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Abstract

:

The amount of live and dead coral is related to recruitment, but differentiating them by remote sensing techniques is difficult. We measured change in the amount of live, bleached, and recently (<6 months) dead coral cover (CCA6) for an island archipelago in the South China Sea. Six Landsat 4/7 ETM/8 OLI images from 1989–1990, 2005, and 2014 were analyzed to assess changes in CCA6 at 14 coral reefs in the western Xisha Islands. Satellite images were georectified and calibrated to remote sensing reflectance. Models for three shallow water (<6 m) geomorphic zones throughout the western Xisha Islands are proposed based on ground-truthed data collected in 2014 and satellite-determined spectral values for 2014 images. Nonlinear models based on Landsat image blue spectral bands for reef slope and lagoon habitats, and green bands for reef flat habitats, are determined as optimal models. Significant changes in CCA6 from 2005 to 2014, and changes in coral reefs and geomorphic zones, correlate with increased numbers of both crown-of-thorns starfish, and sea surface temperature in 2007. Detecting change in CCA6 by remote sensing can provide large-scale information of value for coral reef management, restoration, and protection.
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1. Introduction


Worldwide, coral reefs are under threat from climate warming [1], rising sea levels [2], increased frequency and intensity of El Niño-Southern Oscillation (ENSO) events [3], and local anthropogenic disturbances such as overfishing [4]. These stressors contribute to decreased live coral cover on many coral reefs [5,6,7], for which the long-term outlook is “poor, and getting worse” [8].



On healthy corals, more than 80% of tissue is typically alive. Recently (<6 months) dead coral typically retains corallite structure which, with the passing of time, grazing fish and sea urchins obliterate. Accordingly, the skeletons of dead corals that retain corallite structure provide valuable information, in that they indicate that coral mortality was recent (<6 months) [9]. The sum of areas of live, bleached, and recently (<6 months) dead coral, hereafter referred to as “live to recently (<6 months) dead coral”, provides an indication of coral cover area (CCA) over a six-months (the length of time corallite structure remains) period (CCA6). Because the amounts of live and dead coral are related to coral recruitment [10], dynamic mapping of CCA6 facilitates planning of coral reef management, protection, and recovery.



Analysis of remote-sensed data enables time- and cost-efficient monitoring of the status of coral reef communities over greater spatial scales (hundreds or thousands of kilometers) than is possible using conventional field surveys. However, coral reef ecosystems are highly heterogeneous, and thus, while spectral measurements can differentiate corals and algae when measured at narrow spectral bands (1–2 nm) using a hand-held spectroradiometer [9,11], differentiating live from dead corals is more difficult because the latter lack a unique spectral signature [9]. In recent years, the number of coral reef studies using remote-sensing techniques has increased as orbital sensors with better spatial and spectral resolutions have become available. High-spatial-resolution sensors such as IKONOS, Quickbird, and WorldView-2 (4 m, 2.4 m and 1.8 m, respectively), and airborne hyperspectral sensors (e.g., Compact Airborne Spectrographic Imager—CASI), have now all been used [12,13,14,15,16,17,18,19] to improve the accuracy of coral cover maps compared with traditional spatial resolution sensors, such as Landsat. Nevertheless, Landsat data remain the mainstay for detecting change in coral reef habitats because of the vast extent of these images, their free availability [20,21,22,23], and because the Landsat archive remains the best source of satellite data for many parts of the world. While Landsat data have been used to define coral reef habitats into very broad classes (e.g., sand, coral, rock, rubble), their ability to accurately discriminate live from dead coral or algae, or healthy from bleached corals, is low [9,24,25,26,27,28].



The South China Sea (SCS), adjoining the western Pacific Ocean, is the largest marginal sea in southeastern Asia. Reefs here cover an area over 30000 km2 [29], they host high levels of biodiversity, and they supply goods and services such as fish, tourism, and coastal protection for neighboring countries and to many people [30]. Unfortunately, live coral cover throughout this region has declined significantly over the past 30 years, with stressors including overfishing, outbreaks of crown-of-thorns starfish, and changes in water temperature [7]. While no systematic monitoring of coral cover has been undertaken throughout most of this area, field surveys from 1984 to 2006 determined that coral reefs have changed little, although in 2007 they did degrade rapidly [31]. A such, our aims became: (1) to develop a model to measure CCA6 for the western Xisha Islands using Landsat remote-sensed data; and (2) to identify any change (temporal or spatial) in CCA6 throughout this region over a 24-year period (1990–2014).




2. Materials and Methods


2.1. Study Area


The Xisha Islands, located at 15°46′–17°8′ N, 111°11′–112°47′ E, form one of four archipelagos in the northern-central SCS. This archipelago is influenced by the East Asian monsoon system, which varies significantly seasonally, with annual sea surface temperatures (SST) from 23–30 °C [32]. More than 30 reefs occur in this region, with coral taxa comprising 204 species attributed to 13 families and 50 genera [33].



Our study area (Figure 1) in the western Xisha Islands is about 105 km in length and 95 km in width. Here, coral reefs vary from complex to simple atolls, and table reefs. This area can be split along its north–south axis into: (1) a northern part featuring the complex Yongle Atoll, comprising 10 separate small reefs in a reef rim, encircling a large (about 200 km2) and deep (about 40 m) semi-enclosed lagoon with many patch reefs, and several wide channels to the open sea (Figure 1) [34]; and (2) a southern part comprising three isolated simple atolls and one table reef—the Huaguang and Yuzhuo reefs, Panshi Islet, and Zhongjian Island.




2.2. Data Acquisition


2.2.1. Field Data


From 1–7 June 2014, field surveys at 42 sites on seven reefs in the study area were undertaken (Figure 1). Data comprised 20m GPS-referenced digital-video transects using a Canon camera across reef slope, reef flat, and lagoon habitat (Table 1). For each transect, a 20 m tape was laid out perpendicular to the coastline and a snorkeler or diver swam its length over the bottom and took video of the benthos from a set height, usually 0.5–1.5 m off the seabed (depending on water clarity). Each observation was georeferenced using a small boat and a hand-held GPS (1 m precision) to record the start and end locations of each transect. Six transects at Qilian Islet(QLI) outside the study sites, in the northern Xisha Islands, were also used for model building. Accessibility, and weather and sea conditions contributed to an uneven distribution of sampling transects in geomorphic zones on each reef (Table 1).



Digital video was converted to still frames and archived as JPEGs. Nonoverlapping images were selected for point counting, which was carried out using CPCe software [35] to identify corals and “others”. Each frame was assigned 10 randomly chosen coordinate points [36]. Corals beneath the line transect were categorized into one of “live”, “bleached”, “recently dead”, or “old dead” colonies [9] (Table 2, Figure 2). We calculated CCA6 in each transect based on sums of live coral cover (%), bleached coral cover (%), and recently dead coral cover (%).




2.2.2. Satellite Data


We used two of each of Landsat 4 TM, 7 ETM+, and 8 OLI images in 1989–1990, and in 2005 and 2014, for which summary details are provided in Table 3. Landsat TM data have seven spectral bands, with a spatial resolution of 30 m for bands 1–5 and 7. Landsat ETM+ data have eight spectral bands, with a spatial resolution of 30 m for bands 1–7, and the resolution for band 8 is 15 m. Landsat 8 data have nine spectral bands, with a spatial resolution of 30 m for bands 1–7 and 9, and the resolution for band 8 is 15 m.



For radiometric corrections, ENVI ver. 5.1 software was used to convert digital number values to at-sensor radiance according to gain and offset values. For atmospheric correction, Landsat image bands were normalized using an empirical line calibration approach using pseudo-invariant features (sand and deep water) [24]. Geometric corrections used 2014 images for reference. Landsat images in 1989–1990 and in 2005 were corrected using Landsat 8 images for reference (Landsat 8 corrected). Corrected images were regarded acceptable if the root mean square error (RMSE) was one-half pixel wide (RMSE = 0.5).





2.3. Correlation Analysis and Model Building


Using pre-processed remote sensing images and field measured CCA6 for 2014, we could build our model. Areas of true coral are generally poorly classified in habitats dominated by algae or seagrass, but highly accurate if image processing is stratified by geomorphic zone [17,37]. Therefore, we built models for reef slope, reef flat, and lagoon geomorphic zones separately, and to determine the accuracy of these individual models, built a further one for CCA6 based on the entire reef. Because benthos on coral reefs is best discriminated using wavelengths between 400 and 600 nm [38], we selected the blue and green bands of Landsat images for modeling. Light attenuation was also weakest (mostly <0.1 m−1 in type II ocean water) in these blue and green bands [38].



Benthic sampling transects (surveyed in June 2014) were located on Landsat 8 images (taken in April 2014). The correlation coefficient between blue and green band reflectance values on these Landsat images with those of field measurements was computed using Pearson correlation analysis for each geomorphic zone (reef slope, reef flat, and lagoon). Regression analyses were performed using SPSS 19.0 software. Optimal fitting models were compared and finally taken according to the R2 values of equations. Because classification accuracy decreases dramatically at water depths >8.0 m [11,15], we built our models for shallow water (<6 m). Because the seawater around the Xisha Islands is clear, with low suspended matter, sediment, and phytoplankton, especially at depths <6 m, we made no spectral correction for the water column.



Quantitative validation of model effects was conducted using field measured values for CCA6 at our 42 surveyed sites. Because these data were used in model building, we cross-validated them using a “leave-one-out” method [39] in Microsoft Excel 2010. CCA6 values for each geomorphic zone on surveyed reefs were compared with Landsat data to validate the model effects.




2.4. Detecting Change in Coral Cover


Optimal models for each geomorphic zone based on 2014 Landsat images were used to extract CCA6 data from Landsat images for 1989–1990, 2005, and 2014. Because the tidal difference at the time satellite images taken from1989–1990–2014 and 2005–2014 was within ±70 cm (Table 2), we consider the influence of tide on coral reef substrate discrimination in these images to be negligible. We detected change (CCA6 in later years minus CCA6 in earlier years) on all reefs from 1989–1990–2005, and 2005–2014.





3. Results


3.1. Correlation Analysis and Statistical Modeling


Results of Pearson correlation analysis between transect CCA6 values and Landsat image blue and green band reflectance values are presented in Table 4. Negative correlation coefficients (r < 0) indicate a negative correlation between variables; as Landsat image blue and green band reflectance values increase, CCA6 values decrease. With the exception of the green band in the lagoon, p-values are <0.05, indicating correlations are statistically significant (at the 5% level).



CCA6 models based on satellite images are presented in Table 5. Models based on Landsat image blue bands had a higher R2 on reef slope (R2 = 0.8187) and lagoon (R2 = 0.8327) habitat. On reef flat habitat, the model based on the Landsat image green band behaved much better (R2 = 0.7417). Optimal models for the reef slope and lagoon based on the Landsat image blue band, and on reef flat based on Landsat image green band, were selected. Compared with models built for the entire reef (Table 5), recognizing geomorphic zones significantly improved model accuracy.




3.2. Mapping Coral Cover and Change


Shallow water (<6 m) CCA6 was about 72 km2 in 2014 (Figure 3). The CCA6 of reef slope, reef flat, and lagoon habitat are estimated to be 31.4 km2, 20.1 km2, and 20.4 km2, respectively. Based on our field survey, the proportion of live to recently dead coral was 0.6:0.4, 0.6:0.4, and 0.8:0.2 on reef slope, reef flat, and lagoon habitats, respectively (Table 6). Therefore, live coral cover throughout the study area is estimated to have been 18.8 km2 on the reef slope, 12.1 km2 on the reef flat, and 16.3 km2 within the lagoon in 2014.



CCA6 in shallow water (<6 m) was about 84 km2 in 1989–1990, and 86 km2 in 2005 (Figure 3a,b). CCA6 changed little from 1989 to 2005, but decreased by 14 km2 between 2005 and 2014. CCA6 values for reef slope, reef flat, and patch reef in the lagoon exceeded about 75% between 1989 and 2005 (Figure 3a,b).



Table 7 and Figure 4 reveal changes in CCA6 between 1989 and 2005, and 2005 and 2014, for each reef. Between 1989 and 2005, CCA6 decreased significantly at Yin Islet, Quanfu, Jinqing, and Shanhu islands, and Yuzhuo Reef, but increased at Panshi Islet, Zhongjian, and Ganquan islands, and Lingyang Reef (Table 7). Between 2005 and 2014, CCA6 at nearly all reefs declined, with most located in Yongle Atoll (e.g., Lingyang Reef, and Ganquan, Jinqing, Chenhang, Guangjin, and Shanhu islands) (Table 7). It is noteworthy that CCA6 on the isolated Panshi Islet with a small cay also decreased more than at the isolated Huaguang and Yuzhuo reefs, both of which lack cays or islands (Table 7). Reef flat CCA6 declined more obviously between 2005 and 2014 than between 1989 and 2005 (Figure 4).




3.3. Accuracy Assessment


Validation results are shown in Figure 5. The cross-validation determination coefficient (R2) is 0.8019, with an RMSE of 0.1471. Predictions of CCA6 from Landsat and field surveys for the geomorphic zones on reefs are presented in Table 8. The correlation between field-estimated CCA6 and Landsat-derived CCA6 in geomorphic zones is high (R2 = 0.781; Figure 6), indicating that the two datasets are consistent. Reef flat data for Yuzhuo Reef and for Huaguang Reef lagoon are excluded from analysis because no CCA6 occurred in field transects (Table 1). These results demonstrate our models for estimating the area of live to recently (<6 months) dead coral cover using Landsat data are valid and useful.





4. Discussion


4.1. Model Effectiveness


Estimates of CCA6 based on near-concurrently collected data from field surveys and Landsat images are strongly correlated (R2 = 0.781). Therefore, at least for these reefs, information obtained from vastly different techniques, at different spatial scales, can provide comparable measurements for CCA6. We caution against generalizing this correlation to other sites until models have been similarly built and tested elsewhere.



Cross-validation enables detection of habitat class misclassifications, the highest occurrence of which, because of the spectral similarity [11,15,28], is most likely between live to recently (<6 months) dead coral (CCA6) and macroalgae and seagrass, especially on reef flats and in lagoon habitat; we observed no instance of misclassification between CCA6 and sand. Our models, based on geomorphic segmentation, reduced misclassifications between habitats, although misclassifications within a zone require improvement. Because we randomly selected our field transects, and some transects in lagoon habitat comprised 100% sand, we consider it better to estimate large-scale CCA6 from satellite data. Compared with previous studies that have focused on identifying changes in coral reefs combining remote sensing and in situ data [20,21,22,23,25], our study demonstrates the usefulness of geomorphic segmentation for discriminating habitat.



We did not correct for the water column, which is often required to extract information from shallow bottoms using remote sensing optical images. We determined that CCA6 models constructed in shallow water (<6 m) after water column correction using Lyzenga’s algorithm [40,41] based on visible bands were less effective than optimal models in Table 5. The low performance of this procedure may be because the method produced only a single band index using both bands in the visible range. The loss of a dimension did not improve accuracy, even after correction for deep-water effects. This phenomenon was also found when Mumby et al. [42] applied water-column corrections in MSS/Landsat and Multi-/Satellite Pour l’Observation de la Terre sensors (XS/SPOT) images to map reef habitat types.




4.2. Trends on Reefs in the Western Xisha Islands


Consistent with observations from field surveys, Landsat-derived CCA6 increased slightly between 1989 and 2005, and significantly decreased between 2005 and 2014. Live coral cover reached 65–70% in the Xisha Islands before 1984 and between 2005 and 2006 [31]. CCA6 on reef slopes, reef flats, and patch reefs in the lagoon, exceeded 75% in 1990 and 2005 (Figure 3). Between 2005 and 2014, coral reefs degraded, particularly in 2007 because of bioerosion, warm water, ocean acidification, and overfishing [31,33]. Outbreaks of the coral-eating crown-of-thorns starfish (Acanthaster planci) also contributed to declines in cover of live coral in this area, with the numbers of starfish growing exponentially from 2005 to 2009 [31]. Outbreaks of this starfish also caused high mortality of many coral reefs elsewhere, such as through the Indo-Pacific from the 1940s to 1980s [43]. Because an El Niño event occurred in 2006, and satellite data indicated a period of about three weeks (average) of increased SST thermal stress around the western Xisha Islands in 2007 [32], thermal stress may also have contributed to coral degradation. Excessively high SST was earlier considered to have indirectly caused coral reef degradation around the Xisha Islands [31].



Increased CCA6 on reef flats between the years 2005 and 2014 indicated this habitat was more degraded than that of reef slopes or lagoons. This may be related to the fast-growing Montipora and Acropora corals, which dominated these areas, and that the branching M. digitata was most abundant [44]. These species occurs on reef flats where disturbance is infrequent, and it grows fast and fragments often. If conditions are favorable, transported pieces of this coral and its recruits can establish and thrive in reef flat zones, rendering this zone capable of faster recovery than others.



The isolated Huaguang and Yuzhuo reefs are considered relatively pristine compared with other coral reefs closer to human populations, such as the large Yongle Atoll and Panshi Islet with a cay [33]. Not surprisingly, estimates of CCA6 at Yongle Atoll and Panshi Islet were greater than those for Huaguang and Yuzhuo reefs (Table 6). Field surveys suggest that reefs affected by humans have lower species richness and diversity than those that are not [33]. In the SCS, from 1980–2010, coastal development, pollution, and over- and destructive fishing have all contributed to at least an 80% decline in coral abundance on coastal fringing reefs along the Chinese mainland and adjoining Hainan Island [7]. Management of reefs in the Xisha Islands to protect them from human activities will help them cope better with climate and associated oceanographic change.





5. Conclusions


We deem nonlinear optimal models for reef slope and lagoon habitats based on Landsat image blue bands, and Landsat green band images for reef flat habitats, to be valid and useful for estimating CCA6 in shallow water(depth<6 m) around the Xisha Islands. Pre-segmenting geomorphic zones significantly improves the accuracy of models. Analysis reveals CCA6 in this region of about 84 km2 in 1989–1990, 86 km2 in 2005, and 72 km2 in 2014. While the CCA6 of reef slope, reef flat, and patch reef habitat in lagoon may have exceeded 75% between 1989 and 2005, it declined at nearly all reefs from 2005–2014. Two sites that are relatively highly affected by human activities, the large Yongle Atoll and Panshi Islet with a cay, have degraded more rapidly. Management of these reefs is required to protect them from human activity so that they can better cope with climate and associated oceanographic change. The CCA6 of reef flat habitat declined more obviously between 2005 and 2014 than between 1989 and 2005, attributable to establishment of an invasive branching species of Montipora coral; this habitat may recover faster than other geomorphic habitats in favorable conditions. We demonstrated that change in CCA6 can be detected by remote sensing, and that this can provide valuable large-scale information to facilitate management, restoration, and protection of coral reef ecosystems.
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Figure 1. Study sites (coral reefs in green polygon), western Xisha Islands, South China Sea (SCS). Islets: Panshi (PSI), Qilian (QLI), and Yin (YI). Islands: Chenhang and Guangjin (CHI–GJI), Ganquan (GQI), Jinqing (JQI), Jinyin (JYI), Quanfu (QFI), Shanhu (SHI), Yagong (YGI), and Zhongjian (ZJI). Reefs: Lingyang (LYR), Huaguang (HGR), and Yuzhuo (YZR). The true color image is an RGB mosaic of Landsat 8 data derived from 22 April 2014. 
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Figure 2. Images of live and dead Montipora coral in field surveys. (a) Live, (b) recently dead, (c) old dead. Coral color changes in the transition from healthy tissue with zooxanthella on live specimens to algae on dead skeletons. Exposure of the underlying calcium carbonate skeleton is also evident because of fish and sea urchin grazing. 
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Figure 3. Maps of live to recently (<6 months) dead coral cover (CCA6), Xisha Islands, 1989–1990 (a), 2005 (b), and 2014 (c). 






Figure 3. Maps of live to recently (<6 months) dead coral cover (CCA6), Xisha Islands, 1989–1990 (a), 2005 (b), and 2014 (c).



[image: Sustainability 12 05237 g003]







[image: Sustainability 12 05237 g004 550] 





Figure 4. Change (CCA6 in later years minus CCA6 in earlier years) in live to recently (<6 months) dead coral cover (CCA6) throughout the western Xisha Islands: (a) 1989–2005; (b) 2005–2014. 
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Figure 5. Cross-validation of estimated live to recently (<6 months) dead coral cover (CCA6). 






Figure 5. Cross-validation of estimated live to recently (<6 months) dead coral cover (CCA6).



[image: Sustainability 12 05237 g005]







[image: Sustainability 12 05237 g006 550] 





Figure 6. Linear correlation coefficient between live to recently (<6 months) dead coral cover (CCA6) determined from field surveys and satellite images. 
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Table 1. Numbers of surveyed transects: Yuzhuo (YZR), Huaguang (HGR), and Lingyang (LYR) reefs; Panshi (PSI), Yin (YI), and Qilian (QI) islets; and Ganquan (GQI) and Quanfu (QFI) islands.
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	Reef/Geomorphic
	YZR
	PSI
	HGR
	LYR
	GQI
	QFI
	YI
	QLI





	Reef slope
	3
	2
	2
	2
	1
	2
	0
	1



	Reef flat
	1
	2
	5
	0
	1
	1
	4
	3



	Lagoon
	0
	4
	1
	3
	0
	0
	2
	2



	Total
	4
	8
	8
	5
	2
	3
	6
	6










[image: Table] 





Table 2. Classification system for live and dead corals [9].
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	Classes
	Class Definitions





	Live coral
	Colonies with >80% living tissue



	Bleached coral
	Colonies with white skeletons



	Recently dead
	Died 6 months ago, corallite structure visible



	Old dead
	Died >6 months ago, corallite structure removed by grazing fish and sea urchins
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Table 3. Summary data for satellite images used to build models and detect change in coral cover, Xisha Islands.
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	No
	Satellite
	Sensor
	Acquisition Date (Y/M/D)
	Path/Row
	Acquisition Time (Local)
	Tidal Height a





	1
	Landsat_4
	TM
	1989-04-09
	122/049
	10:27:16
	62.7 cm



	2
	Landsat_4
	TM
	1990-11-22
	122/049
	10:20:04
	192.2 cm



	3
	Landsat_7
	ETM+
	2005-01-31
	122/049
	10:43:33
	116.8 cm



	4
	Landsat_7
	ETM+
	2005-02-16
	122/049
	10:43:33
	186.7 cm



	5
	Landsat_8
	OLI_TIRS
	2014-04-22
	122/049
	10:53:59
	125.1 cm



	6
	Landsat_8
	OLI_TIRS
	2014-04-22
	122/048
	10:53:59
	125.1 cm







a Tidal datum: 95.0 cm below mean sea level.
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Table 4. Results of Pearson correlation analysis between Landsat image blue and green band reflectance values and field measured areas of live to recently (<6 months) dead coral cover.
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	Variables
	Pearson Correlation Coefficient
	p





	Reef Slope
	
	



	Band blue
	−0.89
	0.000 a



	Band green
	−0.735
	0.004 a



	Reef Flat
	
	



	Band blue
	−0.82
	0.000 a



	Band green
	−0.852
	0.000 a



	Lagoon
	
	



	Band blue
	−0.709
	0.01 a



	Band green
	−0.555
	0.061







a Extremely significant correlation (p ≤ 0.01).
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Table 5. Optimal models based on Landsat image blue and green bands.
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	Band Blue
	Band Green





	Reef Slope
	   y = 19034  x 2  − 6829.6 x + 640.37    R 2  = 0.8187   
	   y = − 618.13  x 2  + 126.85    R 2  = 0.5409   



	Reef Flat
	   y = 33170  x 2  − 12599 x + 1196.6    R 2  = 0.697   
	   y = − 33657  x 2  + 7206.7 x − 282.34    R 2  = 0.7417   



	Lagoon
	   y = 19967  x 2  − 8756 x + 950.09    R 2  = 0.8327   
	   y = 5729  x 2  − 2685.4 x + 310.02    R 2  = 0.4041   



	Reef
	   y = 11820  x 2  − 5211.5 x + 569.29    R 2  = 0.6723   
	   y = 3488.8  x 2  − 1844.3 x  +   235.5     R 2  = 0.4653   
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Table 6. Average coral cover in field surveys in geomorphic zones.
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Coral Reef

	
Reef Slope

	
Reef Flat

	
Lagoon




	
LCC (%)

	
RDCC (%)

	
BCC (%)

	
LCC (%)

	
RDCC (%)

	
BCC (%)

	
LCC (%)

	
RDCC (%)

	
BCC (%)






	
LYR

	
34.6

	
0

	
0

	
-

	

	

	
1.7

	
0

	
0




	
GQI

	
23.3

	
0

	
0

	
8.9

	
4.2

	
0

	
-

	
-

	
-




	
QFI

	
24.4

	
12.2

	
0

	
11.2

	
0

	
0

	
-

	
-

	
-




	
YI

	
-

	
-

	
-

	
49.7

	
36.9

	
0.4

	
16.1

	
6.4

	
0




	
HGR

	
25.6

	
37.3

	
0

	
26.6

	
30.5

	
0

	
0

	
0

	
0




	
YZR

	
31.8

	
9.7

	
0

	
-

	
21.3

	
0

	
-

	
-

	
-




	
PSI

	
27.1

	
49.8

	
0

	
58.1

	
41.6

	
0

	
3.4

	
0

	
0








Live coral cover = LCC, recently dead coral cover = RDCC, bleached coral cover = BCC.
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Table 7. Area (km2) of live to recently (<6 months) dead coral cover (CCA6) throughout the western Xisha Islands: 1989–1990, 2005, and 2014 and rates of CCA6 changes in percent for the period of 1989–2005 and 2005–2014.
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Coral Reef

	
CCA6 (km2)

	
Change Rate (%)




	
1989–1990

	
2005

	
2014

	
1989–2005

	
2005–2014






	
JQI

	
8.8

	
7.6

	
5.8

	
−13.6

	
−23.7




	
CHI-GJI

	
0.8

	
0.9

	
0.7

	
+12.5

	
−22.2




	
LYR

	
2.9

	
3.7

	
2.0

	
+27.6

	
−45.9




	
JYI

	
2.9

	
3.0

	
2.7

	
+3.4

	
−10.0




	
GQI

	
0.6

	
0.8

	
0.6

	
+33.3

	
−25.0




	
SHI

	
3.1

	
2.9

	
2.3

	
−6.5

	
−20.7




	
QFI

	
4.8

	
4.1

	
3.7

	
−14.6

	
−9.8




	
YI

	
4.5

	
3.2

	
3.2

	
−28.9

	
0




	
YGI

	
0.4

	
0.4

	
0.4

	
0

	
0




	
HGR

	
31.4

	
33.1

	
26.7

	
+5.4

	
−19.3




	
YZR

	
10.8

	
9.3

	
8.5

	
−13.9

	
−8.6




	
PSI

	
3.0

	
6.3

	
4.8

	
+110

	
−23.8




	
ZJI

	
1.7

	
2.7

	
2.3

	
+58.8

	
−14.8




	
PR

	
8.5

	
8.6

	
7.5

	
+1.2

	
−12.8




	
Sum

	
84.1

	
86.5

	
71.8

	
+2.9

	
−17.0








PR: Patch reefs in Yongle Atoll lagoon.
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Table 8. Live to recently (<6 months) dead coral cover (CCA6) area (km2) estimated for geomorphic zones using satellite data and field surveys.
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Coral Reef

	
CCA6 (km2)




	
Reef Slope

	
Reef Flat

	
Lagoon




	
Satellite

	
Field

	
Satellite

	
Field

	
Satellite

	
Field






	
LYR

	
1.25

	
0.84

	
0.32

	
-

	
0.44

	
0.11




	
GQI

	
0.61

	
0.25

	
0.02

	
0.03

	
-

	
-




	
QFI

	
2.84

	
1.82

	
0.35

	
0.33

	
0.47

	
-




	
YI

	
1.96

	
-

	
0.93

	
5.84

	
0.27

	
0.40




	
HGR

	
8.58

	
8.91

	
10.57

	
14.05

	
7.56

	
-




	
YZR

	
4.39

	
3.01

	
2.91

	
-

	
1.19

	
-




	
PSI

	
2.46

	
2.86

	
1.74

	
5.33

	
0.56

	
0.40
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