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Abstract 
Background. Increased precipitation variance is a predicted effect of climate change, with the highest variance expected in tropical areas. Increased rainfall can lead to increased runoff, which can cause soil erosion, eutrophication, and other forms of environmental degradations, in both terrestrial and marine environments. Mo’orea, a small volcanic island in French Polynesia with an extremely rugged mountainous landscape, is likely to be affected by increased rainfall in coming decades. This puts the island’s surrounding coral reef at risk of stress from increased runoff. This study was designed to compare the responses of soil from differently managed lands when subjected to different amounts of rainfall. 
Methods. Fieldwork consisted of sampling soil from three differently managed areas in the ‘Opunohu Valley in Mo’orea: rangeland, grassland, and forest. Soil was measured for bulk density and water content. The soil was then used in a simulated rainfall experiment to test for time it took for water to flow off of the soil surface and amount of runoff collected. 
Results. Results showed the grassland soil to have the highest bulk density and water content. The grassland soil took the longest for water to runoff in the rainfall experiments. A strong positive relationship between increasing soil bulk density and increasing time in seconds for the simulated rainfall to runoff the soil samples was found. All other differences tested were found to be insignificant. 
Discussion. The differences in bulk density and water content found in soil between study sites suggest that the way land is used and managed affects soil physical properties, which in turn affects soil response to different amounts of rain. Insignificant results may reveal differences with further experimental trials. Additionally, the soil water content results from this study support previous findings that the soil in ‘Opunohu Valley are loose, moist alluvial deposits. 

Introduction 
One of the many adverse effects of climate change is global projected rainfall variance (Willems et al., 2012). General trends in observed precipitation patterns include tropical regions becoming more wet, arid regions becoming more dry, increased rainfall in the Northern Hemisphere, decreased rainfall in China, Australia and the small island nations in the Pacific, and increased variance near the equator (Dore, 2005). In addition to these generalized trends, increased extreme rainfall events, including more intense and more frequent El Niño events, are predicted to occur (Chung & Power, 2016). Furthermore, the small islands that are near the equator are likely to experience increased variance in addition to the general predicted trends, possibly magnifying the impact (Dore, 2005). 
Extreme rainfall in itself can be damaging, but it can also lead to flooding and increased runoff and sedimentation, which in turn have more adverse effects. Surface runoff, a type of non-point source pollution, occurs when there is more water present than the land can absorb (Linan-Cabello & Olivos-Ortiz, 2016). If soil has high levels of nutrients, increased runoff can leach the excess nutrients from the soil to bodies of water, thereby increasing their nutrient content (Wells & Dougherty, 1997). Eutrophication, or elevated nutrient levels in water bodies, can result in algal blooms that deplete the water of oxygen and harms or, in extreme cases, kills the aquatic organisms present (Augustin Linan-Cabello & Olivos-Ortiz, 2016). Increased sedimentation rates resulting from increased runoff has also been linked to stressing and subsequently killing coral (Bahr et al., 2015; Cuomo et al., 2016).  
Land use and land management can be thought of as an anthropogenic disturbance (Linan-Cabello & Olivos-Ortiz, 2016). Thus, disturbed lands by management may respond to abiotic and biotic changes differently compared to non-managed lands (Santos & Augustin, 2015). In terms of managed lands, agricultural fields are considered extremely impactful contributors to surface runoff, especially if the fields are over-fertilized, as fertilizers are typically high in nutrient content (Wells & Dougherty, 1997; NOAA, 2008). Since surface runoff is more likely to occur where soil moisture content is higher, irrigation of agricultural fields may also contribute to runoff (Curran et al., 2010). Rangelands, although typically less often the focus of runoff studies, have the potential to contribute to high nutrient runoff if overstocked, due to excess of nutrient rich feces and urine deposits from cattle (Wells & Dougherty, 1997). This, in combination with the fact that the more water in soil, the more sensitive it is to compaction caused by treading action from grazing animals, which reduces water infiltration and increases runoff makes rangelands an important area of study (Herbin et al., 2010). Since soil moisture is related to runoff and intensive grazing has been linked to upper soil layer compaction, in conditions of heavy rain, flood and runoff risk may increase in rangelands where large animals graze and compact the soil (Wells & Dougherty, 1997; Curran et al., 2010). 
Mo’orea, one of the Society Islands in French Polynesia, is an example of a small island that will likely be impacted by an increased frequency of heavy rainfall. On Mo’orea, there is 45 hectares of managed land grazed by cattle and horses, which makes up less than 1% of the total land mass (P. Couraud, pers. comm., October 2016). A previous study assessed the effects runoff from livestock areas on diatoms, shrimp, and snail eggs in streams near these pastoral lands (Street, 2000). There was a significantly lower abundance in diatoms and snail eggs at the sites downstream of livestock compared to sites upstream, suggesting that there is enough organic matter leaching into the nearby streams to cause decreases in diatom and snail egg populations. The rangelands on Mo’orea have not been studied directly and other than Street’s (2000) study, runoff from livestock ranges has not been examined, and effects of increasing rainfall have not been recorded. This study aims to address how changing rainfall patterns will contribute to runoff from managed lands. Specifically, this study will assess the current state of soil from lands managed differently in Mo’orea in terms of compaction and soil water content as well as compare the volumes of runoff from the soil from managed for grazing with the soils of non-managed lands of the nearby vegetation of grassland and forest. 
Methods 
Study site 
The study was performed in Mo’orea, French Polynesia in October and November 2016. Mo’orea is a small (134 km2) and rugged island, with peaks about 1000m. Human settlement and land use is greatest along coastal areas and in the island’s flat river valleys. Three sites, each representative of major vegetation types on the island, rangeland, grassland, and forest, were selected within ‘Opunohu Valley on the Island’s north shore (Fig. 1). The grassland site is about 1.2 km southeast of the rangeland site, and the forest site is about 3.6 km southeast of the rangeland site, which is near the base of ‘Opunohu Valley. 
Field sampling 
Soil samples were taken from each of the three sites (Fig. 1) to the lab for further experimentation and analysis. The forest site and grassland site are on accessible public land. The government owns the rangeland site, but permission to use the site was granted verbally by Philippe Couraud, a government official (P. Couraud, pers. comm., October 2016). At each study site, rangeland, grassland, and forest, a 20 x 60 m area was surveyed using three 60 m line transects every 10 m (Figure 2). A 15 cm deep soil sample was collected using a soil auger every 5 m. Samples collected using the auger were kept in separate, labeled plastic bags and immediately placed in an opaque bag to keep the samples out of the sun while in the field. The samples in bags were returned to the lab for further analysis. Samples were never collected during rainfall; however, time since the most recent rainfall when samples were collected varied by 12 to 24 h. 
Soil bulk density and water content
Prior to laboratory analyses, all clumps in the soil samples were broken up by hand while the sample was sealed in its plastic bag. Each 15 cm sample was taken out of the bag, weighed using an electronic scale, and then placed on either newspaper or white paper in a flat area and kept in a cool, dry place for 24 h. During this drying period, soil samples were mixed every 8 h using a flat metal spatula. After 24 h, the samples were weighed a second time using the same scale and placed back into their respective plastic bags. Sample weights were used to calculate bulk density, which was determined using the following equation (Brown & Wherrett, 2016): 

Soil volume was calculated with the dimensions of the soil auger. Since each sample was taken 15 cm deep and the radius of the auger is 1 cm, the soil volume used for each calculation was 47.1 cm3. Bulk density measurements were used to determine relative compaction. Percent soil water content was calculated using the following equation (Brown & Wherrett, 2016): 

Runoff experiment
Three identical 750 cm3  boxes were constructed using cardboard, Gorilla glue, mesh, and plastic for use in the runoff experiment. The boxes were made in as close accordance with a published protocol for soil runoff experiments as was possible with the available supplies (Kibet et al., 2014). Dried soil samples were then sieved and mixed together by site. No samples from different sites ever came into contact. The sieved, mixed soil was then packed into the three boxes using a heavy, flat rock to evenly pack the soil. The boxes were placed on a slight slope with a runoff collecting glass at one end of each box. 
Each box was subjected to a different simulated rainfall treatment. The three treatments were representative of three different rainfall scenarios: (I) normal rainfall during the wet season, (II) projected increased rainfall during wet season, and (III) an extreme rainfall event. The amounts of water used in each simulated rainfall treatment were calculated and rounded up based on current and predicted average monthly rainfall data and are as follows: (I) 452 ml, (II) 600 ml, and (III) 870 ml (World Weather and Climate Information, 2016). The water was measured using a beaker and added to each box. Ideally, a pressurized water system that puts out a constant flow rate and water droplet size would be used to accurately simulate rainfall as well as possibly change flow rate and droplet size (Kibet et al., 2014). Due to lack of equipment, water was simply added to the soil boxes through a container with three 5 mm holes drilled in to simulate raindrops. Time required for the added water to begin to flow from the boxes from when it first hit the soil surface was measured in each scenario. The runoff water from each treatment was collected and measured.  
Statistical analysis 
Two separate ANOVA tests were performed in R (R Core Team, 2013) to test for a significant difference between the average soil bulk density measurements from each site and a significant difference between the average soil water content from each site. A Kruskal-Wallis rank sum test was used to test for a significant difference between the average times it took for water to run off of the soil from each site. This test was used to substitute what would have been a third ANOVA, as the time to runoff data were non-parametric. A Regression analysis was also run in R to test the relationship between soil bulk density and time to runoff per each study site and rainfall scenario. This statistical test was selected since data were non-parametric. Finally, a Chi-Square test was used to test for difference in runoff volume by study site and treatment (Ambrose et al., 2007). 
Results 

Soil bulk density and water content

The grassland study site had a significantly higher average measurement of soil bulk density compared to both the forest and rangeland study sites (1.10 g/cm3, 0.99 g/cm3, and 0.94 g/cm3, respectively, ANOVA F=11.37(2,105), p-value < 0.001; Fig 3). A TukeyHSD post hoc test of the ANOVA showed the significant difference was between grassland and rangeland average soil bulk density (p-value < 0.001) and grassland and forest average soil bulk density (p-value < 0.005).  

Another ANOVA on the soil water content data found a significant difference between average soil water content values (p-value < 0.001; Fig. 4). The grassland study site soil had significantly higher average soil water content at an average of 32% water in the soil, compared to the rangeland and forest soils, which both had an average of 23%. A TukeyHSD post hoc analysis showed the significant differences is only between the grassland and rangeland (p-value < 0.001) and grassland and forest (p-value < 0.001) soil water contents. The rangeland and forest soils had insignificantly different soil water content (p-value > 0.05). 

Runoff experiment

Grassland soil had a significantly higher average time to runoff, taking an average of 49.32 s for water to runoff, compared to rangeland (average of 23.39 s) and forest soil (average of 27.24 s) (Kruskal-Wallis rank sum test, chi-squared = 7.2, p-value < 0.05; Fig. 5). The statistical test ran for these data shows that in all rainfall scenarios, grassland soil takes, on average, a significantly longer time for water to runoff. 

Average bulk density and average time to runoff were plotted against each other to show the relation between the two variables (Fig. 6). A strong correlation between the two variables was found using a linear regression (F = 126.73 (1,7); p < 0.001). There is a positive correlation between increasing bulk density and increasing time it takes for water to runoff the soil (R-squared = 0.948). 

Within each rainfall scenario, each soil study type contributed insignificantly different amounts of runoff water. No statistical difference was found between the percent of runoff water collected from each study site within each simulated rainfall treatment (Pearson’s Chi-squared test, chi-squared= 18, p-value > 0.05; Fig. 7). 

Discussion

The grassland soil had a significantly higher average soil water content at an average of 32% water per sample, compared to the soil water content averages of the rangeland and forest soils (both 23% water per sample; Fig. 4). Although this finding supports the prediction of the rangeland having the lowest relative soil water content measurement, there is no relation between bulk density and soil water content in the soils studied as expected. 

The results from the ANOVA test show that the grassland soil had a significantly higher bulk density than the rangeland and forest soils. This result rejects the expectation that the rangeland soil would be the most compacted out of the three study sites soil due to the presence of large grazing animals. The rangeland soil had the lowest measured average bulk density at 0.94 g/cm3, which was significantly lower from the grassland soil bulk density measurement (1.10 g/cm3) and slightly lower than the forest soil bulk density (0.99 g/cm3), though insignificantly different (Fig. 3).  There are about 40 grazing animals for 45 hectares of land, which is considered a low intensity stocking rate and would likely not compact the soil (Alley, 2010; P. Couraud, pers. comm., 2016). 

This study found a strong positive correlation between increasing bulk density and increasing time to runoff (R-squared = 0.9477; Fig. 6). It was expected that with increasing soil bulk density, time it too for water to oversaturate and runoff the soil would decrease since higher bulk density means less pore space to hold water, showing a negative relation between the two variables (Brown & Wherrett, 2016). However, the results show that with increasing bulk density, it took more time for water to runoff, showing that there was a correlation, but a positive one. 

A possible explanation for the most saturated water taking the longest for water to runoff of it is that the soil with the highest water content (grassland) held water in the simulated rainfall experiment the longest because of water has strong molecular bonds that may be holding the artificial rainwater to the soil for longer compared to the forest and rangeland soils with lower average water contents (dos Santos et al., 2016). Although all samples of soil were put through the same drying procedures, soil from different study sites were likely more moist to begin with than others and needed a longer drying period. Ideally, a drying oven would be used to get more accurate measurements of bulk density to ensure that there is no remaining moisture in a dry soil sample; thus ensuring minimal error in methodological procedure (Brown & Wherrett, 2016).

The lands used for grazing in ‘Opunohu Valley are composed primarily of alluvial and colluvial sediments (Leopfsky et al., 1996). The loose structural nature of alluvial and colluvial sediments makes such sediments vulnerable to damage by grazing animals (Chen et al., 2012). In tropical regions, soil bulk density ranges from 0.5 g/cm3 to 1.9 g/cm3, with a mean of about 1.4 g/cm3 (Minasny & Hartemink, 2011), putting the highest measured average soil bulk density from this study (1.10 g/cm3) at just below tropical averages. By those standards, no soil from this study is at a high soil bulk density or compacted. Although intensive grazing has been linked to increased concentrations of water runoff along cattle tracks (Shelberg et al., 2016) and increased soil erosion (Kondolf et al., 2002), these findings support results from an alternate study that found no link between grazing and increased runoff or soil erosion (Moir et al., 2000). The rangelands are being managed for grazing at a low enough intensity to not cause soil compaction detectable by soil bulk density measurements. 

Despite the grassland soil having the highest soil water content, it took the longest time on average for water from all three simulated rainfall scenarios to runoff the soil at 49.32 s, compared to the forest soil (27.24 s) and the rangeland soil (23.29 s)(Fig. 5). These unexpected results may be explained by soil factors that were overlooked in the field. Abundance, frequency, or sizes of rocks in soil samples were not extensively noted. Higher amounts of rocks and rock fragments in soil can increase soil hydraulic properties (Sauer & Logsdon, 2002). 

The volume of runoff water measured contributed by the soil from each study site in each simulated rainfall scenario was found to not be significantly different (Fig. 7). A power analysis indicates that increased trials of the simulated rainfall experiment would possibly show a significant difference or show that there is no difference in the amount of runoff contributed by each study sites’ soil in each rainfall scenario (R Core Team, 2013). Since the soil moisture content, soil bulk density, and time to runoff of the grassland soil samples were all significantly higher than the forest and rangeland soil samples, more simulated rainfall trials would probably show a significant difference in the amount of water runoff from the soils from different sites. 

The statistical and experimental results of this study did not follow the expectations that lands managed for rangeland will respond to increased rainfall events with increased runoff. The results show that the grassland areas take the longest amount of time for water to runoff, suggesting that differently used and managed lands respond differently to increased rainfall. This study found that soils representative of different land uses in ‘Opunohu Valley have different physical properties, such as soil bulk density and soil water content. Furthermore, results support the findings of previous studies that ‘Opunohu Valley is likely composed of alluvial and colluvial sediments (Leopfsky et al., 1996). Recommendations for further study would be to increase simulated rainfall trials and to look at different soil physical properties compared to different land uses, such as soil organic matter, infiltration rates, and rock fragment abundance.
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