

  remotesensing-13-03387




remotesensing-13-03387







Remote Sens. 2021, 13(17), 3387; doi:10.3390/rs13173387




Article



Elevation and Distribution of Freshwater and Sewage Canals Regulate Canopy Structure and Differentiate Hurricane Damages to a Basin Mangrove Forest



Qiong Gao and Mei Yu *





Department of Environmental Sciences, University of Puerto Rico, Rio Piedras, San Juan, PR 00926, USA









*



Correspondence: meiyu@ites.upr.edu







Academic Editors: Eileen H. Helmer, Patrick J. Comer, David Gwenzi, Wan Shafrina Wan Mohd Jaafar and Xiaolin Zhu



Received: 4 July 2021 / Accepted: 24 August 2021 / Published: 26 August 2021



Abstract

:

The coastal mangrove forest bears important ecosystem functions and services, including the protection of shorelines and coastal communities. While coastal mangroves often suffer severe damage during storms, understanding the vulnerability and resistance of mangroves to the damage at a landscape scale is crucial for coastal mangrove management and conservation. In September 2017, two consecutive major hurricanes caused tremendous damage to the coastal mangroves in the Caribbean. By utilizing LiDAR data taken before and after the hurricanes in a basin mangrove forest in Northeast Puerto Rico, we analyzed the spatial variation of a canopy structure before the hurricanes and hurricane-induced canopy height reduction and explored possible drivers by means of spatial regressions. Regarding the canopy structure, we found that the pre-hurricane canopy height of the mangrove forest decreased with elevation and distance to the freshwater/sewage canals within the forest, and these two drivers explained 82% of variations in the mangrove canopy height. The model, thus, implies that freshwater and nutrient inputs brought by the canals tend to promote the canopy height, and mangrove trees at lower elevation are especially more advantageous. Similarly, tree densities decreased with the canopy height but increased with the elevation and the distance to the canals. We also found that this mangrove forest suffered on average a 53% canopy height reduction, reflecting mostly heavy crown defoliation and the rupture of branches. The regression, which explains 88% of spatial variation in the canopy height reduction, showed that mangroves with a higher canopy or lower density, or growing in lower elevation, or being closer to the canals suffered more damage. Our findings indicate that delivered freshwater/sewage by means of human-made canals has a strong impact on the canopy structure as well as its resistance to tropical storms. Freshwater and sewage tend to release the salinity stress and nutrient deficit and, thus, to promote the mangrove canopy height. However, the addition of freshwater and nutrients might also increase the risk of mangrove damage during the storms probably because of an altered allometry of assimilates.
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1. Introduction


Mangrove forests were estimated to occupy 137,760 km2 of the global coast [1], and are homes of many fauna from invertebrate to vertebrate [2]. Mangrove forests grow in a salty and anaerobic environment with a great carbon sequestration capability due to a high carbon assimilation but low ecosystem respiration, and the extremely high water and nutrient use efficiencies of the mangrove trees [3]. The capability of fixing great amount of nutrients makes mangrove the best filter of toxicants in the coastal water [4,5]. Meanwhile, mangroves tend to stabilize the coastline because of their high capacity of vertical accretion to offset the coastal retrieve due to sea level rise [6].



Tropical and subtropical coasts are often the places of historical agriculture, tourism, and urban development, which compete with mangrove forests for land and other resources [7]. Although protected by international and national policies and regulations, mangrove forests in close distance to urban areas are connected to the urban communities via historical legacy, aerodynamics, hydrology, and nutrients [8]. For people living near the coast, the dense canopy and root system of mangroves provide essential protection during the tropical storms [9].



While protecting shorelines and coastal communities, mangroves often expericence severe damage during strong storms. In addition to defoliation, the rapture of branches and trunks, and windthrows by the storm winds, the surge of ocean and floods of rivers can inundate the mangrove system for weeks. A prolonged inundation submerges the aerial roots of mangroves, prevents trees from respirating, and causes a delayed mortality [10,11,12]. Due to the salinity and hypoxia stress, the recovery of a mangrove ecosystem may take decades [13,14,15].



Assessing and analyzing the damage of tropical storms to mangroves at landscape scales are crucial to understanding the resistance of coastal mangroves. An assessment by ground observation [16] is often limited by scale. Vegetation indices and moisture indices derived from multispectral remote sensing provide a continuous, spatiotemporal observation of the terrestrial ecosystem and have been used to assess the wide range damages of mangroves [15,17,18]. Compared to upland forests, coastal mangroves experience the greatest impact after major hurricanes in terms of the relative drop in the vegetation index [15]. However, changes in the vegetation index mostly reflect changes in green biomass or leaf area with a limited capacity to assess vertical structural damages of mangrove branches and trunks by hurricanes.



Space- or air-borne LiDAR (Light Detection and Ranging) is ideal to assess storm damages to the vertical structure of coastal mangroves [19]. High-intense infrared laser beams can penetrate canopy layers and return multiple signals reflecting the structure of the forest canopy. The laser can reach the ground and result in a last return from the ground if the canopy is not exceptionally dense or thick. LiDAR data can be used to derive a digital surface model (DSM), digital terrain model (DTM), and canopy height model (CHM). The spatial variation of canopy height can be used to derive planar cartesian coordinates of tree tops, the canopy area, and tree density in a forest [20,21].



The severity of damage to a forest structure by storm winds can be affected by various factors. Mitchell [22] gave a comprehensive review on the wind disturbance on forests: An emergent overstory and higher canopy may intercept more wind force and more momentum to damage the trees in a forest, and a big stem diameter tends to increase the shear modulus and, thus, resists the rapture of stems and branches. Larger spacing among tree stems (lower stem density) decreases the critical stem-rupture wind speed, implying that under given storm wind speed larger spacing might lead to more damage [23]. However, when the density is too high, trees allocate more materials for longer rather than larger-diameter stems, which makes the forest stand more vulnerable to strong winds. The windthrow of trees is also affected by root–soil anchorage. Wet, especially saturated, soil plus a shallow root system makes a forest more prone to windthrow [22]. In addition to the wind damage, the lengthy of flooding may cause delayed damage to the mangroves [10].



The Caribbean coasts, in between the Atlantic Ocean and Central America (Figure A1), are frequently disturbed by tropical cyclones [24]. For example, in 2017, Hurricane Irma of category five passed nearby the northeast of Puerto Rico, one of the Great Antilles islands in the Northeastern Caribbean (Figure A1), on Sep. 6. Two weeks later, another high-end category four hurricane, Hurricane Maria, made a landfall in the east of the island which swept Puerto Rico (Figure 1a) and created tremendous damages to the mangrove ecosystems [17,25]. An assessment and analysis of the hurricane damage at a landscape level are still in great need to understand the mechanism of the mangrove resistance to storms [15].



The objectives of this study are to assess the hurricane damage to the largest mangrove forest in Northeast Puerto Rico and to determine key variables that explain the spatial variation of the canopy structure as well as that of the hurricane damage. Using the available LiDAR data sources in Spring 2017 and 2018, we started with analyzing the spatial patterns of LiDAR-derived canopy height and tree density and then attributed the spatial variation of mangrove structures to the environment such as topography and sewage/freshwater discharges to the forest. Assuming the changes in canopy height from Spring 2017 to 2018 were mostly caused by the hurricanes in September 2017, we then analyzed the spatial pattern of canopy height reduction by the hurricanes to identify key factors that regulate the damages during the hurricanes. We hypothesized that the spatial variation of canopy height and tree density of the basin mangroves can be mostly explained by the elevation profile and the distance to freshwater/sewage canals within the forest, as a freshwater and nutrients input may benefit the mangroves, and the benefit is especially prominent at a lower elevation. Specifically, the lower elevation or the closer distance to canal tends to be associated with a higher mangrove canopy. We also hypothesized that the reduction in canopy height by the hurricanes is severer at a lower elevation, or with closer distance to the freshwater/sewage canals, or with lower tree density, as mangroves at a lower elevation or with a closer distance to the canals may have a lower stem density and higher canopy which are vulnerable to both wind and flooding damage.




2. Methods


2.1. Study Area


Puerto Rico had about 11,000 ha of mangroves in 1800 which declined to about 6000 ha in 1960s due to the expansion of agriculture and urban development on the coast [26]. However, conservation of wetlands guided by international and national laws led to the recovery to about 8000 ha in large, aggregated patches [26,27,28,29]. The mangroves are found mostly in the northern coast with high wave energy, large fluvial plains, and abundant rainfall to dilute salinity stress. Northern coast is predominated by the riverine and basin mangroves, whereas fringes and over-washed mangroves are mostly distributed in the south of the island [30]. Mangrove forests at the coast of Puerto Rico are often connected to the urban areas with canals of sewage and freshwater due to historical coastal agriculture and current coastal development.



Our study area is the largest continuous mangrove forest in Puerto Rico (–65°56′, 18°26′30″) lying in the Northern Loíza municipality with a total area of 1660 hectares (from NOAA C-CAP map). Piñones State Forest was established here in 1918 around Piñones Lagoon which has slow exchange of water with the ocean. However, a stream from the southeast (Quebrada Blasina) and several canals, including those for sewage purposes in the east and south of the lagoon, provide freshwater and nutrients to the mangroves nearby (Figure 1a). Elevation (Figure 1b) around the lagoon varied from –0.5 to 4 m. However, the 5th and 95th percentiles of the 0.5 m DEM were 0.09 and 0.41 m, respectively. This State Forest hosts four major species of mangroves [31]. Red mangroves (Rhizophora mangle L.) with stilt roots live mostly near salty water or muddy environments. Black mangroves (Avicennia germinans L.) featuring long horizontal roots connecting numerous pneumatophores can grow in shallow water environment. Both red and black mangroves have high tolerance to salinity, while white mangroves (Laguncularia racemosa (L.) Gaerth.) and buttonwood mangroves (Conocarpus erectus L.) have moderate salinity tolerance [3]. These four species in general appear along an elevation gradient. Within the forest, red mangrove grows on the verge of the lagoon, black mangrove and white mangrove occupy the most area, and buttonwood mangrove is only found in spots with higher and drier conditions [32].




2.2. LiDAR Data Processing


To investigate spatial patterns of the mangrove structure and to assess the hurricanes’ damages, we used airborne LiDAR data provided by two flight campaigns before and after the hurricanes. In March 2017, the campaign of Goddard’s LiDAR, Hyperspectral and Thermal Imager (G-LiHT) [33] by National Aeronautics and Space Administration (NASA) covered two transects with tiles around the Piñones Lagoon: PR_17March2017_198 to the north and PR_15March2017_112_196 to the south (https://glihtdata.gsfc.nasa.gov/, accessed on 24 August 2021), which we hereafter refer to as North and South transects, respectively. Each transect consists of several tiles, and we used three tiles of the former and four tiles of the latter, which altogether covered 187.8 ha of mangroves and spanned approximately 3 km long from west to east. The normal point spacing of the point cloud was 0.24 m and the vertical and horizontal accuracies were within 1 m (https://glihtdata.gsfc.nasa.gov/, accessed on 24 August 2021). The other LiDAR campaign (USGS, https://nationalmap.gov/3DEP/, accessed on 24 August 2021) was conducted in 2018 for the whole island of Puerto Rico which could be used to assess the damage brought by the two major hurricanes. The vertical accuracy was within 0.1 m and the horizontal accuracy was within 1 m. The nominal point spacing was 0.35 m. Hereafter we will refer to the mangrove forest state in March 2017 as ‘pre-hurricane’ or ‘intact’, whereas that in 2018 as ‘post-hurricane’ or ‘disturbed’.



Each tile of LiDAR data before or after the hurricanes (point cloud in .las files) was clipped to our study area with a high-resolution map of mangroves of 2010 [34]. Using the ‘lidR’ package of R, we derived Canopy Height Models (CHM) at 1 m resolution before and after the hurricanes from the LiDAR data with ‘grid canopy’ function after z coordinate of LiDAR point cloud was normalized with ‘normalize height’ function [35]. We also derived a tree density from the LiDAR data before the hurricanes based on the local maximum algorithm. This detection of trees provided the coordinates of treetops. However, the algorithm may fail to detect small trees with crowns overlapping with adjacent big trees. Hence, the average density of derived trees in the two transects would be checked against an onsite inventory of trees with diameter greater than 2.5 cm.



Subtracting the intact CHM from the disturbed CHM, we could assess the impact of the hurricanes on canopy height. To further explain the spatial variations in canopy height and tree density as well as the reduction in canopy height by the hurricanes, we adopted a high-resolution DEM (0.5 m) and computed a map of the distance to the canals (including sewage canals) (ArcGIS 10, ESRI, Redlands, CA, USA).




2.3. Statistical Modeling


To test the hypotheses, we applied regression with spatial autocorrelation of error to quantify the dependence of mangrove structure and damages by hurricanes on the covariate variables. Spatial error model [36] considered the spatial autocorrelation of error of a linear regression model:


  y = x β + u                           u = λ W u + ϵ      



(1)




where y is the dependent variable represented as an n × 1 matrix (n, number of records), x is one or multiple (m) independent variables represented by an n× (m + 1) matrix, β is an (m + 1) × 1 coefficient matrix to be estimated, and u is an n × 1 spatial error matrix. W is an n × n weight matrix determined by the neighborhood structure, λ is the spatial autocorrelation coefficient, and ε is the normal i.i.d. (independent and identically distributed) residual.



We intended to regress the intact canopy height and tree density as well as the reduction in canopy on covariates, including the elevation and the distance to the canals. Before regression, all maps were aggregated to a grid of 40 m resolution. We normalized the variables so that they span within the range of 0 to 1. Selection of explanatory variables was performed in the regression to achieve the minimum Akaike Information Criterion (AIC). All the statistical analyses were performed in R [37].





3. Results


3.1. Spatial Variations in Canopy Height and Tree Density


The intact canopy (Figure 2a, Table 1) was higher in the south transect than in the north transect. The mean canopy height was 10.1 and 14.5 m for the north and south transects, respectively, whereas the pooled mean height was 12.9 m. The canopy height was greatly reduced by the hurricanes (Figure 2b) in both transects. However, there seemed not to be such a sharp comparison in the disturbed canopy height between the two transects, as we found that the mean disturbed canopy height was 6.2 and 5.4 m for the north and south transects, respectively. Figure 2 also showed that there were great spatial variations in canopy height within both transects.



We checked the LiDAR-derived canopy height with an available in situ inventory study of the mangrove structure in Puerto Rico and the Caribbean [30,38], which placed four plots of 0.1 ha around the Piñones Lagoon. The ground measurement showed that the mean tree height of mangroves varied from 11.5 to 16 m with a mean of 13.6 m and a standard deviation of 1.9 m indicating the variation among plots. Although the mean canopy height was not the tree stem height and four small plots could not be compared with a 188 ha landscape, our LiDAR-detected intact canopy height with a mean of 12.9 m was likely to be true for the intact canopy height.



Canopy height averaged over the width of the transects also showed a distinct comparison of reduction by the hurricanes between the two transects with more reduction in the south than in the north (Figure 3). Within the north transect, the intact canopy height in the west was lower than that in the east, and the canopy height reduction in the west was less severe than that in the east.



The tree density before the hurricanes was expressed as the number of trees found within 5 m × 5 m grid cells (Figure 4). Converting to the number of trees per hectare, we found that the north transect had a mean density of 2579 trees ha−1, higher than the south transect which had a mean density of 1806 trees ha−1. The pooled mean density was 2174 trees ha−1, compared to the field finding of 2352 ± 831 ha−1 for trees with a diameter > 2.5 cm in the aforementioned four plots [30,38] in the area. There were also large spatial variations of tree density within the transects. We did not attempt to derive the post-hurricane (disturbed) tree density because the hurricane damage caused mangrove trees to greatly incline and the canopies were mixed (Figure A2: aerial photos taken before and after the hurricanes).



To explore the drivers that might cause the spatial variations of the canopy height, tree density, and canopy height reduction, we summarized the maps of DEM and distance to canals for the two transects with the available data (Table 1). We found that the north transect had a higher mean elevation (0.28 m) than the south transect (0.18 m), whereas the south transect had a closer mean distance to the canals (164.5 m) than the north transect (414.6 m). Table 1 shows a clear pattern: a higher elevation and farther distance to canals in the north transect were associated with a lower intact canopy height, a higher intact tree density, and a smaller canopy height reduction by the hurricanes, whereas the lower elevation and near distance to the canals in the south transect were associated with a higher intact canopy height, a lower intact tree density, and a greater reduction in canopy height. The large standard deviations in Table 1 implied a great within-transect variation. Whether the elevation and the distance to the canals actually explained the spatial variations of the canopy height, tree density, and canopy height reduction was further tested by the spatial modeling.




3.2. Spatial Regression of Intact Canopy Height and Tree Density


The spatial regression with autocorrelation among eight nearest neighboring grid cells showed that the normalized canopy height (h) before the hurricanes could be well explained by the normalized elevation (z) and the distance to the canals (s):


  h = 0.749 − 0.314 z − 0.366  z 2  − 0.301 s                        



(2)







All the coefficients were significant with p-value ≤ 0.01. The regression estimated a significant λ (spatial autocorrelation coefficient) as 0.94. Using the original definition of r2 in ordinary linear regression, we computed r2 as 0.82, and the model-predicted canopy height aligned well with the LiDAR-detected canopy height (Figure 5a). The standard error of the residual was 0.011 compared to the range of h between 0 and 1. The regression result (Equation (2)) indicated that the intact canopy height decreased significantly, linearly with the distance to canals, and declined significantly with the elevation in a quadratic manner.



The spatial regression of the intact tree density gave the following equation:


  D = 2819 − 1057 h + 13.1 z + 359.4 s  



(3)




where D is the intact tree density in trees ha−1. All the coefficients were significant with p-value ≤ 0.01. The regression also had an r2 of 0.82 and the model-predicted tree density was in general aligned with the LiDAR-detected tree density (Figure 5b). The negative coefficient in front of the normalized canopy height (h) indicated that the tree density decreased significantly with canopy height, implying self-thinning. The positive coefficients in front of the elevation (z) and the distance to the canals (s) indicated that the intact tree density significantly increased with the elevation and the distance to the canals.




3.3. Spatial Regression of Canopy Height Reduction


Canopy height reduction was computed as the pre-hurricane canopy height minus the post-hurricane canopy height, which was the opposite of the canopy height change (Figure 6a). Considering the relationship between the canopy height and elevation (Equation (2)), we envisioned that the canopy height reduction was also correlated with the elevation and the distance to the canals. The relative canopy height reduction, that is, dividing the reduction in canopy height by the pre-hurricane canopy height, gave the mean ± standard deviation as 0.40 ± 0.22, 0.64 ± 0.23, and 0.53 ± 0.26 for the north, south, and pooled two transects, respectively.



The spatial regression of the mean canopy heigh reduction at a 40 m grid on the normalized elevation, canopy height, tree density, and distance to the canals gave the following equation:


  ∆ h = 0.101 + 0.707 h − 0.254 z + 0.297  z 2  − 0.091 d − 0.114 s  



(4)




where Δh is the normalized canopy height reduction, and d is the normalized intact tree density. All the coefficients were significant with p-value ≤ 0.05 except the coefficient before the distance to the canals (s) which had a p-value of 0.09. The r2 for this regression was 0.88 (Figure 6b). Hence, the canopy height reduction increased with the intact canopy height, but decreased with the intact tree density, the distance to the canals, and the elevation in a quadratic manner.





4. Discussion


Vertical structures of mangroves were highly regulated by the hydrology, salinity, and nutrient supply among others [3,39]. In this study, we found that an intact canopy height significantly depended on the elevation and distance to the freshwater/sewage canals (Equation (2)), which control the spatial patterns of the hydrology, salinity, and nutrients of the mangrove ecosystem. The lower elevation and closer distance to canals tended to give a higher intact canopy (Figure 2, Figure 3 and Figure 4, Table 1), whereas places with a higher elevation or further distance from the canals were associated with a lower canopy. Although mangroves flourish in the low salinity environments, the growth of mangrove trees is greatly suppressed by a high salinity [40,41]. Ample rainfall results in overland flow, and the canals carry freshwater and nutrients to the lower elevation. In addition to the verge of the lagoon, there exist local minimums in the elevation profile (Figure 1b). Freshwater and nutrients are likely to build up in these minimums to alleviate the salinity stress and to provide nutrients for better mangrove growth. Indeed, mangroves closer to the canals had a higher canopy, and the coefficient in front of the normalized distance to canals was in the same order of that for the normalized elevation (Equation (2)). When the elevation increases, the availability of freshwater declines, and salinity is likely to be high. However, when elevation becomes too high, soils will have less of a chance to receive salty water and the ample rainfall prevents a salinity built-up in the soil, so that the salinity may start to decrease with elevation [42].



We summarized the connections among the spatial variables in Figure 7: Not only did the elevation and the distance to the canals significantly contribute to the spatial patterns of the intact canopy height and tree density, which in term significantly contributed to the spatial pattern of canopy height reduction, but also they directly affected canopy height reduction, the signs in Figure 7 indicate the directions of the effects.



The spatial variation of the structural characteristics significantly modified the responses of the ecosystem to the major hurricanes. Specifically, the canopy height reduction was amplified with a higher intact canopy height (Equation (4)). A greater canopy height before a hurricane often implies more leaves to intercept greater wind drag forces during the hurricanes [43,44] and, thus, damage to the canopy. The maximum tree height was found important to explain the resistance of the tropical forest to hurricanes [45], and the emergent tree height in a forest has been used as a predictor of damages by tropical cyclones [46,47].



High tree density is also identified as a significant factor to resist canopy damage (Equation (4)), and spatial arrangement of trees is also important even for a forest with big trees [48]. Trees in a forest growing at a close distance, especially the mangrove trees with a height averaged around 10 m, tend to provide mutual support during wind disturbance [44,49]. Interactions via leaves and branches among trees during storms dissipate a portion of wind energy [50] and such interactions are enhanced by a high tree density. If a forest during hurricane winds can be viewed as a windbreak, an increased density of trees tends to reduce the average gap size and increase the effect of the windbreak. A forest with a low tree density is seen associated with more dead trees and bent trunks after a major hurricane [51]. ForestGales, a hybrid model to simulate the wind damage risk to a forest, uses predictor parameters, including spacing between trees, top tree height, mean DBH, gap size, soil types, and rooting depth [23,52]. The model computes a critical stem rupture wind speed which is inversely proportional to average spacing between trees so that a greater wind speed is needed to rupture stems with closer tree spacing. Tree spacing is the inverse of the density, and the model, thus, implies that a greater wind speed is needed to rupture trees with a high density. Gaps in the forest are mostly created by fallen trees or timber harvesting. However, gaps can also be the result of a low tree density. The recent variance-based sensitivity analysis on the risk of wind damage showed that tree height, mean diameter, and tree spacing are the mostly determinative factors, whereas the soil type and rooting depth are much less important [53].



The availability of a freshwater and nutrients input may also modify the response of the mangrove forest to hurricanes. Mangroves have a great morphological plasticity and change allometric growth upon altered salinity and nutrients balances via freshwater/sewage canals. The altered allometric growth is likely to modify the resistance of a mangrove forest to tropical storms. A reduced salinity by freshwater and an ample nutrients input tend to increase the shoot to root ratio [39,54,55,56], implying less root to support taller trees during hurricane winds. Trees living in a lower salinity and higher nutrient availability tend to grow more leaves [57,58,59], thus, to intercept more drag winds during storms [43]. On the other hand, trees with more nutrients tend to grow thinner leaves with a shorter average lifespan, which makes leaves easier to be torn by hurricane winds so as to cause more damage to the canopy [60,61]. These facts explained our results that mangroves with a close distance to the freshwater/sewage canals suffered more hurricane damage and had a lower canopy height remaining after the hurricanes (Figure 2 and Figure 3, Equation (4)).



An elevation profile was shown to be important in regulating canopy height before the hurricanes (Equation (2)) and differentiating the canopy height reduction (Equation (4)) in this study. Specifically, a lower elevation was associated with more canopy height reduction (Equations (2)–(4)). In addition to facilitating the accumulation of freshwater and nutrients, a lower elevation also implies more chances for inundation during the hurricanes [15]. The two hurricanes brought torrential rainfall to the island, and the lagoon with an extremely low exchange with ocean water made it very prone to prolonged inundation. The preliminary study showed that the low and moderate elevation in this area had been inundated for more than a week, which may have greatly damaged the black mangroves at a lower and moderate elevation after the hurricanes, such as immersing the pneumatophores and causing a delayed mortality. The soil under a mangrove forest is likely saturated. This is especially the reality for places with a low elevation where mangroves grow in muddy or submerging soil. The variation of elevation can also have an implication on soil–root anchorage. Muddy soil under a lower elevation has less anchorage for mangrove roots than soils at a higher elevation; thus, making the mangroves prone to soil–root failure during the hurricanes [62].



The LiDAR-detected canopy height was based on the return of a laser beam by tree leaves [63]. The canopy height is the height of tree crowns which consists of treetops, branches, and more importantly, tree leaves on tops of the crowns. The first return of LiDAR beam was often from leaves on the top of the tree crown. For trees with heavy leaves, trunks might have much less of a chance to be hit the first by LiDAR beams. The 53% canopy height reduction may have been mostly because of the defoliation and rupture of tree branches, but to a lesser extent, reflecting falling trunk or death of trees. Further efforts to separate the loss of leaves/branches from the loss of trunks will be promising to facilitate the assessment of the recovery of a forest structure. Our analysis showed that there were strong mechanistic connections among tree density, canopy height, elevation, and distance to the freshwater/sewage canals. Future research is necessitated to separate the effects of inundation and those of fertilization and desalinization by the freshwater/sewage canals at a low elevation. LiDAR detection combined with more frequent multispectral and hyperspectral images is suggested to further approach the problem of this kind. With the increased climate variability and warming [64,65], more frequent or/and intensified storms are expected at these coastal ecosystems. This research contributed to advancing the understanding of urban mangroves, especially the impact of human activities that modified the hydrology, salinity, and nutrients, such as canaling and sewage disposition, on the mangrove structure, and helped to elaborate the resistance of coastal mangroves to tropical storms.




5. Conclusions


This study used LiDAR data to analyze the structure of a basin mangrove near urban areas. We found that elevation and distance to the freshwater/sewage canals were significant explanators to the canopy height and tree density as well as the canopy height reduction during the hurricane season in 2017. The 188 ha mangroves suffered on average a 53% canopy height reduction. The canopy height reduction was found to increase with the canopy height before the hurricanes, but decrease with the elevation, the distance to the freshwater/sewage canals, and the tree density before the hurricanes. Adding freshwater/sewage to the forest made mangroves grow higher; however, it may also make the canopy more prone to hurricane damages.
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Figure A1. Location of Puerto Rico in the Caribbean. The blue and red lines are the paths of Hurricane Irma and Hurricane Maria, respectively. 
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Figure A2. Aerial photographs taken before and after the hurricanes at the southern Piñones lagoon (–65.96°, 18.43°, source: NASA G-LiHT https://glihtdata.gsfc.nasa.gov/puertorico/, accessed on 24 August 2021). 
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Figure 1. (a) Piñones State Forest, the largest mangrove forest in Puerto Rico. Map of Puerto Rico is in the upper right with a red line indicating the path of Hurricane Maria on 20 September 2017. Land cover from the NOAA C-CAP Program for 2010 shows the distribution of mangroves, together with the rivers and canals. (b) Digital Elevation Model around the Piñones Lagoon, also with the canals. 
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Figure 2. The LiDAR-detected canopy height model for (a) intact (pre-hurricane) and (b) disturbed (post-hurricane) mangrove forest along the north and south transects. The changes in canopy height were illustrated in Figure 6a. 
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Figure 3. Mean canopy height along the north and south transects before (intact) and after (disturbed) the hurricanes in September 2017. 
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Figure 4. The intact tree density expressed as the number of trees in 5 m by 5 m grid cells. The numbers in the legend can be converted to number of trees per ha by multiplying 400. 
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Figure 5. Model-predicted intact canopy height versus LiDAR CHM (a), and model predicted intact tree density versus LiDAR-detected tree density (b). 
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Figure 6. Canopy height change by the hurricanes calculated as disturbed minus intact canopy height (a), and model-predicted versus LiDAR-derived normalized canopy height reduction (b). 
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Figure 7. Connection graph showing the roles of elevation and distance to canals in the spatial variations of intact canopy height, intact tree density, and canopy height reduction by the hurricanes. The dashed line between the distance to canals and the canopy height reduction considers the 0.09 p-value in Equation (4). 






Figure 7. Connection graph showing the roles of elevation and distance to canals in the spatial variations of intact canopy height, intact tree density, and canopy height reduction by the hurricanes. The dashed line between the distance to canals and the canopy height reduction considers the 0.09 p-value in Equation (4).



[image: Remotesensing 13 03387 g007]







[image: Table] 





Table 1. Summary of the comparison between the two transects. Numbers were computed based on 5 m resolution maps. We did not attempt to conduct statistical comparisons as these means are based on spatially dependent maps.
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	Transect
	North
	South
	Pooled





	Area (ha)
	82.4
	105.4
	187.8



	Intact CHM (m)
	10.1 ± 3.1
	14.5 ± 4.3
	12.6 ± 4.4



	Disturbed CHM (m)
	6.2 ± 2.5
	5.4 ± 3.8
	5.8 ± 3.3



	Intact tree density (ha−1)
	2579 ± 853
	1806 ± 727
	2147 ± 874



	DEM (m)
	0.28 ± 0.14
	0.18 ± 0.21
	0.22 ± 0.19



	Distance to canals (m)
	414.6 ± 350.9
	164.5 ± 100.1
	273.7 ± 273.4
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