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Abstract


[bookmark: _Hlk44231556][bookmark: _Hlk50901582][bookmark: _Hlk44233966][bookmark: _Hlk51228780][bookmark: _Hlk48671733][bookmark: _Hlk48673423][bookmark: _Hlk44744660][bookmark: _Hlk48671960]Studying soil water dynamics and water balance on tropical coral islands is important to utilize and manage the limited freshwater resources of these islands. However, the research to soil water influencing the water cycle of coral islands still less people paid attention. In this study, we investigated the soil water dynamics of Zhaoshu Island, Xisha Archipelago, using observed data and the Richards equation and analyzed the water balance of this island from October 2018 to September 2019. We found a dry soil layer at depths between 40 cm and 160 cm of the soil profile from November 2018 to April 2019 (dry season) which prevented the exchange of water between upper soil layers and groundwater. Therefore, the vegetation developed deep roots to take up water from the groundwater. Precipitation is the only source of the freshwater, while approximately 38% of the precipitation infiltrated into the groundwater, 22% of the precipitation was taken up by vegetation, and 39% of the precipitation evaporated from the land surface during the entire observed year. In the dry season, evapotranspiration () was only 44 mm/month, which was 94% greater than the amount of precipitation, and approximately 14 mm/month of water was taken up from the groundwater by plants. However, in wet season, infiltration dominated the processes of soil water movement. Approximately 56% of the precipitation infiltrated into the groundwater and 37% of the precipitation was consumed by . This study can help us to better understand the process of soil water dynamics on coral islands and provide references for further management to protect coral island ecology.
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Introduction
[bookmark: _Hlk44396647]Coral islands are widely distributed around the world, and most of them have limited freshwater resources due to their small land areas, low elevations, and the expected changes in climate and population (White et al. 2007, White and Falkland 2010, Bailey et al. 2016, Werner et al. 2017). There are more than 50,000 small oceanic islands worldwide among which over 1,300 are populated. Approximately 70% of these islands are located in the Pacific and Indian Oceans and the majority are coral islands with humid tropical climates (Falkland and Custodio 1991, Comte et al. 2014). Freshwater is one of the most important resources that sustains island ecology and human lives, which suffer from drought (White et al. 1999), excessive extraction, and saltwater intrusion events (Kopp et al. 2014, Storlazzi et al. 2018). Additionally, these threats will be amplified under the background of global climate change (Slangen et al. 2014, Deng and Bailey 2017). Therefore, research on coral island hydrology is necessary to deal with the challenge of island water management. 







[bookmark: _Hlk40881546][bookmark: _Hlk40881652][bookmark: MTBlankEqn][bookmark: _Hlk40881735][bookmark: _Hlk50902377][bookmark: _Hlk50903363][bookmark: _Hlk44233859][bookmark: _Hlk50902607][bookmark: _Hlk44351564][bookmark: OLE_LINK32][bookmark: _Hlk44396491][bookmark: OLE_LINK6][bookmark: OLE_LINK7]The vadose zone of coral islands links precipitation and groundwater, which plays a vital role in the hydrologic cycle (Sprenger et al. 2016). Water movement in the vadose zone is mainly influenced by precipitation, plant distribution, groundwater level, and vadose zone properties (Vereecken et al. 2008). However, water movement in the vadose zone of coral islands differs from that on the mainland due to the limited area and highly permeable soils. Infiltration and evapotranspiration () are the two main hydrological processes in the vadose zones of coral islands, which are determined by the soil water retention capacity (Falkland and Custodio 1991). Most coral islands have sandy soils which consist of calcareous sand with ornithogenic sediments at the surface (Morrison and Woodroffe 2009). Calcareous sand consists of marine sediments originating from coral and debris from other organisms, which exhibits a stratified distribution at different depths on islands. Calcareous sands with low water binding capacity permit rainfall to quickly penetrate the root zone, which decreases evaporation losses and increases groundwater recharge. The high hydraulic conductivity can also result in little or no surface runoff (Falkland 1993).  is crucial for water movement in coral inlands in which transpiration plays a critical role, especially in the dry season, because coral islands usually have various vegetation types. Additionally, some trees can develop deep roots and take up groundwater from the capillary zone (Falkland 1994, White and Falkland 2010)(Falkland and Custodio 1991, Falkland 1994). Roupsard et al. (2006) researched coconut plantations at Espiritu Santo, Vanuatu, South Pacific in yearly time steps and found that  consumed 40% of rainfall and 68% of this was transpiration. Gingerich et al. (2017) simulated the Marshall Islands such that when half of the Marshall Islands was planted with high-density woody plants and half consisted of herbaceous plants, the groundwater supply on the woody side was 84% less than on the herbaceous side. Analysis of water balance is a good approach to determine water movement. The water budget is the most common way to analyze water balance (Lloyd et al. 1980, Falkland and Woodroffe 2004) and the primary equation can be written as , where W is the groundwater supplementary amount, P is rainfall (mm), and ET is actual  (mm) which can be monitored by heat-dissipative sap flow (Roupsard et al. 2006) or simulated by numerical methods (Gingerich et al. 2017). Additionally,  is the increase in water storage within the vadose zone, which is usually neglected in long-term approximations unless they are conducted at a daily scale (Chapman 1985). Robins (2013) conducted research on Niue Island in the south-central Pacific that indicated that its annual precipitation ranged from 847 mm to 2,050 mm of which  accounted for 56-75%, groundwater recharge accounted for 25-42%, and runoff accounted for 0-2%. Although water dynamics on coral islands have been researched for a long time, most studies have only focused on the quantities of groundwater which is the most important resources for the inhabitants living in the coral islands (Alsumaiei and Bailey 2018). However, water movement in the vadose zones of coral islands requires further analysis, especially regarding the spatiotemporal distribution of soil water contents (SWCs) and processes whereby vegetation takes up water from the soil, which could help to improve water management for plant growth and the inhabitants of coral islands. 
[bookmark: OLE_LINK21]The main purpose of this study was to explore the water dynamics in the vadose zone of coral islands which are widely distributed in the Pacific and Indian Oceans. We installed Time-Domain Reflectance (TDR, Acclima TDR310S) and tensiometers to monitor water movement in the vadose zone of Zhaoshu Island, Xisha Archipelago, and chose Hydrus-1D software to simulate water movements. We sought to study water movements from two aspects: (1) the modeling of soil water movements in the vadose zone, analyze the spatiotemporal distribution of soil water, especially regarding how vegetation-influenced soil water movement; and (2) the analysis of the water balance at a monthly scale to reveal the hydrological processes in dry and wet seasons. 
Materials and Methods
Study area
[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: _Hlk48138066]The Xisha Archipelago (15°47'-17°08'N, 110°10'-112°55'E) is located in the central South China Sea, where there are abundant coral reefs, and consists of more than 40 islands (Figure 1a). (Xu et al. 2012). The study area has a tropical monsoon climate that is warm all year. According to climate data from 1957 to 2015 from a weather station located on Yongxing Island in this area, the average annual temperature is 26℃ with daily temperature variations of only approximately 6℃. There is a significant dry and wet season during each year due to precipitation. The wet season usually occurs from May to October and the dry season usually occurs from November to April. Precipitation is mainly controlled by typhoons and convective rains with an average annual precipitation of approximately 1,500 mm, 85% of which is concentrated in the wet season (Zuo et al. 2015). 
[bookmark: _Hlk20211906]Most coral islands in the Xisha Archipelago (Figure 1b) have high sand barriers on the island edges with flat and low-lying interiors. The sandy soils exhibit a stratified distribution at different depths on the islands with ornithogenic sediments at the surface (Xu et al. 2010). Thriving vegetation grows in a circular-zonary manner around the islands(Wu et al. 2018). Scaevola sericea and arbor Pisonia grandis generally cover the interior zone while the high sand barriers are covered by shrubs such as Messerschmidia argentea and Guettarda speciosa. The plant community attracts over 60 species of seabirds that live on these islands. Seabird excrement provides the main fertilizer for plant growth and to sustain the islands’ ecology. (Gong et al. 1996, Tong et al. 2013) 
Instruments and observations
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]The experimental site was located on Zhaoshu Island (16°58'40” N and 112°16'00” E), Xisha Archipelago (Figure 1c). The natural zone of the island is 0.22 km2, which is covered with lush vegetation that is distributed in a ring and band while patches of beach rocks surround the outer parts of the island. There is approximately 0.07 km2 of reclaimed land in the west, where the main areas of human activity are located. The land cover types are mainly native forests (mainly Scaevola sericea and Pisonia grandis), construction land (houses and hardened roads), and bare or spare vegetated lands. Approximately 200 people presently live on Zhaoshu Island and their freshwater supply mainly comes from transport by ships from the mainland and from seawater desalination.
A soil water observation system (Figure 1d) was installed in the native forest area at the center of Zhaoshu Island. There were eight TDR, which were placed at depths of 10 cm, 30 cm, 50 cm, 70 cm, 90 cm, 120 cm, 150 cm, and 180 cm. The probes were installed in holes dug by a soil auger so that no damage to vegetation roots would occur. A soil profile was dug to collect soil samples and install tensiometers near the soil water observation system. The tensiometers were installed at depths of 10 cm, 20 cm, 30 cm, 50 cm, 70 cm, and 90 cm. SWCs and matric potential data were recorded every 30 minutes using a Campbell CR1000 data logger. Raw soil samples were collected using cutting rings at the same depths where the monitoring probes of the SWCs and tensiometers were placed and were then taken to the laboratory to measure hydraulic conductivity and soil water retention curves. 
Meteorological data were obtained from a micro weather station located on the coral island. Normalized difference vegetation index (NDVI) data were obtained from Sentinel-2 satellite data with 10 m resolution and used the Google Engine Editor. Figure 2 shows the meteorological conditions from 1st, October 2018 to 30th, September 2019. Maximum daily temperatures varied from 25ºC to 35ºC and minimum daily temperatures were between 22ºC and 30ºC. The highest air temperature was recorded in June 2019 and the lowest air temperature was recorded in January 2019. Atmospheric pressures ranged from 995 mbr to 1,020 mbr. Solar radiation exhibited trend similar to the temperatures and was visibly influenced by precipitation. The relative humidity had a mean value of 80% which had a slight increasing trend during this period. Wind speeds at a height of 2 m above the land were approximately 0.5-5 m/s. Groundwater table depth mainly ranged from 2.2 m to 2.8 m. Precipitation can be divided into two periods. One was in the dry season, from November 2018 to April 2019, which had a total precipitation of 135 m. Precipitation declined slightly to low values from October 2018 to December 2018. Additionally, there was nearly no precipitation from January 2019 to mid-April 2019. The other period was the wet season which had a total precipitation of 777.6 mm. The NDVI values exhibited a decreasing trend from September 2018 to April 2019 due to a lack of precipitation and destruction of invasive species, which reached almost zero from March and April 2019. The vegetation was cut down in the middle of April to eliminate invasive species and was allowed to regenerate naturally. After that time, NDVI values began to increase with the recovery of vegetation. 
Numerical model
Model description
The one-dimensional Richards equation was used to simulate the soil water movement and root water uptake in the vadose zone of Zhaoshu Island in this study. The water movement simulation equations are described by the following mass conservation equation (Richards 1931):


	 	


	 	








Where  is the volumetric soil content ();  is the soil water flux ();  is the rate of root water uptake ();  is the hydraulic conductivities (); is the matric potential (cm);  is the time (day); z is the vertical axis (cm), with positive value meaning upward.
Soil parameters
The unsaturated hydraulic conductivity are obtained using the Mualem-van Genuchten model (Mualem 1976, Van Genuchten 1980) in terms of soil water retention parameters, the expressions are given by:


	 	





Where  is the saturated hydraulic conductivity ();  is the effective saturation (-);  is the empirical parameters (-) which was suggested a value of 0.5 by Mualem (1976); and  was gotten using the van Genuchten’s numerical model whose parameters were calculated by the RETC code (Hollenbeck et al. 2000). The equation is as follows:


	 	








Where , ,  is soil water content (), saturated water content (), residual water content (), respectively; n (-) and () are the empirical shape parameters.
We used a high-speed centrifuge (Hitachi CR21GIII) to test the retention characteristics of soil samples and these parameters were modeled with RETC software. Figure 3a shows that the estimated retention curves had a good fit with the test results which were based on soil tests with the centrifuge. However, they had some differences with those of in situ soils (Figure 3b). The reason for these differences is not certain but may related to disturbances from soil sampling. Thus, the tested parameters of the water retention curve were used as the reference for soil properties for the numerical modeling conducted in this study. The water retention curve values were further calibrated using the in situ data from the inverse module of Hydrus-1D. Saturated soil hydraulic conductivity (Ks) data were obtained from the field soil samples by using a TST-55 head soil permeameter. The tested saturated hydraulic conductivity data were used as an initial guess because the TST-55 head soil permeameter data were applicable only for clay or fine sand and accuracy may not be guaranteed for medium or coarse sand. The results are shown in Table 1. 
The initial and boundary conditions
Initial conditions 
The simulation period was from 01st, October 2018 to 30th, September 2019. The soil profiles were 240 cm deep with 8 soil materials distributed at depths of 0-25 cm, 25 cm-40 cm, 40 cm-60 cm, 60 cm-80 cm, 80 cm-105 cm, 105 cm-135 cm, 135-165 cm, and 165-240 cm. The spatial discretization was 1 cm with 241 nodes across the profile. Depths of 10 cm, 20 cm, 30 cm, 50 cm, 70 cm, 90 cm, 120 cm, 150 cm, and 180 cm were defined as the observation points. The temporal discretization ranged from a minimum value of 0.00001 day to a maximum value of 1 day, which was controlled by the time-step criterion. The observed SWCs and matric potential from the observed depths on 31st December 2018 were used as the initial conditions.
Boundary conditions
[bookmark: _Hlk40881226]The ground surface boundary condition is controlled by the atmosphere. No ponding and surface runoff were considered in this study because of the hydraulic conductivity of soils. The water flux out of ground surface could be described as follows:

	 	





where  is the soil surface evaporation rate (),  is the transpiration rate (), P is the rate of precipitation ().
Potential evapotranspiration (ETp) was calculated using the Penman-Monteith combination equation which recommended by FAO (Monteith 1981, FAO-56 1998). Potential evaporation (Ep) and transpiration fluxes (Tp) were partitioned from ETp using Beer’s law, which was based on the energy budget via interception by the canopy (Ritchie 1972). The equation is as follows:

	 	



where ETp is the potential evapotranspiration rate (), Tp is the transpiration rate (), and Ep is the evaporation rate (), k is a constant related to the canopy reflectance (-) which is influenced by sun angle, plants distribution and leaves arrangement (between 0.5-0.75), and LAI is the leaf area index (-) which was calculated using an empirical relationship of vegetation fraction (Šimůnek et al. 2013). 

	 	


where  is a constant for the radiation extinction by the canopy (0.463), vegetation fraction () was estimated based on an empirical formula of NDVI:

	 	


where β is an empirical constant with its value between 0.6 and 1.2, and β is set as 0.9 in this study;  and  are the values under the conditions of bare soil and full vegetation cover, respectively.

Actual  was determined by the amount of potential transpiration and root distribution. 

	 	



















where is the potential transpiration rate ();  is the root-water uptake water stress (0 <<1) response function, which is a prescribed dimensionless function given by Feddes et al. (1978); and the water uptake is considered to be zero close to saturation () or less than the wilting point pressure (). Water uptake is set as the maximum value of  between  and  while water uptake increases (or decreases) linearly with h for a pressure head between  and  (or  and ). In this study,  and  were set to zero because the plants in the study area are phreatic plants (Šimůnek and Hopmans 2009, dos Santos et al. 2016).  was set to -500 cm, which was close to the lowest observed in situ pressure head, which was shown in Figure 5. is the normalized water uptake distribution, which was used to characterize the distribution of vegetation roots and is the region occupied by the root zone, .

 was calculated using the cumulative root fraction Y from the surface to the bottom of the profile. In this research, we didn’t measure the root distribution, so we chose the equation described by Zeng (2001) which was extended from Jackson et al. (1996). They provided an empirical approach of estimating vegetation root distribution according to a comprehensive dataset that contains more than 200 field studies. It could be used for three of the most widely used land cover classifications (Zeng 2001), which was described as:

	 	
where a, b are the depth coefficients. In this study, the vegetations are mainly the evergreen shrub community of Scaevola sericea, Pisonia grandis. So, we selected land cover of the evergreen shrub as the recommended value which set a, b as 6.326, 1.567, respectively. 

Actual  is influenced by atmospheric conditions, vegetation coverage, soil moisture. It is generally carried out the following formula (Camillo and Gurney 1986):

	 	









where  is the soil surface vapor density ();  is the vapor density above the canopy ();  is the aerodynamic resistance to water vapor flow () and  is the soil surface resistance to vapor flow ().  equals Ep when the soil water is at or near saturation. 
The bottom boundary condition was the groundwater table (GWT) which was obtained using the water level indicator in the groundwater monitoring wells (Figure 2f). The GWT was influenced by sea level and tide for its high permeability aquifer (Peterson 2004, Werner et al. 2013). 
Model calibration
The previous model was calibrated with the observed SWCs and matric potential from October 2018 to March 2019. The calibration used the parameter optimization (inverse) module in Hydrus-1D (Šimůnek et al. 2013). The calibrated results of , , , n, and  are listed in the daily simulated and observed SWCs and matric potential and are plotted in Figures 4 and 5. The statistical analysis results are listed in Tables 3 and 4. In general, the simulated results presented a good fit with the observations, especially for the SWCs. Then, the previously calibrated model was further validated by using the SWC observation data from 1st, April 2019 to 30th, September 2019.
To evaluate the performance of the modeling results, this study employed the Nash-Sutcliffe efficiency coefficient (NSE) (Nash and Sutcliffe 1970), root mean square error (RMSE) and mean absolute percent error (MAPE) to assess the agreement between simulated and observed values. The values are defined as follows: 

	 	

	 	

	 	




Where  and  are the observed and simulated values at time t, respectively;  is the average observed values; and n is the number of observations. The NSE is used to measure the “goodness of fit” which ranges from  to 1. The closer the efficiency is to 1, the better the model and observations values match. An efficiency of 0 presents that the predicted result is as accurate as the average observed data. Lower values of RMSE and MAPE indicated higher accuracy of the simulated results.
Results
[bookmark: _Hlk34933354]Measurement results 
[bookmark: _Hlk48143925]The SWCs exhibited different regimes at different depths in the soil profile (Figure 4). The SWCs from the surface to a 10 cm depth responded visibly to precipitation and ranged from 8% to 40%. These values were relatively high because the soil at this depth was full of humus and had good water retention capability. However, the SWCs at 10 cm depth had daily mean values of approximately 8.6% due to a lack of precipitation from mid-January 2019 to early April 2019. The SWCs significantly increased and even reached saturated values when precipitation events occurred. The SWCs were low from depths of 30 cm to 150 cm owing to the low water holding capacity of the calcareous sand. Additionally, the degree to which SWCs responded to precipitation showed a decreasing trend with increasing depths. The SWC values even dropped to the wilting point between November 2018 and early April 2019. The SWCs increased rapidly and reached 22% at their highest point due to the intense rainfall from May 2019 to August 2019. There was a slight delay in SWCs values at deeper levels compared to the SWCs at shallow depths due to soil water redistribution. The SWCs at a depth of 180 cm were approximately 5% in the dry season which were slightly higher than the wilting point and were also higher than the values at 150 cm depth which had similar soil physical characteristics during the whole period. These results indicate that the SWCs at 180 cm were affected by capillary water. However, the SWCs which were affected by fluctuations of groundwater levels were small and were based on its stable levels. The SWCs also barely responded to rainfall except for rainstorms. 
[bookmark: OLE_LINK3]The matric potential (Figure 5) were more sensitive to water flux than SWCs for the sand. Only those tensiometers at depths of 20 cm, 30 cm, 70 cm, and 90 cm were available during the observation period. From October 2018 to April 2019, the matric potential dropped with the lack of precipitation and reached their lowest values of nearly -500 cm in February 2019. The matric potential at depths of 20 cm and 30 cm was somewhat greater than in the deeper layers. Additionally, the matric potential at 70 cm and 90 cm decreased more rapidly than in the upper layers because of the exhaustion by root uptake and lack of water recharge from light rain. However, the matric potential decreased more slowly than the SWCs during the season with less rainfall. When the rainfall season arrived, only those tensiometers at 20 cm and 90 cm depths were still functional. The matric potential rapidly increased and maintain relative high values. 
[bookmark: _Ref33363311][bookmark: _Hlk38460214][bookmark: _Ref33363315][bookmark: OLE_LINK8]The daily simulated and observed SWCs and matric potential are plotted in Figures 4 and 5. The statistical analysis results are listed in Tables 3 and 4. In general, the simulated results showed good fits with the observations, especially for the SWCs. The NSEs of SWCs at the observation depths were 0.70, 0.45, 0.71, 0.55, 0.84, 0.56, 0.77, and 0.71, respectively (Table 3). The RMSE values were 0.04, 0.02, 0.02, 0.02, 0.02, 0.01, 0.01 and 0.01, respectively, at the corresponding depths. The MAPE values were 13, 13, 18, 26, 10, 18, 13, and 11, respectively. Overall, the simulated SWCs at different depths showed good fits with the observed data. Comparisons of the simulated and observed SWCs are shown in Figure 4. The simulated SWCs at 30 cm and 120 cm depths had relatively low NSEs because the fluctuations in simulated values were larger than the observed values. The differences were amplified in the wet season and may have been caused by frequent rainfall and the parameters settings for the root distribution. Versus the simulated values had good simulated results in the dry season. The simulated results showed higher SWCs than the observed values at 70 cm depth in May 2019 and this may have been caused by preferential flow. The RMSEs and RMSs decreased slightly at greater depths due to the decreased fluctuations caused by rainfall.
The NSEs of the matric potential at the observation depths were 0.69, 0.75, 0.10, and 0.49, respectively (Table 4). The RMSE values were 78, 52, 118, and 105, respectively, at corresponding depths. Additionally, the MAPE values were 53, 37, 72, and 45, respectively. Overall, the simulated MAPEs and RMSEs were somewhat high, especially at 70 cm depth. The simulated values of was somewhat lower than the observed values from November 2018 to April 2019. And the simulated values showed small fluctuations when compared with the observed values after May 2019. But the simulated values were within a reasonable range considering the uncertainty of matric potential observations.  
Characteristics of soil water movement
[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK2]Soil water movements are driven by soil water potential. In this study, the gravitational potential and matric potential are the main soil water potential that could influence soil water movements. The ground surface was used as the reference datum for the gravitational potential. We simulated and observed matric potential in this study because of its major role in adsorption and capillarity in soil water dynamics. 

The daily simulated matric potential profiles are shown in Figure 6a. The matric potential was simulated from the SWCs by using the soil water retention curve (equation 7). The matric potential values generally ranged from -500 cm to 0 cm for the entire zone. The dry season lasted from November 2018 to April 2019 with total precipitation of 135 mm. The matric potential at the surface increased rapidly when precipitation occurred. However, the infiltration wetting head could only reach an approximately 40 cm depth during the dry season because it was difficult for the low-intensity precipitation to penetrate the entire dry soil profile. There was a dry soil layer in the middle zone in which the matric potential was approximately -500 cm. The root uptake process nearly stopped at this matric potential as well as . The matric potential increased rapidly with increased depths and was influenced by capillary increase in the bottom zone. During the wet season, the total precipitation reached 777.6 mm. The matric potential was controlled by infiltration and redistribution of soil water, which ranged from -200 cm to 0 cm. The matric potential values were relatively high and increased with increased depths. 


The water flux profile indicates the rate of water transport in the vadose zone in space and time (Figure 6b). The flux was transformed according to equation 2. The water flux pattern was similar to that of the matric potential. In the dry season, the water flux increased rapidly after precipitation at the surface layer but the flux had difficulty influencing the dry soil layer, which had a flux of less than 0.01 cm/d. When precipitation stopped, upward flux predominated in the surface area.  controlled the process of water movement in the layers below 160 cm, which was caused by the increased supply of water due to capillary action. The water flux in the capillary zone reached 0.01-0.1 cm/d. In the wet season, the infiltration flux rates varied from 0.1 cm/d to 1 cm/d due to precipitation. Additionally, precipitation recharged the groundwater until July 2019. The infiltration flux clearly increased due to the vegetation being cut in the wet season. Positive fluxes only appeared at the surface because of  during the precipitation interval. The fluctuations at the bottom boundary were caused by fluctuations of the groundwater table under the influence of tides.
The simulated SWC profiles were similar to the soil water potential profiles. The SWCs were less than 0.08 at depths between 30 cm and 200 cm from November 2018 to April 2019 and verified the existence of a dry soil layer. However, the SWCs at the surface and bottom layers were relatively high because of rainfall and capillary action, and it was difficult for the SWCs to increase in the dry soil layers due to the low rainfall levels. When the wet season occurred starting in May 2019, the SWCs began to increase in the entire profile. The SWC profiles exhibited a layered distribution, which was caused by the layered soil during the simulation process. 
Water balance analysis
[bookmark: OLE_LINK5]The monthly water balance is shown in Figure 7. In this figure, precipitation is the monthly summed precipitation (mm); Es is the monthly actual soil evaporation (mm) (e.g., outflow from the vadose zone: -); Er is the monthly actual transpiration (mm) (e.g., outflow from the vadose zone: -); vBot is monthly value of the bottom boundary flux (mm)(e.g., actual flux across the bottom of the soil profile in which positive values (+) indicate that groundwater is extracted through capillary action and negative values (-) indicate a process of groundwater recharge); and △Volume is the change value for water in the vadose zone (mm)(input/output: +/-).







The figure shows that precipitation, △Volume, vBot, ,  were 913 mm, 10 mm, 349 mm, 203 mm, and 351 mm, respectively from 1st, October 2018 to 30th, September 2019. Precipitation was the only source of freshwater and water movement was controlled by precipitation. Different water elements showed similar change trends with precipitation in different months. Table 5 lists the ratios of , , △Volume, and vBot to precipitation and the results show that during the entire year, 38% of precipitation recharged groundwater, 22% of precipitation was consumed by vegetation, and 39% of precipitation evaporated from the land surface. In the dry season, the amount of water movement apparently decreased due to the decreased precipitation.  was 44 mm/month, which was 94% greater than the precipitation, and approximately 14 mm/month of water was taken up from the groundwater by plants. However, in the wet season, 56% of precipitation was recharged to the groundwater, and 37% of precipitation was lost through . The removal of vegetation may have caused the  values to be lower than in usual years. The volume increased by a total of 10 mm over the entire year, which may have been caused by both the decreased root uptake due to tree removal and the intense rainfall at the end of the study period. 
Discussions
The seasonal dry soil layer on coral islands
[bookmark: SW0029]In this study, we found that a dry soil layer at depths between 40 cm and 160 cm in the soil profiles. The dry soil layer could prevent the exchange of water between upper soil layers and groundwater. And it is related to seasonal rainfall deficiency and high soil hydraulic conductivity (Morrison and Woodroffe 2009, McLeod et al. 2010, Huantin 2014). The dry soil layer is different from the dried soil layer which is defined as the soil layer that couldn’t be recharged by the rainfall for many years (Jipp et al. 1998, Mingan et al. 2016, Wang et al. 2020), such as the Chinese loess plateau, the Western-High Plains region in the US. The dry soil layer on Zhaoshu Island distributes somewhat shallowly and disappears in the wet season. It also differs from the dry soil in desert (Hou et al. 2016, Du et al. 2018) because it could recharge the groundwater with frequent rainfall in the wet season, and it has relative stable groundwater table which is controlled by sea level and tide in the dry season. Therefore, the coral islands could provide shallow groundwater to sustain living of evergreen vegetation. 
The processes of roots water uptake




















[bookmark: _Hlk51229901][bookmark: _Hlk50907521]To maintain low efficient growth during the dry season, vegetation on coral island develops deep roots to take up water from groundwater (Li et al. 2016, Sutar et al. 2017). Vegetation on Zhaoshu Island are mainly evergreen shrubs. Figure 8a shows the daily changes of  and . The vegetation grew well because of the intense precipitation in the early period and the  values were between 1.5 mm/day and 5.5 mm/day in October 2018. Then,  decreased rapidly due to the decreased precipitation and vegetation from November 2018 and remained at low values until May 2019.  began to increase slowly to values of 1.0-2.0 mm/day with vegetation recovery.  changed synchronously with precipitation.  reach high values after precipitation but decreased rapidly because of the low soil capacity. In the dry season,  remained at low values. With increased precipitation,  began to increase. The comparison of  and  values in October 2018 with those in September 2019 showed that the rate of  apparently decreased with the removal of the vegetation. Many researches were done to estimate the  on tropical islands or coastal sand dune. However, they were mainly focus on the trees which have strong water consumption or the plantation species using the sap-flow gauge (Robins 2013, Werner et al. 2017). Roupsard et al. (2006) monitored  in a tropical coconut palm plantation at Espiritu Santo, Vanuatu, South Pacific, found that the  was ranged from 2mm/day to 4mm/day, the  decreased in the dry season with the ratio of  to  slightly increasing. Comte et al. (2014) got a similar result as Roupsard et al. (2006) on Grande Glorieuse Island using simulated method. Comparing to these studies, our results also showed a seasonal change of , but our results were somewhat less than their values especially in the dry season. These differences are likely to be related to shrubs species on Zhaoshu Island which might have less leaf area and water consumption capacity than on other sites. Our  values in dry season were close to the values in the semi-arid area (Garcia et al. 2011, Huang et al. 2015) for the extreme drought and vegetation deterioration of Zhaoshu Island during our observed period. 





Vegetation on the coral islands use shallow soil water preferentially in the wet season and switch to groundwater or deeper soil layers as shallow layers become dry (Pammenter 1985, Falkland and Custodio 1991). Root water extraction prefers to the lowest amount of energy expenditure based on the combination of hydraulic conductivity, soil water potential, and root density (Naumburg et al. 2005).  ratios at different soil depths on Zhaoshu Island (Figure 8b) found that, in October 2018, the 0-40 cm depth zone occupied approximately 35% of  and the 40-160 cm depth zone occupied approximately 45% of . When the dry season arrived, the ratio in the 160-240 cm depth zone increased to 45% to 60%. Precipitation increased slowly from the middle of April, however, the  was controlled by  due to the vegetation removal. With the increase of precipitation and vegetation recovery, the amount of water removed from the middle zone increased slowly. The plants extracted very little water from the bottom zone during the wet season. Vegetation have different water utilization strategies at different regions even for the same vegetation specie (Dawson 1993, Fan et al. 2017, Barbeta et al. 2019, Wang et al. 2019). Our study is consistent with that of Antunes et al. (2018) who quantified the contribution of different soil layers to plant water in mid-Mediterranean coastal dunes, and found that conifer trees (Pinus pinea, P.pinaster) and hygrophytic shrubs (Erica scoparia, Salix repens) adjusted water uptake with increasing depth. The study of Zencich et al. (2002) on a shallow, sandy coastal aquifer also showed a seasonal sources changes of water with Banksia tree species. 
[bookmark: _Hlk51227151]The influences of soil water dynamics to coral islands water resources management
The soil water dynamics in vadose zone of coral islands is commonly ignored for its transient infiltration processes (Werner et al. 2017). However, it is important at these areas: (1) Some new reclamation beside coral islands need considering the soil layer structure to create a appropriate soil condition for ecological recovery and rainfall collection (Vacher and Quinn 2004, Sheng et al. 2020). The processes of soil water dynamics could provide some important references (Huang et al. 2011, Grant and Groenevelt 2015). (2) On the one side, the vegetation provides a comfortable environment for the people living on the island, on the other hand, the living of vegetation consumes masses of groundwater that could intense the shortage of freshwater. So, the study to root uptake water on the vadose zone could help us optimize plants configuration (Robins 2013, Cozzolino et al. 2017). (3) Research to water movement in the vadose zone could reveal the processes of rainfall recharging fresh groundwater. Zhaoshu Island do not have fresh groundwater because the rainfall and groundwater mixed quickly after rainfall due to the restriction of island size, and the freshwater would be saline soon. But to large coral islands, the fresh groundwater in dynamic balance of rainfall recharge and seawater intrusion. The concise water cycle research could improve the fresh groundwater management. 
Conclusions
The soil water dynamics is a crucial index to evaluate the ecological vulnerability and living condition on a tropical coral island. This has not been fully understood, mostly due to the lack of data. This paper studied this based on the field experiments conducted to observe the soil water potential and soil water content profiles on Zhaoshu Island, Xisha Archipelago, China from October 2018 to September 2019. The Hydrus 1D model was employed to simulate the soil water transport and roots water uptake.
The results demonstrated that the soil profile contained a dry soil layer at depths between 40 cm and 160 cm in the dry season, where the matric potential was approximately -500 cm with water flux levels below 0.01 cm/d. The soil water shortage promotes the vegetation to take up groundwater to maintain growing. 


Approximately 38% of precipitation recharged the groundwater, and 61% of precipitation was consumed by evapotranspiration during the observed period. In the dry season,  was 94% greater than the precipitation and approximately 14 mm/month of groundwater was absorbed by vegetation. However, in the wet season, 56% of the precipitation was recharged to the groundwater, and 37% of the precipitation was suppled for  which mainly came from the 0-40 cm depth zone. The uneven distribution of water on the coral islands brings risks to freshwater usage, this study provides some supports to scientifically managing the water resources and optimizing vegetation configuration on a coral island.
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