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Mangrove forest is a critical primary producer, biological habitat, and carbon sink in the subtropical-tropical coast zone, and the natural variation of mangrove coverage deserves study for a better understanding of the dynamics of mangrove coastal evolution. In this study, multispectral Landsat images from 1985 to 2018 are used to reconstruct the change in the coverage of mangrove (dominant species is Aegiceras corniculatum) and salt marsh (dominant species is Cyperus malaccensis) in the Nanliu River estuary. Tidal flat elevation measuring and 210Pb dating is used to study the substrate elevation when mangroves first colonize salt marsh. Historical temperature records, river discharge records, and the time series N/P concentration in sediment are analyzed. It is found that the mangrove forests have expanded rapidly in salt marsh since the mid-1980s. The change in factors such as accommodation space, cold event frequency, and nutrient supply cannot explain the origin of mangrove expansion. A low river discharge episode lasting for 8 years since 1986 is considered to have triggered the mangrove expansion in this area, as previously established salt marsh plants died due to germination restriction caused by high salinity and mangroves colonized the salt marsh habitat during this period. This case proves again that estuarine wetlands are very sensitive to salinity variation.
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1 Introduction

Mangrove forests are widely distributed in tropical-subtropical coasts and are significant to the global ecosystem, as they provide ecological functions (Clough, 1998), coastal protection (Mazda et al., 1996; Magi et al., 1997; Vermaat and Thampanya, 2006; Bouillon et al., 2008; Donato et al., 2011), carbon sequestration, and protect the coast from storm surges or tsunamis (Chmura et al., 2003; Bouillon et al., 2008; Daniel M. Alongi., 2008). Globally, the total area of mangrove forests decreased rapidly in the 20th century largely due to human destruction (Giri et al., 2011a). The loss of mangrove forest will lead to a primary productivity decrease, seawater quality degradation, and interred carbon being released into the coastal zone. In addition to human destruction, mangrove forests are sensitive to climate change, sea level fluctuation, and nutrient supply. Many studies have shown that a change in winter temperature, rainfall, sea level, or even severe hurricane can result in a variation in mangrove coverage (Eslami-Andargoli et al., 2009; Cavanaugh et al., 2014; Lovelock et al., 2015; Duke et al., 2022). For a specific region, the responses of mangrove coverage to such impacting factors deserve our attention and study, which will help us in better understanding the dynamics of mangrove coast evolution and in guiding mangrove wetland restoration projects.

By 2020, the total area of mangrove forest in China is about 29000 ha, of which the mangrove forests in Guangxi Province (in South China, adjacent to the Beibu Gulf of South China Sea) comprise about 7300 ha. Most of the mangrove forests in this region are located in estuaries or on the coast adjacent to estuaries. Although human activities such as shrimp pool construction have reclaimed many mangrove wetlands during past decades, the total area of mangrove forests has still increased in this region since the mid-1980s (Wang et al., 2023). Given regional mangrove forest expansion in recent years is rare around the world, revealing the dynamics of mangrove forest expansion in this region is meaningful.

The Nanliu River is the biggest river flowing into the Beibu Gulf from Guangxi province. There are large patches of mangrove forests on the inter-tidal zone off river mouths (on the north edge of Lianzhou Bay), which have expanded significantly during past decades (Figure 1). So, the Nanliu River estuary is an ideal place for the study of mangrove coverage dynamics in the context of climate change and human activities. Some studies have been carried out to study the variation in wetland coverage during past decades in this area, but these studies did not distinguish the salt marsh from the mangrove forest, or the imaging time of satellite images is not old enough to determine the starting time of mangrove expansion, thus their conclusion about the driving force of mangrove expansion may be questionable (Wang et al., 2016; Liu et al., 2017). In view of this, satellite remote sensing images interpretation, field survey, 210pb dating, and sediment record analysis are systematically used in this study to reveal the starting time of mangrove expansion in this area. Moreover, with the regional temperature record and river discharge record, the relationship between mangrove expansion and accommodation space gain, cold events frequency, estuary salinity, and nutrient supply is studied. The aim of this study is to reveal the driving force of mangrove expansion in this region.




Figure 1 | The spatial distribution of mangrove forest (dark green in color) and salt marsh (brown or light green in color) in the satellite images from 1985 and 2018 and the site photos (taken in 2020) of the salt marsh.






2 Study area and method



2.1 Geological and climatic context

The study area is in the estuary of Nanliu River, which flows into the Beibu Gulf of the Souh China Sea (Figure 2) and has a total length of 287 km and an annual discharge of 5.6×109 m3. In the estuary, there are three main branches: the Nanganjiang River, Muanjiang River, and Dangjiang River (Figure 2). On the tidal flat off river mouths, there are a large number of mangrove patches and a few salt marsh patches. The dominant mangrove species is Aegiceras corniculatum (Linn.) Blanco and the dominant species in the salt marshes is Cyperus malaccensis. The average annual rainfall is about 1600mm in this region over the past 60 years. Controlled by a tropical monsoon climate, the rainfall in the wet season (May to October) can account for approximately 80% of the total annual rainfall (Huang and Baoqing, 2015). The average annual temperature is 22°C in this region. In winter, strong cold air masses from northern Asia can lead to cold events during which the temperature can be reduced by 10°C. Diurnal tides are dominant in this area, the average tidal range is 2.5m and the maximum tidal range is 5.8m (Li et al., 2001). In summer or autumn, passing cyclones can result in energetic waves and storm surges, the maximum wave height record is about 2.0m and the maximum water addition exceeds 2.0m.




Figure 2 | Location of the study area (A), distribution of mangrove forests in Nanliu River estuary (B), and the typical Aegiceras corniculatum plant in this area (C).






2.2 Method

In a field survey carried out in 2013, the elevation of a tidal flat along a main tidal creek in a mangrove forest off the river mouth of the Dangjiang branch was measured with a real-time kinematic GPS device (error< ± 3° cm). A Sediment core (109°5’44.99”E, 21°34’45.30”N) were collected at site C3 in this mangrove forest (Figure 3), which was sliced into sediment samples of 2cm in width. With part of the sediment samples, we separated plant debris from sediments by using a water sieve. The grain size of sediment samples was measured with a Master-2000 Laser particle sizer, and the organic carbon content of sediment samples was measured with a SHIMADZU TOC-5000 Total Organic Carbon Analyzer. The total nitrogen in sediment was measured with the Potassium dichromate sulfuric acid digestion Kjeldahl method. The total phosphorus concentration in sediment was determined spectrophotometrically with a Skalar Nutrient Analyzer. The 210Pb/226Ra radioactivity of some sediment samples was measured with a mass spectrometer in the State Key Lab of Lake Sciences of China. The excess 210Pb activity in sediment samples was obtained by subtracting the 226Ra activity from the total 210Pb activity. The measuring error of 210Pb radioactivity is ±9%~ ± 17%.




Figure 3 | The expansion history (B) and change in area (C) for a mangrove patch off the river mouth of the Dangjiang branch (A) from 1987 to 2018.



Multispectral images collected by Landsat TM, ETM+, and OLI were used in this paper to reconstruct the change in mangrove coverage since the mid-1980s, most of them were collected in autumn (October to December) and winter (January to February). They were all downloaded from the United States Geological Survey (USGS) website (https://earthexplorer.usgs.gov/). The pixel side length of these Landsat multispectral images is 30 m. The downloaded images are listed in Table 1. Two main pre-processing steps were performed prior to classifying the Landsat images for recognizing the mangrove forest. These steps include a radiometric calibration and an atmospheric correction. Both the radiometric calibration and the atmospheric correction were carried out using ENVI software, i.e., the Radiometric Calibration tool for the radiometric calibration and the FLAASH Atmospheric Correction tool for the atmospheric correction. Thereafter, the Spectral Angle Mapper (SAM) classification tool in ENVI software was used to classify the Landsat images for mangrove forest recognition. The SAM is a physically based spectral classification proposed by Kruse et al. (1993). Their algorithm determines the spectral similarity between two spectra by calculating the angle between the spectra and treating them as vectors in a space with dimensionality equal to the number of bands. In this area, the spectra of mangrove forests are significantly different from that of salt marsh especially in in autumn and winter when the leaves of salt marsh plants are withered, for example, we can distinguish the mangrove forests (dark green) and salt marsh (light brown) even just by eye in the satellite images (Figure 1). The end member spectra of mangrove forests, seawater, sand, and other vegetation were extracted directly from the Landsat multispectral images (in 2018-02-01) as the average spectra of a region of interest (ROI). The angle between the end member spectrum vector and each pixel vector was then compared. The smallest of the 84 angles represents a closer match to the reference spectrum. By using this SAM classification tool, 85 mangrove forest pixels were counted, and the area of the mangrove forest was then calculated using the following equation:


Table 1 | Multispectral Landsat satellite images used in this study.



	

where S, N, and r represent the area of the mangrove forest, the number of mangrove forest pixels, and the pixel side length of the Landsat multispectral images (30 m), respectively.





3 Results



3.1 The history of mangrove expansion determined by satellite remote sensing

Based on the interpretation of satellite remote sensing images, it is revealed that the history of mangrove expansion comes mainly at the cost of salt marsh in the Nanliu River estuary from 1987 to 2018 (Figure 4). In 1987, The wetlands off of river mouths were mainly salt marshes. There were only a few mangrove patches with a total area of 72 ha (Figure 5). From 1987 to 2010, the mangroves expanded significantly, and most of the salt marshes were replaced. From 2010 to 2018, some mangrove patches expanded onto bare flats and the total mangrove area increased to 622 ha by 2018. The average expanding rate of mangroves is about 18 ha/a from 1987 to 2018.




Figure 4 | The spatial distribution of mangroves (red area) and salt marsh (yellow area) in satellite images from different years.






Figure 5 | The change in total mangrove area in the Nanliu River estuary from 1987 to 2018.



To study the natural mangrove expansion, the expansion history of a mangrove patch off the river mouth of the Dangjiang branch is studied, which is completely free from human interference. As is shown in Figure 3B, in 1987, there was only one small mangrove patch with an area of 1.71 ha. In 1993, two new mangrove patches emerged in the salt marsh and the total mangrove area reached 10.85 ha (Figures 3B, C). By 1999, the mangrove area reached 50 ha and all the salt marsh was replaced. From 1999 to 2005, the increase in mangrove area stopped, indicating an intermittent mangrove expansion on the bare tidal flats. From 2005 to 2018, the mangrove area increased rapidly again, indicating a mangrove colonization on bare flats in the period of 2002-2013. According to the expansion rate of the mangroves during 1987~1993, we can infer that the starting time of mangrove expansion in the salt marsh was within the time span of 1985-1987, in other words, the mangrove expanded since the mid-1980s in this area.




3.2 Evidence from 210Pb dating and plant debris

Sediment records and 210Pb dating are also used to study the transition of dominant species in wetlands and the substrate elevation at the time when mangroves first colonized.

In the upper part (0-42cm) of sediment core C3 collected in a mangrove patch which first emerged after the mid-1980s, the excess 210Pb specific radioactivity declined exponentially with accumulative mass, this indicates an approximately constant sedimentation flux, and 210Pbex concentration (Figure 6A). The CS-CF modal thus was used to calculate the sedimentation rate, which is 0.65 g.cm-2.a-1 in the depth range of 0-20cm and is 0.92 g.cm-2.a-1 in the depth range of 20-42cm. With the sedimentation rates obtained by 210Pb dating, we can determine the substrate elevation in 1986 (Figure 6B), which is 32cm below the tidal flat surface in 2013 (when the core was collected). The substrate elevation in 1986 was 66cm above the threshold for mangrove survival (Figure 7), indicating that accommodation space gain is not the reason for mangrove forest expansion since the mid-1980s. In this core, specific residual debris of mangrove plants (thin woody twigs and petioles) can be found at depths of less than 20cm; below 20cm, only salt marsh plant debris (thin and long leaves) can be found (Figure 8). This indicates that a transition of salt marsh to mangrove have taken place decades ago at this site.




Figure 6 | The variation of excess 210Pb radioactivity with cumulative mass in the upper part of core C3 (A), the year-depth curve in sediment core C3 (B).






Figure 7 | The elevation (national 1985 elevation of China) of mangrove tidal flat surface in 2013, the elevation of wetland substrate in 1986, and the threshold for mangrove survival.






Figure 8 | The debris of salt marsh plants and mangroves in the sediment core C3.






3.3 The variation in winter temperature, estuary salinity, and nutrient supply during past decades

Environment factors such as air temperature (Lugo and Patterson-Zucca, 1977; Liu et al., 2014; Chen et al., 2017), salinity, and nutrient availability can influence the survival of mangrove seedlings and thus the expansion of mangroves. The time series of substitutes for these environmental factors shall be studied to reveal key factors triggering mangrove expansion in this area (Mo, 2017).

Extreme cold events can kill mangrove seedlings or even young mangroves in the subtropical zone. In South China, January and February are the coldest months. Recently, only one lethal cold event was reported in early 2008 (Chen et al., 2010). From 10 January to 10 February 2008, low temperatures lasted for 30 days, during which 70%-100% of seedlings of alien species such as Rhizophora stylosa, B.gymnorhiza, Sonneratia caseolaris died, while there was no report of Aegiceras corniculatum seedling being frozen to death in this area. The monthly average temperature in February 2008 was 11.2°C and represents the lowest value in recent years (Figure 9). As is shown in Figure 9, possible lethal cold events have been rare during the past sixty years in this area, from 1953 to 1988, there were only two possible lethal cold events (in 1968 and 1977) for Aegiceras corniculatum seedlings. As the time span between lethal cold events is long enough for the mangrove saplings to grow, the frequency of lethal cold events in this area did not reach a level of restraining mangrove expansion before the mid-1980s. The change in the frequency of lethal cold events thus cannot explain the starting of Aegiceras corniculatum forest expansion since the mid-1980s.




Figure 9 | Time series of average air temperature in January and February from 1953 to 2009 in this area (recorded at the Beihai weather station).



Salinity is a key environmental factor affecting mangrove seedling survival and salt marsh plant rejuvenation. Suitable high salinity may promote the expansion of mangroves in salt marsh. In this area, the transition of salt marsh to mangrove began in the mid-1980s, which had just encountered an unprecedented low river discharge episode lasting for 8 years (Figure 10A). The average river discharge during this episode was only 120m3/s, lower by 25% than the average value of past 50 years. The salinity in the estuary must have increased significantly during this period. Given the occurrence time of the two events is highly consistent, the possibility of mangrove expansion triggered by low river discharge episodes is high.




Figure 10 | (A) time series of Nanliu River discharge (recorded at the Chang-Le hydrological station) from 1965 to 2013, (B) time series of total N/P burial flux in the sediment core C3.



The nutrient availability may affect the seedling establishment and survival indirectly in some environments. The nutrient status of the maternal tree and the provisioning of propagules may have a large influence on early seedling growth. A large size propagule with more material storage can enhance its survival probability under threats such as high salinity, cold events, shellfish attachment, and pests gnawing. Based on the chronology framework determined by 210Pb dating in sediment core C3, the time series of total phosphorus/nitrogen burial flux is revealed (Figure 10B). No significant increasing trend in the total phosphorus/nitrogen burial flux is found during the 1980s, indicating the nutrient supply did not increase at the time of mangrove forest expansion starting. The significant increase in phosphorus burial flux took place after 1990, while the significant increase in nitrogen burial flux took place after 2005. It is obvious that the beginning of mangrove expansion in salt marsh has no relationship with the change in nutrient status.





4 Discussion



4.1 Accommodation space gain and hydrodynamics

The elevation of accommodation space for mangroves is generally between the local mean sea level and the mean high tide level. Mangrove forests may expand due to accommodation space gain. The seaward expansion on the bare tidal flats is usually caused by tidal flat accretion (Young and Harvey, 1996), and the landward expansion to salt marsh may occur due to local sea level rise. According to this study, the mangroves expanded seaward in salt marsh in the period from the mid-1980s to late 1990s. Given the fact that the substrate elevation in salt marsh is usually not lower than that in mangroves, substrate elevation thus is not likely the limitation factor for mangrove expansion in this area before the mid-1980s. Actually, at a site where mangroves have first colonized salt marsh since the mid-1980s, the substrate elevation at that time is 66cm above the threshold for mangrove survival. Given the sea level fluctuation on the decadal scale only has a magnitude of centimeters in this region, sea level fluctuation itself can not impact the mangrove seedling establishment in the salt marsh. It seems that the seaward mangrove expansion into the salt marsh is not directly caused by tidal flat accretion. Hydrodynamics are another factor that may impact mangrove seedling establishment.

Storm surges that come with Typhoons may erode the mangrove seedlings on bare tidal flats in this area (Liu et al., 2017). On a macro tidal coast, strong tides and currents may be unfriendly for mangrove seedlings too. However, the mangrove expansion in this area first took place in salt marsh, where the hydrodynamic energy is dissipated significantly by dense plants. The possibility of hydrodynamic action restricting mangrove seedlings’ establishment is low. The period of the mid-1980s experienced the most frequent storm surge disasters (1984,1985,1986). What is more, according to the sedimentation rate obtained via 210Pb dating, we can infer that the substrate elevation in the salt marsh had reached the threshold for mangrove survival about 60 years before the time when the mangrove expansion first took place. Why the mangrove expansion did not occur during such a long period with suitable temperature for mangrove growth? During this long period, the study area must have experienced some span of time with a lower tidal range. In view of this, we can conclude that the hydrodynamic is not a key factor that can impact the salt marsh-mangrove transition in this area.




4.2 Salinity is critical in driving salt marsh-mangrove transition

In recent decades, cases of mangrove forest expansion have been reported around the world. Despite the cases caused by accommodation space gain, climate change is the main driving force for mangrove expansion. With global warming, some salt marshes have been replaced by mangroves in the areas with higher latitudes (Snedaker, 1995; Comeaux et al., 2012; Cavanaugh et al., 2014). Warmer winters and mangrove seedling supply are undoubtedly the prerequisites of mangrove expansion into salt marshes. However, the transition of salt marsh to mangrove has not occurred in many regions with suitable air temperatures for mangrove species. For instance, the frequency of lethal cold events in the study area did not reach a level of preventing mangrove expansion before the mid-1980s, but the mangrove expansion did not happen at that time.

Compared to air temperature, the environmental salinity may be more critical in driving the wetland vegetation succession. For example, mangrove seedlings are difficult to grow under the stress of high salinity in arid regions; excessive soil salinity caused by drought events and sea level drops can even kill adult mangrove plants (Duke et al., 2022). Salinity decline in estuaries coming with rainfall increase can enhance the survival rate of mangrove seedlings and lead to mangrove forest expansion in salt marshes in these arid regions (Eslami-Andargoli et al., 2009). In contrast, as the salinity tolerance of dominant species in salt marsh in wet regions usually is lower than mangrove species, a significant reduction of river discharge may result in dieback events of salt marsh plants and mangrove invasion. The dominant species in salt marsh in the Nanliu River estuary are Cyperus malaccensis and Spartina. The suitable germination salinity for Cyperus malaccensis is 5ppt and will be inhibited in germination when salinity exceeds 15ppt (Chen Y S., 2011) while the optimal salinity for the physiological function of mangrove seedlings growth ranges from 3ppt to 27ppt (Ye et al., 2005). During the low river discharge episode from 1986 to1993, the high salinity in the estuary is inferred to result in the death of Cyperus malaccensis due to rejuvenation ceasing, therefore, mangrove seedlings with higher salinity tolerance colonized salt marsh habitat, which led to a rapid mangrove forest expansion.




4.3 Subsequent impacts of mangrove forest expansion

Mangroves of the same area have higher productivity than salt marsh, which will provide more biomass in a wetland. It is undoubtedle that the mangrove expansion will enhance bio-diversity in the coastal zone. As mangroves need more nutrients than salt marsh species to maintain their high productivity, mangrove forest expansion may be beneficial to reduce the nutrient level in eutrophic coasts. However, in the estuaries where nutrients are not excessive, the decline of nutrient exporting with mangrove expansion may cause a reduction in algae biomass and lead to population decline of some fish species that only consume algae. In estuaries with poor mixing, more organic debris inputting from wetlands caused by mangrove forest expansion may intensify hypoxia in the underlying water body. Mangrove forest has a higher carbon sequestration rate than salt marsh, so mangrove forest expansion thus will improve the carbon pool function of the coast zone. However, methane production in mangrove wetlands usually is higher than that in salt marshes. Given the fact that the greenhouse effect of methane is about 60 times that of carbon dioxide, it is still uncertain that the mangrove forest expansion will mitigate or intensify the greenhouse effect. In sum, the effects of mangrove forest expansion on coastal ecology and the greenhouse effect still needs more studies.





5 Conclusions

In the Nanliu River estuary, mangrove forests expanded rapidly and replaced most of the salt marsh since the mid-1980s, the total mangrove area has increased from 72ha to 622ha in the period of 1987~2018. The mangrove forest expansion during this period cannot be attributed to accommodation space gain, cold event decrease, or nutrient supply increase. A low river discharge episode (1986~1993) is inferred to trigger this expansion directly. During this period, the original salt marsh dominant species (Cyperus malaccensis) died gradually due to germination restriction under high salinity and mangroves (Aegiceras corniculatum) colonized the salt marsh habitat gradually. This study shows that wetlands in estuaries are sensitive to salinity change, and that significant change in rainfall in drainage basins may result in a rapid transition of dominant plant species.
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