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Abstract

:

Water repellency (WR) is one cause of root mat (biomat) flow and soil surface runoff in dense Chamaecyparis obutsa (Siebold et Zucc.) Endl. plantations. However, the changes in WR of biomat and soil horizons are unclear in the thinned C. obtusa plantations. This study compares the WR of biomat and soil horizons in the thinned and non-thinned C. obtusa plantations by considering the water content and surface temperature of biomat and soil from July 2021 to June 2022. We selected one plot in each thinned and non-thinned area in a catchment at Obora Experimental Forest in Japan. Our results showed that the 40% thinned plot lacked a biomat horizon, whereas the non-thinned plot had a ca. 3 cm depth of biomat. The biomat WR of the non-thinned plot (none to very strong) was higher than the soil WR of the thinned plot (none to strong). There was no relationship between WR and both water content and surface temperature of biomat and/or soil in either thinned or non-thinned plots. Our findings show that the biomat horizon had an essential role in the severity of WR in C. obtusa plantations. The lack of biomat after thinning could substantially impact soil surface hydrology.
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1. Introduction


Forest ecosystems have complex ecohydrology processes driven by various environmental and anthropogenic variables [1], such as forest operation [2]. Water repellency (WR) in the decomposed organic and surface soil layers causes low infiltration and direct runoff in the slope areas [3,4]. Soil WR originates from water repellent organic matter with a lower affinity with water [5,6]. WR exists in all types of landscapes, from agricultural areas [7,8] and grasslands [9] to forest areas [2,10], and is considered an essential factor in ecohydrological modeling [10]. Although wildfire is one phenomenon that induces the WR of mineral soil, WR also occurs naturally where soil organic matter composition changes from a wettable phase to a water repellent phase in the process of decomposition [1,11,12,13].



Chamaecyparis obtusa ((Siebold & Zucc.) Endl.; Hinoki cypress) is one of the most prevalent conifers in Japan and has been widely planted for timber products [14]. In Japan, this species accounts for 25% of all plantation areas (ca. 10 million ha; [15]). In Chamaecyparis obtusa (C. obtusa) plantations, severe WR repellency has been observed in Japan [16,17,18]. These plantations are also well-known for high direct runoff because of low ground cover and high WR [19,20]. WR usually occurs in upper soil horizons of forest areas. The upper soil horizons in forest areas consist of an organic (O) and topsoil (A) horizons. The O horizon divides into litter (L), fragmented litter (F), and humus (H) layers. The forest floor in dense C. obtusa plantations consists of a sparse understory and a very thin L layer [16,20]. Below the L layer of C. obtusa plantations, the F and H layers consist of a dense network of fine roots with a diameter of less than 2 mm [16,21]. In some studies, these LFH layers were called biomat [21,22]. Studies show the importance of biomat in water movement during the rain on the slope [21,22]. However, little is known about the WR of the biomat horizon in C. obtusa plantations.



In silviculture and forest management, thinning refers to the selective removal of trees to improve the remaining trees’ health or growth rate [23] and develop understory vegetation [24]. Implemented selectively or systematically, thinning can be designed in different intensities and with different purposes [25]. In response to climate change, the thinning of forest stands has been used to mitigate the impacts of droughts on remaining trees [26]. Removing trees through thinning reduces the leaf area index (LAI) and canopy interception loss and increases the amount of solar energy reaching the forest floor [27]. Therefore, it has a significant impact on most ecohydrological processes, such as rainfall partitioning [28], soil water redistribution [29], transpiration [30], evapotranspiration [31], and water yield [32]. In addition, thinning is a practical forest operation in the dense C. obtusa plantations to reduce direct runoff and increase water infiltration into the soil in Japan [33,34]. Increasing direct runoff after several years of thinning was also observed in the thinned C. obtusa plantations [35,36]. The studies suggested that lack of understory development and remaining WR in the soil could return direct runoff to the level before thinning periods [35,36]. However, little is known about the differences between WR in biomat and soil horizons of thinned and non-thinned C. obtusa plantations.



Water content is an essential factor impacting the WR of porous media such as biomat and mineral soil horizons in forest areas [8,37]. By increasing water content to a critical threshold, WR disappears, whereas by decreasing water content below that critical threshold, WR reappears [38,39,40,41]. The surface temperature of biomat and mineral soil horizons is another essential factor impacting both WR and water content (i.e., by evaporation) [9,13]. In general, after a prolonged dry period, the intensity of WR increases because of reduced moisture [13]. Conversely, a prolonged dry period during hot seasons could enhance WR because of higher air temperatures [9]. Studies show that soil water content and temperature altered after thinning [42,43,44]. However, how these changes could impact the WR of biomat and soil horizons in the thinned C. obtusa is unclear.



The main objective of this study is to recognize the differences in the WR of biomat and soil horizons in the thinned and non-thinned C. obutsa plantations. We considered water content and surface temperature as factors that could explain the differences of WR in biomat and soil horizons in the thinned and non-thinned C. obtusa plantations. The second objective of this study is to find the potential impact of biomat and soil WR on surface runoff in the thinned and non-thinned C. obtusa plantations.




2. Materials and Methods


2.1. Study Site


We selected two study sites for this study (Figure 1a,b). These are the Akazu Research Forest (ARF, 35°13ʹ N, 137°10ʹ E; 340 m a.s.l.), which belongs to the University of Tokyo Forests and is located nearby the Ecohydrology Research Institute (ERI) headquarters, and Obora Experimental Forest (OEF, 35°16ʹ N, 137°15ʹ E; 585 m a.s.l.), which belongs to the Toyota City Hall (Figure 1b,c). One small Chamaecyparis obtusa (C. obtusa) catchment (ARF: 0.44 ha and OEF: 1.45 ha) was selected in each site (in total, two catchments). Both studied sites were in central Japan (Figure 1a) and have very hot and humid summers and moderate cold winters [45]. The climate class of the region (i.e., studied sites) is warm temperate, and fully humid with hot summers (Cfa) according to the Köppen–Geiger climate classification [46]. The mean annual precipitation is 1470 mm, and the mean annual temperature is 15.3 °C (1991–2020) [47]. Japan has two distinct rainy seasons: May–June (the Baiu season) with frequent and prolonged rainfall events and September–October (typhoon season) with high-intensity rainfall, whereas periodical rain occurs all year around.



The selected C. obtusa plantations were established in 1990 (ARF) and 1989 (OEF). No thinning was operated at the ARF, whereas some parts of OEF were under a 40% thinning, in terms of stand density (tree/ha), in early 2019. This study was conducted between 1 July 2021, to 30 June 2022. The studied sites’ geology is the Mesozoic late cretaceous layer with granite bedrock [48]. The soil type is brown forest soil [49], equivalent to cambisol [50]. The forest floor has a low understory (mainly Cleyera japonica) and a fragile litter cover (less than 1 cm). Detailed information regarding studied sites and plots is summarized in Table 1.




2.2. Experimental Design


Five subplots (50 cm × 50 cm) within one plot (5 m × 5 m) were selected at the ARF to (in situ) measure the WR of biomat and soil horizons on a monthly basis (Figure 1c; ARF). Six subplots (30 cm × 30 cm) within one plot (6 m × 6 m) were selected in each of the thinned and non-thinned areas at the OEF (in total, two plots, Figure 1c; OEF). The plots at the OEF were selected to measure the WR (monthly in situ) and monitor the water content and surface temperature of biomat and soil horizons. We also monitored surface runoff in the thinned and non-thinned areas with two adjacent closed-type runoff plots (4 m width and 10 m length, Figure 1c; OEF). Each surface runoff plot was surrounded by inserting the plastic sheet into the ground. Surface runoff was guided to a tipping bucket gauge (Uizin UIZ-TB200) through a gutter at the bottom boundary of each plot. A plastic sheet was installed on the ground to cover each plot’s gutter from direct rainfall. Rainfall data were recorded at a nearby weather station (500 m from the studied plots, Figure 1c; OEF) by a tipping bucket rain gauge (Ota Keiki OW-34-BP; 0.5 mm/tip). The evapotranspiration rate (ET0) was calculated by the Penman-Monteith equation:


    ET  0  =   0.408 Δ    R n  − G   + γ   900   T + 273    u 2     e s  −  e a      Δ + γ   1 + 0.34  u 2       



(1)




where ET0 is evapotranspiration rate (mm/day), T is air temperature (°C), u is wind speed (m/s), Rn is net surface radiation flux (Mj/m2day), G is sensible heat flux into the soil, es is mean saturation vapor pressure (kPa), ea refers to ambient vapor pressure (kPa), γ is the psychrometric constant, and ∆ is the rate of change of saturated vapor pressure with temperature (kPa °C−1). According to Penman-Monteith, based on the energy balance theory and water vapor diffusion, various influencing factors are considered in regions with complex climatic conditions [51].



One capacitive soil moisture sensor (ECH2OEC-5; METER Environment, formerly Decagon Devices, Inc., Pullman, WA, USA Group) was positioned horizontally in a 5 cm depth of biomat and/or soil horizon in each thinned and non-thinned plots at the OEF (in total, two sensors). In addition, ten thermocouple t-type were made for measuring the surface temperature of biomat and/or soil horizons and installed in the studied plots (5 in each thinned or non-thinned plot) at the OEF. Soil moisture sensors and thermocouples were connected to a CR10X data logger (Campbell Scientific, Logan, UT, USA) to record data at 30 min intervals.




2.3. Molarity of an Ethanol Droplet Test


We used the molarity of an ethanol droplet (MED) test (in situ) to evaluate WR severity in the biomat and soil horizons (Figure 2). The MED test was conducted monthly in each subplot after at least five rain-free days. The MED test measures the severity of WR of the biomat or soil surface by dropping various ethanol dilutions (5 droplets in each subplot) and observing their infiltration performance within 5 s (Figure 2). Pure ethanol has a lower surface tension (22.7 mN m−1 at 20 °C) than water (72.8 mN m−1 at 20 °C). Dilution of pure ethanol with water at different percentages provides different surface tension values. The surface tension of a droplet on the porous media (i.e., biomat or soil) surface decreases with increasing ethanol percentage and vice versa. In our experiment, pure ethanol was diluted with ultra-pure water into separate solutions containing different percentages of ethanol on a volume basis (0%, 1.0%, 3.0%, 5.0%, 8.5%, 13.0%, 18.0%, 24.0%, and 36.0% v v−1). We used the WR classification proposed by Doerr et al. [52]. Doerr et al. [52] defined the ethanol % (threshold) of WR as 0–3 (none), 5 (slight), 8.5 (moderate), 13 (strong), 18–24 (very strong), and 36 (extreme). The WR severity was tested by dropping these solutions on the surface of biomat or soil (after gently removing the litter layer) using a syringe from a 5.0 mm height in increasing order of concentration, from 0% to 36% at the OEF (Figure 2; OEF). When a droplet of specific solution infiltrated the biomat or soil within 5 s, the solution before that was selected as the SWR intensity (except 0%). For example, if the 8.5% droplet infiltrated within 5 s, the 5.0% solution was selected as the solution defining the SWR intensity of that subplot. For a more detailed description of the MED test experiment, see [16]. In the ARF, in addition to the MED test on the biomat, we gently cut some parts of the biomat and then tested the MED on the soil surface (Figure 2; ARF). The MED test was conducted in the ARF to show the differences of the WR in biomat and soil horizons in the same plot in a C. obtusa plantation. We presented ethanol % in the results to show the severity of WR in biomat and soil horizons (with increasing ethanol %, WR severity also increases).




2.4. Statistical Analyses


The software R (Version 3.4.2, Vienna, Austria) was used for statistical analyses. A t-test was used to analyze differences in the WR between biomat and soil horizons in the ARF and biomat and/or soil WR between thinned and non-thinned plots in the OEF. Pearson’s correlation (r) analysis was performed between WR with water content and surface temperature of biomat and/or soil horizons and monthly surface runoff in the thinned and non-thinned plots at a 5% significance level. For Pearson’s correlation analysis, we used water content, and surface temperature data recorded simultaneously as the WR measurement time.





3. Results


3.1. Water Repellency of Biomat and Soil Horizons


Our results show that the biomat had a 2.10, 2.58, and 0.00 cm depth in the studied plots at the ARF and the non-thinned and thinned plots at the OEF, respectively (Table 1, Figure 3). We observed that the biomat WR was higher than the soil WR in the C. obtusa at the ARF during the studied periods (Table 1 and Figure 4). The biomat WR was statistically higher than the soil WR in July and August 2021 and March 2022 (t-test, p-value < 0.05, Figure 4). In December 2021, soil WR was higher than biomat WR at the ARF (Figure 2). During the snowy season (January and February 2022), the WR of biomat and soil were similar at the ARF (Figure 4).




3.2. Water Repellency of Biomat and/or Soil Horizons in the Thinned and Non-Thinned Plots


After three years of thinning, the thinned areas lacked a biomat horizon and bare soil was exposed to the atmosphere, whereas the non-thinned plot had a 2.58 cm biomat depth (Table 1, Figure 3). The results of ET show a high temporal variability during rainy periods, whereas the lowest amount of ET was observed at the end of 2021 and early 2022 (snowy seasons) (Figure 5b). Our results show that the soil WR of the thinned plot was lower than the biomat WR of the non-thinned plot during the studied period in 2021 at the OEF (Figure 5c). In early 2022, the OEF site was covered with snow from January to early March, and the WR of thinned and non-thinned plots were similar (Figure 5a,c). In May 2022, the biomat WR of the non-thinned plot increased and was higher than the soil WR of the thinned plot (Figure 5c). The biomat water content of the non-thinned plot was similar to the soil water content of the thinned plot during the studied period in 2021 (Figure 5d). In contrast, the soil water content of the thinned plot dropped in 2022 and was lower than the biomat water content of the non-thinned plot (Figure 5d). The surface temperature of the biomat in the non-thinned plot was similar to the soil surface temperature of the thinned plot during the studied periods (Figure 5e). Most surface runoffs occurred in 2021 in either the thinned or non-thinned plots (Figure 5f). We also noticed that the surface runoff of the thinned plot was lower than the non-thinned plot (Figure 5f).




3.3. The Relationship between Water Repellency with Water Content and the Surface Temperature of Biomat and/or Soil Horizons and Potential Impact on Surface Runoff


There was a weak relationship between the WR and water content and surface temperature of the biomat in the non-thinned plot (Figure 6a,b). The thinned plot also had very similar results, with a weak relationship between the WR and water content and the surface temperature of the soil layer (Figure 6a,b). However, we noticed that the relationship between WR and surface runoff was stronger in the non-thinned plot than in the thinned plot (Figure 6c).





4. Discussion


We examined the WR of biomat and soil horizons in the thinned and non-thinned C. obtusa plantations. Our findings show that WR differed between a 40% thinned C. obtusa plot with a nearby non-thinned plot. Farahnak et al. [16] also mentioned the reduction of soil WR after one year of clear-cutting in a C. obtusa plantation in Kyushu, the southern part of Japan. However, we show that the lower WR of the thinned C. obtusa plot was related to the lack of a biomat horizon rather than soil WR. The higher biomat WR than soil WR in the ARF site supports our results that the differences in WR in the thinned and non-thinned plots in the OEF were related to the existence or absence of a biomat horizon. On the contrary, Kajiura and Tange [53] show that the presence of an organic horizon reduced the WR of mineral soil under a secondary forest (dominant tree species: Castanopsis sieboldii). The different types of tree species and the existence of biomat in the C. obtusa plantation could be the reason for these differences between our study and Kajiura and Tange [53].



In addition, Farahnak et al. [42] mentioned that the dry biomass and length of very fine roots with a diameter less than 0.5 mm—which is the main part of the biomat horizon—significantly reduced after tree cutting in a stump scale study in a C. obtusa plantation in Kyushu, the southern part of Japan. In this study, we also found that the thinned plot of C. obtusa lacked a biomat horizon compared with the non-thinned plot. Therefore, we assumed that the biomat horizon decomposed after three years of thinning.



We also noticed that water content had no relationship with the WR of biomat and/or soil in either thinned or non-thinned C. obtusa plots. In contrast, previous studies show a negative relationship between soil water content and WR [38,40]. One reason for this discrepancy with the previous studies could be related to the dryness of the biomat and/or soil surface because of exposure to the atmosphere (i.e., evaporation). In contrast, the bulk of biomat and or soil still had moisture. Therefore, the dryness of the biomat and soil surface could explain a lack of relationship between WR and water content in our study.



The similarity of the WR of thinned and non-thinned plots at the OEF during the snowy seasons could be related to the isolation impact of snow cover (i.e., low evaporation from biomat and soil surface) [54]. Furthermore, our results show that soil water content dropped in 2022 in the thinned plot. Therefore, the reduced soil water content in the thinned plot could be related to lower water retention of mineral soil compared with the biomat horizon [55] and lower precipitation in 2022 at 649.9 mm, compared with 1441 mm in 2021. In addition, higher WR of the biomat surface could reduce evaporation from the biomat layer [56].



Surface runoff in the non-thinned plot was higher than the thinned plot when the WR of the biomat was higher than the soil WR of the thinned plot. Our findings show that a higher WR of the biomat could potentially increase surface runoff only during hot seasons when ET was high. These findings support a higher WR of biomat than soil layers. Sidle et al. [21] also suggested that the WR of the biomat layer could potentially increase a higher biomat flow in a C. obtusa plantation with a poor ground cover than the biomat flow of a deciduous forest. Furthermore, Farahnak et al. [16] suggested that a higher soil WR on the downslope of C. obtusa trees could impact the generation of soil surface runoff. In this study, we also realized that the reduction of soil WR could be related to a lack of a biomat horizon in the thinned plot, which eventually reduced the soil surface runoff. We also noticed that during the snowy season with a low ET, both WR and surface runoff were low regardless of the thinned or non-thinned plots of C. obtusa plantations.



Our findings show the biomat horizon’s importance in differentiating WR between thinned and non-thinned C. obtusa plantations. The lack of relationship between WR and water content could be related to the differences between surface water content and the bulk water content of biomat and soil horizons.




5. Conclusions


This study investigated the differences in the WR of biomat and/or soil horizons in the thinned and non-thinned C. obtusa plantations in central Japan. We also measured water content and surface temperature of biomat and soil layers as two factors impacting WR. The potential impact of WR on surface runoff was also investigated. We noticed that the thinned plot of a C. obtusa plantation had a lack of biomat horizon, whereas the non-thinned plot had ca. 3 cm depth of biomat. Our results show that the soil WR of the thinned plot was lower than the biomat WR of the non-thinned plot. We also observed that surface runoff in the non-thinned plot was higher when a severe biomat WR occurred. Our findings show that the biomat horizon had an essential role in the differing WR between thinned and non-thinned C. obtusa plantations. Therefore, the lack of a biomat horizon could potentially impact surface runoff generation in the thinned C. obtusa plantations. Further studies need to clarify the changes in fine roots and biomat horizon after thinning to better understand the surface runoff generation mechanism.
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Figure 1. The location of the studied sites in Japan (a), the Akazu Research Forest (ARF), Obora Experimental Forests (OEF), the Ecohydrology Research Institute (ERI) headquarters (b), and the studied plots and subplots (c). 
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Figure 2. Schematic of molarity of ethanol droplet (MED) test on the biomat and soil surfaces in the Akazu Research Forest (ARF) and thinned and non-thinned plots of the Obora Experimental Forest (OEF). 
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Figure 3. Biomat horizon in the Akazu Research Forest (ARF) plot; the thinned and non-thinned plots of the Obora Experimental Forest (OEF). 
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Figure 4. Daily precipitation (a) and water repellency of the Chamaecyparis obtusa ((Siebold & Zucc.) Endl. plantation in biomat and soil horizons (b) at the Akazu Research Forest (ARF). Error bars denote the standard deviation. Asterisks (*) denote the differences in water repellency (WR) between biomat and soil horizons (t-test; p-value < 0.05). Water repellency severity classification is according to Doerr et al. [52]. 
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Figure 5. Daily precipitation (a) and evapotranspiration (ET) (b), water repellency (ethanol%) (c), water content (d) and surface temperature (e) of biomat and soil layers, and daily surface runoff (f) in the thinned and non-thinned Chamaecyparis obtusa plantations at the Obora Experimental Forest (OEF). The studied plots were covered with snow from January to early March 2022. Error bars denote the standard error. Asterisks (*) denote the differences in water repellency (WR) between thinned and non-thinned plots (t-test; p < 0.05). Water repellency (WR) severity classification is according to Doerr et al. [52]. 
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Figure 6. Pearson correlation coefficient (r) between water repellency (WR) and water content (a) and surface temperature (b) of biomat and soil horizons and monthly surface runoff (c) in the thinned and non-thinned Chamaecyparis obtusa plantations at the Obora Experimental Forest (OEF) site. The data of WR, water content, and surface temperature of biomat and soil horizons were from the same time. 
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Table 1. General statistics of Chamaecyparis obtusa ((Siebold & Zucc.) Endl. plantations plots at Akazu Research Forest (ARF) and Obora Experimental Forest (OEF) sites.
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ARF

	
OEF




	

	
Non-Thinned

	
Thinned

	
Non-Thinned






	
DBH (cm)

	
12.9 ± 2.9

	
21.1 ± 1.5

	
21.7 ± 2.2




	
Stand density (tree/ha)

	
3500

	
947

	
900




	
Biomat depth (cm)

	
2.10 (0.50–4.00)

	
0.00

	
2.58 (2.00–3.00)




	
WR (ethanol %)

	
Biomat

	
12.55 ± 10.67

	
-

	
6.99 ± 10.52




	
Soil

	
5.54 ± 10.80

	
3.07 ± 7.81

	
-




	
Biomat/soil WC (m3/m3)

	
-

	
0.18 (0.06–0.39)

	
0.21 (0.08–0.39)




	
Biomat/soil surface T (°C)

	
-

	
11.07 (−2.75–29.70)

	
11.31 (−2.83–31.00)




	
Surface runoff (mm)

	
-

	
4.66

	
52.81




	
Rainfall (mm)

	
1728.5

	
2090.90




	
ET (mm/day)

	
-

	
1.89








The data show the average and standard deviation during the study periods. The numbers inside the parentheses show the range of data. Diameter at breast height (DBH), water repellency (WR), volumetric water content (WC), surface temperature (T), and evapotranspiration (ET). WC and T were measured in and on the soil in the thinned plot and biomat in the non-thinned plot. Surface runoff and rainfall are the total amounts during the studied period. ET is the average daily during the studied period.
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