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Abstract

:

Numerous studies have been done using remotely sensed data to produce global mangrove height and biomass maps; however, little is known about the worldwide pattern of mangroves in the Northern and Southern Hemispheres that corresponds to their height and biomass. The objective of this study was to investigate whether there is a specific pattern that can be seen between northern and southern mangroves according to height and biomass. Based on an empirical model, we processed Shuttle Radar Topographic Mission (SRTM) elevation data in combination with 450 field data points to produce a global mangrove height map and its corresponding aboveground biomass (AGB) per hectare at 30 m spatial resolution. We also refined the global mangrove area maps and provided a set of equations to determine the maximum mangrove height at any given latitude. Results showed that 10,639,916 ha of mangroves existed globally in the year 2000, with a total AGB of 1.696 Gt. Even though the areal coverage of mangroves was higher in the Northern Hemisphere, the total mangrove AGB was higher in the Southern Hemisphere. The majority of mangroves in both hemispheres were found to be between 6 and 8 m tall, although height distribution differed in each hemisphere. The global mangrove height equation for northern and southern mangroves produced from this study can be used by relevant stakeholders as an important reference for developing an appropriate management plan for the sustainability of the global mangrove ecosystem.
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1. Introduction


Mangrove forests of the tropics and subtropics are important for coastal protection, conservation of biological diversity, and protection of coral reefs and seagrass beds [1]. They provide habitat, spawning grounds, and nutrients for three-quarters of all commercially fished species in the tropics [2]. Mangroves are also among the most carbon-rich forests in the tropics, [3] providing potentially low-cost options for carbon sequestration and storage [4,5]. Despite these values, studies indicate that over the past century, mangroves have been heavily deforested [6]. Recent studies suggest that although mangrove deforestation continues at variable rates depending on the region, its global rate may have slowed down to <1% y−1 since 2000 [7].



Accurate global mangrove maps are important as most of the world’s mangroves occur in developing tropical countries where technical and financial constraints may limit regional mangrove mapping efforts. Mangrove atlases exist that provide information on global and national level mangrove coverage at different spatial scales [8]. A global mangrove area map of 30 m spatial resolution, called the Mangrove Forest of the World (MFW), has been developed using Landsat images from multiple years [9]. An improved version of the global mangrove map, named the Global Database of Continuous Mangrove Forest Cover for the 21st Century (CGMFC-21), has been recently released [7], which provides a continuous land cover map for the year 2000 and annual deforestation of mangrove areas for 2000–2012.



All existing maps of global mangroves provide the two-dimensional spatial distribution of the mangrove biome or mangrove presence or absence. Canopy height, a third dimension, is an essential parameter for understanding the vertical structure, estimating aboveground biomass (AGB) and carbon storage, and exploring distributions of mangrove habitat for a great number of mammals, birds, reptiles, fish, amphibians, and insects. Studies have demonstrated the utility of data from active remote sensing sensors such as radar and lidar and stereo data from optical sensors such as ASTER and SPOT for producing dependable estimates of mangrove heights in multiple locations throughout the world [10,11].



Mangroves expressed a pattern between degradation and regeneration according to environmental stresses and anthropogenic activities [12]. Several environmental factors, particularly physical factors such as distance from the sea or the estuary bank, temperature, ocean currents, salinity, frequency and duration of tidal inundation, and soil composition, affect the spatial distribution and species composition of mangroves [13,14,15,16,17]. While tidal ranges control the lateral extent of mangroves through inundation frequency [13], temperature is a primary constraint on the distribution and maximum biomass of mangrove ecosystems [18]. Although mangroves are salt-tolerant plants, salinity limits their growth as very few mangroves survive above a soil salinity of about 70–80 ppt [18]. In nature and under favorable conditions, mangroves can grow up to ~40 m tall in equatorial regions [19]. A recent study discovered that the tallest mangrove could reach 62.8 m in Gabon, West Africa [20].



A study on the vertical structure of mangroves (i.e., height) is very crucial because it not only provides a predictor of aboveground biomass but also assists us in understanding the details and successional changes of production and competition in vegetal communities, site productivity, nutrient cycling, nutrient budget, amount of carbon, predicting future change due to climate change, and overall managing the forest in a sustainable way [21]. Over the years, forest ecologists have developed three major methods for estimating forest biomass and carbon stocks: the harvest method, the mean-tree method, and the allometric equation method [21]. Of these three methods, the allometric is the most widely used one due to its simple approach. The allometric equation works by developing a relationship between the measurable parameters of the tree such as trunk diameter and height. Ideally, diameter at breast height (DBH) is the best predictor to estimate a tree’s biomass; however, remotely sensed sensors have limitations in detecting the diameter of trees compared to sensing their vertical structure (height). Hence, scholars have often used height as the sole parameter for estimating the biomass of forests. Our published study demonstrated that using the SRTM height, the model could accurately estimate mangrove biomass at the genus level in the Mimika District of Papua, Indonesia [22]. The model estimates of mangroves biomass was within 90% confidence intervals of area-weighted biomass derived from field measurements.



Remotely sensed data derived from active sensors such as Synthetic Aperture Radar (SAR) or passive (optical) sensors have been widely used to obtain information on the vertical structure and composition of the mangrove ecosystem. Several studies have pointed out that the usage of radar data is a common approach for estimating mangrove canopy heights at local, regional, and global scales, and NASA’s Shuttle Radar Topography Mission (SRTM) elevation data have been most widely used for this purpose [20,22,23,24,25,26]. Some other scholars have used SAR data from newer sensors, i.e., the European Space Agency’s TanDEM-X, to estimate mangrove height [10,27]. Meanwhile, a study by Aslan et al. [28] has demonstrated that optically based remotely sensed data such as ALOS PRISM can also be used to map mangrove height. The study further indicated that in the absence of SAR-based elevation data (such as SRTM and TanDEM-X), the ALOS PRISM data can be used to map mangrove height.



A recent study [20] produced a global mangrove height and aboveground biomass map based on SRTM elevation data. Still, the study lacked the ability to characterize the spatial trends of global mangrove heights and their linked standing biomass across latitude for the Northern and Southern Hemispheres. Several studies have shown that the ecological distribution of mangroves is highly correlated and limited by the latitudinal distribution of sea surface temperature [29,30]. However, these studies also lack information to determine which hemisphere has the tallest mangrove and contains the highest mangrove AGB biomass, or vice versa.



Therefore, our principal objective in this study was to discover and evaluate a global pattern between the Northern and Southern Hemispheres of mangrove canopy height and its correspondence to aboveground biomass. This could be done first by establishing a global model of mangrove canopy heights based on SRTM elevation data, and second, by assessing the global distribution of mangrove biomass using an appropriate empirical model derived from canopy height. In this case, we examined the spatial trends of global mangrove heights and offered a set of equations representing the relationships between maximum mangrove height and latitude for the Northern and Southern Hemispheres.



A secondary objective was to refine existing global maps of mangrove distribution by identifying and excluding areas in existing maps that had SRTM elevations higher than the feasible maximum canopy heights for mangroves. Both objectives demonstrate mangrove health and population dynamics, which are linked with environmental stresses, climate change, and nutrient limitations.




2. Materials and Methods


2.1. Field Data and SRTM Height


We obtained 450 data points from two sources: peer-reviewed published literature and original data from recent field surveys, to determine the relationships between SRTM data and mangrove canopy height (Figure 1). The field data were collected from 5 locations: (1) Arguni Bay of Papua, Indonesia; (2) Mimika District of Papua, Indonesia; (3) Asmat District of Papua, Indonesia; (4) Mahakam Delta of Kalimantan, Indonesia; and (5) the Sundarbans Forest in Bangladesh. For Arguni Bay, Asmat, and Mimika sites, field data were collected between 2013 and 2015. The data collection followed protocols for assessing the structure, biomass, and carbon stocks of mangrove forests [31], using six 10 m radius circular subplots located every 25 m along the center transect of a larger 40 m by 125 m rectangular survey plot for large trees. Tree height was measured using a hypsometer or clinometer and estimated to the nearest meter. Details of tree inventories and the analysis can be found in [22]. For the Mahakam Delta site, field data were collected in June 2014 using the method in [31]. The heights of adult mangrove trees were measured using a handheld laser rangefinder, and young trees were measured with telescopic measuring rods in each sampling plot. For the Sundarbans site, field data were collected in 2009 using a grid-sampling method at 4 min intervals of latitude and 2 min intervals of longitude. Tree heights were measured using a digital range finder based on the height of three co-dominant mangrove species. Descriptions of the Sundarbans data collection campaign can be found in [32]. To obtain data from published studies, we conducted an exhaustive literature review and extracted data from papers that provided field GPS locations and canopy heights of mangroves (Figure 1). In total, 42 species of mangroves were represented in our field data set, covering a geographic range of 25.48° N to 27.28° S latitude (Table 1).



We used correlation analysis to determine relationships between the field-based canopy height data and SRTM data at 30 m spatial resolution. In February of 2000, NASA’s SRTM radar system flew onboard the Space Shuttle Endeavour during the 11-day STS-99 mission and produced a set of quality-controlled digital elevation model (DEM) data on a near-global scale from 56° S to 60° N at consistent spatial resolution. Although other newer sensors, such as the German Aerospace Center (DLR) TanDEM-X, provide radar data with global coverage that can be used to estimate canopy heights [27], data from those sensors are not freely available for all mangrove areas of the world. Two other DEM data sets derived from optical sensors, namely, the ASTER-GDEM and JAXA-DSM, also provide global data, but their coverage in the tropical coastal areas is not continuous, and these data sets have not been verified for anomalies and artifacts in the coastal areas. The SRTM product is one of the quality-controlled sets of DEM data that is freely available for global-scale studies. Even though the STRM data sets from 2000 are somewhat dated, recent studies have indicated that the average rate of global mangrove deforestation has been <1% y-1 since 2000 [7] and that the growth and expansion of mangroves occur at decadal time scales. Therefore, the use of SRTM data was considered the most appropriate and cost efficient for studying current patterns of global mangrove heights [22].



We downloaded the SRTM DEM data from the US Geological Survey National Centre for Earth Resources Observation and Science through the Earth Explorer data portal (http://earthexplorer.usgs.gov/ (accessed on 28 June 2017). The SRTM DEM data have been shown to correspond with mangrove canopy height because mangrove trees normally grow in intertidal zones; thus, a ground elevation close to the mean sea level can be used to identify mangrove heights at the per-pixel level [46,47].




2.2. Empirical Models


Using the 450 field-based mangrove canopy heights and their corresponding SRTM values in a scatterplot, we developed a linear correlation model (Figure 1):


   H f  = 0.8955    H s  + 1.81223  



(1)




where Hf is the field-based canopy height of a 30 m SRTM pixel and Hs is the DEM height value of that SRTM pixel. The accuracy of the model was evaluated with k-fold cross validation analysis. The k-fold cross validation analysis is used in ecological studies to evaluate model performance where observations are drawn only from a set of available locations [48], and it assesses how effectively the model reflects a quantity proportional to the probability of occurrence [49]. This canopy height model was then used to produce canopy height maps at a consistent 30 m pixel scale for global mangrove areas. For this study, we used the mangrove map produced in [7] to mask the global mangrove areas. The intercept value in Equation (1) shows a discrepancy of ~1.8 m between the actual ground elevation and the SRTM DEM, similar to what has been reported in previous studies [26].



For mangrove biomass, we used an empirical equation proposed in the study of principle trends of mangrove [50]:


  A G B = 10.8 H + 34.994  



(2)




where AGB is the aboveground biomass (tons ha−1) and H is the mean canopy height of mangroves in an area (ha). The study used mangrove height and AGB measurements from 43 globally distributed sites to obtain a highly significant correlation of mangrove AGB with the mean canopy height of an area [50]. Among the existing ‘mangrove height vs. AGB’ models, the Saenger and Snedaker model shown in Equation (2) is the only one that was developed for a unit area (ha−1) rather than for individual trees and stands and was therefore most appropriate for use in the present study since our canopy height maps are also presented on an area basis.





3. Results


3.1. Mangrove Heights and Vertical Accuracy


A compilation of 42 species of mangroves from published studies with the addition of previously unpublished field-based mangrove height data (Table 1) allowed us to derive a relationship between field-based and SRTM measurements of canopy heights, including data from all continents and latitudes (Figure 1). Although there was scatter around the trend line (Figure 1), the correlation was linear with a highly significant correlation coefficient (Pearson’s r = 0.91, R2 = 0.82), and residuals were similarly distributed for all levels of heights. Although the absolute vertical accuracy of the SRTM elevation data is 16 m (at 90% confidence) (see USGS EROS Archive—Digital Elevation—SRTM Mission Summary | U.S. Geological Survey), several scholars have pointed out that the vertical accuracy of SRTM is higher than what has been reported by USGS when compared to the field canopy height measurement. For example, Simard et al. [20] reported a root mean square error (RMSE) of 3.6 m between the SRTM height estimation of basal area (SRTMHba) and in situ mangrove height basal area (Hba) measurements. Similarly, our previous published study showed that there was a strong correlation between the SRTM elevation data and the 98th percentiles of field canopy height (H.98) measurements with a mean absolute error (MAE) of 3.0 m derived from 10,000 bootstrapped simulations [22]. In this study, our mangrove canopy height model derived from SRTM elevation data and the field-based measurements of existing mangrove heights from globally distributed sites produced an average error of 2.62 m for MAE and 3.36 m for RMSE. Therefore, using SRTM elevation data in this study is appropriate as we are only studying height in relatively flat coastal areas where the impacts of topography on the SRTM elevation error are negligible.



Based on the map [7], globally, there were 118,784,099 SRTM pixels of mangroves at 30 m resolution. We used Equation (1) with SRTM data to estimate the canopy height of each mangrove pixel. The resulting heights ranged from 2.78 m to >1000 m, but the vast majority of the height data were <40 m. Mangroves do not grow taller than 40 m [19]. In the Hamilton and Casey map [7], 562,800 pixels had height values >40 m. We excluded those pixels (called type-A inaccuracy henceforth) and produced a refined map of the global mangrove area and canopy heights at 30 m resolution (Figure 2). Our results indicated that 10,639,916 ha of mangroves existed globally in the year 2000.



The latitudinal distribution of mangrove heights and the areas occupied by each height class are shown in Figure 3. For clarity of display, the latitudes are binned at 1° and the heights are binned at 1 m (Figure 3A). Results indicated that the tallest mangroves were present near the equator and that the maximum height of mangroves declined in both hemispheres as the distance from the equator increased. In the Northern Hemisphere, 5–17 m tall mangroves occupied relatively large areas between 4°–13° N latitude and 22° N latitude. In the Southern Hemisphere, a large area of mangroves existed between 1°–3° S latitude, with a canopy height range of 6–28 m. At 8° S latitude, another extensive coverage of 10–20 m tall mangroves was present. A relatively large area of mangroves also existed between 11°–22° S latitude, with canopy heights of 5–12 m.



Our study revealed that the maximum heights of mangroves were strongly correlated to latitude, but the trends were not symmetrical for both hemispheres. Using a best-fit line for the tallest mangroves across latitudes, we developed a set of two equations, one for each hemisphere, which can be used to derive the maximum height of mangroves for any specific latitude:


  For   the   Northern   Hemisphere   ( 0 ° – 30 °   N ) :   H f  = 38.97 − 0.6418 ×  |  l a t i t u d e  |  − 0.0169 ×    |  l a t i t u d e  |   2   For   the   Southern   Hemisphere   ( 0 ° – 38 °   S ) :   H f  = 38.97 − 1.5601 ×  |  l a t i t u d e  |  − 0.0177 ×    |  l a t i t u d e  |   2   



(3)




where Hf is the canopy height of a 30 m SRTM pixel, and the latitude values are in degrees (in absolute format). Although after correcting the type-A inaccuracy the maximum height of mangroves in our global data set was 39.5 m, binning of the data at 1° latitude reduced the maximum height to 38.97 m (Equation (3)).



Most mangroves in both hemispheres were between 6 and 8 m tall, although their height distribution differed (Figure 3B). The Northern Hemisphere had a larger area of shorter mangroves, and the Southern Hemisphere had a larger area of taller mangroves. Total mangrove areas were 5.63 million ha in the Northern Hemisphere and 4.97 million ha in the Southern Hemisphere.




3.2. Mangrove Biomass


Biomass distributions across different classes of mangrove heights were distinct for each hemisphere (Figure 4).



Figure 4 shows that biomass versus mangrove height had a positively skewed distribution in the Northern Hemisphere, with the peak at 8 m. In the Southern Hemisphere, biomass was rather normally distributed across the height classes, with the peak at 14 m. Total global mangrove biomass was 1.696 billion metric tons (Gt) in 2000, of which 820.8 million tons were in the Northern Hemisphere and 875.5 million tons in the Southern Hemisphere. Although mangroves of the Northern Hemisphere occupied >651,000 ha more land than in the Southern Hemisphere, the mangrove biomass of the Southern Hemisphere was 54.7 million tons more than that of the Northern Hemisphere. This is due to the greater extent of taller mangroves in the Southern Hemisphere (Figure 3B). Another study that produced a mangrove biomass model as a function of mangrove height and latitude revealed that mangrove tree height is a good indicator of forest biomass, which increased at lower latitudes in the neotropics [51].




3.3. Mangrove-Rich Countries


The provided lists of mangrove areas are in the most mangrove-rich countries in the world. Since we excluded the 562,800 pixels (or 50,652 ha) of type-A inaccuracy from the existing global mangrove maps, the new calculation of those areas also changed accordingly [7]. We recalculated the mangrove area and biomass of the 15 most mangrove-rich countries in the world following [9], which are presented in Table 2.



Discrepancies in the mangrove areas of different countries among the three studies are due to the way area estimates were calculated. The MFW map was based on the presence/absence of mangroves for each pixel, whereas the CGMFC-21 map was developed using the fraction of mangrove coverage within each 30 m pixel. Hence, the latter had a much lower estimate of global mangrove areas compared to the former. We used the CGMFC-21 map but considered each mangrove pixel on a presence/absence basis since we estimated the area-based height at each pixel. Therefore, our estimates of mangrove areas are generally higher than the CGMFC-21 estimates but lower than the MFW estimates (Table 2). Exceptions occurred where our correction of type-A inaccuracy led to the exclusion of areas that were included in the CGMFC-21 map. This was the case for Indonesia, where the CGMFC-21 estimated 2,407,313 ha of mangroves but our results estimated 2,393,244 ha. The coastlines of Indonesian islands have mangroves and hills next to each other, and thus both the MFW and CGMFC-21 maps delineate a considerably large area of non-mangroves as mangroves. Our study corrected those inaccuracies.





4. Discussion


In this study, we presented a global mangrove height map at 30 m pixel resolution. None of the current global mangrove maps differentiate among mangroves of different heights. One hectare of 39 m tall mangroves in Papua, Indonesia, and another hectare of 3 m tall mangroves in the Florida Keys, USA, are identical in the current mangrove area maps—just one hectare of mangroves.



In reality, taller and shorter mangroves perform different ecosystem functions. Studies suggest that the biogeographical regions with taller mangroves are associated with more mangrove-dwelling vertebrate species [52]. Taller mangroves also contain higher aboveground biomass and sequester more carbon from the atmosphere compared to shorter mangroves. Although the soil carbon content of mangrove forests depends on many factors, results from recent global studies may indicate that the biogeography, soil, and climate that are conducive to the growth of taller mangroves may also contribute positively to higher soil carbon contents [53]. For example, the soil carbon content of taller mangrove areas in Indonesia was found to be approximately six times higher than that of shorter mangrove areas in the Dominican Republic [54]. Shorter mangrove ecosystems are characterized by rapid growth and areal expansion, shoreline stabilization, and contribution to spawning and feeding grounds and habitats for fish, other aquatic animals, and waterfowl [55]. Therefore, quantifying and mapping global mangrove height at a consistent spatial scale adds an essential dimension for monitoring the functionalities, spatiotemporal dynamics, patterns of biomass and carbon storage, and ecosystem services of mangroves.



The global mangrove height map produced in this study is reliable for use at local, regional, and global scales as it corresponds well with the results reported by previously published studies [20]: taller mangroves exist near the equator and shorter mangroves abound in other areas. Our results showed that the maximum heights of mangroves are likely constrained by environmental factors such as sea surface temperature that correlate well with latitude, with the taller mangroves following the warmest waters that are generally found near the equator and vice versa.



A recent study by Simard et al. [20] suggested that 74% of the global trends in maximum canopy height are affected by temperature and cyclone frequency, with other geophysical factors influencing the observed variability at local and regional scales. Additional research is necessary to elucidate how environmental conditions limit or optimize mangrove height and how they may be impacted by climate change. The frequency distribution of canopy heights demonstrated that the taller the mangroves, the scarcer they are (Figure 3B). This is a significant pattern with global implications for directing mangrove conservation and climate mitigation efforts. Given the scarcity of taller mangroves, their conservation should take precedence. The mangrove height map produced in this study provides a resource for conservation agencies and policymakers to identify shorter and taller mangroves within each country or area of interest to manage and conserve those forests accordingly.



In addition to type-A inaccuracy, our analysis indicated that another type of inaccuracy (termed type-B) is also present in the global maps of mangrove distribution. Some coastal areas with vegetation heights < 40 m but not mangroves are delineated as mangroves in the current maps. Two examples of type-B inaccuracy are given in Figure 5.



Using our global mangrove height map and Google Earth images, we were able to visually locate the type-B inaccuracy areas in different parts of the world, although the cumulative areas under type-B inaccuracy seemed to be relatively small compared to the regions under type-A inaccuracy. The present study was based on mangrove heights only, and thus it could not automatically identify the areas with type-B inaccuracy. Therefore, those areas are still included in our global mangrove height map. One suggestion to correct the type-B inaccuracy would be to superimpose country-level residential and land use maps on the mangrove map produced in this study and further refine the map by excluding the known non-mangrove areas.



Additionally, we realized that the mangrove canopy height model in this study has other limitations; in particular, the mangrove field height data used in developing the model may not truly represent the tallest mangrove in the world, as the study by Simard et al. [20] discovered that the tallest mangrove in the world was recorded in Gabon, West Africa, with a height of 62.8 m. One significant issue to resolve from this study is to update the current extent of mangroves and biomass with newer remotely sensed data that possess high spatial accuracy as there may be significant changes that have occurred in mangrove extent across the world in recent times since the launch of SRTM in February 2000. As a result, using higher-resolution SAR data such as TanDEM-X, ICESat, and GEDI may further refine the global mangrove map by identifying and excluding constructed areas, housing, and other known non-mangrove land cover [56].



Results from our study revealed the distribution patterns of mangrove biomass in the Northern and Southern Hemispheres. Even though the areal coverage of mangroves was higher in the Northern Hemisphere, total mangrove biomass was higher in the Southern Hemisphere. These high spatial resolution estimates of mangrove biomass can be combined with the global mangrove soil carbon data [57] and annual mangrove deforestation and land use conversion data [58] to examine the carbon loss due to disturbance and land change of global mangroves.




5. Conclusions


In this study, we investigated the reliability of SRTM-based elevation data to characterize global patterns of mangrove canopy height and aboveground biomass. Despite the limitations of SRTM-based elevation data, such as the fact that our produced empirical model may not truly represent the tallest mangrove in the world, this study demonstrated that SRTM-based elevation data perform well for discerning mangrove height across latitude and for characterizing aboveground biomass of mangroves between the Northern and Southern Hemispheres. Our model showed good agreement between modeled and measured canopy height from all sites, which covered a geographic range from 25.48° N to 27.28° S latitude, as illustrated by higher R2 and small values of MAE and RMSE (R2 = 0.82, 2.62 m, and 3.36 m). Our results indicate that although the area coverage of mangroves was higher in the Northern Hemisphere, total mangrove standing biomass was higher in the Southern Hemisphere. Our model also showed that taller mangroves were more concentrated near the equator region and became shorter as the latitude increased. Such findings of mangrove height differentiation among the globe in both hemispheres provide clear evidence that mangrove population dynamics may be driven by climate change, nutrient availability, environmental stresses, and other anthropogenic activities. In addition, we refined the estimation of global mangrove area and canopy heights at 30 m resolution by removing 562,800 pixels with height values >40 m (called type-A inaccuracy). Our results revealed that 10,639,916 ha of mangroves existed globally in the year 2000, with a total AGB of 1.696 Gt. Additional research using recent satellite imagery data that are freely available, e.g., TanDEM-X, GEDI, and ICESat, is recommended to improve the current extent of global mangroves and their corresponding aboveground biomass. The global mangrove height equation for northern and southern mangroves produced from this study can be used by relevant stakeholders as an important reference for developing an appropriate management plan for the sustainability of the global mangrove ecosystem.
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Figure 1. Relationship between mangrove canopy height from SRTM elevation and globally distributed field-based data. Field data sites are shown as red dots on the world map (A). A linear relationship was derived between the field-based height data and SRTM elevation data (B). 
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Figure 2. Global mangrove canopy height map at 30 m pixel size. For clarity of display, global mangrove areas were resampled from the original 30 m SRTM pixel to 0.1° grid and shown in three different panels. (A) Asia and Australia; (B) Americas; and (C) Africa and southwest Asia. 
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Figure 3. Mangrove height distribution across different latitudes and height classes: (A) latitudinal distribution (38° S to 30° N) of mangrove canopy heights and the areas occupied by each height class are shown. For clarity of display, the latitudes are binned at 1° and the heights are binned at 1 m. The tallest mangroves were located near the equator, and the maximum height of mangroves declined in both hemispheres as the distance from the equator increased. Areal coverages of mangroves at each latitude and height class are shown by the color distribution. (B) Mangrove areas at different heights differed for the Northern and Southern Hemispheres. 
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Figure 4. Biomass distribution across classes of mangrove heights for each hemisphere and the globe. The Northern Hemisphere contained a positive skew in the distribution, whereas the Southern Hemisphere contained a normal distribution. Although the Northern Hemisphere contained more mangrove areas than the Southern Hemisphere, the Southern Hemisphere had more mangrove biomass (875.5 million tons) than the Northern Hemisphere (820.8 million tons). 
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Figure 5. Two examples of type-B inaccuracy are shown. A valley on the northwest coast of Bali is shown on the top right. Another area along the east coast of East Java is shown on the top left. In each case, the mangrove height maps are shown on the left, and the Google Earth images of the respective areas are shown on the right. The demarcated vegetation in both areas was non-mangrove but was included in the maps of Giri et al. [9] and Hamilton and Casey [7]. Our height-based method could not identify these areas where canopies are <40 m tall, so these areas remain as inaccuracies in our global mangrove height maps. 
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Table 1. Locations and mangrove species that were represented in the field data set that was used to produce the ‘height vs. SRTM model’ in this study.
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	No
	Location
	SRTM Elevation
	Field Mangrove Height
	Longitude
	Latitude
	Mangrove Species
	References





	1
	Mahakam Delta, Indonesia
	5.0
	10.0
	117.5296327
	−0.614998372
	R. mucronata, A. germinans, Nypa fruticans, S. alba, R. apiculata, Bruguiera sp.
	Unpublished field data



	2
	Mimika Papua, Indonesia
	7.0
	8.0
	136.7123396
	−4.797423469
	R. mucronata, R. apiculata, R. stylosa, Avicennia sp., Sonneratia sp., Nypa fruticans, S. alba, R. apiculata, B. exaristat, B. gymnorrhiza, B. hainesii, B. parviflora, B. sexangula, B. cylindrica, Ceriops, Camptostemon, Lumnitzera
	Unpublished field data



	3
	Sundarbans, Bangladesh
	10.0
	9.2
	89.49642047
	22.07774034
	Heritiera fomes, Nypa fruticans, Bruguiera gymnorrhiza, R. apiculata, R. mucronata, Xylocarpus granatum, X. mekongensis
	Unpublished field data



	4
	Asmat Papua, Indonesia
	21.6
	25.0
	138.0509175
	−5.47876875
	R. mucronata, R. apiculata, R. stylosa, Avicennia sp., Sonneratia sp., Nypa fruticans, S. alba, R. apiculata, B. exaristat, B. gymnorrhiza, B. hainesii, B. parviflora, B. sexangula, B. cylindrica, Ceriops, Camptostemon
	Unpublished field data



	5
	Arguni Bay Papua, Indonesia
	18.7
	19.4
	133.7809701
	−3.07832475
	R. mucronata, R. apiculata, R. stylosa, Avicennia sp., Sonneratia sp., Nypa fruticans, S. alba, R. apiculata, Bruguiera sp.
	Unpublished field data



	6
	Southeast Sulawesi-Indonesia
	9.0
	8.2
	122.056104
	−4.553076
	L. racemosa
	Kangkuso et al. [33]



	7
	Siberut, Indonesia
	20.0
	20.5
	99.0538105
	−1.3072485
	R. apiculata, R. mucronata, B. cylindrica, B. gymnorrhiza, Xylocarpus granatum, Barringtonia racemosa, Ceriops tagal, Aegyceras corniculatum, Lumnitzera littorea, Avicennia alba
	Bismark et al. [34]



	8
	Thailand
	3.0
	2.8
	102.1529199
	12.52941738
	Avicennia alba, Avicennia officinalis
	Wannasiri et al. [35]



	9
	Yingluo Bay, China
	2.0
	2.4
	109.759312
	21.56500025
	Avicennia marina, Sonneratia apetala, A. corniculatum, K. obavata, B. gymnorrhiza, R. stylosa
	Wang et al. [36]



	10
	Matang, Malaysia
	17.5
	14.8
	100.6003847
	4.853099667
	R. apiculata, B. parvilora, B. sexangula, R. mucronata, Avicennia alba
	Goessens et al. [37]



	11
	Sibuti Serawak, Malaysia
	21.0
	19.6
	113.736945
	3.987122667
	R. apiculata, X. granatum, X. mekongensis, Nypa fruticans, Intsia bijuga, Thespesia populnea, Excoecaria agallocha, Acrostichum speciosum, Phoenix paludosa
	Shah et al. [38]



	12
	Gulf of Kutch, India
	4.0
	4.0
	69.87755175
	22.48217463
	A. marina
	Rajkumar et al. [39]



	13
	Everglades Florida, United States
	5.3
	9.9
	−81.06102613
	25.4852244
	R. mangle, A. germinans, L. racemosa
	Krauss et al. [40]



	14
	Brisbane, Australia
	8.7
	8.5
	153.033468
	−27.282594
	A. marina
	Lovelock et al. [41]



	15
	Exmouth, Australia
	4.0
	1.5
	113.94707
	−21.961995
	A. marina
	Lovelock et al. [41]



	16
	Hinchinbrook, Australia
	6.0
	6.0
	146.166667
	−18.333333
	R. mangle, A. germinans, R. lamarckii
	Lovelock et al. [41]



	17
	Port Douglas, Australia
	5.0
	2.0
	145.44973
	−16.499527
	R. mangle, A. marina
	Lovelock et al. [41]



	18
	Twin Cay, Belize
	4.0
	7.0
	−88.100419
	16.832535
	R. mangle
	Lovelock et al. [41]



	19
	Potrero Grande, Costa Rica
	14.0
	8.8
	−85.786436
	10.851285
	A. germinans, L. racemosa, R. mangle, R. racemosa, P. rhizophorae
	Loría-Naranjo et al. [42]



	20
	Santa Elena, Costa Rica
	10.1
	7.0
	−85.78448
	10.91266
	A. germinans, A. bicolor, L. racemosa, R. mangle, R. racemosa, P. rhizophorae
	Loría-Naranjo et al. [42]



	21
	Buenaventura Bay, Colombia
	23.0
	24.2
	−77.091394
	3.830060111
	R. mangle, R. racemosa, A. germinans, L. racemosa, Pelliciera rhizophorae
	Blanco et al. [43]



	22
	Vitoria Bay, Brazil
	4.6
	7.9
	−40.33386427
	−20.27102091
	Avicennia schaueriana, L. racemosa, R. mangle
	Zamprogno et al. [44]



	23
	Mngoji2, Mozambique
	7.8
	3.8
	40.36687
	−10.361206
	A. marina, C. tagal, R. mucronata, S. alba
	Bandeira et al. [45]



	24
	Mngoji1, Mozambique
	7.5
	5.2
	40.414096
	−10.346828
	A. marina, R. mucronata, S. alba
	Bandeira et al. [45]



	25
	Ulo, Mozambique
	7.3
	2.7
	40.447664
	−11.415561
	A. marina, C. tagal, R. mucronata, S. alba
	Bandeira et al. [45]



	26
	Luchete, Mozambique
	8.4
	2.2
	40.425148
	−11.585771
	A. marina, C. tagal, R. mucronata, S. alba
	Bandeira et al. [45]



	27
	Ibo, Mozambique
	6.8
	3.0
	40.57073
	−12.384053
	A. marina, C. tagal, R. mucronata, S. alba
	Bandeira et al. [45]



	28
	Pemba, Mozambique
	7.3
	3.4
	40.485629
	−13.050629
	A. marina, B. gymnorhiza, C. tagal, R. mucronata, S. alba
	Bandeira et al. [45]



	29
	Mecufi, Mozambique
	7.0
	3.2
	40.54862
	−13.296666
	A. marina, B. gymnorhiza, C. tagal, R. mucronata, S. alba
	Bandeira et al. [45]



	30
	Saco, Mozambique
	5.0
	3.9
	32.914154
	−26.035665
	A. marina, B. gymnorhiza, C. tagal, R. mucronata
	Bandeira et al. [45]



	31
	Sangala, Mozambique
	5.8
	2.5
	32.944879
	−25.991996
	A. marina, B. gymnorhiza, C. tagal, R. mucronata
	Bandeira et al. [45]
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Table 2. Mangrove area and biomass of the 15 most mangrove-rich countries in the world. A comparison of MFW, CGMFC-21, and our results are shown. The areas (ha) of tall (≥20 m) and short-to-medium (<20 m) mangroves and total mangrove biomass (tons) are also provided.
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	No
	Country
	MFW

(ha)
	CGMFC-21

(ha)
	This Study

(ha)
	Tall

≥20 m

(ha)
	Short to Medium <20 m

(ha)
	Aboveground Biomass (tons)





	1
	Indonesia
	3,112,989
	2,407,313
	2,393,244
	562,596
	1,830,648
	472,150,415



	2
	Brazil
	962,683
	772,131
	853,902
	112,345
	741,556
	150,725,476



	3
	Australia
	977,975
	332,651
	770,167
	7806
	762,361
	98,882,395



	4
	Nigeria
	653,669
	265,704
	568,235
	25,147
	543,088
	74,975,813



	5
	Malaysia
	505,386
	496,868
	497,116
	20,937
	476,178
	83,931,536



	6
	Papua New Guinea
	480,121
	418,992
	426,987
	122,093
	304,894
	93,626,647



	7
	Mexico
	741,917
	302,103
	390,922
	9803
	381,120
	54,288,866



	8
	Bangladesh
	436,570
	177,390
	366,710
	853
	365,856
	52,675,523



	9
	Myanmar
	494,584
	279,260
	323,398
	12,893
	310,505
	47,050,344



	10
	Mozambique
	318,851
	122,620
	276,396
	556
	275,840
	32,788,751



	11
	Guinea Bissau
	338,652
	74,518
	238,901
	891
	238,010
	29,593,836



	12
	Cuba
	421,538
	166,036
	227,513
	240
	227,273
	28,682,781



	13
	Philippines
	263,137
	209,105
	218,883
	2029
	216,854
	25,492,129



	14
	Madagascar
	278,078
	85,222
	214,914
	1057
	213,857
	30,091,223



	15
	India
	368,276
	82,506
	159,770
	2940
	156,830
	20,015,239
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