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Abstract

:

The tea bag method provides a replicable and standardized method to study the effect of environmental variables on the decomposition of standard litter, which enables comparison of organic matter decomposition rates on a large scale. However, it remains uncertain whether tea bag decomposition in response to wetness is representative of that of local litters. We performed incubation experiments to examine whether the effect of soil water on tea bag decomposition becomes inhibitory at higher water contents, as is the case in local leaf litters. In addition, we performed field studies in a mixed forest and cedar plantation in Japan to compare two litter bag mesh sizes: 0.25-mm mesh, the size previously used by a major manufacturer of tea bags (Lipton), and nonwoven bags with mesh sizes finer than 0.25 mm, which are currently produced by Lipton. Both green tea and rooibos tea exhibited higher decomposition rates at higher water contents, but decomposition was inhibited at the highest water content; this was in contrast to our hypothesis based on a field observation but consistent with conceptual models of local litters. The nonwoven tea bags did not show lower decomposition rates, despite the finer mesh size. Rather, the nonwoven rooibos tea bags exhibited slightly higher decomposition rates than the 0.25-mm mesh bags in the cedar plantation, possibly due to a greater abundance of microorganisms that decompose litters in the nonwoven bags, due to the decrease in predation by mesofauna. Our findings provide essential information for future studies of tea bag decomposition.
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1. Introduction


Recent anthropogenic activities have caused global issues such as climate change and nitrogen loading, which may have a considerable negative impact on biodiversity and ecosystem services. To understand the long-term impact of these global issues on ecosystems, it is essential to examine how environmental perturbation at a large scale affects litter decomposition rates, because decomposition is a basic ecosystem process required to sustain nutrient cycling. However, the commonly used litter bag method has difficulty in detecting the effects of environmental factors on decomposition at a large geographical scale because it is difficult to standardize litter quality, which is a primary factor controlling litter decomposition rates [1,2].



The tea bag method, introduced by Keuskamp et al. (2013) [3], provides standardized litter decomposition data due to uniformity of the litters and bags, which is necessary for large-scale analysis of the effects of environmental factors on decomposition rates. The tea bag method uses commercially available tetra-shaped tea bags of green tea (Camellia sinensis (L.) Kuntze) and rooibos tea (Aspalathus linearis (Burm. f.) R. Dahlgren), produced by Lipton, as a substitute for litters and soil organic matter. In the method, the amount of tea leaves decomposed during a 90-day incubation period is used to calculate the decomposition constant k and stabilization factor S (Tea Bag Index) [3]. Temporal variations in chemical composition during the decomposition process exhibited were typical of local leaf litters [4], indicating that tea bags can be representative of local litters. A large number of studies have used the tea bag method to assess decomposition potential [5,6,7,8,9,10].



However, it remains uncertain whether tea bag decomposition in response to wetness is representative of that of local litters. Generally, higher decomposition rates are observed in wetter conditions, but excess water inhibits decomposition: according to Prescott (2010), water contents higher than 80% (wet weight basis) suppresses litter decomposition rates. By contrast, a field experiment reported that tea bag decomposition was not suppressed, even at high water contents, based on comparison of tea bag decomposition data obtained from various study sites [6]. Tea leaves may have large water-leachable fractions, where the inhibitory impact of very high water content on litter decomposition may be negated by large leaching fractions under wetter conditions. If this is the case, tea bags should not be used to determine litter decomposition rates under high soil water contents. In field studies, however, other environmental factors covary with soil water content, so it remains unclear whether the effect of soil water on tea bag decomposition becomes inhibitory at higher water contents. In the present study, we performed laboratory incubation and leaching experiments to clarify the effect of water content on tea bag decomposition, and the potential contribution of leaching loss.



To utilize the tea bag method to test the impact of environmental changes on litter decomposition at a large scale, a practical issue must be resolved first. Lipton changed the mesh materials for its tea bags from woven nylon mesh (0.25 mm) to polypropylene nonwoven mesh (non-uniform size, but finer than 0.25 mm; see Figure A1) in 2017. Since the previously used woven bags are unavailable, future works should use the new nonwoven bags. However, we are uncertain whether the newly obtained data can be combined with previous data obtained using the 0.25-mm mesh bags. As mesh size generally affects the accessibility of decomposers and microclimate in litter bags [11,12], any change in mesh size of tea bags is likely to affect the decomposition rate. To date, no data have shown the impact of mesh size (0.25-mm mesh vs. nonwoven mesh) on tea bag decomposition. In the present study, we compared two types of tea bags with different mesh sizes, namely, 0.25-mm mesh bags and nonwoven bags with mesh sizes finer than 0.25 mm. We hypothesized that (i) the rooibos tea decomposition rate data obtained from the two types of bags would not be amenable to being combined, because the finer mesh size would lead to a lower decomposition rate of rooibos tea, as the finer mesh causes slower decomposition [11,12]. On the other hand, we hypothesized that (ii) the decomposition rate of green tea would not be affected by the difference in mesh size, because easily decomposable fractions of green tea are typically completely decomposed before the end of the 90-day incubation period [3] and recalcitrant fractions are not decomposed by microbes or mesofauna during the 90-day incubation [3], in which case impacts of mesh size are not apparent.




2. Materials and Methods


2.1. Study Sites


The experiments were performed in a mixed forest dominated by Chamaecyparis obtusa (Sieb. et Zucc.) Endl. and Clethra barbinervis Siebold & Zucc., and in a Japanese cedar (Cryptomeria japonica (L. f.) D. Don) plantation. The mixed forest (35.07 N, 135.76 E) is located at the Kamigamo experimental station in Kyoto, Japan. The cedar plantation (32.82 N, 130.73 E) is located at the Tatsudayama research site in Kumamoto, Japan. The mean annual temperature and precipitation amounts at the research sites were 15.6 and 1932 mm, respectively, in the mixed forest, and 17.1 °C and 1951 mm, respectively, in the cedar plantation. The climate data were obtained from The Agro-Meteorological Grid Square Data of the National Agriculture and Food Research Organization (NARO).




2.2. Tea Bags


Following the developers of the tea bag method [3] and their webpage (Teatime 4 Science; http://www.teatime4science.org/ (accessed on 18 March 2021)), green tea bags (EAN: 87 10,908 90359 5; Lipton) and rooibos tea bags (EAN: 87 22,700 18843 8; Lipton) were used. The current tea bags (polypropylene nonwoven tea bags) were used for the laboratory studies testing the impact of water content on tea bag decomposition. To examine the effect of mesh size on tea bag decomposition, we produced 0.25-mm mesh woven tea bags from the tea contained within the nonwoven tea bags and a 0.25-mm mesh (Figure A2). Chemical properties of teas reported by previous studies [3,4] are shown in Table 1.




2.3. Laboratory Studies


At the Tatsudayama research site, four laboratory experiments were conducted. A laboratory incubation experiment was done to clarify (i) the effects of water content on the tea bag decomposition rate (Water Content Experiment) (Figure 1a). The other three experiments (Total Mass Loss Experiment, Minimum Leaching Experiment, and Maximum Leaching Experiment) were performed to clarify (ii) the potential contribution of leaching loss to the tea bag decomposition rate (Figure 1a). In the present study, we used the relative mass loss amount of teas (i.e., loss weight/initial weight) during a certain interval as an indicator of the leaching or decomposition rate, rather than the decomposition constant k.



2.3.1. Water Content Experiment


In October 2019, soil samples (0–10 cm depth) were taken from the Tatsudayama research site in Kumamoto, Japan. We sieved the soils through a 4-mm sieve after removing large pieces of organic matter. We placed 150 g of fresh soil and two tea bags (green and rooibos teas, nonwoven tea bags, around 2 g) in a polyethylene terephthalate (PET) bottle (without a drainage hole). Water contents were adjusted to 27%, 39%, 48%, and 56% by adding deionized water (wet weight basis). The bottles were incubated for 90 days at 25 °C in the dark. Four replicates were prepared for each treatment. Dry weights of the tea bags were determined immediately after the end of the incubation.




2.3.2. Total Mass Loss Experiment


Soil samples taken from the 0–5-cm depth in September 2019 were used for the Total Mass Loss Experiment. Soils were sieved through a 2-mm sieve after large pieces of organic matter had been removed. Fresh soil (70 g) and two nonwoven tea bags (one green tea and one rooibos tea) were placed into a PET bottle with a drainage hole at the bottom (see Figure A3). The bottles were incubated for 90 days at 3 °C (in a cold room) or 25 °C (in an incubator). Four replicates were prepared for each treatment. To prevent water evaporation, all bottles were covered with a polyethylene sheet [13]. At 10, 23, 57, and 90 days after the start of the incubation, 100, 100, 200, and 200 mL of deionized water (in total 600 mL) was added to simulate precipitation, respectively. By adding the water at different times, we simulated multiple leaching events (four times) during the incubation. In several samples, the added deionized water (200 mL) on the last day (day 90) did not drain for several hours, so the incubation ended without complete drainage of the added water. Tea bags were oven-dried immediately after the end of the incubation period to prevent further decomposition. After removing the polypropylene fabric and soils on the surface of the fabric, teas were placed in an oven again (70 °C for 72 h) and dry weights were determined.




2.3.3. Minimum Leaching Experiment


A leaching experiment was conducted to determine the minimum leaching losses, using the same bottles and soils as in the Total Mass Loss Experiment described above. To exclude any impact of microorganisms on mass loss of the tea bags, soils were autoclaved at 120 °C for 1 h. The autoclaved soils (70 g) and two nonwoven tea bags (green and rooibos teas) were placed into the PET bottle with a drainage hole (Figure A3). Distilled water (600 mL) was added at 3 °C (in a cold room) or 25 °C (in an incubator). Three replicates were prepared for each treatment. After the water had been drained, tea bags were oven-dried immediately, and their dry weights were determined as described above.




2.3.4. Maximum Leaching Experiment


The maximum leaching loss of the tea bags was measured based on a modified version of the method of Nykvist (1959) [14]. Tea bags (nonwoven tea bags) were submerged in 300 mL of deionized water in glass or plastic bottles, and leaching loss at different temperatures and submerging durations was determined. Leaching proceeded in a cold room (3 °C) or incubators (15 °C and 25 °C) for 10 min, 140 min, or 24 h (different bottles were used for different submergence duration). Three replicates were prepared for each treatment. Dry weights were determined immediately after the end of the experiment.





2.4. Field Experiments


Tea bag decomposition rates were compared between 0.25-mm mesh tea bags and nonwoven tea bags in the mixed forest at Kamigamo research station and the Japanese cedar plantation at the Tatsudayama research site (Figure 1b). At each study site, we used four sub plots. Pairs of 0.25-mm mesh tea bags and nonwoven tea bags (both green and rooibos tea bags) were buried with two replicates at 8-cm depth, following Keuskamp et al. (2013). The bags were re-collected after 90 days. Dry weights (oven-dried at 70 °C for 72 h) were measured after removal of the mesh and soils on the surface thereof. The 90-day field incubation was initiated in October 2019 and September 2019 in the mixed forest and Japanese cedar plantation, respectively. The average temperature and cumulative precipitation during the 90-day field incubation experiments was 10.9 °C and 116 mm, respectively, in the mixed forest, and 15.5 °C and 359 mm, respectively, in the cedar plantation (Figure A4, obtained from The Agro-Meteorological Grid Square Data, NARO).




2.5. Calculation and Statistics


The lower bounds of the potential contribution (minimum contribution) of leaching loss to the tea bag decomposition rate was estimated by calculating the ratio of the minimum leaching loss (determined in the Minimum Leaching Experiment) to the total mass loss (determined in the Total Mass Loss Experiment). The upper bound of the potential contribution (maximum contribution) of leaching loss to the tea bag decomposition rate was estimated by calculating the ratio of the leaching loss during 24-h submergence in water (determined in the Maximum Leaching Experiment) to the total mass loss (determined in the Total Mass Loss Experiment), assuming that the leachable fraction of the teas was mainly lost during the 24-h submergence period.



Statistical differences among treatments were tested using analysis of variance (ANOVA; one-, two-, or three-way) and the paired t-test. Data were log-transformed before analyzing. Tukey’s HSD was used as a post hoc test as necessary. A p-value less than 0.05 was considered statistically significant. All statistical analyses were performed using R software (version 3.5.3 and 4.0.2; R Development Core Team [15,16]).





3. Results


3.1. Effects of Water Content on Tea Bag Decomposition


The Water Content Experiment revealed that the water content had significant effects on both green tea (F = 58.9, p < 0.01, one-way ANOVA, Figure 2a) and rooibos tea (F = 122.7, p < 0.01, one-way ANOVA, Figure 2b) decomposition. According to the post hoc analysis, (i) up to a gravimetric soil water content of 48% (wet weight basis), the tea bag decomposition rate increased with increasing soil water content, but (ii) decomposition was suppressed at the highest water content in both green tea and rooibos tea (Figure 2).




3.2. Leaching Loss of Teas


Both tea type and temperature influenced the minimum leaching loss, with greater leaching for green tea and higher temperatures (Figure 3a). Leaching loss when tea bags were submerged in 300 mL of water increased until 140 min (around 0.4 and 0.15 for green and rooibos tea, respectively, Figure 4), but was not further elevated at 24 h (Tukey’s post hoc test, Figure 4, Table 2). The results indicated that the leaching loss at 24 h was the maximum leaching loss. Tukey’s HSD indicated that (i) green tea experienced more leaching loss than rooibos tea and (ii) differences in temperature only affected the leaching loss at 10 min, where smaller amount of leaching loss was observed at 3 °C compared with 15 °C and 25 °C (Figure 4, Table 2).




3.3. Contribution of Leaching Loss to Tea Bag Decomposition


The lower bounds of the contribution of leaching loss to the tea bag decomposition rates ranged from 0.23 (rooibos tea at 25 °C) to 0.45 (green tea at 25 °C), while the upper bounds reached as high as 0.89 (rooibos tea at 3 °C) (Figure 5).




3.4. Effects of Mesh Size on Tea Bag Decomposition


The decomposition rate of green tea was not significantly affected by mesh size in either forest (Figure 6), while the mass loss of rooibos tea (0.28 ± 0.01) in nonwoven bags was slightly but significantly higher than that of 0.25 mm-mesh bags (0.24 ± 0.01) at the Japanese cedar plantation (Figure 6b).





4. Discussion


4.1. Effects of Water Content on Tea Bag Decomposition


Both green tea and rooibos tea exhibited higher decomposition rates with higher water contents, but the highest water content inhibited decomposition (Figure 2); this was in contrast to our hypothesis based on a field observation by Petraglia et al. (2019) [6], but consistent with the conceptual models of Prescott (2010) [17]. This result was most likely due to the reductive condition suppressing decomposition [18]. The fact that the responses of both teas to the wetter condition were consistent with a conceptual model justifies the usage of tea bags as a representative of local litters in studies of organic matter decomposition in wet conditions. Furthermore, the present results could help improve models of tea bag decomposition rates (ex. Didion et al. 2016) [19]). The “concave down shape” relationship between water content and tea bag decomposition rate could be adopted in such models.




4.2. Potential Contribution of Leaching to Tea Bag Decomposition Rate


The leaching losses of rooibos tea after 24 h at 3 °C, 15 °C, and 25 °C (0.15 ± 0.005, 0.16 ± 0.001, and 0.15 ± 0.003, respectively, Figure 3) were in the similar range with those of other litters reported in previous studies [14,20,21]. Ibrahima et al. (2008) reported the mass losses of leaf litters of the following eight agroforestry species after submergence in water: Lophira lanceolata, Vitex doniana, Vitellaria paradoxa, Syzygium guineense var. guineense, Annona senegalensis, Syzygium guineense var. macrocarpum, Vitex madiensis, and Ximenia americana. They demonstrated that all of the litters showed leaching losses below 20% during the 24-h submersion (all less than 10% except for V. madiensis and X. americana).



By contrast, green teas exhibited extremely large leaching losses (Figure 2a). The leaching losses of green teas after 24 h at 3 °C, 15 °C, and 25 °C (0.38 ± 0.01, 0.41 ± 0.01, and 0.42 ± 0.01, respectively) were much larger than in previous reports [14,20,21]. The much larger fractions of nonpolar extractives and water solubles (hot water-extracted) in green tea compared to rooibos tea [3] likely caused the larger leaching loss of green tea. The contrasting leaching losses of the two types of teas caused the larger potential contribution of leaching loss to the decomposition rate of green tea compared to that of rooibos tea, especially at the higher temperature of 25 °C (Figure 5).




4.3. Effects of Mesh Size on Tea Bag Decomposition


Contrary to our hypothesis, the finer mesh size did not suppress the decomposition of rooibos tea. In the mixed forest, no significant difference in decomposition rate was observed between nonwoven and 0.25 mm-mesh tea bags, while in the cedar plantation the decomposition rate of rooibos tea was somewhat quicker for the finer nonwoven tea bags (although the mesh size effect was small; Figure 6b). These results contrasted with earlier works, wherein finer mesh size caused slower decomposition [11,12]. It seems unlikely that the soil contamination caused the slower decomposition of the bags with coarser mesh, because the contamination was negligible in our study sites (personal observation). We cannot fully explain the phenomenon, which differed from the literature. One possible mechanism is as follows: a greater abundance of microorganisms decomposed litters due to the decrease in predation by mesofauna in the finer nonwoven bags. This hypothesis requires further study and quantification of mesofauna. On the other hand, green tea decomposition was not affected by the difference in mesh size, consistent with our initial hypothesis. Keuskamp et al. (2013) [3] suggested that the decomposable fraction of green tea is completely decomposed before the end of the 90-day incubation period. In such a case, changes in mesh size and mesofauna abundance would not stimulate green tea decomposition.



Overall, the present study demonstrated that tea bag decomposition during a 90-day incubation period was not markedly affected by mesh size. Although the decomposition of rooibos tea was slightly stimulated by a change in the mesh size at the cedar plantation (from 0.24 ± 0.01 [nonwoven bags] to 0.28 ± 0.01 [0.25 mm-mesh bags], Figure 6b), the impact was not large. Our unexpected results may justify combining the decomposition data of the two types of tea bags, namely, the previously produced woven nylon mesh tea bags and the currently used polypropylene tea bags. However, the number of observations in the present experiment was not sufficient to draw a definitive conclusion; additional studies with more observations are therefore necessary.





5. Conclusions


The present study provides essential information for future studies on tea bag decomposition. First, we confirmed that both green and rooibos teas exhibited higher decomposition rates with higher water contents, although decomposition was inhibited at the highest water content; this was in contrast to our initial hypothesis based on a field observation but consistent with conceptual models of local litters and justifies the assumption that tea bags are representative of local litters. Second, we unexpectedly found that the impact of tea bag mesh size on decomposition might be insignificant. Thus, it may be possible to combine the decomposition data of the two types of tea bags, namely, the currently used bags and the previous ones, which are currently unavailable. Further studies with more study sites are required to test this.
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Figure A1. Polypropylene nonwoven new bags with non-uniform mesh sizes. A relatively coarse area (a) and relatively dense area (b) are shown. 
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Figure A2. Tea bags for (a) green tea and (b) rooibos tea made from 0.25-mm mesh and tea contained within the nonwoven tea bags. 
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Figure A3. Bottles used in the Total Mass Loss Experiment and Minimum Leaching Experiment. 
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Figure A4. Climate data obtained during the field incubation period. Daily temperatures of the (a) mixed forest and (b) Japanese cedar plantation, and daily precipitation amounts for the (c) mixed forest and (d) Japanese cedar plantation, were determined by The Agro-Meteorological Grid Square Data, NARO. 
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Figure 1. The diagram of experimental design. (a) Laboratory studies were done for testing how water controls mass loss of teas, and (b) field experiments were done for testing how mesh size impacts mass loss of teas. 
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Figure 2. Effects of water content on (a) green tea and (b) rooibos tea decomposition (Water Content Experiment). Different letters on each graph indicate significant differences among the data, determined using Tukey’s HSD followed by one-way ANOVA (p < 0.05). Log-transformed data were used for ANOVA. The error bars indicating the standard error of the four replicates were too small to be displayed. 
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Figure 3. Mass loss of green and rooibos teas relative to the initial weights (a) through leaching (Minimum Leaching Experiment) and (b) during a 90-day laboratory incubation period (Total Mass Loss Experiment). Results of two-way ANOVA using log-transformed data were shown on each figure. 
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Figure 4. Mass loss of green and rooibos teas relative to the initial weights during the Maximum Leaching Experiment. The error bars indicate the standard error of the three replicates. 
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Figure 5. Potential contribution of leaching loss to the mass loss of green and rooibos teas. Different letters on the graph indicate significant differences among the data for the upper bounds and lower bounds, determined using Tukey’s HSD followed by one-way ANOVA (p < 0.001; F = 30.1 and 35.5 in upper and lower bounds, respectively; log-transformed data were used). G, green tea. R, rooibos tea. 
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Figure 6. Effects of mesh size on mass loss relative to the initial weight in (a) a mixed forest and (b) a Japanese cedar plantation. 0.25-m, 0.25-mm mesh woven tea bags filled with tea from nonwoven teabags (Figure A2). NW, polypropylene nonwoven tea bags with a non-uniform mesh size finer than 0.25 mm (see Figure A1). * p < 0.05, old vs. new tea bags, paired t-test using log-transformed data (n = 4). 
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Table 1. Chemical properties of tea bags reported by Keuskamp et al. (2013) [3] and Duddigan et al. (2020) [4].
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Chemical Properties

	
Green Tea

	
Rooibos Tea




	
Mean ± SD

	
Mean ± SD






	
Nonpolar extractives 1

	
0.066 ± 0.003

	
0.049 ± 0.013




	
Water solubles 1

	
0.493 ± 0.021

	
0.215 ± 0.009




	
Acid solubles 1

	
0.283 ± 0.017

	
0.289 ± 0.040




	
Acid insoluble 1

	
0.156 ± 0.009

	
0.444 ± 0.040




	
Total C (%) 1

	
49.055 ± 0.109

	
50.511 ± 0.286




	
Total N (%) 1

	
4.019 ± 0.049

	
1.185 ± 0.048




	
Alkyl C 2

	
0.230 ± 0.032

	
0.152 ± 0.044




	
O-alkyl C 2

	
0.570 ± 0.003

	
0.714 ± 0.018




	
Aromatic C 2

	
0.146 ± 0.020

	
0.102 ± 0.017




	
Carbonyl C 2

	
0.054 ± 0.009

	
0.032 ± 0.009








1 Reported by Keuskamp et al. (2013) [3]. 2 Reported by Duddigan et al. (2020) [4].
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Table 2. Results of three-way ANOVA testing the impacts of temperature, submergence duration (time), and tea type (tea) on mass loss of green and rooibos teas relative to the initial weights during the Maximum Leaching Experiment. Log-transformed data were used for ANOVA.






Table 2. Results of three-way ANOVA testing the impacts of temperature, submergence duration (time), and tea type (tea) on mass loss of green and rooibos teas relative to the initial weights during the Maximum Leaching Experiment. Log-transformed data were used for ANOVA.





	Source
	Degree of Freedom
	F Value
	p Value





	temperature
	2
	26.3
	p < 0.001



	time
	2
	210.8
	p < 0.001



	tea
	1
	973.2
	p < 0.001



	Temperature × time
	4
	8.3
	p < 0.001



	Temperature × tea
	2
	1.6
	0.21



	time × tea
	2
	10.6
	p < 0.001



	three factors
	4
	1.0
	0.40
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