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Abstract

:

The decomposition of abnormal litter caused by extreme weather events might play an increasingly important role in carbon and nutrient cycling in forest ecosystems under climate change scenarios, which needs to be fully investigated. In August 2020, the abnormal foliar litter of the goldenrain tree (Koelreuteria bipinnata var. Integrifoliola), the camphor tree (Cinnamomum camphora), and the weeping willow (Salix babylonica) after Typhoon Hagupit disturbance were collected and incubated on the soil surface at the Plant Ecology Research Base at Taizhou University, which is located on the eastern coast of China. Simultaneously, the physiological foliar litter of these three trees collected in the spring litter peak was incubated at the same site. The abnormal litter had higher concentrations of carbon (C), nitrogen (N), and phosphorus (P) and lower concentrations of lignin and cellulose than the physiological litter. The accumulative mass loss rates of abnormal litter in the goldenrain tree, the camphor tree, and the weeping willow during the incubation period increased by 7.72%, 29.78%, and 21.76% in comparison with physiological litter, and the corresponding carbon release increased by 9.10%, 24.15% and 19.55%, respectively. The autumn litter peak period and plum-rain season had higher rates of litter mass loss and carbon release, while the winter nongrowing season had lower rates. Accumulative mass loss, accumulative carbon release, daily mass loss and the daily carbon release of foliar litter were significantly and positively correlated with temperature and initial P concentrations, and significantly and negatively correlated with the initial C/P ratio, lignin/N ratio, and lignin/P ratio (p < 0.05). Compared with the physiological litter, abnormal litter had higher initial substrate quality, which may be the most important factor contributing to their high rates of mass loss and carbon release. The results imply that increasing tropical cyclones under climate change scenarios will facilitate carbon cycling in coastal urban forest ecosystems.
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1. Introduction


Tropical cyclones (typhoons and hurricanes) rank first on the list of the top 10 most dangerous natural hazards around the world [1]; these storms not only cause the loss of lives and property, but also affect the structure and function of terrestrial ecosystems [2,3], particularly the global carbon cycle [4,5]. For instance, Zeng et al. [5] indicated that, on average, 97 million trees in the United States died each year because of hurricanes from 1851 to 2000, resulting in an annual loss of 53 Tg of biomass, equivalent to an annual release of 25 Tg carbon. In particular, hurricane-induced carbon sink loss offset 9%–18% of the total forest carbon sink in the United States during 1980–1990. Chambers et al. [6] demonstrated that the effect of Hurricane Katrina on forest damage and mortality was closely related to tree species, as Hurricane Katrina in 2005 resulted in significant forest structural damage and mortality of ~320 million large trees, equivalent to a loss of 105 Tg carbon and accounting for ca. 50%–140% of the net annual forest carbon sink in US forests. According to the IPCC [7] assessment, the frequency, intensity, and disturbance region of tropical cyclones are increasing, implying that tropical cyclones are likely to have a more profound effect on the global carbon cycle. Indeed, the effects of hurricanes and typhoons on the global carbon cycle result not only from direct uprooting, branch breaking, overturning, and wind inversion, but also from abnormal litter decomposition and carbon release. However, little information is available on this topic.



Plant litter is a carrier of carbon and nutrient cycling in forest ecosystems [8,9]. Worldwide, annual forest litter production is estimated to account for approximately 20% of net ecosystem productivity (NEP) [10] and up to 34% of NEP in tropical wet evergreen forests [11]. In particular, plant litter decomposition plays crucial roles not only in site fertility maintenance and soil formation but also in the global carbon cycle [12]. Raich and Schlesinger [13] estimated that litter decomposition (including root litter) contributed 70% of the total annual carbon flux, approximately 68 PgC/a (Pg = 1015 g). Increasing evidence has indicated that the proportion of abnormal litter production to annual forest litter production is increasing due to extreme weather events, such as tropical cyclones [14,15], and is closely related to forest type and tree species [16]. As affected by Hurricane Hugo in 1989, the forests in the Luquillo Experimental Forest of Puerto Rico produced 10,800 kg abnormal litter per hectare, which was equivalent to 1.25 times the annual litterfall production in the Bisley Experimental Watersheds [17]. As affected by Hurricanes Irma and Maria in 2017, the abnormal litter production of these forests reached 32,225 kg per hectare, equivalent to 1.61 times the annual litter production [18]. Therefore, an in-depth investigation of the decomposition and carbon release from plant litter caused by tropical cyclone disturbances can provide essential data for assessing the global carbon cycle.



Abnormal litter is nonphysiologically fallen plant tissues, such as blown green leaves and broken branches and twigs, caused by the mortality or destruction of trees due to tropical cyclones (typhoons/hurricanes) [19], rainstorms, snow storms, ice disasters [20], and other extremely destructive disturbance events [21]. Litter quality, climate, and decomposer community are considered the three key factors influencing litter decomposition [22,23]. Theoretically, abnormal litter decomposition is similarly driven by these factors. Different from physiological litter, however, abnormal tropical cyclone-induced forest litter decomposition might have distinct processes for the following reasons (Figure 1). First, abnormal litter generally has higher N and P concentrations and relatively lower C/N and C/P ratios, due to the lack of nutrient resorption processes and thus may have faster rates of mass loss and carbon release [15]. Second, the concentrations of lignin and cellulose in green leaves are relatively lower due to their relatively low fibrillation and lignification during the growing peak [12], and thus abnormal foliar litter from extreme meteorological events such as typhoons may have lower lignin and cellulose concentrations and therefore relatively lower ratios of lignin/N and lignin/P, resulting in faster decomposition rates. Third, decomposer communities (soil animals and microbes) are more active in warm and humid seasons, and accelerate litter decomposition [24,25], while abnormal litter formed by tropical cyclones is directly exposed in a warm and humid season and has higher mass loss and carbon release. As a result, the increasing forest abnormal litter may accelerate the global carbon cycle under global climate change scenarios. Present abnormal litter decomposition is increasingly a concern [15,20,26]. For instance, Yang et al. [20] have found that freeze-damaged needle litter has a faster decomposition rate than physiological needle litter. Li et al. [27] compared the decomposition processes of green and senescent leaves of nine plant species and found that green leaves had relatively higher mass loss rates than senescent leaves. Moreover, the physiological and morphological responses of trees to tropical cyclone disturbances should vary greatly with tree species, which leads to large differences in the production and quality of abnormal litter from different tree species and in turn affects the processes of abnormal mass loss and carbon release at the ecosystem level. However, the mass loss and carbon release of abnormal litter from different tree species produced by tropical cyclones remain unknown.



Typhoons are one of the most important disturbance factors affecting the structure and function of coastal forest ecosystems in the Northwest Pacific Ocean [28]. China is one of the countries most affected by typhoons [29]. Typhoons predominantly occur in the southeastern coastal region of China [30], such as in the provinces of Zhejiang, Fujian, and Guangdong. According to statistics, from 1984 to 2019, a total of 208 tropical cyclones made landfall in the southeastern coastal cities of China, of which 88 were intense tropical storms or stronger [31]. Frequent typhoons not only severely disturb coastal forests and urban garden tree species in China [32], but also have a profound impact on the homeostasis and carbon cycling processes of coastal forest ecosystems [33,34]. For instance, Huang et al. [32] investigated the effects of Typhoon Mangkhut in 2018 on urban garden tree species in Guangzhou, Hong Kong, and Macau Cities, and found that the responses of garden trees to typhoon disturbance varied greatly with tree species, and more than 60% of Radermachera hainanensis and Acacia confusa were damaged by this typhoon. Recently, we observed that Typhoon Hagupit in 2020 changed the concentrations of nitrogen, phosphorus, potassium, calcium, sodium, and magnesium in garden plant leaves. However, after a shorter period, the concentrations of these nutrients in plant leaves were restored to the level before the typhoon [35,36], implying that the initial nutrient status of abnormal litter differs from that of physiological litter, and leading to specificity in decomposition, carbon and nutrient release, which may regulate the material cycling processes in coastal forest ecosystems. However, the decomposition of abnormal litter induced by typhoons remain unknown. The mass loss and carbon release of typhoon-produced abnormal foliar litter of the goldenrain tree, the camphor tree, and the weeping willow tree, the three most prevalent garden green trees in subtropical coastal cities, were therefore investigated, and used the litterbag method in the Plant Ecology Research Base at Taizhou University, located in the southeast coastal area of Zhejiang Province, China. The main objectives of this study are to: (1) understand the effects of typhoon disturbance on litter decomposition in coastal urban forest ecosystem; (2) reveal the effects of typhoon disturbance on carbon cycling in coastal urban forest ecosystems via abnormal litter decomposition; and (3) explore the differential responses of abnormal litter decomposition from different tree species to typhoon disturbance, so as to provide scientific basis for post-typhoon recovery and reconstruction of coastal urban forests under climate change scenarios and to add important data to the global carbon cycle model.




2. Materials and Methods


2.1. Study Site


This study was conducted in the Plant Ecology Research Base at the Taizhou University, which is situated on the eastern coast of Zhejiang Province (28°63′–28°68′ N, 121°38′–121°41′ E). The area is located in the western Pacific Ocean and belongs to the mid-subtropical monsoon zone. Due to the barrier of cold currents by the high mountains in the northwest and the regulation of the high specific heat capacity of marine water, there is an abundance of sunlight and heat, with an annual average temperature of 14.8–23.8 °C, a maximum of 40 °C, and a minimum of −4 °C. The annual precipitation is 1632 mm, ranging from 1185 to 2029 mm, and rainy days are over 120 d. The plum-rain season, named the Meiyu season, occurs from early June to early July and is characterized by frequent rainfall and damp weather [30]. In particular, the ecosystems in this region are affected by frequent typhoon disturbances from July to October, and over 170 typhoons have affected all types of ecosystems in the past five decades [37,38]. In recent years, particularly in 2019, the super typhoon “Lekima” (http://news.cctv.com/special/tflqm/) (accessed on 30 September 2022) has had a dramatic impact on the security of urban property and urban forest ecosystems in Taizhou city. Taizhou city is forest urban, and urban forest covers ca. 62.2% [35], which has abundant urban garden plants. Among these, the goldenrain tree (Koelreuteria bipinnata var. Integrifoliola), the camphor tree (Cinnamomum camphora), and the weeping willow tree (Salix babylonica) are widely used to green the city. However, these garden trees are frequently attacked by typhoons [35]. Even so, there is a lack of deep investigation into the decomposition and carbon release of abnormal litter caused by typhoons.




2.2. Litter Collection and Experimental Design


To understand the role of abnormal litter in the carbon cycle, the physiological foliar litter of goldenrain trees, camphor trees and weeping willow trees, three representative urban garden tree species in Taizhou city, were collected in late spring in 2020, before the typhoon began or late autumn 2019, and were air-dried and stored in the lab. The green leaves (abnormal foliar litter) on the floor blown down by the typhoon were collected on the second day after Typhoon Hagubit (No. 4) swept through Taizhou city on 4 August 2020. The collected green leaves of the three tree species were transported to the laboratory and air-dried naturally on a flat table for two weeks. Then, 10.00 g of air-dried physiological and abnormal foliar litter were precisely weighed and put into nylon bags. The area of the nylon bag was 20 cm by 20 cm, and the mesh size was 0.04 mm on the bottom (soil contact) and 3 mm surface (atmospheric contact) aperture [39]. All the litterbags were randomly incubated on the soil surface at the Plant Ecology Research Base at Taizhou University on 9 September 2020. We considered the effects of typhoons and other factors to prevent the loss of samples. The bags were connected to each other using thick fishing lines, and the ends of the cords were fixed with iron rings, while the distance between the bags was ≥5 cm to avoid mutual influence. Finally, button thermometers (iButton DS1921G, Maxim/Dallas Semiconductor, Sunnyvale, CA, USA) were placed into the litterbags and topsoil layer to monitor the temperature dynamics of the litterbags and topsoil; meanwhile, air temperature dynamics were monitored by button thermometers hanging on the air (set to record every 2 h). The daily mean temperatures of litterbags, topsoil, and air and the actual moisture dynamics of foliar litter are presented in Supplementary Material (Figures S1 and S2).



Based on Taizhou’s historically hot and humid climate, one-year field incubation experiment periods were divided into five critical decomposition periods, i.e., the autumn litter peak period (10 September 2020–9 December 2020, ALP), winter nongrowing season (10 December 2020–9 March 2021, WNG), spring litter peak period (10 March 2021–16 May 2021, SLP), early plum-rainy season (17 May 2021–16 June 2021, EPR), and late plum-rainy season (17 June 2021–21 July 2021, LPR). A total of 90 litterbags (2 litter sources, physiological and abnormal litter × 3 species × 5 sample times × 3 replicates) were randomly collected on 9 December 2020 and on 9 March, 16 May, 16 June, and 21 July 2021.




2.3. Sampling and Chemical Analyses


Litterbags were retrieved at five critical incubation periods, i.e., ALP, WNG, SLP, EPR, and LPR, and were immediately (within 2 h) transported to the laboratory, manually separated from foreign materials oven-dried at 65 °C, and weighed to determine the dry mass loss. Additionally, three reserved litterbags of foliar litter from each tree species were also oven-dried at 65 °C and weighed to determine the moisture content of the foliar litter used for the conversion of the dry materials. The reserved, naturally air-dried foliar litter from different sources of the three tree species was also used to determine the concentrations of the initial chemical components. The oven-dried litter samples were ground in a laboratory mill to a mesh fraction of less than 0.25 mm.



The concentrations of carbon, nitrogen, phosphorus, lignin, and cellulose in the litter were then analyzed. The concentrations of carbon and nitrogen in the litter samples were determined using an element analyzer (Elementar Analysensysteme GmbH, Hanau, Germany) [40]. The instrument’s fundamental principle is the Dumas combustion equilibrium theory [41]. A prepared sample of 0.1 g litter was weighed, wrapped in a tin capsule, and fed via the autosampler into the combustion reaction tube, and a small quantity of pure oxygen was introduced into the system to help in the complete burning of the sample. The combusted sample was then subjected to a further catalytic redox process in which carbon and nitrogen were transformed into various detectable gases, including COx and NOx. The gas mixture is further separated by a separation column and finally passed through the thermal conductivity detector (TCD) to complete the detection, and the results are output by the connected computer. The total concentration of phosphorus was determined using the molybdenum-blue colorimetric method [42]. The concentrations of lignin and cellulose in litter were measured using an acid-detergent fiber-sulfuric lignin method [43] with some modification. The fractions determined by this method are now mostly known as Klason lignin or acid unhydrolysable residue (AUR). The method and procedure are given in He et al. [44]. All analyses were conducted in triplicate.




2.4. Statistical Analysis and Calculation


We calculated the rates of accumulative mass loss (Lt) and accumulative carbon release (R) from the different sources of foliar litter for three species at different critical periods, as well as the daily mass loss (Vm) and carbon release (Vc) from foliar litter at each critical period, and simulated the decomposition rate (k value) of foliar litter by the Olsen exponential equation.



Accumulative mass loss rate of foliar litter (Equation (1) [45]):


Lt(%) = (M0 − Mt)/M0 × 100



(1)







M0 = Initial dry weight of foliar litter (initial mass litter),



Mt = Litter dry weight in the corresponding moment (remaining mass litter).



Accumulative C release of foliar litter (Equation (2) [46]):


R(%) = (M0C0 − MtCt)/M0C0 × 100



(2)







C0 = Initial C concentration of foliar litter,



Ct = C concentration of foliar litter in the corresponding moment.



Daily mass loss and carbon release of foliar litter (Equations (3) and (4) [47]):


Vm(mg/d) = (Mt−1 − Mt)/ΔT



(3)






Vc(mg/d) = (Mct−1 − Mct)/ΔT



(4)







Mct = Litter carbon weight in the corresponding moment,



ΔT = The length (day number) of each critical period.



Olsen’s decomposition of the exponential equation (Equation (5) [48]):


Xt = X0e−kt



(5)







X0 = Initial dry weight of foliar litter (initial mass litter),



Xt = Litter dry weight in the corresponding moment (remaining mass litter),



t = Decomposition time (days),



k = Decomposition coefficient.



The differences in the initial element concentration of foliar litter from the three species and the daily mass loss and daily carbon release at different critical periods of foliar litter from the three species were tested using Tukey’s HSD test when the one-way ANOVA results were significant at p = 0.05. The differences in the initial element concentrations of different sources of foliar litter, and the accumulative mass loss rate, carbon concentration, accumulative carbon release rate, daily mass loss, and daily carbon release at different critical periods of different sources of foliar litter were evaluated using an independent sample t-test with an alpha level of 0.05. The effects of litter sources, tree species, critical periods, and their interactions on the mass loss rate, carbon concentration, and accumulative carbon release rate of the foliar litter were tested using a repeated-measures ANOVA with litter sources, species, and critical periods as independent categorical variables. Pearson’s correlations were performed among the investigated parameters. All statistical analyses used the SPSS 25.0 (SPSS Inc., Chicago, IL, USA), graphing with Origin 2021 (OriginLab, Northampton, MA, USA).





3. Results


3.1. Initial Litter Quality of Abnormal Foliar Litter


Abnormal litter had higher substrate quality than physiological litter (Table 1, p < 0.05). Compared to the physiological litter, the concentrations of C, N, and P in the abnormal litter were increased by 3.07%–6.73%, 17.79%–92.5%, and 28.22%–84.52%, respectively, while the concentrations of lignin and cellulose and the ratios of C/N, C/P, N/P, lignin/N, and lignin/P, were decreased by 34.82%–44.14% and 28.90%–65.78%, and 12.43%–44.58%, 18.35%–42.87%, 25.51%–27.83%, 7.97%–70.98%, and 32.75%–69.90%, respectively (Table 1). Additionally, the differences between physiological and abnormal litter varied greatly with tree species.




3.2. Litter Mass Loss


The accumulative mass loss rates of foliar litter displayed characteristic decomposition patterns, which appeared to approximate an exponential function (Figure 2). The decomposition process of foliar litter was simulated by the Olsen index equation, and perfect fitting results were obtained (Table 2, R2 > 0.85, p < 0.05). Abnormal litter had higher rates of accumulative mass loss and decomposition than physiological litter (Figure 2, Table 2). After one-year decomposition, compared with the physiological litter, the rates of accumulative mass loss and decomposition of abnormal litter increased by 7.72%–29.78% and 8.00%–42.86%, respectively (Figure 2), and depended on the tree species and critical periods. The accumulative mass loss rate and decomposition rate of abnormal litter for the three species, in descending order, were weeping willow (67.98%, k = 0.0030) > goldenrain tree (63.94%, k = 0.0027) > camphor tree (49.16%, k = 0.0020). Compared with the physiological litter, the rates of mass loss and decomposition of abnormal litter increased in the following order: camphor tree > weeping willow > goldenrain tree (Figure 2, Table 2). Regardless of the tree species, the mass loss of litter was higher during the ALP, EPR, and LPR reaching 18.80–43.88 mg/d, 13.87–33.44 mg/d, and 8.28–34.00 mg/d daily mass losses, respectively, while it was lowest during the WNG, with only 4.56–12.37 mg/d daily mass losses (Figure 3). Repeated-measures ANOVA revealed that the accumulative mass loss rate was significantly influenced by the source of foliar litter, tree species, critical period, and their interactions (Table 3, p < 0.001).




3.3. Litter Carbon Release


The carbon concentrations of foliar litter fluctuated and decreased with time (Figure 4). After one-year decomposition, compared with the physiological litter, the decreased amplitude in abnormal litter carbon concentrations was elevated by 19.79%–30.11% (Figure 4) and depended on the tree species and critical periods. The carbon concentrations decreased the amplitude of abnormal litter for the three species in descending order: the weeping willow (28.83%) > the camphor tree (24.53%) > the goldenrain tree (21.02%). Compared with the physiological litter, the carbon concentrations of the abnormal litter decreased in amplitude in descending order: weeping willow trees > camphor trees > goldenrain trees (Figure 4). Regardless of the tree treatment, the litter carbon concentrations decreased mainly during the ALP and after the temperature recovery (SLP, EPR, and LPR), whereas they rose throughout the WNG (Figure 4).



The accumulative carbon release rate of foliar litter assessed in the experiment increased with time, and abnormal litter had higher rates of accumulative carbon release rate than physiological litter (Figure 5). After one-year decomposition, the accumulative carbon release rate of the abnormal litter increased by 9.1%–24.15% compared with the physiological litter, depending on the tree species and critical periods (Figure 5). The accumulative carbon release rate of abnormal litter for the three species, in descending order, was the weeping willow (74.87%) > the goldenrain tree (71.64%) > the camphor tree (62.13%). Compared with the physiological litter, the accumulative carbon release rate of abnormal litter increased in the following order: the camphor tree > the weeping willow > the goldenrain tree (Figure 5). Regardless of the tree species treatment, the carbon release of litter was higher during the ALP and EPR, and the daily carbon release reached 8.61–22.25 mg/d and 3.22–16.56 mg/d, respectively, while it was lowest during the WNG, with only −0.40–2.94 mg/d daily carbon release (Figure 6). Repeated-measures ANOVA revealed that the carbon concentrations and accumulative carbon release rate were significantly influenced by the sources of foliar litter, the species, critical sampling period, and their interactions (Table 3, p < 0.001).




3.4. Key Drivers of Mass Loss and Carbon Release of Abnormal Litter


Pearson’s correlation analysis results indicated that accumulative mass loss and accumulative carbon release were significantly positively correlated (p < 0.05) with the initial N and P concentrations and negatively correlated (p < 0.05) with the initial lignin concentrations, C/P, N/P, lignin/N, and lignin/P, while the opposite was true for the carbon concentration of litter (Figure 7). During different periods, daily mass loss and daily carbon release from foliar litter were strongly and positively correlated with initial P concentrations (p < 0.05) and considerably negatively correlated with initial C/P, lignin/N, and lignin/P (p < 0.05). Additionally, there were significant positive correlations (p < 0.05) between accumulative mass loss, accumulative carbon release, daily mass loss, and daily carbon release and atmospheric temperature, topsoil temperature, and foliar litter temperature, as well as a significant positive correlation (p < 0.05) between accumulative carbon release and foliar litter moisture, whereas the opposite was true for litter carbon concentration.





4. Discussion


4.1. Effects of Typhoon Disturbance on Litter Quality


Typically, the initial quality of litter in a given ecosystem is the most influential element in litter decomposition [9]. Climate, plant population characteristics [49], and soil physicochemical properties [50], generally influence the quality of litter. Additionally, human actions (chemical fertilization [51], heavy metal pollution [52]) and particular meteorological occurrences such as tropical storms [28], and snowfall [20], might also alter litter quality. In subtropical urban forests affected by typhoons, abnormal litter contains higher initial concentrations of carbon, N, and P, but lower levels of lignin and cellulose. In addition, the initial C/N, C/P, lignin/N, and lignin/P ratios were lower in the abnormal litter (Table 1), indicating a higher quality substrate at the beginning of its decomposition. In the subtropical broadleaf evergreen forest on Okinawa Island, Japan [14] and the subtropical tidal wetlands of the Minjiang estuary [15], which are likewise subtropical regions, not only did the quantity of litter increase significantly after the typhoon but also the concentration of nutrients such as N and P in the litter increased significantly. An investigation of simulated tropical storm disturbances in a subtropical forest in Puerto Rico revealed that N and P concentrations in the litter layer increased considerably after a tropical storm [53]. As leaves aged, the degree of lignification and fibrillation increase, leading to an increase in lignin and cellulose concentrations. Plants have an “internal recycling” protective mechanism that recycles key nutrients prior to leaf senescence [54]. Therefore, the higher nutrient concentrations of abnormal foliar litter induced by a typhoon may be attributable to the absence of nutrient recycling prior to leaf fall. In addition, compared with the physiological litter, the extent to which the initial nutrient concentration of abnormal litter varied with tree species. On the one hand, the ability of the plant to regulate its own homeostasis varies between tree species due to the different abilities of different tree species to resist typhoon disturbances [35,55]; on the other hand, the nutrient resorption capacity of different tree species also varies. For example, for alder and acacia, which produce leaf litter with as high a concentration of N as high as that of live leaves, the difference range is c. 2%–3% [12]. Therefore, the differences between tree species result in distinct initial substrate qualities for the decomposition of abnormal litter, which then significantly affects the decomposition process.



According to the US National Weather Service’s classification scale for tropical storm damage, there are four classes: F0 through F3, with sustained wind speeds of 18–25, 26–35, 36–47, and 48–62 m/s, respectively. However, our study only focused on Typhoon Hagupit, which occurred on 4 August 2020, and affected Taizhou city with wind speeds of ca. 17.2–32.6 m/s in the wind circle and a rating of c. 8–10 level (https://e.weather.com.cn/mtqzt/3367215.shtml) (accessed on 30 September 2022). The effects of typhoons on abnormal litter production and quality are not yet fully understood [56]. To better understand the tropical cyclones on the initial quality of abnormal litter, it is necessary to further investigate the changes in abnormal litter production and quality with the intensity, disturbance frequency, and the occurrence time of tropical cyclones, as well as tree species and forest types.




4.2. Effects of Typhoon Disturbance on Abnormal Litter Mass Loss


The litter decomposition characteristics are climatically zonal [57], with litter annual mass loss rates in subtropical forests generally ranging from 40%–70% [58]. In our study, the annual mass loss of litter from different sources of the three species in the subtropical coastal urban forest ranged from 40.01%–66.55% in line with them, and the mass loss rates were considerably affected by the litter sources. Compared with the physiological litter, the rates of accumulative mass loss and decomposition of abnormal litter increased by 7.72%–29.78% and 8.00%–42.86%, respectively. This result agreed with Xu et al. [14], who have observed that tropical cyclone-generated litter has a higher decomposition rate in a subtropical forest in Okinawa. The rapid decomposition of the typhoon-produced foliar litter may be attributed to its distinct features of both physical structure and initial chemical concentrations [59]. The typhoon-produced green leaves are soft and tender in texture, not as hard as normal wilted leaves, and they have higher nutrient concentrations (e.g., N and P) and substrate quality. Increasingly investigations have shown that the initial N concentrations of litter, C/N [60], and lignin/N [61], are excellent predictors of decomposition. The higher the quality of litter is, the greater its soluble nutrition concentrations and the greater its leaching loss [27]. Our results also indicated that the initial concentrations of N, P, and lignin in physiological and typhoon-produced litter, and other substrate quality indexes, were closely correlated with the accumulative mass loss rate and daily mass loss, and well explained the predictors of litter decomposition (Figure 7). Besides, the differences of litter quality determined by tree species also affected litter mass loss and decomposition rates (Table 3). After one-year decomposition, the camphor tree foliar litter had the lowest rate of mass loss among the three tree species, owing to abnormal litter quality from different tree species. On the one hand, the foliar litter of the camphor tree has a waxy surface, which is more resistant to decomposition; on the other hand, the foliar litter of the camphor tree has lower initial N and P concentrations, and higher lignin concentration, C/N, and C/P ratios (Table 1), resulting in the lower camphor tree litter mass loss rate. In other words, the predictive indicators of physiological litter decomposition can be used to predict typhoon-induced abnormal litter decomposition.



Additionally, litter mass loss rate differed according to the critical period (Table 3, Figure 3). The litter mass loss occurred primarily during the ALP (0–92 d) and after the temperature warming (SLP, EPR, and LPR), reaching 17.04–40.34% and 15.98%–29.17%, respectively, and reaching a new peak of 8.31%–20.73% during the EPR; during the WNG, the lowest loss rate was only 3.16%–11.39%. The consensus about the decomposition process of litter is that litter has a high rate of mass loss in the earlier stages, a low rate of mass loss in the later stages, and a decomposition process with decreasing differences in the rate of mass loss between time periods over time [62]. On the one hand, the early decomposition period has the highest quality of foliar litter, and a large quantity of soluble carbohydrates and nutrients are released by leaching [63]. At the same time, it attracts the colonization and reproduction of soil organisms [64], both of which increase litter mass loss. On the other hand, the temperature and moisture of the decomposing environment are the most critical environmental factors affecting litter decomposition [65]. Our result also demonstrated that within a certain range, the foliar litter mass loss rate increased with increasing temperature and relative moisture. Under favorable temperature and moisture conditions, it is beneficial to increase soil organism activity [66] and associated decomposition enzyme activity [19], concurrently with strong leaching of foliar litter during the EPR, resulting in an increase in the foliar litter mass loss rate after the temperature rebounded and reached another peak in the EPR. In contrast, cold temperatures limit the soil organism activity significantly [67]. Consequently, the decomposition process of foliar litter is inhibited.




4.3. Effects of Typhoon Disturbance on Abnormal Litter Carbon Release


The accumulative carbon rates were considerably affected by the litter sources (Table 3). Compared with the physiological litter, the accumulative carbon release rates of abnormal litter increased by 9.1%–19.55% (Figure 5), which is consistent with the findings of Wang et al. [15]. Since carbon is the foundation of the composition of an organism, the total carbon released from litter is generally congruent with the process of mass loss [12]. As with mass loss, the rapid carbon release of the typhoon-produced foliar litter may be attributed to its distinct features of both physical structure and initial chemical concentrations. The results of correlation analyses on accumulative carbon release rates and daily carbon releases with initial nutrient concentrations and substrate quality, also indicate that the high substrate quality characteristics of abnormal litter contribute to increased carbon release (Figure 7). Tree species differences also significantly affected the carbon release rate of litter (Table 3). After one-year decomposition, the lowest rate of accumulative carbon release from abnormal litter of camphor tree was only 62.13%. Compared with the other two species, the indecomposable structure and abundant recalcitrant compounds in camphor tree litter (the highest lignin concentration in camphor tree litter, Table 1) were the primary reasons for its lower carbon release rate. The dynamics of litter carbon release varied with the critical periods. Litter carbon release rates peaked at 19.41%–48.65% and 2.29%–19.21% during ALP (0–92 d) and EPR, respectively, while the lowest was only −0.85%–6.29% during WNG, which is generally consistent with the characteristics of mass loss. The higher nutrient concentration in the early decomposing phase, along with the litter fragmentation during decomposition, the soluble sugars and small-molecule organic matter by leaching loss, and the utilization of litter nutrients by the soil biotope organisms [12], all contribute to litter carbon release. The temperature and moisture of the decomposing environment also influence carbon release rates. Within a certain range, the rate of foliar litter carbon release increased with increasing temperature and moisture (Figure 7). During WNG, cold temperatures largely limited the soil organism activity significantly [67], and the decomposition process of foliar litter is inhibited. The rate of carbonaceous organic matter decomposition is also slowed, reducing carbon release rates. It is worth noting that there is a negative carbon release during the WNG and LPR. This indicates that carbon accumulates during the litter decomposition process, possibly because the decomposition rate of material with other elemental concentrations of the litter is greater than the carbon release rate at this phase. It is accompanied by the accumulation of recalcitrant material (such as lignin and condensed phenolic compounds) that is difficult to decompose [68,69], leading to an increase in the proportion of carbon in the total weight of the litter, manifested as litter carbon concentration increase and carbon accumulation. Therefore, as mentioned above, typhoons drive material cycle processes in subtropical urban forests by altering the production and quality of litter, increasing the rate of mass loss and carbon release from litter. With global climate change, the intensity and frequency of tropical cyclones will continue to increase, as will the proportion of abnormal litter. This will then contribute to the forest ecosystem’s carbon and nutrient cycling processes [70].





5. Main Findings, Conclusions and Perspectives


(1) Compared with the physiological litter, typhoon-produced abnormal foliar litter has higher concentrations of carbon, nitrogen, and phosphorus, and lower ratios of C/N, C/P, lignin/N, and lignin/P.



(2) Compared with physiological litter, typhoon-produced abnormal litter has a higher mass loss and carbon release, implying that typhoons can accelerate the cycle of carbon in subtropical urban forest ecosystems. Under climate change scenarios, the intensity and frequency of tropical cyclones will continue to increase, as will the proportion of abnormal litter. The result suggests that tropical cyclones (hurricane/typhoon) accelerate the carbon cycle of coastal urban forest ecosystems through abnormal litter decomposition in the future.



(3) The rates of mass loss rate and the carbon release of abnormal and physiological litter varied greatly with tree species and critical periods, implying that changing the tree species composition in coastal subtropical urban forest ecosystems.



Future research should emphasize the following aspects. First of all, the production and quality of physiological and abnormal litter vary with the intensity, frequency, and the occurrence time of tropical cyclones, as well as tree species, forest types, stand characteristics, and site conditions. In addition, the relative contribution of physiological and tropical cyclone-induced abnormal litter decomposition to soil organic carbon accumulation and stability changes with tropical cyclones and forest characteristics, and in turn provides key scientific data for improving global carbon cycle prediction. Last but not least, what is the mechanism by which tropical cyclone-induced abnormal litter decomposition forms soil organic matter?
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Figure 1. The conceptual diagram depicts the lack of nutrient resorption processes in typhoon-induced abnormal litter, leading to changes in the litter’s initial substrate quality, with cascading effects on the ecosystem carbon cycle. 
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Figure 2. The accumulative mass loss rates (%) of goldenrain tree (a), camphor tree (b), and weeping willow tree (c) foliar litter in the urban forest. PL and AL indicate physiological and abnormal litter, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3. The daily mass loss of goldenrain tree (a), camphor tree (b), and weeping willow tree (c) foliar litter during different critical periods in the urban forest. ALP, WNG, SLP, EPR, and LPR indicate the autumn litter peak period, winter non-growing season, spring litter peak period, early plum-rainy season, and late plum-rainy season, respectively. PL and AL indicate physiological and abnormal litter, respectively. Different capital letters indicate significant differences between different critical periods (p < 0.05). Different lowercase letters indicate significant differences between different sources of foliar litter (p < 0.05). 
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Figure 4. The carbon concentration dynamics of goldenrain tree (a), camphor tree (b), and weeping willow tree (c) foliar litter in the urban forest. PL and AL indicate physiological and abnormal litter, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 5. The accumulative carbon release rates (%) of goldenrain tree (a), camphor tree (b), and weeping willow tree (c) foliar litter in the urban forest. PL and AL indicate physiological and abnormal litter, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 6. The daily carbon release of goldenrain tree (a), camphor tree (b), and weeping willow tree (c) foliar litter during different critical periods. ALP, WNG, SLP, EPR, and LPR indicate the autumn litter peak period, winter non-growing season, spring litter peak period, early plum-rainy season, and late plum-rainy season, respectively. PL and AL indicate physiological and abnormal litter, respectively. Different capital letters indicate significant differences between different critical periods (p < 0.05). Different small letters indicate significant differences between different sources of foliar litter (p < 0.05). 






Figure 6. The daily carbon release of goldenrain tree (a), camphor tree (b), and weeping willow tree (c) foliar litter during different critical periods. ALP, WNG, SLP, EPR, and LPR indicate the autumn litter peak period, winter non-growing season, spring litter peak period, early plum-rainy season, and late plum-rainy season, respectively. PL and AL indicate physiological and abnormal litter, respectively. Different capital letters indicate significant differences between different critical periods (p < 0.05). Different small letters indicate significant differences between different sources of foliar litter (p < 0.05).



[image: Forests 13 01819 g006]







[image: Forests 13 01819 g007 550] 





Figure 7. Pearson’s correlation analysis between the mass loss rate, carbon concentration, and release rate and the temperature, moisture, and initial nutrient parameters of foliar litter. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Table 1. Mean initial elemental concentrations and substrate quality of foliar litter from three species of subtropical urban forest at the start of the decomposition experiment. Standard errors are in parentheses. Different capital letters indicate significant differences between different tree species (p < 0.05). Different lowercase letters indicate significant differences between different sources of foliar litter (p < 0.05).
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Species

	
Litter Source

	
C Con. (mg/g)

	
N Con. (mg/g)

	
P Con. (mg/g)

	
Lignin Con. (%)

	
Cellulose Con. (%)

	
C/N Ratio

	
C/P Ratio

	
N/P Ratio

	
Lignin/N Ratio

	
Lignin/P Ratio






	
Goldenrain tree

	
PL

	
382.20 Ba

(10.03)

	
17.50 Aa

(0.29)

	
1.63 Aa

(0.18)

	
16.60 Aa

(0.65)

	
14.35 Aa

(2.37)

	
21.84 Cb

(0.21)

	
236.94 Ba

(19.06)

	
10.86 Aa

(0.97)

	
9.48 Ca

(0.21)

	
102.76 Ba

(7.26)




	
AL

	
401.03 Ba

(2.03)

	
16.80 Aa

(0.36)

	
2.09 Aa

(0.17)

	
10.82 Bb

(0.54)

	
4.91 Cb

(0.46)

	
23.88 Ca

(0.44)

	
193.45 Ba

(15.64)

	
8.09 Ab

(0.50)

	
6.44 Bb

(0.22)

	
52.04 Bb

(2.56)




	
Camphor tree

	
PL

	
407.63 Aa

(8.46)

	
12.03 Bb

(0.09)

	
0.86 Bb

(0.15)

	
16.77 Aa

(1.71)

	
10.76 Aa

(0.71)

	
33.87 Ba

(0.50)

	
487.14 Aa

(83.22)

	
14.41 Aa

(2.63)

	
13.93 Ba

(1.33)

	
197.69 Aa

(20.14)




	
AL

	
420.13 Aa

(2.40)

	
14.17 Ca

(0.12)

	
1.38 Ba

(0.17)

	
18.17 Aa

(0.63)

	
7.65 Ab

(0.24)

	
29.66 Ab

(0.15)

	
308.43 Ab

(35.17)

	
10.40 Aa

(1.15)

	
12.82 Aa

(0.34)

	
132.9 Ab

(11.71)




	
Weeping willow tree

	
PL

	
394.23 ABb

(0.93)

	
8.00 Cb

(0.22)

	
0.84 Bb

(0.14)

	
15.60 Aa

(1.23)

	
3.56 Bb

(0.44)

	
49.31 Aa

(1.20)

	
480.02 Aa

(68.59)

	
9.71 Aa

(1.18)

	
19.47 Aa

(1.00)

	
187.87 Aa

(15.08)




	
AL

	
420.77 Aa

(2.46)

	
15.40 Ba

(0.22)

	
1.55 Ba

(0.15)

	
8.71 Cb

(0.53)

	
5.98 Ba

(0.24)

	
27.33 Bb

(0.23)

	
274.23 Ab

(23.74)

	
10.03 Aa

(0.82)

	
5.65 Bb

(0.27)

	
56.55 Bb

(3.30)








Note: PL and AL indicate physiological and abnormal litter, respectively.
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Table 2. The decomposition constant, correlation coefficient, and time of 50% and 95% decomposition of foliar litter from different sources for the three species in the urban forest.






Table 2. The decomposition constant, correlation coefficient, and time of 50% and 95% decomposition of foliar litter from different sources for the three species in the urban forest.





	
Species

	
Litter Source

	
Regression Equation

	
Decomposition Coefficient K

T/d

	
Correlation Coefficient R2

	
Half Life (days)

	
Turnover Period (days)






	
Goldenrain tree

	
PL

	
y = 97.75e−0.0025t

	
0.0025

	
0.9339

	
277.26

	
1198.29




	
AL

	
y = 100.04e−0.0027t

	
0.0027

	
0.9227

	
256.72

	
1109.53




	
Camphor tree

	
PL

	
y = 98.63e−0.0014t

	
0.0014

	
0.8929

	
495.11

	
2139.81




	
AL

	
y = 96.92e−0.0020t

	
0.0020

	
0.9035

	
346.57

	
1497.87




	
Weeping willow tree

	
PL

	
y = 101.08e−0.0025t

	
0.0025

	
0.9588

	
277.29

	
1198.29




	
AL

	
y = 92.28e−0.0030t

	
0.0030

	
0.8812

	
231.05

	
998.58








Note: PL and AL indicate physiological and abnormal litter, respectively.
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Table 3. Results of repeated-measures ANOVA showing the p values for responses of accumulative mass loss rate, carbon concentration, and accumulative release rate to critical periods, species, and litter source.






Table 3. Results of repeated-measures ANOVA showing the p values for responses of accumulative mass loss rate, carbon concentration, and accumulative release rate to critical periods, species, and litter source.





	Factor
	Accumulative Mass Loss Rate
	Carbon Concentration
	Accumulative Carbon Release Rate





	Critical periods
	<0.001
	<0.001
	<0.001



	Species
	<0.001
	<0.001
	<0.001



	Litter source
	<0.001
	<0.001
	<0.001



	Critical periods * Species
	<0.001
	<0.001
	<0.001



	Critical periods * Litter source
	<0.001
	<0.001
	<0.001



	Species * Litter source
	<0.001
	<0.001
	<0.001



	Critical periods * Species * Litter source
	<0.001
	<0.001
	<0.001
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