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Abstract

:

How the anthropogenic addition of nutrients, especially nitrogen (N), impacts litter decomposition has attracted extensive attention, but how environmental factors other than nutrients affect the impacts of N addition on litter decomposition is less understood. Since different local litters could respond differently to N addition, standard materials are necessary for comparing the impacts among various environments. The present study tested if tea bags used for the Tea Bag Index (TBI) approach, i.e., constructing an asymptote model by using a green tea decomposition datum and a rooibos tea decomposition datum (single measurement in time), can be standard materials for testing the impacts of N addition on litter decomposition in aquatic ecosystems. A laboratory incubation experiment was performed using a water sample taken from a stream in Kumamoto, Japan. Since a recent study suggested that the TBI approach may be inapplicable to aquatic ecosystems, a time-series data approach, i.e., fitting models to time-series mass loss data of tea bags, was also used for testing if tea bag decomposition can pick up the impacts of N addition on aquatic litter decomposition. The time-series data approach demonstrated that N addition significantly suppressed rooibos tea decomposition, whereas green tea decomposition was not affected by N addition. The TBI approach was unsuitable for testing the sensitivity of the response of tea bag decomposition to N addition because the TBI-based asymptote model failed to predict the observed data, confirming the suggestion by a previous study. Overall, the present study suggested that the tea bags can be used as standard materials for testing the impacts of N addition on litter decomposition in aquatic ecosystems, but only when using a time-series measurement and not the TBI.
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1. Introduction


Litter decomposition plays an essential role in the biogeochemical cycling of elements such as carbon in both aquatic and terrestrial ecosystems [1,2,3]. How anthropogenic addition of nutrients, especially nitrogen (N), impacts litter decomposition has attracted extensive attention in aquatic ecosystems [4,5,6,7] as well as terrestrial ecosystems [8,9,10]. However, how environmental factors other than nutrients affect the impacts of N addition on litter decomposition is less understood [11]. Ferreira et al. (2015) integrated the impacts of nutrient enrichment on aquatic litter decomposition using a meta-analysis, reporting that the litter decomposition rate was stimulated by approximately 50%, but in several study sites litter decomposition was suppressed [4]. It is possible that the impacts of N addition on litter decomposition differ in different environmental conditions (for example, hot vs. cool climates or aquatic vs. terrestrial ecosystems). Since different local litters could respond differently to N addition, standard materials are necessary for comparing the impacts among various environments.



Tea bags used for the tea bag index (TBI) approach [12] are a good candidate for the standard materials to understand the interactive effects of N amendment with other environmental factors on litter decomposition. The TBI approach, which was developed for accessing litter decomposition in terrestrial ecosystems [12], is able to construct an asymptote model (see Equation (1) below) by using a green tea decomposition datum and a rooibos tea decomposition datum (single measurement in time):


W(t) = a × e−kt + (1 − a)



(1)




where W(t) is the mass remaining after incubation time t, k is a decomposition constant, and a and 1 − a are the labile fraction and the recalcitrant fraction of initial mass. In the TBI approach, the asymptote model is fitted to the rooibos tea decomposition datum. The asymptote of the model (i.e., 1 − a of the Equation (1)) is determined using the decomposition rate of the more easily-decomposable green tea, assuming that (i) the early-stage decomposition (i.e., decomposition of hydrolysable fraction) of green tea is completed during the 90 day incubation (standard period), (ii) the undecomposed hydrolysable fraction is stabilized and transformed to recalcitrant fraction, (iii) the decomposition of the recalcitrant fraction of green tea is negligible during the 90 days, and (iv) the ratio of stabilized hydrolysable fraction to total hydrolysable fraction in rooibos tea is equal to that in green tea [12] (note that the TBI approach focuses on the early-stage decomposition (decomposition of hydrolysable fraction), and the decomposition of acid insoluble fraction is not considered). After determining the asymptote, the decomposition constant (k in Equation (1)) can be determined by fitting the asymptote model to a mass loss datum of rooibos tea [12]. Seelen et al. (2019) demonstrated that the TBI approach was able to detect the impacts of eutrophication on litter decomposition by comparing the TBI among different study sites with different nutrient levels [13]. However, to draw a definitive conclusion, a laboratory experiment that controls environmental factors is necessary because other environmental factors, such as dissolved organic carbon [14], may covary with the nutrient levels.



In the present short paper, I tried to evaluate the tea bags as a potential tool to test the impacts of N addition on litter decomposition by testing if tea bag decomposition is sufficiently sensitive to pick up the impacts of N addition. A time-series data approach, i.e., fitting models to time-series mass loss data of tea bags, was also used for testing if tea bag decomposition can pick up the impacts of N addition on aquatic litter decomposition, as well as the TBI approach. This is because it was recently suggested that the TBI approach may be inapplicable to aquatic ecosystems [15], although the TBI approach has increasingly been used in aquatic ecosystems [13,16,17,18,19].




2. Materials and Methods


2.1. Incubation Experiment


An incubation experiment was performed using a water sample taken from a stream in Yamaga City in Kumamoto Prefecture. The stream was surrounded by an evergreen coniferous plantation dominated by Cryptomeria japonica (Linnaeus f.) D. Don and Chamaecyparis obtusa (Sieb. et Zucc.) Endl. Although the artificial environment in the incubation study makes quantitative discussion difficult, it would be possible to test if tea bag decomposition is sufficiently sensitive to pick up the impacts of N addition. Four treatments were prepared, i.e., control (Cont; no N addition), low amount of N addition (Low-N; 60 µg N per L), middle amount of N addition (Middle-N; 300 µg N per L), and high amount of N addition (High-N; 1500 µg N per L), with three replicates for each tea type. The concentrations of the added N were determined considering the nitrate concentration in N-rich rivers in Japan [20]. Five tea bags were submerged into 500 hundred mL water samples in polyethylene terephthalate bottles. The bottles were incubated at 25 °C under dark conditions, and tea bags were retrieved at 7.5, 19.5, 42, 64.5, and 90 days after the start of the incubation. The retrieved tea bags were oven-dried (at 70 °C for 72 h) and mass loss ratios were determined. The bottles were covered with a polyethylene sheet for preventing water evaporation [21].




2.2. Tea Bags


Green tea bags (EAN: 87 10,908 90359 5; Lipton, Unilever, London, England) and rooibos tea bags (EAN: 87 22,700 18843 8; Lipton, Unilever, London, England) were prepared following Keuskamp et al. (2013) and the official webpage of the TBI’s approach [22]. Since Lipton has changed the mesh materials from woven nylon mesh (0.25 mm) to polypropylene nonwoven mesh (non-uniform mesh finer than 0.25 mm [23]) in 2017 [22], I used the new tea bags with nonwoven mesh. A field experiment reported that the changes in the mesh size did not have large impacts on decomposition rates of tea bags [23].




2.3. Tea Bag Index (TBI)


The TBI, which consists of a stabilization factor S (the ratio of undecomposed to decomposed hydrolysable fractions of green tea during the 90-day incubation) and a decomposition constant k of an asymptote model constructed by tea bag decomposition data, were calculated following Keuskamp et al. (2013) [12]. The stabilization factor S was calculated as (Equation (2)):


S = 1 − ag/Hg



(2)




where ag is the mass loss of green tea during the 90-day incubation, and Hg is the hydrolysable fraction of green tea (0.842, determined by Keuskamp et al., 2013 [12]). The decomposition constant k was calculated by substituting the mass loss ratio of rooibos tea at the 90th day of the incubation for the following equation (Equation (3)):


Wr(t)/Wr(0) = (Hr × (1 − S)) × e−kt + (1 − Hr × (1 − S))



(3)




where Wr(t) is the mass of rooibos tea remaining after incubation time t (90 days), Wr(0) is the initial mass of rooibos tea, and Hr is the hydrolysable fraction of rooibos tea (0.552, determined by Keuskamp et al. 2013 [12]). Note that the TBI approach assumes that the stabilization factor S of green tea is the same as that of rooibos tea and therefore parameter a in Equation (1) (labile fraction of rooibos tea) can be determined by multiplying hydrolysable fraction of rooibos tea (Hr) with the decomposed ratio of hydrolysable fraction of green tea (1 − S).



Seelen et al. (2019) proposed that the calculation of the TBI in aquatic ecosystems can be improved by using the leaching factor, i.e., the ratio of easily-leachable fraction to total tea weight (for more detail, see Seelen et al., 2019 [13]). In the present study, the corrected TBI was also calculated using the leaching factor (0.280 and 0.113 for green tea and rooibos tea, respectively for pelagic zone [13]).




2.4. Statistics


The effects of N addition on the mass remaining ratio of each tea were tested using a linear-mixed model with the incubation time (categorical data), N addition, and their interaction as fixed effects and the incubated bottles as a random effect. Two asymptote models were fitted to the time-series mass loss data of tea bags by nonlinear regression (nls procedure). In addition to an asymptote model with a single exponential term (Equation (1)), another model with double exponential term was also fitted (Equation (4):


W(t) = a × e−k1t + b × e−k2t + (1 − a − b)



(4)




where W(t) is the mass remaining after incubation time t, k1 and k2 are the decomposition constants, and a, b, and (1 − a − b) represent the organic matter fractions with different decomposability. Due to the double exponential term, the model could better describe the decomposition curve of teas in aquatic ecosystems, where initial mass loss is quicker than in terrestrial ecosystems. The obtained parameters were compared using a linear mixed model with concentrations of added N as a random effect because of the relatively small sample size in the present study. Parameters obtained from the TBI approach were compared with those obtained from the time-series data approach using an unpaired t-test. All statistical analyses were done using R version 4.0.2 (R Core Team 2020), with “lme4”, “lmerTest”, and “nls” libraries.





3. Results


A Linear mixed model indicated that green tea decomposition was not affected by N addition (p = 0.19, Figure 1a), while rooibos tea decomposition was suppressed by N addition (p = 0.04, Figure 1b). A similar result was obtained by fitting an asymptote model with a single exponential term to the time-series data (Figure 2 and Figure 3). The parameter a (p = 0.24) and decomposition constant k (p = 0.93) of the asymptote model (Equation (1)) describing the green tea decomposition curve were not affected by N addition (Figure 3a,b). On the other hand, parameter a of the model describing the rooibos tea decomposition curve decreased significantly in N added samples (p < 0.01, Figure 3c), but decomposition constant k was not affected by N addition (p = 0.30), although it had a trend to be elevated by N addition (Figure 3d).



The asymptote model with double exponential term (Equation (4)) did not fit to the time-series data well. Although fittings of the model to several data, especially mass loss data of green teas, were better than the asymptote model with a single exponential term (Figure S1a–d from Supplementary Materials), model fittings to several data resulted in a decomposition constant k2 lower than zero (Figure S1e–h from Supplementary Materials).



The asymptote model constructed by the TBI approach failed to predict the time-series data of rooibos tea decomposition (p < 0.01, Figure 4a–d), which supported the suggestion by a previous study that the TBI approach may not be applicable to aquatic ecosystems [15]. The corrected TBI approach by introducing leaching factor [13] did not improve the fitting much (Figure 4e–h).




4. Discussion


4.1. Effects of N Addition on Tea Decomposition


In the present study, rooibos tea decomposition was suppressed by N addition (Figure 1, Figure 2 and Figure 3). It is likely that the retarded decomposition was not caused by direct negative impacts of N on microbes such as too high a concentration of inorganic N, because the simultaneously observed green tea decomposition was not suppressed by N addition (Figure 1a). In terrestrial ecosystems, suppressed litter decomposition by N addition was often observed, especially at the late stage of decomposition [24,25], due to the following suggested possible mechanisms: (i) microbes stop decomposing litters because they no longer need to acquire the N from the litters [26]; (ii) chemically recalcitrant materials are produced by N addition [27]; and (iii) N addition shifts the microbial community [28,29]. Although these mechanisms were suggested to mainly explain the late stage of decomposition, i.e., decomposition of recalcitrant fractions such as acid insoluble fraction, rooibos tea decomposition in the present study could be suppressed in the same manner. Yue et al. (2016) [30] reported that lignin degradation was initiated much earlier in an alpine forest river compared with other terrestrial ecosystems. It is possible that the recalcitrant fraction (acid insoluble fraction) of rooibos tea in aquatic ecosystems is initiated much earlier than those in terrestrial ecosystems, and thus the suppressing impacts of N addition on the recalcitrant fraction could also appear earlier. This hypothesis can explain why green tea decomposition was not suppressed by N addition: green tea, containing a lesser amount of acid insoluble fraction [12], could have received less impacts.




4.2. Evaluating Tea Bags as Potential Standard Materials to Detect the Impacts of N Addition on Litter Decomposition


The present study demonstrated that the tea bags, especially the rooibos tea bags, were sufficiently sensitive to pick up the impacts of N addition on litter decomposition rates. Analyzing the time-series mass loss data of rooibos teas with a linier mixed model or by comparing the parameters obtained by fitting an asymptote model to the data successfully detected significant differences. Although green tea decomposition did not respond to N addition in the present study, it would be better to utilize both types of teas because it helps with the understanding of the underlining mechanisms. In the present study, as discussed above, no impacts of N addition on green tea decomposition supported the idea that the suppressed decomposition of rooibos tea by N addition was probably not caused by too high a concentration of inorganic N. The asymptote model with a double exponential term failed to fit to the time-series data (Figure S1e–h from Supplementary Materials). This was probably because the decomposition of acid insoluble fraction had started during the 90-day incubation (as discussed above). If this is the case, a combination of the exponential model with a lag-time model [31] fitted to data obtained from a longer observation time could make for better fitting. The TBI-based asymptote model also failed to predict the decomposition curve of rooibos tea (Figure 4), which supported a recent suggestion that the TBI approach may not be applicable to aquatic ecosystems [15]. Introducing the leaching factor for modifying the TBI approach [13] did not improve the prediction much, indicating that obtaining time-series data is necessary to understand the decomposition constant k of tea decomposition in aquatic ecosystems. Overall, the present study suggested that (i) tea bags can be used as standard materials for testing the impacts of N addition on litter decomposition in aquatic ecosystems, but only when using time-series measurement and not the TBI, and (ii) better model fittings may be possible to improve evaluating the impacts of N addition on aquatic litter decomposition.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/nitrogen2020017/s1, Figure S1: Examples of fitting the asymptote model with a double exponential term (Equation (4) in the text) to the time-series mass loss data of green teas (a–e) and rooibos teas (f–h). Each figure shows the model fitting to the tea bag decomposition data obtained from a replicate. Code numbers of replicates are shown on each figure. Each open circle represents one datum. Parameters of each model are: (a) a, k1, b, and k2 are 0.44297764, 0.35642208, 0.34723017, and 0.03150591, respectively; (b) a, k1, b, and k2 are 0.44084665, 0.37914748, 0.35471396, and 0.02767483, respectively; (c) a, k1, b, and k2 are 0.4708187, 0.3853025, 0.3652233, and 0.0178373, respectively; (d) a, k1, b, and k2 are 0.54725426, 0.21713970, 0.27081724, and 0.015745, respectively; (e) a, k1, b, and k2 are 0.600997887, 0.214203268, −0.950120034, and −0.001831729, respectively; (f) a, k1, b, and k2 are 0.217451477, 0.239464489, −0.005224775, and −0.025222519, respectively; (g) a, k1, b, and k2 are 0.2341728320, 0.2652264051, −0.0002957249, and −0.0400969399, respectively; (h) a, k1, b, and k2 are 0.207273251, 0.406834784, −0.007380097, and −0.024016403, respectively.
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Figure 1. Effects of nitrogen addition on mass of (a) green tea and (b) rooibos tea remaining at 0, 7.5, 19.5, 42, 64.5, and 90 days after the start of the incubation. Control, no nitrogen addition. Low-N, low amount of nitrogen addition (60 µg N per L). Middle-N, middle amount of nitrogen addition (300 µg N per L). High-N, high amount of nitrogen addition (1500 µg N per L). The error bars indicate the standard error of the three replicates. 
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Figure 2. Fitting of the asymptote model with a single exponential term (Equation (1) in the text) to the time-series mass loss data of green teas (a–d) and rooibos teas (e–h). Control, no nitrogen addition. Low-N, low amount of nitrogen addition (60 µg N per L). Middle-N, middle amount of nitrogen addition (300 µg N per L). High-N, high amount of nitrogen addition (1500 µg N per L). Each open circle represents one datum. 
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Figure 3. Effects of nitrogen addition on the parameter a and the decomposition constant k of the asymptote model with a single exponential term (Equation (1) in the text) fitted to mass loss data of green teas (a–b) and rooibos teas (c–d). 
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Figure 4. Relative mass of rooibos teas remaining in a water sample taken from a stream in Kumamoto, Japan (a–d), and the relative mass adjusted by using the leaching factor (e–h). Dashed lines show fittings to the asymptote model (Equation (1) in the text). Solid red lines show asymptote models describing rooibos tea decomposition determined by the TBI approach. Control, no nitrogen addition. Low-N, low amount of nitrogen addition (60 µg N per L). Middle-N, middle amount of nitrogen addition (300 µg N per L). High-N, high amount of nitrogen addition (1500 µg N per L). Each open circle is an average of three replicates. Parameter a and decomposition constant k obtained from the TBI approach were compared with those obtained from the time-series data approach using unpaired t-test. 
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