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Abstract: The spatial-temporal variation of understory light availability has important influences on species diversity and community assembly. However, the distribution characteristics and influencing factors of understory light availability have not been fully elucidated, especially in temperate deciduous, broad-leaved forests. In this study, the understory light availability was monitored monthly (May–October) in a temperate deciduous, broad-leaved forest in Henan Province, China. Differences in the light availability among different months and habitat types were statistically analyzed using Kruskal–Wallis method, respectively. Partial least squares path modeling (PLS-PM) was used to explore the direct and/or indirect effects of stand structure, dominant species and topographic factors on the light environment. Results showed that there were differences in light environments among the four habitat types and during the studied six months. The PLS-PM results showed that the stand structure and the dominant species were negatively correlated with the light environment, and the path coefficient values were −0.089 (P = 0.042) and −0.130 (P = 0.004), respectively. Our result indicated that the understory light availability exhibit a distinct spatial and temporal heterogeneity in temperate deciduous, broad-leaved forest of north China. The characteristics of woody plant community, especially the abundance of one of the dominant plant species, were the important factors affecting the understory light availability.
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1  Introduction

Light is a key environmental factor in forest ecosystems, especially for the understory [1]. The changes in light availability have important influences on the spatial distribution of woody plants [2]. However, canopy cover varies significantly among seasons in temperate deciduous, broad-leaved forests [1,3]. Previous studies have been conducted to explore the light heterogeneity in the forest understory [4–9], and discuss the effects of the understory light availability on herbaceous plants [10,11], liana plants [12], and plant seedlings [13,14]. Although these studies contributed greatly to our understanding of the distribution mechanisms that determine the understory light availability in forests, the influencing factors on the understory light availability have not been fully elucidated, especially in temperate deciduous, broad-leaved forests.

Understory light availability has highly complex spatial-temporal variation under the influence of stand structure, topographic factors and meteorological conditions [15]. The woody plant community is the main body of forest ecosystem, and affects the understory light availability by directly determining its transmission and spatial distribution [16]. Dominant species in woody plant communities play a key role in ecosystem productivity [17–19]. Grime et al. [20] pointed out that dominant species strongly affect vegetation structure and dynamics, and determine the fate of understory vegetation. Elevation, convex–concave and other topographic factors could affect plant community distribution [21]. These factors have direct and/or indirect effects on the understory light availability [21]. Although previous studies reported the effect of plant canopy structure, stand structure and topographic factors on the understory light availability [15], it is still unclear to which extent the spatial distribution of understory light availability is explained by the stand structure, the dominant species distribution and the topographic factors.

The canopy of the deciduous, broad-leaved forest in the warm temperate zone showed an obvious seasonal dynamics [21]. Temperate deciduous, broad-leaved forests are widely distributed in China with distinct seasonal change and complex community structure [22]. Quercus aliena var. acuteserrata, which is a deciduous dominant species in the temperate, broad-leaved forest with a wide distribution area, has an important ecological significance for the maintenance of the ecosystem structure [23]. In temperate deciduous, broad-leaved forests, forest structure determines the complex characteristics of understory light availability. For instance, under a dense canopy in summer, light availability is a limiting resource for the understory subcanopy species [24].

Natural ecosystems characteristically support complex communities by multiple interacting processes [25]. Many studies have demonstrated the spatial-temporal heterogeneity of understory light availability in temperate, deciduous broad-leaved forest [26–30]. However, the direct and indirect effects of the environment on understory light availability in temperate, deciduous broad-leaved forest are still unknown. Univariate statistical methods cannot completely satisfy the requirements of analyzing ecological system [25]. Partial least squares path modeling (PLS-PM) provides a multivariate statistical method that can solve complex problems.

Topography is considered an important driver of understory light availability in forest ecosystems [24]. Ridge and valley habitats are the most common microhabitats associated with distinct understory light availability [25]. However, topography is an indirect environmental variable, without direct biological effects. There are differences in species diversity and canopy structure among different plant communities [26]. The direct effect of plant communities on understory light availability is not clear. The accurate understanding and quantitative description of the spatial variation of understory light availability has important implications for protecting species diversity.

In the present study, the understory light availability was monitored monthly from May to October in a 5 ha plot established in a temperate deciduous, broad-leaved forest in China. This study aimed to (1) improve the ecological understanding of the distribution characteristics of the understory light availability at spatial and temporal scales, and (2) determine the direct and indirect effects of the environment on understory light availability and reveal potential mechanisms of the distribution of the understory light availability in temperate deciduous, broad-leaved forest of north China.

2  Material and Methods

2.1 Study Site

The study area, which is a temperate deciduous, broad-leaved forest, is located in the Funiushan National Nature Reserve in the Henan Province, China (111°48′–112°16′ E, 33°33′–33°56′ N). The mountain extends from the southeast to the northwest, and the highest peak is at an altitude of 2200 m. The mean annual temperature is 14.7°C, with the average temperature of the coldest month (January) is 1.5°C and that of the hottest month (July) 27.8°C. The mean annual precipitation is approximately 1200 mm, mainly occurring from July to September. The relative humidity ranges from 70% to 78% [31]. The forest cover area is 81.2% in the whole National Nature Reserve. The dominant tree species in the deciduous, broad-leaved forest, and in the studied plot were Q. aliena var. acuteserrata, Pinus armandii, Toxicodendron vernicifluum, and Sorbus alnifolia (Tab. S1).

2.2 Field Investigation

On the basis of a comprehensive investigation on the Funiushan Nature Reserve, a 5 ha (200 m × 250 m) forest plot was established in 2015 (Fig. 1). Data were collected following the plot standards of the Center for Tropical Forest Science network [32]. The plot was divided into 500 subplots (10 m × 10 m). All woody plants with a diameter at breast height ≥1 cm were tagged and identified. The topography of the plot was complex, the elevation varied from 1538 to 1600 m, and the slope varied from 4.3° to 55.5°. Detailed information on this forest plot was described by Depauw et al. [33].

In the 5 ha plot, 17, 963 individual woody plants (with diameter at breast height ≥1 cm) belonging to 93 species were previously identified [33]. Of the 93 woody plant species, Quercus aliena var. acuteserrata is the dominant species (Tab. S1). Stand density and basal area were measured for each 10 m × 10 m grid in the plot. Stand density indicated the number of individual trees. Plant basal area was calculated as π × R2, where R is the radius at the height of 1.3 m. The dominant species was the abundance of Q. aliena var. acuteserrata in 10 m × 10 m subplot. The elevation of the four corners of each 10 m × 10 m subplot was measured to quantify the topography of the subplot. Based on Harms et al. [34] and Valencia et al. [35], topographic attributes (i.e., elevation and convex concave) were calculated for each 10 m × 10 m subplot.

Based on the 500 subplots in the 5 ha plot, the light availability of each subplot was measured using the hemispherical photographs taken with an ultra-wide-angle fisheye lens (F2.8 EX DC, SIGMA, Japan) attached to a Canon 7D camera (EOS60D, Canon, Japan). We held the camera at 1.3 m with a tripod located at the center of each 10 m × 10 m subplot. Triplicate photos were taken in the morning (06:30–08:00) and in the evening (16:30–18:30) to avoid inaccurate readings caused by direct sunlight [36,37]. The images were processed by using the Gap Light Analyser software (version 2.0). According to the location of the study site and the date of taking photos, longitude and latitude, lens parameters and threshold values are set in the software. Measurements were conducted monthly from May to October in 2016. In this temperate zone, leaves began to grow in May and fall in October. The Gap Light Analyzer software (version 2.0) was used to measure leaf area index (LAI), canopy cover (CC), average leaf angle (ALA), scattered radiation (SR), direct radiation (DR), light transmittance (LT) and total radiation (TR).
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Figure 1: Topographic map of the 5 ha Funiushan permanent plot. The black solid line is the contour map of the plot

2.3 Data Analysis

Cluster analysis was conducted to delineate similar habitat types in the light environment. The mean of the six surveys represented the light environment of the forest community. We conducted cluster analysis by using a plot-light matrix via the mean of the 6 months to analyze the distribution of the light environment in the plot. Cluster analysis was conducted using the heatmap function with the euclidean distance in the Vegan package [38]. Spatial autocorrelation may be observed among the light factors (including LAI, CC, ALA, SR, DR, LT, and TR). Thus, principal component analysis (PCA) was used to compress and extract the main spatial variation of the seven light factors (i.e., LAI, CC, ALA, SR, DR, LT, and TR). The dependent variable was matrix of plots-environment (seven light factors) in the PCA analysis. PCA was performed using the Vegan package [38]. Differences in the seven light factors among different months (from May to October) and habitat types were statistically analyzed using Kruskal–Wallis method, respectively. Habitat types were delineated based on the cluster analysis results.

In the present study, partial least squares path modeling (PLS-PM) was used to explore the possible effect of the stand structure, dominant species and topographic factors on the light environment [39]. Light environments were extracted from the first four PCA axes (Tab. 1). Stand structure included determinations of stand density and basal area, and the dominant species was determined as the abundance of Q. aliena var. acuteserrata in each subplot. Two topographic attributes (i.e., average elevation and convexity) were assigned to each subplot. For each subplot, elevation was calculated as the mean value at its four corners, and convexity as the elevation of a focal subplot minus the mean elevation of the eight surrounding subplots [34,35]. The PLS-PM model is a complex, detailed method according to the study of Hodapp [39]. This model was performed using the PLSPM package. All analyses were conducted using R 3.4.0 (R Development Core Team, http://www.Rproject.org).

3  Results

3.1 Spatial Variation of Understory Light Availability

Cluster analysis showed that light environments could be divided into four types (Fig. 2). The spatial distribution of light environment in the plot were shown in Fig. 3. PCA results revealed that the first four PCs exhibit the main spatial variation of the light environment in the plot (Tab. 1, Fig. 4). PC1, PC2, PC3 and PC4 accounted for 42.79%, 35.59%, 12.54% and 8.39% of the light variation in the plot, respectively, which accounted for 99.32% of the total variation of the light environment. The Kruskal–Wallis test showed that there were significant differences in light environments among different habitats (Fig. 5).
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Figure 2: Cluster analysis of the light environment in the Funiushan permanent plot. The parts colored in red, purple, black, and cyan are habitats 1–4, respectively. Different habitats represent different light conditions. ALA: average leaf angle, CC: canopy cover, TR: total radiation, SR: scattered radiation, DR: direct radiation, LT: light transmittance, and LAI: leaf area index
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Figure 3: (A) Principal component analysis (PCA) of light environments. (B) Spatial distribution of the light conditions in the Funiushan permanent plot. Red, purple, black, and cyan represent habitats 1–4, respectively. Habitat classification was based on cluster analysis (Fig. 2). The black solid line is the contour map of the plot. ALA: average leaf angle, CC: canopy cover, TR: total radiation, SR: scattered radiation, DR: direct radiation, LT: light transmittance, and LAI: leaf area index
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Figure 4: Maps of the principal components of light factors in the 500 subplots (10 m × 10 m) within the plot. Principal component analysis was used to compress and extract the main spatial variation of the light factors (including LAI, CC, ALA, SR, DR, LT, and TR) in the plot (Tab. 1)
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Figure 5: Light environments in the different habitats in the 500 subplots (10 m × 10 m) within the plot. (P ≤ 0.05 level of significance)

3.2 Temporal Variation of Understory Light Availability

There were significant differences in spatial distribution pattern of the light environments among the 6 studied months (Figs. S1–S7). The understory light availability significantly varied among the 6 studied months in the temperate deciduous, broad-leaved forest (Fig. 6). The mean value of canopy cover were the highest, and the mean value of light radiation were the lowest in July and August among 6 months.
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Figure 6: Light environments in the different moths in the 500 subplots (10 m × 10 m) within the plot. (P ≤ 0.05 level of significance)

3.3 Effects of Stand Structure, Dominant Species and Topography on Light Conditions

The PLS-PM results showed that the stand structure (stand density and basal area) and the dominant species (species abundance of Q. aliena var. acuteserrata) were negatively correlated with the light environment, and the path coefficient values (i.e., Total effect) were −0.089 and −0.130, respectively (Tab. 2). Topographic factors (average elevation and convexity) were positively correlated with the light environment, although the path coefficient (0.007) was extremely small and was not significantly different (Fig. 7).
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Figure 7: Partial least squares path modeling of the effects of topography, stand structure, and dominant species in the light environments. The numbers above the arrows indicate the path coefficients. Blue and red lines indicate the positive and negative pathways, respectively

4  Discussion

In the present study, the understory light availability in the studied temperate deciduous, broad-leaved forest showed a patchy or zonal distribution, which was consistent with the topographic distribution (Fig. 1). On the spatial scale, canopy cover is greater on ridges than valleys, and the underforest light availability is lower on ridges than valleys. It might be attributed to the distribution of woody plants. Quercus aliena var. acuteserrata was the dominant species (accounting for 27.87% of total plant basal area) and was mainly distributed on the ridge while some sparse, shrubby forests existed in the valley (Fig. S8). Quercus aliena var. acuteserrata belongs to a broad-leaf species with an extremely large leaf area. Therefore, the understory light availability is better on the ridge than on the valley.

Habitat partitioning is of importance in maintaining species diversity of forest ecosystem [40,41]. In this temperate forest, the understory light availability could be divided into four habitats, and the light environment varied among them. Besides, habitat partitioning of the light environment is extremely important for the species coexistence of understory, such as herbaceous plants [42,43], bryophytes [44] and microbial communities [45]. This study demonstrated that the understory light distribution exhibit a significant spatial heterogeneity in the studied temperate deciduous, broad-leaved forest.

In contrast to tropical forests, temperate deciduous, broad-leaved forests vary significantly in their canopy cover during different months of the year. Canopy dynamics in the temperate deciduous, broad-leaved forest have an important effect on the understory light availability [26–28]. In this study, the light distribution pattern changed with months, which might be attributed to the fact that canopy interfered strongly with the understory light availability. Temporal partitioning is also important in maintaining the forest ecosystem species diversity [40].

A variety of factors, such as stand structure (e.g., individual density and basal area), topographic factors (e.g., elevation and convex–concave) and meteorological conditions (e.g., temperature and precipitation) directly or indirectly affect the understory light availability [15,21,46]. The PLS-PM model suggested that the stand structure and dominant species have great influences on the light environment while the effect of topography was extremely small. The forest community was the main body of the forest ecosystem, and topography determined the spatial distribution of plants on local scales [23,47]. The characteristics of the woody plant community (e.g., stand structure and the dominant species) were the direct factors influencing the understory light availability in the studied temperate, deciduous broad-leaved forest.

5  Conclusion

Our result indicated that the understory light availability exhibit a significant spatial and temporal heterogeneity in temperate deciduous, broad-leaved forest of north China. The characteristics of the woody plant community, especially the abundance of one of the dominant plant species, were the important factors affecting the understory light availability. Topography was an indirect factor affecting the light availability in understory. Our study could provide a certain guidance for the management of understory species in temperate deciduous, broad-leaved forest of north China. Most sunlight is absorbed by the tree canopy, making the much more understorey species inhabit a severely resource-limited habitat. Additionally, the heterogeneity of light availability, resulting from management-moderated tree composition and age structure, may contribute to species coexistence in temperate deciduous, broad-leaved forest of north China.
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Table 1: Principal component analysis (PCA) of light factors

Light variables PC1 PC2 PC3 PC4 PC5 PC6
Average leaf angle (°) 1.7556 —2.2002  —0.5059  0.3062 -0.4118  —0.0248
Canopy cover (%) —0.8365  2.6068 0.9115 —0.0262  —0.2998  0.1620
Total radiation (mol/(m>.d)) —2.2496 —1.5272  0.8597 0.5574 —0.0142  —0.0020
Scattered radiation (mol/(m®.d)) —1.7608 —1.7843  —0.9205 —1.1271  0.0102 0.2024
Direct radiation (mol/(m.d)) —2.2078 —1.4410 1.0002 0.7007 —0.0160  —0.0220
Light transmittance (%) 1.4453 —1.0003  1.8377 —1.4052  0.0014 —0.0434
Leaf area index 2.5261 —0.8986  0.6001 0.9057 0.1666 0.2158
Eigenvalue 2.9951 2.4917 0.8778 0.5876 0.0341 0.0138

Variance proportion explained 0.4279 0.3559 0.1254 0.0839 0.0049 0.0020
Accumulative proportion 0.4279 0.7838 0.9092 0.9932 0.9980 1.0000
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Table 2: Standardized direct, indirect and total ettects of topography, dominant species and stand structure
on the light environments, as determined by partial least squares path modeling (PLS-PM)

Variables Direct path Indirect path Total effect P values
Topography —0.0280 0.0350 0.0068 0.8810
Dominant species —0.1830 0.0530 —0.1295 0.0420
Stand structure —0.0890 0.0000 —0.0893 0.0040
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