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Abstract   

Island ecosystems are vulnerable to the influence of goats which are invasive to most islands and 
are considered the most damaging for island vegetation. High grazing pressure has also been a 
challenge for the island of Curaçao which decided to remove goats from the Christoffelpark 
between the late 1980s and early 1990s. After almost 30 years of grazer absence and with no 
vegetation mapping campaigns in the park, vegetation maps created prior to the exclusion of goats 
were not representative anymore. Therefore, the vegetation was re-mapped in 2018/19 to analyse 
changes in vegetation. Results showed evidence of vegetation regrowth in the Christoffelpark. 
However, the rate of vegetation regrowth and when it first occurred in time was still unknown. This 
thesis aimed to gain understanding in the 30 years without vegetation data from the field and to 
compare effects on vegetation trends in areas where grazers are still present (Shete Boka National 
Park) and where grazers have been removed (Christoffelpark’s coast). Vegetation succession was 
found in the Christoffelpark’s coast with a decrease in coverage of grasses and herbs and an increase 
in coverage of trees and large shrubs. Contrary results were found in the Shete Boka park where 
grazing pressure is still high. Landsat satellite imagery were used time series analysis between 2000 
and 2020 to get insight in vegetation trends. Based on a pixel-wise Mann-Kendall trend test, no 
perfect monotonous trends were found and only 10 vegetation communities showed a significant 
trend with 7 located in the Christoffelpark’s coast. Change detection analysis was performed to 
detect shifts in vegetation trends. The LandTrendr algorithm and the bfast01 algorithm showed 
contrary results. Considering the TWINSPAN vegetation communities, the LandTrendr algorithm 
detected an average of 18 breakpoints in the Christoffelpark’s coast and 13 breakpoints in the Shete 
Boka National Park whereas the bfast01 algorithm detected two breakpoints in the Shete Boka park 
and none in the Christoffelpark’s coast. The contrary results make it difficult to explain the drivers 
behind the detected breakpoints, especially as the period shortly after the exclusion of goats has 
not been part of the analysis. Further research is recommended to assess vegetation dynamics prior 
to 2000 as shifts in vegetation growth may have occurred more closely to the exclusion of goats in 
the Christoffelpark. 
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1. Introduction 

1.1 Context 

Curaçao is, as well as Aruba and Bonaire, part of the Lesser Antilles and together referred to as the 
ABC islands. As a constituent country of the Kingdom of the Netherlands, the island is located in the 
Southern Caribbean Sea with approximately 70 km distance north of the Venezuelan coast. Curaçao 
has an area of roughly 444 km2 with the 375 m Christoffel mountain as the highest point on the 
island (Voskens, 1972). 

The non-profit foundation Caribbean Research and Management of Biodiversity (CARMABI) got 
established in 1955 on Curaçao. In 1978, in close collaboration with Stichting Nationale Parken 
(STINAPA), CARMABI established the Christoffelpark. Within ten years after the park opened its 
doors, CARMABI initiated the removal of goats from the park to support vegetation recovery. The 
goats got removed between the late 1980s and early 1990s. Located adjacent to the Christoffelpark 
is the in 1994 established Shete Boka National Park. A major difference between both parks is that 
currently free-roaming goats are still present in the Shete Boka National Park. Both parks are shown 
in Figure 1. The high-resolution (10 cm) orthophoto was captured in the rain season of 2018 by the 
department of Public Works and provides understanding of how the distribution of soil coverage 
looks like in the parks. 

Figure 1. The study areas of this thesis include the Christoffelpark’s coastal area and the Shete Boka National Park, located 
on north-western Curaçao. The blue rectangles represent the relevés used in the fieldwork campaigns. 
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1.1.1 Previous research 

As a marine research institute, CARMABI started focusing on nature management and 
environmental education in 1962 (Research Station Carmabi, n.d.). As conservation awareness, 
management and activities increased, a two-year research project got initiated in 1984 to completely 
map the vegetation communities in the Christoffelpark (Bokkestijn & Slijkhuis, 1987). Beers et al. 
(1997) published a landscape ecological vegetation map of the entire island based on a two-year 
fieldwork campaign in 1987/88. Until 30 years later, no further research was carried out in the 
Christoffelpark to monitor vegetation change. Therefore, as part of an increasing focus on nature 
management in the Christoffelpark, a two-year fieldwork campaign was initiated in 2018 to assess 
whether vegetation structure and composition had changed following the exclusion of herbivores 
around the 1990s (Carmabi Foundation, 2018). During this fieldwork campaign, partly conducted by 
Ekkelenkamp (2020), the field sample locations of Bokkestijn & Slijkhuis (1987) were revisited and 
few locations were added.  

1.2 Problem definition  

As a result of the 2018/19 fieldwork campaign in the Christoffelpark, changes in vegetation species 
(coverage) became evident. Ekkelenkamp (2020) found clear spatial patterns of vegetation recovery, 
including signs of secondary vegetation succession. However, due to the 30 years without field data, 
it was not clear at what point in time vegetation recovery first occurred after the exclusion of goats 
and at what rate the recovery appeared. Ekkelenkamp (2020) also discussed the interest in analysing 
vegetation (change) in the adjacent Shete Boka National Park to gain more understanding in 
differences between grazed and ungrazed areas. 

1.2.1 Relevance 

Curaçao is not unique when it comes to overgrazing issues. Islands worldwide have been impacted 
since the introduction of feral goats (Campbell & Donlan, 2005; Courchamp et al., 2003; Hamann, 
2003; Schofield, 1989; Summers et al., 2018; Weber, 1971). Knowledge regarding vegetation recovery 
is considered valuable information for nature management and is often monitored using permanent 
quadrats (Debrot & de Freitas, 2003; Hamann, 2003). Due to the lack of such permanent monitoring 
instruments in the Christoffelpark, remote sensing archives provide for information in the 30 years 
without field data. Estimating at what moment in time and/or at what rate vegetation recovery 
occurred in the Christoffelpark provides insight for when CARMABI decides to remove goats from 
the Shete Boka National Park. And as the Shete Boka National Park has an almost identical 
geological background as the coastal area of the Christoffelpark, only the coastal area of the 
Christoffelpark was used in this thesis.  
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1.3 Research objectives 

The aim of this thesis is to gain understanding in the effects on vegetation trends between locations 
where grazers have been removed (in this case the Christoffelpark) and where grazers are still 
present (in this case the Shete Boka National Park). For this, the following (sub)research questions 
were formulated. 

1.   How and where has vegetation changed since the fieldwork campaigns in the 1980s? 

  1.1 What does the vegetation in the Shete Boka park currently look like? 

  1.2 How does the current vegetation compare to the vegetation of 1987 in the Shete Boka park? 

  1.3 How does this change compare to the vegetation (change) between 1985 and 2018/19 in the 
  Christoffelpark’s coastal area? 

2. Are there differences in NDVI trends of vegetation types present in the Shete Boka 
National Park and the Christoffelpark’s coastal area? 

3. How long after the exclusion of goats in the Christoffelpark’s coastal area do shifts in 
NDVI trends occur? 
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2. Background 

2.1 Climate 

Located in the so-called Southern Caribbean Dry Zone, Curaçao is characterized as a semi-arid to 
arid climate (Meteorological Department Curaçao, n.d.). This is caused by the Azores high, an 
atmospheric high-pressure centre which develops during winter and spring, as well as a local 
upwelling zone of cooler sea surface temperatures along coastal Venezuela (Martis, 2002). 

Following the Köppen climate classification, Curaçao has as a BSh, an Arid Steppe (BS) and hot 
steppe/desert (h) climate. Recent published high-resolution (1 km) global maps, based on Köppen-
Geiger but with a more detailed climate classification, divide Curaçao into two climate classifications, 
as shown in Figure 2 (Beck et al., 2018). Most of the island is classified as BSh with few areas, mainly 
in the center and northern part, classified as tropical savannah (AW). The associated future climate 
classification maps for the period 2071-2100 published by Beck et al. (2018) show a different 
distribution of the BSh climate and an absence of the AW climate.  

 
Figure 2. Climate classifications of Curaçao according to Beck et al. (2018) with the recent classification on the left and the 
future classification prediction on the right. 

Both the Shete Boka National Park as the coastal area of the Christoffelpark are classified with the 
AW climate whereas the Christoffelpark also contains areas with the BSh climate according to the 
current climate classification. The future prediction shows a shift from tropical savannah to a semi-
arid climate with even patches of a desert climate (for instance, in the most northern part of the 
Shete Boka park). 
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2.1.1 Precipitation 

Even though Curaçao has a clear distinguishable rain season from September to January and dry 
season from February to June, precipitation on the island is very localized resulting from convective 
events. The average monthly precipitation, in which the wet and dry season is clearly evident, is 
given in Figure 3.  

 
Figure 3. Monthly total precipitation based on data between 1981-2010 at Hato Airport on Curaçao (Meteorological 
Department Curaçao, n.d.). 

Year-to-year variations in precipitation are large in the Caribbean (Martis, 2002). Figure 4 contains 
the total annual precipitation from 1999 to 2020. 

 
Figure 4. Annual total precipitation between 1999 and 2020 based on records of Hato Airport (Meteorological Department 
Curaçao, n.d.). 

According to the National Oceanic and Atmospheric Administration, weak El Niño events occurred 
in 2004-05, 2006-07, 2014-15, 2018-19, moderate events in 2002-03, 2009-10 and very strong events 
were documented in 1997-98 and 2015-16. In regard to La Niña, weak events occurred in 2000-01, 
2005-06, 2008-09, 2016-17, 2017-19, moderate events in 2011-12, 2020-21 and strong events were 
documented in 1998-99, 1999-00, 2007-08, 2010-11 (ggweather, 2021). 
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2.2 Geology 

Four geological formations (the Curaçao Lava Formation, the Knip Formation, the Mid Curaçao 
Formation and the Limestone Formation) are present on the island, of which the Curaçao Lava 
Formation and the Limestone Formation are found in the Shete Boka National Park and the 
Christoffelpark’s coast  (Figure 5).   

 
The Curaçao Lava formation is the oldest and largest geological formation on the island and consists 
mostly of pillow lava, formed under water and later uplifted above sea level. This layer has an 
approximate thickness of 5 km. The  Limestone formation is the youngest and has been formed 
when, as a result from island emerging, corals and marine life started growing. This way, calcareous 
sediments were formed and eventually transformed into limestone when the island emerged above 
sea level. This formation is found alongside the island’s coast. The Knip Formation is found in the 
Christoffelpark and consists of marine sediments uplifted from the Christoffel mountain and 
surrounding hills called “Zevenbergen” (van Buurt, 2009). 

Vegetation growth highly depends on the geological formations due to their different water holding 
capacities. Both the Limestone Formation as the Knip Formation are able to assemble water in the 
rain season and preserve the water throughout the dry season. Hence, the variety of vegetation 
species is higher on these formations. The Curaçao Lava Formation does not preserve water well 
and is therefore dominated by deciduous vegetation (Stoffers & Mansour Elassaiss, 1967).  

Besides geology, Ekkelenkamp (2020) mentioned that features likes elevation, slope and aspect have 
an important influence on vegetation. A correlation between higher elevations, slope, NDVI and a 
higher species richness was found. Furthermore, slopes facing north showed a positive effect on the 
species richness while southern facing slopes had a negative effect.  

 

Figure 5. Geological map of north-western Curaçao (Stoffers, 1956). 
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2.3 The influence of goats on vegetation 

2.3.1 Vegetation on Curaçao 

According to Stoffers (1956), eight distinguishable vegetation types are found in the Christoffelpark 
and can be grouped into climatic climax communities (including seasonal and dry evergreen 
formations) and edaphic climax communities (Figure 6). Dry evergreen vegetation is found on the 
Limestone and Knip Formations whereas the seasonal vegetation is mainly found on the Curaçao 
Lava Formation.  

 
The vegetation alongside the northern coast of the island is very sparse (Stoffers, 1956). The coastal 
dry evergreen formation as given in Figure 6 is classified as vegetation of rock pavement (Figure 7). 
More inland, thorny woodland derived from dry evergreen formations is found in the 
Christoffelpark’s coast and cactus-thorn shrubs in the Shete Boka park. 

Figure 7. Vegetation map of north-western Curaçao (Stoffers, 1956). 

Figure 6. Vegetation formations map of north-western Curaçao (Stoffers, 1956). 
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Seasonal climax vegetation includes colonies of Bromelia humilis in the undergrowth, Erythroxylon, 
Randia and Capparis, Pithecellobium and Cereus in the shrub layer and Bursera and Tabebuia in the 
tree layer. When degradation occurs, the deciduous vegetation transforms into thorny woodland 
(identifying a secondary and sub-climax community) including Caesalpinia coriaria, Acacia tortuosa, 
Haematoxylon brassiletto, Prosopis juliflora, Pithecellobium unguis cati, Capparis spp. And Malpighia 
emarginata. Like deciduous vegetation, Croton, Lantana and Cordia shrubs appear on the 
Limestone Formation and is most likely derived from the climax vegetation (Meyboom, 1994). 

Dry evergreen climax vegetation is characterized by vegetation with a height of 2-3 meters with 
occasionally the presence of a higher tree species of Sideroxylon or Bursera. The most prominent 
species found here is Coccoloba swartzii, but also Metopium brownei and Stenostomum acutatum 
acutata. The species Lantana, Cordia, Croton and Opuntia are found in the lower shrub layer. Rock 
vegetation (identifying a secondary and sub-climax community) is characterized by coastal trees 
and is found on locations where conditions are hard, for instance on the calcareous plateau which 
is strongly influenced by the wind. Species that are able to survive here are Conocarpus erectus, 
Strumpfia maritima, Stenostomum acutatum, Opuntia, Melocactus, Cereus repandus and Sesuvium 
portulacastrum (Meyboom, 1994). 

Edaphic climax vegetation is characterized by salina vegetation and is formed by the species Ruppia 
maritima and Najas guadalupensis. The Hippomane mancinella forest grows mostly on sandy 
locations of which accompanying species are Bontia daphnoides, Conocarpus erectus and Batis 
maritima, Phylanthus botryanthus, Croton flavens, Lantana spp., Acacia tortuosa, Prosopis juliflora 
and Cordia dentata (Meyboom, 1994).  

2.3.2 Influence of goats on island ecosystems 

Island ecosystems are vulnerable to the influence of invasive species, with goats considered the 
most damaging. After the introduction of goats on the Galapagos islands around 1800, the removal 
of these animals finished in the 1970s. Three years after, signs of significant vegetation recovery 
became evident (Schofield, 1989). The extermination of native vegetation is often caused by 
overgrazing, with goats either the primary cause or contributing factor (Campbell & Donlan, 2005). 
As stated by Weber (1971), within ten years after the introduction of goats on Pinta island of the 
Galapagos most of the undergrowth vegetation was destroyed. 

2.3.3 Influence of goats on vegetation in the Christoffelpark 

While most of the endemic vegetation on Caribbean islands evolved in the absence of grazers, the 
introduction of livestock by the European settlement around 1527 is considered a destructive impact 
on the (endemic) vegetation (Debrot & de Freitas, 1993; Stoffers, 1956). Feral goats not only prevent 
vegetation from rejuvenation by eating everything they encounter, they also spread certain 
vegetation species when roaming the island. As mentioned by Debrot & de Freitas (1993) the white-
tailed deer, which was most likely introduced prior to goats by Amerindian settlers before Columbus, 
is native to the island and has a relatively low impact on the vegetation. 
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Debrot & de Freitas (1993) compared vegetation between grazed and ungrazed areas around the 
Christoffel mountain. Areas accessible by grazers appeared to contain a reduced vegetational 
coverage which is a common sign of overgrazing. Vegetation identified at grazed rocks include 
Aristida adscensionis, Opuntia caracassana and Acacia Tortuosa. The cactus species Opuntia 
caracassana (also called prickly pear) easily breaks off and gets attached to the goat’s fur, resulting 
in vegetative reproduction (Bokkestijn & Slijkhuis, 1987). Wide fields of Opuntia caracassana 
therefore indicate the presence of goats. Further, the seeds of the early successional Acacia species, 
a thorny and shrubby tree, are often found in goat dung. Rocks inaccessible by goats were 
characterized by Tillandsia flexuosa, accompanied by Paspalum secans, Brassavola nodosa and 
Portulaca elatior or Serjania curassavica. Species eaten by goats include Acacia tortuosa, Guaiacum 
officinale and Haematoxylum brassiletto. Species avoided by goats are Croton flavens, Opuntia sp. 
and Cryptosegia grandiflora and were therefore found in large fields. Also found in between these 
three species is Acacia tortuosa which survives the voracity of goats (Meyboom, 1994).  
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3. Methodology 

The methodology workflow to answer the research question is given in Figure 8. Elaboration on 
each section is given in §3.1 to §3.4. 

Figure 8. Workflow per research question with SB representing the Shete Boka park and CCHR the Christoffelpark’s coast.  
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3.1 Data 

3.1.1 Field data 

Field data were used to evaluate change between the vegetation assessed in the 1980s and the 
current vegetation in both study areas. Four field datasets, as given in Table 1, were provided by 
CARMABI Curaçao and are used in the data analysis.   

Table 1. Field datasets, including the year(s) of collection, number of data plots and source. 

Dataset Year(s) Relevé plots Source 

Historic field data Christoffelpark 1984/85 205  Bokkestijn & Slijkhuis (1987) 

Historic field data Shete Boka park 1987/88 17 Beers et al. (1997) 

Recent field data Christoffelpark 2018/19 220  CARMABI Curaçao & Ekkelenkamp (2020)  

Recent field data Shete Boka park 2020 21  CARMABI Curaçao 

3.1.1.1 Data collection and processing 

Recent field data of the Shete Boka National Park were the only missing data prior to this thesis 
study. Therefore, fieldwork was carried out from October to December 2020 by E. Houtepen. The 
data collection was similar to the fieldwork campaign of 2018/19 in the Christoffelpark. Field sample 
locations were based on those of the Curaçao field campaign of 1987/88 of which fieldwork in the 
Shete Boka park took place in 1987. Unlike the historic field data which were collected using varying 
sampling measurement sized depending on vegetation type, the recent field data were collected 
using 100 m2 relevés.  

As - for this study - only the coastal area of the Christoffelpark is of interest, both the historic and 
recent field dataset from the Christoffelpark were filtered by relevé plots located in the coastal area. 
After filtering, 31 of the recent field relevé plots were defined in the Christoffelpark’s coastal area. 
Exact field sample plot relevé numbers are 1, 2, 3, 4, 5, 6, 7, 8, 17, 18, 19, 23, 24, 25, 26, 31, 32, 39, 
40, 41, 42, 43, 44, 64, 65, 77, 78, 79, 80, 151 and 154. The historic field sample plots are the same, 
except for relevé number 64. As the historic field data from the Shete Boka National Park was 
extracted from the 1987/88 field campaign of the entire island, only a limited number of sample 
locations were found within the administrative boundaries of the national park. To expand the 
number of field data in the analysis, 11 field sample plots outside the national park were included in 
the data collection and the boundaries of the study area have therefore been enlarged. The precise 
locations of the field data relevés are given in Figure 1. 

3.1.1.2 Vegetation clustering 

To describe the current identified vegetation and in order to properly compare results between the 
two study areas, the TWINSPAN (Two-Way Indicator Species Analysis) classification method was 
applied (Hill, 1979). This method produces an ordered two-way table of the relevé data. The 
classification process is hierarchical and divides the vegetation species into categories. This way, 
each relevé is assigned to a vegetation community cluster. The cluster descriptions are defined by 
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the presence and dominance of certain vegetation species and are based on Beers et al. (1997). For 
a species to define a cluster, it must appear in only one or two clusters and contain an importance 
value (IV) of at least 80%. The IV describes the appearance percentage of a species in a cluster’s 
relevés. For instance, an IV of 100 percent represents a species that occurs in all relevés and is 
therefore an important factor in distinguishing clusters. 

3.1.2 Remote sensing data 

To assess vegetation trends - using the Normalized Difference Vegetation Index (NDVI) - in both 
study areas, including the period around the exclusion of goats, a long-term time series of medium 
to high spatial resolution satellite imagery is desirable. For this, Landsat products have proven most 
appropriate as the image archive dates back to 1972 providing products with a 30 meter spatial 
resolution. However, after exploring the completeness of Landsat 5, 7 and 8 products for both study 
areas, only few images appeared to be available prior to the year of 2000. As a minimum of four 
images per year is preferred to create a robust time series, data prior to 2000 were excluded from 
analysis in this study. So, a 21-year time series from 2000 to 2020 was used in this study. 

Table 2 provides an overview of the Landsat products used to construct the NDVI time series. Both 
products are already-processed and inter-calibrated derived Tier 1 NDVI composites of the Landsat 
Collection 1 (level 1). This defines the highest quality data within the Landsat archive that also 
supports data “stacking” and the use in time series analysis (USGS, 2019). The satellite images were 
retrieved from Google Earth Engine (GEE), a freely available cloud-based platform that provides for 
accessing and processing large geospatial datasets (Gorelick et al., 2017).  

Table 2. Landsat products used to construct the time series. 

Satellite sensor Date range Image Collection Number of images 

Landsat 7 ETM+ 2000-01-01 - 2012-12-31 LANDSAT/LE07/C01/T1_8DAY_NDVI 86 (Shete Boka NP),  
99 (Coastal Christoffelpark) 

Landsat 8 OLI/TIRS 2013-01-01 - 2020-09-01 LANDSAT/LC08/C01/T1_8DAY_NDVI 162 (Shete Boka NP),  
164 (Coastal Christoffelpark) 

As different trend detection algorithms require different input data, two types of time series were 
constructed for each study area. First, used as input data for the bfast01 algorithm, a dense time 
series was composed containing a minimum of 5 and a maximum of 23 images per year. The 
capture dates of the images showed a proper annual variety, meaning that there was no strong 
seasonality present in the dense time series. When using breakpoint detection analysis on NDVI 
time series, an inter-annual variability might occur caused by e.g. meteorological distortions, 
variations in weather conditions or ecosystem disturbances. Because of this, the annual mean, 
seasonality and short-term patterns might be affected in the time series. To minimize these effects, 
the second time series, used as input for the exploratory trend analysis and LandTrendr algorithm, 
consists of annual median NDVI values (Forkel et al., 2013).  
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3.2 Comparative vegetation analysis 

The focus of the comparative vegetation analysis was to assess differences between the two study 
areas as well as changes since the 1980s fieldwork campaigns. Change in vegetation species richness 
and vegetation coverage has been assessed through graphs using Excel software. The significance 
(p≤0,05) of change between average historic (μ1) and average recent (μ2) field data was evaluated 
using a two-sample t-test assuming unequal variances. The following hypotheses were tested: 

H0 : the difference in averages between recent and historic data is zero, μ1=μ2 
Ha : the difference in averages between recent and historic data is different from zero, μ1≠μ2 

3.3 Exploratory trend analysis 

To gain insight in spatial vegetation trends throughout the NDVI time series, two trend analysis 
techniques were applied. To assess whether spatial and temporal trends are evident, a spatial pixel-
based linear fit model was applied to the annual median NDVI time series. The linear function takes 
the independent (annual median NDVI) and dependent (time) variable.  

As multiple studies (de Beurs & Henebry., 2004; de Jong et al., 2011; Forkel et al., 2013) discussed 
the drawback of using a parametric function to estimate trend in a NDVI time series, a non-
parametric function was also applied. Specifically, the Mann-Kendall trend test was performed on 
the annual median NDVI time series to assess spatial and temporal trends. This robust non-
parametric test prevents for the limitations of parametric assumptions, handles missing data, non-
normality, autocorrelation and does not require trends to be linear (Alcaraz-Segura et al., 2010; de 
Jong et al., 2011; Forkel et al., 2013). The Mann-Kendall test was first introduced by Mann (1945) 
whom proposed to use it for Kendall’s tau significance of temporal trends (de Jong et al., 2011; 
Kendall, 1938). The Mann-Kendall test has since been applied to NDVI datasets (Alcaraz-Segura et 
al., 2010; Fensholt et al., 2012; poulet et al., 2009). 

The Mann-Kendall test evaluates whether a trend is evident in a pixel’s NDVI time series where a 
Kendall’s tau (τ) value of 1 indicates a perfect positive monotonic trend and -1 a perfect negative 
monotonic trend (de Jong et al., 2011; Fensholt et al., 2012), tested by the following hypotheses: 

H0 : There is no monotonous trend in the pixel’s NDVI time series, τ = 0  
Ha : There is a monotonous trend evident in the pixel’s NDVI time series, τ ≠ 0  

H0 is rejected when a Kendall’s tau significantly differs from zero, considering a significance level of 
0.01. This will then indicate a monotonic trend, either positive (greening) or negative (browning). 

To test the significance of the detected trends, the p-value was calculated for each pixel. A p-value 
lower than 0.05 is assumed to be significant. Further, Sen’s slope was calculated to quantify the 
magnitude of the detected trends (Alcaraz-Segura et al., 2010).  

Both the linear model as the Mann-Kendall trend test were performed using the R programming 
language. Appendix 1 contains an overview of the used packages, functions and descriptions.  
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3.4 Change detection analysis 

Following the pixel-based NDVI trend analysis, two change detection algorithms were applied to 
estimate moments in the time series where shifts in NDVI might have occurred resulting from the 
eradication of goats. The two performed algorithms are the LandTrendr and bfast01 algorithm. 

3.4.1 LandTrendr algorithm 

3.4.1.1 LandTrendr model fitting 

The Landsat-based Detection of Trends in Disturbance and Recovery algorithm, referred to as 
LandTrendr, is a set of processing and analysis algorithms within the GEE framework (Kennedy et 
al., 2010; Kennedy et al., 2018). First developed in 2010 as an Interactive Data Language (IDL) and 
implemented in GEE in 2018, LandTrendr was initially used in the detection of forest disturbance 
and recovery but has since also been used for biophysical properties including indices like the NDVI 
(Mugiraneza et al., 2020). 

The algorithm requires annual and anomaly-free Landsat satellite composites to prevent for intra-
annual trend detection. By using straight line segments, the algorithm models the essential features 
while eliminating noise in each pixel-based time series. A simplified representation of the spectral 
trajectory results from the temporal segmentation where the start and end points, defined as 
vertices, contain information regarding to the time stamp and spectral value of detected change. 
As the algorithm applies arbitrary segmentation, a set of control parameters and filtering options 
are provided to reduce the risk of over- and underfitting the model (Kennedy et al., 2010). The 
algorithm iterates over each pixel in the annual time series, extensively taking the annual noisy detail 
into account while only writing a confined result. Also, the algorithm is able to interpolate values for 
years with missing observations while maintaining consistency in mapping prediction through time. 
LandTrendr identifies so-called breakpoints in the pixel’s time series by separating periods of stable 
change and recording years with change. For this, segmentation of the pixel’s time series is applied 
by the algorithm in which breakpoints are referred to as vertices. A vertex is written as [year, spectral 
value] and is used to distinguish a period prior and a period after a break detection. Figure 8 
contains a conceptual representation of the model segmentation of an individual pixel. 

 
Figure 9. Conceptual model of the LandTrendr segmentation model for a pixel’s time series. 
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Besides general input parameters (Table 3), the algorithm takes 9 parameters of which 8 are used 
to control the spectral-temporal segmentation. Table 4 contains an overview of these parameters 
including definitions. In the decision which combination of parameters proved most effective in this 
study, various sets of parameter values were tested using GEE. For each test run (of five in total), the 
resulting RMSE layer was exported from GEE and imported into ArcGIS Pro where the mean RMSE 
over the study area (in this case the Christoffelpark’s coast) was calculated. The set with the lowest 
error is then used in the LandTrendr algorithm for change detection analysis (Table 12, §4.3.1.1).  

Table 3. General input parameter settings including description.  

General input 
parameters Setting Definition 

startYear 2000 The minimum year in the annual image collection 
endYear 2020 The maximum year in the annual image collection 
startDay 01-01 The minimum day of which the annual composite is generated 
endDay 11-30 The maximum day of which the annual composite is generated 
index NDVI The index of which the composite is made 
Aoi  Shapefile of the study areas The area of interest in the mosaicking of the image collection 
maskThese ‘cloud’, ‘shadow’, ‘snow’, ‘water’ Classes to include in the masking of pixels 

 
Table 4. Control parameters including definitions for the LandTrendr segmentation (Kennedy et al., 2010; Xu et al., 2019). 

Control parameters Definition 

MaxSegments The maximum number of segments that can be fitted on the NDVI Landsat time series. 

SpikeThreshold A threshold value to damp spikes in the time series, with a threshold of 1.0 defining no 
dampening.  

vertexCountOvershoot Amount by which the model can overshoot the MaxSegments + 1 vertices. 
preventOneYearRecovery Exclude segments that defines one-year recovery. 

recoveryThreshold When a recovery rate is faster than 1/recoveryThreshold, the segment will be 
disallowed. This can be turn off by setting a threshold of 1.0. 

pvalThreshold When the p-value exceeds this threshold, the model fitting is discarded and the 
trajectory is considered as a no-change. 

bestModelProportion The model is taken with most vertices and that has a p-value which is at most this 
proportion value away from the model that has the lowest p-value. 

minObservationsNeeded The minimum observations necessary in order to perform output fitting. 
timeSeries An annual Landsat ImageCollection. 

3.4.1.2 LandTrendr change mapping 

Information concerning detected breakpoints and the duration of stable periods known as segments 
is provided in the output of the LandTrendr algorithm. In order to present these detected changes 
spatially, the LandTrendr change mapper was used. This function provides an additional set of 7 
parameters. Table 5 contains an overview of the change parameters and which were applied in 
order to map change. The magnitude of change filter was set using various thresholds as it is unclear 
what magnitude of change relates to the recovery of vegetation. The change mapper was therefore 
run 5 times. 
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Table 5. LandTrendr change mapper parameters. 

Parameter Settings Settings Settings Settings Settings 

Vegetation change type Gain Gain Gain Gain Gain 

Vegetation change sort Oldest / 
Greatest 

Oldest / 
Greatest 

Oldest / 
Greatest 

Oldest / 
Greatest 

Oldest / 
Greatest 

Filter by year 2000 - 2020 2000 - 2020 2000 - 2020 2000 – 2020 2000 – 2020 
Filter by magnitude - > 100 > 200 > 300 > 400 
Filter by duration 1 1 1 1 1 
Filter by pre-disturbance value - - - - - 
Filter by MMU - - - - - 

First, as detecting vegetation recovery after the removal of goats in the Christoffelpark is of highest 
interest, only the vegetation change type “gain” was used. With this, the algorithm will only search 
for breakpoints with a positive shift. Then, the vegetation change sort parameter provides the 
following options: oldest, newest, least, greatest, slowest and fastest. This filter is a relative qualifier 
and only applies when multiple change events are present in a pixel’s time series. As the aim was to 
detect positive change that relates to the removal of goats, and to prevent the algorithm from 
detecting changes resulting from external factors, the “oldest” and “greatest” filter were separately 
applied. With this, the earliest and greatest positive breakpoint - if present - in each pixel’s NDVI 
time series was selected by the change mapper function. By comparing results between the earliest 
and greatest change, a more concise view is provided.  

3.4.2 bfast01 algorithm 

The Breaks For Additive Season and Trend algorithm is a segmentation method for time series to 
assess whether (gradual or abrupt) changes occurred. Using a linear model, the algorithm splits the 
time series into trend, season and remainder components and estimates abrupt change in the trend 
and season components. Considering that vegetation regrowth first occurs as one major shift in the 
NDVI time series, the bfast01 algorithm was applied. This variant of the bfast algorithm detects the 
most influential shift in the time series’ trend (Bernardino et al., 2020; Schaepman et al., 2013).  

The bfast01 algorithm was performed using the R programming language. Appendix 1 contains the 
functions, packages including description that were used to perform the bfast01 trend detection. 
The NDVI images in the time series were exported from GEE and imported as .tiff files into Rstudio. 
Then, after creating a rasterstack, adding a date attribute to each image and calculating the study 
area’s median value for the Christoffelpark’s coast and the Shete Boka park, the time series was 
constructed and used as input for the bfast01 algorithm using the response ~ trend formula. The 
same approach was performed for each TWINSPAN cluster separately for each study area. The 
output of the bfast01 function was used as input for the bfast01classify function to determine the 
type of change. Change types include monotonic increase (with a positive break), monotonic 
decrease (with a negative break), an interruption with either an increase with negative break or 
decrease with a positive break and a reversal with either an increase to decrease or an decrease to 
increase. For each detected change type the corresponding significance flag was given, in case of 
a break detected the significance for each segment is available. 
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4. Results 

4.1 Comparative vegetation analysis 

In this analysis, focus has been on the differences between historic and recent field data and to what 
extent the vegetation (change) is different for the Shete Boka park and the Christoffelpark’s coastal 
area. Table 6 contains summary statistics for a general understanding of the findings in the 
comparative vegetation analysis.  

Table 6. Summary statistics of the fieldwork campaigns.  

Fieldwork campaign Relevé plots Total number of 
identified species  

Avg. number of 
species per plot 

Avg. vegetation 
coverage per plot 

Shete Boka park 1987 17 43 8,1 35,6 % 

Shete Boka park 2020 21 75 10,6 39,4 % 

Coastal Christoffelpark 1985 30 76 8,6 27,7 % 

Coastal Christoffelpark 2018/19 31 70 9,0 32,3 % 

4.1.1 Vegetation species richness 

4.1.1.1 Distribution of vegetation species richness 

The distribution of vegetation species richness, here defined as the count of individual species per 
relevé plot, is given in Figure 10. A slight increase in both the average (8,6 to 9,0 species in the 
Christoffelpark’s coast and 8,1 to 10,6 species in the Shete Boka park) and the median (7,5 to 10 
species in the Christoffelpark’s coast and 8 to 11 species in the Shete Boka park) was found.  

   
Figure 10. Distribution of vegetation species richness for both fieldwork campaigns in the Christoffelpark’s coastal area 
(left plot) and the Shete Boka National Park (right plot). 

Both distributions changed since fieldwork in the 1980s. Except for the 1985 fieldwork campaign in 
the Christoffelpark, all distributions are bimodal. The significance of the increase in average species 
richness per plot was assessed using the two-sample t-test (Table 7). 
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Table 7. Two-sample t-test results for change in average species richness.  

 Christoffelpark’s coast Shete Boka park 

Fieldwork campaign 1985 2018/19 1987 2020 

Mean 8,60 9,03 8,12 10,57 

Variance 43,6 15,03 26,11 11,76 

P(T<=t) two-tail 0,757 0,102 

Even though the increase in average species richness per plot was found to be of higher significance 
in the Shete Boka park (p = 0,102) than in the Christoffelpark’s coast (p = 0,757), the null hypothesis 
is rejected accepted meaning there is no significance difference in the average species richness. 

4.1.1.2 Change in vegetation species richness  

For a more detailed understanding of the change in vegetation species richness, the species 
identified in the fieldwork campaigns were classified into seven vegetation types. Figure 11 shows 
the change in number of species per vegetation type.  

 
Figure 11. Change in species richness per vegetation type since fieldwork in the 1980s. 

A decrease of grass (13 to 8) and herb (32 to 16) species was found in the Christoffelpark’s coast 
since 1985 and in the Shete Boka park a decrease of 1 in cacti species occurred. Highest increase in 
number of species was found in shrubs (2 to 12), trees (5 to 12) and grasses (7 to 14) in the Shete 
Boka park and trees (7 to 16) species in the Christoffelpark’s coast.  
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4.1.2 Vegetation species coverage 

4.1.2.1 Distribution of vegetation coverage  

The distribution of vegetation coverage in the relevé plots is given in Figure 12 using the same 
approach as in §4.1.1. The average vegetation coverage per relevé of both parks increased since the 
fieldwork in the 1980s. The average coverage increased from 27,7 to 32,3 percent in the 
Christoffelpark’s coast and from 35,5 to 39,4 percent in the Shete Boka park whereas the median 
coverage increased from 23 to 32 percent in the Christoffelpark’s coast and from 25 to 32 percent 
in the Shete Boka park. 

 
Figure 12. Distribution of vegetation coverage for both fieldwork campaigns with the Christoffelpark’s coastal area (left 
plot) and the Shete Boka National Park (right plot). 

The distribution of vegetation coverage changed drastically in the Christoffelpark’s coasts since 1985. 
Where the historic field data shows a smooth and more normal distribution, the recent field data 
contains a three-peak multimodal distribution. The distribution of vegetation coverage in the Shete 
Boka park shows minimal change. To assess whether the increase in average vegetation coverage 
per plot is significant, the two-sample t-test was applied (Table 8). 

Table 8. Two-sample t-test results for change in average vegetation coverage.  

 Christoffelpark’s coast Shete Boka park 

Fieldwork campaign 1985 2018/19 1987 2020 

Mean 27,67 32,29 35,59 39,38 

Variance 704,16 315,01 838,26 601,75 

P(T<=t) two-tail 0,429 0,671 

The increase in average vegetation coverage of both the Christoffelpark’s coast (p = 0,429) and the 
Shete Boka park (p = 0,671) was found not to be significant and the null hypothesis is accepted in 
both cases meaning there is no significant difference in average vegetation coverage.  
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4.1.2.2 Change in vegetation type coverage 

The change in vegetation coverage per vegetation type was analysed, as given in Figure 13. In this 
figure, the change in square meters of each vegetation type since fieldwork in the 1980s is given.  

 
Figure 13. Change in coverage per vegetation type since fieldwork in the 1980s. 

A decrease of 510,36 m2 (from 718 m2 to 207,64 m2) was found in the coverage of grasses and herbs 
in the relevés in the Christoffelpark’s coast. In the Shete Boka park, trees decreased with 35,31 m2 in 
coverage. Large increase (604,33 m2 in total) was found in trees and large shrubs in the 
Christoffelpark’s coast. 

To assess whether the changes are significant, a two-sample t-test was performed on the change 
in average coverage per vegetation type (Table 9). While the increase in average vegetation 
coverage for the entire study areas was found not to be significant (Table 8), the change in 
vegetation coverage for three vegetation type showed different (as shown in Table 9).  

In the Christoffelpark’s coast, a significant decrease (p = 0,014) was found in coverage of the grass 
layer. In the Shete Boka park, a significant increase was found in coverage of the vine layer (p = 
0,007) and the shrub layer (p = 0,066). Also of high significance is the increase in average coverage 
of the herb layer in the Shete Boka park (p = 0,16) and the decrease in average coverage of the 
herb layer in the Christoffelpark’s coast (p = 0,31). Other vegetation types show less significant 
change, ranging in p-values  from 0,45 to 0,92. 
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Table 9. Two-sample t-test results for change in average vegetation coverage per vegetation type.  

 Christoffelpark’s coast Shete Boka park 
Fieldwork campaign 1985 2018/19 1987 2020 
Cactus 
Mean 7 7,71 5 7,48 
Variance 91 34,41 22 12,25 
Observations 3 4 4 2 
P(T<=t) two-tail 0,92 0,52 
Vine  
Mean 16 17,77 1 3,82 
Variance 372 442,84 0 2,48 
Observations 3 4 3 6 
P(T<=t) two-tail 0,91 0,007  
Grass 
Mean 22,08 6,5 16,29 11,07 
Variance 361,91 22,57 521,24 122,07 
Observations 13 8 7 14 
P(T<=t) two-tail 0,014  0,59 
Herb 
Mean 13,47 9,73 6,16 9,99 
Variance 262,84 81,42 23,81 115,22 
Observations 32 16 19 20 
P(T<=t) two-tail 0,31 0,16 
Shrub 
Mean 17,73 13,97 2 7,41 
Variance 803,42 152,94 2 73,69 
Observations 11 14 2 12 
P(T<=t) two-tail 0,69 0,066 
Tree 
Mean 30,29 34,45 81,4 30,97 
Variance 4385,24 2384,24 30349,3 4071,76 
Observations 7 16 5 12 
P(T<=t) two-tail 0,88 0,56 
Large shrub/tree 
Mean 20,71 51,26 11,33 35,58 
Variance 2164,90 11065,47 262,33 5960,68 
Observations 7 8 3 7 
P(T<=t) two-tail 0,47 0,45 

 

4.1.2.3 Change in vegetation species coverage 

The change in vegetation coverage per species is given in Figure 14 and shows the vegetation 
species that either increased or decreased most as well as the climax species mentioned in §2.3.1 in 
square meters since the fieldwork in the 1980s. The species as given in Figure 14 consist of 11 shrubs, 
11 trees, 6 herbs, 5 cacti, 5 grass and 2 large shrubs. Of climax species, 10 tree species, 9 shrub 
species, 5 cacti species, 3 large shrub species and 1 herb species were found to change most in 
coverage.  
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Figure 14. Vegetation species that changed most in coverage since fieldwork in the 1980s in the Christoffelpark’s coastal 
area and the Shete Boka park.  

Greatest decrease was found in the coverage of Hippomane mancinella (-168,76 m2) in the Shete 
Boka park which increased in the Christoffelpark’s coast (46,46 m2), but also a large increase of 
Randia aculeata (115,91 m2) and decrease of Pectis postrata (-76 m2) in the Christoffelpark’s coast 
(115,91 m2), an increase of Haematoxylum brasiletto (60,5 m2) in the Shete Boka park and a huge 
increase of Acacia tortuosa was found in both the Shete Boka park as the Christoffelpark’s coast. 



 
 

33 
 

4.1.3 Vegetation communities 

The TWINSPAN clustering method is based on the recent fieldwork campaigns in the Shete Boka 
National Park (2020) and the Christoffelpark (2018/19). Hence, the classification represents the 
current vegetation communities. Figure 15 shows the spatial distribution of the clusters per relevé. 

 
Averaged relevé statistics per TWINSPAN cluster are given in Table 10. Extension of the table is given 
in Appendix 2 in which also the species identified per cluster with the corresponding IVs are given. 
Figure 16.A-B contain photographs that represent (one of) the relevé(s) within the Shete Boka park. 

Table 10. Averaged relevé statistics per TWINSPAN cluster. The colours represent a low value/percentage (brown/red) to 
higher values/percentages (green).  

TWINSPAN cluster 1 2 3 4 5 6 9 10 11 12 13 14 

N. of relevés in coastal Christoffelpark  5 2 4 1 - - - 8 6 2 3 - 

N. of relevés in Shete Boka park - - 1 8 3 2 4 - 2 - - 1 

Average N. species 5 7 5 9 13 10 12 11 11 14 10 12 

Average coverage (%) 24 50 6 26 67 76 38 29 45 45 45 29 

Average coverage tree layer (%) 0 35 0 0 0 43 13 5 7 12 28 0 

Average coverage herb layer (%) 21 3 6 23 10 2 12 4 18 6 1 18 

Average coverage low shrub layer (%) 4 7 0 3 50 2 10 9 18 24 4 10 

Average coverage high shrub layer (%) 0 8 0 0 12 33 7 14 11 16 13 1 

Average coverage litter layer (%) 15 50 1 1 6 34 8 28 12 25 22 1 

Average coverage bare rock (%) 31 44 59 49 36 20 38 2 10 23 2 5 

Figure 15. Relevé plots including the assigned TWINSPAN cluster.  
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Cluster 1: Conocarpus erectus - Strumpfia maritima (5 relevés)  

With a very low number of species, low vegetation coverage and dominated by the herb layer, 
cluster 1 is located in the relevés in the Christoffelpark’s coastal area. Dominant species are 
Conocarpus erectus with an IV of 100 and Strumpfia maritima with an IV of 60.  

Cluster 2: Conocarpus erectus - Laguncularia racemose  (2 relevés) 

Cluster 2 consists of two relevés and is located west in the Christoffelpark’s coast. The cluster is 
characterized by a low number of species but with a vegetation coverage of 50%, dominated by 
the tree layer. This cluster is, as similar in cluster 1, dominated by Conocarpus erectus (IV of 100) and 
only appears in cluster 1 and 2. The unique species in cluster 2 is Laguncularia racemose with an IV 
of 50. 

Cluster 3: Sesuvium portulacastrum - Sporobolus pyramidatus (5 relevés) 

Cluster 3 represents three relevés in the Christoffelpark’s coast and one relevé in the Shete Boka 
park (Figure 16.A). This cluster is defined by a very low number of species and a very low vegetation 
coverage. With the highest bare rock coverage of all clusters, cluster 3 is dominated by the herb 
layer. Whereas the herb Sesuvium portulacastrum dominates this cluster with an IV of 100, the 
species is not unique for this cluster. The same accounts for Sporobolus pyramidatus with an IV of 
60 and only sparsely found in 2 other clusters. Notable is the presence of the small shrub Strumpfia 
maritima, only appearing in cluster 1 and 3, and only in the Christoffelpark’s coast. 

Cluster 4: Heliotropium ternatum - Brachiaria reptans (9 relevés) 

With only one relevé in the Christoffelpark’s coast, cluster 4 is typical for the Shete Boka park and is 
located more inland than clusters 1, 2 and 3. Cluster 4 is characterized by a low number of species, 
low vegetation coverage and is dominated by the herb layer (Figure 16.B & 16.C). Many herbs are 
found in one of the relevés, but the species that dominate this cluster are Euphorbia herb species 
and the grass species Brachiaria reptans, both only appearing in one other cluster. 

Cluster 5: Acacia tortuosa - Tephrosia cinerea (3 relevés) 

Located more inland than the previous clusters in the Shete Boka park is cluster 5 which shows a 
large number of species, a high vegetation coverage and is clearly dominated by the high shrub 
layer (Figure 16.D). The cluster is found towards the boundaries of the study area, on the coastal 
hills of Shete Boka. With an IV of 100, but not unique for this cluster, the shrub Cordia curassavica, 
herb Tephrosia cinerea and tree Acacia tortuosa dominate the relevés. Species that are unique for 
this cluster contain an importance value of 33.3 include the herbs Ruellia tuberosa, Solanum 
americanum and the shrub Indigofera suffruticosa.  

Cluster 6: Hippomane mancinella - Cryptostegia grandiflora (2 relevés) 

Less inland but also limited to the Shete Boka park is cluster 6. This cluster contains a moderate 
number of species, has a very high vegetation coverage and is dominated by the tree and high 
shrub layer (Figure 16.E). Not unique for this cluster but with an IV of 100 are the tree species 
Quadrella odoratissima and Hippomane mancinella. Unique is the invasive tree species Azadirachta 
indica (IV of 50). Cryptostegia grandiflora (IV of 50), also invasive, appears in 1 other cluster. 
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Cluster 9: Acacia tortuosa - Tournefortia volubilis (4 relevés) 

Cluster 9 is, as similar to cluster 5, located more inland in the Shete Boka park (Figure 16.F). This 
cluster consists of a high number of species, a moderate vegetation coverage and is not dominated 
by a specific layer. The species that dominates with an IV of 100 is Acacia tortuosa. However, species 
unique for this cluster and with an Iv of 25 are the herbs Ayenia magna, Abutilon hirtum, Bastardia 
viscosa and Mentzelia aspera, the small shrub Bernardia corensis and the small tree Condalia 
henriquezii and Jacquinia armillaris. 

Cluster 10: Randia aculeata - Cissus verticillata (8 relevés) 

With a moderate number of species, a low vegetation coverage and slightly dominated by the shrub 
layer, cluster 10 is only located in the Christoffelpark’s coastal area. Dominant species with an IV of 
100 are Randia aculeata. Species that are unique for this cluster and with an IV higher than 25 are 
the shrubs Croton ovalifolius, Cynophalla flexuosa and Gossypium hirsutum.  

Cluster 11: Acacia tortuosa - Opuntia caracassana (8 relevés) 

Located with 2 relevés in the Shete Boka park (Figure 16.G) but very near to the boundaries of the 
Christoffelpark’s coast, cluster 11 is mainly found in the Christoffelpark’s coastal area with 6 relevés. 
This cluster contains a moderate number of species and vegetation coverage and is dominated by 
the herb and low shrub layer. Unique species for this cluster include the grasses Tragus 
berteronianus and Chloris barbata and the herbs Trianthema portulacastrum, Spigelia anthelmia, 
Nama jamaicensis and Euphorbia serpens, all showing a low IV from 12.5 to 37.5. Species that are 
not unique but with the highest IV in cluster 11 are the herbs Capraria biflora (IV of 75), Passiflora 
foetida (IV of 100) and the cactus Opuntia caracassana (IV of 50). 

Cluster 12: Bourreria succulenta - Lantana camara (2 relevés) 

Located very inland in the Christoffelpark’s coastal area with a very high number of species and high 
vegetation coverage is cluster 12 with the shrub layer as most dominant. Only appearing slightly in 
one other cluster is the shrub Lantana camara, here with an IV of 100. Unique species for this cluster 
are the winding Ipomoea incarnata and the herb Heliotropium angiospermum, both with an IV of 
50. 

Cluster 13: Randia aculeata - Phyllanthus botryanthus (3 relevés) 

Located throughout the Christoffelpark’s coast is cluster 13. With a moderate number of species a 
high vegetation cover and a dominant tree layer, the tree species Bursera simaruba is unique for 
this cluster but only shows an IV of 33.3. Only appearing in one other cluster is the tree species 
Cordia dentata and the large shrub Phyllanthus botryanthus with an IV of 66.7.  

Cluster 14: Spigelia anthelmia - Polygala violacea (1 relevé) 

Cluster 14 consists of one relevé which is located in the Shete Boka park. This relevé is characterized 
by a large number of species, a moderate vegetation coverage and dominated by the herb and low 
shrub layer (Figure 16.H). This relevé contains no trees and practically no high shrub, litter and bare 
rock. Species unique for this relevé are the herbs Spigelia anthelmia and Polygala violacea. 
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 A. Shete Boka park, cluster 3 (plot 514)                                 B. Shete Boka park, cluster 4 (plot 503) 

 
 C. Shete Boka park, cluster 4 (plot 518)                                 D. Shete Boka park, cluster 5 (plot 501)                        

 
 E. Shete Boka park, cluster 6 (plot 508)                                 F. Shete Boka park, cluster 9 (plot 509)                        

 
 G. Shete Boka park, cluster 11 (plot 515)                                H. Shete Boka park, cluster 14 (plot 520)      

Figure 16. Photographs of relevé plots of the 2020 fieldwork campaign in the Shete Boka park (Houtepen, 2020).                                  
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4.2 Exploratory NDVI trend analysis 

Focus of the exploratory trend analysis was on the (pixel-based) assessment of trends in the NDVI 
time series. Figure 17 contains the annual median as well as the annual mean NDVI time series for 
the Shete Boka National Park and the Christoffelpark’s coast.  

 
Figure 17. Annual median and mean NDVI time series for both study areas. 

The general annual trend of both study areas slightly increased over time with a clear variation of 
peaks and valleys. Change in NDVI between 2000 and 2020 per graph with the corresponding slope 
values is given in Table 11. Appendix 3 contains the annual median NDVI time series per TWINSPAN 
vegetation community.  

4.2.1 Assessment of spatial trends 

Following the application of the pixel-based linear model and three indicators of the Mann-Kendall 
trend test, four trend statistics maps were visualized. First, Figure 18 contains the spatial result of the 
linear model’s slope which is compared with the result of the Mann-Kendall test’s Sen’s slope as 
given in Figure 19. Then, the spatial result of the Kendall’s tau values can be found in Figure 20. Four 
levels of significance according to the p-value are given in Figure 21. 

Comparing the result of the linear model’s slope (Figure 18) with the result of the Sen’s slope (Figure 
19), slight difference in minimum and maximum values were found. The average linear slope of  
-0,00013 differs with 0.00003 from the Sen’s slope average of -0,00010. Zooming in on each study 
area, the Shete Boka park contains an average linear slope of -0,0001 and an average Sen’s slope 
of -0,0119 whereas the Christoffelpark’s coast shows an average linear slope of -0,0308 and an 
average Sen’s slope of -0,0003. Overall, the resulting spatial pattern is similar for both methods.  



 
 

38 
 

Areas of interest (AOI) with outstanding negative slopes are given within AOI-B (Shete Boka park) 
and AOI-D (Christoffelpark’s coast) and areas of interest with clear positive slopes are within AOI-A 
(Shete Boka park) and AOI-C (both study areas).  

Figure 19. Pixel-wise spatial result of the Sen’s slope values for both study areas. 

Figure 18. Pixel-wise spatial result of the linear model’s slope values for both study areas. 
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Comparing the spatial result of the Kendall’s tau values, the spatial pattern is similar as the slope 
results of Figure 18 and 19. Where the Shete Boka park contains an average tau value of -0,0154, 
the average tau for the Christoffelpark’s coast is -0,0232. As the tau values range from -0,40 to 0,44, 
no perfect monotonous trends have been detected in either the Shete Boka park as the 
Christoffelpark’s coast.  

Figure 20. Pixel-wise spatial result of the Kendall’s tau values for both study areas. 

Figure 21. Pixel-wise spatial result of the p-values with four levels of significance given for both study areas. Below 
the p-value layer is the Mann-Kendall’s tau result (as given in Figure 20). 
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As shown in Figure 21, especially the areas within AOI-C and AOI-D show the highest density of p-
value significances of 0,20 or less. The highest significance (≤0,05) is mainly evident in pixels’ time 
series inside AOI-D. As became clear from the linear and Sen’s slopes and Kendall’s tau result, this 
patch corresponds with an area of negative trends. The pixels inside AOI-C with a (relatively) high 
significance correspond with positive trends in the pixels’ time series. To gain more understanding 
in the trends within AOI-A, -B, -C and -D, the average annual NDVI time series per AOI is given in 
Figure 22. Corresponding statistics per AOI are given in Table 11. 

 
Figure 22. Averaged annual NDVI time series for AOI-A, -B, -C and -D (as given in Figure 18-21). 

The overall pattern of each graph in Figure 22 is similar to the pattern of the NDVI time series of 
the entire study areas (as given in Figure 17). AOI-A and -C, the areas characterized with positive 
trends, show less change in NDVI than the areas with negative trends, AOI-B and -D, that contain 
greater change over time.  

Table 11. Change in NDVI with corresponding slope value per AOI and study area.  

Area of interest A (Avg.) B (Avg.) C (Avg.) D (Avg.) Shete Boka park Christoffelpark’s coast 

Avg. Median Avg. Median 

Change (NDVI)  -0,078 -0,116 -0,0495 -0,105 0,006 0,058 -0,017 0,012 

Slope 0,0022 0,0019 0,002 0,0028 0,0067 0,0123 0,0223 0,0134 

To relate the resulting trends to the identified TWINSPAN vegetation communities, averaged 
statistics were computed for each TWINSPAN cluster (Table 12). No significant trends (p ≤ 0,05) can 
be identified from this overview. As the cluster averages do not show high significance, the trends 
on relevé plot level were analysed and given in Table 13. 
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Table 12. Averages of the trend analysis results per TWINSPAN cluster.  

 Shete Boka park Christoffelpark’s coast 

Cluster Linear 
slope Kendall’s tau p-value Sen’s 

slope 
Linear 
slope Kendall’s tau p-value Sen’s slope 

1 - - - - -0,001 -0,072 0,691 -0,0008 

2 - - - - -0,002 -0,162 0,340 -0,002 

3 -0,0016 -0,114 0,487 -0,0006 -0,0016 -0,098 0,562 -0,0008 

4 -0,0011 -0,069 0,622 -0,0008 -0,0015 -0,133 0,415 -0,0011 

5 -0,0004 -0,029 0,699 -0,0002 - - - - 

6 0,0014 0,057 0,742 0,0014 - - - - 

9 0,0002 0 0,788 -0,0002 - - - - 

10 - - - - 0,0022 0,081 0,490 0,00178 

11 0,0014 0,129 0,518 0,0013 0,0003 0,046 0,584 0,0004 

12 - - - - -0,0021 -0,190 0,280 -0,0033 

13 - - - - 0,0016 -0,006 0,230 0,0006 

14 -0,0033 -0,257 0,110 -0,004 - - - - 

In the evaluation of the individual relevé plots, the relevé with plotID 154, as part of cluster 13 Randia 
aculeata - Phyllanthus botryanthus, is located within a significant pixel (p = 0,027). With a tau value 
of -0,35, this relevé plot is characterized by a relatively strong decreasing trend. 

Table 13. Trend analysis results per relevé plots which show a relative significant trend (0,05 ≤ p ≥ 0,20, Figure 21).  

PlotID Cluster p-value Kendall’s tau Study area 

154 13 Randia aculeata - Phyllanthus botryanthus 0,027 -0,35 Christoffelpark’s coast 

64 12 Bourreria succulenta - Lantana camara 0,11 -0,26 Christoffelpark’s coast 

77 3 Sesuvium portulacastrum - Sporobolus pyramidatus 0,17 -0,22 Christoffelpark’s coast 

19 10 Randia aculeata - Cissus verticillata 0,17 0,22 Christoffelpark’s coast 

25 13 Randia aculeata - Phyllanthus botryanthus 0,17 0,22 Christoffelpark’s coast 

3 11 Acacia tortuosa - Opuntia caracassana 0,17 0,22 Christoffelpark’s coast 

8 2 Conocarpus erectus - Laguncularia racemose 0,19 -0,21 Christoffelpark’s coast 

515 11 Acacia tortuosa - Opuntia caracassana 0,16 0,23 Shete Boka park 

511 4 Heliotropium ternatum - Brachiaria reptans 0,12 -0,25 Shete Boka park 

520 14 Spigelia anthelmia - Polygala violacea 0,11 -0,26 Shete Boka park 

 
As given in Table 13 and besides plotID 154, there are 9 relevés with a relative significant trend 
ranging between 0,11 and 0,19. The Kendall’s tau values range from -0,35 to 0,23, showing relatively 
weak trends. Clusters that appear twice are cluster 13 Randia aculeata - Phyllanthus botryanthus 
and cluster 11 Acacia tortuosa - Opuntia caracassana.  



 
 

42 
 

4.3 Trend shift detection 

4.3.1 LandTrendr algorithm 

4.3.1.1 LandTrendr parameter testing 

Table 14 contains an overview of the tested parameter sets. The testing was manually performed 
for each different set with only slight adjustments. Based on the averaged, minimum and maximum 
RMSE, the conclusion was made that the set of Test_4 performs best on this annual NDVI time 
series. 

Table 14. Default and tested sets of LandTrendr algorithm model/segmentation parameters. 

Parameters / tests Default Test_1 Test_2 Test_3 Test_4  Test_5 

MaxSegments 6 10 10 10 10 10 

SpikeThreshold 0.9 0.9 0.1 0.1 0.1 0.1 

vertexCountOvershoot 3 3 3 3 3 3 

preventOneYearRecovery True True True True True False 

recoveryThreshold 0.25 0.25 0.25 1.0 – 2.0 1.0 1 

pvalThreshold 0.05 0.05 0.05 0.05 0.01 0.01 

bestModelProportion 0.75 0.75 0.75 0.75 0.75 0.75 

minObservationsNeeded 6 6 6 6 6 6 

timeSeries - - - - - - 

Average RMSE 55.91 53.93 31.29 19.74 19.41 19.41 

Min / max RMSE 12.4 / 124 10.9 / 124 5.1 / 106.7 1.5 / 63.4 1.5 / 62.8 1.5 / 63.4 

4.3.1.2 LandTrendr change mapping 

Resulting from the parameters of Test_4 and from each of the different change mapper parameter 
settings described in Table 14, is an image with five layers consisting of the year of change detection, 
the magnitude of change, the duration of the change event, the pre-change spectral value and the 
rate of the change (defined as magnitude/duration). In this case, only the magnitude, year and 
duration of change maps are used for analysis. Figure 23 contains five filters of the magnitude of 
change, Figure 24 the year of change detection and Figure 25 the duration of the change. As two 
vegetation change sorts were applied, the top map in each of these figures includes the earliest 
gain and the bottom map the greatest gain in the pixel’s time series.  

Besides a spatial overview of the results, two tables with averaged results are given in Appendix 4. 
These tables describe the number of pixels with a detected change per year including the averaged 
magnitude and duration of change per study area. 
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Figure 23. Pixel-wise spatial result of the magnitude of the earliest positive change (top) and the greatest positive change 
(bottom), resulting from the LandTrendr change mapper. 

Comparing the earliest change detection with the greatest change detection in a pixel’s time series, 
it becomes clear that the earliest change filter resulted in more detected change. To be specific, in 
the Christoffelpark’s coast 1.154 pixels contain an earliest break detection and 886 pixels contain a 
greatest break detection. In the Shete Boka park, there are 2.842 pixels with an earliest break 
detection and 1.900 pixels with a greatest break detection. 

The main spatial difference between the earliest and greatest change detection is that the greatest 
change detection contains less magnitude of change below 0.1. Besides minor differences, most of 
the pixels are similar in both results. In the spatial pattern of the greatest change detection, the 
distribution of magnitude of change above 0.2 becomes evident in both study areas which are 
located within AOI-A, -B, -C and -D. Even though slight changes are detected alongside the coast, 
the highest changes in NDVI are evident towards the study areas’ southern boundaries.   
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Figure 24. Pixel-wise spatial result of the year of the earliest positive change (top) and the greatest positive change 
(bottom), resulting from the LandTrendr change mapper. 

Comparing the year of change detection between the earliest and greatest change filter, noticeable 
is the major absence of the year 2001 in the greatest change detection. This corresponds with the 
less detected low (≤ 0.1) magnitudes of change (as became clear in Figure 23). 

As also can be found in Appendix 4, the years 2001, 2003 and 2004 contain most detected changes 
in the earliest change filter for both the Christoffelpark’s coast and the Shete Boka park. For the 
greatest change filter, the years 2001, 2003 and 2009 contain most detected changes in the 
Christoffelpark’s coast, while for the Shete Boka park most greatest change was detected in 2001, 
2002, 2003, 2008 and 2009. This is noticeable by the increase in blue colours in the greatest change 
detection. 

The pattern of higher magnitude of changes designated by the AOI’s in Figure 23 are clearly 
dominated by the years 2003 and 2004 with few patches of 2009 in the greatest change filter. Also 
notable is the spatial distribution of green colours (2010-2019) that are found alongside the most 
bare parts of both study areas. 
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Figure 25. Pixel-wise spatial result of the duration of the earliest positive change (top) and the greatest positive change 
(bottom), resulting from the LandTrendr change mapper. 

The main difference between the duration of the changes detected in the earliest and greatest 
change filter is the absence of the duration between 5 and 10 years (purple colour) in the greatest 
change filter. The pattern of higher magnitude of changes designated by the AOI’s in Figure 23, 
which showed 2003, 2004 and 2009 as years of detection, are mainly characterized with a duration 
of 5 or less years (yellow) with small patches of 10 to 15 years (green) in duration. 

Besides the analysis of spatial patterns in the change detection of the entire study areas, averaged 
statistics were calculated per TWINSPAN cluster (Table 15). In this table, only the years in which a 
break was detected are given. For each cluster, the number of pixels that contain a break detection 
are given per earliest and greatest break detection separately for each study area. 
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Table 15. LandTrendr change mapper results per TWINSPAN cluster. 

TWINSPAN cluster Year 1 2 3 4 5 6 9 10 11 12 13 14  
Christoffelpark’s coast Total 

Earliest break detection 

No break 1 1 1 - - - - 2 2 - 2 - 9 

2001 - 1 3 - - - - - 1 - - - 5 

2002 - - - - - - - - - - - - - 

2003 - - - 1 - - - 5 3 2 1 - 12 

2004 2 - - - - - - 1 - - - - 3 

2010 1 - - - - - - - - - - - 1 

Greatest break detection 

No break 1 2 2 - - - - 4 4 - 3 - 16 

2001 1 - 1 - - - - - - - - - 2 

2003 - - - 1 - - - 2 2 1 - - 6 

2004 - - - - - - - 1 - - - - 1 

2006 - - 1 - - - - - - - - - 1 

2009 1 - - - - - - 1 - 1 - - 3 

2010 1 - - - - - - - - - - - 1 

2014 1 - - - - - - - - - - - 1 

Shete Boka park Total 

Earliest change detection 

No break - - - 2 1 - 1 - 1 - - - 5 

2001 - - 1 3 - 1 2 - 1 - - 1 9 

2002 - - - 2 - - - - - - - - 2 

2003 - - - 1 1 1 1 - - - - - 4 

2004 - - - - 1 - - - - - - - 1 

Greatest change detection 

No break - - 1 2 2 2 3 - - - - 1 11 

2001 - - - 1 - - - - 1 - - - 2 

2003 - - - 1 1 - 1 - 1 - - - 4 

2006 - - - 1 - - - - - - - - 1 

2009 - - - 1 - - - - - - - - 1 

2013 - - - 1 - - - - - - - - 1 

2014 - - - 1 - - - - - - - - 1 

 
As becomes clear from the overview in Table 15, most change occurred in 2003 for the earliest (12 
relevés) and greatest (6 relevés) change detection in the Christoffelpark. Of the 12 relevés in which 
earliest change was detected, 5 are classified as cluster 10 Randia aculeata - Cissus verticillata and 
3 as cluster 11 Acacia tortuosa - Opuntia caracassana. Cluster 10 and 11 also contain most of the 
relevés with a greatest change detection. In the Shete Boka park, most earliest change was detected 
in 2001 with 9 relevés, of which most classified as cluster 4 Heliotropium ternatum - Brachiaria 
reptans. Greatest change detection in the Shete Boka park does not show a majority in a vegetation 
community. 
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4.3.2 bfast01 algorithm 

The bfast01 algorithm was first performed on the dense median NDVI time series for each study 
area. Results including the type of trend/shift are documented in Table 16. Even though no breaks 
were found in both time series, the monotonic increase of the Shete Boka park’s time series was 
found to be significant. 

Table 16. bfast01 algorithm results per dense median NDVI time series. 

Study area Breaks Breakpoints Trend Shift type Significance (p-value) 

Christoffelpark’s coast 0 228 0.00011 Monotonic increase Not significant 

Shete Boka National Park 0 217 0.00325 Monotonic increase Significant (0.00089) 

Then, the bfast01 algorithm was applied on each set of TWINSPAN clusters, separately for each 
study area of which the results are given in Table 17. In contrast to the results for the entire study 
areas in which no break was detected (Table 16), two TWINSPAN clusters showed a break detection.  

Table 17. bfast01 algorithm results per TWINSPAN cluster’s dense median NDVI time series. 

Cluster Break Breakpoints Trend Type of trend/break Significance (p-value) 

Christoffelpark’s coast  

1 No break 277 0.0003 Monotonic increase Significant (0.00015) 
2 No break  213 0.0002 Monotonic increase Not significant 
3 No break  101 0.0004 Monotonic increase Significant (0.00171) 
4 No break 26 -0.0133 Monotonic decrease Not significant 
5 - - - - - 
6 - - - - - 
9 - - - - - 
10 No break  26 -0.0641 Monotonic decrease Not significant 
11 No break  26 0.0567 Monotonic increase Not significant 
12 No break  26 -0.0001 Monotonic decrease Not significant 
13 No break  26 -0.0001 Monotonic decrease Not significant 
14 - - - - - 

Shete Boka park  

1 - - - - - 
2 - - - - - 
3 Break 84 0.0003 Reversal break: increase to decrease Both segments significant  
4 No break  217 0.0003 Monotonic increase Significant, 0.00278 
5 Break  28 0.0496 Interruption: decrease, positive break First segment significant  
6 No break  70 -0.0189 Monotonic decrease Not significant 
9 No break  28 0.00142 Monotonic increase Not significant 
10 - - - - - 
11 No break  104 0.0608 Monotonic increase Not significant 
12 - - - - - 
13 - - - - - 
14 No break  201 0.063 Monotonic increase  Not significant 
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Even though no break was detected in the TWINSPAN clusters’ NDVI time series in the 
Christoffelpark’s coast, two clusters were found to have a significant trend. This concerns cluster 1 
Conocarpus erectus - Strumpfia maritima (5 relevés) and cluster 3 Sesuvium portulacastrum - 
Sporobolus pyramidatus (4 relevés), both estimated as a significant monotonic increase.  

In contrast to the Christoffelpark’s coast, in two TWINSPAN clusters’ NDVI time series of the Shete 
Boka park a break was detected. Figure 26 contains the dense annual NDVI time series of 
TWINSPAN cluster 3 Sesuvium portulacastrum - Sporobolus pyramidatus of the relevé located in 
the Shete Boka park. The reversal break in the fitted trend line occurs at the 98th image in the time 
series and corresponds with December 12th in 2013. As given in Table 17, both fitted trend segments 
were found to be significant (with a significance of 0.0066 on the left and 0.0075 on the right 
segment).   

 

Figure 27 contains the dense annual NDVI time series of TWINSPAN cluster 5 Acacia tortuosa - 
Tephrosia cinerea of the 3 relevés located in the Shete Boka park. The interrupted break in the fitted 
trend line occurs at the 28th image in the time series and corresponds with November 9th in 2003. 
As given in Table 17, the left fitted trend segment was found to be significant (0.0073).  

 

Figure 26. Result of the bfast01 
algorithm on the dense median 
NDVI time series (grey) of cluster 3 in 
the Shete Boka park (1 relevé) with 
the fitted trend line (black line) and 
detected break (orange line). 

Figure 27. Result of the bfast01 
algorithm on the dense median 
NDVI time series (grey) of cluster 5 in 
the Shete Boka park (3 relevés) with 
the fitted trend line (black line) and 
detected break (orange line). 
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5. Discussion 

This chapter provides a look back on the methodology and outcomes of each research question 
with each part covered in a separate paragraph. In the end, a synthesis is given to integrate the 
ecological aspect with the application of remote sensing. 

5.1 Vegetation analysis  

The first research question covered the ecological aspect of this thesis. This included the analysis of 
vegetation change between historic and recent field data based on relevé information for both the 
Christoffelpark’s coast as the Shete Boka park. 

This thesis was not a full ecological study, and focus was therefore limited to assessment of change 
in vegetation species richness and coverage with a distinction between vegetation types. Without a 
background in ecology and not being able to visit the study areas, going into depth has been 
challenging. However, results showed typical signs of vegetation succession in the Christoffelpark’s 
coast (decrease in herbs and grasses with an increase in trees) which not showed in the Shete Boka 
park. This is most likely a result of the long-term absence of goats in the Christoffelpark while the 
vegetation in the Shete Boka park is still under grazing pressure.  

Uncertainty of locations of relevé plots  

The relevé plots used in the historic fieldwork campaigns of 1984/85 (Christoffelpark) and 1987/88 
(Curaçao/Shete Boka park) do not contain GPS coordinate information. The locations for the recent 
fieldwork campaigns were therefore selected based on the information given in the historic relevés. 
Therefore, slight uncertainties might be present in the comparison of vegetation between 
corresponding relevé plots.  

TWINSPAN clustering  

The TWINSPAN vegetation community clustering is currently limited to the 52 relevé plots (21 in the 
Shete Boka park and 31 in the Christoffelpark’s coast). However, it would be highly interesting to 
classify the entire study areas into the vegetation community clusters instead of only the relevé plots. 
This was performed for the entire Christoffelpark by Ekkelenkamp (2020), but these results are not 
representative for this study as the TWINSPAN classification was run on a different dataset. 
Ekkelenkamp (2020) mentioned the risks of visual interpretation of e.g. vegetation undergrowth 
using aerial photographs. Therefore, it will be most efficient for someone who is familiar with the 
vegetation in the study areas to carry out this classification. 

Permanent relevé plots 

As CARMABI has plans to remove goats from the Shete Boka park in the future, setting permanent 
relevé plots could be considerable. This approach was also recommended by Bokkestijn & Slijkhuis 
(1987). Repeated observations could prevent for another large data gap and provide more 
understanding in causal factors in the monitoring of short- and long-term vegetation change 
(Freitas et al., 2012). 
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5.2 Spatial trends 

The exploratory trend analysis provided more understanding in spatial trends in NDVI throughout 
the Shete Boka park and the Christoffelpark’s coast. To provide for the influence of (very) low NDVI 
values from bare soils, the median was used to construct the NDVI time series. Based on this, the 
Shete Boka park showed a higher increase in NDVI than the Christoffelpark’s coast. Spatially, there 
are two strips of strong positive trends and two patches of strong negative trends present in both 
parks. The exact reason for this has not been found. 

Zooming in on the relevé plots, strong significance was found in the vegetation community Randia 
aculeata - Phyllanthus botryanthus in the Christoffelpark’s coast. As expected prior to the analysis, 
more significant trends (either increasing or decreasing) were found in the Christoffelpark’s coast (7 
relevés) than in the Shete Boka National Park (3 relevés).  

Satellite imagery / time series 

Annual median NDVI time series from 2000 to 2020 of the Landsat mission were used as input for 
both the linear fit as the Mann-Kendall trend test. Ideally, a long-term time series from 1980 to 2020 
would have been used as goats got eradicated from the Christoffelpark between late 1980s and 
early 1990s. Assessing trends in a time series that covers both a period of grazer presence and 
grazer absence would give a more accurate understanding of the impact on vegetation. However, 
the lack of satellite imagery before 2000 would give inaccurate results if used in the time series 
analysis. 

Inter-annual trends and correlations 

The functioning of an ecosystem is controlled by many factors and one of the major climatic drivers 
for vegetation growth in semi-arid environments is precipitation (Bernardino et al., 2020). Only using 
the NDVI has been a limitation in this thesis study. Based on the total annual precipitation on 
Curaçao, as given in Figure 4 in §2.1.1, the pattern might be correlated with the annual NDVI of 
Figure 17 in §4.2. For instance, the high peak in precipitation in 2000 might have influenced the 
resulting NDVI trends, but to what extent is uncertain. However, the only available precipitation data 
is based on the records at Hato Airport which is located approximately 30 km from the study areas 
and is not fully representative as rainfall is very localized on Curaçao. 

As the correlation between precipitation and NDVI has not been tested within the scope of this 
thesis, there is a possibility that the results of the trend analysis and change detection reflect the 
variations in total annual precipitation instead of the ecosystem functioning. Recommended for a 
further in-depth study is to filter the influence of precipitation prior to the analysis of trends and 
detection of change to get more reliable results. As described by Bernardino et al. (2020) and 
Fensholt et al. (2013), the rain-use efficiency (RUE) is an indicator to describe the effect of 
precipitation on plant productivity.   
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5.3 Change detection 

Even though the time series only covered the period between 2000 and 2020, two change detection 
algorithms were applied to assess whether shifts in NDVI trends occurred. The difference between 
the application of the LandTrendr algorithm and the bfast01 algorithm is that LandTrendr was 
applied spatially for each pixel’s annual median NDVI time series in the study areas while bfast01 
was performed on selected pixels’ annual median NDVI time series.   

It was expected that change would more likely be detected in the Christoffelpark’s coast and not 
necessarily in the Shete Boka park as a result from the absence of grazing pressure. Zooming in on 
the TWINSPAN vegetation communities, the LandTrendr algorithm detected an average of 18 
breakpoints in the Christoffelpark’s coast and 13 breakpoints in the Shete Boka National Park 
whereas the bfast01 algorithm detected two breakpoints in the Shete Boka park and none in the 
Christoffelpark’s coast.  

Whilst the aim of the third research question was to detect shifts in NDVI and not to compare the 
performance of the two change detection algorithms, it is difficult to conclude as the algorithms 
gave contradictory results. Comparing the results of the bfast01 algorithm with the LandTrendr 
algorithm, only the bfast01 break detection in 2003 for cluster 5 in the Shete Boka park corresponds 
to a result of the LandTrendr algorithm. This finding is also in line with the only relevé plot (plotID 
515) that showed a significant trend in the Mann-Kendall trend analysis.  

The contrary results make it difficult to explain the drivers behind the detected breakpoints. A 
possibility might be that breakpoints related to the exclusion of goats occurred prior to 2000 and 
were therefore not assessed within the scope of this thesis. Another possibility is that changes in 
vegetation species and coverage, as resulted from the comparative vegetation analysis, are not 
detectable using the NDVI or the 30m spatial resolution of the Landsat products. 

LandTrendr parameter settings and TimeSync 

The control parameter settings to fit the pixel-based segmentation model were based on the lowest 
average RMSE of the entire study area (Christoffelpark’s coast). However, these settings might not 
be most optimal for each pixel which might have caused uncertainties in the change detection. This 
might also be the reason why there are many breaks detected from the LandTrendr algorithm. It 
might be more efficient to apply the LandTrendr algorithm on smaller areas of interest or even 
selected pixels to ensure the model fitting is as optimal as possible. 

While for this thesis the LandTrendr resulting maps were analysed using ArcGIS Pro software, the 
so-called TimeSync tool might be a valuable addition in the analysis and validation of LandTrendr 
results. Developed by Cohen et al. (2010), the photo interpretation software tool TimeSync supports 
syncing the LandTrendr algorithm with human interpretations. TimeSync consists of a plot window 
including the user-defined study area, a trajectory window including the spectral properties of the 
plot, a Google Earth window including an image of high-resolution and an Access database 
including the Landsat time series observations. This might provide a more detailed way of analysing 
change in a pixel’s time series, especially when considering a large study area.   
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5.4 Synthesis 

Within the overarching research of which this thesis has been part of, historic (1985/87) and recent 
(2018/19, 2020) vegetation field data for the Christoffelpark and the Shete Boka National Park are 
now available. Despite the field data gap of more than 30 years, field data change analysis showed 
evidence of vegetation succession in the Christoffelpark. However, in order to gain insight in 
vegetation dynamics in the period without field data, using remote sensing techniques was 
inevitable. Multiple studies have discussed the efficiency of using remote sensing and Geographical 
Information Systems (GIS) in combination with plant sciences (Cohen, 2004; Huang & Asner, 2009; 
Dubula et al., 2016; Sudhakar, 2015). However, using a proper spatial resolution to analyse 
vegetation in detail remains challenging (Dubula et al., 2016). 
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6. Conclusion 

This thesis aimed at gaining more understanding in effects on vegetation trends in areas where 
grazers are present (the Shete Boka National Park) and where grazers have been removed (the 
Christoffelpark’s coast). A comparative vegetation analysis using historic and recent field data 
showed typical signs of vegetation recovery in the Christoffelpark’s coast as a decrease in herbs and 
grasses and an increase in trees and large shrubs was found. Contrary findings resulted for the 
Shete Boka park.  

Classification of the relevé plots using the TWINSPAN clustering showed a clear spatial variation of 
vegetation communities only occurring on specific locations. In general, the Shete Boka park is 
characterized by coastal vegetation with a low vegetation species richness dominated by the herb 
layer whereas the Christoffelpark’s coast is characterized by a higher vegetation cover dominated 
by the tree and high shrub layer. 

Exploring trends within the period between 2000 and 2020 that lacks field data, a clear spatial 
pattern of positive and negative trends was found rather than perfect monotonous trends. Zooming 
in on the TWINSPAN communities, 7 out of 10 significant trends (with 3 increasing and 4 decreasing) 
were found in the Christoffelpark’s coast. 

Assuming that shifts in vegetation trends relate to the eradication of goats, it was expected to find 
(more) significant shifts in the Christoffelpark’s coast. Results of the LandTrendr algorithm showed 
more shifts detected in vegetation communities in the Christoffelpark’s coast and in both the earliest 
and greatest change filter most shifts were detected in 2003, and in 2001 for vegetation communities 
in the Shete Boka park. Notably are the results from the bfast01 algorithm which only detected two 
shifts in two vegetation communities in the Shete Boka park in 2003 and 2013. 

In conclusion, (significant) change in vegetation was found in both the Christoffelpark’s coast and 
the Shete Boka park with vegetation succession in the Christoffelpark’s coast. Based on the 
exploratory trend analysis and change detection analysis, it has been difficult to relate trends and 
shifts in NDVI to the exclusion of goats as no unambiguous result was found.     
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Appendix 1. Software 

 

R programming language, Rstudio 

Package Function Description 

raster shapefile(), stack(), as.matrix(), 
as.data.frame(), cellstats() 

Load TWINSPAN polygons, create rasterstack, matrix and data 
frame objects, calculate study areas’ median NDVI  

base  list.files(), lapply(), as.Date() Load .tiff files, transform to raster, create date object 

stats  ts(), lm() Construct time series object, apply linear model  

zoo zoo() Construct time series object 

ggplot2 ggplot() Visualize/export Violin plots (Figure 10 & 12) 

strucchange  breakdates() Retrieve date of detected break 

Kendall MannKendall() Compute pixel-wise Kendall’s tau and p-value 

SpatialEco raster.kendall(x, …) Compute pixel-wise Sen’s slope 

bfastSpatial bfast01(), bfast01classify()  Perform bfast01 algorithm and estimate type of change 
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Appendix 2. TWINSPAN cluster summary statistics 

The table includes averaged statistics and importance value (IV) per vegetation species per 
TWINSPAN cluster, with an IV of 100 given as dark green and unique/most dominant as light green. 

TWINSPAN cluster 1 2 3 4 5 6 9 10 11 12 13 14 

N. of relevés in coastal Christoffel NP’s  5 2 4 1 - - - 8 6 2 3 - 

N. of relevés in Shete Boka NP - - 1 8 3 2 4 - 2 - - 1 

Average N. species 5 7 5 9 13 10 12 11 11 14 10 12 

Average coverage (%) 24 50 6 26 67 76 38 29 45 45 45 29 

Average coverage tree layer (%) 0 35 0 0 0 43 13 5 7 12 28 0 

Average coverage herb layer (%) 21 3 6 23 10 2 12 4 18 6 1 18 

Average coverage low shrub layer (%) 4 7 0 3 50 2 10 9 18 24 4 10 

Average coverage high shrub layer (%) 0 8 0 0 12 33 7 14 11 16 13 1 

Average coverage litter layer (%) 15 50 1 1 6 34 8 28 12 25 22 1 

Average coverage bare rock (%) 31 44 59 49 36 20 38 2 10 23 2 5 

Species 

Quadrella odoratissima 20 50 - - - 100 - - 50 50 33.3 - 

Conocarpus erectus 100 100 - - - - - - - - - - 

Cordia curassavica 20 50 - - 100 50 25 - 87.5 100 - - 

Euphorbia dioeca 100 50 40 - - - - - 12.5 - - - 

Melocactus macracanthos 40 - - - - - 25 - 12.5 - - 100 

Morinda royoc 20 50 - - - - - 12.5 12.5 - - - 

Acacia tortuosa - 50 - 66.7 100 50 100 100 100 100 66.7 100 

Capparis indica - 50 - - - - - 50 37.5 50 33.3 - 

Crescentia cujete - 50 - - 33.3 - 25 25 12.5 - 33.3 - 

Jacquinia armillaris - 50 - - - - - - 25 - - - 

Jatropha gossypiifolia - 50 - - - - - 37.5 - - 33.3 - 

Capraria biflora - - - 33.3 66.7 - 50 50 75 - - - 

Corchorus hirsutus 80 - 40 33.3 - - - - 25 - - - 

Heliotropium ternatum - - - 77,7 100 - - - 12,5 - - - 

Passiflora foetida .- - - - 50 - 37.5 62.5 100 66.7 - - 

Randia aculeata - - - - - - - 100 50 100 100 - 

Sesuvium portulacastrum - - 100 44.4 - - - 12.5 25 - - - 

Croton ovalifolius - - - - - - - 25 - - - - 

Melochia tomentosa - - - - 33.3 - - 25 - - 66.7 - 

Tournefortia volubilis - - - - 66.7 50 100 50 - 50 - - 

Acacia glauca - - - - - - - 25 12.5 50 - - 

Bursera simaruba - - - - - - - - - - 33.3 - 

Caesalpinia coriaria - - - - - - 25 12.5 25 50 100 - 

Cereus repandus - - - - 66.7 50 25 37.5 12.5 - 33.3 - 

Cordia bullata - - - - - - - 25 - 50 66.7 - 
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Haematoxylum brasiletto - - - - - - 50 - 12.5 - 33.3 100 

Cissus verticillata - - - - 33.3 - - 50 - - 66.7 - 

Lithophila muscoides 20 - 60 66.7 33.3 - - - 12.5 - - - 

Sporobolus pyramidatus - - 60 11.11 - - - - 25 - - - 

Hippomane mancinella - 50 - - 33.3 100 25 - 37.5 - - - 

Machaonia accuminata - - - - - - 25 - 12.5 - 33.3 - 

Opuntia caracassana - - - - 66.7 50 75 12.5 50 - 33.3 - 

Phyllanthus botryanthus - - - - - - - - 25 - 66.7 - 

Sporobolos virginicus - - 40 33.3 - - 25 25 12.5 - - - 

Laguncularia racemosa - 50 - - - - - - - - - - 

Bourreria succulenta - - - - - 50 25 12.5 25 100 33.3 100 

Croton flavens - - - - - - 25 - 25 100 - - 

Guaiacum officinale - - - - 33.3 - - 12.5  - - - 

Passiflora suberosa - - - - 33.3 50 - - 12.5 - - - 

Rhynchosia minima - - - - 33.3 50 75 12.5 25 100 - - 

Ipomoea incarnata - - - - - - - - - 50 - - 

Isocarpha oppositifolia - - - - - - - 25 12.5 100 - - 

Malpighia emarginata - - - - - - 25 50 - - 33.3 - 

Heliotropium angiospermum - - - - - - - - - 50 - - 

Cnidoscolus urens - - - - - - 25 12.5 - - - - 

Cynophalla flexuosa - - - - - - - 37.5 - - - - 

Cynophalla linearis - - - - - - - 12.5 - - - - 

Gossypium hirsutum - - - - - - - 37.5 - - - - 

Ruellia nudiflora - - - 11.1 - - - 25 - - - - 

Cordia dentata - - - - - - - 25 - - 66.7 - 

Matelea rubra - - - - - 50 25 12.5 - - - 100 

Sida abutifolia - - - 22.2 - - - 12.5 - - - - 

Chloris species - - - - - - - 12.5 - - - - 

Cryptostegia grandiflora - - - - - 50 25 - - - - - 

Prosopis juliflora - - - 11.1 33.3 - 25 12.5 12.5 - - - 

Solanum agrarium - - - 11.1 66.7 50 25 - 12.5 - - - 

Stenocereus griseus - - - - - 50 50 12.5 - 50 - - 

Strumpfia maritima 60 - 40 - - - - - - - - - 

Paspalum bakeri 20 - 20 - - - - - - - - - 

Poaceae species 20 - - - - - - 25 - - - - 

Lantana camara - - - - - - - 12.5 - 100 - - 

Tephrosia cinerea - - 20 66.7 100 - - - - - - 100 

Anthephora hermaphrodita - - 20 22.2 - - - - - - - - 

Evolvulus antillanus - - - 11.1 - - - - - - - - 

Lantana canescens - - - 11.1 - - - 12.5 - - - - 

Ayenia magna - - - - - - 50 - - - - - 

Cynanchum albiflorum - - - - - 50 - - - - - 100 
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Ruellia tuberosa - - - - 33.3 - - - - - - - 

Abutilon hirtum - - - - - - 25 - - - - - 

Bernardia corensis - - - - - - 25 - - - - - 

Tragus berteronianus - - - - - - - - 25 - - - 

Trianthema portulacastrum - - - - - - - - 25 - - - 

Spigelia anthelmia - - - - - - - - - - - 100 

Chloris barbata - - - - - - - - 37.5 - - - 

Nama jamaicensis - - - - - - - - 12.5 - - - 

Euphorbia serpens - - - - - - - - 12.5 - - - 

Solanum americanum - - - - 33.3 - - - - - - - 

Indigofera suffruticosa - - - - 33.3 - - - - - - - 

Condalia henriquezii - - - - - - 25 - - - - - 

Cuscuta americana - - - 11.1 - - - - - - - - 

Bothriochloa pertusa - - - - 33.3 - 25 - - - - - 

Portulaca elatior - - - 22.2 - - - - - - - - 

Bastardia viscosa - - - - - - 25 - - - - - 

Cyperus species - - - 11.1 - 50 25 - 12.5 - - - 

Pappophorum pappiferum - - - - - - 25 - - - - 100 

Azadirachta indica - - - - - 50 - - - - - - 

Euphorbia species - - 20 66.7 - - - - - - - - 

Diodella apiculata - - - 11.1 - - - - - - - - 

Desmanthus virgatus - - - 33.3 - - - - - - - - 

Dactyloctenium aegyptium - - - 22.2 - - - - - - - - 

Mentzelia aspera - - - - - - 25 - - - - - 

Portulaca halimoides - - - 11.1 - - - - - - - - 

Polygala violacea - - - - - - - - - - - 100 

Evolvulus convolvuloides - - - 44.4 - - - - - - - 100 

Stylosanthes hamata - - - 11.1 - - - - - - - - 

Brachiaria reptans - - - 77.8 33.3 - - - - - - - 

Boerhavia coccinea - - - 11.1 33.3 - - - - - - - 

Sporobolus virginicus - - - 11.1 33.3 - - - - - - - 

Jacquinia armillaris - - - - - - 25 - - - - - 

Cyperus pelophilus - - - 33.3 - - - - - - - - 

Bouteloua americana - - - 11.1 - - - - - - - - 

Mariscus squarrosus - - - 11.1 - - - - - - - - 
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Appendix 3. NDVI time series per TWINSPAN cluster 

 

  

 

 



 
 

62 
 

 

 

 

 

 

 

 

 

 

  



 
 

63 
 

Appendix 4. LandTrendr change mapper results  

Christoffelpark’s coast 
 Magnitude > 0 Magnitude ≥ 0.1 Magnitude ≥ 0.2 Magnitude ≥ 0.3 Magnitude ≥ 0.4 
Year  N Mag  Dur N Mag Dur N Mag Dur N Mag Dur N Mag Dur 
Earliest change detection 
2000                
2001 80 0.067 10,8 51 0.162 12,3 14 0.240 11,2 2 0.327 10    
2002 50 0.073 9,8 18 0.142 9,4 2 0.221 8,0       
2003 119 0.134 6,3 92 0.215 7,3 66 0.281 8,8 28 0.339 10,2 2 0.400 9,5 
2004 73 0.169 3,8 55 0.202 2,9 28 0.257 2,6 6 0.340 4,0    
2005 7 0.083 7,0 3 0.177 5,3 1 0.300 4,0 1 0.300 4,0    
2006 2 0.035 12,3             
2007 3 0.086 6,0 2 0.155 6,0          
2008 10 0.074 5,8 2 0.111 9,0          
2009 14 0.188 4,0 11 0.220 3,8 5 0.284 3,5 2 0.352 5,0    
2010 3 0.052 5,0             
2011 1 0.070 7,0             
2012 2 0.063 5,5             
2013 10 0.119 4,4 7 0.138 4,6          
2014 5 0.063 3,3             
2015 7 0.091 3,9 3 0.123 4,3          
2016                
2017 1 0.097 4,0             
2018                
2019 5 0.127 2,0 4 0.135           
2020                
Greatest change detection 
2000                
2001 65 0,123 14,7 47 0,166 13,1 14 0,243 11,3 2 0,378     
2002 21 0,105 14,3 10 0,158 11,7 2 0,222 8,0       
2003 110 0,212 7,6 91 0,229 7,4 70 0,281 8,6 34 0,342 9,9 4 0,410 9,6 
2004 57 0,192 3,6 52 0,202 3,3 26 0,256 2,5 6 0,335 3,7    
2005 15 0,154 8,3 9 0,207 8,0 5 0,244 8,0 1 0,300 4,0    
2006 7 0,061 13 1 0,109 8,0          
2007 5 0,136 6,9 5 0,156 6,8 1 0,203 7,0       
2008 11 0,119 5,5 5 0,171 4,6 2 0,226 4,5       
2009 47 0,171 3,0 38 0,184 2,7 15 0,261 3,3 3 0,346 4,4    
2010 9 0,103 3,6 3 0,202 3,3 1 0,282 3,0       
2011 7 0,115 6,1 4 0,138 6,5 1 0,209 2,0       
2012 9 0,094 4,9 3 0,149 5,0          
2013 23 0,110 5,4 16 0,128 5,5          
2014 14 0,069 4,0             
2015 22 0,091 3,9 10 0,125 3,9          
2016 14 0,099 3,4 8 0,118 3,3          
2017 7 0,105 3,8 3 0,144 3,3 1 0,216        
2018 2 0,096 3,0 1 0,113 3,0          
2019 30 0,125 2,0 23 0,152 2,0 3 0,211        
2020                
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Shete Boka National Park 

 Magnitude > 0 Magnitude ≥ 0.1 Magnitude ≥ 0.2 Magnitude ≥ 0.3 Magnitude ≥ 0.4 
Year  N Mag  Dur N Mag Dur N Mag Dur N Mag Dur N Mag Dur 
Earliest change detection 
2000                
2001 248 0,075 10,6 222 0,177 13,1 77 0,276 12,7 28 0,355 11,9 6 0,433 12,0 
2002 85 0,047 8,7 15 0,137 11,2 1 0,212 10,0       
2003 163 0,004 7,0 75 0,191 6,8 32 0,263 6,6 10 0,339 7,7    
2004 132 0,156 4,6 80 0,201 3,4 38 0,278 3,2 15 0,339 4,2 3 0,446 7,7 
2005 45 0,076 7,4 16 0,158 4,8 3 0,221 4,0       
2006 12 0,052 6,7 2 0,127 5,0          
2007 39 0,107 4,2 18 0,168 4,0 3 0,241 2,3       
2008 44 0,116 4,9 18 0,187 3,8 8 0,242 2,3 1 0,348 2,0    
2009 39 0,094 4,1 12 0,148 3,9 1 0,314 4,0 1 0,314 4,0    
2010 5 0,068 7,0             
2011 10 0,073 4,3 1 0,101 2,0          
2012 7 0,074 3,9 2 0,125 3,0          
2013 13 0,111 4,4 9 0,132 4,6          
2014 14 0,074 2,7 4 0,141 2,8          
2015 6 0,080 4,0 2 0,113 2,0          
2016 5 0,103 3,2 3 0,136 3,0          
2017 3 0,081 4,0             
2018 1 0,109 3,0 1 0,109 3,0          
2019 16 0,143 2,0 13 0,160 2,0 1 0,333 2,0 1 0,333 2,0    
2020                
Greatest change detection 
2000                
2001 278 0,146 15,2 187 0,187 14,2 77 0,277 12,7 28 0,335 11,9 6 0,434 12 
2002 45 0,086 12 13 0,139 11,8 1 0,212 10       
2003 118 0,160 7,1 79 0,193 6,3 34 0,260 6,4 10 0,340 7,7    
2004 121 0,172 5,1 88 0,199 4,0 37 0,275 3,1 15 0,340 4,2 3 0,446 7,7 
2005 66 0,110 8,0 29 0,157 6,3 5 0,239 6,0       
2006 24 0,093 8,2 11 0,134 7,9 1 0,230 11       
2007 48 0,129 4,2 29 0,165 4,2 6 0,236 2,1       
2008 87 0,150 4,2 57 0,190 3,4 22 0,258 3,0 6 0,334 2,8    
2009 92 0,132 3,4 54 0,167 3,1 12 0,251 2,9 2 0,328 3,0    
2010 22 0,080 4,1 2 0,120 3,0          
2011 24 0,105 4,3 11 0,154 4,0 3 0,233 2,0       
2012 23 0,109 4,8 13 0,151 5,4 2 0,207 9,0       
2013 60 0,097 4,1 24 0,145 4,3 2 0,226 3,0       
2014 39 0,071 2,8 7 0,127 3,6          
2015 18 0,077 3,9 4 0,121 3,8          
2016 9 0,089 3,4 3 0,155 4,0          
2017 25 0,070 3,3 1 0,134 2,0          
2018 18 0,087 2,9 7 0,128 3,0          
2019 81 0,123 2,0 53 0,153 2,0 7 0,244 2,0 1 0,333 2,0    
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