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Litterfall may facilitate the outperformance of exotic species by inducing better resource acquisition and reproductive performance. However, the drivers that determine litterfall patterns in exotic and native species have remained insufficiently investigated due to the lack of long-term observations. Here, we employed empirical dynamic modeling on a two-decade-long litterfall observation (1999–2019) in a subtropical mangrove forest in Shenzhen, China, to evaluate the relative importance of environmental drivers on different species. We found that mangrove leaf litterfall in both exotic and native species was strongly altered by temperature, and the causal relationship was stronger in the dominant exotic species Sonneratia apetala compared to native species. However, the main driver of reproductive output differed largely between exotic and native species; temperature was the main cause of native reproduction, whereas coastal nutrients drove the reproductive output of exotic species. Our study highlighted that high nutrient availability in Shenzhen Bay in the past decade allowed the exotic species S. apetala to gain better reproductive output than native species. We imply that enriched nutrients in coastal water likely contributed to exotic dominance in China’s coastal mangrove forest.
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1. Introduction

Mangroves are highly productive ecosystems, but they are prone to natural disturbances and human stressors such as land-use change and coastal eutrophication (Friess et al., 2019). Litterfall is one of major pathways of soil modification and nutrient cycling (Wardle et al., 2004) and may induce plant–soil feedback on species growth and competitiveness, which in turn facilitate the invasion process (Eppinga et al., 2011). Previous studies have produced knowledge on the role of litterfall in species interaction and the functional stability of mangrove ecosystems (e.g., Feller et al., 2015), but how the environment shapes litterfall patterns in different species remains insufficiently investigated, particularly for coastal mangroves that suffer from eutrophication and ongoing climate change (Branoff, 2018). This knowledge gap limits our understanding of the environment contributions to the exotic dominance in China’s coastal mangrove forests and hinders the prediction of ecosystem responses in the context of climate change.

The ongoing climate change is altering various components of the environment at different rates and has been exerting influence on natural ecosystems with additional uncertainties due to human-induced stressors (IPCC, 2022). Climatic signals (i.e., temperature and rainfall), local resource availability, and other environmental stressors (e.g., mean sea level and salinity) may differentially drive the long-term adaptation across different mangrove species (Bernhardt et al., 2020). Theoretically, plants optimize growth and reproduction with adaptive strategies, thereby matching their life-cycle events with optimal climatic conditions (Iler et al., 2021), and longer-term local adaptation may confer on native species a better ability to anticipate regular environmental changes. However, the complexity of environment interactions in the real world can hinder organisms from exploiting environmental cues; the capacity to utilize reliable information varies substantially among species (Bernhardt et al., 2020). Invasive exotic species often exhibit high environmental sensitivity and phenological flexibility (i.e., they are more capable of exploiting environmental cues) and are likely preferred in a changeable environment (Richards et al., 2006).

Resource availability is changeable through tidal currents in intertidal areas occupied by mangrove species, and litterfall plays an important role in nutrient cycling and soil modification and may be especially helpful in niche construction and invader success (Eppinga et al., 2011). The influx and outflux of nutrients and other materials in a mangrove forest are determined by hydrogeological conditions and connectivity to nearby ecosystems (Lee, 1995; Meijer et al., 2021). For example, mangrove forests near urban areas can receive enriched nutrients from sewage disposal (Branoff, 2018), while those growing in habitats with strong weathering of highly leached soils may encounter nutrient deficiency (Reef et al., 2010). There are growing demands for a comparison between species on their sensitivity to environmental change after the great insights gained from previous studies into the functional mechanisms of mangrove adaptability to different conditions. It has long been suggested that evergreen mangrove trees alter the rates of resource allocation and leaf shedding to preserve the budget balance in canopy according to different environmental contexts (Hikosaka, 2004). Therefore, temporal variations of litterfall that are associated with environmental changes may reflect species preference and tolerance of different environmental contexts.

Previous research has linked litterfall to plant–soil feedback and functional stability in plant communities (Wimmler et al., 2021). Mangrove litter inputs of leaves and propagules not only modify soil properties but are important food sources for benthic fauna, which determine the limiting nutrients for plants and may induce feedback on plant growth and survival (Cannicci et al., 2008; Cherif and Loreau, 2008). For example, litter inputs in mangroves in Belize and Florida, United States, contributed to soil surface elevation and in turn stabilized the mangrove ecosystems (McKee, 2011). Moreover, in a previous study of the Shenzhen mangroves in China, the litterfall of the exotic species Sonneratia apetala supplied nutrients and organic matter to the soil and associated fauna, leading to a positive feedback on growth and dispersal of the species (Liu et al., 2014). Despite numerous field observations that have documented the temporal synchrony of mangrove litterfall and meteorological variations (e.g., Duke, 1990; Liu et al., 2014), most were restricted by relatively short periods to identify interannual patterns and offered limited insight into how the environment shapes species response in terms of litter biomass. Moreover, between-species contrasts in litterfall variations at seasonal versus inter-annual scales can reflect species sensitivity to environmental changes. The analysis of litterfall response to environmental change on a monthly and annual basis, and especially the contrast between native and exotic species, can inform us of the environmental cues utilized by different species and will benefit our management strategy to adapt to the ongoing climate change.

Mangroves are vulnerable to climatic variations, but disturbances may create opportunities for exotic species when they exhibit higher plasticity and adaptability than native species (Funk, 2008). Successful exotic species are often characterized as resource-exploitative species (Daehler, 2003; Knauf et al., 2021). They grow with native species and utilize resources at an efficiency comparable to the natives when resources are limited (Funk and Vitousek, 2007), but they can capitalize more on additional resources at a fast response (Daehler, 2003; Knauf et al., 2021), and may in turn suppress the canopy growth of native species and take over areas after perturbations (Biswas et al., 2012). The resource-exploitative feature is important for exotic species entering urban mangroves, where the fast response and high plasticity allow the species to seize opportunity and gain more advantage in growth and reproduction over others in the context of additional resources, such as nutrient enrichment from urban sewage disposal (Branoff, 2018). As a result, successful exotic species may respond more tightly and positively than native species to environmental variations (Liu et al., 2017) and exhibit more litterfall to alter soil properties and neighboring organisms (Smith et al., 2021).

The exotic S. apetala in China’s coastal mangrove forests offers a good object for the examination of environmental contributions on mangrove litterfall between exotic and native species. S. apetala has been introduced from Bangladesh (the Sundarbans mangrove) to multiple coastal mangrove forests in China for afforestation since the 1990s (Zan et al., 2001; Ren et al., 2009). The range of latitude of the main planting area in China was consistent with the forests from where the species originated (Tian et al., 2010), and it currently thrives and covers a vast area without human intervention (Biswas et al., 2018; Zhang et al., 2022). The dominance of this new “immigrant” has triggered a considerable debate on its invasiveness and has been attracting numerous research teams to evaluate the risks posed to native species (Zan et al., 2003; Ren et al., 2009). Meanwhile, the past four decades have witnessed an economic boost in China, and coastal ecosystems have encountered multiple stresses associated with economic development such as coastal eutrophication (Wang et al., 2018). The soil and coastal water have experienced eutrophic status in recent decades (Gao et al., 2018), and coastal nitrogen and phosphorus availabilities exhibit a large variation in the Shenzhen mangrove (Zhou et al., 2020; Supplementary Figure 4). It remains unclear whether eutrophic status in mangrove waters contributes to the exotic dominance of S. apetala and what environmental drivers contribute most to growth and reproduction in exotic species compared to native species.

To address this information gap, we collected litterfall in a subtropical mangrove forest in China monthly for 21 years (1999–2019), and we used the long-term litter dynamic as a potential surrogate for the final phase responses of different mangrove species to environmental perturbations. The present study had two major objectives: (1) to examine the relative importance of environmental drivers on the litterfall of exotic and native species in terms of leaves and reproductive parts; (2) to examine whether local nutrient enrichment (partly due to coastal eutrophication) drove the dissimilarity in litter biomass between exotic and native species. We hypothesized that leaf litterfall biomass in exotic species would covary with local nutrient availability, and the correlation would be stronger than that in native species (H1). In addition, we hypothesized that nutrient availability positively drove exotic species to produce more reproductive litterfall and increased the difference in the reproductive output between exotic and native species (H2).



2. Materials and methods


2.1. Study site

Our study site sits in the Guangdong Neilingding Futian National Nature Reserve (FNNR) in Shenzhen, southern China (22°31′ N, 114°05′ E). The FNNR is a Ramsar site located to the northeast of Shenzhen Bay (also named Deep Bay in Hong Kong), close to downtown Shenzhen and sharing water with Mai Po Nature Reserve, a Ramsar site in Hong Kong that hosts similar mangrove communities (Supplementary Figures 1A, B). Shenzhen Bay is a semi-enclosed bay with semi-diurnal tides. The climate in the FNNR is characterized as a subtropical monsoonal climate, with a mean annual temperature of 23.07°C and a total annual precipitation of 1,508 mm during the period of our study. The wet season in the FNNR begins in May and ends in September, in which period over 80% of the rain falls (Supplementary Figure 2).

The mangrove forest in the FNNR distributes along a 9-km coastline from east to west, occupying an area of approximately 100 ha. There are four tree species dominating the forest, namely, Kandelia obovata, Avicennia marina, S. apetala, and S. caseolaris. K. obovata and A. marina were naturally distributed in the FNNR (Li et al., 1992). S. apetala was first introduced to the Dongzhaigang mangrove of Hainan, at approximately 500-km south of the Shenzhen mangrove, in the 1980s from the Sundarbans mangrove (Zan et al., 2003), while S. caseolaris was a native species in China but naturally distributed only on Hainan Island. Two Sonneratia species were introduced to the FNNR from the Dongzhaigang mangrove in 1993 and 1995, respectively. These species grow well and form dense populations in the FNNR (Wang et al., 2002). Despite the fact that S. caseolaris is naturally distributed in China, we have defined the two Sonneratia species as exotic species to the FNNR in our study and K. obovata and A. marina as native species.



2.2. Litter collection

In 1999, we set up 12 traps in five stands that were dominated by single species with no vertical stratification (hereinafter referred to as “assemblages,” Supplementary Figure 1C) for litter collection. The assemblages of exotic S. apetala and S. caseolaris were planted in 1994 and 1996, respectively, referred as 28a Sa and 26a Sc. The forest ages of the native A. marina and K. obovata assemblages were assigned from documentations of the FNNR, namely, 83-aged A. marina (83a Am), and 28- and 83-aged K. obovata (28a/83a Ko). All traps were formed of 1.5 mm fiberglass mesh, measuring 1×1 m, and were tied to branches below the canopy of the tree at a height above the highest tidal level to prevent litter loss from tidal fluctuation.

Litter samples were harvested monthly from January 1999 to December 2019. During the sampling period, all traps were maintained in the same location, and in case of damage, the traps were replaced by a new trap at the same location in the immediate subsequent collection. The harvested mangrove litter for each trap was carefully sorted into leaves, twigs, and reproductive parts (including inflorescence, propagules, and fruits) and weighed separately after oven-drying at 80°C for 72 h. We used the biomass of leaves and reproductive organs from the harvested samples. Missing values in the biomass time series were filled with linear interpolation based on the trap and type of litter by using the “zoo” package (Zeileis and Grothendieck, 2005) in R (version 4.0.4) before further analysis.



2.3. Local environment

The time series of the environmental variables were obtained from the nearest available stations and downloaded from online databases provided by the Hong Kong Observatory (HKO) and Environmental Protection Department (HKEPD). Monthly mean air temperature and total rainfall were measured by the HKO at Lau Fau Shan (LFS weather station, 22°28′N, 113°59′E), and monthly mean sea level was calculated by the HKO from every 4-min measurement at Tsim Bei Tsui (TBT tide gauge, 22°29′N, 114°00′E). Both stations are managed by the HKO (Supplementary Figure 1B). Water salinity and nutrients were sampled at a fixed location near the center of Shenzhen Bay (DM2 site, at 2-metre depth, 22°30′N, 113°60′E) by the HKEPD monthly with a marine monitoring vessel. All environmental data were cleaned by filtering outliers and scaled to zero mean and unit variance for further analysis.



2.4. Statistical analysis

We examined the environmental contributions on the mangrove litterfall at monthly and annual scales. The relationships between the monthly litterfall and environmental variations can be non-linear and seasonal dependent, and we employed two algorithms of empirical dynamic modeling (EDM) to clarify whether the environmental driver was a potential cause of litterfall variation and to estimate its effect size on each mangrove assemblage across seasons. In addition to seasonal impacts, we also estimated environmental contributions on an annual basis using structural equation modeling (SEM) and redundancy analysis (RDA). The code used to perform these analyses and create figures is available at https://github.com/tkwongspace/FrontForGlobChange_2023.


2.4.1. Estimation of environmental effect size at monthly scale

We employed EDM to explore the contributions of each environmental driver to the mangrove litterfall of different assemblages. EDM was developed to handle the ubiquity of non-linearity and the diversity of environmental responses in natural ecosystems. It is free from fixed equations and statistical assumptions but relies on the reconstruction of state space by time-delay embedding based on Takens’ theorem (Takens, 1981). It interprets rules and associations of time series from their own history and can efficiently reduce the challenges in recognizing relationships and forecast dynamics in natural ecosystems (Chang et al., 2017). We first investigated which environmental drivers determined litterfall in exotic and native species using convergent cross mapping (CCM, Sugihara et al., 2012), and we subsequently created different scenarios based on optimal models using an S-map (sequential locally weighted global linear map, Sugihara, 1994) to estimate the effect size of the target driver on the mangrove litterfall.

Temporal contributions of the environment were demonstrated by empirical associations between the driver and litter biomass, i.e., the cross-prediction skill in CCM. The algorithm has been efficiently used for distinguishing associations in the natural world (e.g., van Nes et al., 2015). CCM identifies causal relationships by searching for cross-prediction skills in different sampling sizes, and a causal association between the litterfall and environmental driver was demonstrated by a monotonic increase with the sampling size (sensu convergence, Sugihara et al., 2012). The time series of the trap-specific litter biomass was converted via first-order difference to ensure stationarity before model construction. Meanwhile, we standardized the time series of each environmental driver by removing the mean and converting to unit variance. We constructed CCM for the first-order differenced time series of the litterfall in each assemblage against each driver with the “rEDM” package (version 1.9.2, Park et al., 2021) in R and used the Kendall’s τ to test the significance of a monotonic increase in CCM cross-mapping skills. To avoid false detection of causal links due to common temporal confounders and to address CCM sensitivity to periodic fluctuations, we compared cross-mapping skills with two null model performances generated with the surrogate time series: the seasonal null model preserves the seasonal signal while randomizing the interannual anomalies (Deyle et al., 2016), while the stricter Ebisuzaki null model conserves any periodicity (beyond seasonality) and randomizes the phases of Fourier-transformed time series (Ebisuzaki, 1997).

To estimate the effect size of different drivers on litter variations across assemblages, we employed the S-map algorithm for scenario exploration. The S-map calculates linear regression on a set of weighted points in the state space. The weights of each point were determined by Euclidean distance and a localization parameter to distinguish non-linearity in empirical relationships and to improve model forecast ability (Chang et al., 2017). We built a univariate S-map model for each assemblage with a different driver using the “rEDM” package, with the first 179 months (i.e., time range between February 1999 and December 2013) as the training set and the remainder as the testing set.

Subsequent to the model construction, we created a modified environmental driver scenario to estimate the effect size following the method of Nova et al. (2020). First, we modified the values of the single-target driver in the testing set by adding or subtracting a small value to its observation while maintaining the other drivers unchanged. The modification of the target driver X at time t is described as:

[image: image]

where [image: image] and Xt denote the modified and observed value of X at time t, respectively, and ΔX is equal to 10% of the standardized deviation of the full-time series of X, i.e., ΔX=0.1σX. Second, the value of the litter time series at time t was estimated with the optimal S-map model. The effect estimate (EE) of the driver X at time t is defined as:
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where [image: image] denotes the predicted biomass difference between month t and t-1 (due to first-order difference on litter time series) under conditions of modified [image: image] or original Xt together with values of other drivers Et. The positive or negative sign of ΔX was the same as that in the X modification (Equation 1). We summarized the mean and 95% confidence interval of EE across all time locations for the effect size of the target driver.



2.4.2. Estimation of environmental effect size at annual scale

We employed SEM for path analysis to quantify the direct and indirect effects among the different environmental drivers on the mangrove litterfall on an annual basis. SEM is a popular method that has been adapted to various ecological disciplines such as ecological communities (Chapin et al., 2016) and life history strategies (Vile et al., 2006). SEM allows us to efficiently clarify and interpret complex causal connections among multiple predictors and responses (Grace et al., 2010). We built an a priori hypothetical model based on ecological knowledge and our understanding of the relationships among the environmental drivers and their potential influence on the mangrove litterfall (Supplementary Figure 3). We assumed that the output of the annual litterfall in the mangrove assemblages can be directly influenced by all the environmental drivers (i.e., mean air temperature, annual precipitation, mean sea level, mean salinity, mean coastal nitrogen, and phosphorus availability) and that local predictors (coastal salinity and nutrients) can be influenced by climatic variables (temperature, rainfall, and sea level).

Prior to fitting the SEM, we examined the relationships between the environmental proxies (Supplementary Figure 10) and removed bivariate correlations higher than 0.85 (Kline, 2005). We subsequently linearized the relationships by taking the natural logarithm of the annual litterfall biomass and then standardizing and centering the data of both the biomass and environment. SEM models were fit using the “lavaan” package in R (Rosseel, 2012). We first simplified the initial model by removing predictor variables that had no significant effect (i.e., variables with p > 0.05) on litterfall biomass and then added missing paths one at a time back to the model. The importance of the missing path was estimated with the modification indices and based on their ecological sense (Grace et al., 2012). The optimal SEM model was selected based on a chi-square test, the root mean square error of approximation (RMSEA), the comparative fit index (CFI), and the standardized root mean square residual (Grace et al., 2012; Weston and Gore, 2016). We additionally built RDA models for the annual output of leaf and reproductive litterfall across all assemblages with extra environmental proxies in addition to the annual mean for a comprehensive illustration. The RDA models were established using the “vegan” package (version 2.6-4, Oksanen et al., 2022) in R, and the optimal structure of RDA model was selected with forward selection procedures based on the adjusted R-squared (Supplementary Tables 4, 5).





3. Results


3.1. Temporal variations of litter biomass and environment

We found strong seasonality in the mangrove litterfall (Figure 2 and Supplementary Figure 5) and environment (Supplementary Figure 2) with different trends across the 20 years (Figure 1 and Supplementary Figure 4). Phenophases in terms of litterfall were distinct among the species. The biomass of the leaf and reproductive litter in native 83a A. marina changed synchronously, while phase shifts were apparent in the exotic species and native K. obovata of both age classes (Supplementary Figure 6). Exotic 28a S. apetala and 26a S. caseolaris increased the leaf litter biomass before the rise of the reproductive litter, while both age classes of native K. obovata exhibited a reversed order (Figure 2).
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FIGURE 1
Temporal variations in litter biomass of leaves (upper panel) and reproductive parts (lower panel) in exotic (A,B) and native (C–E) assemblages in 1999–2019. Lines and bars in gray illustrate monthly mean and standardized error, respectively, of litter mass harvested from all trap replicates. Blue lines demonstrate temporal trend of litter mass in the two decades, with solid or dashed type denoting significance (at 0.05 level). Temporal trend and associated significance were calculated based on a 36-month-long moving mean and a linear mixed-effect model with a within-group autoregressive process of order 1 (i.e., AR1) correction structure for each assemblage and litter type. Species: Sa, S. apetala; Sc, S. caseolaris; Ko, K. obovata; Am, A. marina.
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FIGURE 2
Seasonal pattern of leaf (A) and reproductive parts (B) litterfall biomass of different assemblages. Each point and associated bar denote two-decade mean and standard error in corresponding month.


The leaf litter exhibited no temporal trend in the native species nor in exotic 28a S. apetala, while the leaf litter biomass of exotic 26a S. caseolaris was rising (Figures 1A, B). From a seasonality perspective, native 83a A. marina and both age classes of K. obovata displayed a comparable pattern of leaf litter variations, with increments in spring and summer leading to a peak around August (Figure 2A and Supplementary Figures 6C–E). However, exotic 28a S. apetala exhibited a dramatic gain in leaf litter in spring (March to May) and exotic 26a S. caseolaris in winter (December to February, Figure 2A). The substantial spring increments in the leaf litter of the exotic species may explain the larger amount of annual leaf litter biomass in the exotic species compared to the native species (Figure 3A).
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FIGURE 3
Annual litter biomass of leaves (A) and reproductive parts (B) in the two decades. All values were measured in unit of g/m2 and log transformed. Points in gray illustrate annual mass of litter for each year while blue solid points demonstrate outliers. A thickened line within the box marks the mean, and the lower and upper hinges of each box correspond to the first and third quantiles (i.e., the 25th and 75th percentiles). Whiskers illustrate 1.5 times inter-quartile range (IQR, the distance between the first and third quartiles). Letters above each box indicate the significance of between-group differences by Welch’s ANOVA (at 0.05 level).


As for the reproductive litter, exotic 28a S. apetala and native 83a K. obovata both presented a decreasing trend in the litter biomass of reproductive parts along the two decades (Figure 1). Nevertheless, the reproductive litter biomass was the highest annually in native 83a K. obovata (Supplementary Figure 4B) due to a substantial rise in the reproductive biomass during the reproductive phase (Figure 4B and Supplementary Figures 5, 6). The reproductive litter of exotic 28a S. apetala mostly occurred in September (Figure 2A and Supplementary Figures 5, 6), while exotic 26a S. caseolaris exhibited a bimodal pattern in the reproductive litter biomass that climbed upward in both summer and late autumn each year (Figure 2A and Supplementary Figures 5, 6). Native 83a A. marina presented a relatively small variation of the reproductive litter across months, and its biomass always peaked in the summer (Figure 2B and Supplementary Figures 5, 6).
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FIGURE 4
Seasonal patterns of temperature effect sizes on mangrove leaf litter biomass in exotic (A) and native (B–D) assemblages. Predicted ΔBiomass demonstrates the biomass increment from the previous month under given thermal conditions, measuring the effect size of modified temperature. Solid lines denote predicted ΔBiomass of leaf litter under observed temperature. Ribbons filled in red and blue denote 95% confidence interval of predicted ΔBiomass in the context of increased and decreased temperature, respectively. The dashed line in gray illustrates zero ΔBiomass compared to the previous month. Mangrove species: Sa, S. apetala; Ko, K. obovata; Am, A. marina.


The seasonality of rainfall shapes the dry and wet seasons in the FNNR (Supplementary Figure 2). The temperature varied in the same pace with rainfall, while coastal water salinity dropped in the wet seasons and climbed up in the dry seasons. However, the monthly mean sea level and nutrient availability did not follow the alternation of dry–wet seasons. The mean sea level peaked in October after a climb from its lowest point in April but dropped quickly when winter came, while coastal nitrogen and phosphorus presented a bimodal pattern with two peaks in mid-summer (June to July) and mid-winter (December to February).



3.2. Environmental drivers on monthly variations in litter biomass

Temperature, rainfall, sea level, and coastal salinity exerted significant impacts on leaf litter change in both the exotic and native species (Table 1), but the effect sizes on each assemblage were season dependent (Supplementary Table 1). The leaf litter biomass of all the mangrove assemblages, except 26a S. caseolaris, exhibited a high dependence on temperature, rainfall, and coastal salinity, with exotic 28a S. apetala presenting the highest correlation with these environmental variations (Table 1). Temperature generally exerted a negative influence on the monthly ΔBiomass of the leaf litter in exotic 28a S. apetala and the native assemblages (Figure 4A and Supplementary Figure 7A). Sea level rise generally facilitated a monthly increment in the leaf litter biomass of exotic 26a S. caseolaris but also promoted spring leaf litterfall in exotic 28a S. apetala, whereas it inhibited the leaf litter in native 83a K. obovata (Supplementary Figure 7A and Supplementary Table 1). The leaf litter ΔBiomass of exotic 28a S. apetala positively responded to rising salinity, while native 83a A. marina and 83a K. obovata were negatively influenced (Supplementary Figure 7A and Supplementary Table 1). Coastal nitrogen availability was a key driver promoting monthly ΔBiomass in the leaf litter of native 28a K. obovata, but we found no significant correlations between the mangrove leaf litter variations and coastal phosphorus availability (Table 1 and Supplementary Figure 7A).


TABLE 1    Environmental contributions to mangrove litter biomass.

[image: Table 1]

The result of CCM highlighted that the exotic and native species used different environmental information as cues for reproductive litterfall production (Table 1). The monthly ΔBiomass of the native species was tightly linked to climatic drivers (i.e., temperature and rainfall) and coastal salinity. Of the three stands dominated by the native species (i.e., 83a A. marina and 28a and 83a K. obovata), temperature exhibited the strongest but most complex impacts on the litter ΔBiomass compared to other drivers (Table 1 and Supplementary Table 2). However, the reproductive output of exotic 28a S. apetala exhibited resilience to temperature but was more attuned to coastal nutrient availability. Coastal nitrogen and phosphorus determined the monthly ΔBiomass of the reproductive litter in exotic 28a S. apetala but also in both native 28a and 83a K. obovata (Table 1), the impacts of which were complex (Supplementary Figure 8). Enrichment of nitrogen appeared to exhibit a negative influence on native 83a K. obovata (Supplementary Figure 7B and Supplementary Table 2). A rise in coastal salinity may negatively impact the reproductive litter variations in exotic 26a S. caseolaris and in native 28a and 83a K. obovata, but it appeared to facilitate monthly ΔBiomass of reproduction in 83a A. marina across months (Supplementary Figure 5B and Supplementary Table 2).



3.3. Annual-scale environmental contributions

On an annual basis, the mangrove litterfall presented a balance across years, while reproductive output appeared to decrease in the two decades (Supplementary Figure 9). Climatic variables (i.e., temperature, rainfall, and sea level) exhibited strong influence on local drivers (i.e., coastal salinity and nitrogen) and exerted direct and indirect impacts on the mangrove litterfall (Figure 5).


[image: image]

FIGURE 5
Structural equation model of environmental contributions on mangrove litterfall of reproductive parts (A,B) and leaves (C,D) in exotic (left panel) and native assemblages (right panel). Numbers adjacent to arrows are standardized path coefficients, analogous to relative regression weights, and indicative of the effect size of the relationship. Continuous and dashed arrows indicate significant and non-significant relationships, respectively. Positive correlations were demonstrated by arrows in blue, while negative correlations are in red. Arrow width is proportional to the strength of the relationship. *P < 0.05, ** P < 0.01, and *** P < 0.001.


The SEM models of reproductive output supported our hypothesis by showing that the reproductive output of exotic species was positively linked with multiple drivers, among which mean coastal nitrogen availability exhibited the strongest influence, while native species only directly correlated with coastal salinity (Figures 5A, B). More specifically, salinity and nitrogen explained more than half of the variance in the reproductive output of the exotic species compared to temperature and rainfall (Figure 5A and Table 2), while the reproductive litterfall in the native species was mainly altered by coastal salinity together with indirect impacts from temperature and rainfall (Figure 5B and Table 2). In addition, temperature and rainfall exerted positive direct impacts but negative indirect impacts on the exotic species, resulting in non-significant total impacts on the reproductive litterfall of the exotic assemblages (Table 2). The optimal RDA model of the reproductive litterfall also suggested that local drivers (i.e., coastal salinity and nutrients) exerted significant impacts compared to climatic factors on inter-annual variations in the mangrove reproductive biomass (Supplementary Figure 11A and Supplementary Table 3). Mean coastal salinity and nitrogen availability contributed highly to the annual biomass of the reproductive litter in the exotic assemblages, particularly 28a S. apetala (Supplementary Figure 11A). Our RDA model also suggested that two 83a native assemblages were less vulnerable to environmental variations in terms of the reproductive litterfall compared to 28a K. obovata and the exotic species (Supplementary Figure 11A).


TABLE 2    Standardized estimates of environmental effect size from structural equation models.

[image: Table 2]

Our SEM model highlighted that the leaf litterfall of exotic 28a S. apetala and 26a S. caseolaris was linked to multiple drivers including temperature, rainfall, sea level, and salinity, all of which exerted direct and negative impacts (Figure 5C). However, the indirect impacts of temperature and rainfall were positive on the leaf litterfall of the exotic assemblages, leading to non-significant total impacts (Table 2). Contrary to the exotic species, which linked the leaf litterfall to multiple drivers, the leaf litterfall of the native assemblages was only significantly correlated with the impacts of temperature (Figure 5D and Table 2). The optimal RDA model of the leaf litterfall highlighted that minimum sea level, maximum salinity, and mean nitrogen availability in coastal water significantly determined the annual leaf litterfall biomass in mangrove assemblages (Supplementary Table 3). Exotic 26a S. caseolaris and native 28a K. obovata appeared to respond comparably to salinity and sea level changes, while the leaf litter biomass of exotic 28a S. apetala was likely more sensitive to mean coastal nitrogen availability (Supplementary Figure 11B).




4. Discussion

Understanding environmental contributions to mangrove litterfall can enhance our ability to predict ecosystem response and to anticipate potential risks in the context of climate change. Our study highlighted that temperature was the most important driver of monthly leaf litterfall and exerted an overall negative impact on mangrove species. The leaf litter in the exotic species, particularly 28a S. apetala, linked more tightly with climatic variations than the native species in the FNNR. As for the reproductive output, coastal nitrogen significantly drove the reproductive litterfall in exotic 28a S. apetala and native K. obovata of both age 28 and 83, while coastal nitrogen positively correlated with the reproductive output in the exotic species but not in the native species, which can further increase the quantity difference between the exotic and native species in the reproductive litter biomass. We implied that the enrichment of coastal nutrients in recent decades appeared to be an important contributor to the current exotic dominance in the mangrove forests of China.

The results of the CCM and S-map models in our study suggested a strong impact of temperature on the leaf litterfall in both the exotic and native species (Table 1). This is not surprising because many physiological activities such as photosynthesis and leaf senescence in mangrove trees are highly determined by temperature (Aspinwall et al., 2021). The timing of leaf senescence has long been considered as an adaptive behavior to optimize carbon gain (Wright et al., 2005), and it varies in importance according to environmental cues such as temperature (Körner and Basler, 2010). In our study site of Shenzhen Bay, temperature always lay within a range suitable for mangrove growth and reproduction, and a warmer month offered these trees a more preferable condition to budget more leaves in the canopy, which may lead to a decreased leaf litterfall biomass. The magnitude of change in the monthly ΔBiomass of the leaf litterfall against temperature likely reflected the canopy plasticity of the species. Furthermore, the effect size of the temperature varied across seasons, and we noted that temperature exhibited little influence on the S. apetala leaf litterfall in the summer (Figure 4), corresponding to the cyclone season of the Pacific. We supposed that wind, particularly in storms and cyclones, is also a strong factor in shaping mangrove canopy, and its influence may exceed that of temperature on mangrove litterfall; however, this requires further study. Nevertheless, our results highlighted that the higher responsive S. apetala may be more capable of exploiting environmental cues and gaining increased fitness in the context of climate warming (Cleland et al., 2012).

The difference between exotic and native species in determinants of the reproductive litter demonstrated that species are influenced and may respond differently in future climate change (Figure 5 and Tables 1, 2). Mangrove species have developed a tight coupling of tree physiology with nutrient availability due to the volatile environment in the intertidal area, and the response to nutrient availability can reveal intrinsic differences among species (Reef et al., 2010). The complex consequence of additional nutrients on the monthly ΔBiomass of the reproductive litter (Supplementary Figure 8) reflects an undetectable effect of nutrient enrichment at a short time scale (Wong et al., 1995), but at the annual scale, we suggested a stronger coupling between coastal nitrogen and reproductive output in the exotic species compared to the native species (Figures 5A, B and Table 2), particularly for 28a S. apetala (Supplementary Figure 11A). One of the reasons may be the high demand for nutrients in S. apetala reproduction, as it appeared to allocate more nutrients to reproductive organs compared to the native species in the FNNR (Zan et al., 2002), and it also exhibited a high rate of fruit abortion (Aluri, 2022). A quick response to capitalize additional nutrients for reproductive output, similar to the example of A. germinans (black mangrove) in Florida mangroves (Dangremond et al., 2020), may allow exotic S. apetala to compete in established mangrove forests for seedling establishment (Gross, 1984) and range expansion (Hong et al., 2021). However, we found large differences between the two exotic species S. apetala and S. caseolaris in their trend and seasonality of litterfall production, which corresponded to previous studies that demonstrated a contrast between the two species in environmental sensitivity (Nguyen et al., 2021). Our environmental proxies explained the limited variations in the S. caseolaris leaf or reproductive litterfall at both monthly and annual scales, suggesting they could be determined by other unmeasured variables, e.g., local evaporation (Chen et al., 2009) and biological interactions with benthic fauna (Cannicci et al., 2008). We expect more empirical studies that can improve our understanding of the physiological mechanisms of litterfall responses in mangrove species.

Our SEM models indicated that the exotic species appeared to have more reliable environmental cues for leaf and reproductive litter output compared to the native species (Figure 5). The existence of multiple cues is a core prerequisite for adaptive predictive plasticity of a species to anticipate future selection by modifying the expression of specific traits (Bonamour et al., 2019). As we demonstrated hereinabove, exotic S. apetala exhibited a high climatic sensitivity in the monthly leaf litterfall (Table 1), while the reproductive output of this species was resilient to climatic variations but rather positively correlated with coastal nutrients (Supplementary Figure 11 and Tables 1, 2). As such, exotic S. apetala appeared to have a stronger capability than the native species to exploit environmental cues and gain fitness when confronted with coastal eutrophication or global warming. In the case of the coastal mangroves that lie adjacent to urban areas, which are often seen in Asia (Branoff, 2017), these forests likely experience the coupled challenges of climate change and coastal pollution. In this context, S. apetala was likely preferred and allowed to thrive in these mangrove forests, as has occurred along China’s coastline in recent decades. It is noteworthy that, due to actions of pollution control by governments to clean up and maintain the assimilative capacity of the coastal water in Shenzhen Bay (HKEPD, 2007), nitrogen and phosphorus loads in this area have been decreasing in recent decades (Supplementary Figure 4) and may contribute to the substantial decrease of the S. apetala reproductive litterfall (Figure 1). We recommend more empirical research to further understand how exotic S. apetala may respond to the novel condition and whether the nutrient-induced growth and reproduction in exotic species can benefit native species.

Mangrove rehabilitation is a strategy that is often employed to combat the substantial loss of mangrove forests, and mangrove planting is the dominant strategy among projects around the world (Gatt et al., 2022). Great efforts have been taken around the world to restore mangrove forests, but most have been plagued by the poor matching of sites and species (Gatt et al., 2022). This is mainly due to a limited number of species candidates for restoration projects when constrained to the native species pool and the strict criteria in the selection of planting species that require careful evaluation to avoid potential loss in biodiversity and ecosystem services. In our case, the high environmental sensitivity of S. apetala can help with the success of efficient afforestation and soil properties modification for the recolonization of faunal and native tree species (Ren et al., 2010), but the benefits versus the costs of the transfer of exotic species require longer-term evaluation of their influence on local biodiversity and native species (Davidson et al., 2018). Our study emphasized that empirical investigations on the litterfall response to different environmental drivers can hint at context preference and tolerance in different species, which may benefit forest management and species selection in ecological restoration projects.

In summary, we revealed the contrasts in the key drivers on leaf and reproductive litterfall between exotic and native mangrove species and highlighted that exotic S. apetala exhibited a high climatic sensitivity in leaf litter production but a climate-resilient reproductive output, which positively linked with coastal nutrients. On the contrary, the litterfall of leaves and reproductive parts in the native species were more responsive to climatic variations and were mainly determined by temperature. The enrichment of coastal nitrogen and phosphorus appeared to promote reproductive output in exotic S. apetala and further increase the quantity difference in the reproductive litterfall biomass between the exotic and native species. We imply that nutrient enrichment in recent decades may be an important contributor to the exotic dominance in China’s coastal mangrove forests.
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Litter biomass Assemblages Climatic factors Coastal water properties
Temperature Rainfall Mean sea level Salinity Total N Total P
Leaves Exotic 28aSa 0.926* 0.703* 0.646* 0.776* 0.065 —0.010
26a Sc 0.091 0.046 0.159* 0.048 —0.131 —0.089
Native 28a Ko 0.483* 0.260 0.263 0.246 0.183* 0.122
83a Ko 0.771* 0.580* 0.522* 0.631* 0.032 —0.036
83a Am 0.632* 0.431* 0.278 0.533* —0.148 —0.174
Reproductive parts Exotic 28a Sa 0.585 0.432 0.390 0.505 0.318* 0.407*
26a Sc 0.281* 0.185 0.139 0.286* 0.111 0.111
Native 28a Ko 0.854* 0.641% 0.548 0.755* 0.413* 0.396
83a Ko 0.922* 0.659* 0.622* 0.779* 0.257* 0.258*
83a Am 0.606* 0.487* 0.470* 0.537* 0.055 0.110

Temporal contribution of environmental drivers is estimated as mean prediction skill in CCM (which reflects the coupling strength between target driver and litter biomass along with time)

on all trap replicates of the given assemblage, ranging from —1 to 1.

An asterisk (*) with a bold number indicates a significant causal relationship in CCM where the skill performance outperforms those in the null model with seasonal and Ebisuzaki surrogates

(for details, please refer to the text).

Significance level is at 0.05.

Sa, S. apetala; Sc, S. caseolaris; Ko, K. obovata; Am, A. marina.
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Litterfall Assemblages |Factors Effects Standardized estimate

Leaves Exotic Temperature Total 0.049 0.022 0.587
Direct —0.238 0.025 0.022

Indirect 0.287 0.017 <0.001

Rainfall Total 0.071 0.022 0.442

Direct —0.272 0.027 0.016

Indirect . 0.343 0.020 <0.001

Sea Level Total (Direct) —0.196 0.021 0.027

Salinity Total (Direct) —0.586 0.029 <0.001

Native Temperature Total —0.184 0.019 0.037
Direct —0.257 0.021 0.010

Indirect 0.073 0.010 0.139

Rainfall Total (Indirect) 0.088 0.012 0.137

Sea Level Total (Indirect) —0.017 0.009 0.709

Salinity Total —0.149 0.020 0.133

Direct I —0.170 0.023 0.130

Indirect 0.020 0.011 0.709

Nitrogen .Tota.l (Direct) . 0.039 0.022 0.708

Reproductive Parts Exotic Temperature Total —0.099 0.068 0.226
Direct 0.224 0.073 0.011

Indirect —0.323 0.056 <0.001

Rainfall Total —0.097 0.071 0.260

Direct . 0.204 0.078 0.030

Indirect —0.301 0.067 <0.001

Sea Level Total (Indirect) —0.231 0.043 <0.001

Salinity Total 0.659 0.091 <0.001

Direct 0.421 0.092 <0.001

Indirect 0.238 0.045 <0.001

Nitrogen Total (Direct) 0.473 0.070 <0.001

Native mTemperature >Tota.l (Indirect) | —0.186 0.052 <0.001
Rainfall Total (Indirect) —0.222 0.060 <0.001

Salinity Total (Direct) 0.364 0.090 <0.001

Bold numbers denote significant effect sizes tested with the Wald test (significance level at 0.05).





