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Abstract 
Human development, extreme weather events and rising sea levels are driving the loss and 

degradation of many of the world’s mangrove ecosystems. Mangrove forests are natural coastal 

barriers that provide protection from erosion and storms while also supplying material and 

biodiversity services to human and non-human communities worldwide. In recent years innovative 

and novel products of ecological engineering have emerged to safeguard and restore coastal 

ecosystems. Biodegradable Ecosystem Engineering Elements (BESE) are one such innovation that 

have been shown to stabilize sediment, attenuate waves, and mimic dense root mats to facilitate 

the establishment of coastal vegetation. This study investigates the effect of a built BESE structure 

on abiotic factors and Rhizophora mangle transplant responses along a high-wave energy coastline 

on the island of Bonaire, Dutch Caribbean. Results reveal that BESE elements do not significantly 

alter wave-energy and sediment mobility, or increase transplant survival, shoot growth rate and 

biomass allocation. Survival rate of transplants was significantly higher when secured by rocks 

compared to BESE structures and bare sediment, highlighting simple, local, and low-cost methods 

for restoration. Despite not being significant, there were indications of the potential for BESE 

structures to attenuate a minimal amount of waves and stabilize propagules for greater investment 

in above-ground biomass during establishment. Yet, longer monitoring is needed to validate this. 

Limitations of the BESE structures suggest that they may be more optimally used below-ground on 

sediment substrate, in larger clustered structures, or within interconnected foreshore ecosystems 

for landscape-level coastal protection and resilience.  

 

Key Words:  mangrove restoration, coastal protection, ecological engineering, BESE elements, 

Rhizophora mangle, wave attenuation, biomass allocation, Bonaire. 
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1 Introduction 

1.1 Context  
Mangroves are distinctly structured habitats located along the coasts and estuaries of the tropics 

and sub-tropics. They are composed of dense assemblages of flowering trees and shrubs that are 

uniquely adapted to a wide range of tidal conditions (Duke, 2017). Mangrove species are able to 

persist along extreme gradients of salinity, wave exposure, inundation regimes, and nutrient input 

which allows them to colonize a wide range of intertidal landscapes (Duke, 2017). As foundation 

species, they create and support entire ecosystems (Gillis et al., 2014). The habitat they provide 

contributes to a complex web of ecological functions. These include the provision of breeding, 

feeding and nursery grounds for a wide range of fauna and ensuring nutrient cycling to support the 

productivity of adjacent coastal ecosystems (Imbert et al., 2000). They also provide carbon 

sequestration services, ecotourism opportunities, and material supply to ensure the well-being of 

millions of coastal communities worldwide (Murdiyarso et al., 2015).  

Located along coastal shorelines, these forests function as natural foreshore barriers which provide 

coastal protection from erosion and storms (Bouma et al., 2014; Marin-Diaz et al., 2021). Along with 

coral reefs, salt marshes, and seagrass meadows, mangroves are important ecosystem-based coastal 

defences whose complex structures reduce wave energy and stabilize shorelines. As risks of floods 

and coastal storms increase worldwide due to global and regional climate changes, fringing coastal 

ecosystems are being increasingly recognized for their valuable services in coastal protection 

(Temmerman et al., 2013). With an ever-growing trend of settlement and development along the 

world’s coastlines, anthropogenic activities continue to cause degradation and decline in mangrove 

area extent (Chowdhury et al., 2017). Direct and indirect degradation coupled with increasingly 

unpredictable storms and rising sea levels has resulted in an increased need for the conservation 

and restoration of mangrove ecosystems (Jennerjahn et al., 2017).  

In 2021 the UN declared a commitment to a decade of ecosystem restoration to prevent, halt and 

reverse the degradation of ecosystems worldwide. Restoration is an umbrella term that represents a 

wide range of remedial actions for ecosystem degradation (López-Portillo et al., 2017). Mangrove 

restoration projects and schemes have been implemented worldwide for a range of reasons. These 

include biodiversity conservation, livelihood stimulation for local communities, and the reversal of 

ecological problems caused by industrial aquaculture farms (López-Portillo et al., 2017). Shoreline 

stabilization is a more recent motive for mangrove restoration supported by its potential as an 

alternative to traditional coastal defence structures (Bouma et al., 2014). Traditional coastal defence 

structures such as groynes, seawalls, and dykes have shown to incur high maintenance costs, 

unexpected ecological impacts and climate change consequences (Schoonees et al., 2019). The many 

ecosystem services, inherent value and coastal protection that mangrove ecosystems provide has 

triggered the development of novel innovations in ecological engineering to support coastal 

restoration goals (Gagnon et al., 2021; Nitsch et al., 2021; Simpson et al., 2016).  

Ecological engineering, a principle under the umbrella of restoration involves two primary goals; 

restoring ecosystems for both (1) humans and (2) nature, in a cost-effective manner (Lewis, 2005). 

Biodegradable Ecosystem Engineering Elements (BESE) are one such innovation that has shown to 

facilitate habitat improvement in a range of ecosystems and facilitate the start conditions for the 

establishment of intertidal vegetation (https://www.bese-products.com/). These porous structures 

(fig. 1) that degrade within a 10–25-year period have shown to reduce wave energy on open 

intertidal flats and stimulate the deposition of fine sediments at a local scale (Marin-Diaz et al., 

2021). Studies using these complex mat structures have proved suitable for small scale restoration of 
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seagrass, salt marshes and cordgrass by mimicking emergent traits for establishment (Temmink et 

al., 2020). The short-term alleviation of hydrological stress offered by BESE elements has resulted in 

enhanced seed retention, suppressing 

mortality and accelerating growth rates 

within the salt-marsh pioneer zone 

(Fivash et al., 2021). Considering this 

success, there is interest to apply and 

experiment with BESE elements for the 

restoration of mangroves. Using 

biodegradable structures to attenuate 

wave energy, and stabilize the sediment 

substrate at the local scale may 

ameliorate conditions to support 

mangrove establishment and growth 

(Krauss et al., 2008).  

Restoration must be characterized by localized and context dependent goals. The decision of 

remedial action relies on a clear understanding of a reference or desired system in relation to the 

current system (López-Portillo et al., 2017). This study supports existing restoration plans on the 

island of Bonaire to afforest an exposed fringing coastline with Rhizophora mangle, the red 

mangrove species. Rhizophora mangle is one of the 5 mangrove species found in the lesser Antilles 

islands of the Dutch Caribbean and is the dominant species found along the seashore, capable of 

withstanding waterlogged soils (Imbert et al., 2000). The Mangrove Maniacs are a local non-

governmental organization working on the island to restore healthy and resilient mangrove 

ecosystems. Existing methods of restoration being employed by the organization are determined by 

a range of variables including, accessibility of plant materials, funding, and localized goals. 

Considering the use of a novel engineering product in a new context, it is relevant to investigate 

different methods to optimize the process of restoration. Transplantation of mangroves, often 

young trees, is a method commonly used when steep shore topography and long distances from 

seed producing trees have been found as key factors inhibiting natural recolonization of damaged 

mangrove fringe stands (Imbert et al., 2000; Lewis, 2005). The transplant life phase and transplant 

securing methods can determine whether restoration goals are successful. Considering that many 

transplantation processes are prone to failure (Kodikara et al., 2017; Primavera & Esteban, 2008) an 

exploration of Rhizophora mangle transplant life phase and securing method coupled with 

facilitation by BESE elements may indicate best practices.   

With the goal of evaluating successful mangrove establishment, 

a combination of hydrological, soil and biological characteristics 

should be considered (Feller et al., 2010). Survival and growth 

are two common measurements for assessment of 

establishment success. Furthermore, abiotic variables including 

wave action and sediment dynamics may inform mechanistic 

insights into establishment thresholds experienced by 

transplants. To test BESE elements in the facilitation of fringing 

mangroves for coastal defence, it becomes relevant to assess 

their impact on mangrove long term resilience (Bouma et al., 

2014). The early development stage of mangroves can strongly 

determine the structure and development of a mangrove 

Figure 1. A depiction of BESE elements as a 3D structure made 

from potato starch. (BESE-Elements, 2022) 

Figure 2. A graphical indication of 

above-ground and below-ground 

Rhizophora mangle plant parts.  
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forest stand (Krauss et al., 2008). Assessing these future characteristics can be done by examining 

biomass allocation ratios.  Depending on abiotic conditions, Rhizophora mangle trees may vary their 

allocation of biomass above- or below- ground  (fig. 2) to maximize their survival and growth 

(Poorter et al., 2020; Simpson et al., 2016). Under nutrient deficient and hydrodynamically stressed 

conditions, mangroves will prioritize the allocation of their total biomass firstly to developing their 

roots (Naidoo, 2009). Considering the use of BESE elements to facilitate the establishment of fringing 

mangroves for coastal defence, it becomes relevant to assess how facilitated establishment 

conditions may impact mangrove long term resilience (Bouma et al., 2014). By investigating 

mangrove morphological characteristics and trait plasticity within the establishment phase, it may 

be possible to assess the susceptibility of restored stands as BESE elements decompose in the long-

term. 

1.2 Objectives & Research Questions 
The objective of this study is to investigate the effectiveness of Biodegradable Eco-System 

Engineering Elements (BESE)  in facilitating the establishment of young mangroves along a high-wave 

energy coastline. By applying methods of ecological engineering and transplantation the study also 

aims to investigate how restoration methods impact establishment success along a high-wave 

energy coastline. 

To reach these four sub-questions were explored:  

1. What is the effect of BESE elements on wave energy and sediment mobility surrounding 

Rhizophora mangle transplants along a high-energy foreshore environment?   

 

2. What is the effect of BESE elements on the survival and growth of transplanted Rhizophora 

mangle transplants along a high-energy foreshore environment? 

 

3. What is the effect of BESE elements on Rhizophora mangle transplant’s allocation of 

biomass to above or belowground components? 

 

4. What is the effect of transplant life phase and securing technique on the survival and 

growth of Rhizophora mangle transplants along a high-energy foreshore environment? 
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2 Materials & Methods 

2.1 Study Site 
Research was carried out on Bonaire, an oceanic island of the Dutch Caribbean located off the coast 

of Venezuela (fig. 3A). The island has an arid climate with average temperature of 27°C and average 

463mm of rainfall per year (Meteorological Department Curacao, 2022). The landscape is 

characterized by tropical dry forests, urban areas, flooded salt flats, coralline coastline and a 

sheltered wetland lagoon (Verweij et al., 2020).  Bonaire is rich in biodiversity, providing habitat to a 

range of threatened species and ecosystems including the Caribbean Queen Conch (Strombus gigas), 

and Lac Bay, a designated Ramsar site of international importance (Debrot, 2012). With a population 

of 21,745 (Centraal Bureau voor Statistic, 2021) the island is home to African, Indian, Portuguese, 

Spanish, Dutch and English descendants that have transformed the landscape over generations 

(Verweij et al., 2020). An exponentially growing tourism industry brings in a transitional population 

of tourists whose numbers annually exceed the local population 25 times (Verweij et al., 2020). The 

only major concentration of mangroves on the island can be found on the shorelines of Lac Bay, a 

shallow non-estuarine lagoon. Sparse communities of shrub mangroves can also be found along the 

exposed southern coastline. The study area and sites are distributed along the rugged coralline 

south-west coast of Bonaire (fig 3B, 3C). This area, located along the edge of the salt flats is exposed 

to the open ocean, tidal regimes, and strong winds. Despite exposed along the coastline, each site is 

sheltered by an initial coral break that marks the beginning of the shallow intertidal area.  

 

2.2 Experimental Site Selection  
Selection of experimental sites was a crucial undertaking guided by the principles of restoration and 

lessons learned from successful and failed rehabilitation schemes (Barnuevo et al., 2017; Imbert et 

al., 2000; Primavera & Esteban, 2008). Expertise on socio-ecological context and advice for site 

selection was provided by the Mangrove Maniacs, a Bonairian NGO working to safeguard existing 

Figure 3. (3A) Location of the island of Bonaire in the Caribbean Sea. (3B) Location of study sites on the south-east coast of Bonaire. Marked in 

red is Safe Haven site, a shallow site with lowest relative amount of wave action. (3C) Magnified image of the south-eastern coastline for 

identification of remaining 3 experimental sites, Sediment site in yellow, Coral 2 site in purple and Natural Pond site in green.  
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and future mangrove ecosystems on the island. Measurement criteria used to guide site selection 

included type of sediment substrate and morphology, range of tidal inundation, amount of wave 

action, and distance from a flowering Rhizophora mangle tree (Gijsman et al., 2021). Sediment 

substrate and morphology were selected based on flat and penetrable substrate conditions. Range 

of tidal inundation was determined by measurement of water height at the top of sediment on a 

time stamp and using available tide charts to obtain a long-term impression of the tidal regime. 

Amount of wave action was measured using the plaster stick method, the difference in weight (g) of 

plaster on a stick after 24 hours. Distance from flowering Rhizophora mangle tree measured in 

meters to closest branch. Sites were selected to capture a gradient of amount of wave action (fig 4), 

while maintaining as much uniformity on rest of the criteria. Final site selection resulted in four 

experimental sites listed in order of decreasing wave action intensity: Coral Site 2; Sediment Site; 

Natural Pond Site; and Safe Haven Site. Salinity at all sites were measured in amount of grams per 

kilo of seawater (ppt) and were characterized by an average of 36.3 ppt (parts per thousand), 

consistent with average ocean seawater (36 

ppt) measurements. Natural Pond Site was 

included as an experimental site for the 

purpose of reference to a naturally 

regenerating fringing ecosystem. This 

location was sheltered by a coral seawall in 

which naturally regenerating seedlings could 

be found within 5m of experimental plots. In 

order to assess and determine restoration 

success patterns this reference site was 

included to compare and reflect upon 

conditions (Safak et al., 2020). Coral Site 2 

was the only site located on loose coral 

substrate without fine sediment.  

 

2.3 Experimental Design  
Two separate experiments were established to explore the multiple research questions. The first 

experiment, referred to as the multiple sites experiment, examined the effectiveness of BESE 

elements for mangrove propagule establishment along a high wave-energy coastline. BESE elements 

are porous structures made of biodegradable potato derived Solanyl C1 104M by Rodenburg 

Biopolymers (Oosterhout, the Netherlands). To assess effectiveness for propagule establishment a 

control treatment was used for comparison against the BESE treatment. Duplicate experimental 

plots were established across 3 sites parallel to oncoming waves along the Southwest coast of 

Bonaire (fig 3B, 3C). The three sites; Coral 2 site; Natural Pond site; and Safe Haven site, were 

characterized by a varying gradient of wave action, in decreasing order each with an equal number 

of randomly assigned BESE (fig. 5E) and control (fig. 5F) plots. Set up of the duplicate sites and plots 

can be found in Annex 1. In the BESE treatment three single BESE elements (91 × 45.5 × 2.0 cm; 

0.44kg surface:volume ratio 80m2/m3) were layered on top of each other to create a 6-cm high 3D 

structure to reduce wave action. The 3D structures were secured into the substrate with four 90-cm 

long rebar pins to sit above the sediment. Floating green propagules collected from Lac Bay were 

fastened in between the holes of the complex layered structure and buried into the substrate at a 

depth of  approximately 1/3 of their size (Imbert et al., 2000) (fig. 5G). A rebar and hammer were 

used to create the hole for burying propagules into the sediment substrate.  
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The second experiment, referred to as the life phase experiment and located at Sediment Site (fig. 

3C) examined the effectiveness of multiple restoration methods within a high wave-energy coastline. 

The multi-variate experiment tested the combination of 3 transplant securing techniques, and three 

transplant life phases. The transplant securing techniques included a control (fig. 5A), rocks (fig. 5B) 

and BESE (fig. 5C). The transplant life phases were propagules without roots, propagules with roots, 

and seedlings. In this study seedlings are defined as one year old nursery grown mangroves with 

established root structure and at least 2 leaves. Four plots were randomly assigned to each 

transplant securing techniques, in which 3 individuals of each life phase were planted in rows (fig. 

5D). Seedlings were removed from their nursery bags and transplanted into the sediment bare. 

Holes were created in the BESE structure to place and fasten the seedlings into the sediment 

substrate. BESE and control treatments were consistent with the multiple sites experiment while the 

rock treatment used coral fragments and rocks in the surrounding area to stabilize transplants. Plots 

were established in a 6 by 2 grid perpendicular to oncoming waves, with 1m distance between each 

column and 2 meters distance between each row (graphical figure in Annex 1). 

 

 

 

 

Figure 5. (5A) Depiction of BESE plot arrangement in the life phase experiment. Three propagules of each life phase are transplanted in a 

row. (5C) The control transplant securing technique in which propagules are transplanted with 1/3 of its length inserted in the bare 

sediment. (5D) The rock transplant securing technique in which rocks reinforce buried transplants. (5E) The BESE transplant securing 

technique in which transplants are secured into a complex unit of 3 stacked BESE elements. (5B) Depiction of BESE plot arrangement in the 

multiple sites experiment, with 9 buried propagules. (5F) Transplanted propagules encountering waves in the BESE treatment. (5G) 

Transplanted propagules in the control treatment.   
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2.4 Monitoring Scheme 
Mangrove transplants were tagged and monitored for 

survival, growth (Table 1). Abiotic factors were 

measured at the centre of every experimental plot. 

Biomass allocation ratio was calculated by weighing 

dry biomass weight of transplants harvested and 

oven-dried at the end of the experiment (fig. 6). The 

multiple sites experiment was monitored and run for 

a period of 50 days, while the life phase experiment 

was monitored and run for 83 days. Raw data is 

recorded and archived at the Aquatic Ecology and 

Water Quality chair group and Forest and Ecology 

Management chair group at the Wageningen 

University and Research.  

 

 
Variable  

Method of Measurement  Data Transformation 

Growth  Measured as the distance from the base of each 
transplant shoot to the tip of its unopened shoot. 

Computed as the change in 
shoot height from the first to 
last day of experiment, divided 
by the number of days of the 
experiment.  

Survival  Counted # of transplant individuals remaining in 
each plot.  

Coded presence (1) and 
absence (0) of everyone 
accumulatively  

Biomass 
Allocation 
Ratio  

Manually harvested a sample of surviving 
transplants from each plot, removed soil and 
cleaned. Separated into above and below-ground 
components, with length of roots, shoots, and 
leaves measured. Components dried in a stable 
oven at 50° for 48 hours then weighed to obtain 
dry biomass weight (Balke et al., 2013). 

Computed as dry weight of 
above-ground biomass (g) 
divided by below-ground 
biomass (g) to obtain a ratio.  

Sediment 
mobility 

Using a sediment burial pin (50cm long stainless-
steel pin) placed in the substrate of each plot with 
a stainless-steel ring placed to sit on top of the 
substrate. The change in distance of the ring to 
the tip of the pin indicates short-term sediment 
accretion and erosion (Temmink et al., 2020).  

Computed as difference in 
maximum and minimum height 
(cm) to sediment ring 
throughout the experimental 
period. This provides an image 
of the mobility and change in 
sediment condition over time.  

Wave 
energy  

Using the plaster stick method in each plot. A 
plaster mould on a stick secured in the sediment 
for 24 hours. Weighing the amount of plaster 
before and after 24 hours. The amount of plaster 
dissolved used as a proxy for wave energy.  

Computed as loss of plaster (g) 
per hour.  

 

Table 1. Measurement variables, their method of measurement in the field, method of data recording and transformation 

for storage and analysis.  

n 

Figure 6. The harvest process, including (6A) removing 

transplant from plot, (6B) measuring plant parts, and 

(6C) weighing dried leaves, stem and roots.  

6A               6B                 6C        
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2.2 Statistical Analysis 
To answer the first research question concerning the effect of BESE elements on sediment mobility 

and wave action surrounding transplants, non-parametric and parametric tests were used. Due to 

non-normal wave action data, I used a Wilcoxon-rank sum test to compare the median differences in 

wave action between BESE and control plots within each of the experimental sites. Due to normally 

distributed sediment change data, I used Student’s t-tests of difference to compare differences in 

sediment mobility between treatments within each experimental site.  

To assess the binary survival response variable between BESE and control treatment groups of the 

multiple sites experiment, Kaplan Meier curves for each treatment were created and compared using 

the log-rank test. Kaplan Meier survival curves were also created for life phase groups and transplant 

securing techniques in the life phase experiment. Interactions between the multiple groups were 

compared using a Cox’s proportional hazard model which provides relative estimates of survival 

hazard rates. While this gives no knowledge on absolute risk, it indicated relative relationships 

between groups.  

In the multiple sites experiment student’s t-tests were used to compare differences in mean growth 

rate and biomass allocation ratio between BESE and control plots. Comparisons were made within 

each site due to the nested nature of the experiment. To pool all the data across 3 multiple sites for 

stronger analysis, linear mixed effect models (MEMs) were used and random effects caused by the 

nested plot and site conditions were accounted for. This enables each transplant individual to be 

considered independent in a regression analysis. Linear mixed effect models were created for the 

two response variables: shoot growth and biomass allocation data. To proceed with analysis of the 

two mixed effect models, homogeneity of variances and distribution of residuals were first checked. 

A selection of environmental variables monitored over the experiment were added as fixed variables 

(Table 2) to: (1) explore if they could help explain more variance in the treatment groups; (2) explore 

their relationship with the BESE and control treatments. Akaike information criterion, and marginal 

R-squared was assessed to select the most parsimonious model for best explanation of the response 

variable. 

In the life phase experiment non-parametric Kruskal Wallis tests were used to assess group 

differences in shoot growth rate and biomass allocation ratio between the 3 life phase groups and 3 

securing technique treatments. To investigate the relative direction of these group differences 

Wilcoxon rank-sum pairwise comparisons were carried out. Due to non-normally distributed data, an 

ANOVA could not be carried out to compare and assess the effect of securing technique and life 

phase on growth rate and biomass allocation ratio. Therefore, a linear mixed effect model was used 

to assess these relationships. Similarly, the mixed effect model explored interactions between the 

response variables and environmental variables added as fixed variables. Akaike information 

criterion, and marginal R-squared was used to select the most parsimonious model. 

Fixed Variable  Unit 

Treatment Categorical – BESE or Treatment 

Wave action  Proxy of plaster weight loss (g/hr)  

Range of sediment mobility (cm/day) over 63 days 

Temperature Degrees Celsius  

Light Intensity LUX unit of luminance  

Table 2. Fixed factors included in the mixed effect models and their units of measurement. 

n 
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3 Results 
     

  

 

 

 

 

 

 

 

 

 

3.1 Effect of BESE on Abiotic Factors 
Comparing wave action between BESE and control plots across all experimental sites, no significant 

difference was found in the medians of wave action (W= 60.5, p= 0.525). However, a pattern of 

slightly higher wave action in control plots can be seen in each experimental site except for Safe 

Haven Site, the selected site with lowest amount of wave action (fig. 7A). Considering wave action at 

Natural Pond Site, control plots had higher wave action than BESE plots with an average 0.04g more 

plaster loss per hour (Independent Samples t-test, t = -2.9628, df = 4, p = 0.041). Coral Site 2 had 

notable but insignificant differences in median wave action between BESE and Control plots with an 

average 0.085g more plaster loss per hour in control plots (Wilcoxon-rank sum test, W = 0.5, p = 

0.121). Sediment Site had only a marginal and insignificantly higher amount of wave action in control 

plots than BESE plots with an average 0.018g more plaster loss per hour (Independent Samples t-

test, t = -0.43095, df = 4, p = 0.689).  

Considering sediment dynamics, no significant differences were found in the range of sediment 

height change between BESE and control plots across all sites (Independent Samples t-test, t = 

1.3086, df = 21, p = 0.204). However, observing a comparison of each individual site reveals a 

pattern of greater sediment mobility in BESE sheet plots (fig. 7B). At Sediment Site, the only site with 

loose fine sediment substrate, sediment mobility was significantly higher in BESE plots, with a 

3.73cm greater range in sediment change (Independent Samples t-test, t = 4.57, df = 3, p = 0.019). 

Despite its characteristic low wave action, Safe Haven Site showed an insignificant but slightly 

greater sediment mobility in BESE plots, with a 0.4cm greater range in sediment change 

(Independent Samples t-test, t = 1.0565, df = 4, p  = 0.35). Both Coral Site 2 and Natural Pond Site 

had insignificant and only marginally greater sediment mobility in BESE plots (Independent Samples 

t-test, Coral Site 2; t = 0.10879, df = 2.3175, p-value = 0.922, Natural Pond Site; t = 0.22097, df = 4, p-

value = 0.835). A graphic representation of sedimentation and erosion dynamics over 6 weeks 

Figure 7. (7A) Bar graph displaying mean wave action between control and BESE treatment plots in each experimental site. Wave action is 

presented in plaster weight loss per hour (g). (7B) Bar graph of mean sediment mobility between control and BESE treatment plots in each 

experimental site. Sediment mobility is presented in range of sediment height (cm) change over the experimental periods. Asterisk (*) indicates 

significant difference between treatment group means. 
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reveals greater mobility occurring in BESE plots compared to more stable changes in control plots 

across all sites (fig. 8). 

 

 

 

 

 

3.2 Effect of BESE on Transplant Survival  

3.1 Multiple sites experiment 

Survival curves display very small differences in propagule survival rate between control treatment 

and BESE treatment across all 3 sites (fig. 9A). Median survival time (time at which survival 

probability is 50%) was not significantly different between BESE and control treatments (Log-rank 

test, χ2 = 0.2 , p = 0.7).  

3.2.2 Life Phase Experiment  

In the life phase experiment, survival curves show slight deviations between BESE, control, and rock 

transplant method groups (fig. 9B). A Cox’s proportional hazard ratio analysis indicates that 

propagules have a 1.19 times greater chance of survival in the rock transplant method than the 

control transplant method (CI = 1.06-1.35, p=0.004). Similarly, propagules have a 1.12 times greater 

chance of survival in the rock treatment than the BESE treatment (CI = 1.06-1.35, p=0.063). BESE and 

control treatments have comparatively similar survival rates and no significant difference in their 

proportional hazard ratio (HR = 1.6, CI = 0.94-1.19, p=0.3). Comparing life phase groups (fig. 9C), 

propagules with roots have a 1.34 times greater chance of survival than propagules without roots (CI 

= 0.58-0.75, p=0.001) and a 1.27 times greater chance of survival than seedlings (CI = 0.64-0.82, 

p=0.001). Propagules without roots and seedlings have comparatively similar survival rates and no 

significant difference in their proportional hazard ratio (HR = 1.1, CI = 0.98-1.23, p=0.1). Overall, the 

survival rate of seedlings is comparatively the lowest.  

Figure 8.  Time series of mean 

sedimentation between control 

and BESE treatment plots in the 

multiple sites experiment. 

Sedimentation and erosion are 

represented by change in 

sediment height (cm) from 

surface to metal ring per time 

step (days) over 6 weeks. 
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3.3 Effect of BESE on Shoot Growth 

3.3.1 Multiple sites experiment 

No significant difference in mean shoot growth rate of propagules were found between control and 

BESE treatments at each of the 3 sites (Independent Samples t-test, Margate Natural Pond: t = 

0.32555, df = 4, p = 0.7611; Safe Haven: t = 1.4579, df = 4, p= 0.2186; Coral Site 2: t = -0.90891, df = 

4, p= 0.4148). Furthermore, no common pattern can be identified in mean difference between BESE 

and control treatments across the 3 sites (fig. 10A).  

The MEM with all environmental variables included as fixed factors revealed that each fixed factor 

had a negative effect on shoot growth rate. However, these effects were statistically non-significant 

with considerably large confidence intervals. Effects and model can be found in Annex 1A. The most 

parsimonious mixed effect model with treatment and wave action as fixed variables and site and 

plot as random variables had negligible power (marginal R2 = 0.076) in explaining the variance in 

shoot growth rate across treatments (model found in Annex 1A).   

9A          9B 

 

 

 

 

 

 

Figure 9. (9A) Comparison of mean Kaplan Meier survival curves of propagules in multiple sites experiment between control and BESE 

treatment plots across all three experimental sites. (9B) Comparison of mean Kaplan Meier survival curves of transplants in the life 

phase experiment between the rock, control, and BESE transplant methods over 84 days. (9C) Survival curves of the three life phase 

groups over 84 days.  
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3.3.2 Life Phase Experiment 

Significant differences in shoot growth rate (Chi square = 24.704, p<0.005, df = 2) were found 

between the three life phases: propagule without roots, propagule with roots and seedlings (fig. 

10B). Pairwise comparisons showed that propagules without roots have a higher shoot growth rate 

than propagules with roots and seedlings. Subsequently, propagules with roots have a higher shoot 

growth rate than seedlings.  

The most parsimonious mixed effect model was fitted with life phase, treatment and wave action as 

fixed variables explaining a considerable 67.5% of the variance in shoot growth rate. Assessing the 

effect directions of life phase reveals that propagules without roots have a small but significantly 

greater shoot growth rate than propagules with roots (β= 0.04, p=0.020), and seedlings (β= 0.11, 

p<0.001).  Similarly, propagules with roots display a small but comparatively greater growth rate 

than seedlings (β= 0.07, p=0.001). The MEM with all environmental variables included as fixed 

factors revealed non-significant results. Small positive effects are found of BESE treatment (β= 0.05, 

p=0.170) and wave action (β= 0.23, p=0.672) on shoot growth rate. The effect of sediment 

movement on shoot growth rate is negative but negligible (β= 0.0002, p=0.489). 

Figure 10. (10A) Comparison of mean shoot growth of propagules in multiple sites experiment between control and BESE treatment plots 

at each experimental site. (10B) Mean growth rates of Rhizophora mangle transplants in the three life phases within the life phase 

experiment. (10C) Comparison of mean above-/below-ground biomass ratio in multiple sites experiment between control and BESE 
treatment plots at each experimental site. (10D) Mean above/below-ground biomass ratios of Rhizophora mangle transplants in the three 
life phases within the life phase experiment. Asterisk (*) indicates significant difference between treatment group means. 
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3.4 Effect of BESE on Biomass Allocation Patterns  

3.4.1 Multiple Sites Experiment  

No significant differences in mean or median ratio of above- to below-ground biomass allocation 

between BESE and control treatment plots were found at each experimental site (Independent 

samples t-test, Margate Natural Pond: t = -0.20768, df = 32, p = 0.837, Wilcoxon rank-sum test, Safe 

Haven: W = 97, p-value = 0.533; Coral Site 2: W = 87, p-value = 0.386). Visualizing the spread of data 

between groups at the 3 sites, no common pattern can be identified (fig. 10C).  

The mixed effect model fitted with treatment, wave action, range of sediment mobility and 

temperature as fixed variables, and plot as random effect was able to explain 15.2% of the variance 

in ratio of above-/below-ground biomass. Adding the environmental variables improved the model 

by explaining an additional 8.6% of the variance. Models can be found in Annex 3. The fixed factors 

wave action indicated a negative effect on ratio of above/below-ground biomass but was statistically 

non-significant with considerably large confidence intervals (β= -0.35, p=0.739). Similarly, sediment 

mobility indicated a negative effect on ratio of above/below-ground biomass but was statistically 

non-significant with considerably large confidence intervals (β= -0.07, p=0.262).  

3.4.2 Life Phase Experiment 

A Kruskal-Wallis Test was conducted to examine the differences in above- and below-ground 

biomass ratio among the three life phases at Sediment site (10D). Significant differences were found 

between the three life phases: propagule without roots, propagule with roots and seedlings (Chi 

square = 7.3139, df = 2, p=0.026). A mixed effect model with life phase as the fixed variable and 

site/plot as random effects revealed that propagules without roots have a medium and significantly 

greater investment in above-ground biomass than propagules with roots (β= 0.53, p=0.009). 

Similarly, propagules with roots display a small but comparatively greater investment in above-

round biomass than seedlings (β= 0.07, p=0.001). While not significant, propagules without roots 

have a greater difference in ratio of biomass allocation between treatments compared to other life 

phases (Independent samples t-test, propagule without roots: t = -2.0002, df = 6, p-value = 0.092, 

Wilcoxon rank-sum test, propagule with roots: W = 7, p-value = 0.854; seedling: W = 3, p-value = 1). 

The mixed effect model can be found in Annex 3.  

4 Discussion 
This study explored the use of BESE elements as a facilitative tool for restoring Rhizophora mangle 

along a high-wave energy coastline. Two experiments were carried out. The first experiment (the 

Multiple sites experiment) compared plant and abiotic responses between BESE and control 

treatments over a range of wave action intensities. The second experiment (the Life Phase 

experiment) compared plant and abiotic responses of three Rhizophora mangle life phases and three 

methods of transplantation at a high wave energy site. Response variables: wave action, sediment 

mobility, survival, shoot growth and biomass allocation ratio of transplants were analysed to assess 

establishment success.  

4.1 Effect of BESE on Abiotic Factors  
Statistical comparisons of plaster loss inside and outside BESE plots in both experiments showed 

insignificant differences found between treatment groups means.  This suggests no strong effect of 

BESE structures for wave attenuation. However, the data (fig. 7A) revealed a pattern of less wave 

action in BESE plots across all sites. Despite having an insignificant test result, the decrease in wave 

action in BESE structures was the greatest at Coral Site 2, where wave action was the highest. This 

indicates that wave attenuation capacity will probably be greatest along highly exposed tidal areas. 
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Natural Pond Site was the only site with significant differences in wave action between treatments, 

despite acting as a reference site with minimal wave action. This significant result at Natural Pond 

Site suggests that BESE structures may offer support against wave action caused by shallow pond 

hydrodynamics rather than open ocean tidal waves. All other sites had insignificant differences 

between BESE and control plots. Reasons for the insignificant results may have originated from 

several limitations in the experimental design. The discontinuous measurement method used in this 

study and small sample size meant only a small representation of hydrodynamic effects occurring 

within the plots were captured. Consistent measurements of wave attenuation capacity in BESE 

structures that were carried out over three years by Marin Diaz et al. (2021) found that the wave 

attenuation capacity of BESE structures is in fact always variable via a range of factors. Wind 

direction, ratio of water depth to structure height, and morphology of substrate can greatly reduce 

the attenuation effect of the biodegradable structures (Marin-Diaz et al., 2021). The absence of 

continuous measurements in this experiment means that the full wave attenuation capacity of BESE 

structures was possibly not captured. Considering these measurement limitations, and the pattern 

of positive effect of BESE structures for attenuating waves indicate the potential for BESE to diminish 

hydrological stress at a local scale. This pattern aligns with a previous study that find BESE structures 

to reduce wave height by an average of 30% when placed in a high-wave energy tidal flat in the 

Netherlands (Marin-Diaz et al., 2021). Overall, results suggest that careful consideration for abiotic 

conditions and piloting wave action at sites will remain pivotal for effective application of BESE 

structures if targeting wave attenuation.  

Comparisons of sediment mobility in control plots and BESE structures were only significantly 

different at the Sediment Site, the only site with loose sediment substrate. Results showed that the 

BESE structures implemented in this experimental format encouraged greater erosion, 

sedimentation and scouring surrounding the transplants. Turbulence along vegetation and structure 

edges disrupt tidal flows which increase sediment erosion and sedimentation at a local scale (Bouma 

et al., 2007; Marin-Diaz et al., 2021). These positive feedback processes can lead to uprooting of 

roots and/or sediment accretion to bury and suffocate mangrove transplants (Balke et al., 2011; 

Maxwell et al., 2016). Considering this, we see that BESE structures on loose sediment substrate may 

create stressful conditions which are unfavourable for mangrove establishment. A lack of significant 

differences in sediment mobility was found across the other experimental sites. Coral site 2, Natural 

Pond Site and Safe Haven Site have substrate types dominated by coral fragments and firm fine 

sediments. The negligible effect found of BESE structures on sediment mobility at these sites reveal 

how BESE structures situated on coarse and firm sediment are minimally affected by sediment 

turbulence. Therefore, BESE structures may impose less environmental stress when secured on top 

of coarse and firm substrates as opposed to fine loose sediment. These findings highlight the 

importance of sediment substrate type for abiotic stress-factors caused by BESE structures and can 

guide selection criteria for the implementation of BESE. 

4.2 Effect of BESE on Transplant Survival  
Results from the multiple sites experiment revealed no significant differences in the survival of 

propagules between the BESE and control treatments. The lack of differences in survival can be 

supported and paralleled by the small and variable wave attenuation capacity found between 

treatments. It should also be noted that no large pulse weather events occurred during the 

experimental period. With storms being a key threat to fringing and young establishing mangroves, 

the results obtained in this study may not be comprehensive. Yet, the results suggest that BESE 

elements, at least in this set up, did not assure higher propagule survival on the short-term.  
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In the life phase experiment seedling survival was significantly lower than propagules across all 

treatments. In fact, observational evidence during field work revealed that survival of propagule 

transplants on the short-term could be attributed to effort invested in the transplant method and 

care during implementation. This observation was highlighted in the life phase experiment where 

implementation required more invasive methods. Transplanting propagules with roots and seedlings 

into the sheets required delicate care not to damage plant parts or compromise the integrity of the 

complex structures. The BESE structure and mangrove transplants were directly affected, 

particularly the seedlings. The variance in survival rates in the life phase experiment highlights an 

importance in the consideration to life phase of transplants when utilizing BESE structures. The use 

of seedlings fastened within BESE structures without their nursery bags is therefore not as optimal 

as using propagules when aiming to obtain high survival rates along a high wave energy coastline. 

Propagules do not need pre-care or labour prior to transplanting so restoration efforts should opt to 

use this life phase if available.  

Transplants in the life phase experiment showed greater survival in the rock securing treatment 

compared to the BESE securing treatment or control treatment across all life phases (fig. 9B). This 

indicates the current method used by the Mangrove Maniacs restoration team as suitable and 

advantageous due to minimal need for material resources.  

4.3 Effect of BESE on Shoot Growth 
While research has shown that vertical growth rate for Rhizophora mangle adults and seedlings 

increase with the presence of a breakwater and attenuation of waves (Balke et al., 2013), this was 

not reflected in both experiment results. In the experimental set up sediment mobility and wave 

action do not seem to strongly regulate Rhizophora mangle shoot growth. The inclusion of the 

abiotic characteristics: wave action, sediment mobility, and temperature in the regression model to 

explore the variance in propagule shoot growth between treatments of the multiple sites 

experiment did not reveal any significant patterns. A reason for the lacking effects may be suggested 

by the minimal difference in explanatory stressors wave action and sediment mobility between BESE 

and control treatments. The relatively short experimental period in this study may have mostly 

captured the influence of propagule maternal reserves on growth, as opposed to environmental 

conditions. The stored energy within propagules’ biomass may explain their high shoot growth rate 

across the short-term. Therefore, longer-term assessment would be necessary to distinguish these 

effects. Furthermore, the time propagules spend floating before settlement has shown to play a 

significant role in productivity of seedlings (Simpson et al., 2016). In the experiment propagules and 

transplants were randomized to avoid growth bias however, a longer experimental period would be 

required to observe effects caused by the environmental factors rather than genetic characteristics 

of individuals.  

Shoot growth comparisons between life phase groups in the life phase experiment revealed that the 

greatest shoot growth is in the propagule without roots life stage. This finding reflects how younger 

mangroves allocate the majority of their energy to increasing height, while older mangroves 

attribute more to developing plant parts such as prop roots, branch and flower production 

(Primavera & Esteban, 2008). While propagules with roots and seedlings are both young mangroves 

these transplants had already settled and begun to develop under alternative initial environmental 

conditions. This led to transplant shock, indicated by the negative mean shoot growth rate of 

seedlings (fig. 10D). Signs of transplant shock were also observed through evidence of wilting 

meristems, dropping of leaves and mortality over the experimental period. Transplant shock is 

common when relocating plants to a new environment.  This indicates the importance of reducing 

the potential shock to be felt by transplants. This could be done by ensuring that soil surrounding 
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the roots is also transplanted. Additionally, transplants could be raised in similar conditions to the 

site, and/or gradually acclimatized in similar but less extreme conditions for a few weeks.  

4.4 Effect of BESE on Biomass Allocation Ratio  
Like shoot growth results, the lack of significant difference in mean allocation ratios between BESE 

and control treatments in the multiple sites experiment may be attributed to insignificant 

differences in hypothesized explanatory stressors: wave action and sediment mobility. Results were 

minor and statistically insignificant, yet slight differences of mean above-/below-ground biomass 

ratios were found between treatments at each site (Fig. 10C).  Additionally, mixed effect model 

effect directions offer circumstantial insight into allocation patterns. As allocation of biomass can be 

dependent on the abiotic factors, insights may be reasoned based on dominant abiotic disturbances 

measured at each site.  

The inclusion of abiotic factors: wave action, sediment mobility, and temperature, in the regression 

model explained a small 8.6% more of the variance in above-/below-ground biomass ratio. Despite  

being minor and insignificant, wave action and sediment mobility both had negative effects on the 

biomass ratio. This supports the hypothesis that Rhizophora mangle transplants will allocate less 

biomass to below-ground biomass with the support of BESE structures. These results were similarly 

found in mean biomass ratio comparisons of Coral Site 2 (fig 10C). Characterized with the highest 

wave action among the sites, Coral Site 2 indicated greater investment in above-ground biomass in 

BESE plots and greater investment in belowground biomass in control plots. Therefore, it is plausible 

that propagules in the BESE treatment invested less in belowground components due to the security 

provided by the BESE structures. Comparatively, propagules in the control treatment invested in 

greater stability via their root structure. This shows how mangrove trees, at young ages vary their 

allocation of biomass to maximize their survival and growth.  

 

Alternate abiotic factors can play a large role in the relative biomass allocation of mangrove 

seedlings.  Greater allocation to belowground biomass relative to aboveground biomass is a 

common adaptation in conditions of low nutrient availability, and high salinity (Imbert et al., 2000; 

Krauss et al., 2008). Conditions of low nutrient availability and high salinity characterised at each site 

may explain why the main explanatory factors explored were not able to explain a large amount of 

the variance in biomass ratio between treatments. Particularly as Safe Haven and Natural Pond Site 

were not exposed to such high amounts of wave-action. Furthermore, irradiance and temperature 

also play a large role in the relative growth of mangrove seedlings (Krauss et al., 2008). High 

irradiance and temperature have been found to result in greater investment to roots (Simpson et al., 

2016). The absence of a canopy and therefore constantly high irradiance and temperatures at all 

sites may also explain the lack of significant differences between treatments. These insights reveal 

the natural survival strategy of fringing mangrove forests along a high-wave energy coastline, and 

maybe indicate that BESE elements are not pivotal in a context of low-nutrient availability, high 

salinity, and high irradiance.  

Despite an informed and targeted selection, site selection in this study may have been affected by 

the complex range of abiotic factors present. As a result, the emphasis on wave-action as the key 

environmental stressor may not have been sufficient to capture comprehensive effects, resulting in 

no significant pattern between treatments across all sites. However, the inconsistencies and site-

specific results highlight the expression of phenotypic plasticity of propagules at such early stages of 

establishment. The biomass allocation of Rhizophora mangle propagules and seedlings is highly 

determinant on a range of abiotic disturbances present and often cannot be isolated and explained 

by a select few (Cisneros-de la Cruz et al., 2018). This reflects an anecdote often used by the 
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Mangrove Maniacs on Bonaire, ‘mangroves are able to grow everywhere you wouldn’t expect them 

to’ (Sabine Engel, personal communication, November 2021). This again emphasizes the need for 

thorough assessment of abiotic conditions and targeted site selection prior to transplantation.  

Biomass ratio comparisons between life phase groups in the life phase experiment reveal that 

propagules without roots had greater biomass allocation in above-ground plant components than 

other life phase groups. Propagules with roots and seedlings invested strongly in their belowground 

biomass. Younger mangroves invest more in increasing height and developing plant structure to 

sustain their own energy generation (Primavera & Esteban, 2008). Therefore, the safety and refuge 

created by BESE structures may be most useful within this life phase, when they are most vulnerable 

to being washed away. Regarding implications for restoration, if Rhizophora mangle propagules are 

conveniently available it would add greater value to use BESE structures as a form of protection. If 

seedlings and older mangrove life phases are more easily available the use of BESE may not be as 

valuable for stabilization, as they already have a root system. Despite these inferences, a longer 

experimental period would be needed to validate these findings.  

4.6 Alternative use of BESE elements  
Considering the small differences and patterns in responses between BESE structures and bare 

sediment, it seems relevant to consider alternative formats of employing BESE elements. The 

increased sediment mobility caused by BESE structures on loose sandy sediment creates a more 

turbulent environment for transplants to establish. As BESE structures have been found to offer 

more root stability when employed below-ground as opposed to aboveground on sandy sediment 

(Temmink et al., 2020), it may be more stable when dug into loose sediment. A pilot trial with 6 

seedlings transplanted into one BESE structure plot still in their biodegradable nursery bags had a 

100% survival rate after 60 days. In this pilot trial the BESE structure was dug halfway into the sandy 

and loose sediment (fig. 11). This 

ensured further securing of the BESE 

sheet and the transplant nursery bag. 

Despite the lack of data on abiotic 

characteristic, shoot growth and 

biomass allocation, this suggests that 

BESE structures could be more 

facilitative if applied below-ground in a 

format in which transplants can be 

safely fastened. Furthermore, it 

highlights the importance of the 

biodegradable nursery bag in providing 

root protection and minimizing 

transplant shock. Considering the hard 

coralline and rock coastline of south-

west Bonaire, it was difficult to test the 

digging of BESE structures on a large 

scale at the study site. Therefore, while 

this method may not be applicable in 

Bonaire, it may be possible along other coastlines. Future research along a high-wave energy and 

sediment coastline could be carried out to explore further potential of BESE elements. 

 

Figure 11.  Pilot trial of 6 Rhizophora mangle seedlings with their 

nursery bags placed into holes within a BESE structure. The BESE 

structure made of 3 BESE elements clicked on top of each other are 

buried halfway into loose sandy sediment and secured with four 

steel rebars.  
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Another alternative implementing method of the BESE structures to avoid sediment mobility and 

increase wave-attenuation capacity could be to establish plots with greater surface area. This may 

increase the surface area which is unaffected by edge effects of the structure and enhance 

sheltering effects. Placing the transplants further in the centre of the structures may also provide 

further attenuation of hydrodynamics. I suggest further experimentation with two or four BESE 

structures placed next to each other and fastened to the coral substrate or dug into loose sandy 

sediment. 

 

Alternatively, BESE elements could be employed in adjacent foreshore ecosystems to act as 

breakwater reinforcements. Coral reefs, seagrass beds, salt marshes and mangroves are all 

foreshore ecosystems that are deeply interconnected in terms of fluxes of energy, materials, and 

organisms. Positive feedback mechanisms support the establishment and persistence of these 

connected ecosystems, particularly under stressful conditions (Gillis et al., 2014). Therefore, the 

health and structural integrity of each are highly relevant for a coastal landscape resilient to storms. 

Existing research finds BESE elements to be effective at promoting oyster, cordgrass, salt marsh and 

seagrass recruitment and growth (Marin Diaz et al., 2021; Nitsch et al., 2021; Safak et al., 2020; 

Temmink et al., 2020). Furthermore, optimal installation of BESE elements has already been 

determined for seagrass, salt marsh and cordgrass species (Temmink et al., 2020). Therefore, the 

application of BESE elements in these ecosystems may prove more effective and appropriate for 

coastal protection than directly utilizing them in Rhizophora mangle transplantation schemes. 

Further research on the impact that BESE elements may have in creating linked effects between 

foreshore ecosystems may offer new opportunities for mangrove restoration. This highlights the 

importance of restoration and ecosystem management projects to consider the landscape scale.    

 

The inconclusive results of this study strongly encourage continued experimentation with BESE 

elements to continue to learn and understand thresholds and optimal implementation with BESE 

elements. If the products are accessible to ecosystem managers and conditions are appropriate, this 

could motivate new projects and commitments to mangrove restoration and coastal protection. 

However, the decision for the use of BESE will need to rely on a clear understanding of a reference 

or desired system in relation to the current system (López-Portillo et al., 2017). 

 

5 Conclusion 
The exploration of nature-based engineering structures to support natural foreshore ecosystems has 

led to the innovation of a range of coastal protection solutions. BESE elements have proven to 

ameliorate local conditions and facilitate growth and colonization of a range of natural foreshore 

species (Marin Diaz et al., 2021; Temmink et al., 2020). The colonization of Rhizophora mangle in 

fringing conditions is often limited due to high wave-energy and lack of seed dispersal. This study 

showed that the tested set up of BESE elements does not provide a convincing improvement for the 

establishment of Rhizophora mangle when transplanted. Results on the success of BESE structures 

from this study were varied and displayed statistically insignificant capacities to alter abiotic 

conditions, transplant survival, shoot growth and biomass allocation. The use of rocks from the 

surrounding environment for stabilization proved to be more effective in ensuring Rhizophora 

mangle transplant survival along a high-wave energy coastline compared to BESE structures and 

bare sediment. This reveals the significance of utilizing simple, local, and low-cost methods for 

restoration. It underlines the importance of restoration methods to consider local patterns, 

knowledge, and groups to mobilize effective restoration. Despite this, BESE elements may still offer 
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protection if implemented in alternative manners. Small patterns in response variable comparisons 

indicate that BESE structures can attenuate a small range of waves and may stimulate greater 

mobility of sediment if placed on loose sandy substrate. Therefore, BESE elements may be more 

optimally used when implemented partially below-ground on sandy sediment, in larger clusters, or 

within interconnected foreshore ecosystems such as seagrass, cordgrass, and salt marsh meadows, 

for greater landscape resilience. For these methods to be appropriately verified, research with long-

term monitoring of transplants would be needed to capture the facilitative effects of BESE. If 

considering the use of BESE elements for mangrove restoration, thorough assessment of abiotic 

factors that strongly influence the mangrove species and life-phase, including nutrient availability, 

salinity, irradiance, sediment substrate and hydrodynamic regime must be carried out.    
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Annex 2: Shoot Growth Mixed Effect Models   
Experiment Model Type Response 

variable  
AIC  Marginal 

R2 
Fixed 
Variables 

Effect  Confidence 
Intervals  

P-
value 

Multiple 
sites 
experiment 

Most 
parsimonious 

Shoot 
growth 

-
112.80 

0.07658 Intercept 
(BESE) 

0.04 0.00 – 0.07 0.034 

Treatment 
(Control) 

-0.01 -0.03 – 0.02 0.551 

Wave 
action 

-0.01 -0.13 – 0.11  0.867 

All fixed 
variables 

Shoot 
growth 

-87.67 0.07030 Intercept  
(BESE) 

0.16 -0.27 – 0.60 0.443 

Treatment  
(Control) 

-0.01 -0.03 – 0.02  0.667 

Wave 
action 

-0.07 -0.44 – 0.30  0.691 

Avg. 
Temp-
erature 

-0.00 NaN – NaN  NaN 

Sediment 
mobility 

-0.00 -0.02 – 0.01 0.708 

Life phase 
experiment 

Most 
parsimonious 

Shoot 
growth 

-70.80 0.675 Intercept 
(Seedling) 

0.12 0.03 – 0.21 0.010 

Life phase -
Propagule 
without 
roots 

0.11 0.08 – 0.15 <0.001 

Life phase - 
Propagule 
with roots  

0.07 0.04 – 0.11 0.001 

Treatment 
(Control) 

0.03 -0.01 – 0.08 0.097 

Wave 
Action 

-0.14 -0.65 – 0.36 0.436 
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Life Phase 
Experiment  

All fixed 
variables 

Shoot 
growth 

-60.17 0.670 Intercept 
(Seedling) 

0.12 0.03 – 0.21 0.010 

Life phase -
Propagule 
without 
roots 

0.11 0.08 – 0.15 <0.001 

Life phase - 
Propagule 
with roots  

0.07 0.04 – 0.11 0.001 

Treatment 
(Control) 

0.05 -0.05 – 0.14 0.170  

Wave 
Action 

0.23 -1.79 – 2.25 0.672 

Sediment 
Mobility  

-0.00 -0.02 – 0.01 0.489 

 

Annex 2: Biomass Allocation Ratio Mixed Effect Models  
Experiment Model Type Response 

variable  
AIC  Marginal 

R2 
Fixed 
Variables 

Effect  Confidence 
Intervals  

P-
value 

Multiple 
sites 
experiment 

Only 
treatment as 
fixed variable  

Biomass 
allocation 
ratio 

62.55 0.066 Intercept 
(BESE) 

0.59 0.30 – 0.88 0.001 

Treatment 
(Control) 

0.24 -0.17 – 0.65 0.236 

All fixed 
variables 

Biomass 
allocation 
ratio 

69.25 0.152 Intercept  
(BESE) 

0.82 -2.83 – 4.47 0.641 

Treatment  
(Control) 

0.22 -0.23 – 0.67  0.309 

Wave 
action 

-0.35 -2.61 – 1.91  0.739 

Temp-
erature 

0.05 -1.53 – 1.64  0.735 

Sediment 
mobility 

-0.07 -0.20 – 0.06 0.262 

Life phase 
experiment 
 

Propagules 
without 
roots as 
reference 
intercept 

Biomass 
allocation 
ratio 

71.97 0.156 Intercept 
(Propagule 
without 
roots) 

1.06 0.78 – 1.33 <0.001 

Life phase -
Propagule 
with roots 

-0.53 -0.92 –  
-0.14 

0.009 

Life phase - 
Seedlings  

-0.27 -0.64 – 0.10 0.149 

Propagules 
with roots as 
reference 
intercept  

Biomass 
allocation 
ratio 

71.97 0.156 Intercept 
(Propagule 
with roots) 

0.52 0.20 – 0.85 0.003 

Life phase -
Propagule 
without 
roots 

0.53 0.14 – 0.92 0.009 
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Life phase - 
Seedlings  

0.26 -0.15 – 0.67 0.206 

 


