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Abstract

:

The process of earthworm casting plays an important role in soil fertility. The contributions of earthworm casts to soil nutrients dynamics cannot be fully understood unless the temporal changes in earthworm cast production and the related nutrient resource pools are explored in the field. Here, we recorded the daily surface cast production of earthworms and monthly change patterns of carbon (C), nitrogen (N) and phosphorous (P) in casts in a subtropical plantation for one year and compared the nutrient concentrations and microbial community traits (structure and bacterial activity) in casts with those in bulk soils. Our objectives were to characterize the temporal patterns of earthworm cast production and the C and nutrients in casts and to assess the potential contribution of earthworm casts to soil fertility. The results showed that the annual surface cast production at the study site was 8.3 tons ha−1; monthly cast production was >80 g m−2 during April to November and <30 g m−2 during December to March. The annual outputs of total organic C (TOC), total N (TN) and total P (TP) in surface casts were 68.10, 4.84 and 0.38 g m−2, respectively; the annual outputs of available P (AP), NH4+-N and NO3−-N were 22.4, 147.0 and 61.3 mg m−2, respectively. The concentrations of TOC and TN in casts were higher during warm months, but NH4+-N was higher during cold months, while both the concentrations of TP and AP in casts were constant throughout the year. The nutrient concentrations were 1.6–4.3-fold greater, and the microbial biomass C and N contents were 7–8-fold greater in earthworm casts than those in bulk soils. However, the bacterial stress index (BSI) was significantly greater in casts than in the bulk soil, which implies that bacteria in casts were under stress. Accordingly, the ratio of fungal to bacterial biomass (F/B) was significantly higher in casts than in the bulk soil. Earthworm casting activity can process forest soil into a “new soil”, which forms large amounts of earthworm-induced hotspots of soil fertility. These resource pools in casts, with monthly fluctuated C and N and constant P, could be more readily accessed by fungi rather than bacteria. Earthworm casting activity potentially changes both the nutrients available and the interactions of plants and rhizosphere microbiota.
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1. Introduction


Although earthworm casts are considered to be more fertile than bulk soil [1], the contributions of earthworm casting activity to soil fertility have not been fully understood. The positive effects of earthworm casts on vegetation were attributed to high concentrations and availability of soil nutrients, improved physical structure of the soil, enzyme activities and an effect of microbial inoculation [2,3,4,5,6]. Earthworm casting processes were considered to be a natural way to maintain soil quality [7].



Many studies have focused on the effects of earthworm casts on the physical structure and nutrient cycling of the soil [8,9,10,11]. Mariani et al. [12] inoculated fresh surface casts into artificial soil burrows and found available N in casts was initially at levels several times higher than that in the bulk soil, while total C was also significantly higher compared with that in the soil. Higher microbial population densities were observed in casts than in the surrounding mineral soil [13,14,15]. The casting process resulted in a greater soil microbial biomass C (MBC) or N (MBN) [16,17] and improved nutrient availability [18]. Over longer periods of time, organic matter (OM) within aggregates was protected from further decomposition in the dried and aging casts, as long as casts were not physically disturbed [2,19,20,21]. Recent research reported that the increase in soil NH4+ induced by the earthworm Pontoscolex corethrurus was efficiently utilized by the plants with greater colonization of arbuscular mycorrhizal fungi (AMF) [22], which suggested that nutrients derived from earthworm casts may only be accessible to certain groups of soil biota.



A few studies have been conducted in order to assess the potential contribution of earthworm casts to soil fertility under field conditions. James [9] calculated the surface cast production in a tallgrass prairie and found that the mass of casts produced was 0.36–7.5 kg m−2 y−1, and the turnover time of surface soil was 10–20 years. Organic matter and available N in the total cast production were estimated at 500–700 g m−2 y−1 and 500–550 mg m−2 y−1, respectively. A similar value was estimated in a beech wood forest on limestone soil, with a cast production of 4.23 kg ha−1 y−1 [23]. A longer term and more detailed change pattern of earthworm cast production in the field and a pattern associated with C and nutrients were not known. Furthermore, the availabilities of C and nutrients in casts to soil microbes were not fully examined, which hampered the mechanistic understanding of the contributions of casts to soil fertility.



Earthworms and their casting activity may play essential roles in sustaining the ecosystem productivity in tropical and subtropical plantations where acid-infertile soils dominate [12,24,25]. In this study, earthworm cast production dynamics were monitored by collecting casts daily throughout a whole year in a plantation forest, except for on rainy days. The monthly and annual accumulation of C and nutrients in the casts were calculated. We also compared the C and nutrient concentrations and the biomass and activity of microbial communities in earthworm casts with those in bulk soils. Our objectives were (1) to characterize the temporal patterns of earthworm cast production and the C and nutrients in casts in the field and (2) to determine both the chemical characteristics and microbial community traits in casts and, thus, assess the potential contribution of earthworm casts to soil fertility.




2. Materials and Methods


2.1. Site Description


The experiments were performed over a one-year period at Heshan Hilly Land Interdisciplinary Experimental Station (112°50′ E, 22°34′ N), Chinese Academy of Sciences, Guangdong Province, China. The area was under the influence of subtropical monsoons, with a distinct wet season (from April to September) and dry season (from October to March). The annual rainfall during the study period (from July 2016 to June 2017) was 1995 mm, and the annual mean temperature was 22.4 °C. This station was located at an altitude of 80 m, and the soil was an Orthic Acrisol [26].



The forest was a mixture of broadleaved tree species dominated by Schima wallichii Choisy and occupied approximately 3.1 ha of land. The forest was about 30 years old when the experiment started in 2016. Seven species of earthworms, including one exotic species (Pontoscolex corethrurus) and six native pheretimoid species, were recorded [27]. Seasonal variation of earthworm biomass was significant at the study site (p = 0.017). P. corethrurus was the dominant earthworm species and accounted for 95% of the earthworm biomass during the sampling periods [22]. It usually lived in 0–10 cm soils, and surface casting was notable at the study site.




2.2. Experimental Design and Sampling


Five 1 × 1 m quadrats, at least 3 m away from each other, were randomly set up in the plantation. To compare the chemical and microbial characteristics between the earthworm casts and the bulk soils, all visually observed fresh casts of earthworms on the soil surface were collected from each quadrat on 1 May 2016; on the same date, soil samples (0–10 cm, 10–20 cm and 20–30 cm) were collected from the adjacent area of each quadrat. Parts of the fresh samples were freeze-dried for the analysis of phospholipid fatty acids (PLFAs), kept in 4 °C for measurements of microbial biomass C and N with the chloroform fumigation extraction method or air-dried for measurements of chemical properties.



Fresh earthworm casts within each quadrat were then collected daily in the morning (at approximately 9 a.m.) from July 2016 to June 2017. Given that cast sampling from subsurface soil layers will greatly disturb both the forest soil profile and the earthworms, in this study, we only focused on the surface casting activity and, thus, made it possible to monitor earthworm casting activity daily in situ across a year. The sampled casts were air-dried and weighed to show the pattern of daily surface cast production and to estimate the monthly and annual production of surface casts.




2.3. Chemical Properties Analysis


The pH and concentrations of total organic C (TOC), total N (TN) and total phosphorus (TP) of the surface casts and bulk soils were measured at the beginning of the experiment. The concentrations of TOC, TN, TP, available phosphorus (AP), NH4+-N and NO3−-N in air-dried earthworm casts were measured monthly.



The water content of the earthworm casts and the bulk soils were measured by oven-drying for 24 h at 105 °C. The air-dried samples of casts and the bulk soils were sieved through a 2 mm screen before analysis. TOC was determined by the dichromate oxidation method. TN was estimated by Kjeldahl digestion with UV spectrophotometric analysis [28]. TP was measured using the molybdenum antimony blue colorimetry method [29]. AP was measured using the molybdenum blue method using Bray’s extraction solution. The pH was measured in a 1:2.5 (w/v) water solution using a pH meter. NH4+ -N was determined using the indophenol blue colorimetric method, and NO3−-N was measured using the cadmium reduction method with a modified Berthelot reaction [29]. The ratios of C/N, C/P, N/P, and C/N/P of earthworm casts and bulk soils were calculated. Monthly contents of the TOC, TN, TP, AP, NH4+-N and NO3−-N were estimated based on the carbon and nutrient concentrations of earthworm casts and the monthly cast production.




2.4. Microbial Properties Analysis


The microbial community characteristics of the earthworm casts and bulk soils were compared at the beginning of the experiment. MBC and MBN concentrations were measured using the chloroform fumigation extraction method [30]. The microbial community structure was analyzed using the PLFA method as described by Bossio and Scow [31]. The amount of individual fatty acid was quantified based on the amount of 19:0 internal standard. Gram-positive (G+) bacterial biomass was represented by the PLFAs i15:0, a15:0, i16:0, i17:0 and a17:0, and Gram-negative (G−) bacterial biomass was represented by the PLFAs 16:1ω7c, cy17:0 and cy19:0. The total bacterial biomass was estimated by the sum of PLFAs of 15:0, i15:0, a15:0, i16:0, 16: 1ω7c, 17:0, i17:0, a17:0, cy17:0 and cy19:0, while 18:2ω6,9 was used as an indicator of fungal biomass [32], and actinomycete biomass was determined by 10Me 16:0, 10Me 17:0 and 10Me 18:0. Total microbial biomass (TPLFA) was estimated from bacterial, fungal and actinomycete biomass. The ratio of fungal PLFAs to bacterial PLFAs was used to estimate the ratio of fungal to bacterial biomass (F/B) in the soils and casts [33]. The ratio of Gram-positive bacterial PLFAs to Gram-negative bacterial PLFAs was used to estimate the ratio of Gram-positive to Gram-negative bacterial biomass (G+/G−). The ratio of cy17:0 to 16:1ω7c was used as a bacterial stress index (BSI) [34].




2.5. Statistical Analysis


One-way ANOVA was performed to examine the temporal dynamics (monthly changes) in earthworm cast production, and the concentrations and contents of total organic C and total and available nutrients in the earthworm casts. One-way ANOVA and LSD test were performed to compare the chemical and microbial traits among the earthworm casts and the 3 layers of bulk soils. All statistics were performed using IBM SPSS Statistics 21 (IBM Inc., New York, NY, USA) and SigmaPlot 12.5 (Systat Software Inc. 2011, San Jose, CA, USA). Redundancy analysis (RDA) was performed in Canoco 4.5 (Wageningen, Netherlands). Differences were considered significant at p < 0.05.





3. Results


3.1. Earthworm Cast Production


The production of surface casts of earthworms showed marked variation across the months during the one-year period (Figure 1, p < 0.001). Cast production was greatest in the rainy season when temperatures were high and reached a maximum in June. Cast production was low, even negligible, in the dry and relatively cold season. The annual surface cast production was 0.83 kg m−2.




3.2. Seasonal Dynamics of Earthworm Cast Nutrients


The TOC, TN, NH4+-N and NO3−-N concentrations of earthworm casts varied significantly across the months (Figure 2A,B,E,F, p < 0.001). However, both TP and AP were constant throughout the year (Figure 2 C,D). Monthly C and nutrient contents in casts showed similar temporal trends, with higher contents in rainy months and lower contents in the dry and relatively cold months. The estimated annual amounts of TOC, TN and TP in casts were approximately 68.10, 4.84 and 0.38 g m−2, respectively. The estimated annual amount of AP, NH4+-N and NO3−-N was 22.4, 147.0 and 61.3 mg m−2, respectively.




3.3. Chemical Properties in Casts and Soil


The casts contained much more organic C, N and P than the bulk soil did (p < 0.001) (Table 1). The pH value of the casts was significantly higher than that of the topsoil (0–10 cm) (p = 0.001) but not different from that of the deeper layer of soil (10–20 cm and 20–30 cm). In addition, the casts had higher C/N, C/P and N/P than bulk soils did (p < 0.001) (Table 1). The mean ratio of C/N/P in the earthworm casts was 216/12/1, which was considerably different from those in the three soil layers (Table 1).




3.4. Microbial Community Characteristics in Cast and Soil


MBC and MBN concentrations in casts were 1785.4 ± 277.0 and 365.0 ± 75.3 mg kg−1, respectively, and were 7.2- and 8.2-fold greater, respectively, than that of the surface bulk soils (p < 0.001). There was no significant difference in MBC/MBN ratio between the earthworm casts and bulk soil (Table 2).



Microbial community characteristics in casts significantly differed from those in the soil (p = 0.001) (Figure 3A–I). The total microbial PLFAs of casts were 48.4 nmol·g−1 dry soil, which was 7.8 times that of the soil. Similarly, greater biomasses of bacterial, fungal and actinomycete PLFAs were found in casts compared with that of soil. Higher F/B, G+ and G− bacterial PLFA biomass and BSI were also found in earthworm casts. G+ bacteria dominated the microbial communities in both the soils and casts, but the G+/G− was lower in casts than in the soil (p = 0.001).



The RDA analysis showed that soil chemical properties explained approximately 98% of the total variation in PLFA signatures (Figure 4). TN, TP, C/N, N/P and pH were significantly and positively correlated with the variation in microbial community structure (p < 0.05). TN had a strong effect on microbial community composition and explained 95% of the total variation (p = 0.002). The analysis of PLFA-based microbial composition showed that there was an obvious difference in microbial community structure between the casts and the bulk soils (Figure 4).





4. Discussion


Surface casting was strong at the study site, although it was dominated by the endogeic earthworm species P. Corethrurus. As expected, large amounts of C, N and P were found to accumulate in earthworm casts. The concentrations of TOC, TN and TP were 4.3, 3.0 and 1.6 times greater in earthworm casts than those in the soils, respectively. Accordingly, some proportions of available nutrients could be released from the casts as stated in the literature [4,7,8,10,35]. Earthworms have been reported to concentrate available nutrients in hotpots; for instance, in a tallgrass prairie, the available N in earthworm casts has been estimated as 500–550 mg m−2 y−1 [9], which was much higher than in our study (147 mg m−2 y−1). This may depend on the earthworm density, species and litter quality.



The change pattern of monthly cast production was closely related with the temperature and moisture changes. The cast production was greater in the rainy and high-temperature season but was lower in the dry and cold season. This may also be related to earthworm biomass. Significant seasonal variation of earthworm biomass was found at the same study site, which was related to the humidity and soil moisture [27]. Although the seasonal trend of earthworm biomass was not completely consistent with that of the cast production in the current study, there should be an interesting and complex relationship among earthworm biomass, amount of castings and environmental factors, which needs further study.



The nutrient concentrations of earthworm casts significantly varied across months. We noted that the concentrations of both TOC and TN in casts were higher during the warmest periods (July and August), but NH4+-N was significantly increased during the coldest periods (December to February). These results indicated that the mineralization intensity in casts was stronger in colder periods. In contrast, both the concentrations of TP and AP in casts were constant throughout the year. In other words, earthworm casts may supply varied amounts of mineral N but a rather constant amount of P to soil microbes and plants during the whole year.



The larger microbial community biomass in casts may reflect the rich amount of C and nutrients during the formation process of casts. Both the chloroform fumigation approach and PLFA analysis showed that the microbial biomass in casts was significantly higher than that in bulk soils. In addition, there was a 1.7- and 2.8-fold increase in the proportion of MBC to TOC and MBN to TN in casts, respectively, compared to that in bulk soils, suggesting more C and N were immobilized in the microbial biomass in earthworm casts. These C and N pools in microbial biomass could have potentially positive effects on nutrient availability to plants when proper conditions are met [17].



In addition, the observed biomass increases in all the major groups of microbes in casts suggested that pool sizes of both the labile and less labile organic matter were increased during gut passage. The observed lower ratio of G+ to G− bacteria in the cast compared to that in the bulk soils suggested that G− bacteria was more stimulated than the G+ bacteria during the cast formation. However, it was notable that despite the highly increased biomass of G− bacteria in casts, the observed higher value of BSI in the cast indicated that G− bacteria growth was restricted, probably due to the relatively limited resource accessibility. These results contradicted previous reports in which microbial activity in casts compared to that in soils was found to be increased [36] or unchanged [37]. These discrepancies may be due to the different approaches of measuring microbial activity. The fluorescein diacetate hydrolysis, which Aira et al. [36] used to indicate microbial activity, was an indirect approach based on enzyme activity measurement, whereas the PLFA-based ratio of cy17:0/precursor would directly reflect the metabolism activity of microbes. In fact, the C and nutrients in earthworm casts may tend to be protected in casts [10,20,38,39]. The extremely high ratio of C/N/P (216/12/1), which indicated a relatively limited nutrient availability and reduced organic matter mineralization in the cast [40,41], may explain the stress that the G− bacteria encountered. Earthworm casts are reported to be enriched in polysaccharides and lignin, which serve as cementing agents [42], suggesting an enhanced stabilization of C and N inside casts due to their physical protection. The higher F/B ratio in the cast may also reflect the limited available nutrients in the cast [41,43]. Fungi was thought to have a higher efficiency of substrate C use compared with bacteria [44,45,46]. The increased F/B ratio suggested that fungi played more important roles in the biochemical processes, likely due to its relatively high adaptability to the substantially greater ratios of C/N/P in casts. The increased F/B ratio also suggested a slower flow of energy and a higher stability through the soil food webs [47]. This finding is complementary to the observation of the AMF-enhanced utilization of earthworm-induced soil NH4+-N by plants [22].




5. Conclusions


Earthworm casting activity can process forest soil into a “new soil”. The “new soil” is formed of large amounts of earthworm-induced hotspots of soil fertility. These resource pools in casts, containing constant available P across the year but a higher proportion of mineral N in colder periods, could be more readily accessed by fungi rather than bacteria. Earthworm casting activity provides a continuous nutrient supply for the plants and potentially enhances the competitive advantages of plant–AMF association over soil bacteria. Although the current study was a case study from one plantation site, these findings add new dimensions for understanding the characteristics of earthworm casts. Given that exploring soil fauna-regulated ecological processes at different spatial and temporal scales is one of the cutting-edge aspects of soil ecology [48], further studies across different types of forest are needed to consolidate the findings.
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Figure 1. Daily earthworm cast production (dry weight) and monthly earthworm cast production (dry weight, means ± SE, n = 5) during July 2016 to July 2017 in the studied subtropical plantation. 
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Figure 2. Monthly changes in the concentrations and contents of total organic carbon (TOC) and total and available nutrients in the earthworm surface casts: (A) TOC; (B) total nitrogen (TN); (C) total phosphorus (TP); (D) available phosphorus (AP); (E) ammonium nitrogen (NH4+-N) and (F) nitrate nitrogen (NO3−-N). Data are shown as means ± SE, n = 5. Cast production in March 2017 was too low to be measured. 
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Figure 3. The microbial biomass and community structure in surface earthworm casts and bulk soils. (A) TPLFA, total phospholipid fatty acids which represented total microbial biomass; (B) B, bacterial biomass; (C) F, fungal biomass; (D) A, actinomycete biomass; (E) G+, Gram-positive bacterial biomass; (F) G−, Gram-negative bacterial biomass; (G) F/B; (H) G+/G−; (I) BSI, bacterial stress index. Samples were collected in May 2016. Data are shown as means ± SE, n = 5. Bars with different letters differed significantly. 
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Figure 4. Redundancy analysis of microbial community structure (indicated as phospholipid fatty acids profile) and chemical properties of surface casts and bulk soils. TPLFA, total PLFA; F, fungi; B, bacteria; A, actinomycete; G+, Gram-positive bacteria; G−, Gram-negative bacteria; TOC, total organic carbon; TN, total nitrogen; TP, total phosphorus. 
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Table 1. Chemical properties of bulk soils and surface earthworm casts (means ± SE, n = 5), including pH, total organic carbon (TOC), total nitrogen (TN) and total phosphorus (TP). Samples were collected in May 2016. Different letters represent significant differences between the three layers of soil and casts (LSD test, P < 0.05).
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Soil Layer

	

	
Cast




	
0–10 cm

	
10–20 cm

	
20–30 cm






	
pH

	
4.01 ± 0.05 b

	
4.14 ± 0.03 a

	
4.21 ± 0.03 a

	
4.19 ± 0.11 a




	
TOC (g/kg)

	
20.8 ± 1.03 b

	
8.90 ± 0.38 c

	
7.57 ± 0.8 c

	
89.5 ± 6.61 a




	
TN (g/kg)

	
1.71 ± 0.14 b

	
0.84 ± 0.12 c

	
0.71 ± 0.10 c

	
5.08 ± 0.90 a




	
TP (g/kg)

	
0.26 ± 0.02 b

	
0.21 ± 0.02 c

	
0.22 ± 0.02 c

	
0.41 ± 0.03 a




	
C/N

	
12.2 ± 0.5 b

	
10.8 ± 0.7 b

	
10.7 ± 0.8 b

	
17.8 ± 0.9 a




	
C/P

	
82.0 ± 5.2 b

	
43.0 ± 3.1 c

	
35.8 ± 4.9 c

	
216.0 ± 10.2 a




	
N/P

	
6.7 ± 0.2 b

	
4.0 ± 0.2 c

	
3.3 ± 0.3 c

	
12.2 ± 0.6 a




	
C/N/P

	
82/7/1

	
43/4/1

	
36/3/1

	
216/12/1
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Table 2. Concentrations of microbial biomass carbon (MBC) and nitrogen (MBN) in bulk mineral soils and surface earthworm casts (means ± SE, n = 5). Samples were collected in May 2016. Different letters represent significant differences among soil layers and casts (LSD test, P < 0.05).
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Soil Layer

	

	
Cast




	
0–10 cm

	
10–20 cm

	
20–30 cm






	
MBC (mg/kg)

	
247.6 ± 30.3 b

	
114.0 ± 20.3 c

	
118.3 ± 52.3 c

	
1785.4 ± 277.0 a




	
MBN (mg/kg)

	
44.3 ± 7.3 b

	
17.1 ± 6.7 c

	
22.7 ± 8.1 c

	
365.0 ± 75.3 a




	
MBC/MBN

	
5.6 ± 0.2 a

	
8.4 ± 2.6 a

	
5.6 ± 1.1 a

	
5.1 ± 0.7 a
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