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Plant species richness and composition are influenced by complex interactions between biotic and 
abiotic factors that operate on different spatial scales. Since spatial scales vary continuously in nature, 
it is expected that multiple factors simultaneously affect species richness and composition at an 
intermediate spatial scale (i.e., the mesoscale landscape level). Previous studies have shown that local 
topography and elevation are important factors for shaping intermediate spatial scale plant species 
richness; however, the relative importance of these factors has rarely been examined. Here, we used 
spatially explicit woody plant data to examine the factors that characterize the spatial pattern of 
primary evergreen forest biodiversity at the intermediate spatial scale. We found that the spatial 
pattern of species diversity in a predominantly warm temperate evergreen forest at the landscape 
level is mainly characterized by shifts in species composition along the elevation gradient. Our study 
also found that compositional shift along the elevational gradient was mainly caused by habitat 
specialization among congeneric species, suggesting that niche partitioning among closely-related 
species is a fundamentally important feature of the intermediate spatial scale species richness pattern. 
Furthermore, we found that specialization in a habitat of closely-related species can be established 
even within a limited environmental gradient. This suggests that biotic interactions among closely-
related species may be an important factor driving habitat specialization, and biotic interactions may 
play an important role in shaping landscape-scale biodiversity patterns.

Plant species richness and composition are influenced by the complex interactions between biotic and abiotic 
factors. It is widely accepted that biotic and abiotic factors operate on different spatial scales. At the local or plot 
scale, patterns of plant diversity are influenced by biotic interactions1.

and/or disturbance regimes2. At larger spatial scales, habitat associations are strong and determine 
compositional shifts during changes in environmental conditions3,4. Since spatial scales vary continuously in 
nature, it is expected that biotic interactions and environmental factors simultaneously affect species richness and 
composition at intermediate spatial scales. Previous studies termed this intermediate spatial scale (1–100 km2) 
as the “mesoscale landscape”5,6. Since intermediate spatial scale forest processes link local gap dynamics to 
macroscale species distributions in a hierarchical manner, research at this scale is needed7.

Numerous studies have revealed that local topography and elevation are important factors in shaping 
intermediate spatial scale plant species richness. Since topographic features correlate with variables that are more 
directly related to plant resources, they are regarded as a good predictor of habitat. For example, topographic 
features such as slope inclination and aspect often correlate with the distribution of nutrients3 and soil moisture8. 
Additionally, topographic features often correlated with disturbance regimes. Accordingly, species diversity and 
composition change along topographic gradients, from ridge to valley and from hilltop to hollow (e.g., 9,10, but 
see11).

Changes in species richness along elevation gradients have also been documented in numerous studies12131415. 
Macroecological studies have shown that orographically enhanced precipitation, elevational and climatic 
gradients, and environmental heterogeneity are the key features linking high biodiversity to elevation16. Previous 
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studies have also reported that plant species richness is positively skewed (hump shaped) or monotonically 
decreases along elevation gradients12,15,17. Furthermore, the determinant factors of community composition 
and diversity differ across distinct forest strata (e.g. overstorey, understorey;17,18). Unlike topographic 
gradients, elevational gradients often create biological patterns that are mediated by interspecific interactions 
(e.g. competition;19). Therefore, patterns of tree species distribution along elevations may reflect both climatic 
factors and biotic interactions20. These findings suggest that plant species diversity in heterogeneous forests is 
characterized by local or microscale environmental gradients that are mediated by elevational and topographic 
configurations21.

Lucidophyllous forests (warm-temperate evergreen forests) are widespread in the temperate and subtropical 
regions of East Asia22, and are a climax vegetation in southeastern Japan. This vegetation is generally covered by 
broad-leaved evergreen trees such as Castanopsis, Quercus, and Machilus. This vegetation supports more than 
1000 plant species in Japan and at least 30% of them are considered endangered species23. Nowadays, temperate 
evergreen forest trees are being cut down and most of these areas are covered with substitute vegetation. The 
natural evergreen forests of the warm-temperate zone exist only as fragmented forests mainly in sanctuaries 
around shrines, secluded mountainous districts, and isolated islands. Therefore, relatively few studies have 
examined the relative importance of local topography and elevation in primary warm-temperate evergreen 
forests at the landscape level, and little is known about whether landscape structure determines species richness 
and community composition in primary evergreen forests of Japan.

In this context, we aimed to assess how landscape heterogeneity contribute to plant species richness and 
composition at the intermediate spatial scale in a primary warm-temperate evergreen forest. We specifically 
focus on the relative importance of topographic and elevational variables individually contribute to plant species 
richness at the intermediate spatial scale. Dearborn and Danby (2017)24 showed that plant communities varied 
more by slope than by elevation. However, other studies have shown that both elevation and local topography 
influence plant richness21,25. Additionally, the relative importance of these factors may differ between groups of 
plant life-forms18,21. We comprehensively investigated the diversity of intermediate spatial scale (1 km2) plant 
species in the Kasugayama primary forest, which is a primary warm-temperate evergreen forest located in central 
Japan. The Kasugayama primary forest encompasses diverse micro-habitats attributed to the topographical 
variation and elevational variation and displays variation in canopy gap size distribution. We addressed the 
following questions.

 1)  How does species richness change with local topography and elevation?
 2)  How does species composition change with local topography and elevation?
 3)  Does each species show a topographic-habitat association?

Materials and methods
Study area
The Kasugayama primary forest has a total area of 250 ha and is in Nara City, western Japan (34° 41’ N, 135° 
51’ E). The elevation in the region ranges from 100 to 496 m. Since the forest has been preserved as a holy site 
of the Kasuga Taisha Shrine, hunting and logging have been prohibited since 841 AD26. In 2019, the mean 
annual temperature was 16.3  °C, and the average annual precipitation was 1482.5 mm. The highest point in 
the forest is 498 m. The natural vegetation in the area consists of evergreen broadleaved forests27; however, the 
Sika deer population in the Kasugayama primary forest is believed to have increased in recent years, and Sika 
deer is probably affecting plant species composition and forest regeneration by feeding on ground vegetation28. 
For example, species of forest floor vegetation such as Tripterospermum japonicum or Scutellaria laeteviolacea 
disappeared by the year 200028, whereas deer inedible plants, such as Sapium sebiferum and Nagia nagi, have 
increased since the 1960s26.

Field survey
Field studies were conducted from June to September 2015. In the study area, 30 circular transect plots with a 
radius of 17 m (ca. 0.1 ha in size) were established within a radius of 1 km2 (Fig. 1). The individual plots were 
systematically arranged approximately 200 m apart (Fig. 1). Tree species richness was surveyed in each plot; all 
tree species with heights > 130 cm and numbers of individuals were recorded. We measured the stem girth at 
breast height (1.3 m above ground) and calculated the diameter at breast height (DBH) from the girth. Species 
were grouped into three life-form categories, namely trees, shrubs, and climbing plants, according to Satake 
(1981–1982)29.

Environmental variables
Five environmental variables were collected from each transect plot. The elevation was determined using a GPS 
device. The slope inclination and slope aspect were measured using a clinometer. Laplacian (i.e., an index of 
concavity and convexity of the ground) was obtained from a 20  m x 20  m digital elevation model. Tangent 
transformation was applied to slope inclination. Sine and cosine transformations are applied to the slope aspect. 
In the sine transform, the values range from − 1 (west-facing) to 1 (east-facing), whereas in the cosine transform, 
values range from − 1 (south-facing) to 1 (north-facing). Plot scale canopy openness (%) was determined using 
hemispherical photographs and used as a proxy for the extent of recent tree fall gap and light condition. In this 
study, we assumed a situation where certain species, such as early successional species, invade a community after 
a tree fall gap has been created, thereby affecting richness and species composition.

Hemispherical photographs were obtained using a Coolpix 8400 digital camera (Nikon, Tokyo, Japan) with 
an FC-E9 0.2x fisheye converter lens (Nikon, Tokyo, Japan). The camera was mounted on a tripod and oriented 
so that the top of each photograph faced the magnetic north. The lens was positioned at a height of 1.2 m, and 
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photographs were taken using the open-sky reference method30,31. We analyzed the color hemispherical photos 
using the Gap Light Analyzer software ver. 2.0232.

Statistical analysis
Because statistically significant spatial autocorrelation existed in the species richness of all woody plant species, 
tree species and climbing plant species, we used Generalized Estimating Equations (GEE), which provide a 
highly efficient means of removing spatial autocorrelation in a generalized linear model framework33,34 to 
investigate the relationship between species richness and environmental values (elevation, slope inclination, 
slope aspect, Laplacian function and canopy openness).

The GEE is an extension of generalized linear models (GLM) and allows correlated responses. GEEs include 
an additional variance–covariance matrix which takes into account that observations are not independent to 
account for correlated data. Unlike GLMs, this matrix has non-zero off-diagonal values corresponding to the 
correlation between observations. We applied GEE models to spatial, two-dimensional datasets sampled in 
rectangular grids34.

We constructed a GEE model with species diversity as the response variable (Poisson error and log link) and 
elevation, openness, slope aspect, slope inclination and Laplacian as explanatory variables. We standardized 
all explanatory variables for analysis (Z-score). We introduced the location of transect plots in the 8 × 7 grid 
cells (Fig. 1) into the models and used an interchangeable correlation structure that assumes an exchangeable 
correlation between all observations in a subject also for the analysis of woody species, tree species and climbing 
plant species, as well as an independence correlation structure that assumes no spatial dependencies for shrub 
species. For each response variable, after constructing models for all combinations of environmental variables, 
we identified the model with the smallest Quasi Information Criterion (QIC) as the best model. We used the 
Spind package35 in R.

To identify differences in plant community composition among transect plots, we performed non-metric 
multidimensional scaling (NMDS) ordination using the vegan library36 in R. NMDS is a distance-based 
ordination technique that is robust to the nonlinearity of the data37. To determine whether elevation, topographic 
factors (slope aspect, slope inclination and Laplacian), and canopy openness were associated with differences 
in community composition, we used Vegan’s envfit function, which evaluates multidimensional correlations 

Figure 1. Location of the study site (~ 1 km2) at the Kasugayama primary forest, Nara prefecture, Western 
Japan. The specific locations of the study plots are denoted by dots. Green area in right panel indicates National 
Heritage area. Scale bar: 400 m.
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between NMDS site scores and independent environmental predictors. The significance of each environmental 
variable was determined based on a permutation test with 999 permutations.

To elucidate the relationship between species distribution and environmental variable, we categorized the 
species habitat association across the environmental gradient (i.e. elevation, openness, slope inclination, slope 
aspect and Laplacian) using a generalized linear model (GLM) that assumed a binomial distribution (logistic 
regression). We used the presence/absence of each species in each transect plot as a response variable. We 
categorized the distribution patterns of each species into four categories: (1) specialist species (species whose 
presence/absence patterns are significantly correlated with the elevation gradient), (2) generalist species (species 
whose presence/absence patterns are not significantly correlated with elevation), and (3) rare species (species 
present in less than three plots). Herein, we have used the term “specialist” to refer to a species that utilizes a 
narrow range of resources38 based on the distribution pattern along environmental gradient, for convenience.

To detect the distance decay relationship39, we investigated the relationships between community dissimilarity 
and geographical distance. The statistical significance of the relationships was tested via Mantel correlations with 
1000 permutations using package vegan36 in R. All analyses were conducted using R version 4.3.240.

Results
Factors affecting species richness
We recorded 70 species at the study site, including 49 tree species, 13 shrub species, and eight climbing plant 
species. Castanopsis cuspidata was the most abundant species based on total basal area, and Neolitsea aciculate 
the most abundant species based on the number of stems (S1,S2). Cryptomeria japonica, Quercus sessilifolia, and 
Abies firma were also abundant in terms of total basal area. Cleyera japonica was also abundant based on the 
number of stems (S1,S2).

In the best models for the total species richness of woody plants, the height, slope aspect (north and east), and 
slope inclination (tan(slope)) were selected (Table 1), but these are not statistically significant (p > 0.05). Slope 
inclination was selected as an explanatory variable for the total woody plant, tree, and climbing plant species 
richness (Table 1). Slope inclination was significantly positively correlated with climbing plant species richness 
(p < 0.01, Table 1), indicating that climbing plant species richness tends to increase the slope inclination.

Factors affecting species composition and distribution
Differences in species composition were adequately represented by a two-dimensional NMDS ordination 
(stress = 0.11, 0.19, 0.03, and 0.02 for total species, tree species, shrub species, and climbing plant species). 
Three of the five environmental variables (i.e. elevation, slope aspect, canopy openness) tested were significantly 
correlated with species composition in the NMDS space (Fig. 2). Of these gradients, elevation was significantly 
correlated with species composition of all species, trees, and shrubs (Fig.  2), and it indicates that it is most 
strongly related to variation in plant composition.

Significant distance decay relationships, i.e., increasing community dissimilarity with increasing geographical 
distance was found (Fig. 3). Logistic regression analysis revealed significant species-habitat association for 10 
species. We found one specialist species for openness, one species for slope inclination, three species for slope 
aspect (two species positively correlated), two species for Laplacian, and eight species for elevation (Fig. 4), and 
suggest primary importance for elevation.

Specialist species at high elevation were seven species Abelia spathulata, Carpinus laxiflora, Cinnamomum 
tenuifolium, Cryptomeria japonica, Osmanthus heterophyllus, Quercus acuta and Quercus sessilifolia (p < 0.05 
respectively; S3,S4). In this analysis, we also detected 1 low-elevation species and 32 generalist species (S3,S4). 
Three of the seven species categorized as high-elevation species had another species of the same genus categorized 
as generalists. For example, in Quercus, three of the six species were categorized as generalists and two as high-
elevation species; in Carpinus, C. laxiflora was categorized as a high-elevation species and C. tschonoskii as a 
generalist species (Fig. 5). This suggests that niche partitioning with elevation occurs mainly among congeneric 
species. Tsuga sieboldii was the specialist species at the high openness site (S3,S4). Specialist species at the steep 
slope site was Quercus acuta (S3,S4). Specialist species at the west-, north-, and south-facing sites were Cleyera 
japonica, Litsea lancifolia, and Tsuga sieboldii, respectively (S3,S4). Cryptomeria japonica and Ilex rotunda were 
the specialist species at the valley site (S3,S4).

Response variables Intercept

Standardized partial regression coefficient for selected explanatory 
variables

QICElevation sin(aspect) cos(aspect) tan(slope) Openness lap

Total woody plant species 
richness 2.870 0.074 0.042 0.048 168.786

Tree species richness 2.039 0.001 -0.857 0.409 168.264

Shrub species richness 1.533 111.438

Climbing plant species richness 0.050 0.402* -0.252 81.600

Table 1. Top significant generalized estimating equation(GEE) species richness in subpolots. QIC, Quasi 
Information Criterion; tan(slope), tangent transformed slope inclination; sin(aspect), sine transformed slope 
aspect; cos(aspect), cosine transformed slope aspect; Openness, relative openness; lap, convex/concavity. 
Asterisk indicate statistically significant (p <0.01).
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Discussion
Effects of microtopography on species richness and composition
The present results show that most environmental variables were not significantly correlated with species richness, 
and the number of species significantly associated with micro-topographic factors (such as slope inclination, 
laplacian function, and slope aspect) was limited (Table 1; Fig. 4). These results indicate that direct link of micro-
topographic factors to tree species richness and composition were unclear and these are hard to explain the 
spatial variation of plant tree species diversity at the scale of this study. Generally, topographic variability is a 

Figure 2. Differences in species composition of woody plant species determined using a non-metric 
multidimensional scaling (NMDS) and permutation test. Elevation, topographic factors (slope aspect, slope 
inclination and laplacian) and canopy openness were incorporated as explanate variables. Solid and dotted 
arrows indicate that the variables statistically significantly (p < 0.01 and p < 0.05 respectively) relate to 
community dissimilarity. Slope aspect (cos), cosine transformed slope aspect; Openness, plot scale canopy 
openness.
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possible factor in increasing local plant species richness of tree species, and this trend has been attributed to 
the differentiation of topographic niches. Topographic niche differentiation has been supported by studies that 
focused on the seedling or juvenile stage; however, these studies often failed to fully explain the distribution 
patterns of large trees by the identified species-specific responses at the seedling or juvenile stage4142434445. 
Certain studies attribute this mismatch to dispersal limitations and density-dependent mortality11,46. Dispersal 
limitation generally has a greater impact on species distribution than on germination or survival474849, and 
density-dependent mortality50,51 weakens spatial correlation between juveniles and adults52. These processes 
may have offset the pattern caused in the recruitment stage and resulted in weak associations between micro-
topographic factors and species richness.

In the present study, slope inclination (tan(slope)) was selected as an explanatory variable for best model in 
total species richness, tree species richness and climbing plants species richness (Table 1). Additionally, elevation 
was significantly positively correlated with the species richness of climbing plant (Table 1). These results indicate 
that slope inclination is a relatively good predictor for species richness and climbing plants species richness 
seems to be more sensitive to microtopographic factor than tree or shrub species richness. Previous studies show 
that association between species distribution and topographic configuration being attributed to species-specific 
responses to disturbance frequency10. Additionally, Ledo and Schmezer (2014)53 reported that the intensity and 
frequency of disturbance determine the population density and species diversity of tropical lianas trough to their 
clonally increasing and becoming spatially coherent in response to disturbance. One or a few of the above factors 
might have played a role in habitat association detected in this study.

It is widely accepted that canopy gaps often facilitate the establishment and growth of many tree species54 
and that the patchy distribution of canopy gaps of different ages across a wide range of areas considered plays an 
important role in determining the survival of intolerant and short-lived tree species such as Z. ailanthoides, S. 
prunifolia, and A. rufinerve in this study site27.

However, our results showed that canopy openness was not correlated with species richness and composition 
(Table 1). A likely explanation for this result is the influence of deer grazing. The population density of deer in the 
study area is estimated at 30 ~ 40 individual per square kilometer and it tends to be higher around forest canopy 
gaps55. Previous studies report that deer grazing strongly regulates the regeneration of pioneer tree species and 
studies comparing the effects of deer grazing in this study area between fenced and unfenced sites found an 
increase in pioneer tree species (e.g., Mallotus japonicus and Zanthoxylum ailanthoides) and a 1.7-fold increase 
in the total number of species in fenced plots under the gap compared to unfenced plots28,56. These facts suggest 
that gap dynamics, widely considered to be the major mechanism for maintaining species diversity, may have 
been regulated by deer grazing in this study area. However, it has been noted that some pioneer tree species, such 
as Z. ailanthoides, may have regenerated over several years even under the influence of deer grazing pressure56. 
Therefore, it is possible that severe disturbances, such as large typhoons, did not occur, and the invasion of 
pioneer species was thereby regulated.

Factors affecting species composition and habitat partition
The results of the NMDS analysis show that species composition at this study site changed mainly with elevation 
(Fig. 2), and suggest that such trend characterizes the intermediate spatial scale plant species diversity in this 
study area. The partitioning of beta diversity using spatial analysis method in previous research revealed that 
distributions of tree species richness and composition within a 24-ha plot were strongly affected by elevation and 
convexity57; our results were partially consistent with this previous finding. Compositional differences between 

Figure 3. Distance decay relationships between increasing community dissimilarity (Bray-Curtis index) and 
geographic distance. Mantel correlations coefficients (rm) and P values (Pm) are also shown.
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sites are commonly explained by two major processes, dispersal limitation and species sorting39,58, which are 
not mutually exclusive59,60. In this study, we found significant distance decay relationship between community 
similarity and geographic distance (Fig.  3) suggesting that dispersal limitation possibly contributes to a 
compositional shift along elevational gradient. However, the results of the logistic regression analysis revealed 
that species habitat association frequently observed along elevational gradient and suggests that species-specific 
habitat partition could also contribute to the compositional shift along the elevational gradient.

We also found that habitat partitioning along the elevational gradient was frequently observed among 
congeneric species (Fig. 5, S3, S4). These findings suggest that habitat specialization especially among closely-
related species, could be an important driver of changes in species composition with elevation. Habitat partitioning 
and specialization between closely-related taxa is generally considered to result from a complex interplay between 
biotic and abiotic factors. Numerous studies have reported that water-use strategies, edaphic conditions, and 
light conditions often shape divergent habitat associations between congeneric tree species pairs9,616263; however, 
the interplay of edaphic, hydrological, and topographical factors is often complex64; moreover, the mechanism 

Figure 4. Number of species significantly associated with a given environmental gradient.
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that induces habitat niche partitioning between closely-related taxa and the contribution of species-habitat 
association to the maintenance of species diversity remain inconclusive65.

In the study area, the distribution pattern along elevation for each species in our study area can be classified 
into two major types: generalist and high-elevation species (specialists). Notably, both the generalist and the 
specialist were often assigned to the same genus (Fig. 5, S2). This suggests that when multiple congeneric species 
are present, sites at lower elevations tend to be dominated by a particular species, whereas multiple closely-related 
species tend to coexist at higher elevation sites. The explanatory framework for the coexistence and evolution 
of generalist and specialist species has recently been provided by theoretical studies focusing specifically on 
insect host choice. According to this theory, habitat specialization is most likely when competition and negative 
reproductive interference (costly interspecific mating interactions)66 between closely-related species are at 
intermediate levels, and divergence of habitat specialist and generalist is likely caused by the combination of 
reproductive interference and weak interspecific resource competition67,68. Although many empirical studies 
showed that reproductive interference lead to species exclusion or niche partitioning in herbaceous plants697071, 
less attention has been paid to tree species coexistence. Watanabe and Maesako (2021)72 report the local 
coexistence of Quercus and Carpinus in the study area and suggest that the effects of negative interactions among 
congeneric tree species may have been weaker than those reported in previous studies on herbaceous plants. The 
mechanism by which the effects of negative interactions between congeneric tree species arise in our study site 

Figure 5. Distribution patterns of the Quercus along elevations in the study area. Curves indicate estimates of 
generalized linear model (p < 0.05).

 

Scientific Reports |        (2024) 14:26570 8| https://doi.org/10.1038/s41598-024-77438-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


is not well understood; however, it is very likely that the attenuation of negative interactions among congeneric 
species is responsible for the specialization of certain species into unsuitable environments (high elevation) at 
the intermediate spatial scale. Further theoretical and empirical investigations are required to determine how 
interspecific interactions are related to niche partitioning at the intermediate spatial scale.

Conclusion
We found that the spatial pattern of species diversity in a primarily warm temperate evergreen forest at the 
landscape level is mainly characterized by shifts in species composition along the elevation gradient. Our study 
also found that closely-related species coexisted along the elevation gradient, suggesting that niche partitioning 
among closely-related species is an important feature of intermediate spatial scale species richness patterns. 
Furthermore, we found that specialization in the habitat of closely-related species can be established even within 
a limited environmental gradient. This suggests that biotic interactions among closely-related species may be 
an important factor driving habitat specialization, and that biotic interactions may play an important role in 
shaping landscape-scale biodiversity patterns.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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