
changing the selection effect, while genetic diversity influenced the net effect of species diversity by
altering the complementarity effect. Interestingly, at the end of the study, the modification of soil bacterial

and fungal communities by plant species diversity was detected.

4.1 Soil microorganisms modified the dominance of seedlings in species polyculture communities

The significant net effect on reducing herbivory damage in communities (i.e., species diversity
suppressed herbivory damage) without natural soil inoculation was detected, while natural soil
inoculation significantly eliminated this effect (i.e., herbivory damage was not significantly different from
the expectation based on species monocultures, Fig. 1(a)). On the other hand, the significant net effect of
under-yielding (negative net species diversity effect on productivity) in natural soil inoculated
communities was found, in contrast to the absence of this effect in communities without natural soil
inoculation (i.e., productivity was not significantly different from the expectation based on species
monocultures, Fig. 1(b)). Interestingly, the influence of natural soil inoculation on the aforementioned net
effects was mediated through driving the selection effect of species diversity (Fig. 1). Considering the
significant differences in bacterial and fungal community composition between pots with or without
natural soil inoculation (Table 3(a)), I suggest that the soil microorganisms significantly modified the
dominance of seedlings within the plant community.

Natural microbial communities may change palatability and competitive advantage of seedlings
within the community. Regarding herbivory damage, we infer that natural soil inoculation altered seedling
palatability by modifying nutrient acquisition efficiency (Kempel et al., 2009). Natural soil inoculation
made Al/nus more susceptible to damage compared to Betula, which may be attributed to the tripartite
interaction among A/nus, root-nodule bacteria of Frankia, and ectomycorrhizal fungi (Yamanaka et al.,

2022). Additionally, the enhancement of A/nus seedling palatability due to natural microbial inoculation is

73



expected to be greater than that for Betula. This is supported by the outbreak of the A/nus-specialist
herbivore Agelastica coerulea observed in the field (my personal observation). Consequently, responses
of seedlings to herbivory shifted from associational protection in the absence of natural microorganisms,
where the presence of less palatable Befula dominated the overall low damage, to near susceptibility in
the presence of natural microorganisms, where the presence of more palatable Alnus altered the selection
effect from significantly negative to positive (although insignificant).

In the case of productivity, the natural soil inoculation may alter the competitive advantage
between coexistent A/nus and Betula seedlings. Negative selection effects occur when species with
relatively minor functional roles in monoculture increasingly dominate diverse communities (Jiang et al.,
2008; Loreau, 2000). We speculate that natural microbial inoculation enhanced the competitive ability of
Betula, giving it a competitive advantage in polyculture, thereby exhibiting the negative selection effect.
Furthermore, differences in community soil microbiomes may also explain the negative net biodiversity
effect on productivity under natural soil inoculation treatments. Pathogens can reduce plant productivity,
as has been widely demonstrated in both forestry and agriculture (Chakraborty et al., 2008). In this
experiment, the relative abundance of the fungal class Tremellomycetes increased in the natural soil,
which includes several yield-reducing pathogens (Gkoutselis et al., 2024). Since the natural soil was
collected from beneath the canopies of mature A/nus and Betula in natural forests, and given the
significantly negative selection effect of species diversity on productivity, we infer the presence of
species-specific pathogens in the natural soil targeting the seedlings of these two species. During the
experiment, community species diversity also shaped the composition of soil bacterial and fungal
communities, which might be the consequence of plants promoting the dominance of specific

microorganisms.

4.2 Genetic diversity of seedlings facilitates the relationship of species diversity — ecosystem functioning
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The significant net effect on reducing herbivory damage in communities (i.e., species diversity
suppressed herbivory damage) with the highest Betula genetic diversity was detected, while this effect in
the other two genetic diversity levels was not found (i.e., herbivory damage was not significantly different
from the expectation based on species monocultures, Fig. 2(a)). On the other hand, the significant net
effect of under-yielding (negative net species diversity effect on productivity) in the lowest Betula
diversity was found. This effect diminished with increasing genetic diversity (i.e., productivity was not
significantly different from the expectation based on species monocultures, Fig. 2(b)). Interestingly, the
influence of Befula genetic diversity on the aforementioned net effects was mediated by driving the
complementarity effect of species diversity (Fig. 2). These findings indicated that increased Betula
genetic diversity within a community enhances the positive impact of species diversity on ecosystem
functions.

Higher genetic diversity of Betula seedings in the community may enhance intraspecific
facilitation, thus increasing the functioning of the community. Referring to the process of local adaptation
(Lind et al., 2018), herbivorous insects may be more likely to prefer seedlings with traits similar to those
of the local food resource (i.e., the common garden place), leading to greater damage. Because the native
environmental conditions of the TMK forest are most similar to those in the common garden, i.e. a similar
climate and both being situated around the city, we suspect that seedlings from the TMK population is
more susceptible to local herbivory. The presence of the TMK population may attract more local
herbivores (Fernandez-Conradi et al., 2017), thereby indirectly reducing the damage experienced by other
members of the community and consequently decreasing overall community damage.

In the case of productivity, high genetic diversity enhances nutrient use efficiency in seedlings,
leading to a trend of overyielding (positive net effect on productivity, although not significant). The
occurrence of the complementarity effect is presumed to result from positive intraspecific interactions
among seedlings, arising from resource partitioning between individuals with greater genetic distances

(Subrahmaniam et al., 2021).
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The current study has certain limitations. First, our exploration of BEF relationships is based
solely on young seedlings, which may influence the effects of soil microorganisms and genetic diversity
on species diversity—ecosystem functioning relationships, as plant life history traits often depend on their
growth stage (Metz et al., 2023). Second, this experiment lasted only one year, whereas establishing
associations between plants and soil microorganisms, particularly fungi, often requires a longer duration
(Castillo-Bautista et al., 2024). Moreover, not only dominant species but also other tree species in the
forest contribute to ecosystem functioning, which was not considered in this study. For instance, the niche
under the canopy of local forests is extensively occupied by perennial herbs like Lophatherum gracile,

which could threaten seedling survival under natural conditions (Watanabe et al., 2016).

5. Conclusion

This is the first research emphasizing that soil microorganisms and plant genetic diversity
influence species diversity—ecosystem functioning relationships. Natural soil inoculation significantly
altered the net effect of species diversity by changing the selection effect, indicating soil microorganisms
could modify the dominance of component species within the community. The genetic diversity levels of
Betula influenced the net effect of species diversity by altering the complementarity effect, suggesting
that the intraspecific facilitation of Befula enhanced the functioning of the community. In post-disturbance
forest management, the inoculation of soil microbial communities from mature forests should be
implemented with caution, as natural soil can enhance the selection effect within plant communities,
leading to a stronger dominance of certain species, which may hinder the maintenance of forest species
diversity. Although this selection effect is stronger than complementarity effects (i.e., intraspecific
diversity ) on the relationship between species diversity and ecosystem functioning, increasing the genetic

diversity of tree species could be an effective strategy facilitating BEF toward forest restoration.
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Table 1. ANOVA for differences in species diversity effects (complementarity, selection, and net effects)
between treatments

Ecosystem functioning

Herbivory damage (%) Productivity (g)

Treatment Species diversity effect P P

Natural soil inoculation Complementarity effect 0.403 0.753
Selection effect 0.012 <0.001
Net effect 0.003 <0.001

Genetic diversity of Betula Complementarity effect 0.946 0.042
Selection effect 0.361 0.113
Net effect 0.727 0.391

Note: P-values less than 0.1 are marked in bold.
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Table 2. Two-sided t-tests for differences in species diversity effects (complementarity, selection, and net
effects) from zero across treatments

Ecosystem functioning

Treatment Species diversity effect Herbivory damage (%) Productivity (g)
Natural . soil Complementarity effect P P
inoculation
Akadama 0.276 0.569
Natural soil  0.989 0.981
Selection effect P P
Akadama 0.019 0.016
Natural soil  0.505 <0.001
Net effect P P
Akadama <0.001 0.438
Natural soil  0.779 <0.001

Genetic diversity

of Betula Complementarity effect P P
1 Betula population 0.114 0.093
2 Betula populations 0.624 0.197
3 Betula populations 0.013 0.317
Selection effect P P
1 Betula population 0.241 0.240
2 Betula populations 0.145 0.002
3 Betula populations 0.457 0.164
Net effect P P
1 Betula population 0.056 0.010
2 Betula populations 0.457 0.143
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3 Betula populations < 0.001 0.790

Note: P-values less than 0.1 are marked in bold.
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Table 3. Permutational multivariate analysis of variance (PERMANOVA) for analyzing whether species
diversity (Sp.Div), live soil inoculation (Soil) and experimental stage (Stage, initial or end) significantly
affect the Bray-Curtis dissimilarity distance of soil microbial community. (a) microbial composition of all
pots in all experimental stages, (b) microbial composition in the initial stage, and (¢) microbial
composition in the end stage.

Explanatory variable P

Bacteria (a) Sp.Div NS
Stage <0.001
Soil <0.001
Sp.Div X Stage NS
Sp.Div X Soil NS
Stage X Soil <0.001

Sp.Div X Stage X Soil NS

(b) Sp.Div NS
Soil <0.05
Sp.Div X Soil NS

(¢ Sp.Div <0.1
Soil <0.001
Sp.Div X Soil NS

Fungi (a) Sp.Div NS

Stage <0.01
Soil <0.001
Sp.Div X Stage NS
Sp.Div X Soil NS
Stage X Soil <0.05

Sp.Div X Stage X Soil < 0.05
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(b) Sp.Div NS
Soil <0.05
Sp.Div x Soil NS

() Sp.Div <0.05
Soil <0.001
Sp.Div X Soil NS

Note: NS: P> 0.1.
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Table S1. Seedlings combination of common garden experiment

Alnus Betula
NK UR TMK Replication

GROUP1 4 0 0 0 7

0 4 0 0 7

0 0 4 0 7

0 0 0 4 7
GROUP2 0 2 2 0 7

0 2 0 2 7

0 0 2 2 7
GROUP3 0 2 1 1 5

0 1 2 1 5

0 1 1 1 5
GROUP4 2 2 0 0 7

2 0 2 0 7

2 0 0 2 7
GROUPS5 2 1 1 0 7

2 1 0 1 7

2 0 1 1 7
GROUP6 1 1 1 1 7
Total 113 Pots

Note: GROUP 1, 2, 3: Alnus monoculture with 1 population, and Betula monoculture with 1, 2, or 3
populations. GROUP 4, 5, 6: Alnus-Betula polyculture with 1,2 or 3 Betula populations. B.NK: Betula
population from experimental forest; B.UR: Betula population from Uryu experimental forest; B.TMK:
Betula population from Tomakomai experimental forest. The number in the columns A/nus, B.NK, B.UR
and B.TMK represent the abundance of seedlings of this population.
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Table S2. List of samples for soil microbial analysis

No. Pot ID Species diversity Soil treatment Experimental stage
1 170 Betula monoculture Akadama Initial
2 145 Betula monoculture Akadama Initial
3 91 Species polyculture Natural soil End

4 226 Species polyculture Akadama End

5 113 Species polyculture Natural soil End

6 220 Species polyculture Akadama End

7 90 Species polyculture Natural soil Initial
8 204 Species polyculture Akadama Initial
9 34 Betula monoculture Natural soil Initial
10 50 Betula monoculture Natural soil End
11 163 Betula monoculture Akadama Initial
12 147 Betula monoculture Akadama End
13 204 Species polyculture Akadama End
14 146 Betula monoculture Akadama Initial
15 60 Betula monoculture Natural soil End
16 51 Betula monoculture Natural soil Initial
17 110 Species polyculture Natural soil Initial
18 30 Betula monoculture Natural soil End
19 29 Betula monoculture Natural soil End
20 29 Betula monoculture Natural soil Initial
21 220 Species polyculture Akadama Initial
22 112 Species polyculture Natural soil Initial
23 147 Betula monoculture Akadama Initial
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24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

163

225

60

205

205

30

&9

51

221

91

146

112

50

90

226

110

&9

145

176

221

34

225

202

170

Betula monoculture
Species polyculture
Betula monoculture
Species polyculture
Species polyculture
Betula monoculture
Species polyculture
Betula monoculture
Species polyculture
Species polyculture
Betula monoculture
Species polyculture
Betula monoculture
Species polyculture
Species polyculture
Species polyculture
Species polyculture
Betula monoculture
Betula monoculture
Species polyculture
Betula monoculture
Species polyculture
Species polyculture

Betula monoculture

Akadama

Akadama

Natural soil

Akadama

Akadama

Natural soil

Natural soil

Natural soil

Akadama

Natural soil

Akadama

Natural soil

Natural soil

Natural soil

Akadama

Natural soil

Natural soil

Akadama

Akadama

Akadama

Natural soil

Akadama

Akadama

Akadama

End

Initial

Initial

End

Initial

Initial

End

End

End

Initial

End

End

Initial

End

Initial

End

Initial

End

End

Initial

End

End

End

End
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48 113 Species polyculture Natural soil Initial
49 176 Betula monoculture Akadama Initial

50 202 Species polyculture Akadama Initial

Note: No.: ID for soil microbial analysis. Pot ID: Pot ID was randomized in sequence.
Soil treatment: Akadama soil only or Natural soil inoculation.
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Figure Legends

Figure 1. Effects of natural soil inoculation on the ecosystem functions of polycultures composed of
Alnus and Betula. The deviations from the expected values based on monocultures are shown. (a) for the
herbivory damage (%) and (b) for productivity (g). CE: complementarity effects; SE: selection effects;
NE: net effects. The significance of each bar represents the significance difference between 0 (Table 2).
The P-value under each panel indicates the significance of the difference between with or without natural
soil inoculation (Table 1).

Figure 2. Effects of genetic diversity of Betula on the ecosystem functions of polycultures composed of
Alnus and Betula. The deviations from the expected values based on monocultures are shown. (a) for the
herbivory damage (%) and (b) for productivity (g). CE: complementarity effects; SE: selection effects;
NE: net effects. The significance of each bar represents the significance difference between 0 (Table 2).
The P-value under each panel indicates the significance of the difference between genetic diversity levels
(Table 1).

Figure 3. Soil bacteria community composition and the relative abundance of each bacteria class.

Figure 4. Soil fungal community composition and the relative abundance of each fungal class.

Figure 5. t-SNE analysis of soil bacteria community composition. (a) the bacteria community structure in
all pots, as well as at the initial and final stages. (b) and (c¢) represent the bacteria community at the initial
and final stages. The significance of the treatments was calculated using PERMANOVA (Table 3).
Figure 6. t-SNE analysis of soil fungal community composition. (a) the fungal community structure in all

pots, as well as at the initial and final stages. (b) and (c) represent the fungal community at the initial and
final stages. The significance of the treatments was calculated using PERMANOVA (Table 3).
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Figure 1. Effects of natural soil inoculation on the ecosystem functions of polycultures composed of
Alnus and Betula. The deviations from the expected values based on monocultures are shown. (a) for the
herbivory damage (%) and (b) for productivity (g). CE: complementarity effects; SE: selection effects;
NE: net effects. The significance of each bar represents the significance difference between 0 (Table 2).
The P-value under each panel indicates the significance of the difference between with or without natural
soil inoculation (Table 1).
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Figure 2. Effects of genetic diversity of Betula on the ecosystem functions of polycultures composed of
Alnus and Betula. The deviations from the expected values based on monocultures are shown. (a) for the
herbivory damage (%) and (b) for productivity (g). CE: complementarity effects; SE: selection effects;
NE: net effects. The significance of each bar represents the significance difference between 0 (Table 2).
The P-value under each panel indicates the significance of the difference between genetic diversity levels
(Table 1).
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Figure 3. Soil bacteria community composition and the relative abundance of each bacteria class.

89



Akadama

g g

£ 5
= 3 :
= < <
.-
=
[

@ g

g g
~ = g
Lﬁ% 4

Fungi

class
. Agaricomycetes
Archaeorhizomycetes

. Ascomycota
Dothideocmycetes

Entorrhizomycetes
Eurotiomycetes
Exobasidiomycetes
Laboulbenicmycetas
Leotiomycetes

. Microbotryom ycetes
Mortierellomycetes
. Mucoromycetes
Pezizomycetes
Rhizophydiomycetes
. Rozellomycota

. Saccharomycetes
Sordariomycetes
Spizellomyceies
Tremellomycetes
Umbelopsidomycetes
Wallemiomycetes
NA

Figure 4. Soil fungal community composition and the relative abundance of each fungal class.
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and final stages. The significance of the treatments was calculated using PERMANOVA (Table 3).
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Chapter 5. General discussion
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General discussion

My research elucidates how various biotic and abiotic factors emerging after forest disturbances
modified the pattern of plant-plant facilitation. In this chapter, I will first summarize the findings of each
study, followed by a discussion of their implications for forest restoration projects.

In Chapter 2, I am dedicated to clearly illustrating in the post-landslide area, how the initial
spatial distribution of seedlings emerges, and how those abiotic and biotic environmental conditions, i.e.
neighboring seedlings’ interactions and rill erosion, influence seedling performance. Based on a replicated
artificial landslide experiment (i.e., ALES), in the first growing season after the disturbance, I monitored
the seedlings’ performance and recorded the rill erosion. This study indicated that, in the post-landslide
area, newly recruited seedlings primarily exhibited spatial clustering with conspecific neighbors and
demonstrated significantly higher abundance around rills. At the scale of several centimeters, proximity to
conspecific and heterospecific neighbors significantly enhanced focal seedling survival and growth. The
survival of seedlings near rills decreased, and this response varied by species. Interactive effects of plant
facilitation and rill erosion on tree seedling colonization toward restoration have been validated. The
proximity of a seedling to heterospecific neighbors attenuated the negative influences of being near rills.
This study suggests that there were conspecific and heterospecific facilitative effects on seedling survival
at this post-landslide habitat, but the relative importance of the two effects could be dependent on the
degree of rill erosion. This study inspired the understanding that the effects of plant-plant facilitation,
together with the fine-scale geomorphological heterogeneity, shape seedling performance, thereby
influencing the forest restoration process.

In Chapter 3, I aimed to elucidate genetic properties of the newly recruited seedlings and their
effects on seedling performance. In particular, the following questions were addressed: 1) are there
population differentiations among spatially proximate disturbance sites after landslides, 2) how landslide
scars and subsequent rill erosion shape the genetic structure of seedling populations, and 3) how genetic

relatedness among seedlings influence their performance. By using the same ALES sites of Chapter 2, I
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examined the genetic structure of the dominant seedlings, Abies sachalinensis, in each landslide site. This
study determined the clear genetic differentiation among closely located sites, which was likely to be the
dispersal limitation of the species Abies during early succession following disturbance. Interestingly, the
growth-genetic distance relationships between the focal seedling and its spatially nearest neighbor may
result from the combined effects of multiple processes. The spatial scales at which these processes operate
differ, leading to the outcomes of the growth-genetic distance relationships that depend on the spatial
distance. This study suggests that the restoration management of disturbed sites should consider the
dispersal capacity of surrounding tree species and the genetic structure of source populations. Building
upon natural succession, and supplementing it with strategies to control the genetic diversity of restored
populations may provide valuable insights for forest restoration.

In Chapter 4, I explored how soil microbial communities and the genetic diversity of component
species modify species diversity—ecosystem functioning relationships. In parallel, how this species
diversity, in turn, shapes the composition of soil microorganisms (i.e., fungi and bacteria). I conducted a
common garden experiment to control intraspecific genetic diversity by combining seedlings from
different origins and to regulate soil microorganisms by inoculating natural soil collected from beneath
maternal trees or commercial Akadama soil. Natural soil inoculation altered the composition of soil
bacterial and fungal communities, and this effect was significant from the beginning to the end of our
study. Both soil inoculation and the genetic diversity influenced the net effect of species diversity on
functioning, while the processes involved were different. Natural soil inoculation significantly altered the
net effect of species diversity by changing the selection effect, indicating soil microorganisms could
modify the dominance of component species within the community. The genetic diversity levels
influenced the net effect of species diversity by altering the complementarity effect, suggesting that the
intraspecific facilitation enhanced the functioning of the community. This study suggests that in post-
disturbance forest management, the inoculation of soil microbial communities from mature forests should

be conducted with caution, as natural soil can enhance the selection effect within plant communities,
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leading to a stronger dominance of certain species, which may hinder the maintenance of forest species
diversity. This effect is stronger than intraspecific diversity effects on the relationship between species
diversity and ecosystem functioning. Moreover, increasing the genetic diversity of tree species could be a

constantly effective strategy toward restoration.

The insights gained from fine-scale structures towards forest restoration

The fine-scale spatial and genetic structure has been overlooked in restoration studies and
programs. However, this thesis highlights the importance based on both a large-scale disturbance
experiment in a natural forest and a well-manipulated common garden experiment. In this thesis, the two
fine-scale structures—soil issues and neighbor’s identity—provide insights into forest restoration.

Fine-scale soil issues including ongoing rill erosion following landslides in mountainous forests
and soil microbial communities under natural forest canopies. Rill erosion disrupts the survival of newly
recruited seedlings but may also concentrate water and nutrients around the rills (Chapter 2). Additionally,
rill erosion drives the redistribution of seeds, shaping seedling abundance and genetic structure (Chapter
3). It is worth noting that seedlings’ responses to rill erosion vary across species. Small-seeded seedlings
are more susceptible to disturbance from rill erosion, while large-seeded seedlings can benefit from it.
This indicates that rill erosion acts as an environmental filter in post-landslide areas, preventing specific
seedlings from dominating newly established communities. Natural soil inoculation significantly altered
the net effect of species diversity by changing the selection effect, indicating soil microorganisms could
modify the dominance of component species within the community (Chapter 4). Although the facilitative
role of soil microbes on plants has been studied extensively in forestry and agriculture, it may not always
be compelling, particularly for seedling communities. Natural soil microbes exhibit complexity, with
specialized pathogens potentially having negative effects on plant performance during the seedling stage.

Identities of neighboring seedlings at fine scales, which form the foundation of genetic and

species diversity of population/community, largely influence seedling performance. Fine-scale genetic
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structure is a short-term outcome of dispersal limitation, leading to genetically similar individuals being
spatially closer to each other. For newly recruited seedlings, this proximity results in greater resource
overlap, which negatively affects individual growth. However, this effect can be partially alleviated by
various other spatially distance-dependent processes. (Chapter 3). Fine-scale species diversity creates
opportunities for interspecific interactions, and facilitation between heterospecific seedlings has been
demonstrated in this study to enhance the performance of neighboring species, for instance, by improving
substrate stability (Chapter 2). Moreover, it was found that species diversity effects were modified by
genetic diversity, with higher genetic diversity enhancing the net effects of species diversity on ecosystem
functioning, leading to increased herbivory resistance and productivity in the community (Chapter 4).
These findings suggest that integrating the manipulation of genetic diversity and species diversity may
contribute to future forest restoration efforts. For plant communities newly established after disturbance,
genetic and species diversity is related to the plasticity and adaptability (Boulding, 2008). During the
restoration process, the adaptive potential of tree communities is expected to be positively correlated with
their genetic and species diversity. Restoration efforts should aim to create appropriate conditions that
facilitate the interaction and re-establishment of connections between species and genotypes. This will

improve the success rate of restoration and promote associated biodiversity benefits.

Integration as future direction

Higher species diversity has been widely recognized for its promotion of ecosystem functioning
(Cardinale et al., 2002; Isbell et al., 2011; Loreau, 2000). Meanwhile, the importance of genetic diversity,
as well as its comparison with species diversity effects, has been less explored over the past two decades
(Fourtune et al., 2016; Wehenkel et al., 2006). However, this study is the first to reveal the interactive
effects of species and genetic diversity on ecosystem functioning. In the future, whether investigating
naturally colonized vegetation or conducting well-manipulated planting practices, integrating genetic and

species diversity will provide deeper insights into biodiversity-ecosystem functioning and forest
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restoration processes. Furthermore, this study also provides ideas for plant-soil feedback. These feedbacks
encompass both the physical aspect, where plant root systems stabilize soil structure and thereby enhance
the performance of neighboring seedlings, and the ecological aspect, where species diversity shapes soil
microbial communities, potentially influencing ecosystem functioning. Although this study did not detect
the effect of plant genetic diversity on shaping soil microbial communities, many previous studies have
demonstrated that plant genetic identity can influence soil microbes (Bolin and Lau, 2022; Kagiya and
Utsumi, 2020; Schweitzer et al., 2011). Therefore, integrating species and genetic diversity while focusing

plant-soil feedback processes would be highly beneficial for future restoration studies.
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