
 

 

The influence of goats on soil hydrological 
properties on semi-arid Bonaire 

MSC Thesis Report, April 2017 

Asha Vergeer 
 

Supervisors: Dr. Milena Holmgren (REG), Dr. Klaas Metselaar (SLM)  

 

 

 

  

 

 

 

 

 

 

Wageningen Univeristy and Research 



 

 

The influence of goats on soil hydrological properties on semi-arid Bonaire 

 

Asha Vergeer 

April 2017 

 

MSc Thesis Resource Ecology (REG-80436)  

MSc Forest & Nature Conservation (MFN) 

Wageningen University & Research (WUR) 

 

Supervision:  

Dr. Milena Holmgren, Resource Ecology Group (REG), Wageningen University & Research  

Dr. Klaas Metselaar, Soil Physics and Land Management Group (SLM), Wageningen 

University & Research 

 

Supported by: 

STINAPA Bonaire National Parks Foundation 

Wageningen Marine Research (former IMARES) 

 

Cover photo: Asha Vergeer 

 

 

 

 

This MSc report may not be copied in whole or in parts without the written permission of 

the author and the chair group. 

 

 

  



 

 

Acknowledgements 

Realising a master thesis is not such an individual task at all, when you come to think of 

all the people that help and support you in the process. There are many people that I 

would like to thank for helping me further, in each their own way. First STINAPA and its 

WSNP manager, Paulo Bertuol, for offering great accommodation in the park and 

arranging all the materials. Also in STINAPA my great thanks go out to the WSNP rangers 

Kultura, Ruthsel, Henry, George, Cliff, Jonathan and Rishison, who were always there to 

drive me to my daily research locations, meanwhile teaching Papiamento and local 

cooking skills, and willing to lend a helping hand any second. My colleagues and friends 

Nikkie, Moniek and Sanne for the pleasant company, interest in my work, hints and tips, 

fieldwork assistance, taxying, fun evenings and the pool. Kitty and Nick for a million 

messages, being my steady lifeline to home. And furthermore everyone I got to know in 

these months: Quirijn, Nick, Frances, Emily, Maddi, Rafa, Amy: you have made Bonaire a 

great experience for me.  

I could not have done this without the help of my supervisors Klaas Metselaar and Milena 

Holmgren, thank you for skyping, motivating, comforting, and sharing so much expertise, 

time and effort both in the field and back home. Also from the WUR, I owe many thanks 

to Herman van Oeveren and Piet Peeters for helping me finding and preparing all the 

necessary field equipment and processing my samples. I want to thank Ivan Hernandez 

for helping out with some tough statistics in such a short time notice. Last but not least, 

all partners in crime in the Gaia thesis room, it’s been great supporting each other in the 

more and less productive moments.  



 

 

Abstract 

Invasive species are known to alter ecosystems all over the world. On the island of 

Bonaire, domestic goats (Capra hircus) were introduced in the 16th century. Today, their 

descendants occur on the entire island in the form of feral species and free roaming 

domestic animals, grazing and browsing on various plant species. Considering that goat 

trampling behaviour may cause topsoil structure amelioration and restriction of 

infiltration, it is likely that the goats on Bonaire increase the island’s susceptibility to 

erosion by mechanical disturbance. Bonaire likely had a climax vegetation of dry tropical 

forest in the past. However during the last centuries woody species and tall columnar 

cacti are diminishing and the vegetation on the island is largely transformed into a cacti-

dominated scrubland with large expansions of bare soil.  

A long term goat exclusion experiment in Washington Slagbaai National Park was set up 

9 years ago. Recent research here has already shown that goat exclusion increases 

vegetation recovery. Apart from direct herbivory effects, the vegetation may also benefit 

from improving soil hydrological conditions resulting from eliminating goat herbivory and 

trampling effects. The aim of this thesis was to determine the role of goats on soil 

hydrological properties though conducting water-runoff simulations and infiltration tests. 

9 year goat exclusion did not result in a difference in water and sediment runoff quantity. 

The litter percentage inside exclosures was higher, correlating with a lower soil 

temperature and higher soil moisture content. Where goats have access we found a 

higher amount of organic matter runoff, meaning that relatively more organic matter is 

retained inside the exclosure in case of a rain event. This shows us that goat exclusion is 

likely to play a role in the soil’s capacity to recover nutrient levels and soil moisture 

content. 
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1. Introduction 
 

1.1 Problem statement 
Bonaire is a Caribbean island of roughly 35 x 8 km, situated 85 km north of Venezuela 

(Debrot and Wells 2008) (fig. 1). Together with Aruba and Curacao, Bonaire forms the 

Leeward Dutch Antilles. The total North-West tip of Bonaire is covered by Washington 

Slagbaai National Park (‘WSNP’). This nature reserve was established in 1969 and is the 

oldest nature reserve of the Dutch Caribbean (STINAPA Bonaire 2016).  

Due to its hot semi-arid climate (according to the Köppen-Geiger climate classification 

system) with a mean temperature of 27.6 ⁰C and an annual precipitation of 550 mm, 

Bonaire likely had a climax vegetation of dry tropical forest in the past (Hulsman et al. 

2008; Paulson, de Haseth, and Debrot 2014). However since Spanish and Dutch 

colonialists started exploiting the land 500 years ago (Westermann and Zonneveld 1956), 

(in-)direct anthropogenic influences have been causing trees and tall columnar cacti to 

diminish. Today the island vegetation has been largely transformed into a cacti-

dominated scrubland with large expansions of bare soil.  

Next to overexploitation and habitat destruction, it is generally believed by biologists that 

the next important human induced manner of species extirpation is the introduction of 

non-native species into an ecosystem (Vitousek et al. 1997; Wilcove et al. 1998), be it 

either deliberate or accidental (Mack and Lonsdale 2001). When these species threaten 

ecosystems, habitats, or species they are designated ‘invasive alien species’ (CBD, 

2008). In the entire  Dutch Caribbean, as much as 211 alien plant and animal species 

have been recorded (Smith et al. 2014).  

Figure 1 Location of Bonaire in the Caribbean Sea. Picture adapted from: Google Earth 
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Invasive species can have a large impact on the ecosystems, especially on small islands 

where species are intrinsically more vulnerable to extinction (Wilcove et al. 1998; Clout 

2002; Cromarty et al. 2002; Traveset and Richardson 2006). The Dutch Ministry of 

Economic Affairs has therefore assigned a high priority to the problems with invasive 

species on the Dutch Caribbean (Ministerie van Economische Zaken 2013).  

1.2 Theoretical background 
In the 16th century, Spanish colonialists introduced sheep, donkeys, cattle and goats on 

Bonaire as a source of meat (Westermann and Zonneveld 1956). Today, goats (Capra 

hircus) remained as the most abundant group thriving as an feral species, and are 

therefore considered as invasive. Although measures are taken to reduce goat numbers, 

a recent research estimated the number of goats in WSNP national park at 11,000 

individuals; implying an average density of 2.7 goats per hectare (Geurts 2015). Feral 

livestock is likely to threaten biodiversity (Peco et al. 2011). On Bonaire mainly goats are 

blamed for the current terrestrial vegetation transition, through the grazing, browsing 

and trampling behaviour of these invasive animals.  

Plants on Bonaire have not co-evolved with large herbivore mammals that have the 

potential to damage big shrubs, trees, and cacti. The largest native herbivore on Bonaire, 

the green iguana (Iguana iguana), feeds on leaves but does not browse on woody plant 

parts. It is assumed to only marginally browse on cacti (van Grinsven 2015). In general 

this means that vegetation is therefore not adapted to high grazing pressure, which is 

why the impact of introducing a large grazer such as a goat can be strong (Bowen and 

Van Vuren 1997; Oduor, Gómez, and Strauss 2010). Previous research in WSNP has 

shown that goat presence reduces vegetation abundance and rejuvenation (Coolen 

2015). Goats graze on herbaceous plants and browse on woody species, feeding on 

juvenile as well as on adult vegetation. They are extreme generalists that also eat plants 

with spines, such as cacti (Coblentz 1978; Van Grinsven 2015). All three species of 

columnar cacti present on the island and typical in the landscape are suffering from goat 

browsing (van den Ende 2015). Even though there is no direct feeding competition for 

cacti fruit by goats, the fruit quantity is reduced by grazing damage on the cactus and 

the flowering period is delayed (Peco et al. 2011). On Bonaire, there are several 

characteristic species, such as the endemic yellow shouldered amazon (Amazona 

barbadensis) and the fruit bat species Curaçaoan Long-nosed Bat (Leptonycteris 

curasoae), that rely on the columnar cacti flowers and fruits (Petit and Freeman 1997). 

Vice versa, the cacti depend on the animals as their main pollinators and seed dispersers 

(Nassar, 2015; Birdlife international, 2016). Thus the delay in flowering period causes 

harm to both the animals and the plants.  

In semi-arid climates, water and nutrient availability are limiting factors for primary 

production of biomass (Breman and de Wit 1983; Tucker et al. 1983; Zhang et al. 2005). 

Under normal circumstances on Bonaire, a fraction of 5% of the rainwater is left to 

infiltrate into the soil, as the remainder runs off into the ocean or evaporates (Nolet and 

van der Veen 2009). However, the devastating effect of goats on regeneration of the 

natural vegetation on Bonaire is likely to increase runoff. A relative increase in runoff to 

the detriment of infiltration would exacerbate the existing drought stress on the 

vegetation.  

Related to an increase in water runoff, there are also reasons to research whether goat 

behaviour aggravates soil erosion. The Revised Universal Soil Loss Equation (RUSLE) is a 

model that is widely used to make erosion predictions based on rainfall erosivity,  
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soil erodibility, slope, and vegetation (USDA 2016). Soil erodibility is defined by particle 

size of the soil, organic matter content, soil structure and profile permeability.  

I hypothesize that goat behaviour will affect the model parameters vegetation and soil 

erodibility, and thereby increase runoff of nutrient rich sediment into the ocean. This is a 

problem for Bonaire because the resulting nutrient pollution in coastal waters damages 

biodiverse coral reefs (Bruno et al. 2003; Sandin et al. 2008; Walsh 2010; Smith et al. 

2014), which surround the island. The role of goats in the causes and effects that drive 

these changes are covered more in depth in conceptual model in the next section.  

2. Conceptual model 
Analyses have shown that a high grazing pressure in semi-arid regions causes potential 

environmental degradation by creating a lower water retention capacity, water runoff 

attenuation and soil erosion in the terrestrial ecosystem (Stavi et al. 2008; Cortes 2012). 

Given the importance of the quality of Bonaire’s ecosystems for the preservation of 

(endemic) species and the local economy, it is essential to have a thorough 

understanding of the processes that drive the hydrological changes that underlie the 

degradation of terrestrial and marine habitats. Therefore, this research aims to create an 

understanding of the influence of this invasive species on the vegetation and soil of 

Washington Slagbaai National Park. There are multiple mechanisms that explain how 

goats may possibly affect soil erosion in the ecosystem of WSNP (fig. 2).  

The first causal factor to consider is herbivory. This causes a reduction in vegetation 

cover that has multiple effects on the system. Soil hydrological properties may be altered 

by several effects resulting from herbivory. The reduction in plant cover and mass can 

have the following consequences that ultimately influence soil moisture content and other 

key factors for the survival of the current ecosystem: 

 A reduced mechanical barrier that vegetation forms during a rain event, 

enabling more water and sediment and thereby nutrients to run off the surface. 

Thus, grazing behaviour can create a positive feedback loop between reduced 

vegetation and reduced nutrient and water retention (Rietkerk and van de Koppel 

1997) 

 Less litter mass and thereby a lower soil organic matter (SOM) content,   

 Less shading, causing the soil temperature to increase more and as a result 

evaporate more moisture than a shaded soil would.  

All these mechanisms have a negative effect on soil moisture content. In addition 

there are several more negative feedback loops included in this conceptual model that 

show a possibly further self-enhancing reduction in vegetation. Lower vegetation cover 

and soil moisture content can aggravate soil erodibility. Removal of topsoil by runoff 

influences water and nutrient availability.  

Apart from direct grazing-induced vegetation loss, also trampling of soil by goat hooves 

is a second causal factor that this research will take into consideration. In areas with high 

grazing pressure, trampling on dry soil is known to compact the upper soil layer (Warren 

et al. 1986; Pietola, Horn, and Yli-Halla 2005). Thus, goat trampling results in a higher 

soil bulk density (SBD), which is one of the influential factors on soil moisture retention 

(Gupta and Larson 1979; Jabro 1992). Also, the mechanical disturbances that are 

induced by goat trampling cause a change in soil pore distribution and a decline in soil 
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pore size. As a result of these changes, hydraulic conductivity as well as the moisture 

retention capacity of the soil will decrease,  i.e. there is less water available in the root 

zone for plants to utilise (Martínez and Zinck 2004; Kutílek, Jendele, and Panayiotopoulos 

2006; Krümmelbein, Peth, and Horn 2013). A lower infiltration capacity increases the 

risk for surface runoff, which allows erosion processes to remove sediment and nutrients 

from the system, This makes the area prone to further vegetation degradation. Soil 

erodibility does not respond linearly to vegetation cover, meaning small changes in 

vegetation can have large erosion effects in an affected ecosystem. Therefore trampling 

by goats is the second causal factor to consider when researching effects of goats on the 

national park. 

Bonaire is well known for its underwater ecosystems that make it a prime diving location 

and an important driver for the local economy. However, there coral cover on the reefs of 

Bonaire has been steadily decreasing over the last 30 years (Bak, Nieuwland, and 

Meesters 2005). Many man-induced changes are believed to contribute to this 

degradation, such as coral bleaching, coral diseases and overfishing (Beets 2001; 

Bellwood et al. 2004; Feely et al. 2004). Also sedimentation of fine particles on reef 

surface causes coral mortality (Vermeij et al. 2011). Therefore the runoff of soil and 

organic matter into the ocean is a threat not only to the terrestrial but also to the marine 

ecosystem of Bonaire.  

The soil hydrological condition is not exclusively determined by the causal factors 

herbivory and trampling, therefore additional relevant processes that influence soil 

moisture characteristics must be taken into account. In the next section the scope of the 

problem statement is expanded with mechanisms that have influenced, or are still 

influencing, the development of the current soil hydrological state in WSNP. 

Figure 2 Conceptual Model. Goat driven mechanisms affect soil hydrological properties, and increase 

soil erosion. The +/- signs show positive or negative influences between the terms of the model. 
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3. Research objective 

3.1 Main Objectives 
Especially in the management of WSNP, the impact of goats on the ecosystem is a topical 

debate (Antilliaans Dagblad 2014). It is believed that the introduction of this generalist 

herbivore contributed to the ecosystem transformation through combined and 

subsequent effects of their grazing and trampling behaviour (Westermann and Zonneveld 

1956; Debrot and Wells 2008; Cortes 2012). As mentioned above, previous studies have 

proven that direct herbivory reduces vegetation health and quantity. There are, however, 

other mechanisms that contribute to this transformation, which can be attributed to 

goats. No research has - to our knowledge - been conducted on the impact of goats on 

other mechanisms regarding ecosystem fitness in the park.  

The objective of this research is therefore to understand the role that goats have on 

erodibility and infiltration capacity of the soil. I determined soil properties in experimental 

plots from which goats had been excluded about 10 years ago with comparable adjacent 

plots where goats have free access (Coolen 2015). Three types of factors were studied: 

 First, the water runoff and erodibility of the surface were determined by 

conducting rainfall simulations that provide local quantitative runoff data.  

 Second, unsaturated hydraulic conductivity of the soil was determined using 

infiltration tests.  

 Third, environmental parameters that are linked to the hydrological state of the 

soil were measured.  

These categories together contain the most important hydrological soil characteristics 

that may differ between areas with different intensity of goat grazing and trampling 

pressure.  

3.2 Research questions, predictions and hypotheses 
 

1. Does goat exclusion affect soil erosion? 

Soil erosion depends among others on vegetation and soil erodibility. Goats are expected 

to influence these parameters through their trampling and browsing behaviour, and 

thereby increase water runoff, organic matter runoff and sediment runoff. To measure 

the effect of goats on these parameters, the following sub-questions were formulated for 

this research. 

1.1  Does goat exclusion affect water runoff? 

As earlier research has proven, goat exclusion increases vegetation cover. 

Vegetation can reduce the speed of the water flow, thereby giving water more 

time to infiltrate into the soil and reducing overland flow.  A direct increase of 

infiltration due to changes in soil pores is also possible, as plants create 

preferential flow along roots and along channels remaining after root death. 

Furthermore, there may be effects on soil (micro)fauna which increase porosity. 

Thus, infiltration is expected to increase with more vegetation.  

Water runoff is measured is because it gives information on the potential erosion 

further downslope. Even though the flux does not carry much soil at the site of 

experimental plot, it may do so on a location where soil erodibility is higher.  
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For above mentioned reasons, the prediction for this sub-question is that 

exclusion of goats will reduce water runoff. I therefore hypothesise that 

water runoff is lower in goat exclosures. A closely linked hypothesis is that 

infiltration is higher in goat exclosures. 

 

1.2 Does goat exclusion affect soil runoff? 

Soil erosion causes both undesirable nutrient decline in the terrestrial ecosystem, 

and eutrophication in the marine ecosystem. Soil can be divided into two main 

components: sediment (all soil inorganic material) and SOM (Soil Organic Matter).   

 

1.2.1 Does goat exclusion affect SOM runoff quantity? 

Organic material plays a role in nutrient supply and moisture content of the 

soil. It is proven that goat absence enhances vegetation cover (Coolen 

2015). It is thus expected that the amount of dead plant material will be 

higher inside the exclosures. Depending on the biological activity this will 

be incorporated more or less quickly into the soil as SOM. On the other 

hand, it is expected that water runoff, and therefore a stronger eroding 

flow, will be lower inside the exclosures. It is thus not possible to make a 

specific prediction for this sub-question. The hypothesis that will be tested 

is: the amount of soil organic matter contained in runoff differs 

inside and outside goat exclosures.  

 

1.2.2  Does goat exclusion affect sediment runoff quantity? 

Goat activities may alter sediment runoff in two ways. First, their ability to 

reduce vegetation will result in a lower soil vegetation cover, leaving more 

bare soil sensitive to direct rainfall impact. Also, roots that bind soil 

particles will be fewer, so sediment erodibility is likely to be higher. This is 

further enhanced by a stronger runoff flux due to higher SBD caused by 

trampling and a lower vegetative mechanical barrier caused by browsing. 

The prediction for this sub-question is that goat exclusion will decrease 

the quantity of sediment contained in runoff, and the hypothesis that 

will be tested to prove this prediction is that the quantity of sediment in 

runoff is lower inside goat exclosures.  

 

2. Does goat exclusion affect actual soil moisture? 

Actual soil moisture content (SMC) is an important soil property for vegetation in a semi-

arid area. This variable can be measured directly in the soil. However actual SMC 

fluctuates strongly over time and on a small spatial scale. To better understand the 

relationship between goats and actual SMC also other variables that can be related to 

goat presence and actual SMC have been tested in the field. 

 

2.1 Does goat exclusion affect actual SMC? 

The actual SMC is measured in the field directly, at shallow depths. Goat presence 

is expected to reduce infiltration, increase water runoff quantity and reduce soil 

organic material and increase evaporation. We would expect goat exclusion to 

result in a higher actual SMC. An alternative argumentation is that 

transpiration in the exclosure may increase if there is a larger amount of shallow 

rooted vegetation inside the exclosures, leading to lower SMC inside the 
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exclosure. This factor is not expected to outweigh the other factors. If there are 

differences in vegetation cover, notably in the herb layer inside the exclosures, we 

therefore have to modify the expected outcome. Thus, the hypothesis for this 

sub-question is that actual SMC is higher inside goat exclosures, conditional 

on (herbal) vegetation differences. 

 

2.2 Does goat exclusion affect infiltration capacity? 

Goats are expected to increase runoff by trampling the soil, which increases soil 

bulk density. A denser soil with less pores reduces the infiltration rate, causes 

more runoff and will show a lower soil moisture increase in case of a rain shower. 

This specific soil property will therefore be tested in the field. It is predicted that 

goat presence will cause a decrease in the infiltration capacity of the soil. 

Therefore, the hypothesis is formulated as follows: infiltration capacity is 

higher inside goat exclosures.  

 

2.3 Does goat exclusion affect environmental variables? 

Actual soil moisture content is defined by short term processes. As we are 

interested in long term changes, several additional environmental variables that 

are related to actual SMC and goat presence have been measured. First, different 

types of soil cover can affect evaporation and infiltration. Therefore 3 different 

types of cover were measured. Actual soil temperature was also measured since a 

higher actual soil temperature could cause higher evaporation rates and thereby a 

lower actual SMC. The following soil cover variables were measured: litter, gravel 

and bare soil. They are described by the percentage of cover inside the measuring 

plot. It is known that goat absence corresponds with more vegetation. Soil 

disturbance by trampling may cause gravel to surface more. Shading by 

vegetation is expected to reduce soil temperature. Therefore predictions are that 

bare soil cover percentage, gravel soil cover percentage and actual soil 

temperature will be lower inside goat exclosures, while litter cover 

percentage will be higher. The following hypotheses on environmental 

variables are formulated: 

- Litter cover percentage is higher inside goat exclosures 

- Bare soil cover percentage is lower inside goat exclosures 

- Gravel soil cover percentage is lower inside goat exclosures 

- Actual soil temperature is lower inside goat exclosures 
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Figure 3 Average monthly precipitation over the year on Bonaire (Picture source: 
en.climate-data.org) 

4. Study area 
 

4.1 Climate 
The majority of a yearly precipitation on Bonaire (280 mm, fig. 3) usually falls from 

October till January, consequently leaving  a 160 mm, i.e. an average amount of 20 

mm/month over the remaining 8 months. As stated above, Bonaire has relatively 

constant warm and dry weather conditions. These weather parameters are principal 

increasers of evapotranspiration (Allen et al. 1998), together with the mostly high 

radiation levels (Weather Online 2017) and wind speeds (north-eastern trade with an 

average 22 km/h) (Royal Netherlands Meteorological Institute 2016).  

 

The climate of Bonaire is also influenced by the ENSO (El Niño Southern Oscillation) 

phenomenon which causes interannual variation in  rainfall levels. The ENSO is a climatic 

event causing drier and wetter periods recurring every 3 – 7 years (McPhaden 2004). The 

months during which the field work of this study took place were ‘extra dry’ due to a 

strong El Niño in 2015, according to the Royal Netherlands Meteorological Institute 

(Royal Netherlands Meteorological Institute 2015). This strong drought was also 

observed by the WSNP chief ranger and other locals (G. “Kultura” Thode, P.C., february 

2016). To illustrate: during the 9 week field work period (15-2-2016 until 09-04-2016) 

there was only one modest rain shower. Unfortunately no exact rain data were recorded 

during that time. As an effect of the low precipitation, the drought resistant vegetation is 

now visibly suffering from water shortages (fig. 4).  
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4.2 Geology 
Bonaire was likely formed as part of a volcanic arc resulting from an intra-oceanic crust 

subduction, creating the Bonaire block around 85 million years ago (Levander et al. 

2006; Van Der Lelij et al. 2010).  Because of its geological history, the island can be 

roughly divided into two rock types (Zapata et al. 2014). 

Bonaire’s magmatic rocks are grouped in a geological unit known as the ‘Washikemba 

formation’. Today, the remainders of this volcanic activity still show in the landscape in 

areas with relatively high relief and altitudes (Washikemba Formation, fig. 5A). Subí 

Brandaris is the remainder of the volcano core and with 241 m it is the highest point of 

the island.  

Fringing the outline of the volcanic core are mostly quaternary limestone terraces; large 

horizontally layered rock formations that are typically flat on top (Pijpers 1933; Zapata et 

al. 2014). These are coral limestones. Due to sea level fluctuations and a slow tectonic 

uplift of the island these limestone plateaus differ in age, altitude and height (Schellmann 

and Radtke 2004). The oldest limestone terraces can be found on the highest altitudes 

and the youngest on the lowest altitudes (Hippolyte and Mann 2011). Their morphology 

in the landscape is unmistakable, showing plains with sharp jagged rocks or fossil rich 

rock formations (Fig. 5B).   

Figure 5 Landscapes of the Washikemba formation (A) and Limestone Formation (B) (Pictures: A. Vergeer) 

Figure 4 Visible drought stress on the vegetation in WSNP, March 2016 (Picture: A. Vergeer) 
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Weathering and pedogenesis of the magmatic and limestone parent materials resulted in 

the different soil types that can be found on the island today (fig. 6). Its geological 

history thus causes soil types to differ strongly on a small spatial scale. In WSNP, soils 

formed on the limestone terraces at the edge of the island are mainly sandy (loamy sand 

and sandy loam). On the Washikemba formation in the centre of the park, soils generally 

have a finer fraction (sandy clay loam, loam and silt loam). This means that there is 

spatial variability in infiltration and moisture retaining capacities of the soil, and therefore 

the impact factor of goats on soil hydrological qualities is expected to be location bound. 

 

4.3 Historical land use  
In 1868, the current WSNP area consisted of two plantations:  Washington and Slagbaai. 

They produced salt, charcoal, construction timber, divi-divi pods (Caesalpinia coriaria) for 

leather tanning, firewood and Aloe vera. Especially production of timber and charcoal 

affected the woody species on the island. On the entire island a vast proportion of trees 

was cut down for these purposes, causing tree abundance to decline (Westermann and 

Zonneveld 1956). This happened mostly on the edges of the island where the 

transportation routes to the sea are shortest. The effects are still visible today as the 

remaining older trees are predominantly located in the centre of the island.  

Figure 6 Bonaire soil map. Adapted from: ESRI ArcGIS 
Base Map and Historical Soil Map Bonaire www.dcbd.nl.   



11 

 

In 1816 a commission reported on the condition of the island’s natural resources:  

“Bosschen vindt men zeer veelen, welke voorheen veel brandhout opleverde, doch zedert het eiland is 

verhuurd trekt met weinig voordeel meer daarvan wijl dezelve meestendeels uitgekapt zijn. (...) 

Zedert de verhuuring van het eiland heeft men duizenden ponden van rood verfhout uitgekapt, zodat 

er thans weinig te vinden is. Het eenigste hout, dat tot eenig nut dient, is brand-, bresiele- en 

pokhout, hoewel van ’t laatste weinig meer is. (...) Of het gevelde hout door jong hout wordt 

vervangen, wordt geheel aan de natuur overgelaten. (...) Daar het eiland zedert ’t jaar 1810 reeds 

verhuurd is geweest aan onderscheidene pachters en nu aan den heer Joseph Foulke, zoo hebben 

deze al het hout doen kappen en vooral ’t verfhout, ’t welk een der voornaamste producten is, 

zodanig dat alles geheel en al uitgeput wordt.” (Westermann and Zonneveld 1956) 

What this report shows is that already 2 centuries ago, the Dutch government was aware 

of the degrading state of the ecosystem as a result of human intervention, be it that the 

major focus of the concern in that time was on the danger of productivity limitation in the 

future and not on environmental risk. No steps were taken to replant after deforestation, 

even though the valuable wood resources were quickly depleting. Natural rejuvenation 

only was not sufficient to maintain or improve the condition of the woody species in the 

system.  

To keep the island profitable nevertheless, it was advised to concentrate on animal 

husbandry and less on agriculture. The Spanish colonists that occupied Bonaire in 1513 

most likely introduced goats as fresh meat supply (Westermann and Zonneveld 1956). 

By 1625, donkeys and goats were already commonly present on the island as semi-wild 

species (de Laet 1630) and goat trade did indeed become a major source of income. The 

fact that this manner of husbandry, in which the animals roam freely, did not aid natural 

rejuvenation on the island was probably not taken into account in the advice of the 

commission, and thus the island kept being exploited in a non-sustainable way. The 

continued practice of goat husbandry for centuries likely meant a decrease in 

rejuvenation of native species that are palatable to goats, and instead caused a 

transformation into a thorny more browse resistant plant species composition (Skarpe et 

al. 2012). Although the vegetation is not optimal goat browse (anymore), until present 

day the husbandry of free roaming goats on the island is still a common practice, causing 

stress on natural vegetation and goat health (NOS Bonaire 2014).    
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5. Methods 

5.1 Data acquisition 
Several goat exclosures were established in 2007 by the WSNP rangers. These 9x9 meter 

fenced areas protect the area inside from goats, but leave other (a)biotic factors 

unaltered. The maze of the 150 cm high fence is wide enough to allow all other small 

herbivores in (e.g. iguanas). Next to each exclosure there is a control plot that most 

closely mimics the conditions inside the exclosure, but is not fenced which means that 

goats do have access in this plot. These exclosure and control plots are respectively 

referred to as ‘in’ and ‘out’ plots. This paired plot sampling design with adjacent plots for 

comparison was established by Coolen (2015) (Appendix A). Field work for this study 

took place between 15 February and 9 April 2016, meaning the areas inside the 

exclosures had been goat free for 9 years. Plots that were used in this study were 

selected on the basis of accessibility from the main park roads. 

In conducting this field study twelve exclosures were utilised (Coolen 2015) (fig. 7). The 

plots are randomly distributed over the park and differ in altitude, parent material, soil 

type, vegetation type, and vegetation density. Thereby they represent the variety in the 

park.  

In each plot, I laid out ropes to install 6 sampling subplots at the intersections as shown 

in figure x. Because the exclosures are not exactly the same size, the distances between 

the ropes were calculated individually per plot, always keeping a constant distance 

between the ropes on the grid. All subplot locations were marked with yellow pebbles 

that are easy to find. Subplot measurements were executed pairwise, meaning I always 

measured the same subplot consecutively in the exclosure and control plot. This is done 

in order to prevent data distortion by environmental factors that vary over the day. Every 

day 3 paired rainfall simulations could be carried out, or 6 paired infiltration capacity 

tests. Thus, each subplot was visited two days for measuring erodibility and one day to 

measure infiltration capacity (appendix D). 

---    Rope 

        Subplot 

        Fence 

 

- 12 locations 

- 12 plots 

- 144 subplots 

       in       out 

Figure 7 Exclosures in Washington Slagbaai National Park (picture source: Google Earth) 
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5.1.1 Rainfall simulation 

To answer the first research question ‘will exclusion of goats affect soil erosion’ , it has to 

be determined whether goat presence influences runoff. Runoff can be the result of either 

a saturated soil or a precipitation intensity that is higher than the soil’s infiltration 

capacity. Because soils in this semi-arid environment are not likely to be saturated with 

water, especially not in the dry field research period in February and March, I expect 

runoff in this case to be the effect of ‘rainfall intensity’ exceeding the infiltration rate of 

the soil.  

Rain showers on Bonaire are not frequent, have often a low intensity, are very local and 

are hard to predict. rainfall studies based on natural events are therefore difficult to 

realise. To monitor the reaction of the soil to a rain event, it is thus necessary to mimic a 

rain shower in the field. Here an Eijkelkamp Agrisearch Equipment portable rainfall 

simulator was used to get an indication of erodibility and runoff (fig. 8). This device 

simulates a heavy shower where 1125 ml of water steadily ‘rains’ on the soil plot in 3 

minutes time, with a fixed kinetic energy of 72 J m-2. Although such a high precipitation 

level (6 mm/minute) does not represent a natural field situation, this intensity has 

proved to be a useful standard for comparing soil erodibility between different locations 

(Stroosnijder and Peters 2006; Eijkelkamp Agrisearch Equiment 2014).  

On each subplot, a rainfall simulation was conducted (Appendix B, Rainfall simulation 

protocol). To guarantee a reliable simulation, I made sure that no plants, roots or rocks 

intersected with the simulator frame and that vegetation was lower than 30 cm so that it 

did not touch the shower head of the simulator. This meant that the true subplot location 

did sometimes differ up to 50 cm from the original subplot location. In practice 8 

subplots were excluded from rainfall simulation testing because they were too rocky to 

sample, resulting in a 3% loss of the total subplot number. No subplots were excluded 

because of vegetation or root interaction because this could be avoided in all cases.  

The 25x25 cm frame (fig. 8 C) is dug into the ground surrounding the plot, to prevent 

lateral runoff during the simulation. A nozzle is installed to catch the water and sediment 

into the sample bag. The shower head (fig. 8 A) is then placed horizontally on a frame 

(fig. 8 B) using a spirit level. This, together with the correct setting of the suction tube, 

secures an even outflow that has the same volume and intensity at every simulation. 

During the 3 minute shower, all runoff is collected in a bag at the end of the nozzle. After 

the simulation, any debris left on the nozzle is added to the sample. The data were noted 

on the rainfall simulator field form (appendix C).   

Figure 8 Rainfall Simulator. Left: Water runs off the subplot over the nozzle into the sample 

bag during a simulation in plot 11 (Picture source: A. Vergeer). Right: Schematic side view of the 
simulator (Picture source: Eijkelkamp Agrisearch Equiment 2014). 
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Figure 9 TDR (Picture retrieved from: 
www.cmtequipment.com.au) 

5.1.2 Environmental variables 

To determine all possible circumstances and processes that relate to the measured 

runoff, additional variables were measured and noted on a field form during each rainfall 

simulation. In addition to date, time and the volume of the water outflow during the 

simulation also the following environmental variables were measured and noted on a field 

form (appendix B): 

Soil cover (%) 

In the 25x25 cm subplot, demarcated by the ground frame of the rainfall simulator, 

surface percentages of vegetation, rock (particle size >10 cm Ø), gravel (particle size 

0.5 – 10 cm Ø), bare soil (particle size <0.5 cm Ø), and litter were visually estimated.  

Slope (%) 

Inclination of the subplot was determined since it may influence runoff quantity and 

speed. The rainfall simulator frame was placed with the nozzle on the lowest side of the 

plot, to ensure runoff would flow in the sample bag. The percentage of the subplot slope 

was then calculated using the lengths and the distance between the front- and back legs 

of the simulator head (inclination% = 100*(rise/run)). 

Actual Soil Moisture Content and surface Temperature 

Volumetric actual Soil Moisture Content (aSMC) and soil surface 

temperature (T) were measured using a TDR (TRIME®-PICO 32 

TDR soil moisture sensor) (fig. 9). Ideally the 110 mm long rods 

of the probe are completely pushed into the soil. However due to 

the penetration resistance of  the soil in some subplots, this was 

not always possible. In these cases, extra subplot soil was added 

to cover the remaining bare part of the rods. Because this method 

may affect the readings due to a changed soil bulk density, the 

soil penetration success was noted, describing the percentage of 

the total rod length that could be pushed into the soil.  

5.1.3 Hydraulic conductivity 

Hydraulic conductivity K (mm/min) is a measure for 

the soil’s ability to let water flow through its matrix. It was determined on the same 

subplot locations as described above. A mini disk infiltrometer was used to 

experimentally determine K in situ field measurements (fig. 10) (Appendix D: protocol). 

This tension infiltrometer measures the unsaturated hydraulic conductivity, and thereby 

gives an indication of how quickly water infiltrates on a given soil. 

The disk under the tube allows water to infiltrate at a rate determined by the suction 

properties of the soil. The infiltrometer has to be placed on a relatively flat soil surface. 

Any small irregularities that affected the contact of the disk and the soil were 

smoothened by adding some sand under the disk. Because of the high hydraulic 

conductivity of sand this  is not expected to affect the measurement outcome (Decagon 

Devices 2014). The water volume in the lower chamber was determined at fixed time 

intervals, until the tube was empty or until the infiltration speed stabilised (B. Veerbeek, 

personal communication, 19-1-2016) (appendix E: field form). On subplots where the 

infiltration speed would allow it, measurements were executed in duplo and then 

averaged. This resulted in a total of 213 infiltration runs. Soil temperature at 10 cm 

depth (Fisher Scientific™ Traceable™ Lollipop™ Shock/Waterproof Thermometer)  
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Figure 10 Mini Disk Infiltrometer (Picture sources: A. Vergeer and 
http://nptel.ac.in/courses/105103025/module5/images/3.5.p) 

and soil texture class were also assessed on every subplot.  It is essential to have an 

indication of the soil texture since this variable can greatly influence the calculation of K. 

Therefore the soil texture was determined in the field using the ‘type feel analysis’ 

method (Thien 1979) (Appendix F).  

 

5.2 Data processing 

5.2.1 Runoff sample and infiltrometer data 

After collecting the runoff sample bags in the field, their total wet weight was first 

determined using a scale (fig. 11a). Then, the sample bags were opened and a cardboard 

lid was applied to let moisture evaporate but protect the sample from dust (fig. 11b). 

Next the samples were put in aluminium containers and placed in an sun oven to dry (fig. 

11c,d). To ensure precise measurement, the samples were transported to the ecology 

laboratory. Here the runoff samples were placed in porcelain cups (fig. 11e) and dried in 

an oven of 105 °C for 24 hours to determine total dry matter weight. Next they were 

heated in a glow oven at 550 °C for 24 hours to determine the OM content.  

Figure 11 Runoff sample processing.  
A) Runoff sample in coded sealed bag.  
B) Sample prepared for air drying.  
C) Samples are placed upright in aluminium containers 

with dust protection cardboard on top.  
D) Drying of samples in sun oven.  
E) Air dried runoff samples are placed in porcelain cups 
before going into the oven at 105° C and later at 550 ° C   
(Pictures: A. Vergeer) 

E 

A 
B C 

D 
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K values (in mm/minute) are determined by plotting the infiltration measurement data in 

a spreadsheet macro provided by the manufacturer (Decagon Devices 2016). The field 

and lab methods resulted in 10 different variables (Table 1).  

5.2.2 Statistical analysis 

The measured variables are depicted in Table 1 and 2. Data were statistically analysed 

using IBM SPSS statistics 22 software (IBM Corp. 2013) to identify differences between 

exclosure and control plots caused by goat exclusion, and find variables that influence 

erodibility or runoff. The experimental setup has a paired design, therefore two tests 

were selected that are designed to handle paired samples: a Linear Mixed Model (LMM) 

and a Related Samples Wilcoxon Signed Rank test (Wilcoxon). Statistical outcomes are 

considered to be significant at the p≤0.05 level.  

To see whether 9 year goat absence has an effect on the environment, differences 

between exclosure and control plots were tested for. Some of the data are non-

parametric (Table 1). In these cases the data were averaged for plot level and a 

Wilcoxon test was carried out. When data were normally distributed, or could be 

transformed into parametric data, a LMM was the method of choice. For the LMM, in 

every case the model parameters were as following: Subjects = Unique plots, Repeated 

= Subplots, Fixed factor= Exclosure, Random factor = location.  

 

Table 1 Variable overview. *In the ‘(Transformed) Parametric’ column information is provided 

on subplot data as well as averaged data per plot. The outcomes can be interpreted as respectively 

subplot/plot average. 

 

 

Variable Unit Data type (Transformed) Parametric?* 

Location # Nominal  
Subplot # Nominal  
Unique plot # Nominal  
Exclosure In/out Nominal  
    
Infiltration    
   - K  mm/min Scale Yes, Log10(var) 

- STC 1-5 Ordinal No 
Runoff    
   - Water  ml Scale No/No 
   - Sediment  g Scale Yes, Ln(var+1)/No 
   - OM  g Scale Yes, Log10(var)/No 
   - OM/soil ratio  % Scale Yes/Yes 
Environmental variables    
   - aSMC  vol% Scale Yes, Ln(var+1)/Yes 

- Soil T °C Scale No/Yes 
- Slope % Scale Yes/Yes 
- TDR penetration success % Scale No/No 

   Plot cover    
   - Bare soil % Scale No/Yes 

- Gravel % Scale No/Yes 
- Rock % Scale No/No 
- Vegetation % Scale No/Yes, Ln(var+1) 
- Litter % Scale No/Yes 
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Spearman’s rho (SR) bivariate linear correlation tests were performed to see whether 

there was a relationship between different environmental and runoff variables. When 

there are no significant differences in runoff and environmental variables between 

exclosure and control plots, this does not mean that there is no influence of goats on 

their environment. Using correlations it is also possible to detect trends that do not show 

from the paired samples tests.  

 

Table 2 Variable explanation. *See figure 7 for location, exclosure, and subplot setup.  

Variable Explanation 

Location* Number that specifies the location on which the data are collected  

Exclosure* Each location contains two plots: a fenced goat exlosure plot, where goats have 
NO access ('in') and a replicate plot outside the exclosure, where goats DO have 
access ('out') 

Unique plot A unique plot number was assigned to each plot 

Subplot* Each plot contains 6 subplots, indicated by their subplot number 1-6. The rainfall 
and infiltration measurements were performed for each of these subplots. 

  
  
K K is used to express hydraulic conductivity: the ease with which water moves 

through a soil matrix.  
STC Soil Texture Class. The 5 classes of soil texture that I encountered during this 

study are ordered from large to fine fraction as follows: 1) Loamy sand 2) Sandy 
loam 3) Sady clay loam 4) Loam 5) Silt loam 

Runoff   
- Water Water in runoff sample (ml) 
- Sediment Inorganic material in runoff sample (g) 
- OM Organic Matter in runoff sample(g) 
- OM/soil ratio Relative amount of OM in soil. OM/soil ratio = (OM / (sediment+OM)) 
Environmental variables  
- aSMC Actual Soil Moisture content in the soil, volumetric percentage at the time of 

measuring 
- Soil T Temperature of the soil surface 
- Slope Inclination percentage of the subplot surface 
- TDR penetration success What percentage of the total rod length (11 cm) was in the ground at time of SMC 

measurement? (%) 
Plot cover  
- Bare soil Surface percentage of bare soil in ground frame rain simulator (Soil < 5 mm 

diameter)  
- Gravel Surface percentage of gravel in ground frame rain simulator (Gravel > 5 mm) 
- Rock Surface percentage of rock in ground frame rain simulator (rock >10 cm diameter) 
- Vegetation Surface percentage of vegetation in ground frame rain simulator (Vegetation = all 

living plant material, including tree roots) 
- Litter Surface percentage of all dead plant material in ground frame rain simulator 
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6. Results 
The results are structured by looking back on the research sub questions. To answer 

these research questions, the rainfall simulation field and lab data were statistically 

analysed using IBM SPSS statistics 22 (IBM Corp., 2013). The experimental setup has a 

paired design, so several tests were selected that are designed to handle paired samples. 

Statistical outcomes are considered to be significant at the p≤0.05 level for all tests.   

To see whether 9 year goat absence has an effect on the environment, differences 

between exclosure and control plots were tested for. Some of the data are non-

parametric. In these cases the data were averaged for plot level and a Wilcoxon’s signed-

rank test was carried out. When data were normally distributed, or could be transformed 

into parametric data, a linear mixed model (LMM) was the method of choice. For the 

LMM, in every case the model parameters were as following: Subjects = Unique plots, 

Repeated = Subplots, Fixed factor= Exclosure/control, Random factor = location.  

Spearman’s rho (SR) correlations were used to relate runoff to the site parameters SMC, 

temperature and soil cover percentages. When there are no significant differences in 

runoff and environmental variables between exclosure and control plots, this does not 

mean that there is no influence of goats on their environment. Using correlations it is 

also possible to detect trends that do not show from the paired samples tests. 

Answers on the research questions, considering direct in/out exclosures comparisons, are 

presented in Table 3. The figure numbers in the table link to the graphs that are depicted 

further down. Accompanying these figures is a more elaborate description of the results.   

 

Table 3 Outcomes to research questions, considering in/out exclosure. 

*=p<0.05 **=p<0.01 

 

 

Research question Answer Comments 

Does goat exclusion affect 

water in runoff? 

No 

(Wilcoxon, N=12, Z=-.549, p=.583) 

(Fig. 12) 

Does goat exclusion affect 

sediment in runoff? 

No 

(LMM, n=134, df=72.147, F=2.289, p=0.135) 

Trend showing. 

(Fig. 13) 

Does goat exclusion affect 

organic matter in runoff? 

Yes, more outside exclosure* 

(LMM, df=64.4, F=5.385, p=0.023) 

(Fig. 14) 

Does goat exclusion affect 

actual SMC? 

No 

(LMM, df=107.773, F=3.117, p=.080) 

Trend showing 

(Fig. 15) 

Does goat exclusion affect 

infiltration capacity? 

No 

(LMM, df=44.981, F=.856, p=.518) 

(Fig. 16) 

Does goat exclusion affect 

environmental variables:  

  

Percentage Litter Yes, higher inside exclosure* 

(Wilcoxon, N=12, Z=-2.353, p=.019) 

 

Percentage Gravel No 

(Wilcoxon, N=12, Z=1.490, p=.136) 

Trend showing 

Percentage Bare soil No 

(Wilcoxon, N=12, Z=1.647, p=.099) 

Trend showing 

Actual temperature No 

(Wilcoxon,N-12,  Z=-.549, p=.583) 
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Water and Sediment 

Water Runoff and Sediment runoff do not show a significant difference 9 years after goat 

exclusion (fig. 12 & 13). However, there is a noticeably larger variation in sediment 

runoff in the control group. This suggests that goats may have increased erodibility in a 

small number of subplots 

 

 

Organic matter 

Organic Matter in runoff (ROM) (fig. 14) was determined for all subplots, and was 

significantly lower inside than outside exclosed plots, with mass averages of 0.092 g 

inside and 0.157 g outside exclosures. Thus, ROM is higher when goats have access.  

Spearman’s bivariate correlation analysis shows a weak positive correlation between 

litter cover and ROM (N=134, ρ=0.271, p=0.02).  

 

Soil Moisture Content 

SMC data were made suitable for LMM analysis by Ln-transformation. Comparison of 

actual soil moisture contents shows no significant difference inside and outside the 

exclosures (fig. 15). However the results show a tendency towards a higher SMC in 

exclosures with an average of 7.8% inside and 7.5% outside exclosures. (LMM, 

normalised dependent variable = Ln(SMC+1), df=107.773, F=3.117, p=0.080) 

Correlation results support this tendency, as they show that litter percentage, which is 

higher inside the exclosures, is positively correlated to the SMC (SR=0.263, p=0.002). 

Results also show that overall SMC correlates negatively with soil temperature (SR=-

0.168, p=0.053). However, no direct exclosure effects were visible on temperature 

(Wilcoxon, N=12, Z=-.549, p=.583). 

Figure 12 Water Runoff in and out. Each dot 
represents a plot. (Wilcoxon, N=12, Z=-.549, 
p=.583) 

Figure 13 Sediment Runoff in and out. Each 
dot represents a subplot. (LMM, N=134, 
df=72.147, F=2.289, p=0.135)  
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Hydraulic conductivity 

Figure 16 shows the K values inside and outside the exclosure, between which I found no 

difference. The figure also shows the found soil texture classes (STC) in WSNP based on 

Thien´s classification, ordered from coarse (1, loamy sand) to fine (5, silt loam) fraction. 

High K values for coarse fractions and lower K values for finer fractions are visible. A 

Spearman’s Rho test for non-parametric correlation shows there is a significant negative 

correlation between STC and K (N=213, rho = -0.392, p<0.001). This means that the 

infiltration speed is higher as the soil texture is coarser (fig. x 22). 

Figure 14 Organic Matter Runoff in and out. Dots 
represent separate subplot data points. The subplot 
indicated with a star is a valid measurement and is 
therefore included in statistical analysis. (LMM, dependent 

variable=Log10ROM, df=64.4, F=5.385, p=0.023)  

Figure 15 Soil Moisture Content in and 

out. (LMM, df=107.773, F=3.117, p=.080)   

Figure 16 Hydraulic Conductivity (infiltration capacity) in and out. Each dot represents a 
subplot. (LMM, df=44.981, F=.856, p=.518) 
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Environmental variables  

In three cases, the plot cover variables show an (almost) significant difference between 

exclosure and control plots. These data are not normally distributed on subplot level and 

were therefore analysed with a Wilcoxon signed rank test. Percentage litter cover 

(Wilcoxon, N=12, Z=-2.353, p=.019) increased after 9 years of goat exclusion with an 

average of 45% litter soil cover inside, against 31% outside exclosures. The data lead to 

believe that gravel percentage (Wilcoxon, N=12, Z=1.490, p=.136) and bare soil 

percentage (Wilcoxon, N=12, Z=1.647, p=.099) become higher outside the exclosures, 

where goats are present.   

Actual soil temperature (LMM, dependent variable = T, df=86.638, F=0.199 p=0.66) did 

not differ inside and outside goat exclosures. 

The complete table with correlations (appendix G) shows more trends that were not 

visible when comparing in and out plots. Litter cover percentage clearly correlates 

negatively to soil temperature (SR= -0.643, p=0.01), but also shows an almost 

significant positive correlation with water runoff (SR=0.377, p=0.069). This leads to the 

question what the net effect on the soil moisture will be. In and out comparison of the 

SMC data approached significance (p=0.080). The Spearman’s Rho test conforms this 

trend by indicating a mild positive correlation between litter percentage and SMC on a 

.06 significance level (SR=0.388, p=0.061). Because litter percentage does differ 

between in and out plots (p=0.019) this means that goat exclusion could result in a 

higher SMC.  
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7. Discussion and recommendations 
 

Runoff and vegetation 

Runoff quantity and infiltration capacity did not show a change in data after 9 years of 

goat exclusion. However, taking into account personal field observations, some additional 

remarks should be added. Although absolute runoff and infiltration levels did not differ, 

this does not allow concluding that influential factors in the soil did not change. During 

field studies, it was observed that when soil material came into contact with water, the 

soil remained dry and the water would sit on top, even when an effort was made to mix 

the two media. It thus appeared that in some subplots the soil was hydrophobic. Such a 

phenomenon where the dry soil matrix resists the infiltration of water into the soil has 

earlier been observed and described as a water repellent (WR) soil (Dekker, 1998; 

DeBano, 1981; Jordán et al., 2012; Schreiner and Shorey, 1910).  

Normally, when a drop of rain hits the soil, it is attracted by the polar soil particles. This 

causes the drop to disintegrate and flow into the soil matrix. When soil becomes non-

polar however, the water will be repelled by the soil particles and stay as a drop on the 

surface. WR soils can be found all over the world on different soil types and under 

varying climatic conditions (DeBano 1981; Jaramillo 2000; Doerr, Shakesby, and Walsh 

2000). Their formation may result from several mechanisms. In the semi-arid climate of 

Bonaire, possible causes for the repellent top soil are a) high temperatures b) fire 

(former local charcoal production, wildfires) (Boelhouwers, de Graaf, and Samsodien 

1996; Scott and Van Wyk 1990) c) low annual precipitation (Ritsema and Dekker 1994; 

Crockford, Topalidis, and Richardson 1991) and d) presence of plants that produce humic 

acids that coat the soil particles (Lichner et al. 2007). WR also increases with the time 

that the soil is dry (Personal communication, L. Dekker, 09-05-2016).  

Since the last 5 years have been extremely dry on Bonaire this may have aggravated the 

soil WR. Also the plant species might be a cause for this phenomenon. After a 

comparison of the inventory of the plant species in the research plots (Coolen 2015) with 

WR associated species in literature, it is clear some research plots contain plant species 

that are associated with WR. For instance the relatively abundant mesquite tree (Prosopis 

Juliflora) (Adams, Strain, and Adams 1970).  

Soil WR can aggravate both hydrological and geomorphological problems such as soil 

erosion, reduced infiltration and increased overland flow (Doerr, Shakesby, and Walsh 

2000; Pekarova and Pekar 1996). The factor that is commonly regarded to be the most 

important driver of WR is the influence of soil organic matter (e.g. Bisdom, Dekker, & 

Schoute, 1993; Crockford et al., 1991; Doerr et al., 2000; Jaramillo, 2000), consisting of 

waxy plant substances, fungal structures and/or organic particles (Buczko et al. 2002). 

In WSNP, methods for increasing vegetation through reforestation and goat removal are 

a topical debate. In the scope of this research it is therefore interesting to obtain more 

information on the water repellent properties of the soils in the park.  

From a management point of view concerning the WSNP, it is essential to have a good 

understanding of the geomorphological and hydrological effects caused by WR, in order 

to prevent a higher risk of ecosystem degradation through desiccation and erosion. A 

field method for quantifying WR was developed by Lichner et al. (2007) as it allows 

determining the repellency index, R, with use of the Mini Disk Infiltrometer. By following 

the method developed by Tilmann et al. (1989) as described under chapter 6 in the Mini 

Disk Infiltrometer user’s manual (Decagon Devices 2014), using the sorptivities of 
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ethanol and water on the same location can give an indication of R in situ. Furthermore, 

a comparative analysis could be conducted on the plant species in the park in 2015 (for 

an inventory of the plant species per plot see Coolen (2015)) and their water repellency 

as described in literature (for example in the paper of Doerr (2000). Where there is 

insufficient data in literature, a separate lab study on WR properties of the different plant 

species could be conducted. Additionally, I would advise to set up a research on the 

palatability of the different (non-)resilient plant species to goats in WSNP, in order to 

assess the potential damage of goat herbivory on different plant species. Such a 

palatability experiment was previously executed for three local cacti species (van 

Grinsven 2015). Additional data would provide a basis for making valuable predictions on 

the effects of interactions between goat herbivory and WR in the light of future 

reforestation. This would allow for management to comply with the precautionary 

principle: a widely used principle in environmental legislation that implies no new 

technologies should be adopted when there is uncertainty on what the consequences will 

be (Foster, Vecchia, and Repacholi 2000). Thus, further research is advised on the 

distribution of WR soils throughout the park, the effect of the current vegetation (species 

and cover) on soil WR and the palatability of these plant species to goats.  

Also, there are counterintuitive results regarding runoff and infiltration with regard to soil 

organic matter fraction. For future research I therefore recommend to do another field 

study in which water repellent characteristics of the soil will be determined. We know 

that vegetation mass increases already after 8 years of goat exclusion, despite 5 

unusually low precipitation levels within this period. If we want to know how goat 

exclusion will affect soil erosion we must gather more knowledge on the influence of 

accumulation of litter and organic matter on soil water repellency in this ecosystem.  

Litter, infiltration speed and runoff relate in a surprisingly different manner than first 

hypothesised. The litter layer on the surface causes shade and a buffer for evaporation, 

resulting in a lower soil temperature and higher SMC in the upper 10 cm. Under these 

climatic circumstances those less extreme values could benefit soil fauna, which increase 

the permanent heterogeneous pore system which allows water and air to get into contact 

with plant roots. However, the results show that more litter can be related to lower 

infiltration speed and a higher runoff volume. One explanation for this result could be 

that there is less active soil fauna present under a litter layer. The resulting denser 

structure of the soil would have a lower infiltration rate as a result.  

SMC 

High grazing pressure does not only have negative effects on soil moisture content. 

Evaporation on land with a high herbivore abundance increases as an effect of increased 

bare soil area. Given that potential evapotranspiration is the same, the water loss by 

plant transpiration decreases (Zhang et al. 2005; Snyman 2005). In a natural system a 

complex trade-off between variables is constantly occurring. It is therefore hard to 

predict how it will react to changes such as the introduction of an alien animal species. 

The results of this study show no difference in actual SMC between exclosure and control 

plots. In this case actual SMC could be influenced by many other factors than there were 

measured in this research. An important environmental factor that was already shown to 

be different is the amount of vegetation after goat exclusion. More vegetation inside goat 

exclusions will cause a higher transpiration. Although the environmental variables that 

were part of this study did not explain the lack of difference in SMC, taking into account 

transpiration might do so.  
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The actual SMC values show a negative correlation with TDR penetration. These readings 

could result from a true lower actual SMC in hard and stony soils, where it was difficult to 

get the TDR rods 100% in the soil. Another possibility is that the lower actual SMC values 

result from the different method used for stony soils (=burying the rods with dug out 

soil). When the latter is the case, this means that there is a bias for higher SMC in soft 

soils which are generally found where there is more OM and less trampling; in 

exclosures. The higher SMC values could thus be a result of the measuring technique and 

not of goat exclusion. In future research therefore I advise to use a different method, 

such as preboring the soil (IMKO micromodultechnik GMBH 2015), for determining soil 

moisture in order to get correct readings.  

Soil Bulk Density 

The trampling hypothesis is based on an increasing SBD effect by goats. It would be 

logical to directly test this assumption in the field. However former methods of testing 

SBD used on Bonaire were not very successful because of the hard soils. The normal 

volumetric ‘ring’ method has proved to be unsuitable (personal communication, Q. 

Coolen, 20-02-2016). Therefore, selection of a feasible field SBD determination technique 

would be favourable for further research.  

Time 

This experiment was set up 9 years ago, meaning that goats have been excluded for a 

relatively short period of time, compared to control area where goats have been roaming 

for the last 600 years. Because it is not known how quickly possible changes in soil 

moisture characteristics will take place after goat removal, this research can only give 

conclusions on short term effects. In order to give a reliable expectation on long term 

effects of goat removal in semi-arid regions, a study site should be selected where goats 

have been excluded for a longer period of time. In order to assess the influence of goat 

presence on soil hydrological properties, instead of removal, control areas should be 

selected where goats have never had access.  

8. Conclusion 
The higher litter percentage in the exclosures can be interpreted as a proxy for a higher 

organic material level inside the exclosures. However where goats have access we found 

a higher amount of organic matter in runoff, meaning that if even if production  would 

be equal, relatively more organic matter is retained inside the exclosure. Furthermore, 

although there were no direct differences inside and outside the exclosures, litter 

percentage correlates negatively with soil temperature and positively with soil 

moisture content. This shows us that goat exclusion plays a role in the soil’s capacity to 

recover nutrient levels and soil moisture content. The results also suggest that goats 

increase heterogeneity in the landscape, but does not support the hypothesis that goats 

increase erosivity or erosion. 



 

References  

Adams, Susan, B.R. Strain, and M.S. Adams. 1970. “Water-Repellent Soils , Fire , and Annual Plant Cover in a 
Desert Scrub Community of Southeastern California.” Ecology 51 (4): 696–700. 

Allen, Richard G., Luis S. Pereira, Dirk Raes, and Martin Smith. 1998. Crop Evapotranspiration - Guidelines for 
Computing Crop Water Requirement - Crop Evapotranspiration - Guidelines for Computing Crop Water 
Requirements - FAO Irrigation and Drainage Paper 56. Rome: FAO. 

Antilliaans Dagblad. 2014. “Grote Zorgen Om Washington Park.” 

Bak, Rolf P M, Gerard Nieuwland, and Erik H Meesters. 2005. “Coral Reef Crisis in Deep and Shallow Reefs: 30 
Years of Constancy and Change in Reefs of Curacao and Bonaire.” Coral Reefs 24 (3): 475–79. 
doi:10.1007/s00338-005-0009-1. 

Beets, Caroline S. Rogers and Jim. 2001. “Degradation of Marine Ecosystems and Decline of Fishery Resources 
in Marine Protected Areas in the US Virgin Islands.” Environmental Conservation 28 (4): 312–22. 
doi:10.1017/S0376892901000340. 

Bellwood, D R, T P Hughes, C Folke, and M Nyström. 2004. “Confronting the Coral Reef Crisis.” Nature 429 
(6994): 827–33. doi:10.1038/nature02691. 

BirdLife International. 2016. Amazona barbadensis. The IUCN Red List of Threatened Species 2016.    

Downloaded on 08 April 2017. 

Bisdom, E. B A, L. W. Dekker, and J. F Th Schoute. 1993. “Water Repellency of Sieve Fractions from Sandy 
Soils and Relationships with Organic Material and Soil Structure.” Geoderma 56 (1–4): 105–18. 
doi:10.1016/0016-7061(93)90103-R. 

Boelhouwers, Jan C., Peter J. de Graaf, and Mogamat A. Samsodien. 1996. “The Influence of Wildfire on Soil 
Properties and Ydrological Response at Devil’s Peak, Cape Town, South Africa.” 

Bowen, Lizabeth, and Dirk Van Vuren. 1997. “Insular Endemic Plants Lack Defenses against Herbivores.” 
Conservation Biology 11 (5): 1249–54. doi:10.1046/j.1523-1739.1997.96368.x. 

Breman, H, and C T de Wit. 1983. “Rangeland Productivity and Exploitation in the Sahel.” Science (New York, 
N.Y.) 221 (4618): 1341–47. doi:10.1126/science.221.4618.1341. 

Bruno, John F., Laura E. Petes, C. Drew Harvell, and Anneliese Hettinger. 2003. “Nutrient Enrichment Can 
Increase the Severity of Coral Diseases.” Ecology Letters 6 (12): 1056–61. doi:10.1046/j.1461-
0248.2003.00544.x. 

Buczko, U., O. Bens, H. Fischer, and R. F. Hüttl. 2002. “Water Repellency in Sandy Luvisols under Different 
Forest Transformation Stages in Northeast Germany.” Geoderma 109 (1–2): 1–18. doi:10.1016/S0016-
7061(02)00137-4. 

Clout, MN. 2002. “Biodiversity Loss Caused by Invasive Alien Vertebrates.” Zeitschrift Für Jagdwissenschaft 48: 
51–58. 

Coblentz, Bruce E. 1978. “The Effects of Feral Goats (Capra Hircus) on Island Ecosystems.” Biological 
Conservation 13 (4): 279–86. doi:10.1016/0006-3207(78)90038-1. 

Convention on Biological Diversity (CBD) (2008). Alien Species that Threaten Ecosystems, Habitats or Species 

[Article 8(h)], United Nations 

Coolen, Q. T. 2015. “The Impact of Feral Goat Herbivory on the Vegetation of Bonaire.” Wageningen UR. 

Cortes, D.G.Z. 2012. “AN ECOLOGICAL-ECONOMIC MODEL OF THE TROPICAL DRY FOREST ON THE ISLAND OF 
BONAIRE.” Amsterdam. 

Crockford, H., S. Topalidis, and D. P. Richardson. 1991. “Water Repellency in a Dry Sclerophyll Eucalypt Forest 
- Measurements and Processes.” Hydrological Processes 5 (4): 405–20. doi:10.1002/hyp.3360050408. 

Cromarty, P.L., K.G. Broome, A. Cox, R.A. Empson, W.M. Hutchinson, and I. McFadden. 2002. “Eradication 
Planning for Invasive Alien Animal Species on Islands-the Approach Developed by the New Zealand 
Department of Conservation,” 85–91. 

de Laet, Ioannes. 1630. Nieuwe Wereldt Ofte Beschrijvinghe van West-Indien. Leyden. 

DeBano, Leonard F. 1981. “Water Repellent Soils: A State-of-the-Art.” General Technical Report PSW-GTR-46 



 

Debrot, Adolphe D., and Jeff Wells. 2008. “Important Bird Areas in the Caribbean: Key Sites for Conservation.,” 
95–102. 

Decagon Devices. 2014. “Mini Disk Infiltrometer.” User’s Manual. doi:10.1007/s13398-014-0173-7.2. 

———. 2016. “Mini Disk Portable Tension Infiltrometer - Support.” MINI DISK PORTABLE TENSION 
INFILTROMETER. 

Doerr, S. H., R. A. Shakesby, and R. P D Walsh. 2000. “Soil Water Repellency: Its Causes, Characteristics and 
Hydro-Geomorphological Significance.” Earth Science Reviews 51 (1–4): 33–65. doi:10.1016/S0012-
8252(00)00011-8. 

Eijkelkamp Agrisearch Equiment. 2014. “Rainfall Simulator Operating Instructions.” 

Feely, Richard a, Christopher L Sabine, Kitack Lee, Will Berelson, Joanie Kleypas, Victoria J Fabry, Frank J 
Millero, and Anonymous. 2004. “Impact of Anthropogenic CO2 on the CaCO3 System in the Oceans.” 
Science 305 (5682): 362–66. doi:10.1126/science.1097329. 

Foster, KR, Paolo Vecchia, and MH Repacholi. 2000. “Science and the Precautionary Principle.” Science 288 
(5468): 979–80. doi:10.1126/science.288.5468.979. 

Geurts, Kevin. 2015. “The Abundance of Feral Livestock in the Washington Slagbaai National Park , Bonaire.” 
Wageningen UR. 

Gupta, S. C., and W. E. Larson. 1979. “Estimating Soil Water Retention Characteristics From Particle Size 
Distribution, Organic Matter Percent, and Bulk Density.” Water Resources Research 15 (6): 1633–35. 

Hippolyte, Jean Claude, and Paul Mann. 2011. “Neogene-Quaternary Tectonic Evolution of the Leeward Antilles 
Islands (Aruba, Bonaire, Curaçao) from Fault Kinematic Analysis.” Marine and Petroleum Geology 28 (1). 
Elsevier Ltd: 259–77. doi:10.1016/j.marpetgeo.2009.06.010. 

Hulsman, H., R. Vonk, M. Aliabadian, A. O. Debrot, and V. Nijman. 2008. “Effect of Introduced Species and 
Habitat Alteration on the Occurrence and Distribution of Euryhaline Fishes in Fresh- and Brackish-Water 
Habitats on Aruba, Bonaire and Curaçao (South Caribbean).” Contributions to Zoology 77 (1): 45–51. 

IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.  

IMKO micromodultechnik GMBH. 2015. “Manual TRIME-PICO 64/32.” 

Jabro, J.D. 1992. “Estimation of Saturated Hydraulic Conductivity of Soils From Particle-Size Distribution and 

Bulk-Density Data.” Transactions of the Asae 35 (April): 557–60. 

Jaramillo, D. 2000. “Occurrence of Soil Water Repellency in Arid and Humid Climates.” Journal of Hydrology 
231–232: 105–11. doi:10.1016/S0022-1694(00)00187-6. 

Krümmelbein, Julia, Stephan Peth, and Rainer Horn. 2013. “Influence of Various Grazing Intensities on Soil 
Stability, Soil Structure and Water Balance of Grassland Soils in Inner Mongolia, P.R. China.” Advances in 
Geoecology 38: 93–101. doi:10.1017/CBO9781107415324.004. 

Kutílek, Miroslav, Libor Jendele, and Kyriakos P. Panayiotopoulos. 2006. “The Influence of Uniaxial Compression 
upon Pore Size Distribution in Bi-Modal Soils.” Soil and Tillage Research 86 (1): 27–37. 
doi:10.1016/j.still.2005.02.001. 

Levander, A., M. Schmitz, H.G. Avé Lallemant, C.A. Zelt, D.S. Sawyer, M.B. Magnani, P. Mann, et al. 2006. 
“Evolution of the Southern Caribbean Plate Boundary.” Earth 87 (9): 97, 100. 
doi:10.1029/2006EO090001. 

Lichner, Ľubomír, Paul D Hallett, Debbie S Feeney, Olívia Ďugová, Miloslav Šír, and Miroslav Tesař. 2007. “Field 
Measurement of Soil Water Repellency and Its Impact on Water Flow under Different Vegetation.” Section 
Botany 625 (September 2006): 537–41. doi:10.2478/s11756-007-0106-4. 

Mack, Richard N., and W. Mark Lonsdale. 2001. “Humans as Global Plant Dispersers: Getting More than We 
Bargained for.” BioScience 51 (2): 95. doi:10.1641/0006-3568(2001)051[0095:HAGPDG]2.0.CO;2. 

Martínez, L. J., and J. A. Zinck. 2004. “Temporal Variation of Soil Compaction and Deterioration of Soil Quality 
in Pasture Areas of Colombian Amazonia.” Soil and Tillage Research 75 (1): 3–17. 
doi:10.1016/j.still.2002.12.001. 

McPhaden, Michael J. 2004. “Evolution of the 2002/03 El Niño.” Bulletin of the American Meteorological Society. 
doi:10.1175/BAMS-85-5-677. 



 

Ministerie van Economische Zaken. 2013. “Natuurbeleidsplan Caribisch Nederland,” 56 p. 

Nassar, J. 2015. Leptonycteris curasoae. The IUCN Red List of Threatened Species 2015: e.T11699A22126917. 

http://dx.doi.org/10.2305/IUCN.UK.2015-4.RLTS.T11699A22126917.en. Downloaded on 08 April 2017. 

Nolet, Corjan, and Menno van der Veen. 2009. “Stofonderzoek Bonaire.” Wageningen. 

NOS Bonaire. 2014. “Herbebossing Bonaire - Dolfi Debrot.” 

Oduor, A. M O, José M. Gómez, and Sharon Y. Strauss. 2010. “Exotic Vertebrate and Invertebrate Herbivores 
Differ in Their Impacts on Native and Exotic Plants: A Meta-Analysis.” Biological Invasions 12 (2): 407–
19. doi:10.1007/s10530-009-9622-1. 

Paulson, Dennis R, Carel de Haseth, and Adolphe O Debrot. 2014. “Odonata of Curaçao, Southern Caribbean, 
with an Update to the Fauna of the ABC Islands.” International Journal of Odonatology 17 (4): 237–49. 
doi:10.1080/13887890.2014.981877. 

Peco, B., C. E. Borghi, J. E. Malo, P. Acebes, M. Almirón, and C. M. Campos. 2011. “Effects of Bark Damage by 
Feral Herbivores on Columnar Cactus Echinopsis (=Trichocereus) Terscheckii Reproductive Output.” 
Journal of Arid Environments 75 (11). Elsevier Ltd: 981–85. doi:10.1016/j.jaridenv.2011.05.001. 

Pekarova, Pavla, and Jan Pekar. 1996. “The Impact of Land Use on Stream Water Quality in Slovakia.” Journal 
of Hydrology 180 (1–4): 333–50. doi:10.1016/0022-1694(95)02882-X. 

Petit, Sophie, and Edward Freeman. 1997. “Nectar Production of Two Sympatric Species of Columnar Cacti.” 
Tropical Biology 29 (2): 175–83. 

Pietola, Liisa, Rainer Horn, and Markku Yli-Halla. 2005. “Effects of Trampling by Cattle on the Hydraulic and 
Mechanical Properties of Soil.” Soil & Tillage Research 82: 99–108. doi:DOI: 10.1016/j.still.2004.08.004. 

Pijpers, P J. 1933. “Geology and Paleontology of Bonaire.” Geogr. Geol. Meded. Physiogr. Geol. Reeks. 8: 103. 

Rietkerk, M., and J. van de Koppel. 1997. “Alternate Stable States and Threshold Effects in Semi-Arid Grazing 
Systems.” Oikos 79 (1): 69–76. 

Ritsema, C J, and L W Dekker. 1994. “How Water Moves in a Water Epellent Sandy Soil, 2, Dynamics of 
Fingered Flow.” Water Resour. Res. 30 (9): 2519–2531. 

Royal Netherlands Meteorological Institute. 2015. “El Niño Dit Jaar Zeer Sterk.” https://www.knmi.nl/over-het-
knmi/nieuws/el-nino-dit-jaar-zeer-sterk. 

———. 2016. “KNMI for the Caribbean Netherlands.” http://www.knmidc.org/weather/bonaire/. 

Sandin, Stuart A., Jennifer E. Smith, Edward E. DeMartini, Elizabeth A. Dinsdale, Simon D. Donner, Alan M. 
Friedlander, Talina Konotchick, et al. 2008. “Baselines and Degradation of Coral Reefs in the Northern 
Line Islands.” PLoS ONE 3 (2). doi:10.1371/journal.pone.0001548. 

Schellmann, G., and U. Radtke. 2004. “A Revised Morpho- and Chronostratigraphy of the Late and Middle 
Pleistocene Coral Reef Terraces on Southern Barbados (West Indies).” Earth-Science Reviews 64 (3–4): 
157–87. doi:10.1016/S0012-8252(03)00043-6. 

Scott, D. F., and D. B. Van Wyk. 1990. “The Effects of Wildfire on Soil Wettability and Hydrological Behaviour of 
an Afforested Catchment.” Journal of Hydrology 121 (1–4): 239–56. doi:10.1016/0022-1694(90)90234-
O. 

Skarpe, C, R Bergström, K Danell, H Eriksson, and C Kunz. 2012. “Of Goats and Spines – a Feeding 
Experiment.” African Journal of Range & Forage Science 29 (1): 37–41. 
doi:10.2989/10220119.2012.687075. 

Smith, S R, W J Van der Burg, A O Debrot, G Van Buurt, and J A De Freitas. 2014. “Key Elements Towards a 
Joint Invasive Alien Species Strategy for the Dutch Caribbean,” no. Report number C020/14\rPRI report 
number 550. 

Snyman, H. A. 2005. “Rangeland Degradation in a Semi-Arid South Africa - I: Influence on Seasonal Root 
Distribution, Root/shoot Ratios and Water-Use Efficiency.” Journal of Arid Environments 60 (3): 457–81. 
doi:10.1016/j.jaridenv.2004.06.006. 

Stavi, Ilan, Eugene David Ungar, Hanoch Lavee, and Pariente Sarah. 2008. “Grazing-Induced Spatial Variability 
of Soil Bulk Density and Content of Moisture, Organic Carbon and Calcium Carbonate in a Semi-Arid 
Rangeland.” Catena 75 (3). Elsevier B.V.: 288–96. doi:10.1016/j.catena.2008.07.007. 

http://dx.doi.org/10.2305/IUCN.UK.2015-4.RLTS.T11699A22126917.en


 

STINAPA Bonaire. 2016. “Washington Slagbaai National Park.” www.washingtonparkbonaire.org/. 

Stroosnijder, Leo, and Piet Peters. 2006. “Rainfall Simulation.” Wageningen: Chairgroup Erosion and Soil & 
Water Conservation. 

Thien, S. 1979. “A Flow Diagram for Teaching Texture by Feel Analysis.” Journal of Agronomic Education, 54–
55. 

Tillman, R. W., D. R. Scotter, M. G. Wallis, and B. E. Clothier. 1989. “Water-Repellency and Its Measurement by 
Using Intrinsic Sorptivity.” Australian Journal of Soil Research 27 (4): 637–44. doi:10.1071/SR9890637. 

Traveset, A, and D Richardson. 2006. “Biological Invasions as Disruptors of Plant Reproductive Mutualisms.” 
Trends in Ecology & Evolution 21 (4): 208–16. doi:10.1016/j.tree.2006.01.006. 

Tucker, C. J., C.L. VanPraet, J. Sharman, and G. Van Ittersum. 1983. “Satellite Remote Sensing of Total 
Herbaceous Biomass Production in the Senegalese Sahel: 1980-1984.” Remote Sensing of Environment 
17: 233–49. doi:10.1126/science.221.4618.1341. 

United States Department of Agriculture (USDA). 2016. “Revised Universal Soil Loss Equation (RUSLE).” 
https://www.ars.usda.gov/southeast-area/oxford-ms/national-sedimentation-laboratory/watershed-
physical-processes-research/docs/revised-universal-soil-loss-equation-rusle-welcome-to-rusle-1-and-
rusle-2/. 

van den Ende, Barry. 2015. “How Do the Distribution and Abundance of Columnar Cacti Relate to Microsite 
Types and Goat Grazing Pressure ?” Wageningen UR. 

Van Der Lelij, Roelant, Richard A. Spikings, Andrew C. Kerr, Alexandre Kounov, Michael Cosca, David Chew, and 

Diego Villagomez. 2010. “Thermochronology and Tectonics of the Leeward Antilles: Evolution of the 
Southern Caribbean Plate Boundary Zone.” Tectonics 29 (6). doi:10.1029/2009TC002654. 

van Grinsven, N. 2015. “Diet Preference of Roaming Goats (Capra Hircus) on Columnar Cacti in Bonairian 
Scrublands.” Wageningen UR. 

Vermeij, Mark J.A., Judith Bakker, Noam van der Hal, and Rolf P.M. Bak. 2011. “Juvenile Coral Abundance Has 
Decreased by More Than 50% in Only Three Decades on a Small Caribbean Island.” Diversity 3 (4): 296–
307. doi:10.3390/d3030296. 

Vitousek, Peter M., Carla M. D’Antonio, Lloyd L. Loope, Marcel Rejmánek, and Randy Westerbrooks. 1997. 
“Introduced Species: A Significant Component of Human-Caused Global Change.” New Zealand Journal of 
Ecology 21 (1): 1–16. 

Walsh, Sheila M. 2010. “Ecosystem-Scale Effects of Nutrients and Fishing on Coral Reefs.” Journal of Marine 
Biology 2011. doi:10.1155/2011/187248. 

Warren, S. D., M. B. Nevill, W. H. Blackburn, and N. E. Garza. 1986. “Soil Response to Trampling Under 
Intensive Rotation Grazing1.” Soil Science Society of America Journal 50: 1336. 
doi:10.2136/sssaj1986.03615995005000050050x. 

Weather Online. 2017. “Bonaire UV Index.” 
http://www.weatheronline.co.uk/NetherlAntilles/Bonaire/UVindex.htm. 

Westermann, J H, and J I S Zonneveld. 1956. Photogeological Observations and Land Capability and Land Use 
Survey of the Island of Bonaire (Netherlands Antilles). Afdeling Tropische Producten No. 47. Amsterdam: 
Royal Tropical Institute Amsterdam. 

Wilcove, David S., David Rothstein, Jason Dubow, Ali Phillips, and Elizabeth Losos. 1998. “Quantifying Threats 
to Imperiled Species in the United States.” BioScience 48 (8): 607–15. doi:10.2307/1313420. 

Zapata, S., A. Cardona, C. Montes, V. Valencia, J. Vervoort, and P. Reiners. 2014. “Provenance of the Eocene 
Soebi Blanco Formation, Bonaire, Leeward Antilles: Correlations with Post-Eocene Tectonic Evolution of 
Northern South America.” Journal of South American Earth Sciences 52. Elsevier Ltd: 179–93. 
doi:10.1016/j.jsames.2014.02.009. 

Zhang, Yinsheng, E. Munkhtsetseg, T. Kadota, and T. Ohata. 2005. “An Observational Study of Ecohydrology of 
a Sparse Grassland at the Edge of the Eurasian Cryosphere in Mongolia.” Journal of Geophysical Research 
D: Atmospheres 110 (14): 1–14. doi:10.1029/2004JD005474. 

 



i 

APPENDIX A. GPS coördinates of the exclosure in and out locations. From: Coolen, 2015. Location 12 was not used in this study 

because of a high Opuntia wentiana density. Therefore N=12.  
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Appendix B. Field form Rainfall simulations 

 

 

 

 

 

 

Date + time:

Soil cover (%)                 Slope (cm)     Water level (ml)

Plot Excl/contol Subplot Vegetation rock gravel bare soil gravel short Long SMC T (°C) start end

Total:

TDR (%):

Comments /✓: 

Weight wet:

Weight dry:
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Appendix C. Protocol Rainfall Simulations (equipment, calibration, 

installation, use, pictures) 

Protocol rainfall simulator 

Materials: 

- 10 L water 

- Portable rainfall simulator 

- TDR 

- Stopwatch 

- Small shovel 

- Folding ruler 

- Camera 

- GPS (exclosure coordinates as waypoints) 

- Thermometer 

- Form: rainfall simulator (+pencil) 

 

Calibrate:  

Day 1: Calibrate for 1125 ml/3min (depending on water temperature) by 

adjusting height of the aeration pipe.  

 

Prepare:  

1. Select subplot location (Inclination <40%, vegetation not too dense, relatively 

flat edge surface to ensure waterproof connection with ground frame.) 

2. Install ground frame watertight (4 nails) 

3. Dig a trench under the gutter to place collection box in. 

4. Install the support, using built-in spirit level, average fall height 0.4 m (note 

support leg height on form) 

5. Take picture 

6. Fill the sprinkler  
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Field run:  

1. Note the water level in the reservoir 

2. Reset stopwatch 

3. Make sure collection boxes are close 

4. Move sprinkling head to remove any bubbles 

5. Remove plug from aeration pipe and start the stopwatch 

6. After three minutes place plug back to stop simulation and note water level 

7. Collect runoff in labelled sample bags, make sure that material on gutter is 

wiped into the collection box as well. 

8. Seal sample bags water tight using knot and rubber band.  

 

Processing samples 

1. Weigh the amount of total runoff 

2. Air-dry the sample in containers 

3. Weigh sediment 
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Rainfall simulator calibration (day 1) 

1. Install the ground frame (C) using the four nails. 

2. Install the adjustable support (B) on the ground frame (C). Use the two levels 

(16) and four knobs (18) to level the support (B). 

3. Close the aeration pipe (2) with a plug (1).  

4. The sprinkler is placed upside down on the support.  

5. Remove the plug (8) out of the filling opening.  

6. Use the water storage tank (21) to fill the sprinkler with water. Connect the 

water storage tank tube (15) to the water storage tank (21). Install the water 

storage tank (21) uphill on top of the transport case (22), above the sprinkler. 

7. Connect the tube (15) to the sprinklers’ filling opening as soon as the water 

starts to flow. If the water doesn’t flow, suck the tube while holding the end of 

the tube below the water storage tanks till water starts to flow. 

8. The tube can be disconnected, as the sprinkler is filled and all the air has 

escaped through the capillaries. The water- flow can be stopped by moving the 

tube above the water storage tank (21). 

9. After filling the sprinkler, note the water temperature and put the plug (8) in 

the filling opening. 10. Turn the sprinkler around to its sprinkling position on the 

support. 

10. Turn the sprinkler around to its sprinkling position on the support. 

11. Adjust the rainfall intensity using the aeration pipe (2). One should always 

test and calibrate in order to get 375 ml/min (all depending on the temperature 

of the water). 

12. Note the water level in the reservoir.  

13. Check if the stopwatch works properly and reset. 

14. Removing the plug (1) from the aeration pipe (2) starts the simulation. Start 

the stopwatch.  

15. After three minutes, stop the simulation by placing the plug (1) on the 

aeration pipe (2).  

16. Note the water level in the reservoir. If the water level has decreased 375 ml 

in 1 minute, the sprinkler is calibrated correctly (outflow = 375 ml/min). Note 

the distance (h) at this setting. If not calibrated correctly, repeat step 11-16 and 

re-adjust the aeration pipe (2). If the distance (h) is increased, the quantity of 

sprinkled water per minute will increase. 
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Rainfall simulator installation 

1. Select the soil plot area. (Leave the soil plot unimpaired.) 

2. Install the ground frame (C) using the four nails. A waterproof connection 

between the soil and the ground frame (C) can be made using clay. 

3. At the bottom of the slope, a small trench is made, in which the sample 

collection box for the collection of runoff and soil-loss is placed. 

4. Install the gutter so that all of the runoff and soil-loss will flow in the sample 

collection box. Clay can be used to provide a waterproof connection between the 

gutter and the soil plot. Be careful no added clay will rinse in the sample 

collection box (20). 

5. Install the adjustable support on the ground frame. Use the two levels (16) 

and four knobs (18) to install the support level to the desired height. 

 

Rainfall simulator use 

1. If not already done, fill the sprinkler and turn the sprinkler around to its 

sprinkling position on the support (B).  

2. Ascertain that the ground frame (C), gutter (19) and sample collection box 

(20) are in place.  

3. Note the water level in the reservoir (3).  

4. Check if the stopwatch works properly and reset.  

5. Removing the plug (1) from the aeration pipe (2) starts the simulation. Start 

the stopwatch.  

6. During the simulation, move the sprinkling head sideways in all horizontal 

directions, to make sure that the drops emerging from the capillaries are equally 

and randomly distributed over the test plot. This can be done by hand, as the 

sprinkling head slides easily on the upper rim of the support over predetermined 

distances. 

7. After three minutes, place the plug (1) in the aeration pipe (2) to stop the 

simulation.  

 

8. Sediment left behind in the gutter (19) is added to the contents of the sample 

collection box (20) with the aid of a wiper. 

9. Put all the material left in the sample collection box (20) in the sample bucket. 

Now the material can be transported to the house, where the amounts of runoff 

and sediment are determined by weighing and drying. 
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10. Note the water level in the reservoir (3).  

 

11. Before storage or transportation, all parts have to be clean.  
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Visual explanation rainfall simulation experiment (chronological) 

 

1. Dig in simulator frame and nozzle 

2. Secure frame with nails 

3. Dig sample hole for runoff bag 

4. Take picture of plot 

5. Add protective material in sample hole 

6. Estimate subplot cover (vegetation, rock, gravel, bare soil, litter) 

7. Level the frame using adjustable legs and built-in spirit level 

8. Place runoff sample bag under nozzle 

9. Read start water level. Start stopwatch and simulation 

10. Measure frame legs to determine plot inclination 

11. Use TDR to determine SMC and T 

12. Stop simulation after 3 minutes. Read end water level.  

13. The simulation is done. Collect and double bag sample (no runoff in this case)  
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Appendix D. Protocol infiltrometer measurements (preparation, operation).  

 

Infiltrometer preparation 

1. Fill the bubble chamber three quarters full by running water down the 

suction control tube or removing the upper stopper. 

2. Once the upper chamber is full, slide the suction control tube all the way 

down, invert the Infiltrometer, remove the bottom elastomer with the 

porous disk, and fill the water reservoir. 

3. We carefully set the position of the end of the mariotte tube with respect 

to the porous disk to ensure a zero suction offset while the tube bubbles.  

4. Replace the bottom elastomer, making sure the porous disk is firmly in 

place. 

5. If the Infiltrometer is held vertically, no water should leak out. 

 

--> Suction rate at -2 to start with. When this proves to be too slow, slide out 

suction control tube (-1).   

 

Infiltrometer operation 

1. Record the starting water volume. 

2. At time zero, place the Infiltrometer on the surface, assuring that is makes 

solid contact with the soil surface. 

3. Record volume at regular time intervals as the water infiltrates. The time 

interval you choose is based on both the suction rate you select and the 

soil type being measured. For example, sand typically requires two to five 

seconds between readings, a silt loam every 30 seconds, and a tight clay 

30 to 60 minutes. A typical data set looks like the first and third columns 

of Table 1. 

4. For the calculation of hydraulic conductivity to be accurate at least 15 to 

20 mL of water needs to be infiltrated into the soil during each 

measurement. 
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Date + time:

                     Infiltration

Plot Excl/contol Subplot Tube (cm) T (°C) Soil texture Time (30s) Water level (ml) Comments ?

APPENDIX E. Field form infiltration measurements 

   



xviii 

APPENDIX F. Thien’s soil texture analysis, and the soil triangle in which the 

found Soil Texture Classes are indicated.   
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Soil Texture Classes found in this study in WSNP indicated on the soil triangle, showing a 

gradient from coarser to finer fraction.  
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Appendix G. Spearman’s rho Correlations on runoff data and environmental data.  


