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Cultivation of legume plants is well known to improve soil N level and net primary productivity; besides, it may deliver other ecosystem benefits such as increasing soil carbon sequestration and soil food web complexity. However, little is known about whether legumes can improve the resistance of soils to ecosystem disturbances. In the present study, we compared the resistance of soils to an ecosystem disturbance (understory removal) in the presence or absence of a legume species (Cassia alata) in mixed tree species plantations in southern China. Soil physico-chemical and biotic properties were employed to quantify the resistance of soils to understory removal. Our results showed that the resistance indices of soil water content, omnivorous-predacious nematode abundance and nematode channel index to understory removal were greater in the presence of legumes than those without legumes in wet season. The resistance indices of fungal to bacterial ratio, fungivorous nematode abundance and total arthropod abundance were greater in the presence of legume than those without legume species in dry season. Our results indicate that legumes may enhance the resistances of soil physico-chemical and biological properties to the ecosystem disturbance. Our findings could provide a better understanding of the myriad ways in which legumes can positively affect ecosystem functioning.
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INTRODUCTION

Forests, including planted forests, provide important ecological services (FAO, 2015), such as soil and water conservation (Keesstra, 2007), soil organic carbon sequestration (Bruun et al., 2015), biodiversity maintenance (Steneck et al., 2002), and functioning biogeochemical cycles (Lucas-Borja et al., 2016). The area of planted forests on Earth as of 2015 is estimated to be 291 million hectares, which accounts for 7.3% of the global forest area (FAO, 2015). This area has been steadily increased since 1990 at the global level and is expected to increase to 300 million hectares by 2020 (FAO, 2010). China has the greatest area of planted forests in the world. Many of the planted forests are under anthropogenic managements to provide wood, fiber, fuel, and non-wood forest product (Wolfslehner and Vacik, 2008). Sustainable management of forests has been widely recognized. Sustainable forest management involves maintaining forest biodiversity, productivity, regeneration capacity, and vitality, which potentially fulfill relevant ecological, economic, and social demands (see Ministerial Council for the Protection of Forests in Europe, 1993). There are plenty of sustainable forest management practices, operations, or strategies that are potentially available to policy makers and farmers. However, no single practice is suitable for all forests (Rice et al., 1997). In addition, inefficient resources exploitation results in severe forest degradation (KissinGer and Herold, 2012; Noriko et al., 2012). Therefore, the suitability of management practices for particular forest ecosystems needs to be evaluated.

Soil fertility degradation is one of the most serious problems that are induced by forest rotation, specifically, relating to nutrient removal through harvests (Van Miegroet et al., 1994; Heilman and Norby, 1998). To a certain extent, fertilization meets the demands of trees for nutrients and maintains the wood production in rotation forests (Binkley and Reid, 1984; Haywood and Tiarks, 1990); but fertilization (especially applied in long term) may induce environmental issues and cause damage to ecosystems, such as groundwater pollution, greenhouse gas emission, soil physico-chemical property change, and soil food webs implification (Barak et al., 1997; Ingerslev, 1997; Heilman and Norby, 1998; Treseder, 2008; Zhao et al., 2014c, 2015a). Concerning these issues, introducing legumes into forest plots is considered as a sustainable forest management practice. Due to the nitrogen (N) fixing ability, many legumes are cultivated to improve soil fertility and are commonly used to increase net primary productivity (NPP) including grain, timber, and forage yield in anthropogenically managed ecosystems (Peoples et al., 1995; Drinkwater et al., 1998; Spehn et al., 2002; Wang et al., 2010). Legume presence has been also reported to increase the soil carbon sequestration (Drinkwater et al., 1998; Fornara and Tilman, 2008; De Deyn et al., 2011; Wu et al., 2016). In addition, the nitrogen-rich litter of the legumes is more readily decomposed by soil microorganisms and this effect can reach high trophic levels through bottom-up control (Gastine et al., 2003; Viketoft et al., 2005, 2009; Zhao et al., 2015b). Specifically, legume could increase the complexity of the soil food webs (Zhao et al., 2014b). However, whether the increased complexity of soil food webs could result in promoting resistance of soil to ecosystem disturbances is poorly known.

Traditionally, understory vegetation is considered to compete for nutrients, water, and light with canopy species (and their seedlings) in forest ecosystems (Raich, 1985; Nambiar and Sands, 1993; Matsushima and Chang, 2007). Therefore, understory vegetation is commonly removed in many forest regions of the world. However, recent studies have revealed that understory vegetation is an important component in many forest ecosystems worldwide and plays significant roles in driving aboveground and belowground ecosystem processes and functions (Nilsson and Wardle, 2005; Zhao et al., 2012; Wan et al., 2014), such as maintaining NPP, aboveground and belowground biodiversity, microclimates and ecosystem nutrient cycling. Understory removal has been reported to be a severe ecosystem disturbance (Zhao et al., 2012) and may not be a sustainable forest management practices (Nilsson and Wardle, 2005; Wu et al., 2011; Wan et al., 2014). However, the understory vegetation is still mowed by the local farmers and forest managers (once- or twice-yearly corresponding to fertilizer application operation and/or logging operation), especially in intensively managed plantations to prevent fire and facilitate forestry operations in southern China and other forest regions of the world (Nilsson and Wardle, 2005; Camprodon and Brotons, 2006; Zhao et al., 2013). In the present study, we explored whether the presence of a legume species could affect the resistance of soil to ecosystem disturbance (i.e., understory removal) in plantations of mixed native tree species in southern China. We hypothesized that legume plants could increase the resistance of soils to understory removal in the forest ecosystems.

MATERIALS AND METHODS

Site Description and Experimental Design

This study was carried out at the Heshan Hilly Land Interdisciplinary Experimental Station (112°50′E, 22°34′N), Chinese Academy of Sciences (CAS), Guangdong Province, China, at an altitude of c. 80 m a.s.l. The climate is subtropical monsoon with a distinct wet (from April to September) and dry season (from October to March). The mean annual precipitation and temperature are 1,290 mm and 21.7°C, respectively. The soil is an acrisol (FAO, 2006).

Our experiment was conducted in six mixed plantations of the same age and the similar tree species composition (details see in Zhao et al., 2011, 2013). The most common tree species were Liquidambar formosana, Manglietia glauca, Machilus chinensis, Cinnamomum burmannii, and Michelia macclurel. The understory vegetation was dominated by Dicranopteris dichotoma and sub-dominated by Miscanthus sinensis; other common understory species included Rhodomyrtus tomentosa, Melastoma candidum, Baeckea frutescens, and Clerodendron fortunatum. Legume species was not recorded in the experimental plots. In March 2007, four plots were established in each of the six plantations (i.e., six replicates). The plots were 10-m × 10-m and each surrounded by a 1-m buffer zone. The treatments include: (i) understory removal; (ii) legume addition; (iii) understory removal + legume addition; and (iv) control (no legume addition and no understory removal). These treatments were assigned randomly to the four plots. The original objective of this experiment was to evaluate the soundness and sustainability of the two forest management practices (i.e., understory removal and legume addition) through monitoring their effects on soil nutrient conditions, soil respiration, and soil biota composition. Empirical evidence showed that understory removal was mainly adverse to soil ecological processes and functions but legume addition tended to be beneficial (Wang et al., 2011; Zhao et al., 2012, 2014b; Wan et al., 2014). Based on these findings, this experiment also provided an opportunity to explore ecosystem resistance to a disturbance (i.e., understory removal). Particularly, the assembly of our four treatments was used to evaluate the effects of understory removal (disturbance) under the absence and presence of legumes, respectively. Cassia alata, a shrub-legume species, was selected and added to the understory layer of mixed plantations. The reasons for chosen of C. alata are that it can provide large amount of litter with high nitrogen level (Zhang et al., 2009) and is a common and manageable species with high survival rate in the studied area (Ross, 2003; Li et al., 2010; Wang et al., 2011). The saplings of C. alata were planted in legume addition plots with a spacing of 1-m × 1-m in March 2007. The shoots of all understory plants in the understory removal plots were removed manually with a machete knife every month. The vegetation cover in control plots was left undisturbed. In addition, there was no other external anthropogenic input to the present ecosystems. Soil sampling was conducted 17 months later to reduce the disturbance effect during implementation processes of legume addition and understory removal.

Soil Sampling and Analysis

Soil was sampled in August 2008 (wet season) and January 2009 (dry season), respectively. Soil cores were taken at 0–5 cm depth from six randomly selected locations with a steel cylinder (5 cm in diameter) in each plot under each plantation. Six cores from each plot were combined to form one composite sample. The litter above each sampling point was removed gently before the soil core was collected.

Soil pH was determined in 1:2.5 (w/v) soil solutions, and soil water content (SWC %, g of water per 100 g dry soil) was measured by oven-drying for 48 h at 105°C. Soil total nitrogen (g kg-1 dry soil) was measured with an ultraviolet spectrophotometer after Kjeldahl digestion, and soil organic carbon (g kg-1 dry soil) was determined by dichromate oxidation (Liu, 1996).

Phospholipid fatty acids (PLFA) were analyzed using the method described by Bossio and Scow (1998). Concentrations of each PLFA were calculated based on 19:0 internal standard concentrations. The PLFAs used as fungal biomarkers were 18:2ω6,9; the PLFAs used as bacterial biomarkers were i15:0, a15:0, 15:0, i16:0, 16:1ω7, i17:0, a17:0, 17:0, cy17:0, and cy19:0 (Frostegård and Bååth, 1996; Zelles, 1999; Ruess and Chamberlain, 2010; Zhao et al., 2012). The data of fungal and bacterial PLFA biomarkers were used to calculate the ratio of fungal to bacterial biomass.

Nematodes were extracted from 50 g of fresh soil using the Baermann funnel method (Barker et al., 1985). After fixation in 4% formalin solution, nematodes were counted with an inverted microscope (Eclipse Ts100, Nikon), and the first 100 individuals encountered were identified to genus using a differential interference contrast microscope (ECLIPSE 80i, Nikon). Nematodes were assigned to main trophic groups (bacterivores, fungivores, herbivores, and omnivore-predators) (Yeates et al., 1993) and colonizer-persister scales (Bongers and Bongers, 1998). The nematode data were used to calculate the Shannon–Wiener diversity index, maturity index (MI), plant-parasitic index (PPI), structure index (SI), enrichment index (EI), channel index (CI), and bacterivore index (BaI) (Bongers and Bongers, 1998; Ferris et al., 2001; Neher, 2001; Ferris and Matute, 2003; Zhao et al., 2014a).

The microarthropods were extracted from three additional soil cores (5 cm diameter and 5 cm depth) with a Tullgren funnel (Crossley and Blair, 1991). Fresh soil was placed in the Tullgren funnel, which had a 0.425-mm mesh and which was irradiated with fluorescent lamps (5 W, 15 cm above the soil) for 72 h. Microarthropods that fell through the mesh were collected and stored in vials containing 75% ethanol. Microarthropods were counted with an inverted compound microscope and all the mites and collembolans of each sample were identified to genus level when possible. The microarthropod data were used to calculate the Shannon–Wiener diversity index (Zhao et al., 2014a).

Data Analysis

A resistance index (RS) was employed to quantify the resistance of soil to understory removal (Orwin and Wardle, 2004) in the wet and dry seasons under two scenarios, i.e., no legume presence (NL) regarding to control and understory removal treatments and legume presence (L) regarding to legume addition and understory removal + legume addition treatments. The RS was calculated as follow:
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where C0 and D0 are the values of the non-understory removal disturbed soils (in the control or the legume addition plots) and the understory removal disturbed soils (in the understory removal or the understory removal + legume addition plots) at the end of the disturbance, respectively; and |D0 – C0| is the absolute difference between D0 and C0. The range of the values of RS is from -1 to +1, a higher RS value indicates greater resistance to disturbance.

Paired-samples t-tests were used to compare the differences of the resistance indices between no legume presence scenario and legume presence scenario in the wet and dry seasons. Data were natural log, square root, or rank transformed when required to improve normality and homogeneity of variance. Given the limited replication of the experiment, small sample sizes and short period of experimental time, we highlight p < 0.05 as statistically significant and 0.05 < p < 0.10 as marginally significant. The paired-samples t-test was performed using SPSS software (SPSS Inc., Chicago, IL, United States).

RESULTS

The resistance indices for the SWC (p = 0.060) (Figure 1B), the abundance of omnivorous-predacious nematodes (p = 0.080) (Figure 2E), and the nematode channel index (p = 0.062) (Figure 2K) were nearly significantly higher under legume presence than under no legume presence in the wet season; the resistance indices for these variables were not affected by legume presence or not in the dry season (p > 0.10). The resistance indices for the ratio of fungal to bacterial biomass (p = 0.087) (Figure 3B), the abundance of fungivorous nematodes (p = 0.058) (Figure 2C), and the abundance of total arthropods (p = 0.057) (Figure 4A) were nearly significantly higher under legume presence than under no legume presence in the dry season; the resistance indices for these variables were not affected by legume presence or not in the wet season (p > 0.10). The resistance indices for the other variables of the soil physico-chemical properties, soil microbial communities, soil nematode communities, and soil arthropod communities were not affected by legume presence or not (p > 0.10) (Figures 1–4).
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FIGURE 1. Resistance of soil physico-chemical properties to understory removal in plots with legumes (L) and without legumes (NL) in the wet season and dry season in plantations of mixed native tree species in southern China. (A) Soil pH; (B) soil water content; (C) soil total nitrogen; and (D) soil organic carbon. Bars indicate standard errors of means. Within each season, star denotes marginally significant difference between L and NL plots (0.05 < p < 0.10).
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FIGURE 2. Resistance of soil nematode properties to understory removal in plots with legumes (L) and without legumes (NL) in the wet season and dry season in plantations of mixed native tree species in southern China. (A) Total nematode abundance; (B) bacterivore abundance; (C) fungivore abundance; (D) herbivore abundance; (E) omnivore-predator abundance; (F) Shannon–Wiener diversity index; (G) maturity index; (H) plant-parasite index; (I) structure index; (J) enrichment index; (K) channel index; and (L) bacterivore index. Bars indicate standard errors of means. Within each season, star denotes marginally significant difference between L and NL plots (0.05 < p < 0.10).
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FIGURE 3. Resistance of soil microbial properties to understory removal in plots with legumes (L) and without legumes (NL) in the wet season and dry season in plantations of mixed native tree species in southern China. (A) Soil microbial biomass; (B) Ratio of fungal to bacterial biomass; (C) Bacterial biomass; and (D) Fungal biomass. Bars indicate standard errors of means. Within each season, star denotes marginally significant difference between L and NL plots (0.05 < p < 0.10).
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FIGURE 4. Resistance of soil microarthropod properties to understory removal in plots with legumes (L) and without legumes (NL) in the wet season and dry season in plantations of mixed native tree species in southern China. (A) Total microarthropod abundance; (B) mite abundance; (C) collembolan abundance; and (D) Shannon–Wiener diversity index. Bars indicate standard errors of means. Within each season, star denotes marginally significant difference between L and NL plots (0.05 < p < 0.10).



DISCUSSION

Legume presence significantly increased soil fertility, abundance and/or diversity of soil biota in both seasons except the fungivorous nematode abundance in the wet season (Supplementary Table S1). Understory removal was generally detrimental to soil biota (Supplementary Table S1). All these results confirm the findings of previous studies that understory removal is a severe ecosystem disturbance (Nilsson and Wardle, 2005; Wang et al., 2011; Zhao et al., 2012; Wan et al., 2014) and legume presence is a good forest management practices (Peoples et al., 1995; Drinkwater et al., 1998; Wu et al., 2016). However, ecosytem resistance to disturbance, also known as ecosystem stability, may not depend on high soil nutrient levels, biodiversity, and NPP. For instance, ecosystems with high biodiversity and NPP may not always have high ecological resistance to drought and plant invasion (Palmer and Maurer, 1997; Levine and D’Antonio, 1999; McCann, 2000; Pfisterer and Schmid, 2002). Therefore, a resistance index is highly desirable to be able to quantify stability and provide direct evidence for ecosystem resistance to disturbance (Orwin and Wardle, 2004).

Legume presence tended to increase the resistances of several soil properties to the understory removal in the mixed tree species plantations. The primary reason for the increased resistance of soils to understory removal may be the N-fixing ability of the legumes, which not only increases the soil nitrogen levels but also increases the soil food web complexities (Zhao et al., 2014b). This finding may suggest that legume presence is conducive to resisting ecosystem disturbances, which has important implications for management of forest ecosystems. In other words, adding N-fixing legume species to ecosystems that lacking of legumes is an option to increase ecosystem resistances during managing or conserving natural, semi-natural and non-natural ecosystems. Although a large amount of studies documented the beneficial effects of legumes on soil physico-chemical properties (especially the soil organic carbon and nitrogen contents)(e.g., Peoples et al., 1995; Drinkwater et al., 1998; Fornara and Tilman, 2008; De Deyn et al., 2011; Wu et al., 2016) and several studies reported that legumes increased the abundance and/or diversity of soil biota (e.g., microbes, bacterivorous nematodes, omnivorous-predacious nematodes, epigeic earthworms) (Gastine et al., 2003; Viketoft et al., 2005, 2009; Zhao et al., 2014b, 2015b), the relationships between the legumes and the resistances of the soil properties have not been documented. Only one study reported that legume presence tended to increase ecosystem resistance to plant invasion in a grassland ecosystem at the England site of the BIODEPTH project (Hector et al., 2001), which was consistent with our finding. However, another study reported that legume presences decreased the resistance of aboveground plant biomass production to the drought perturbation in constructed grassland ecosystems at the Swiss site of the BIODEPTH project (Pfisterer and Schmid, 2002), which was contrary to our finding. The likely reason was that the legume species (i.e., Lotus corniculatus and Trifolium pratense) were more sensitive to drought than most of the plant species at the Swiss site. Compared to the two BIODEPTH studies, the current study tested the resistances of soil properties rather than plant properties to ecosystem disturbances in the presence or absence of legumes and demonstrated that legume presence increased the resistances of more than one soil variable to ecosystems disturbances.

Legume presence tended to increase the resistance of soils to understory removal, which indicated that plots containing legumes suffered less changes (i.e., |D0 – C0|) in soil variables under disturbed conditions than did plots without legumes. In other words, legume presence might have reduced the sensitivities of the soils to disturbances. As noted in Zhao et al. (2014b), legume presence enhanced the complexity of soil food webs with more species and more trophic links. This was consistent with the findings of Gastine et al. (2003) and Viketoft et al. (2009, 2005), theyalso demonstrated that legumes enhanced the complexities of the soil food webs. The present study provides direct evidence that legume presence could enhance ecosystem stability. Additionally, this study supports the viewpoint that complex food webs provide functional redundancy and, consequently, may enhance the resistance of soils to disturbance (Ferris et al., 2001; Neutel et al., 2007).

In the present study, our results clearly suggest that the presence of legume plants enhances the resistance of soil to ecosystem disturbances. This finding could provide a better understanding of interactions between legume plants and ecosystem functioning. Particularly, legumes could enhance ecosystem resistance in addition to improve soil fertility. At the global level, the area of planted forest accounts for a substantial portion of total forest area. In planted forestry systems, repeated loss of nutrients from a site is common in the process of forest management (e.g., site preparation and wood harvest). Moreover, planted forestry systems are facing other ecosystem degradation problems such as biodiversity loss, pest and disease damage, fire, air pollution, and extreme climate. Therefore, our finding has at least one implication that adding nitrogen fixing legume plants to the forest ecosystems is a potential good management practice. From another point of view, investigation of the effects of legume removal on ecosystem processes and functions in future studies may be conducive to the knowledge of the myriad ecological functions of legumes species. Additionally, the effects of intensities of understory removal (e.g., application frequency) and legume addition or removal (e.g., legume density) need to be determined in future studies.

AUTHOR CONTRIBUTIONS

SF designed the experiments; JZ, DG, and XW performed the experiments; DG and JZ carried out data analysis and wrote the manuscript. SF helped in preparing the manuscript and in interpretation of the analyses during constructive discussions.

FUNDING

This study was financially supported by two NSFC projects (U1131001 and 41501268), the Open Foundation of Key Laboratory of Agro-ecological Processes in Subtropical Region, ISA, CAS (ISA2016102), and the Youth Innovation Team Project of ISA, CAS (2017QNCXTD_ZJ).

ACKNOWLEDGMENT

We are very grateful to the two reviewers for their thorough review and helpful comments on the manuscripts.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fpls.2017.01295/full#supplementary-material

REFERENCES

Barak, P., Jobe, B., Krueger, A., Peterson, L., and Laird, D. (1997). Effects of long-term soil acidification due to nitrogen fertilizer inputs in Wisconsin. Plant Soil 197, 61–69. doi: 10.1023/a:1004297607070

Barker, K., Carter, C., and Sasser, J. (1985). An Advanced Treatise on Meloidogyne: Methodology, Vol. II. Raleigh, NC: United States Agency for International Development.

Binkley, D., and Reid, P. (1984). Long-term responses of stem growth and leaf area to thinning and fertilization in a Douglas-fir plantation. Can. J. For. Res. 14, 656–660. doi: 10.1139/x84-118

Bongers, T., and Bongers, M. (1998). Functional diversity of nematodes. Appl. Soil Ecol. 10, 239–251. doi: 10.1016/S0929-1393(98)00123-1

Bossio, D. A., and Scow, K. M. (1998). Impacts of carbon and flooding on soil microbial communities: phospholipid fatty acid profiles and substrate utilization patterns. Microb. Ecol. 35, 265–278. doi: 10.1007/s002489900082

Bruun, T. B., Elberling, B., de Neergaard, A., and Magid, J. (2015). Organic carbon dynamics in different soil types after conversion of forest to agriculture. Land Degrad. Dev. 26, 272–283. doi: 10.1002/ldr.2205

Camprodon, J., and Brotons, L. (2006). Effects of undergrowth clearing on the bird communities of the Northwestern Mediterranean Coppice Holm oak forests. For. Ecol. Manage. 221, 72–82. doi: 10.1016/j.foreco.2005.10.044

Crossley, D., and Blair, J. M. (1991). A high-efficiency, “low-technology” Tullgren-type extractor for soil microarthropods. Agric. Ecosyst. Environ. 34, 187–192. doi: 10.1016/0167-8809(91)90104-6

De Deyn, G. B., Shiel, R. S., Ostle, N. J., McNamara, N. P., Oakley, S., Young, I., et al. (2011). Additional carbon sequestration benefits of grassland diversity restoration. J. Appl. Ecol. 48, 600–608. doi: 10.1111/j.1365-2664.2010.01925.x

Drinkwater, L. E., Wagoner, P., and Sarrantonio, M. (1998). Legume-based cropping systems have reduced carbon and nitrogen losses. Nature 396, 262–265. doi: 10.1038/24376

FAO (2006). World Reference Base for Soil Resources 2006. World Soil Resources Report, No. 103. Rome: FAO.

FAO (2010). Global Forest Resources Assessment 2010: Main Report. Rome: FAO, 378.

FAO (2015). Global Forest Resources Assessment 2015. Rome: FAO, 378.

Ferris, H., Bongers, T., and de Goede, R. G. M. (2001). A framework for soil food web diagnostics: extension of the nematode faunal analysis concept. Appl. Soil Ecol. 18, 13–29. doi: 10.1016/S0929-1393(01)00152-4

Ferris, H., and Matute, M. M. (2003). Structural and functional succession in the nematode fauna of a soil food web. Appl. Soil Ecol. 23, 93–110. doi: 10.1016/S0929-1393(03)00044-1

Fornara, D. A., and Tilman, D. (2008). Plant functional composition influences rates of soil carbon and nitrogen accumulation. J. Ecol. 96, 314–322. doi: 10.1111/j.1365-2745.2007.01345.x

Frostegård, A., and Bååth, E. (1996). The use of phospholipid fatty acid analysis to estimate bacterial and fungal biomass in soil. Biol. Fertil. Soils 22, 59–65. doi: 10.1007/bf00384433

Gastine, A., Scherer-Lorenzen, M., and Leadley, P. W. (2003). No consistent effects of plant diversity on root biomass, soil biota and soil abiotic conditions in temperate grassland communities. Appl. Ecol. 24, 101–111. doi: 10.1016/S0929-1393(02)00137-3

Haywood, J. D., and Tiarks, A. E. (1990). Eleventh-year results of fertilization, herbaceous, and woody plant control in a loblolly pine plantation. South. J. Appl. For. 14, 173–177.

Hector, A., Dobson, K., Minns, A., Bazeley-White, E., and Hartley Lawton, J. (2001). Community diversity and invasion resistance: an experimental test in a grassland ecosystem and a review of comparable studies. Ecol. Res. 16, 819–831. doi: 10.1046/j.1440-1703.2001.00443.x

Heilman, P., and Norby, R. J. (1998). Nutrient cycling and fertility management in temperate short rotation forest systems. Biomass Bioenergy 14, 361–370. doi: 10.1016/S0961-9534(97)10072-1

Ingerslev, M. (1997). Effects of liming and fertilization on growth, soil chemistry and soil water chemistry in a Norway spruce plantation on a nutrient-poor soil in Denmark. For. Ecol. Manage. 92, 55–66. doi: 10.1016/S0378-1127(96)03964-3

Keesstra, S. D. (2007). Impact of natural reforestation on floodplain sedimentation in the Dragonja basin, SW Slovenia. Earth Surface Process. Landforms 32, 49–65. doi: 10.1002/esp.1360

KissinGer, G., and Herold, M. (2012). Drivers of Deforestation and Forest Degradation. A Synthesis Report for REDD+ Policymakers. Vancouver, BC: Lexeme Consulting.

Levine, J. M., and D’Antonio, C. M. (1999). Elton revisited: a review of evidence linking diversity and invasibility. Oikos 87, 15–26. doi: 10.2307/3546992

Li, H., Fu, S., Zhao, H., and Xia, H. (2010). Effects of understory removal and N-fixing species seeding on soil N2O fluxes in four forest plantations in southern China. Soil Sci. Plant Nutr. 56, 541–551. doi: 10.1111/j.1747-0765.2010.00498.x

Liu, G. (1996). Analysis of Soil Physical and Chemical Properties and Description of Soil Profiles. Beijing: China Standard.

Lucas-Borja, M. E., Hedo, J., Cerdá, A., Candel-Pérez, D., and Viñegla, B. (2016). Unravelling the importance of forest age stand and forest structure driving microbiological soil properties, enzymatic activities and soil nutrients content in Mediterranean Spanish black pine(Pinus nigra Ar. ssp. salzmannii) forest. Sci. Total Environ. 562, 145–154. doi: 10.1016/j.scitotenv.2016.03.160

Matsushima, M., and Chang, S. (2007). Effects of understory removal, N fertilization, and litter layer removal on soil N cycling in a 13-year-old white spruce plantation infested with Canada bluejoint grass. Plant Soil 292, 243–258. doi: 10.1007/s11104-007-9220-x

McCann, K. S. (2000). The diversity-stability debate. Nature 405, 228–233. doi: 10.1038/35012234

Ministerial Council for the Protection of Forests in Europe (1993). “Resolution H1: general guidelines for the sustainable management of forests in Europe”, in Proceedings of the Second Ministerial Conference on the Protection of Forests in Europe, Helsinki, 16–17.

Nambiar, E. K. S., and Sands, R. (1993). Competition for water and nutrients in forests. Can. J. For. Res. 23, 1955–1968. doi: 10.1139/x93-247

Neher, D. A. (2001). Role of nematodes in soil health and their use as indicators. J. Nematol. 33, 161–168.

Neutel, A.-M., Heesterbeek, J. A. P., van de Koppel, J., Hoenderboom, G., Vos, A., Kaldeway, C., et al. (2007). Reconciling complexity with stability in naturally assembling food webs. Nature 449, 599–602. doi: 10.1038/nature06154

Nilsson, M.-C., and Wardle, D. A. (2005). Understory vegetation as a forest ecosystem driver: evidence from the northern Swedish boreal forest. Front. Ecol. Environ. 3:421. doi: 10.1890/1540-9295(2005)003[0421:uvaafe]2.0.co;2

Noriko, H., Martin, H., Veronique De, S., Ruth, S. D. F., Maria, B., Louis, V., et al. (2012). An assessment of deforestation and forest degradation drivers in developing countries. Environ. Res. Lett. 7:044009. doi: 10.1088/1748-9326/7/4/044009

Orwin, K. H., and Wardle, D. A. (2004). New indices for quantifying the resistance and resilience of soil biota to exogenous disturbances. Soil Biol. Biochem. 36, 1907–1912. doi: 10.1016/j.soilbio.2004.04.036

Palmer, M. W., and Maurer, T. A. (1997). Does diversity beget diversity? A case study of crops and weeds. J. Veget. Sci. 8, 235–240. doi: 10.2307/3237352

Peoples, M., Herridge, D., and Ladha, J. (1995). Biological nitrogen fixation: An efficient source of nitrogen for sustainable agricultural production? Plant Soil 174, 3–28. doi: 10.1007/BF00032239

Pfisterer, A. B., and Schmid, B. (2002). Diversity-dependent production can decrease the stability of ecosystem functioning. Nature 416, 84–86. doi: 10.1038/416084a

Raich, J. W. (1985). Understory palms as nutrient traps: a hypothesis. Brenesia 21, 119–129.

Rice, R. E., Gullison, R. E., and Reid, J. W. (1997). Can sustainable management save tropical forests? Sci. Am. 276, 44–49. doi: 10.1038/scientificamerican0497-44

Ross, I. A. (2003). Medicinal Plants of the World, 2nd Edn. Totowa, NJ: Humana Press Inc. doi: 10.1385/1592593658

Ruess, L., and Chamberlain, P. M. (2010). The fat that matters: soil food web analysis using fatty acids and their carbon stable isotope signature. Soil Biol. Biochem. 42, 1898–1910. doi: 10.1016/j.soilbio.2010.07.020

Spehn, E. M., Scherer-Lorenzen, M., Schmid, B., Hector, A., Caldeira, M. C., Dimitrakopoulos, P. G., et al. (2002). The role of legumes as a component of biodiversity in a cross-European study of grassland biomass nitrogen. Oikos 98, 205–218. doi: 10.1034/j.1600-0706.2002.980203.x

Steneck, R. S., Graham, M. H., Bourque, B. J., Corbett, D., Erlandson, J. M., Estes, J. A., et al. (2002). Kelp forest ecosystems: biodiversity, stability, resilience and future. Environ. Conserv. 29, 436–459. doi: 10.1017/S0376892902000322

Treseder, K. K. (2008). Nitrogen additions and microbial biomass: a meta-analysis of ecosystem studies. Ecol. Lett. 11, 1111–1120. doi: 10.1111/j.1461-0248.2008.01230.x

Van Miegroet, H., Norby, R., and Tschaplinski, T. (1994). Optimum nitrogen fertilization in a short-rotation sycamore plantation. For. Ecol. Manage. 64, 25–40. doi: 10.1016/0378-1127(94)90123-6

Viketoft, M., Bengtsson, J., Sohlenius, B., Berg, M. P., Petchey, O., Palmborg, C., et al. (2009). Long-term effects of plant diversity and composition on soil nematode communities in model grasslands. Ecol. 90, 90–99. doi: 10.1890/08-0382.1

Viketoft, M., Palmborg, C., Sohlenius, B., Huss-Danell, K., and Bengtsson, J. (2005). Plant species effects on soil nematode communities in experimental grasslands. Appl. Soil Ecol. 30, 90–103. doi: 10.1016/j.apsoil.2005.02.007

Wan, S., Zhang, C., Chen, Y., Zhao, J., Wang, X., Wu, J., et al. (2014). The understory fern Dicranopteris dichotoma facilitates the overstory Eucalyptus trees in subtropical plantations. Ecosphere 5:art51. doi: 10.1890/es14-00017.1

Wang, F., Li, Z., Xia, H., Zou, B., Li, N., Liu, J., et al. (2010). Effects of nitrogen-fixing and non-nitrogen-fixing tree species on soil properties and nitrogen transformation during forest restoration in southern China. Soil Sci. Plant Nutr. 56, 297–306. doi: 10.1111/j.1747-0765.2010.00454.x

Wang, X., Zhao, J., Wu, J., Chen, H., Lin, Y., Zhou, L., et al. (2011). Impacts of understory species removal and/or addition on soil respiration in a mixed forest plantation with native species in southern China. For. Ecol. Manage. 261, 1053–1060. doi: 10.1016/j.foreco.2010.12.027

Wolfslehner, B., and Vacik, H. (2008). Evaluating sustainable forest management strategies with the Analytic Network Process in a Pressure-State-Response framework. J. Environ. Manage. 88, 1–10. doi: 10.1016/j.jenvman.2007.01.027

Wu, G.-L., Liu, Y., Tian, F.-P., and Shi, Z.-H. (2016). Legumes functional group promotes soil organic carbon and nitrogen storage by increasing plant diversity. Land Degrad. Dev. 28, 1336–1344. doi: 10.1002/ldr.2570

Wu, J., Liu, Z., Wang, X., Sun, Y., Zhou, L., Lin, Y., et al. (2011). Effects of understory removal and tree girdling on soil microbial community composition and litter decomposition in two Eucalyptus plantations in South China. Funct. Ecol. 25, 921–931. doi: 10.1111/j.1365-2435.2011.01845.x

Yeates, G. W., Bongers, T., de Goede, R. G. M., Freckman, D. W., and Georgieva, S. S. (1993). Feeding habits in soil nematode families and genera–an outline for soil ecologists. J. Nematol. 25, 315–331.

Zelles, L. (1999). Fatty acid patterns of phospholipids and lipopolysaccharides in the characterisation of microbial communities in soil: a review. Biol. Fertil. Soils 29, 111–129. doi: 10.1007/s003740050533

Zhang, J., Fu, S., Wen, D., and Zhang, L. (2009). Relationships of key leaf traits of 16 woody plant species in low subtropical China. J. Trop. Subtrop. Bot. 17, 395–400.

Zhao, J., He, X., and Wang, K. (2015a). A hypothetical model that explains differing net effects of inorganic fertilization on biomass and/or abundance of soil biota. Theor. Ecol. 8, 505–512. doi: 10.1007/s12080-015-0268-6

Zhao, J., Wan, S., Fu, S., Wang, X., Wang, M., Liang, C., et al. (2013). Effects of understory removal and nitrogen fertilization on soil microbial communities in Eucalyptus plantations. For. Ecol. Manage. 310, 80–86. doi: 10.1016/j.foreco.2013.08.013

Zhao, J., Wan, S., Li, Z., Shao, Y., Xu, G., Liu, Z., et al. (2012). Dicranopteris-dominated understory as major driver of intensive forest ecosystem in humid subtropical and tropical region. Soil Biol. Biochem. 49, 78–87. doi: 10.1016/j.soilbio.2012.02.020

Zhao, J., Wan, S., Zhang, C., Liu, Z., Zhou, L., and Fu, S. (2014a). Contributions of understory and/or overstory vegetations to soil microbial PLFA and nematode diversities in eucalyptus monocultures. PLoS ONE 9:e85513. doi: 10.1371/journal.pone.0085513

Zhao, J., Wang, X., Shao, Y., Xu, G., and Fu, S. (2011). Effects of vegetation removal on soil properties and decomposer organisms. Soil Biol. Biochem. 43, 954–960. doi: 10.1016/j.soilbio.2011.01.010

Zhao, J., Wang, X., Wang, X., and Fu, S. (2014b). Legume-soil interactions: legume addition enhances the complexity of the soil food web. Plant Soil 385, 273–286. doi: 10.1007/s11104-014-2234-2

Zhao, J., Zeng, Z., He, X., Chen, H., and Wang, K. (2015b). Effects of monoculture and mixed culture of grass and legume forage species on soil microbial community structure under different levels of nitrogen fertilization. Eur. J. Soil Biol. 68, 61–68. doi: 10.1016/j.ejsobi.2015.03.008

Zhao, J., Zhang, W., Wang, K., Song, T., and Du, H. (2014c). Responses of the soil nematode community to management of hybrid napiergrass: the trade-off between positive and negative effects. Appl. Soil Ecol. 74, 134–144. doi: 10.1016/j.apsoil.2013.10.011

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Gao, Wang, Fu and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg


OPS/images/fpls-08-01295-i001.jpg
RS(tp) =1 —

2 X |Dg = Col

Co + |Dy — Col





OPS/images/cross.jpg
3,

i





OPS/images/fpls-08-01295-g004.jpg
>

o Resistance index

Resistance index

B Wet season

0.6
0.4
0.2

-0.2
-0.4

0.8
0.6
0.4
0.2

-0.2
-0.4

Total microarthropod

abundance

NL L

NL L

Collembolan
abundance

NL L

NL L

SHl Dry season

0.8
0.6
0.4
0.2

-0.2
-0.4

D

0.6
0.4
0.2

-0.2
-0.4

Mite abundance

NL L NL L

Shannon—Wiener
diversity index

NL L NL L





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-08-01295-g003.jpg
Resistance index

@]

Resistance index

B Wet season

1
0.8
0.6
0.4
0.2

0

0.8
0.6
0.4
0.2

Microbial biomass

NL L

NL L

Bacterial biomass

NL L

Bl Dry season

Ratio of fungal to
bacterial biomass

0.8 1
0.6 1
0.4 1
0.2 A
0 -+
NL L NL L

Fungal biomass
| -
0.8 1
0.6
04 A






OPS/images/fpls-08-01295-g002.jpg
A

Resistance index

Resistance index

Resistance index

Total nematode

abundance
1 =

0.8
0.6
04
02

0

1
0.8
0.6
0.4
02

0

IR T

NL L NL L

Omnivore-Predator

| qbundance

NL L NL L

Structure index (SI)

NL L

NL L

B Wet season

B Bacterivore
abundance
8 -

0.6 1
04 A

0.2
0
-0.2

NL L

NL L

F Shannon—Wiener

X

1
0.8
0.6
0.4
0.2

J  Enrichment index (EI)

0.8 A1
0.6 1
0.4 1
0.2 1

NL L

NL L

diversity index

NL L

NL L

1

Bl Dry season

C

1
0.8
0.6
0.4
02

0

Fungivore
abundance

NL L NL L

Maturity index (MI)

NL L NL L

Channel index (CI)

*

NL L

NL L

0.6
04
02

-0.2
-0.4

Herbivore
abundance

NL L NL L

Plant-parasitic

| index (PPI)

0.8 1
0.6 1
0.4 1
0.2 1

L

1 -
0.8 1
0.6 1
0.4 1
0.2 1

0 -

NL L NL L

Bacterivore index
(Bal)

NL L NL L





OPS/images/fpls-08-01295-g001.jpg
9] Resistance index

Resistance index

B Wet season

0.8
0.6
0.4
0.2

0.8
0.6
0.4
0.2

Soil pH

NL L

NL L

Total nitrogen

NL L

NL L

B [l Dry season

Soil water content

l -
0.8
0.6
04
0.2

NL L NL L

Soil organic carbon
| -
0.8 1
0.6 -
0.4 A

NL L NL L





