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Abstract  

Seagrass meadows provide essential ecosystem services. However, seagrass cover has decreased 
the past decades, due to climate change and other disturbing factors. To ascertain coastal stability, 
biodiversity and ecological well-faring, seagrass meadows need to be restored. In this thesis, we 
unfold complex interactions that need to be taken into account during such restoration projects.  

In particular, this study explores the spatial distribution and factors influencing seagrass cover in Lac 
Bay, Bonaire, with a focus on the interactions between turtle grazing, bioturbation, invasive seagrass 
(Halophila stipulacea), and native seagrass (Thalassia testudinum). The observational study reveals 
competition between the two seagrass species, as well as the negative impact of high grazing 
pressure and bioturbation on T. testudinum. A linear mixed model identifies significant predictors for 
T. testudinum cover, including macroalgae cover, turtle grazing pressure, H. stipulacea cover, and 
mound cover. Additionally, a negative influence between H. stipulacea and T. testudinum is observed. 
Bioturbation is found to negatively affect T. testudinum but does not significantly impact H. 
stipulacea. The experimental study investigates the effect of bioturbation on seagrass growth using 
different planting techniques, indicating that transplanting T. testudinum fragments can be successful 
for restoration. However, no significant differences are found between lattice and mesh treatments. 
The study concludes that the complex interactions between these factors contribute to the decline of 
T. testudinum and the proliferation of H. stipulacea. Future research is suggested to further 
investigate these interactions and evaluate the long-term effects of bioturbation and planting 
techniques on seagrass growth. The findings emphasize the importance of considering multiple 
variables when studying seagrass ecosystems and propose transplanting as a potential restoration 
measure in areas with high bioturbation. 
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1. INTRODUCTION 
Seagrass meadows are vital ecosystems that provide various ecosystem services, including coastal 
protection, sediment stability, nutrient cycling, carbon storage, and hosting a high biodiversity of 
invertebrates, fish, and meso-herbivores (Dorenbosch et al., 2005; Duarte, 2002; James et al., 
2020; Waycott et al., 2009). Moreover, seagrass meadows have shown to enhance fish density and 
diversity on adjacent coral reefs (Dorenbosch et al., 2005). Unfortunately, seagrass meadows are 
disappearing at a rate of 110 square kilometres per year, scaling them among the most threatened 
ecosystems on earth (Waycot et al., 2009). In addition to the disappearance of seagrass meadows, 
the species compositions of the remaining meadows change and in some cases their ecosystem 
services decrease as a result. For example, more complex seagrass structures host a higher diversity 
of species than less complex structures, due to niche differentiation (James et al., 2020). Similarly, 
for coastal protection, deeper and more complex rooting results in a more stable seafloor and thereby 
a better stabilisation of sediment (James et al., 2020) 

The Caribbean seas are threatened by the invasion of a low complex seagrass species originating 
from the Red Sea, namely Halophila stipulacea (Willette et al., 2014). H. stipulacea is an opportunistic 
seagrass species that can quickly colonize disturbed areas  (Willette et al., 2014). The first recorded 
sighting of H. stipulacea in the Caribbean sea dates back to 2002 and was found on the coast of 
Grenada (Willette et al., 2014). Ever since the invasive seagrass has spread other Caribbean islands 
and competes successfully with the native seagrass species like Thalassia  testudinum, Syringodium 
filiforme, Halodule beaudettei and Ruppia maritina (Willette et al., 2014).  

One island that is slowly being taken over is Bonaire in the Southern Caribbean. The most dominant 
native seagrass species in Bonaire is T. testudinum. T. testudinum is a valuable species due to its 
contribution to the functioning and health of coastal ecosystems and its importance for supporting 
the biodiversity of marine life (Debrot et al., 2010). 

Despite its important role in the ecosystem of Bonaire, between 2011 and 2017 the T. testudinum 
cover has decreased by 33 percent while the H. stipulacea cover has increased up to 20 percent 
cover (Christianen et al., 2019a). However, the invasion of H. stipulacea has been shown to alter the 
abundance and composition of seagrass-associated organisms' density negatively (Willette et al., 
2014).  H. stipulacea is especially successful in areas prone to disturbances of human or natural 
origin, which create bare spots where seagrass fragments can settle (Smulders et al., 2017). High 
grazing pressure by green turtles (chelonia mydas) could, together with human activities, be 
responsible for the decline in T. testidunum (Christianen et al., 2019b; Willette et al., 2014). 

However, there are reasons to believe other disturbing factors are culpable for the decline of T. 
testudinum and increase of H. stipulacea, among which bioturbation (Smulders et al., 2017; Willette 
et al., 2014). Bioturbation in tropical seagrass meadows is, however, a subject that has received 
limited research attention and has only gained interest in recent years. Bioturbation is the biogenic 
transport of particulate matter (inorganic and organic) within the sediment column, resulting from 
burrowing, excavating, and feeding by animals (Nelson et al., 2009). One of the first scientists who 
studied the effect of bioturbation on seagrass was Suchanek in 1983. Suchanek found that seagrass 
productivity was negatively correlated with mound density created by Callianassid shrimp (Suchanek, 
1983). Over time, more species have been added to the list of bioturbators which now includes not 
only in-faunal and epifaunal invertebrates such as shrimp, crab, burrowing sea cucumber, polychaete 
worm species, but also stingrays demersal fish, marine mammals, and birds (Dewitt, 2009; Mosher, 
1980; Nelson et al., 2009; Valentine et al., 1994). 
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Figure 1 Illustration of some of the adverse effects of bioturbation on seagrasses (modified by DeWitt 2009, 
original from Suchanek 1983, Figure 4). Arrows show paths of sediment subduction, advection and resuspension 
as result of sediment reworking by burrowing shrimp 

Bioturbation affects growth, survival, and recruitment of seagrass by uprooting, damaging or 
smothering seeds, rhizomes, or even whole patches (DeWitt, 2009). However, different bioturbators 
impact seagrass meadows differently (Figure 1). For example, burrowing sea-cucumbers and shrimp 
excavate tunnels and eject sediment, which smothers seagrass (Mosher, 1980; Valentine et al. 1994; 
DeWitt, 2009).  

Local organisations on Bonaire try to counter the decline of native seagrass cover, amongst others 
to combat coastal erosion. The seagrass meadows are since 1980 a protected area (Debrot et al., 
2010), and recently actions are undertaken to restore bare sediment which previously was covered 
by seagrass. However, successful seagrass restoration efforts, are limited, and therefore should be 
studied in more detail (Temmink et al., 2020). To aid such restoration projects, also more knowledge 
on the effect of disturbance created by bioturbation on the invasive seagrass species H. stipulacea 
is. Despite potential large effects, this is still unknown. To answer this question, we conduct an 
observational study and an experimental study. 

1.1 OBSERVATIONAL STUDY 
The effect of bioturbation, high grazing pressure, introduction of an invasive species on native 
seagrass have all been studied separately. However, the combined effect of these individual 
pressures on native sea grass cover is yet unstudied. In our first study, we aim improve our 
knowledge on these combined effects on native seagrass cover in Lac Bay (Bonaire) by answering 
the following research question: How do turtle grazing and bioturbation affect the balance 
between invasive and native seagrass on Bonaire? We expect both turtle grazing and 
bioturbation to positively affect H. stipulacea and negatively affect T. testudinum, as previous 
research suggest that H. stipulacea recovers more easily after disturbance (Altman & Whitlatch, 
2007; Christianen et al., 2019a). Also Willette et al. (2020), found empirical evidence that H. 
stipulacea is highly resilient to small-scale disturbance. 

1.2 EXPERIMENTAL STUDY 
With the disappearance of the native seagrass T. testudinum, the sediment stability decreases and 
shear stress increases. Therefore, newly planted seagrass fragments are vulnerable to uprooting 
(Temmink et al., 2020), hampering restoration efforts in Bonaire. To reduce sediment instability 
Temmink et al., (2020) studied different seagrass planting techniques and tools and, found 
implementing a below ground lattice structure to be most effective in dynamic areas (Figure 2). The 
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lattice structure mimics the root system of seagrass and therefore reduces shear stress (Temmink 
et al., 2020, Macdonnell et al., 2022). These lattice structures have proven very successful in areas 
with high wave action and low sediment stability (Temmink et al., 2020). Therefore, it is expected 
that using a lattice structures to outplant seagrass in can help restore seagrass meadows on Bonaire. 

 
Figure 2 Facilitation effect of seagrass or lattice structure on sediment stability (Temmink et al., 2020). A: 
Seagrass increase sediment stability with their root mat and flexible seagrass shoots avoid drag by bending. B: 
small seagrass transplants cannot self-facilitate, making them vulnerable to uprooting (blue arrow). Application 
of trait-based mimicry allows simulating self-facilitation naturally occurring in mature vegetation stands.  

However, it is yet unknown if a lattice structure is equally successful in areas with high bioturbation. 
Therefore, we aim to gain more knowledge on the effect of bioturbation on the native seagrass 
species T. testudinum, and the implications for restoration success in Lac Bay, Bonaire by answering 
the following question: How do lattice structures influence seagrass growth in areas with 
high bioturbation?  Research has shown that the lattice structures are an effective tool for out 
planting seagrass (Marin-Diaz et al., 2021; Temmink et al., 2020). We expect the lattice structures 
to create a barrier, reducing bioturbation and thereby promoting the success of the native seagrass.  
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2. METHODS 

2.1 AREA OF INTEREST 
The Dutch Caribbean Island Bonaire has been chosen as the area of interest due to the ongoing 
research, in Lac Bay (Figure 3). Lac  Bay is an oligotrophic bay with 7 square kilometres of seagrass 
meadows (Christianen et al., 2019). Lac Bay is a designated RAMSAR site since 1980, which covers 
an area of 1550 hectare, of which 790 hectare is marine shallow waters in which the seagrass grows. 
Lac Bay is the largest lagoon in the Dutch Antilles. The deepest measured point is not deeper than 
4,5 meters. The bay is separated from the open ocean by a fringing reef, but connected though a 
channel on the north site. 

Figure 3 Map of study area Bonaire. red square: study area. (source: modified map from Google Earth)  

2.2 OBSERVATIONAL STUDY  
The goal of that observational study was to gain insight into the relation between bioturbation and 
T. testudinum and/or H. stipulacea in relation to bioturbation and turtle grazing. This was done by 
taking measurements along transects in Lac Bay, from offshore towards the shore. Suitable meadows 
of T. testudinum, H. stipulacea, mixed, or bare sediment were looked for. 12 transects were carried 
out, along which 6 measurements were taken. Half were taken in front of Lac Bay beach, and the 
other half was taken on the north-east side of the bay, north of Sorobon beach (Figure 4). 

Two measurements were taken within one habitat. Measurements were taken at least 10 meters 
apart, but preferably more, up to 25 meters. Each transect was therefore at least 60 meters and 
maximal 150 meters long. The measurements were taken within a one-by-one meter quadrant 
divided into 25 sub-quadrants. 
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Figure 4 Map of study area Lac Bay,  Yellow lines in A and B are approximate lines of the transects. Transect lines 
were chosen based on shortest distance over different habitats (Source: modified map from Google Earth) 
 

2.2.1 Measurements 
In each sub-quadrant the cover of the different seagrass species will be estimated and noted. Next, 
the number of mounds within the quadrant will be counted reviewed for recent activity (for example, 
indent or pseudo-faeces on top of the mound). Moreover, 3 mounds will be randomly selected and 
measured for its height and width. Last within 4 sub-quadrants the number of holes in the sediment 
will be counted.  

2.3 MANIPULATIVE EXPERIMENT SET-UP 
To test  the effect of Lattice structures on bioturbation and seagrass growth we conducted an 
experiment on the south-east coast of Lac Bay. The experiment was conducted on the bare sediment 
at the edge of a healthy seagrass patch (Figure 5Figure 5 Map of location of experimental study in 
Lac Bay, Bonaire (source: modified map from Google Earth).). The location was permanently 
submerged, relatively shallow with a sandy seabed. Moreover, this location was chosen based on 
easy accessibility, bioturbation activity and historical presence of seagrass (based on old maps). 
Temperature, salinity, and phosphorus  and nitrogen concentrations were measured to ensure abiotic 
conditions within the right ranges.  
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Figure 5 Map of location of experimental study in Lac Bay, Bonaire (source: modified map from Google Earth). 

2.3.1 Lattice structures: BESE-elements 
As briefly mentioned in the introduction we tested the effect of a lattice structure on seagrass growth 
and bioturbation. For this study we used a lattice structure, that was designed especially for coastal 
restoration purposes called BESE-elements as a lattice structure. BESE-elements is an abbreviation 
for Biodegradable Ecosystem Engineering Elements (BESE-elements in short), which is a lattice 
design that mimics root systems and therefore provide sediment stability (Macdonnell et al., 2022; 
Temmink et al., 2020) .  These structures can be seen as 3D mats with a honeycomb structure that 
mimic the root system and reduce sediment movement.  

2.3.2 Set-up 
The effect of Lattice structures to counter bioturbation is tested against no intervention measurement 
or traditional method to exclude bioturbators,  by burying mesh-net (1mm nylon mesh) into the 
sediment. We used a double control group to test the effect of digging into the sediment on 
bioturbation activity and seagrass growth. The experiment consisted out of a total of 25 plots divided 
into five different treatments (Figure 6). Plots were deployed in two rows of each 10 plots, from north 
to south. Plots were approximately 1 by 0,5 meter with the short side facing towards the seagrass 
bed or beach. Plots were approximately 1 to 2 meters apart. 

 
Figure 6 Experimental set-up, to test effect of Lattice structures on bioturbation for seagrass restoration purposes.  

First, corners of the plots were marked with rebars. In all except the control plots the top layer (15-
20cm) were removed. Next, either nothing, mesh, lattice, lattice + mesh, were put in the plot. Then 
the removed top layer was placed back into the plot.  

Within each plot six T. testudinum fragments were transplanted evenly within the plot. Before 
transplanting  number of shoots, number of leaves, leaf length and rhizome length were noted. The 
plots will be monitored every week for a period of 10 weeks. All measurements except rhizome 
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growth were taken weakly. Rhizome growth was only measured in week 5 and 10 to minimize the 
disturbance to the root development. 

Bioturbation was measured weekly by counting the number of holes larger than 1 centimetres 
diameter in the sediment and the number of mounds. Moreover, mound size was estimated by 
measuring two mounds in all plots. Per plot two random mounds were measured in height and 
diameter as an indication of the size of the mounds.  Mound surface was afterwards calculated as A 
= π r² 

2.4 DATA ANALYSIS 
The data analysis have been caried out using Rstudio using R version 4.1.2, a variety of packages 
have been used for analysis, layout and visualisation of the data, including: car, dpyr, FSA, ggcorplot, 
ggfortify, ggplot2, lme4, readxl, report, sjplots, sjstats, tidyverse and viridis. 

2.4.1 Observational study 
To estimate the effect of the different parameters on the cover of T. testudinum and H. stipulacea 
for each a linear mixed model was fitted, based on random and fixed factors. First, the possibility of 
collinearity between variables was explored, and visualized in a correlation matrix. For example the 
shoot count and observed percentage cover indicated collinearity and therefore only one will be 
considered. Different models, in terms of random and fixed factors were compared and the model 
with the lowest AIC (Akaike Information Criterion (Akaike, 1974)) value was selected, which are 
shown in the results. Moreover, standardized parameters were obtained by fitting the model on a 
standardized version of the dataset. 95% Confidence Intervals (Cis) and p-values were computed 
using a Wald t-distribution approximation. 

2.4.2 Experimental study 
The study aimed to investigate the effect of bioturbation on T. testudinum growth. The methodology 
included measuring the extent of bioturbation under different treatments, as well as analysing the 
growth of seagrass under different treatments. 

To prevent pseudo replication of the seagrass fragments within one plot the measurements were 
averaged per plot. Next the different treatments were compared for each of the variables at week 5 
and 10. First normality of the data was checked by applying Shapiro-Wilk test, and equal variances 
by Levene’s test for homogeneity. If assumptions were met a One-way or Two-way ANOVA was 
applied. When assumptions were not met a Wilcoxon Signed Rank test was applied. When significant 
differences between groups were observed, a Post Hoc test was applied to reveal which groups were 
significantly different. For each test an Alpha of 0.05 was maintained where values below this 
threshold would indicate a significant difference.   
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3. RESULTS 

3.1 INVESTIGATING THE SPATIAL DISTRIBUTION AND FACTORS AFFECTING 

SEAGRASS COVER IN LAC BAY 
A total of 12 transects were conducted on both the west and east coasts of the Lac bay to investigate 
the relationship between turtle grazing, bioturbation, invasive and native seagrass. The results 
revealed that the distribution of T. testudinum and H. stipulacea varied depending on the location 
within the bay (Figure 7).  

 
Figure 7 panel one shows different variables for the different measuring point from the east side of the bay where panel 2 shows 
the west side.  

The highest T. testudinum cover on the east side of the bay was mainly found between measuring 
point three and four, approximately between 50-100 meters from shore. Conversely, on the west 
side of the bay, relative high T. testudinum cover was measured at point one and two, which is 
between 10-50 meters from shore. Moreover, the blade length of T. testudinum was used as a 
measure for turtle grazing, and the results showed that grazing pressure increased after the fourth 
measuring point on the east coast, while on the west coast, a small decrease in blade length was 
observed from measuring point three onwards. 

The results also revealed that H. stipulacea cover was higher on the east side of the bay, particularly 
at measuring point six where the cover was close to 75 percent. On the west side of the bay, the H. 
stipulacea cover was less than 25 percent. Furthermore, the highest level of bioturbation was 
observed on the east side at measuring point six, where the H. stipulacea cover was the highest.  

In terms of macroalgae, the results showed that they were primarily observed on the west side of 
the bay, where the highest percentage cover was observed on the first, fifth and sixth measuring 
points. This pattern was opposite to that observed for T. testudinum cover. Moreover, at the sixth 
measuring point, longer blades of T. testudinum were surrounded by macroalgae, while shorter 
blades were observed outside the macroalgae.  

Overall, the graph indicates that the distribution of seagrass and the level of turtle grazing and 
bioturbation may vary depending on the location within the bay. To confirm these findings, a 
correlation matrix was computed (Figure 8). The results indicate a strong positive correlation 
between T. testudinum cover and blade length. Additionally, multiple bioturbation-related variables 
show a negative correlation with T. testudinum, with the percentage of the plot covered by mounds 
showing the strongest negative correlation. In contrast, H. stipulacea shows a positive correlation 
with most mound-related variables. There is a strong negative correlation of 0.7 between T. 
testudinum and H. stipulacea, indicating competition between these two seagrass species. The 
measuring gradient along the transect is strongly correlated with most measured variables, indicating 
a gradient from shallower to deeper areas. Most variables increase with increasing depth, except for 
T. testudinum cover, which decreases.  



12 
 

 
Figure 8 Correlation plot showing the significant correlations between variables related to T. testudinum, H. stipulacea, 
bioturbation and marco algae. The variables shoot count for T. testudinum and H. stipulacea, estimated percent coverage of T. 
testudinum and H. stipulacea, and the presence of bioturbator mounds, as measured by mound width, number of mounds, and 
number of holes. Positive correlations are indicated by shades of green to yellow and negative correlations indicated by shades 
of blue to purple. The plot suggests that there are strong negative correlations between T. testudinum and H. stipulacea shoot 
counts and percent coverage, as well as between bioturbator mounds and T. testudinum coverage. Conversely, there is a positive 
correlation between H. stipulacea shoot count and mound coverage. The plot provides insights into the complex interactions 
between seagrass and bioturbator communities, and highlights the importance of considering multiple variables when studying 
these ecosystems. 

3.1.1 Linear Model Analysis of Parameters Affecting T. testudinum and H. stipulacea 
Cover: Significant Predictors and Estimators  

First a linear mixed model was fitted (estimated using Restricted maximum likelihood) to predict 
Percentage T. testudinum cover with Percentage mound cover, Percentage H. stipulacea cover, 
Percentage Macro algae cover and Blade length T. testudinum (formula: `Percentage T. testudinum 
cover` ~ ̀ Percentage mound cover` + ̀ Percentage H. stipulacea cover` + ̀ Percentage Macro algae 
cover` + `Blade length T. testudinum`) (Figure 9). The model included point as random effect 
(formula: ~1 | point). The model's total explanatory power is substantial (conditional R² = 0.71) and 
the part related to the fixed effects alone (marginal R²) is of 0.63. The model's intercept, 
corresponding to Percentage mound cover = 0, Percentage H. stipulacea cover = 0, Percentage Macro 
algae cover = 0 and Blade length T. testudinum = 0, is at 28.31 (95% CI [10.94, 45.68], t(56) = 
3.27, p = 0.002).  
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Figure 9 Scatterplot showing the relationship between the cover of T testudinum and four predictor variables: blade length, cover 
of H. stipulacea, cover of macro algae, and percentage covered in mounds. Observed data points are shown as dots, while the 
solid line represents the predicted values from a linear mixed model that includes all four predictor variables. The graph suggests 
that all four predictor variables have some relationship with T testudinum cover, with blade length and cover of mounds being 
the strongest predictors. 

The model results, as shown in Table 1, indicate a statistically significant negative effect of 
percentage mound cover  on percentage T. testudinum cover(beta = -0.99, 95% CI [-1.56, -0.41], 
t(56) = -3.44, p = 0.001), Percentage H. stipulacea cover (beta = -0.34, 95% CI [-0.57, -0.10], 
t(56) = -2.87, p = 0.006), and percentage Macro algae cover (beta = -0.71, 95% CI [-1.09, -0.33], 
t(56) = -3.73, p < .001) (Table 1). On the other hand, the effect of Blade length T. testudinum was 
statistically significant and positive (beta = 3.08, 95% CI [2.08, 4.08], t(56) = 6.17, p < .001). 
Moreover, as longer blades indicate lower grazing pressure, this means that higher grazing pressure 
had a negative effect on T. testudinum cover. 

Table 1 Results of a linear mixed model estimating the relationship between percentage T. testudinum cover and four predictor 
variables: percentage mound cover, percentage H. stipulacea cover, percentage macro algae cover, and blade length of T. 
testudinum. The model included a random effect for point and was estimated using restricted maximum likelihood. The table 
presents the estimated coefficients for each predictor variable, along with their standard errors, t-values, and p-values. The 
model's conditional R² was 0.71, indicating substantial explanatory power, while the marginal R² for the fixed effects was 0.63. 
The model's intercept was estimated at 28.31 (95% CI [10.94, 45.68], t(56) = 3.27, p = 0.002), indicating that at zero values 
for all predictor variables, the estimated percentage T. testudinum cover is 28.31. The table provides insights into the relative 
importance of each predictor variable for predicting T. testudinum cover in a seagrass ecosystem. 

Percentage T. testudinum cover 
Predictors Estimates CI p 
(Intercept) 28.31 10.94  –   45.68 0.002 
Percentage mound cover -0.99 -1.56  –  -0.41 0.001 
Percentage H stipulacea cover -0.34 -0.57  –  -0.10 0.006 
Percentage Macro algae cover -0.71 -1.09  –  -0.33 <0.001 
Blade length T testudinum 3.08  2.08  –   4.08 <0.001 
Random Effects 
σ2 355.03 
τ00 point 103.77 
ICC 0.23 

 

N point 6 
Observations 63 

 

Marginal R2 / Conditional R2 0.630 / 0.714 

 

A similar approach was taken to explain the cover of H. stipulacea. However, due to the zero-inflation 
of the data, this was not successful. Therefore, a subset of the data was taken where only the 
observations in which H. stipulacea was observed were used. A linear mixed model (estimated using 
Restricted maximum likelihood) was fitted to predict Percentage H. stipulacea cover with Percentage 
T. testudinum cover and Blade length H. stipulacea (formula: `Percentage H. stipulacea cover` ~ 
`Percentage T. testudinum cover` + `Blade length H. stipulacea`; Figure 10). The model included 
side as random effect (formula: ~1|side). The model's total explanatory power is substantial 
(conditional R2 = 0.85) and the part related to the fixed effects alone (marginal R2) is of 0.57. The 
model's intercept, corresponding to Percentage T. testudinum cover = 0 and Blade length H. 
stipulacea = 0, is at 10.49 (95% CI [-31.84, 52.82], t(19) = 0.52, p = 0.610).  
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Figure 10 A linear mixed model was fitted to predict Percentage H. stipulacea cover with Percentage T. testudinum cover and 
Blade length H. stipulacea, using a subset of the data where only the observations in which H. stipulacea was present were used 
due to zero-inflation of the data. The model included side as random effect, and had a total explanatory power of 0.85 (conditional 
R2) and 0.57 (marginal R2) related to fixed effects. The model's intercept was at 10.49 (95% CI [-31.84, 52.82], t(19) = 0.52, 
p = 0.610). 

The results indicate, as shown in Table 2 a statistically significant negative effect of the percentage 
T. testudinum cover (beta = -1.14, 95% CI [-1.41, -0.87], t(19) = -8.78, p < .001). On the other 
hand the effect of Blade length H. stipulacea has a significant positive effect (beta = 18.65, 95% CI 
[7.80, 29.49], t(19) = 3.60, p = 0.002).  

Table 2 Results of a linear mixed model estimating the relationship between percentage H. stipulacea cover and two predictor 
variables: percentage T. testudinum cover and blade length of H. stipulacea. Due to zero-inflation of the data, a subset of 
observations where H. stipulacea was present was used. The model included a random effect for side and was estimated using 
restricted maximum likelihood. The table presents the estimated coefficients for each predictor variable, along with their standard 
errors, t-values, and p-values. The model's conditional R² was 0.85, indicating substantial explanatory power, while the marginal 
R² for the fixed effects was 0.57. The model's intercept was estimated at 10.49 (95% CI [-31.84, 52.82], t(19) = 0.52, p = 
0.610), indicating that at zero values for both predictor variables, the estimated percentage H. stipulacea cover is 10.49. The 
table provides insights into the relative importance of the predictor variables for predicting H. stipulacea cover in a seagrass 
ecosystem. 

Predictors Estimates CI p 
 

(Intercept) 10.49 -31.84 – 52.82 0.610 
Percentage T testudinum cover -1.14 -1.41  – -0.87 <0.001 
Blade length H stipulacea cover 18.65 7.80   – 29.49 0.002 

Random effects 
s2 231.44   
t00 side 424.13   
ICC 0.65   
N side 2   
Observations 24   
Marginal R2 / Conditional R2 0.574 / 0.850   

3.2 EFFECT OF BIOTURBATION ON SEAGRASS GROWTH WITH DIFFERENT PLANTING 

TECHNIQUES 
3.2.1 Results of extent of bioturbation under Different Treatments 

3.2.1.1 Descriptive results of extent of bioturbation under Different Treatments 

Bioturbation was assessed by measuring the number of big holes (>1 cm Ø), the number of mounds, 
and the height and width of the mounds. Visual observations indicated that all mounds were 
constructed by ghost shrimps, as evidenced by the presence of small tube-shaped faecal pellets. In 
cases where no faecal pellets were found, it was assumed that the mounds were nevertheless created 
by ghost shrimps.  

To quantify the surface area covered by mounds, the number of mounds and their widths were 
converted into squared centimetres. During the first 5 weeks of the experiment, the surface area 
covered by mounds steadily increased, with the highest value observed in week four 
(631.26±300.38) in the control treatment (Figure 1111). However, in week five, there was a visible 
decrease in the surface area covered by mounds, which continued to decrease even further in week 
six (Figure 11).  
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Figure 11 The bar graph displays the observed mound surface in squared centimetres over time (in weeks), with five different 
treatments (control, no treatment, lattice, mesh, and lattice + mesh) depicted on the x-axis. Each treatment had four replicates, 
and the bars indicate the average surface area per week, with error bars representing the standard error of the mean. 

Similarly, no holes were observed directly after the implementation of the experiment, and the 
number of holes initially fluctuated but stabilized from week five onwards (Figure 12). In week 5, the 
observed average number of holes per treatment ranged between 0.75 ± >0.01 for mesh and 2.50 
± 0.33 for the no treatment group. 

 
Figure 12 The bar graph displays the observed number of holes larger than 1 cm in diameter over time (in weeks), with five 
different treatments (control, no treatment, lattice, mesh, and lattice + mesh) depicted on the x-axis. Each treatment had four 
replicates, and the bars indicate the average surface area per week, with error bars representing the standard error of the mean. 

The surface areas of the mounds were compared between week 5 and week 10. To investigate the 
impact of moving the sediment during the implementation of different treatments, the control group 
and the no treatment group were tested for differences in average mound surface area for both week 
5 and week 10. Similar to the results from the initial section, statistical analysis showed no significant 
differences in mound surface area between the no treatment and control groups (Wilcoxon test, P > 
0.05). Therefore, we conclude that the disturbance created by sediment movement did not affect the 
experiment, and the no treatment group was excluded from further analyses. 

Table 3 Average mound surface ± standard error per treatment in week 0, week 5, and week 10 

 Treatment  Week 0 Week 5 Week 10 

M
ou

nd
 s

ur
fa

ce
 Control  0.00 ± 0.00 120.36 ± 69.72 73.83 ± 64.75 

Lattice  0.00 ± 0.00 326.48 ± 202.54 169.11 ± 112.55 

Lattice + mesh  0.00 ± 0.00 38.48 ± 38.48 0.00 ± 0.00 

Mesh  0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

No treatment  0.00 ± 0.00 331.83 ± 276.09 178.29 ± 125.15 

 

    

 

H
ol

es
 

(>
1 

Ø
 

cm
) Control 

 

0.00 ± 0.00 1.50 ± 0.12 1.75 ± 0.07 

Lattice 

 

0.00 ± 0.00 1.25 ± 0.33 2.25 ± 0.17 
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Lattice + Mesh 

 

0.00 ± 0.00 1.50 ± 0.04 1.25 ± 0.00 

Mesh 

 

0.00 ± 0.00 0.75 ± 0.00 0.50 ± 0.00 

No treatment 

 

0.00 ± 0.00 2.50 ± 0.33 2.75 ± 0.18 

The surface of the mounds was highly variable between plots (Table 3), A Shapiro-Wilk test showed 
that the distribution of mounds departed significantly from normality (W = 0.58, p-value < 0.01). 
Likewise, no significant differences were found for the surface of the mounds for both week 5 and 10 
(Kruskal-Wallis chi-squared, P-value > 0.5). 

Similar to the analyses of the mound surface, the number of holes between treatments for week 5 
and week 10 were compared separately. Again, the control and no treatment groups are tested for 
differences between the number of holes for both week 5 and week 10. No significant differences 
were detected between no treatment and the control group (Wilcoxon test, P > 0.5). Therefore, we 
made the same assumption, that the disturbance created by moving the sediment did not impact 
the experiment and the no treatment group was not considered in the analyses. 

The number of holes was highly variable between plots and Shapiro-Wilk test was performed, which 
showed that the distribution of mounds departed significantly from normality (W = 0.58, p-value < 
0.01). The number of holes was compared between treatments and no significant differences 
between treatments were found for week 5 or week 10 (Kruskal-Wallis chi-squared, P-value > 0.5). 

3.2.2 Results of Growth Analysis of T. testudinum under Different Treatments 
This section presents the results of an experiment conducted to investigate the effect of different 
treatments, including mesh and lattice, on the growth of T. testudinum. The section starts with a 
description of the initial and final number of shoots and leaves per plot and their changes over time. 
It then presents the results of rhizome growth analysis before transplanting and at weeks 5 and 10. 
Finally, the section provides the results of a two-way ANOVA conducted to investigate the effect of 
mesh and lattice on the growth of shoots, leaves, and rhizomes. The section concludes that while 
mesh had no significant effect on the growth of the plant, the effect of lattice was not statistically 
significant but large. 

3.2.2.1 Descriptive results of T. testudinum under Different Treatments 

At the start of the experiment, we planted six fragments of T. testudinum with an average of between 
1.79±0.12 shoots for the lattice treatment, and 2.38±0.18 shoots in the lattice + mesh or no 
treatment. At the end of the experiment, the average number of shoots per plot was found to be 
between 1.63±0.27  for the lattice treatment and 3.0±0.2 shoots  for no treatment (). The number 
of shoots between weeks differed considerably; the number of shoots decreased in the first weeks 
with the lowest number of shoots found after week four. After this week, the number of shoots 
started to increase (Figure 13). The number of shoots that died off during the experiment were not 
recorded.  

 
Figure 13 The bar graph displays the observed shoots per fragment over time (in weeks), with five different 
treatments (control, no treatment, lattice, mesh, and lattice + mesh) depicted on the x-axis. Each treatment had 
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four replicates, and the bars indicate the average surface area per week, with error bars representing the standard 
error of the mean. 

Per fragment, an average between 4.75±0.41 leaves for the lattice treatment and 6.83±0.61 leaves 
mesh treatment were counted. The number of leaves changed to an average between 3.5 ±0.49 
(lattice treatment), and 6.46±0.9 (mesh treatment) over a period of 10 weeks ( 
Table 3).  The number of leaves counted shows a similar pattern to the number of shoots (Figure 
14). Similar to the number of shoots, the number of leaves generally decreased in the first half of 
the experiment, whereafter a slow increase was observed (Figure 14). 

 
Figure 14 The bar graph displays the observed leaves per fragment over time (in weeks), with five different 
treatments (control, no treatment, lattice, mesh, and lattice + mesh) depicted on the x-axis. Each treatment had 
four replicates, and the bars indicate the average surface area per week, with error bars representing the standard 
error of the mean. 

Rhizome growth was measured before transplanting the fragments, and in week 5 and 10 the new 
grown rhizome was measured. Some of the skewers went missing during the experiment and are 
therefore left out for this analysis. For this analysis, we use the relative growth. The initial average 
rhizome length per treatment variated between 14.67 ± 1.11 for the lattice + mesh treatment, and 
21.23 ± 0.74  for no treatment. Over a period of 10 weeks, the average relative growth was between 
0.1148 ± 0.0258 for the Lattice + mesh treatment, and 0.2721 ± 0.0161 for the no treatment (Table 
4, Figure 15). Which means an 11.5 to 27.2 percent increase, suggesting that initial rhizome length 
might impact the growth rate of the rhizome.  

 
Figure 15 The bar graph displays the observed relative rhizome growth over time (in weeks), with five different 
treatments (control, no treatment, lattice, mesh, and lattice + mesh) depicted on the x-axis. Each treatment had 
four replicates, and the bars indicate the average surface area per week, with error bars representing the standard 
error of the mean. 
 

3.2.2.2 Analysis of the Effects of mesh and lattice on Plant Growth: Results from ANOVA 

The analyses aimed to investigate the effect of different treatments on the growth of rhizomes, 
shoots, and leaves of a plant species (Table 4). All assumptions for a two-way ANOVA, including 
normality of residuals, homogeneity of variances, and independence of observations, were met in 
this study Initially, the impact of sediment disturbance on the experiment during the implementation 
was examined. The control and no treatment groups were compared for the average number of 
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shoots and leaves per fragment per treatment. The results revealed no significant differences 
between the two groups in week 5 and week 10 (T-test, P > 0.5). Therefore, it was assumed that 
the disturbance created by moving the sediment did not affect the experiment. Consequently, the 
data from the no treatment plot were excluded, and the analysis continued with the remaining four 
treatments.  

Table 4 Average number of shoots ±  standard error per treatment in week 0, week 5, and week 10 

 

  

Week 0 Week 5 Week 10 

N
um

be
r 

of
 

sh
oo

ts
 

Lattice 

 

1.79 ± 0.12 1.29 ± 0.19 1.63 ± 0.27 

Lattice + Mesh 

 

2.38 ± 0.26 2.08 ± 0.24 2.77 ± 0.29 

Control 

 

1.92 ± 0.13 1.96 ± 0.22 2.67 ± 0.24 

Mesh 

 

2.25 ± 0.16 2.25 ± 0.21 2.92 ± 0.31 

No treatment 

 

2.38 ± 0.18 2.5 ± 0.24 3.0 ± 0.2 

  

N
um

be
r 

of
 le

av
es

 

Lattice 

 

4.75 ± 0.41 3.08 ± 0.57 3.54 ± 0.49 

Lattice + mesh 

 

6.29 ± 0.69 4.92 ± 0.7 6.17 ± 0.92 

Control 

 

4.83 ± 0.4 4.38 ± 0.54 5.58 ± 0.5 

Mesh 

 

6.83 ± 0.61 5.63 ± 0.51 6.46 ± 0.9 

No treatment 

 

6.67 ± 0.73 5.83 ± 0.82 6.25 ± 0.21 

 

 

Rh
iz

om
e 

gr
ow

th
 

Lattice 

 

19.92 ± 1.04 0.1695 ± 0.04 0.22 ± 0.05 

Lattice + Mesh 

 

14.67 ± 1.11 0.0839 ± 0.03 0.11 ± 0.03 

Control 

 

19.65 ± 1.11 0.1354 ± 0.02 0.21 ± 0.02 

Mesh 

 

18.67 ± 0.94 0.1362 ± 0.04 0.19 ± 0.04 

No treatment 

 

21.23 ± 0.74 0.1766 ± 0.01 0.27 ± 0.02 

A two-way analysis of variance (two-way ANOVA) was conducted to investigate the effect of mesh 
and lattice on the growth of shoots, leaves, and rhizome in the plant population, of the data from 
week 5 and week 10. The  

The results of the two-way ANOVA (formula: shoots ~ mesh * lattice) showed that the main effect 
of mesh was not statistically significant and had a small effect size (F(1, 17) = 0.75, p = 0.398; Eta2 
(partial) = 0.04, 95% CI [0.00, 1.00]). Similarly, the main effect of lattice was not statistically 
significant but had a large effect size (F(1, 17) = 3.24, p = 0.090, 95% CI [0.00, 1.00]). The ANOVA 
(formula: leaves ~ mesh * lattice) revealed that the main effect of mesh was not statistically 
significant and had a medium effect size (F(1, 17) = 1.31, p = 0.268, 95% CI [0.00, 1.00]), while 
the main effect of lattice was also not statistically significant but had a medium effect size (F(1, 17) 
= 1.74, p = 0.205, 95% CI [0.00, 1.00]). Finally, the ANOVA (formula: rhizome ~ mesh * lattice) 
showed that the main effect of mesh was not statistically significant and had a very small effect size 
(F(1, 17) = 0.02, p = 0.896, CI [0.00, 1.00]), whereas the main effect of lattice was not statistically 
significant but had a large effect size (F(1, 17) = 3.29, p = 0.087, 95% CI [0.00, 1.00]). Effect sizes 
were labelled according to Field's (2013) recommendations. 

The results of the two-way ANOVA indicate that the main effect of mesh on the growth of shoots was 
statistically not significant (F(1, 17) = 0.95, p = 0.344, 95% CI [0.00, 1.00]). Similarly, the main 
effect of mesh on the growth of leaves was not statistically significant but medium (F(1, 17) = 1.15, 
p = 0.298, 95% CI [0.00, 1.00]). The main effect of mesh on the growth of rhizome was statistically 
not significant but very small (F(1, 17) = 0.11, p = 0.747, 95% CI [0.00, 1.00]). On the other hand, 
the main effect of lattice on the growth of shoots and rhizome was statistically not significant but 
large (F(1, 17) = 2.98, p = 0.103, 95% CI [0.00, 1.00]) and (F(1, 17) = 4.04, p = 0.061, 95% CI 
[0.00, 1.00]), respectively. Effect sizes were labelled following Field's (2013) recommendations. 
These findings suggest that the growth of shoots, leaves, and rhizome is not influenced by the mesh, 
whereas the effect of lattice is not statistically significant but large. 
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The two-way ANOVA results suggest that for shoots, leaves, and rhizome, the main effect of mesh 
is not statistically significant. This means that the type of mesh used in the experiment did not have 
a significant effect on the growth of shoots, leaves, or rhizome. However, for lattice, the main effect 
is also not statistically significant for shoots and leaves, but is statistically significant and large for 
rhizome. This suggests that the level of lattice had a significant effect on the growth of rhizome, but 
not on the growth of shoots or leaves. However, it is worth noting that the p-value for the main effect 
of lattice on rhizome growth is borderline significant (p=0.061), so further investigation is desired. 
Overall, the effect sizes are relatively small to medium, indicating that the variables tested have a 
relatively small effect on plant growth. 
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4. DISCUSSION  
Seagrass meadows are highly productive ecosystems that provide many ecological services, such 
as carbon sequestration, habitat provision, and nutrient cycling. Therefore, it is important to 
understand the factors that affect their distribution and abundance. Here, we studied the spatial 
distribution and factors affecting seagrass cover in Lac Bay, Bonaire, as well as potential 
restoration methods in areas with high bioturbation. Specifically, we examined the relationship 
between turtle grazing, bioturbation, invasive and native seagrass.  

4.1 OBSERVATIONAL STUDY  
With an observational study, we tried to answer what the effect of turtle grazing and bioturbation 
was on the balance between invasive and native seagrass on Bonaire is. In the relatively short time 
span of 10 weeks, Many different factors influencing the success of T. testudinum but also H. 
stipulacea were studied. We found competition between T. testudinum and H. stipulacea, as 
hypothesised, as well as the negative impact of high grazing pressure and bioturbation on T. 
testudinum.   

Our results showed that the distribution of Thalassia testudinum (T. testudinum) and Halophila 
stipulacea (H. stipulacea) vary, depending on the location within the bay. The linear mixed model 
presented in this study provides important insights into the factors that interact with the cover of 
T. testudinum and H. stipulacea in Lac Bay, based on the data collected from transect surveys.  

The model showed four significant predictors explaining the T. testudinum cover: 1) percentage of 
macroalgae cover; 2) turtle grazing pressure T. testudinum; 3) percentage of H. stipulacea cover; 
and 4) percentage of mound cover. These variables together explain a substantial amount of the 
variation in T. testudinum cover in the study area, with a conditional R² of 0.71. The model to 
predict H. stipulacea cover only showed relation to the T. testudinum cover and grazing pressure 
on T. testudinum, these variables explain a substantial amount of the variance within the data 
(conditional R²: 0.85). We discuss each of these four factors individually.  

We found that the cover of macroalgae significant negatively effects T. testudinum cover. This is 
caused by competition for space between species. However, a more complex interaction between 
variables was observed. At some measuring point in between areas that were overgrazed, 
macroalgae had a positive effect on the T. testudinum blades. This suggests that turtles avoid 
areas with macroalgae. Siegwalt et al. (2022), studied food selection and habitat preference of 
green turtles and found a clear preference of native seagrass over other food sources  (Siegwalt et 
al., 2022). The macroalgae was identified as a branched coralline algae, part of the Avrainvillea 
genus. Moreover Leemans et al., (2020), found a mutualistic relationship between these algae and 
seagrass growth. The seagrass protects the algae from washing away while seagrass is protected 
from grazing by turtles (Leemans et al., 2020). Even so, it is suggested that grazing-protection 
mutualisms can play a crucial role in the recovery of seagrass meadows (Leemans et al., 2020).  

The negative effect of the high grazing pressure on T. testudinum cover corresponds with our prior 
hypothesis and has also been mentioned in other publications such as Christianen et al. (2014). 
Christianen et al. (2014), found that in Indonesia with the protection of green turtles, the 
populations started to regrow, which increased the grazing pressure (Christianen et al., 2014), 
negatively effecting the native seagrass cover.   

Moreover, the models also reveal that H. stipulacea and T. testudinum have a significant negative 
influence on each other. This finding supports the observation that T. testudinum and H. stipulacea 
are in competition for space. It was expected that the combination of turtle grazing and 
competition by H. stipulacea would benefit H. stipulacea at the cost of T. testudinum as previously 
observed by Christianen et al., 2019. However, the data of our study to support this was 
inconclusive.   

In addition to the competition between H. stipulacea and T. testudinum for space, bioturbation is 
also be contributing to the decline of T. testudinum and the proliferation of H. stipulacea. High 
positive correlation (R = 0.5) was found between H. stipulacea and mound cover, while a high 
negative correlation (R = -0.6) was found between T. testudinum and mound cover. The 
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importance of bioturbation, as identified by the presence of mounds, was also found to significantly 
negatively affect T. testudinum, while no effect was observed on H. stipulacea. This is consistent 
with both the hypothesis and the negative correlations with mound-related variables and T. 
testudinum (Figure 7). Bioturbation has been described to smother seagrass such as T. testudinum 
(Kneer et al., 2013; Suchanek, 1983). Moreover Kneer et al. (2013), observed that the lower limit 
of the distribution of T. testudinum was controlled by biotubation of callianassid shrimp. The high 
mound density as a result of bioturbation was also observed at the edge of dense T. testudinum 
meadow (Laura Oosting, personal observation in 2022). However, it was hypothesized that H. 
stipulacea would benefit from bioturbation, since it would create opportunity to settle in new areas. 
Proof of this hypothesis can be found in the significant positive correlation between H. stipulacea 
and bioturbation. However, these variables were not found to be significant in the linear mixed 
model. Although previous studies have mentioned this interaction as well, significant proof has not 
been found (Smulders et al., 2017). It is possible that H. species exhibit a high level of plasticity in 
their response to bioturbation, growing equally well in both bioturbated and non-bioturbated 
environments. As a result, a lack of correlation may be observed between H. distribution and 
bioturbation, despite the presence of a positive effect due to the suppression of T. testudinum 
growth in bioturbated environments, which creates areas for H. stipulacea to settle.  

In conclusion, the linear mixed models provides valuable insights into the factors that influence the 
cover of T. testudinum and H. stipulacea in Lac Bay. The findings suggest that competition between 
T. testudinum and  H. stipulacea, as well as the negative impacts of macroalgae and bioturbation, 
may be important factors affecting T. testudinum cover in the bay. The models also highlights the 
importance of considering multiple variables when studying the pressures seagrass ecosystems, as 
the interactions between different biotic and abiotic factors can be complex and have significant 
impacts on seagrass cover. Unfortunately the model was not able to shine light on the 
interactions.   

However, we propose that a complicated network of interactions is having a detrimental effect on 
the growth of T. testudinum, which is actually beneficial for H. stipulacea. Similar interactions have 
also been observed in other marine but also terrestrial ecosystems  (Altman & Whitlatch, 2007; 
Peltzer et al., 2009; Willette & Ambrose, 2012). Altman & Whitlatch (2007), showed that based on 
size of the disturbance invasive species are able to overthrow the native species. Moreover, 
(O’Brien et al. (2018), showed that T. testudinum has a higher resistance to disturbances than H. 
stipulacea. However, H. stipulacea will recover in a matter of weeks, while this takes years for T. 
testudinum. Therefore we propose that the presence of turtles grazing on T. testudinum causes a 
decrease in the number of shoots and destabilizes the rhizome, creating a favorable environment 
for ghost shrimp or burrowing sea cucumbers to colonize. These bioturbators further disturb the 
sediment, which negatively impacts the natural sediment stability of T. testudinum. This 
disturbance leaves the sediment exposed and vulnerable to opportunistic species like H. 
stipulacea.   

More research could help to provide clear answers to this complex interaction web. We suggest to 
repeat this study on a larger scale, as correlations were found between factors that were not found 
in the model. More measurements will provide a clearer image of the different interactions within 
the bay.  Moreover, transects were done both on the east and west side of Lac Bay, which in 
retrospect are under pressure of different factors which reduces the overall observed effect. For 
example, macro algae was only observed on the west while highest densities of non-native 
seagrass species H. stipulacea was found in much higher densities in the east. Seagrass height was 
measured as a proxy for grazing, by measuring four leaves per measuring point. The assumption 
was made that seagrass height would be uniform within one the measuring point. However, in 
practice the leaf length within one plot was very variable. A future study should take this variability 
into consideration for example by measuring both longest and shortest leaves. Moreover, a 
distinction could be made by estimating the turtle grazed and ungrazed cover.   

4.2 EXPERIMENTAL STUDY  
Besides assessing the spatial distribution of the native seagrass species, T. testudinum in Lac Bay, 
Bonaire, we also aimed to investigate the effect of bioturbation on seagrass growth using different 
planting techniques. At the end of the experiment, the number of shoots and leaves per plot had 
increased in all treatments. The rhizome growth analysis comparing before transplanting and at 
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weeks 5 and 10 showed that the rhizome length increased in all treatments, however, not 
significantly. Therefore there is an indication that transplanting rhizomes of T. testudinum can be 
successful as a restoration measure, as also found by Temmink et al., (2020). Moreover, 
restoration methods and success remains context dependent (van der Heide et al., 2021). The 
results of different transplanting techniques under high bioturbation pressure will be discussed in 
the next paragraphs. 

We found no significant effect of either lattice or mesh on seagrass growth nor bioturbation. We 
also did not find significant differences in the growth of T. testudinum under different treatments, 
although the overall observed growth was smallest in the lattice treatment. This contradicts with 
the hypothesis that suggested that growth would increase as suggested by literature (Temmink et 
al., 2020). The hampered growth of T. testudinum in lattice structures is thought to be caused by 
the barrier the structure creates, which limits the directions the rhizome can grow to.  

Here, we first assessed the extent of bioturbation under different treatments by measuring the 
number and surface area of mounds and the number of holes larger than 1 cm Ø. The results 
showed that the surface area covered by mounds steadily increased during the first 5 weeks of the 
treatment, with the highest value observed in week four in the control treatment. However, there 
was a visible decrease in the surface area covered by mounds in week five. We attribute this to 
increasing wind speeds, rather than a decline in bioturbators. We note that in week 5, a mild storm 
occurred in Bonaire. Although it was attempted to measure shear stress and sedimentation, 
unfortunately these attempts were unsuccessful due to the disturbance of humans in the area. 
Therefore, abiotic factors influencing the experiment were not considered, however, likely did 
influence the experiment  

Similar to the number of mounds, the number of holes initially fluctuated but stabilized from week 
five onwards. In the first three weeks the number of holes larger than 1 cm Ø was smaller in the 
mesh, and mesh and lattice treatments than in the other treatments, suggesting that there might 
have been some effect of the mesh on blocking the bioturbation. However, as the experiment 
continued, it was observed that that bioturbators cut though the mesh, showing that we were 
unable to exclude the bioturbators. This finding contrasts with the successful exclusion of 
bioturbation reported by Kneer et al. (2013) in their similar study utilizing comparable methods 
and materials. It would be valuable to explore alternative materials or designs that could 
potentially provide better exclusion of bioturbators. Experimenting with different types of mesh or 
exploring the use of alternative physical barriers could help determine more effective methods for 
excluding bioturbation. 

Overall, we show that the majority of transplanted fragments of T. testudinum can survive, even in 
areas of high bioturbation. This  means that transplanting native seagrass fragments could be a 
possible restoration measure in areas with high bioturbation. With this, we also found 
that  bioturbation had a limited effect on seagrass growth, as indicated by the lack of significant 
differences in the number and surface area of mounds and the number of holes between 
treatments. However, transplanting fragments into lattice appeared to have a non-significant yet 
large negative effect on the growth of T. testudinum, as indicated by the lower number of shoots, 
leaves, and rhizome length compared to other treatments. It is suggested that the lattice structure 
forms a barrier for T. testudinum to grow. Van der Heide et al. (2021), also mentions the 
limitations of the lattice structures in areas with low hydrodynamics. Further studies could 
investigate the long-term effects of bioturbation and planting techniques on seagrass growth and 
their potential interactions.  

Many different components influence the growth of both native and invasive seagrass species in 
Lac bay, Bonaire. While the observational study showed a clear negative interaction with 
bioturbation these patterns could not be detected in the experimental study. However, due to the 
time and resource constrictions, an upscaled planting experiment could provide clear answers on 
the possible success of planting T. testudinum to restore the shrinking meadows.   

4.3 OUTLOOK FOR SEAGRASSES IN INVADED ECOSYSTEMS  
In this thesis, we conducted research on the effects of pressures such as bioturbation and turtle 
grazing on seagrasses in Bonaire. Our findings indicate that slow-growing native seagrass and fast-
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growing invasive seagrass compete for space. As pressures from turtle grazing and bioturbation 
increase, the invasive seagrass is capable of displacing areas occupied by native seagrass. 
Transplanting seagrass has shown promise as an effective method for restoring native seagrass 
meadows. A similar study was conducted by Temming et al. in 2020, where they found that the use 
of lattice structures may facilitate root establishment of native seagrass by inhibiting bioturbation. 
However, our research revealed that the lattice structure actually hinders seagrass growth, which we 
attribute to the lack of shear. This suggests that in areas with low shear, lattice structures are 
unnecessary and may even impede seagrass growth. 

Although we were unable to demonstrate significant differences between various transplanting 
strategies due to the short duration of our study, the survival of transplanted seagrass fragments in 
areas with high bioturbation appears promising. Long-term studies are necessary to confirm this 
success and could also explore the success of transplanting in areas with high grazing pressure. 
Additionally, the impact of high grazing pressure on transplanted fragments remains unknown. If 
future research reveals that newly transplanted fragments do not require protection from 
bioturbation, it is likely that addressing grazing pressure will still be necessary. 

To further advance our understanding of seagrass resilience and its interactions with the 
environment, future research should expand the scale of the study, consider spatial variability, and 
improve measurement techniques. Long-term studies are essential for comprehending seagrass 
management and conservation efforts, not only in Bonaire but also in other locations. By addressing 
these knowledge gaps, we can enhance seagrass management and contribute to conservation efforts 
on Bonaire and beyond. Our findings provide a glimmer of hope, demonstrating that with the proper 
mitigation of pressures such as turtle grazing and bioturbation, there is still a chance to preserve 
and safeguard native seagrass meadows. 
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5. CONCLUSION 
This thesis provides valuable insights into the spatial distribution and factors influencing the cover of 
Thalassia testudinum (T. testudinum) and Halophila stipulacea (H. stipulacea) in Lac Bay, Bonaire. 
The findings suggest that competition between the two seagrass species, as well as the negative 
impacts of macroalgae and bioturbation, play important roles in determining the cover of T. 
testudinum in the bay. The linear mixed models used in this study highlight the complexity of 
interactions between different biotic and abiotic factors, emphasizing the need to consider multiple 
variables when studying seagrass ecosystems. 

The observational study revealed a competition for space between T. testudinum and H. stipulacea, 
confirming the hypothesized negative influence of H. stipulacea on T. testudinum cover. Additionally, 
macroalgae was found to negatively affect T. testudinum cover due to competition, although there 
were instances where macroalgae had a positive effect on T. testudinum blades, suggesting 
avoidance by turtles. The high grazing pressure by turtles and the presence of bioturbation were also 
identified as significant negative factors affecting T. testudinum cover. Furthermore, a significant 
negative influence of T. testudinum on H. stipulacea was observed, supporting the competition for 
space between the two species. 

The experimental study focused on investigating the effect of bioturbation on seagrass growth using 
different planting techniques. Although the overall growth of T. testudinum was smallest in the lattice 
treatment, no significant differences were found between the treatments, indicating that bioturbation 
had a limited effect on seagrass growth. However, transplanting fragments into lattice structures 
appeared to have a non-significant yet large negative effect on T. testudinum growth, possibly due 
to the barrier created by the lattice structure. The study also suggested that transplanting native 
seagrass fragments could be a viable restoration measure in areas with high bioturbation. 

While the observational study provided insights into the factors affecting seagrass cover, the 
experimental study did not yield significant differences, highlighting the need for further research on 
larger scales and considering spatial variability. Future studies could explore alternative materials or 
designs for excluding bioturbators and investigate the long-term effects of bioturbation and planting 
techniques on seagrass growth. 

Overall, this research contributes to our understanding of the pressures impacting seagrass 
ecosystems and highlights the importance of considering complex interactions between different 
factors. The findings support the potential effectiveness of transplanting native seagrass as a 
restoration measure, but also underscore the challenges posed by invasive species and bioturbation. 
Further research is necessary to fully comprehend the intricate dynamics of seagrass ecosystems 
and develop more effective strategies for their conservation and restoration.  
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Appendix 1. SPECIES OF INTEREST 
6.1.1 Seagrass 
Seagrasses are primary producers, filter the water and are considered the primary food source for 
several fish species, sea urchins and turtles (James et al., 2020). Seagrasses area paraphyletic group 
of marine flowering plants, which thrive submerged in saline water and use currents for pollination 
and seed dispersal  (Short & Wyllie-Echeverria, 1996). The lower depth growth limit are determined 
by ambient light levels, as plants are dependent on photosynthesis which requires light (Dennison 
and Alberte, 1985). Bonaire is under threat of a shift between slow-growing, structurally complex T. 
testudinum toward a fast growing less complex H. stipulacea dominated system (Smulders et al., 
2017). As briefly mentioned in the introduction the main species on Bonaire is T. testudinum. T. 
testudinum is often associated with a climax ecosystem. They form complex root systems as deep 
as 40 centimetres.  According to Barber and Behrens (1985), the optimal growing temperature 
ranges between 23 and 31 degrees Celsius. Optimal salinity has been found to be in between 24 to 
35 psu. T. testudinum meadows are found up to 10 metres depth in clear waters. H. stipulacea on 
the other hand is a pioneer species with leaf length between 3 and 120 cm depending on the depth, 
where shorter leaves are found in shallower areas (Lipkin, 1979).  

6.2 BIOTURBATING SPECIES 
There is no literature available that confirms the bioturbating species found in Lac Bay. Two different 
bioturbators were identified as important for this study based on personal observations compared to 
literature from different islands within the Caribbean sea, and experience from local marine 
biologists. These two include two species of shrimps and one species of burrowing sea cucumber. 
The mounds produced by these bioturbators can be kept apart by difference in pseudo faeces that 
were found on top of the mound or directly next to it. The Ghost shrimp was found floating on the 
surface after likely have suffocated due to high quantities of Sargassum seaweed. The burrowing 
seacucumber was excavated from the sediment.  

6.2.1 Ghost shrimp  
Mounds found at almost all locations within Lac Bay suggest the presence of burrowing Gebiidea and 
Axiidea  (formally known as thalassinideans) (Felder et al., 2009). However these burrow builders 
are almost never seen outside their burrow after they settled during their larval (Felder et al., 2009). 
Moreover, ghost shrimp live in burrows sometimes multiple meters deep, making capturing them 
difficult. Likewise there was no successful attempt on capturing these apprehensive infraorders.  

However, due to a sargassum inflow a substantial part of the local fauna died and washed ashore. 
Two specimen were collected and photographed. One of the collected specimen was barely but still 
alive suggesting its colours are its true colours. Noticeable is the orange and white colouration, and 
the significantly larger than left claw Figure 16. Comparing colouration and body proportions to 
literature regarding ghost shrimp in the Caribbean I suspect the specimen belongs to the 
Neocallichirus genus (Manning, 1993).  However, with the limited resources and specimen to examine 
it will remain uncertain. It is possible there are multiple species of ghost shrimp within the bay, 
however more research needs to be done to identify these different species.  

Ghost shrimp live in their excavated burrows, the ejected sand forms a mound on the seafloor. Next 
to the mound a valley is created with an entrance to the burrow, where the ghost shrimp captures 
seagrass blades that drift by and drags these into its burrow (personal observation).  
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Figure 16 pictures from retrieved ghost shrimp specimen, found March 
2022 near Lac Bay Bonaire 

 

 

6.2.2 Burrowing seacucumber (holothuria Arenicola) 
The Burrowing Seacucumber (Holothuria arenicola) belongs to the class Holothuroidea and is known 
for its unique adaptation of burrowing into sandy or muddy substrates (Drumm et al., 1999; Mosher, 
1980). The Burrowing Seacucumber has an elongated, cylindrical body that can reach lengths of up 
to 30 centimeters. Its body is covered in soft, leathery skin with small tube-like feet along its 
underside, which it uses for movement and burrowing (Figure 17). The coloration of this seacucumber 
can vary, but it is commonly seen in shades of brown or beige, allowing it to blend well with its sandy 
habitat. Its mouth is surrounded by a ring of feeding tentacles that it extends to gather organic 
matter from the surrounding sediment. 

 
Figure 17 pictures from retrieved burrowing seacucumber, found March 2022 near Lac Bay Bonaire 

  

 


