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Seawall at Chateau Margot, with abandoned Koker (bottom right) showing previous shoreline. ' CI/John Greene
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EXECUTIVE SUMMARY
Guyana is among the countries most profoundly threatened 
by climate change induced sea level rise, with 90% of the 
population and 75% of agricultural production situated on the 
low-lying coastal plain. To mount a response to this existential 
threat, Guyana needs to harness the same natural processes 
that created the North Brazil Shelf�s coastal plain � from 
the Amazon river to the Orinoco river. The coastal plain 
was created over tens of thousands of years by a �ux of 
Amazonian soil particles transported along the coast and 
captured in the roots of mangroves.

By taking a �design with nature� approach to study and model 
mudbank dynamics, we can optimally time the application 
of green-grey technologies (combinations of engineered 
infrastructure and natural solutions such as mangrove 
ecosystems) to speed up this natural process and reclaim/
re- grow our coast. In addition to re-building our coastland, 
green-grey solutions also provide bene�ts such as reduction 
of wave intensity and �ooding, increasing biodiversity, and 
marine food security.

Based on our understanding of the dynamics of mudbank 
movement, we will be able to harness this abundant 
sediment supply to defend and expand Guyana�s shoreline. 
This has long been the missing piece of the puzzle in 
Guyana�s mangrove replanting efforts and is likely to greatly 
increase the success of restoration activities.

This report is divided into two main outputs:

1.	 Recommendations for practical Engineering 
Guidelines for the assessment, development and 
implementation of green-grey Solutions along 
Guyana�s coast, including the identi�cation of site 
speci�c green-grey interventions for deployment at 
full scale sites along Guyana�s coast; and

2.	 A technical resources document providing the 
theoretical background for the guidelines, including 
a simple mass balance model to estimate available 
onshore sediment �uxes as a function of mudbank 
dimensions and migration speeds.

Key �ndings from this work are summarized below.

FINDIN� 1
Analyses of sediment �ow from the Amazon along the 
northern coast of South America indicate that in many 
instances natural regeneration or regrowth of mangrove 
forests is largely determined by the presence of mudbanks 
that move towards the shore. However, this process can be 
interrupted by the presence of hard structures too close to 
the waterline, such as concrete seawalls and dykes that 
re�ect waves and thereby increase wave heights creating an 
unfavourable environment for mangrove colonization. The 
following conclusions have been drawn from analyses of 
current sediment �uxes:

�	 An estimated 250 million tonnes of sediment 
move along the coastline from Amazonian out�ow, 
of which about 1% is naturally deposited along 
Guyana�s coastline. There is suf�cient sediment in 
the waters moving past Guyana�s shores to deploy 
sediment trapping units to rebuild the coastline lost 
to erosion and wave action.

�	 Detached mudbanks continuously pass Guyana�s 
shoreline and can deposit large volumes of sediment. 
Deployment of mud and sediment capture units in 
the right locations and at the right time can initiate 
and accelerate this process.

�	 When enough sediment has been deposited 
and accrued into intertidal mud�at, mangrove 
colonization can occur rapidly, though at some 
locations, it may take several years for optimal 
colonization.

FINDIN� 2
At this critical developmental stage in Guyana�s growth, 
several key green-grey interventions have been 
recommended at speci�c sites along the coast to both 
strengthen sea defense, as well as to provide the building 
blocks for long term sustained sediment capture aimed at 
promoting coastal accretion to restore mangrove habitats. 
These include:
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�	 Opportunistic realignment (setbacks) of the existing 
seawalls, entirely removing damaged seawalls, and 
installing sediment capture units perpendicular to 
the existing shoreline aimed at extending intertidal 
mud�ats that can be re-colonized by mangroves. 
This can be deployed in target areas such as Danzig, 
Mahaica (District 6 Coastline).

�	 Deployment of Sediment Trapping Units (STU) or 
Coast Perpendicular Groynes (CPG) at site speci�c 
locations along the Essequibo coast, Georgetown 
foreshore, East Coast, and Berbice foreshores within 
the next 1-2 years to take advantage of a large 
mudbank moving across the shoreline as well as 
shelter natural mangrove regeneration.

FINDIN� 3
Using grey technology in combination with green designs 
will result in cheaper, durable and more productive solutions 
to protecting Guyana�s coast, than if these approaches were 
pursued on their own. While there remains the signi�cant 
need for hard (grey/ concrete) infrastructure, this report 
provides several realistic recommendations and tools to 
support the integration of Green-Grey Solutions into coastal 
long-term planning. These include:

�	 Design and implement a monitoring system to 
properly establish a baseline for sea level rise 
along Guyana�s coast. This may be part of a wider 
cross border monitoring system with Suriname and 
French Guiana (who share sediment loads from the 
Amazon). This data will inform coastal adaptation and 
mitigation strategies in national planning.

�	 Design and implement a mud bank monitoring 
system for tracking mudbank movements along the 
North Brazil Shelf. This will inform when and where 
are the best deployment sites for sediment capture 
units to maximize bene�ts and reduce costs.

�	 Creation of an Integrated Coastal Zone Master Plan, 
through a multi-stakeholder mechanism, which 
integrates Green-Grey Solutions into future coastal 
infrastructural projects, as well as showcases a long- 
term vision for coastal Guyana.

�	 Utilize lessons learned from NAREI�s Mangrove 
Restoration Project coupled with mudbank 
movement, and freshwater runoff data from the three 
main rivers to ef�ciently identify areas for restoration. 
Form a (cross-border) centre of expertise to develop, 
maintain and concentrate knowledge, data and 
experience on Green-Grey Coastal Infrastructure 
initiatives.

�	 Track mudbank movement along the Georgetown 
coastline (Kitty Foreshore and Kingston Beach). The 
mudbank will soon cover the sandy beach area 
identi�ed for tourism and recreation development.

FINDIN� 4
Adapting to rising seas is one of Guyana�s greatest 
challenges as almost 90% of its population resides along 
the coast. Decisions made at this juncture will reverberate 
for generations of Guyanese citizens. Luckily, Guyana is 
still in a position to put nature to work alongside national 
development by employing pre-emptive, innovative and 
scalable solutions that reclaims from the sea what has been 
lost.
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INTRODUCTION
Guyana has identi�ed green-grey coastal infrastructure 
solutions as a strategy to reduce climate risks for people, 
communities, and urban areas across the country�s vulnerable 
coastal plain. Vegetation in front of coastal defense structures 
(e.g. seawalls, levees and dykes) offers excellent opportunities 
for adaptive and robust �ood risk reduction schemes (Sutton- 
Grier et al, 2015; Van Wesenbeeck et al, 2017). However, thus 
far there are no guidelines for combined mangrove seawall 
designs across the world.

Here, we present a �rst set of guidelines drawing on 
the best available practice, science, and technical 
experience available in Guyana and globally to inform 
a comprehensive green-grey strategy for Guyana�s coastal 
defense. As an initial phase of this strategy, we have 
developed:

1.	 A summarized engineering guidance describing 
best practices to design and build coastal protection 
projects that integrate mangrove restoration areas 
to complement seawalls, and together reduce the 
effects of storm surge and wind waves, and

2.	 A comprehensive summary of coastal processes 
along the dynamic and mud-rich Guyana coastline 
and of adaptation strategies, to be used as 
an accompanying technical resource to these 
summaized guidelines.

Both products are intended to inform actions by national and 
local governments, consultants, and stakeholders. They are 
written to support efforts to optimally plan, design, and build 
mangrove green-grey projects that make use of the ability 
of mangroves to capture and consolidate soil, and grow 
quickly to adapt to rising sea levels � while also providing a 
myriad of co-bene�ts for people and nature.

Please, put this guide to use and join us! Our project team 
has identi�ed the following high value opportunities to apply 
the information in these guidelines in the next 1-2 years:

�	 Erect Sediment Trapping Units along the north-
eastern coasts of Wakenaam and Leguan Island 
(mouth of Essequibo, district 1 and 2) to stabilize these 
coastlines and to build experience,

�	 Inspect (and repair) the current seawall west of De 
Kinderen to anticipate loss of chenier sand in response 
to an approaching mudbank,

�	 Create a temporary realignment in De Kinderen 
at the breached area to create mangrove habitat 
pro�ting from arriving mudbank,

�	 Prepare large scale MudBank Motor works near 
Georgetown (Chateau Margot mudbank) using 
the natural mudbank dynamics to create suitable 
locations for mangroves to recolonize. Start 
constructing not later than 2023,

�	 Prepare management plan for the sand beaches in 
front of Georgetown, inspect and, if necessary, re-
enforce Fort Groyne.

�	 Prepare modelling capacity to design Coast 
Perpendicular Groynes along left banks of rivers, and

�	 Initiate site selection and prepare designs for these 
sites in the coming years.
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1. MAN�ROVES & SEAWALLS
As the climate changes, communities need to adapt to build social, ecological, and economic resilience. 
It is essential to identify effective site speci�c adaptation strategies, that take advantage of natural 
processes that form the basis for life-sustaining ecosystem services.

Here we de�ne the green-grey adaptation approach, speci�cally for combining mangroves and seawalls.

WHAT IS �REEN��REY 
INFRASTRUCTURE?
There is a critical need to �nd pre-emptive and scalable 
climate adaptation solutions that protect, manage, and 
restore nature - now and for future generations.

Green infrastructure such as wetlands and forests can provide 
nature-based adaptation solutions for �ood control and water 
security, alongside providing co-bene�ts to biodiversity, 
livelihoods, and more. However, for communities exposed 
to extreme climate and disaster risks, green infrastructure 
alone may not provide adequate protection.

Conventional grey infrastructure, in the form of seawalls 
and dykes, can provide immediate protection but is often 
prohibitively expensive to build, maintain, and replace, and 
can create unintended negative impacts. By blending 
�green� conservation with �grey� engineering techniques, 
communities can incorporate the bene�ts of both solutions, 
while minimizing the limitations of using either green or grey 
infrastructure individually.

Green-grey infrastructure combines conservation and/ 
or restoration of ecosystems with the selective use of 
conventional engineering approaches to provide people 
with solutions that deliver climate change resilience and 
adaptation bene�ts. This green-grey infrastructure design 
approach can be applied in coastal, freshwater, and 
terrestrial settings and accomplish a variety of project goals.

An example of green-grey infrastructure is where natural 
coastal ecosystems � such as mangroves, salt marshes, 
inter- tidal �ats, seagrasses, and coral reefs � are combined 
with grey infrastructure such as seawalls and dykes, for 
wave attenuation and �ood control by natural ecosystems 
with the bene�ts of engineered structures.

In addition, conservation and restoration of natural 
coastal ecosystems can extend the lifespan of grey 

infrastructure, while also supporting �sheries, regulating 
water quality, and sequestering carbon. The combined 
solution can therefore be more comprehensive, robust, 
and cost-effective than either solution alone.

COMBININ� MAN�ROVES & 
SEAWALLS
Vegetation in general, but especially trees such as mangroves, 
reduce incoming wave heights at the toe of a seawall, 
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depending on water levels and wave characteristics. 
Mangroves also trap sediments in their roots, allowing bed 
level to rise in elevation with sea level if sediment supplies are 
suf�cient. These traits make mangroves in front of seawalls 
an ef�cient technique to manage the effects of changing 
external conditions, such as increasing wave heights and sea 
level rise.

Suf�ciently broad vegetated foreshores can considerably 
decrease wave height and consequently wave impact 
(Brinkman et al., 1997; McIvor et al., 2012, 2013), thereby 
reducing the required seawall crest height and material 
costs. The amount of wave reduction strongly depends 

on speci�c vegetation characteristics, such as vegetation 
height, density and stem diameter (Anderson et al., 2011).

Nature-based solutions and coastal zone management should 
start with master planning and an in-depth analysis of the 
natural system (Van Wesenbeeck et al., 2021a). The design 
of coastal green-grey infrastructure interventions should be 
informed by a thorough understanding of the natural system 
at all relevant scales. This infrastructure should be designed 
and managed as dynamic systems, in which for example, the 
width of the mangrove greenbelt may vary over time. The 
minimum width of the greenbelt should be such that the 
design criteria are met under extreme conditions.

Figure 1. Combination of mangroves with a seawall or levee and the parameters in�uenced by the presence of mangroves (World Bank, 2017)

SITE SELECTION
Setting priorities in the application of the Green-Grey Coastal 
Infrastructure concept is a political process, informed by 
physical aspects such as:

1.	 Urgency, determined by the status and integrity of 
existing coastal infrastructure and potential damage 
and casualties in case of failure (risk assessment), 
implying:
�	 assessment of the status and integrity of the grey 

coastal infrastructure (the existing seawalls),
�	 evaluation of the existing mangrove forest 

(status, health, type, extent, and availability of 
propagules),

2.	 Location and migration speed of mudbanks, and
3.	 Availability of fresh water sources.

All stakeholders are involved in site selection, discussing 
their possible involvement and the objectives/targets to be 
achieved.

Additional Site Selection guidance is available in Chapter 
2 of the Practical Guide to Implementing Green-Grey 
Infrastructure.



GUYANA - MANGROVE-SEAWALL ENGINEERING GUIDANCE

2. SITE DATA COLLECTION

3

2. SITE DATA COLLECTION
With a site selected, the project goals clearly de�ned and the design team assembled - the design 
development process begins, and includes:

Consulting master plans and ensuring the design team includes experts with local, regional, and national 
understanding of coastal dynamics. The mangrove-seawall design will require information acquired 
through master planning, site assessments, and an understanding of all components of the natural system.

MASTER PLANNIN�
Implementation of Green-Grey Coastal Infrastructure along 
Guyana�s shoreline requires long-term commitment from and 
planning by the national government and other authorities/
institutions. This can be achieved by making Green-Grey 
Coastal Infrastructure part of an Integrated Coastal Zone 
Management (ICZM) Master Plan. Such a Master Plan 
should embody a holistic and integrative approach to 
address complex social and ecological issues in the coastal 
area. It seeks to engage participation and cooperation 
of all stakeholders to realize the overall goal of having a 
sustainable and resilient Guyana coast by harmonizing 
sectorial objectives (environment, economic, social, cultural 
and recreational). Any Master Plan must start with explicitly 
formulating the objectives and sub-objectives to be met 
� these sub-objectives may differentiate along different 
coastal regions/districts.

Institutionalization and enforcement are key for effective 
implementation of ICZM. In the different phases of drafting 
an ICZM plan implementing local measures and monitoring 
and maintaining the coastal defenses both �vertical� and 
�horizontal� cooperation between different governmental 
authorities increase effectiveness. Vertical cooperation refers 
to aligning the strategy planning on national level of ministries 
with the local levels of the democratic councils in the coastal 
villages. Regional cooperation between the Guyanese 
government and neighboring countries is another example 
that can help in optimizing the ICZM plan and implementation 
through the exchange of knowledge on ecosystem 
behavior and effectiveness of coastal protection measures. 
Horizontal cooperation of the relevant agencies across 
different sectors should lead to coordination and integration 
of activities and avoid policy con�icts.

Stakeholders need to be engaged throughout the process 
of the ICZM planning and design of projects. Relevant 
stakeholders for Green-Grey Coastal Infrastructure projects 
can be identi�ed with e.g. a power-interest matrix. In Guyana, 

local community bene�ciaries of mangrove ecosystem 
services were identi�ed to include �shermen communities, 
those employed in the tourism, sugar, or rice industries 
or in agriculture more generally, beekeepers, coastal 
ecotourism operators, indigenous communities, women, 
and communities that live along the coast. In addition 
to the bene�ts of coastal defense utilizing Green- Grey 
Coastal Infrastructure, these community bene�ciaries will 
pro�t additionally from the restoration of mangrove habitat. 
Small-scale economic use of the mangrove fringes, such as 
(crab)�shing, honey production, etc. may be encouraged to 
stimulate local stakeholder involvement. Also, eco-tourism 
may add to rising awareness and some additional economic 
activities for the local communities. The Bio-Rights concept 
was developed and applied in Indonesia to involve local 
stakeholders in coastal management and eco-system 
services in return for short term (�nancial) incentives.

Nature�s response to any measures within a Green-Grey 
Coastal Infrastructure approach follow the time scales of the 
natural system, dictated by the natural sediment �uxes and 
the migration velocity of the mudbanks, the latter measuring 
many decades. This implies patience and persistence.

Therefore, a Master Plan must cover a period of about one 
century and contain the following ingredients:

1.	 A plan to involve all stakeholders through the entire 
process from initial schemes to �nal implementation,

2.	 An outline on awareness raising, communication, 
collaboration, training and education,

3.	 An outline of the understanding of the natural system 
and the results of possible further studies,

4.	 Evaluation of the status of grey coastal infrastructure, 
and assessment of future design conditions and 
requirements,

5.	 An overall monitoring/survey plan to establish 
location and size of the mudbank complexes and 
their migration velocity; assessment of the intertidal 
mud�at extensions and development,
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6.	 Assessment of priorities and site selection; 
establishment of type of interventions,

7.	 Explicit formulation of objectives and targets for each 
selected site.

A scheme to evaluate lessons-learned and update the Master 
Plan accordingly � it is recommended that interventions, 
successes, and failures are punctually recorded in a logbook 
available for future generations of coastal managers.

DATA COLLECTION
For each site selected, data on the natural system must be 
collected and brought together and analysed to develop 
a good and complete understanding of the functioning 
of the natural system. Such system understanding and 
implementation of the lessons-learned is key to a successful 
application of the Green-Grey Coastal Infrastructure 
approach. Likely, site-speci�c data must be collected as 
well:

1.	 Inventory of stakeholders at all levels,
2.	 Inventory of regulations, required approvals, 

land ownership (if relevant), etc.,
3.	 Status and integrity of existing seawalls (the grey 

coastal infrastructure),
4.	 Status of mangrove fringes and their extension, 

mangrove biodiversity, if any,
5.	 Historic overview of local coastal developments 

(i.e. stable, erosive, accreting, landuse),
6.	 Location and migration characteristics of local 

mudbank, if any,
7.	 Bathymetry and local soil conditions with regard to the 

construction of coastal infrastructure,
8.	 Wave conditions (height, period, direction, frequency),
9.	 Water levels and tidal ranges,
10.	 Current velocities and suspended sediment 

concentrations for designing Coast-Perpendicular 
Groynes,

11.	 Fresh water sources and quantities, 
12.	 Hisorical resource maps, and
13.	 Abundance of mangrove propagules � pathway 

of propagules by natural processes.

All data must be analysed and archived in a database. This 
database must be kept up to date with new data collected 
during monitoring and maintenance activities.

EVALUATIN� INTE�RITY OF 
EXISTIN� STRUCTURES 
Lees (2009) extensively described the sea defense 
structures and their status at the time. The condition of 
existing sea defense structure must be updated frequently 
as part of the green-grey coastal infrastructure approach. 
Here, a brief, largely qualitative overview is provided of the 
different types of sea defenses in Guyana and their historic 
application. This overview is not complete because of lack of 
accessible data.

According to the most recent estimates, sea defense 
structures along the Guyana coast, includes (Lees et al., 
2009):

�	 100 km of concrete seawalls
�	 170 km of earthen embankments (of which 50 km 

are in critical condition with no mangrove left and in 
urgent need of rehabilitation);

�	 130 km of natural mangrove fringes, said to be eroding 
rapidly.

In reality these individual types of sea defenses are 
often mixed, either by design (e.g. earthen slopes behind 
mangroves) or as a result of management.

The current state of the existing coastal �ood risk 
management structures must be thoroughly inspected 
before implementing any new measures. The Shore Zone 
Management System (SZMS) is a GIS enterprise database 
system and was established in 2011 as a monitoring and 
strategic planning tool for the Sea and River Defense Division 
(SRDD). It contains survey data for approximately 244 km of 
coastal �ood risk management structures for regions 2, 3, 4, 
5 and 6 (Planet, 2016).

EVALUATIN� SEDIMENT 
DYNAMICS
The key to applying the Green-Grey Coastal Infrastructure 
approach in Guyana is managing the large sediment �uxes 
in its coastal waters � the good news is that there is still 
abundant sediment. These �uxes are largely governed by 
the migration of large mudbanks, 10 � 40 km long, 10 � 20 
km wide, 5 � 10 m high, and migrating at 0.5 � 3 km/year, 
possibly containing the equivalent of one year of Amazon 
River mud supply.
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Approximately 220 � 260 Mton/yr of sediment is transported 
in the form of mudbanks and in suspension along the 
Guianas coastal system, of which about 5 � 6 Mton is 
deposited yearly. It is therefore concluded that in Guyana�s 
coastal system abundant sediment is available for green-gray 
coastal infrastructure. Measurements and a subsequent 
extrapolation of the data showed that during the formation of 
the Chateau Margot mud�at about 3 � 7 Mm yr, or about 
1 � 2 Mton/yr of �ne sediment was deposited. As no data 
are available on the loads of sediment mobilized during the 
migration of a mud�at, estimates of these loads are made 
by analyzing the displaced volume of a migrating, idealistic 
mud�at with a rectangular planform and triangular cross 
section. This analysis suggest that suf�cient sediment is 
being mobilized to form intertidal mud�ats with mangrove 
habitat even in front of a dyke or seawall.

Behind a mudbank, mild wave conditions are stimulating 
the formation of intertidal mud�ats providing habitat for 
mangroves, and coastal accretion is generally observed 

(Figure 3). In the interbank area, on the other hand, waves 
can approach the shoreline unaffected, inducing coastal 
erosion. This natural process of accretion and erosion is 
disturbed along major parts of the Guyana coastline 
by the erection of re�ective seawalls, and mangrove 
fringes have largely disappeared over the last few decades 
(Figure 4).

Restoring these mangrove fringes therefore not only 
provides a green belt to protect the �grey� seawalls, but also 
can restart the natural process of accretion and erosion. 
Hence, the green-grey design goal is to develop a few 
kilometres wide mangrove green belt in front of a seawall, so 
that its width will not reduce below a few 100 m during an 
interbank period.

At some locations, the interbank phase is characterized 
by the presence of sandy deposits, called cheniers. This 
coarse sediment is very important for the morphological 
development and the protection of the coastal hinterland.

Figure 2. Mudbank migration terms and vocabulary



Figure 3. Natural mangrove colonization behind mudbanks

Figure 4: Disturbed mud�at formation along Guyana�s coastline.
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EVALUATIN� MAN�ROVE AREA, 
TYPE & EXTENT
Prior to planning and construction of speci�c green-grey 
coastal infrastructure measures, existing mangrove forests 
should be inspected, including the extension of the mangrove 
fringes, biodiversity (species and zonation) and health, and 
availability of mangrove propagules.

It is important to monitor mangrove recruitment, especially 
whether new mangroves seedlings survive and grow and 
whether the mangrove greenbelt is expanding or retreating, 
in relation to the mudbank migration cycle (bank and 
interbank phases).

The in�uence of existing interventions on the mangrove health 
should be carefully monitored, in particular the development 
of mangrove habitat and colonization, to determine whether 
additional proactive mangrove management measures are 
necessary to speed up the natural colonization process.

EVALUATIN� FRESHWATER 
RESOURCES
Though mangroves are salt-tolerant, seedlings need some 
freshwater to start their life. Often rainwater is suf�cient � 
that is why in sub-tropical areas, mangrove propagule 
production synchronizes with the rainy season.

However, in Guyana, mud�at formation generally occurs 
during the drier periods of the year, when wave activity is 
�ercer. To overcome this phase shift, the abundant freshwater 
pumped into the coastal system from draining the hinterland 
can be used. Proper control of the direction of out�ow of this 
drainage water can provide favorable conditions for mangrove 
colonization as soon as the habitat conditions (the mud�at) are 
adequate. Directing such out�ow can be done through the 
design of the green infrastructure and guiding walls.
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Seawall breach at Danzig, Mahaicony, with �ooded rice �elds in the background. ' CI/John Greene
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3. IDENTIFYIN� DESI�N THRESHOLDS
The �rst two steps of any conceptual design are:

1.	 Establish the design conditions, i.e. the required safety standard and the return period of anticipated 
water levels (including setup) and wave heights/periods based on extreme value analysis � these 
design conditions may differ per site, depending on a risk assessment. For instance, required safety 
standards for coastal infrastructure protecting a densely populated hinterland may differ from sparsely 
populated areas.

2.	 Setting goals for the intervention within a speci�ed time frame � such goals are likely site-speci�c. This 
section summarizes the literature and �eld measurements along the Guyana coastline on the wave 
dampening capacity of mud�ats and mangrove fringes. The aspect of wave dampening per meter 
width of the mangrove fringe is a critical variable by which restoration works will in�uence overall 
project design.

�UYANA�S WAVE CLIMATE
The offshore wave climate in Guyana is mainly determined 
by swell originating from the Atlantic Ocean. Nearshore, the 
contribution of the wind-generated waves is insigni�cant 
compared to the swell component. However, behind 
mudbanks and in river mouths the wind generated waves 
are dominant. The intensity of the wave action is highest 
from December to February and lowest around August and 
September and synchronizes with the Trade Winds (NEDECO, 
1972). The NEDECO (1972) report indicated that typical wave 
periods amount to about 8 seconds, yielding wave lengths 
in the order of 100 m.

From an analysis of wave data (see technical reference 
material for detail), it can be concluded that the:

�	 Average offshore signi�cant wave height varies 
between 1.25 m in July/August to about 2.0 � 2.25 m 
in December/January;

�	 Historical maximum offshore signi�cant wave height is 
4 m and occurred in December 1998.

�	 Overall mean signi�cant wave height varies by +/-
0.5 m during July/ August and increases to +/-1 m 
during the months of December to January.

�	 Average peak wave period varies between 6s � 10s 
with an average of 8s.

�	 Peak wave period is fairly constant during July to 
August; but during September to April the offshore 
peak period can increase up to 16 s. This increase was 
observed 3 � 5 times per year and may be attributed 
to tropical storms or hurricanes in the Atlantic Ocean 
or Caribbean Sea.

�	 Wave direction offshore varies between 45°N 
(northeast) and 75 °N (east-northeast). During the 
months of May to August the wave direction is fairly 
constant with a slow shift from 75°N to about 45 °N;

Further, signi�cant wave heights gradually reduce from

�	 approximately 2.5 - 3 m at 60 km offshore to 1.25 - 1.5 
m at 20 km offshore. This equates to a 50% reduction 
in wave heights as they travel onshore.

MAN�ROVE�MUDFLAT WAVE 
DAMPENIN� MECHANISMS
As waves propagate from deep water towards Guyana�s 
coast, they are transformed through the processes of 
refraction, shoaling, bottom friction and possibly wave 
breaking. Refraction refers to the turning of the waves towards 
shallower water due to the depth or current induced changes 
of the phase speed (Holthuijsen, 2010).

Without vegetation (mudbank/ mud�at only), when wind 
waves approach the shore, the change in depth causes 
them to shoal, i.e. increasing in height and maintaining their 
wave period while becoming steeper. When the steepness 
exceeds 0.78 � 0.88, they break onto the shore, dissipating 
energy. Waves become depth limited when the depth of the 
water is approximately half of their wavelength. As depth- 
limited waves approach the shore, they lose energy through 
bottom friction and possibly viscous dissipation within the soft 
mud on the bed.
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Figure 5. Wave attenuation is attributed to the vertical variation in the mangrove dimensions and the complexity of the root network (Spalding et al., 
2014).

Figure 6. The propagation of the wind and swell waves along the coastline, both in the presence of vegetation and without (Spalding et al., 2014).
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Mangroves have been shown to exhibit high attenuation 
rates over a short distance with variations across mangrove 
species and density, topographies and incident wave height. 
McIvor et al. (2012), observed that wave heights can be 
reduced by between 13 � 66% over 100 m of mangroves. 
While a reduction of 50 � 99% was reported across a 500 m 
width of mangrove forest (Dekker, 2006, Kit, 2016, Spalding, 
et al., 2015, Spalding, et al., 2014). The rate of wave height 
reduction in the direction of wave propagation is de�ned 
as the reduction in wave height (�H) as a proportion of the 
initial wave height (H,0) over a distance (�x) travelled by the 
wave (see Equation 1).

Equation 1. The relation for the attenuation of wave energy

Dalrymple et al. (1984) provides the following relation, 
explicitly specifying the damping rate as a function of 
mangrove characteristics:

Equation 2. Relation for the damping rates within mangrove 
fringes.

where the damping coef�cient � is a function of the incoming 
wave height and period (H and T), the local water depth (h) ,0 
and the thickness of the mangrove stems (D), their density 
(N) and a bulk drag coef�cient (C). This explains why the 
damping rates decrease non-linearly within the mangrove 
fringe.

WAVE ATTENUATION IN �UYANA
Numerous studies have measured the attenuation of wind and 
swell waves in mangroves with laboratory, �eld or numerical 
modelling approaches with respect to the vegetation types, 
the attenuation rates, the in�uencing factors as well as the 
approach taken with the respective references. (Kit, 2016)

These studies found a reduction in wave height as waves 
passed through mangroves to varying extents. The level 
of wave attenuation varied between 0.0014m1 and 0.012m.1 
These attenuation rates suggest that across a 500 m wide 
mangrove forest, wave height would be reduced by 50 to 
99%.

Table 1 summarizes the reduction in wave height across 
the width of a mangrove fringe based on the summary of 
measured and model studies covered by Table 1.

Table 1. First-order estimates for wave dampening along the Guyana 
coast.
Type of 
Slope

Width of Mangrove 
Fringe (m)

Reduction in 
Wave Height (%)

Mild Slope 100 m 13-66%

Mild Slope 500 m 50-99%

Available studies are not mutually comparable because 
other environmental parameters differed (e.g. incoming 
wave height, wave period, bottom slope (and thus shoaling 
effects), water depth). Nevertheless, they provide �rst-order 
estimates for wave damping along the Guyana coast.

Figure 7. Pneumatophores which project from the bed substrate of the mangrove forest.
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DESI�N BOUNDARY CONDITIONS 
& RETURN PERIODS
For the design of �ood risk and sediment management 
measures, typically a safety standard is used in terms of 
a return period of certain water level and wave conditions. 
The return period is a statistical recurrence interval and 
is expressed as a number of years (e.g. conditions that 
occur once in 10 years). It states how often a certain 
condition (e.g. wave height of 2.0 m) is exceeded on 
average.

This is based on the probability of exceedance of that 
condition and is therefore a statistical parameter. Hence, 
the return period does not indicate when that condition 
occurs, nor its short time frequency (e.g. a once-in-a ten-
year event may occur in two subsequent years).

The selection of the return period should match with the 
desired and feasible design lifetime. Within the design 
lifetime of a measure (structure or green-grey solution) 
the probability of exceedance of extreme conditions 
should be low enough to be acceptable.

Usually, the return period for the design of coastal 
protection measures is selected by the responsible 
authorities based on a desired safety and acceptable 
risk level, taking into account socio-economic aspects. 
For example, a measure can be designed for conditions 
that are exceeded typically once in 10 years (i.e. a return 
period of 10 years) or once in 100 years. The conditions 
for 100 years will be more severe than that of 10 years, 
and the associated costs to achieve that safety level will 
be higher accordingly. This use of return periods is a well-
known method for conventional �grey� measures. For �green� 
measures, however, this is a rather new concept. Since green 
measures have a more dynamic character (e.g. mud�at, 
mangrove) than that of a grey measure (e.g. seawall, levee), 
the associated lifetime can be much shorter (e.g., 5 years in 
a dynamic coastline) or considerably longer (e.g., 100 years 
for a stable mangrove forest).

For the design of conventional coastal protection structures 
at the Guyana coastline a return period of 30 years has been 
used (pers. comm. Roberto Narine). A method to derive 
the design wave height based on extreme value statistics 
is outlined in the technical references, where an offshore 
signi�cant wave height of 2.8 m was determined as the 
design condition with a return period of 30 years for a 
speci�c site near New Amsterdam in district 8 based on the 
long-term statistics of the period 1979-2017.

This governing design wave height with a 30-year 
return interval of 2.8 m is proposed as input for design 
computations of conventional coastal protection structures 
(e.g. wave overtopping and structural stability) and can also 
be used for the design of green-grey infrastructure elements 
at this particular site. Using the same method, the governing 
wave height can be determined for the design of green-grey 
infrastructure elements along other parts of the coastline.
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4. DESI�N CONCEPT DEVELOPMENT
Together with the system understanding and data collected, a conceptual design for each site is made. 
This conceptual design is communicated with all stakeholders for comments and feed-back, and where 
necessary modi�ed to ascertain stakeholder participation. Possibly, some iterations are required. Thus, the 
conceptual design plan contains the following elements for each site:

�	 Summary and analysis of relevant data,
�	 Targets and objective of the interventions in consideration of sea level rise projections,
�	 Overview of stakeholder and managing authority involvement and participation,
�	 Overview of necessary permits, approvals, etc.
�	 Design conditions, i.e. return period and relevant water levels, setup and wave height and period,
�	 Choice of green-grey coastal infrastructure elements, their locations, orientation, quantity/length, and 

timing and sequence of construction,
�	 A mangrove management plan, necessity of planting, sowing and/or anchoring propagules, and 

freshwater management,
�	 A preliminary debris management plan,
�	 A preliminary monitoring and maintenance plan,
�	 A �rst cost estimate.

�REEN��REY COASTAL 
INFRASTRUCTURE ELEMENTS
The ultimate objective of the green-grey coastal infrastructure 
approach is to restore mangrove habitat, for example, 
in intertidal mud�ats as much as possible and as fast as 
possible. We have identi�ed six infrastructure interventions 
to achieve this objective:

1.	 Permeable bamboo fences to dissipate wave energy, 
operational for a few years (Figure 8),

2.	 Permeable concrete groynes to dissipate wave 
energy during an interbank period (Figure 9),

3.	 Coast-perpendicular groynes to trap alongshore 
sediment �uxes (Figure 10), and

4.	 Temporary realignment to accelerate mangrove 
habitat (Figure 11).

5.	 These elements can be combined to make:

6.	 Sediment Trapping Units, i.e. rectangular calm water 
basins where sediment can settle, constructed from 
permeable bamboo fences � these are erected on 
intertidal mud�ats (Figure 12),

7.	 MudBank Motor concept to accelerate natural 
mud�at formation behind mudbanks and protect 
existing mangrove fringes during interbank periods 
� this concept consists of placing Sediment Trapping 
Units and permeable fences at strategic locations 
behind a migrating mudbank � timing of application 
is critical (Figure 13).

The MudBank Motor concept must be synchronized with the 
migration of the mudbanks. Relevant spatial and temporal 
scales of such interventions and their management therefore 
amount to tens of kilometres and decades. The temporary 
realignment concept is best applied in front of an approaching 
mudbank. From a physical point of view, all other elements 
can be applied at any time and any place.
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Figure 8. Permeable bamboo fences to dissipate wave energy

Figure 9. Permeable concrete groynes
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Figure 10. Coast-perpendicular Groyne 
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Figure 11. Schematic of temporary realignment in De Kinderen inundated polder.

         

Figure 12. MudBank Motor concept to accelerate natural mud�at formation behind mudbanks and protect existing mangrove fringes
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Existing Condition

Phase 1
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Figure 13. Schematic of deployment of MudBank Motor concept along Chateau Margot mudbank consisting of Sediment Trapping Units on the intertidal 
mud�ats behind the mudbank and protecting permeable bamboo fences along the tail of the mudbank

DESI�N OF CONVENTIONAL 
COASTAL FLOOD RISK 
MANA�EMENT STRUCTURES
Flood risk reduction encompasses any measures taken to 
reduce �ooding during extreme water levels. Examples are 
seawalls, levees, revetments and embankments. These 
types of structures �rstly have a blocking function to prevent 
direct �ooding. Moreover, these structures need to be 
structurally stable and limit wave overtopping to a maximum 
tolerable overtopping discharge for structural stability.

Several well-known and commonly used manuals exist for 
the design of conventional coastal �ood risk management 
structures, such as the US Army Corps of Engineering Shore 
Protection Manual (ENGINEERS-USACE, 1984), the Rock 
Manual (CIRIA, 2007) and the EurOtop Overtopping 2007).

Manual (The EurOtop Team, 2007). The existing Coastal 
Engineering Design Manual for Guyana Sea and River 

Defenses (Planet, 2016) combines information from these 
different manuals applicable to Guyana and can thus be 
used for the engineering design of the seawall, based on 
wave run- up, wave overtopping and wave re�ection (see 
section 7.4 of Planet (2016)).

Figure 14 provides an overview of the terminology that is 
used in design of hydraulic structures and schematics 
of governing processes. The most important design 
parameter is the crest height of the seawall, which can 
be determined using the design guidelines based on the 
tolerable overtopping discharge and on the wave height 
at the toe of the structure (after transmission through a 
mangrove greenbelt) during extreme events. Information 
in this section is largely based on the Rock Manual (CIRIA, 
2007).

Phase 2
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MAN�ROVE RESTORATION IN 
�UYANA
Ecological Mangrove Restoration methods for mangrove 
restoration and conservation by Lewis (2005), elaborated for 
the coastal zone of Guyana, include the following.

1.	 The hydrology of existing mangrove forests should 
not be disrupted. Currently this does not seem to be 
a major issue in Guyana, but hydrological aspects 
should be considered when designing new coastal 
infrastructure, such as managing drainage water to 
synchronize with mud�at formation.

2.	 Before planting, the limiting factors for natural 
mangrove recruitment should be investigated 
and manmade causes that limit natural mangrove 
recruitment modi�ed . A natural factor that may 
limit natural mangrove recruitment is formed by the 
migrating mudbanks. During interbank phases, the 
coastline is more exposed to wave impact, resulting 
in mangrove mortality and erosion of the mud�at. 
Moreover, choosing the right location (bed elevation) 
is very important, as mangroves habitat is typically 

located at elevations between mean sea level (MSL) 
and highest astronomical tide (HAT),

3.	 Correcting the conditions that prevent natural 
colonization depends on the speci�c local causes 
. Important measures include sustainable land use 
(i.e. assigning designated areas for mangrove 
restoration), providing favorable hydrological 
conditions and restoring the sediment balance. If 
conditions are not able to be corrected to favor 
mangrove habitats, it may be necessary 
to select a different site with the right hydrological 
conditions or bed level elevations.

4.	 A reference system where natural mangrove 
recruitment occurs should be selected in the same 
coastal area. Do not copy solutions from locations 
across the world, but instead learn from natural 
success stories in the same coastal system. 
Investigate the hydrology, topography of the bed, 
local wave conditions and the sediment balance 
at the reference site. Monitor and understand 
the conditions that are favorable for mangrove 
colonization in your coastal system.

5.	 Establish a range of favorable conditions at your 
restoration site for the hydrology, topography of the 
bed, wave conditions and sediment balance.

6.	 Possible intervention methods to ameliorate abiotic 
conditions can consist of creek digging to facilitate 
�ooding, drainage and freshwater supply, sediment 
nourishment to increase bed levels and stimulate 
mangrove recruitment, and erecting wave dissipating 
structures.

7.	 Learn from previous mangrove restoration projects to 
evaluate costs of restoration early in project design 
to make the project as cost-effective as possible.

On top of these principles to enable natural mangrove 
colonization, some additional measures are suggested 
speci�cally for the local conditions in Guyana:

�	 Protecting mangrove trees from breaking and 
uprooting by use of cages made from biodegradable 
materials.

�	 Protecting mangrove propagules from dislodgement 
by binding them to small wooden sticks, applying 
reefballs or using biodegradable fascine mattresses 
or coconut �ber mattresses.

�	 Steering the freshwater out�ow from the hinterland 
that is now discharged by sluices towards the 
mangrove habitat.

Figure 14. Hydraulic interactions related to waves and parameters 
de�nitions (copied from the Rock Manual (CIRIA, 2007)
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RECOMMENDATIONS FOR 
�UYANA�S DISTRICTS
The management of the Guyana coastal system is organized 
through regions and districts, where borders between the 
districts are de�ned by rivers: Each district in Guyana may 
be best suited for a particular type or combination of the 
recommended green-grey coastal infrastructure strategies, 
as suggested below and identi�ed in Figure 15.

District 1: In the western part of District 1, a narrow mangrove 
fringe has developed over the last 30 years, today up to 
more than 2 km wide. It is recommended not to intervene, 
though to monitor the development and status of these 
fringes and of the mud�at in front. If the mangrove fringe 
begins retreating, the mangrove-mud coast can be stabilized 
with sediment trapping units (STUs).

The eastern part of District 1 is largely affected by the out�ow 
of the Essequibo River, and coast perpendicular groynes 
(CPGs) can be deployed, as has been demonstrated in 
the vicinity of Anna Regina. We recommend erecting more 
groynes along this part of the coastline, monitoring their 
ef�ciency and maintaining them over time. The design of 
these groynes may be supported/optimized by numerical 
modelling of the local coastal processes.

District 2 & 3: The available Google Earth images reveal 
narrow mangrove fringes along the northern coasts of these 
islands, with a considerable canopy at the eastern tip of 
district 2 (up to 2 km wide). Mudbank dynamics are likely too 
far offshore to affect these coastlines. However, suspended 
particulate matter concentrations in the river mouth are 
large, and STUs are therefore recommended along almost 
the entire coastline, building out into the ocean over time.

District 4: The western coast (up to Tuschen) is still under the 
in�uence of the Essequibo out�ow, and CPGs are likely to 
be effective, as around Anna Regina, District 1. Similarly, the 
eastern part (up to Windsor Forest) is affected by out�ow 
of the Demerara River, and also here CPGs are likely to be 
effective � note that at the beginning of the 21st century, a 
few 100 m wide mangrove fringes were found along this part 
of the coast, but now eroded. Further studies are required 
to make a solid recommendation for interventions along the 
remainder of the coastline of District 3.  For instance, it is 
not known whether passing mudbanks can induce mud�ats 
along this part of the coast, as these may be too far offshore. 
If not, STUs may be effective. A pilot project at this location 
is recommended.

District 5: The very eastern part of the District 5 coastline 
is affected by the small Mahaica River (not only its out�ow, 
but also its tidal volume), and deployment of CPGs is likely 
effective. This is also a location where the ef�ciency of 
permeable fences may be tested. To the west, in front of 
Kingston district (Georgetown), the seawall is protected 
by a 40 � 100 m wide, 1 km long beach, stabilized by four 
concrete CPGs. We recommend lengthening these groynes, 
trapping as much of the littoral sand (chenier) transport as 
possible. It is likely that sand passing Fort Groyne is not 
deposited along district 4 coastline, thus lost for coastal 
protection.

The remainder of the coastline is affected by the interplay 
of the embanked coastline and the migration of mudbanks. 
Hence the MudBank Motor strategy is required � this 
strategy is further elaborated below. As these CPGs are 
small in comparison to the mudbank complex dimensions, 
these CPGs and MudBank Motors can be deployed jointly.

District 6: The mangrove-mud coastline around the mouth of 
the Mahaicony River (near Mahaicony village) seems stable 
since the �rst satellite images became available, hence no 
interventions are recommended. A bit further to the west, 
near De Kinderen, the seawall was breached, likely in 
response to sand depletion induced by an approaching 
mudbank, and a polder area of more than 1 km2 is still 
inundated. This could be a pilot location to test the mangrove 
accommodation space concept with mangrove catalyst 
function to initiate further mangrove developments. Along 
the mouth (left banks) of the Mahaicony and Berbice Rivers, 
CPGs are likely ef�cient and are recommended. These 
CPGs do not have to intervene with an MudBank Motor-
strategy along the remainder of the coastline.

District 7 & 8: The east part of District 8 is affected by the 
Corentyne River, with fringes of mangroves a few 100 meters 
wide. For the time being no interventions are recommended, 
but monitoring is mandatory. In case of coastal losses, 
deployment of CPGs is recommended. Elsewhere along 
District 7 & 8 coastline the MudBank Motor-strategy is 
recommended.
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Figure 15. Spatial overview of potential green-grey strategies for each of Guyana�s Sea Defense Districts
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Coastal protection efforts in Danzig, Mahaicony, while the mudbank advances from the east.  ' CI/Emily Corwin
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5. PROJECT COSTS
This chapter provides an overview of the average costs per meter for the green and 
grey measures implemented along the coast of Guyana. These �gures re�ect a 
summation of the costs period from 2013 to 2020, and as such in�ation of material 
prices should be considered for future applications. Further, the costs provided do 
not include for expenditures such as personnel, transportation, geotechnical and 
topographic surveys and other secondary inputs.

COST ESTIMATES
A �rst cost estimate should include construction costs, 
personnel, transportation, surveying (geotechnical and 
topography). Construction costs can be based on a unit 
cost price (per km / per ha or % of capital cost) and 
estimated dimensions. NAREI summarized unit cost prices 
of implemented restoration measures for the following cost 
categories:

�	 Mangrove Restoration
�	 Sediment trapping units
�	 Structural components (e.g. concrete seawalls, rip 

rap armored structures, geotube groynes, rubble 
mound groynes)

�	 Monitoring
�	 Maintenance
�	 Adaptive Management

Indicative construction costs of sediment trapping units 
or bamboo/brushwood dams amount to 17,000-31,500 
USD/100m and mangrove restoration sites cost 4,000- 
43,000 USD/ha, which is an order of magnitude cheaper than 
the construction of concrete seawalls (500,000- 600,000 
USD/100m). While construction costs are typically low, it is 
stressed that maintenance costs can become considerable 
� yet maintenance is crucial for long term success.

Note that the costs of more robust grey see defenses to 
anticipate sea level rise are disproportionately higher, as 
the soft soil then demands expensive foundation of the 
structures. Grey infrastructure may become non-linearly 
higher with climate change in Guyana as the poor subsoil 
conditions will need improvements and/or solid foundations 
to carry larger and heavier seawalls.

By implementing green-grey measures, the design 
requirements of the seawalls and rip rap armored structures 
can be reduced. This saves costs for construction and 
maintenance of these structures. Hence, costs of the green- 
grey measures can be paid from reduced costs of the 
seawalls.
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6. PROJECT APPROVALS
Permits or approvals are given by agencies overseeing the region where a project 
is located or agencies that regulate the type of proposed project. Typically, the 
project proponent, or applicant, completes and submits a permit application to the 
permit approving agency for review and approval.

PROJECT APPROVALS
Each permit or approval application typically requires a 
unique set of information, and the amount of time to review 
and approve the application can vary depending upon the 
agency, project type, time of year, and quality of information 
submitted with the application.

In the early stages of a project, the design team, usually the 
project manager, should consult with local and national 
jurisdictions to identify the project permits and approvals 
required before construction can begin. Other approvals 
that may be needed prior to construction include:

�	 community organization (formal or informal) and/or 
land owner approvals;

�	 construction approvals internal to the implementing 
organization;

�	 endorsements from technical advisors;
�	 �nancier/investor approvals;
�	 local municipality and relevant government of�cials; 

and
�	 funder approvals, for example, if contracting with 

the local community to complete the construction, is 
outside the normal acquisition policy of the funder.

For some projects, a community-based environmental 
assessment can facilitate or complement a legally required 
review of the environmental aspects of a project. Community- 
based environmental assessments often occur outside of 
legal frameworks and use participatory methods such as 
interactive workshops, focus group discussions, community 
resource mapping, and/or site walks to understand and 
document environmental challenges and impacts. The 
outcome of the assessment can inform design development�
speci�cally, selection between alternatives or modifying 
proposed designs to reduce and/or avoid potential impacts. 
Possible risks for ecosystems and the community should be 
monitored proactively throughout the project



GUYANA - MANGROVE-SEAWALL ENGINEERING GUIDANCE

7. MATERIAL & CONSTRUCTION SPECIFICATIONS

25

7. MATERIAL & CONSTRUCTION 
SPECIFICATIONS

This section contains the lessons-learned on constructing permeable dams in 
Demak, Indonesia, partly based on the experience gained in Vietnam by GIZ (Von 
Lieberman, 2012). It is based on the more comprehensive �Technical Guidelines 
Permeable Structures� (Wilms et al., 2018) developed on the basis of the Building 
with Nature works in Indonesia. The dams in Indonesia and Vietnam consist of the 
classical brushwood dams, i.e. horizontally placed brushwood, which mainly damp 
the waves, and vertical poles to hold the brushwood. However, the issues addressed 
are directly applicable to the fences proposed for Guyana. The permeable dams need 
to stay in place long enough for mangroves to take over, which period is determined by the 
sediment accretion rate (in Guyana estimated at 1 � 3 years) and rate of mangrove recovery (in Guyana 
estimated at 2 � 4 years). Experience in Guyana suggests lifetime of the bamboo of 3 � 7 years.

CONSTRUCTION OF PERMEABLE FENCES & �ROYNES
We strongly recommend using fences made of vertical 
(bamboo) poles instead of the classical brushwood dams 
(where vegetation is placed between two rows or layers of 
bamboo fences):

1.	 Fences from vertical poles can be as ef�cient 
as brushwood dams with respect to wave damping,

2.	 The proper placement of brushwood in between 
supporting vertical poles is dif�cult, labor-intensive 
and expensive,

3.	 Brushwood is lost easily, and its application requires 
much maintenance,

4.	 When loose, �ow creeps under the brushwood, 
inducing local scour, further loosening the brushwood 
bundles.

The fences are constructed of bamboo poles, with diameter 
of 0.12 � 0.15 m. They are placed on the intertidal, thus totally 
emerging at least part of the time during low water. The 
top of the fence is above MHW � some overtopping is no 
problem.

The fences applied in STU�s are mechanically stabilized 
with a horizontal bar, in particular the frontal fences that are 
subject to wave loading (wave loading on the �side walls� of 
the STU�s is small).

When deployed as permeable groyne during interbank 
periods, wave loading can be large and additional mechanical 
support is recommended as applied in Demak, Indonesia. 
Note that bars and poles must be connected by wire, nailing 
damages the bamboo, reducing their lifetime considerably. 
The use of long wires is convenient, but these are valuable 
and were frequently stolen in Demak. Therefore, short, 
less valuable ropes are used, which however imply more 
construction work, thus higher costs. On the other hand, 
shorter ropes are easier to re-tighten, thereby lowering 
maintenance costs.

The bamboo poles are hammered into the soft soil to a 
depth of about 2m. Experience in Vietnam and Indonesia 
have proven that a hammer team of about 10 persons can 
do this ef�ciently, taking about 10 � 15 minutes per pole. 
Use of sledgehammers, etc. is not practical and not safe 
to operate in these shallow waters and may damage the 
bamboo.
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To build ownership, it is recommended to involve local 
stakeholders in the construction and maintenance of the 
fences, supervised by experienced staff from the ministries 
and/or contractors. In Indonesia this was organized through 
the so-called Bio Rights program, providing funds for local 
communities in return for construction and maintenance works 
(van Eijk and Kumar, 2009). This would lead to a construction 
cycle, as deployed in Indonesia:

1.	 Based on the Master Plan and Spatial Planning, a 
spatial design and time schedules are made for the 
work to be carried out in the next construction cycle.

2.	 Ongoing stakeholder engagement to explain 
progress and plans for the rest of the year.

3.	 Discussions of the plans with local communities to 
guarantee stakeholder participation. Past experience 
with previous structures (if any) and physical or 
social constraints at the proposed locations should 
be incorporated. Site inspection is a necessity for a 
detailed design, obtaining up-to- date data on depth, 
physical obstacles, etc. Markers for the actual 
construction are set to facilitate the execution of the 
work.

4.	 Permits may need to be obtained for construction 
in the coastal zone � compliance and application 
of these permits should continuously be checked 
during the execution of the work.

5.	 Tender for supervision: prepare documents and 
allocate budget. When possible, involve the 
supervisor in the tender for construction.

6.	 Tender for construction: prepare documents, drawings 
and allocate budget, also for maintenance. When 
ordering materials, provisions should be made for 
losses due to sub- standard quality.

7.	 Training for construction, maintenance, and monitoring.
8.	 Construction and supervision accounting for delays 

and unworkable weather.
9.	 Monitoring and maintenance start during the 

construction work and continues.

Bamboo fences and sediment trapping units are made 
with bamboo, a light bio-degradable material. This can be 
handled manually by a trained team. Bamboo poles are 
hammered into the soil by a hammering team to about 2 m 
depth. Their top is at about mean sea level.

For the placement of permeable groynes and coast- 
perpendicular groynes, heavy, mechanical equipment 
is required, and the work must be done by experienced 
contractors, following common coastal engineering guidelines 
and safety regulations.
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8. MONITORIN�, MAINTENANCE & 
ADAPTIVE MANA�EMENT

Green-grey infrastructure works in and with living ecosystems, which are adaptive 
and resilient to external pressures, evolving and performing more strongly with 
time. Conversely, maintenance requirements for grey only solutions often become 
more demanding and cumbersome over time, until they reach their �design 
life�, at which point they are obsolete. Monitoring, maintenance, and adaptive 
management of both living ecosystems and grey infrastructure are integral to 
ensure project function and longevity.

�	 Monitoring should be designed to directly measure and evaluate the project�s 
intended and unintended outcomes;

�	 Maintenance is critical to the longevity and effective function of a project; and
�	 Adaptive management iteratively improves the ability of a project to achieve its goals.

This section introduces a multi-step feedback process linking project monitoring and evaluation 
frameworks, maintenance strategies, and adaptive management.

WHY IS IT IMPORTANT TO 
MONITOR �REEN��REY 
INFRASTRUCTURE PROJECT 
OUTCOMES?
Project monitoring is critical to document and understand 
the strengths and weaknesses of each project, and to inform 
future green-grey project design and implementation. 
Monitoring supports essential components of any project: 
understanding the strengths and weaknesses of project 
measures, avoiding maladaptation, and ensuring that 
project outcomes are attained.

With increased uptake of green-grey infrastructure projects 
globally, understanding the outcomes of interventions, as 
well as documenting and learning from good practices is 
more important than ever. Effective monitoring to document 
the effectiveness of interventions builds the evidence base 
for green-grey infrastructure, which can catalyze further 
political and �nancial investment in green-grey infrastructure 
and support its broader adoption globally.

Monitoring data will inform (1) recommended design 
modi�cations for similar techniques proposed at other sites; 
and (2) any necessary adjustments at the project site to 
achieve long-term project outcomes. These are aligned 

with testing under a designed experiments model as well 
as optimizing best practices in design guidelines and further 
implementation at scale.

Compared to conventional grey infrastructure, green-grey 
infrastructure projects can support a host of co-bene�ts. 
For example, design bene�ts for incorporating natural 
features include an ecosystem�s ability, under the right 
conditions, to adapt to changing conditions (e.g., such as 
sea level rise) and rebound after an extreme event. That 
same ability to adapt and recover introduces uncertainty 
into the project outcome, when compared to a conventional 
grey infrastructure project, because ecosystems respond to 
external pressures and can evolve with time. Employing an 
adaptive management strategy, with a de�ned approach to 
modify the project upon encountering unintended outcomes, 
is one mechanism to manage this uncertainty.

Four steps for designing and implementing an adaptive 
management strategy for a green-grey project, which 
should be considered at the design development stage, are 
to:

Step 1: Develop a monitoring and evaluation framework;
Step 2: De�ne indicators, baselines, and targets;
Step 3: Operationalize the monitoring and evaluation 
framework in a maintenance plan; and
Step 4: Use and communicate the results in an iterative 
process.
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See the Guidebook for Monitoring and Evaluating Ecosystem- 
based Adaptation Interventions1 for detailed guidance on 
each of these four steps.

HOW TO CREATE A MONITORIN� 
AND EVALUATION FRAMEWORK?
Monitoring should be designed to directly measure and 
evaluate the project�s intended and unintended outcomes. 
The project monitoring and evaluation framework is based on 
the desired project results and should measure the outcomes 
of the green-grey infrastructure projects. Monitoring and 
evaluation is often required for climate adaptation projects 
that require an initial vulnerability assessment and then 
monitoring, to demonstrate improved resilience.

When designing a project monitoring and evaluation 
framework:

�	 Identify objectives and de�ne indicators;
�	 Collect baseline data that describes conditions prior to 

project implementation;
�	 Involve local communities and stakeholders in 

monitoring to achieve buy-in and enhance local 
capacity;

�	 Develop a plan and budget for how the monitoring 
and evaluation framework will be implemented, 
potentially well past the time the project ends. 
Consider:

�	 How will the information be collected?
�	 Who will collect the information?
�	 When will the information be collected and at what 

time interval?
�	 Where will the information be collected?
�	 Create a plan for how monitoring data will be 

analyzed and how the results will be used to inform 
adaptive management.

�	 Who will analyze the information? How and when?
�	 Will the results be published? How will they be made 

accessible and communicated to stakeholders (and 
the wider public, if applicable)?

�	 How can the results and lessons learned be shared 
with the wider green-grey community?

�	 If monitoring reveals an unintended consequence 
or outcomes that fall short of intermediate goals, 
the project design team should reconvene to visit the 
site, evaluate the impact and recommend 
modi�cations to the green and/or grey infrastructure 
elements.

1	 GIZ, UNEP-WCMC and FEBA (2020). Guidebook for Monitoring and Evaluating Ecosystem-based Adaptation Interventions. Bonn, Germany: Deutsche 
Gesellschaft für Internationale Zusammenarbeit (GIZ) GmbH. 84 pp. https://www.adaptationcommunity.net/download/ME-Guidebook_EbA.pdf. Donatti, 
C.I., Martinez-Rodrigo, M.R., Fedele, G., Harvey, C.A., Andrade, A., Scorgie, S., Rose, C., and Alam. M. (2019). Guidelines for designing, implementing and 
monitoring ecosystem-based adaptation intentions. Virginia, USA: Conservation International. 40 pp. https://www.conservation.org/docs/default-source/
publication-pdfs/guidelines-for-designing-implementing-and-monitoring-eba.pdf?Status=Master&sfvrsn=bccddc79_3

WHAT INDICATORS CAN BE 
USED TO EVALUATE �REEN� 
�REY PROJECT OUTCOMES?
The indicators or criteria selected to evaluate green-grey 
infrastructure interventions will depend upon the intended 
results of the project. The project�s performance, or 
ability to deliver these results, should be tracked closely 
in a project monitoring and evaluation framework and a 
project maintenance plan.

Of the several bene�ts accruing to a green-grey project, 
the following categories are possible to evaluate green- 
grey project outcomes. This will likely be in addition 
or complementary to measuring physical performance 
measures to inform engineering and design decisions, such 
as material strength, longevity, and integrity.

Climate adaptation and disaster risk reduction bene�ts � 
The reduced vulnerability and increased adaptive capacity 
of people to manage the identi�ed climate and disaster risks 
are a primary bene�t and can be monitored speci�cally 
by measuring the ability of people to take advantage of 
opportunities or to respond to damages associated with 
climate risks, hazards, changes and uncertainty. This could, 
for example, include estimating the reduced damage (e.g., 
fatalities and infrastructure loss) after an extreme weather 
event compared to a similar event pre-project.

Ecological bene�ts � The speci�c ecological bene�ts that 
will be monitored depend upon the project design and target 
ecosystem. For example, metrics to measure ecological 
bene�ts of mangrove restoration could include sediment 
accumulation and sediment stabilization, reduction of wave 
energy, mangrove seedling survival and growth, and the 
number of species (increased biodiversity). In this example, 
ecological monitoring could occur in (1) a control area, with 
no existing mangroves and outside the in�uence of the 
proposed green-grey infrastructure measures, (2) within the 
project area, and (3) in an existing natural mangrove area.

Social bene�ts � Social monitoring can provide quantitative 
and qualitative documentation of the short- and long-term 
social bene�ts of green-grey infrastructure projects. Social 
monitoring can be conducted through focus groups or 
household surveys. Potential metrics to measure short- and 
long-term social bene�ts include:
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�	 Community members� perception of their security 
or safetyif an extreme weather event were to occur 
(e.g., perceived risk before and after project);

�	 Community members� plan of action if notice of 
an impending extreme weather event were received;

�	 Community members� sense of well-being;
�	 Total community income over time as compared to 

trends in comparable communities; and
�	 Percent of community income derived from different 

livelihood types.

Other potential indicators include for project co-bene�ts 
include:

�	 Job creation and support for local livelihoods;
�	 Gender equality and women�s empowerment 

(e.g., increased salaries, participation in meetings 
and involvement in decision-making);

�	 Recreation and human health (e.g., space for people 
to access and enjoy nature, improve air quality, 
reduce local temperatures);

�	 Food security (e.g., drop in income from tourism 
makes food security provided by �natural systems� 
critical for resilience);

�	 Economic bene�ts (e.g., reduced maintenance cost 
of infrastructure, reduced damages to assets and

�	 livelihoods from disasters); and
�	 Expanded role of marginalized groups (e.g., 

participation in planning, design, implementation, 
and

�	 Monitoring, maintenance, and adaptive management).

Additional resources for identifying key performance 
indicators, assessment, and measurements methods 
include:

1.	 Blue Natural Capital Positive Impacts Management 
System2  

2.	 Use of Natural and Nature-Based Features (NNBF) for 
Coastal Resilience, Final Report3

This includes coastal landscape metrics in Appendix E. 
Chapter 4 encompasses performance metrics for ecosystem 
goods and services generated by nature and nature- based 
features and structural features in the post- hurricane 
environment.

2	 Herr, D., Baldwin, R., and Wilson, S. (2019). BNC+ Framework Blue Natural Capital Positive Impacts Framework Blue Natural Capital Positive Impacts 
Framework. [Online framework]. Gland, Switzerland and Grand Duchy of Luxembourg: IUCN & The Ministry of Environment, Climate and Sustainable 
Development. 30 pp.

3	 Bridges, T.S., Burks-Copes, K.A., Bates, M.E., Collier, Z., Fischenich, C.J., Piercy, C.D., Russo, E.J., Shafer, D.J., Suedel. B.C., Gailani, J.Z., Rosati, J.D., and 
Wamsley, T.V., Wagner, P.W., Leuck, L.D., and Vuxton, E.A. (2015). Use of Natural and Nature-Based Features (NNBF) for Coastal Resilience. Washington, 
DC, USA: Engineer Research and Development Center, U.S. Army Corps of Engineers. xxxi+446 pp. https://usace.contentdm.oclc.org/digital/collection/ 
p266001coll1/id/3442/

WHAT ARE THE ELEMENTS OF A 
PROJECT MAINTENANCE PLAN?
Project monitoring, maintenance, and adaptive management 
are connected in a multi-step, feedback process that is 
outlined in a project maintenance plan. The maintenance 
plan operationalizes the monitoring and evaluation 
framework and includes:

1.	 De�ning the �green� ecosystem and grey infrastructure 
assets to be maintained;

2.	 Identifying for each asset: (1) guidelines and steps 
for maintenance (e.g., pruning), (2) indicators to 
measure (e.g., ecosystem area), and (3) metrics;

3.	 Detailing the location of each asset, actions to be 
undertaken, and a maintenance schedule;

4.	 Applying  a  cooperative  approach  to  exchange 
information with stakeholders, and help de�ne 
and implement maintenance and monitoring 
practices;

5.	 Establishing training programs for technical and �eld 
staff on the maintenance activities;

6.	 Monitor performance of the assets, according to the 
project monitoring and evaluation framework, and 
report results and �ndings to the design team and 
contractors; and

7.	 Based on the results, modify the management to 
improve the project function.

Figure 16 provides a visual of the integrated elements of a 
project maintenance plan.
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Figure 16. An iterative approach to adaptive management (source: Iuell et al (2003)4)

4	 Iuell, B., Bekker, G.J., Cuperus, R., Dufek, J., Fry, G., Hicks, C., HlavÆc, V., Keller, V., B., Rosell, C., Sangwine, T., Tłrslłv, N., Wandall, B. le Maire (eds.) 
(2003). Wildlife and Traf�c: A European Handbook for Identifying Con�icts and Designing Solutions. Brussels, Belgium: European Co-operation in the 
Field of Scienti�c and Technical Research. 21 pp. http://www.iene.info/wp-content/uploads/COST341_Handbook.pdf

Conventional infrastructure projects typically transfer 
to an operational company or organization to conduct 
maintenance, monitoring, and adaptive management.

The green-grey maintenance, monitoring, and adaptive 
management plan should be ecologically minded and re�ect 
the long-term conservation and restoration objectives.

RECOMMENDED ACTIVITIES FOR 
MAN�ROVE & SEAWALL �REEN�
�REY STRATE�IES
Adopting the green-grey coastal infrastructure concept 
requires permanent, decades of management and 
interventions, during which conditions may change, 
insights and understanding may develop, more data 
may become available, etc. The information gained from 
these developments must be archived and accounted for 
in updates of the Master Plan and the various technical 

engineering and construction plans. This approach is known 
as adaptive management and forms a central element in the 
approach promoted here: working with nature / building with 
nature to allow nature-based solutions such as the Green-
Grey Coastal Infrastructure approach.

Such adaptive management needs to be informed by data, 
which stem from ongoing monitoring of the effects of the 
interventions. This requires a monitoring plan, consisting at 
least of:

1.	 Ongoing monitoring of the status and integrity of 
the seawalls (the grey infrastructure),

2.	 Ongoing monitoring of the natural bathymetry as 
affected by the migrating mudbanks,

3.	 Mudbank position and migration,
4.	 Sedimentation rates in the Sediment Trapping Units 

and in between the Coast-Perpendicular Groynes,
5.	 Development of mangrove colonization, and health 

and biodiversity of the mangrove fringes,
6.	 Status and integrity of green-grey coastal 

infrastructure elements, i.e. the fences and groynes, 
and

7.	 Debris production.
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A twice per year inspection of the status and integrity 
interventions is a necessity, and we recommend additional 
inspections after severe storms. Based on the �ndings, 
maintenance works must be planned and executed to be 
prepared for a next storm season (November � March). It is 
ef�cient if local stakeholders can assist in inspection and 
maintenance, but they must be trained for this.

�	 The MudBank Motor approach requires 
considerable monitoring, maintenance, and adaptive 
management.  The migration of mudbanks is key in 
this concept, and should therefore be monitored, 
at least once per year. Migration speeds are 
too erratic to make accurate predictions. Mud�at 
formation and extent must be monitored frequently 
as well, preferably twice per year to establish 
when and where new fences can be placed 
in front of previous ones. This is easier than the 
submerged part of the coastal bathymetry, as f.i. 
airborne lidar can be used at low water. Monitoring 
of mangrove colonization can partly be done 
through remote sensing, but visual inspection 
by biologists/ecologists is necessary to evaluate 
health and biodiversity of the trees. The various 
STU�s and permeable fences must be inspected 
frequently on a routine basis, preferably twice 
per year, and after severe storms. Damage must be 
restored as soon as possible, and damaged poles 
must be removed to prevent debris problems.

�	 Pilot experiments with various STU-dimensions 
are recommended at speci�c locations, and their 
performance must be monitored at an even higher 
frequency, dictated by wave events. The more 
important parameter here is the sedimentation rate.
This can be established from reading the bed 
level elevations over time from measuring poles, 
hammered into the soil, equipped with a measuring 
scale. Such poles are to be distributed regularly 
across a STU. Likely, such an array of measuring 
poles is placed in several STU�s, while others are 
equipped with one reference measuring pole only.

�	 The eastern edge of the mangrove fringes is 
vulnerable to erosion when an interbank period 
approaches. Frequent inspection of the functioning 
of the permeable groynes placed to protect these 
mangroves is important.

�	 Inspection of STU�s along the more riverine dominated 
parts of the coast need to be frequently inspected as 
well, again preferably twice per year on a routine 
basis. Sedimentation, i.e. the formation of mangrove 
habitat within the STU�s and subsequent mangrove 
colonization must be monitored to establish when 
seaward extension is possible. Likely, wave loading 
is limited in most cases, as these STU�s are located 
in more sheltered areas.

The permeable groynes to lower wave loading on existing 
grey infrastructure and reduce wave re�ection during 
interbank periods are likely constructed of durable material 
(armored concrete). Yearly inspection, in conjunction with 
the common inspection of the seawalls themselves seems 
suf�cient.

The mechanical stability of the coast-perpendicular groynes 
(both for sandy and muddy applications) proposed likely 
requires also once per year inspection, as these are assumed 
to be solid structures. However, their hydro-sedimentological 
performance is recommended to be monitored frequently 
collecting information for better informed designs in the 
future.
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