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Introduction: Soil enzymes play a critical role in organic matter decomposition and nutrient cycling in forest ecosystems. However, the effects of forest gaps on soil enzyme activities remain uncertain.

Methods: This study aims to investigate the short-term effects of forest gap size on soil enzyme activities in Platycladus orientalis plantations. We conducted a study in a 50-year Platycladus orientalis plantation in Xuzhou, sampling soils from three levels of forest gap size (4 m radius, S; 8 m radius, M and 12 m radius, L) at different positions (within gap, edge, and outside the gap) and control plots (CK, no gaps) 2a after the creation of gaps. Soil peroxidase, dehydrogenase, urease, and invertase activities were measured.

Results: Specifically, we found that M and S gaps had significantly (p < 0.05) higher soil peroxidase activity at the outside position in April and October, respectively, than CK. Additionally, L gaps had significantly (p < 0.05) higher soil dehydrogenase activity at the outside position in April than CK. Furthermore, L and S gaps had significantly (p < 0.05) higher soil urease activity at the outside position in October and July, respectively, than CK. Lastly, L and S gaps had significantly (p < 0.05) higher soil urease activity at the outside position in July than CK.

Conclusion: Our findings highlight the significant impact of canopy gaps on soil enzyme activities, which has important implications for forest management and conservation.
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Introduction

Forest gaps have received considerable attention in recent decades as a type of disturbance and are widely recognized as a significant factor in forest dynamics (Martinez-Ramos et al., 1989; Clark, 1990). Gaps commonly arise as part of forest management activities and are thought to play a crucial role in nutrient cycling and forest regeneration (Gray et al., 2012; Yang et al., 2017; Wang et al., 2019). Due to increased irradiance, gaps are brighter and warmer, but their surface soils contain more water due to the reduction in plant transpiration (Denslow, 1987). Furthermore, gaps have a significant impact on soil microbial biomass and activity by altering microclimatic conditions and reducing litter inputs, which can lead to changes in soil biochemical properties (Denslow, 1987).

The effects of gap size on soil microbial properties remains uncertain. Although several studies conducted in conifer stands have found no significant differences in mean air temperature during the growing season between gaps of varying sizes (Gray et al., 2002; Muscolo et al., 2007a,b), many others have demonstrated that soil temperature increases with increasing gap size (Gray et al., 2002; Gugliotta et al., 2006; Muscolo et al., 2007a,b). Gap opening has a particularly significant impact on soil moisture content, which is higher inside gaps than under the surrounding closed canopy, as observed in a wide range of forest types (Ostertag, 1998; Zhu et al., 2003; Albanesi et al., 2008; Sariyildiz, 2008).

Soil enzyme activity, as the main catalyst of many biochemical reactions in soil, is influenced by a series of physico-chemical and biological factors. Muscolo et al. (2007a) demonstrated that small gaps in pine forests, which had greater microbial biomass and larger populations of bacteria and fungi, contributed to a more rapid and balanced turnover of organic matter and nutrients, suggesting that creating small gaps is a silvicultural practice with minimal environmental impact. This study also suggested that small gaps enhance soil enzyme activity and concluded that creating small gaps was an appropriate method of forest management. Yang et al. (2017) found that approximately one year after creating gaps in the forest, small gaps promoted microbial communities and enzyme activity compared with closed canopies. They also observed that soil β-glucosidase activity and ι-leucine aminopeptidase activity were lowest in sites with large gaps and highest in those with small gaps in a Chinese pine forest. It is essential to gain a better understanding of how gap size affects soil microbial biomass and enzyme activities to develop effective forest management and conservation strategies accordingly.

Platycladus orientalis is one of the primary afforestation species in Jiangsu Province, and the creation of artificial gaps in Platycladus orientalis forests is a commonly employed silvicultural practice to reduce forest density. However, the relationship between gap size and soil enzyme activity in this species requires further investigation.

In this study, we investigated the effects of small gaps (4 m radius, S), medium gaps (8 m radius, M), and large gaps (12 m radius, L) on enzyme activity 1a after gap creation, in Platycladus orientalis plantation located in Xuzhou, eastern China. Along with characterizing soil physico-chemical and biological factors, such as soil soluble organic carbon (SOC), total carbon (TC) and total nitrogen (TN), microbial biomass carbon and nitrogen (MBC and MBN), we tested two hypotheses: (1) temperature-sensitive enzyme activity in forest gaps changes with gap size due to the variation in soil temperature, and (2) the establishment of forest gaps alters the surrounding microclimate conditions, and the impact of forest gaps on soil enzyme activity also increases with gap size. We anticipate that this study will provide valuable insights into the relationship between soil enzyme activity and forest gap size, as well as forest management practices.



Materials and methods


Study region

This study was conducted on Jiuli Hill (34°18’N, 117°14′E), located in Xuzhou City, with elevations ranging from 125 to 150 m a.s.l (Figure 1A). This region is situated in a warm-temperate zone and has a monsoon climate with a mean annual temperature of 14.0°C and a mean annual precipitation of 872 mm (2002–2013 annual average). The plant community is dominated by Oriental arborvitae (Platycladus orientalis) plantations at a density of 1,317 stems ha-1, along with a few coniferous-broad-leaved mixed forests. The shrub layer under the forest canopy is primarily composed of a large number of Broussonetia papyrifera (L.) L’Hér. ex Vent.
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FIGURE 1
 (A) Study site (B) Experimental design. The small circles represent sampling points.




Experimental design and soil sampling

In January 2012, circular forest gaps of three sizes were randomly established on the southwest slope of Jiuli Hill. The size of the forest gaps was proportionate to the average crown canopy height: 0.5, 1.0, and 1.5. The gap diameters were 8 m, 16 m, and 24 m. After the trees were cut to create the gaps, plant debris was removed from the gap area, but stumps were not extracted. Three replicates were established for each gap size, as well as for control plots (CK) situated in a nearby closed forest that was at least 100 m from any canopy gap. Within each gap, 13 sampling points were arranged at the center and at 0.5, 1.0, and 1.5 times the gap radius in each of the four cardinal directions. Thus, in each direction, a point was located within the gap (I), at the gap edge (E), and outside the gap (O) in the undisturbed forest (Figure 1B).

Soil samples were collected from the nine treatment and three control plots by removing the undecomposed litter layer collecting mineral soil from a depth of 0 to 10 cm at each sampling point. Soils collected at the 4 sampling points (I, E, O, and CK) were combined to form a uniform mixture for each sample location. Soil samples were sieved (2 mm), labeled, and promptly brought back to the laboratory for analysis. The soils were sampled in October 2013, January 2014, April 2014, and July 2014.



Laboratory analysis


Soil physico-chemical property determination

Soil temperature was measured in the field using a button-type temperature sensor (DS1921-F5#, Maxim, USA) with a recording interval of 30 min. Soil moisture content was calculated by measuring weight loss after oven drying approximately 10 g of fresh soil for 24 h at 105°C. Soil total carbon (TC) and total nitrogen (TN) were measured using an elemental analyzer (Vario EL III, Elementar, Germany). Soil pH was determined using potentiometry with a water/soil ratio of 1: 2.5.



Determination of soil soluble organic carbon, microbial biomass carbon, and nitrogen content

The soil soluble organic carbon (SOC) content was quantified using a carbon analyzer (Shimadzu TOC-VCPN, Japan). Microbial biomass carbon and nitrogen (MBC and MBN) content of the soil were determined using the chloroform fumigation method (Brookes et al., 1985; Vance et al., 1987). Briefly, 20 g of fresh soil was fumigated for 24 h at 25°C with alcohol-free CHCl3 in a desiccator. Following removal of the CHCl3, the soil was extracted (fumigated and unfumigated) with 80 ml of 0.5 M K2SO4 for 30 min. Organic C in the solution was analyzed using a carbon analyzer (Shimadzu TOC-VCPN, Japan). The difference between fumigated and unfumigated samples was used to calculate MBC, using a conversion factor of kEC = 0.45 (Joergensen and Mueller, 1996): MBC = EC/kEC, while MBN was calculated using a conversion factor of kEN = 0.68 (Brookes et al., 1985): MBN = EN/kEN.



Soil enzyme activity

Soil enzyme activity was assessed using the colorimetric method with a spectrophotometer. Soil peroxidase activity was determined based on the procedure outlined by Markkola et al. (1990) and expressed as μg purple gallic acid g−1 soil h−1. Soil dehydrogenase activity was estimated using the method described by Casida et al. (1964) and expressed as μg TPF g−1 soil h−1. Soil urease activity was determined according to the method of Kandeler and Gerber (1988) and expressed as mg NH4-N g−1 soil d−1. Soil invertase activity was estimated based on the method provided by Frankeberger and Johanson (1983) and expressed as mg glucose g−1 soil d−1.




Statistical analysis

The differences among different gap sizes were analyzed using one-way analysis of variance (ANOVA) in SPSS 20.0 and multiple comparisons were conducted with the LSD method (p ≤ 0.05). Pearson correlation analysis was applied to explore the relationships between soil enzyme activities and related explanatory factors.




Results


Response of soil temperature and moisture to different gap sizes

Forest gap size had greater effects on soil temperature in autumn and spring. As shown in Figure 2, the daily average temperature at a depth of 10 cm exhibited a peak in July (26.0°C) and a nadir in December (4.0°C) across all gap sizes. In October, the trend of daily average soil temperature was CK>S>L>M, whereas in January, L>CK>S>M. In April, the trend was M>L>S>CK, and in July, L>M>CK>S.
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FIGURE 2
 Monthly mean soil temperature in different sizes of gaps in Platycladus orientalis plantation.


As illustrated in Figure 3, soil moisture was highest in April and July (25%), lowest in October (10%), and 15% in April. In comparison with CK, there was no significant difference in soil moisture in October, while significant increases in soil moisture were observed under M gaps in January and April as well as S gaps in July. On the other hand, a reduction in soil moisture under L gaps were observed in July.

[image: Figure 3]

FIGURE 3
 Soil moisture in different sizes of gaps in Platycladus orientalis plantation, the “*“signs represent significant differences.




Response of soil physico-chemical properties to different gap sizes

Compared to CK, this study found differences in SOC, TC, TN, and TC/TN among different gap sizes (Table 1). Additionally, MBC was found to increase at I and E location of M gaps in April compared to CK. Meanwhile, the S gaps resulted in a significant reduction in soil MBN (p < 0.05) in April at both I and O location, while the L gaps significantly increased the soil MBN in July (p < 0.05) at O location.



TABLE 1 Summary of soil chemical properties, MBC and MBN of samples from large-gap, medium-gap, small-gap, and control plots.
[image: Table1]



Response of four soil enzyme activities to different locations of gaps

Compared to CK, the soil peroxidase activity was significantly (p < 0.05) increased by M gaps (6.42 μg purple gallic acid g−1 soil h−1) at E location in July and significantly increased in April at O location (3.42 μg purple gallic acid g−1 soil h−1) (Figure 4). The gaps also significantly increased the soil peroxidase activity (p < 0.05) in October at O location (6.29 μg purple gallic acid g−1 soil h−1) while those significantly increased the soil peroxidase activity (p < 0.05) in April at E location (3.80 μg purple gallic acid g−1 soil h−1).

[image: Figure 4]

FIGURE 4
 Soil peroxidase activity of different position in different sizes of gaps, the “*“signs represent significant differences.


Compared to CK, the L gaps significantly increased the soil dehydrogenase activity (p < 0.05) in January at E location (2,988.25 μg TPF g−1 soil h−1) (Figure 5). Additionally, the L gaps significantly increased the soil dehydrogenase activity (p < 0.05) in April at I (2,437.51 μg TPF g−1 soil h−1), E (2,658.04 μg TPF g−1 soil h−1) and O (2,190.87 μg TPF g−1 soil h−1) locations. The M gaps also increased the soil dehydrogenase activity (p < 0.05) in April at I (2,133.61 μg TPF g−1 soil h−1) and E (2,342.00 μg TPF g−1 soil h−1) locations. Meanwhile, the S gaps significantly increased the soil dehydrogenase activity (p < 0.05) in October at I location (2,391.81 μg TPF g−1 soil h−1).

[image: Figure 5]

FIGURE 5
 Soil dehydrogenase activity of different position in different sizes of gaps, the “*“signs represent significant differences.


Compared to CK, L gaps significantly increased the soil urease activity (p < 0.05) at I (946.8 mg NH4-N g−1 soil d−1) and O location (921.3 mg NH4-N g−1 soil d−1) in October, while significantly increased the soil urease activity (p < 0.05) in April (1,893.8 mg NH4-N g−1 soil d−1) and July (1,110.2 mg NH4-N g−1 soil d−1) at E location; (Figure 6). M gaps increased the soil urease activity (p < 0.05) in July at I (1,036.7 mg NH4-N g−1 soil d−1) and E location (1,068.3 mg NH4-N g−1 soil d−1). S gaps significantly increased the soil urease activity (p < 0.05) in July at both I (1,060.0 mg NH4-N g−1 soil d−1) and O location (916.7 mg NH4-N g−1 soil d−1).

[image: Figure 6]

FIGURE 6
 Soil urease activity of different position in different sizes of gaps, the “*“signs represent significant differences.


Compared to CK, L gaps significantly increased the soil invertase activity (p < 0.05) in January (2.93 mg glucose g−1 soil d−1) and July (4.12 mg glucose g−1 soil d−1) at E location and O locations, respectively (Figure 7). Similarly, M gaps significantly increased the soil invertase activity (p < 0.05) in April at I location (2.67 mg glucose g−1 soil d−1), while S gaps significantly increased the soil invertase activity (p < 0.05) in July at both I location (4.58 mg glucose g−1 soil d−1) and O location (3.68 mg glucose g−1 soil d−1).

[image: Figure 7]

FIGURE 7
 Soil invertase activity of different position in different sizes of gaps, the “*“signs represent significant differences.




Correlation analysis of 4 soil enzyme activities, and soil physico-chemical properties and microbial biomass

Table 2 indicated that there is a significantly and positive correlation between soil peroxidase activity and soil TC (p < 0.05), while a significant negative correlation existed between soil peroxidase activity and soil temperature, soil moisture, TN, C/N, and MBN (p < 0.01). Soil dehydrogenase activity showed an extremely significant positive correlation with soil TC and MBC (p < 0.01), and a significant positive correlation with SOC (p < 0.05). Moreover, soil dehydrogenase activity was significantly and negatively correlated with soil temperature and soil moisture (p < 0.01) and negatively correlated with soil TN (p < 0.05). Soil urease activity exhibited an extremely significant positive correlation with soil TC, SOC, MBC, and MBN (p < 0.01) as well as an extremely significant negative correlation with soil temperature, soil TN and C/N ratio (p < 0.01). Soil invertase activity displayed an extremely significant positive correlation with soil temperature, soil moisture, soil TN and soil MBN (p < 0.01) and a significantly negative correlation with soil MBC (p < 0.05).



TABLE 2 Correlations between soil chemical properties, MBC, MBN, and enzymatic activity.
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Discussion

Luo (2012) investigated the soil enzyme activity of Chinese fir plantation and found a significant correlation between peroxidase activity and soil pH value. However, in the present study, no significant correlation was found between peroxidase activity and pH value. One possible reason for this discrepancy is that the time since gap creation was relatively short, and soil pH, being a fundamental soil property, may not have been significantly influenced by the gaps in the short term. Therefore, soil pH may not be a driving factor for changes in peroxidase activity. The results of this study showed a negative correlation between soil peroxidase activity and soil temperature, possibly due to the higher solar radiation and temperature received by large forest gaps. As a temperature-sensitive enzyme, peroxidase activity was significantly increased in I and O positions of M and S gaps, indicating a promoting effect of the forest understory environment influenced by M and S gaps on peroxidase activity. These findings are consistent with previous studies by Yang et al. (2017) and Muscolo et al. (2007a) and contradict the hypothesis 1 of this study, which suggested that larger forest gaps would have a positive effect on peroxidase activity due to their higher temperature. Instead, it appears that M and S gaps have a positive effect on peroxidase activity in the surrounding soil. Sinsabaugh (2010) found that peroxidase activity is positively correlated with litter quantity. Accordingly, the smaller forest gaps had higher peroxidase activity due to their greater litter quantity compared to the larger ones.

Due to the intracellular nature of dehydrogenase, which does not accumulate extracellularly in soil (Filipović et al., 2020), and the ability of enzymatic activity to rapidly respond to even small changes in environmental conditions (Dussault et al., 2008), dehydrogenase is commonly used as an indicator of soil microbial activity (Makoi and Ndakidemi, 2008). The results of this study showed that soil dehydrogenase activity was significantly higher in all gap sizes compared to CK, and was positively correlated with MBC (p < 0.01), and positively correlated with SOC (p < 0.05), consistent with Lungmuana et al. (2017) who found a strong positive relationship between MBC and enzyme activities in the surface soil layers. Thus, it can be said that the establishment of forest gaps has led to better soil chemical conditions and higher biological activity compared to the forest under canopy, which also supported by the study of Avazpoor et al. (2019). Soil enzymes play a key role in nutrient cycling and SOM mineralization (Gianfreda, 2015).

The findings of this study indicated that soil urease activity was positively correlated with SOC, MBC and MBN (p < 0.01), because many bacteria, fungi, archaea and plants present in the soil produce urease (Fisher et al., 2017). Consistent with the results of this study, Wang et al. (2005) also demonstrated that the transformation of nitrogen in soil was related to urease activity. Furthermore, this study revealed significantly higher urease activity in all types of gaps in July, with larger forest gaps exhibiting higher urease activity due to the humus-urease complexes extracted from soil being highly resistant to extreme temperatures (Makoi and Ndakidemi, 2008). These findings are in line with hypothesis 1, which proposed that enzyme activity in forest gaps changes with gap size due to soil temperature variations.

The study by Yu et al. (2017) showed that invertase activity in soil can hydrolyze sucrose into glucose and fructose as available energy sources for plants and soil microorganisms. Our study found that soil invertase activity was positively correlated with soil temperature, soil moisture, and MBN (p < 0.01), which could be attributed to the increased metabolism of soil microorganisms and the stimulation of microbial activity. In April and July, all three sizes of forest gaps had increased soil invertase activity, indicating that the establishment of forest gaps increased solar radiation and soil temperature. In particular, the soil invertase activity was significantly higher in larger forest gaps and their surroundings, consistent with hypothesis 2 that the impact of forest gaps on soil enzyme activity increases with gap size. The increase in soil invertase activity can increase the microbial population and provide energy and a favorable environment for soil enzymes, which is consistent with the results of the study by Wu et al. (2020).



Conclusion

In this study, forest gap size had different effects on different enzymes. The M and S gaps increased the activity of peroxidase, which is contrary to hypothesis 1 mentioned earlier. The L gaps and its surrounding area showed the most significant increase in dehydrogenase activity, consistent with hypothesis 2. Urease activity increased with gap size, consistent with hypothesis 1. The impact of forest gaps on invertase activity expanded with increasing gap size, consistent with hypothesis 2.

This study explored the impact of forest gap size on soil enzyme activities. and investigates their correlation with physico-chemical properties. The creation of gaps as a silvicultural approach has significant potential to promote ecologically sustainable forest development. Nonetheless, the existing body of research on the interplay between above-and below-ground nutrient cycling in forest gaps remains insufficient, which hinders our comprehensive understanding of gap dynamics and their impact on forest ecosystems. Further research in this area is essential to fill this knowledge gap and improve our understanding of forest ecology.
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