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Preface 

Salinization of agricultural soils is arguably an unavoidable consequence of climate change with a 

large impact on global food production. This raises the question of whether to continue fighting saline 

agricultural soils as is the contemporary norm, or to develop systems that utilize saline soils in a 

sustainable manner. Staatsbosbeheer (The State Forest Department) as an organization concerned 

with sustainability, therefore, commissioned this project as part of a series of projects dedicated to 

alternative forest management practices. Particularly, this project explores the potential for 

developing a brackish food forest in Houtrak as a creative means of utilizing saline agricultural soils.   

This report titled “a taste of change” contains responses to the needs of the commissioner in the 

form of advice on how this idea can be achieved. It combines academic rigour with consultancy advice 

by providing knowledge on the two important components of the project: the potential plants that 

can be included in the food forest and the necessary physical conditions that are needed to support 

them. The project is a novel concept that combines permaculture with principles from several 

alternative agricultural systems and follows the principles of building with nature. Through this 

report, we hope to support the commissioner’s ultimate aim of raising public awareness about the 

need for and the potential of saline soils for growing food in a nature-inclusive manner. This report 

is, therefore, intended as a baseline document for initiating the brackish food forest in Houtrak.  

The project team gratefully acknowledges the efforts of the commissioner Kees van der Vaart for his 

availability and willingness to share knowledge and other information as was required for this project. 

Furthermore, the team is appreciative of the guidance of the Coach Lian Kasper and her contribution 

towards our personal and team development. In the same vein, the team appreciates the academic 

coach Jeroen Kruit for taking time to read through our several manuscripts. Lastly, we would like to 

thank Wouter van Eck for sharing his insight and hopes for a brackish food forest.  

We hope that you enjoy reading it!  
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Executive Summary 
The existential problem of salinization of agricultural soils due to rising sea levels raises the need to search for 

alternative ways to produce food on brackish soils. To raise awareness for this challenge and explore the 

potential for nature integrated food production under saline conditions, Staatsbosbeheer wants to develop a 

brackish food forest in the Houtrak. This project seeks to research the feasibility and options for this plan. The 

team’s expertise in hydrology and water management, forest and nature conservation, plant adaptation, 

aquaculture, marine resources and ecology, and food forest design covers the core areas assessing the 

potential of a brackish food forest. In this report, we have provided hydrological management options based 

on the insights of a combined water- and salt balance and the abiotic conditions they facilitate, as well as a 

database containing suitable plant species and their traits. Importantly, the plant species were selected using 

a Multi-Criteria Analysis (MCA) that classifies the plants into four different categories that consider habitat, 

water table, texture, moisture, salinity and soil types. A total of 185 plant species (identified based on their 

salinity tolerance) were subjected to this analysis of which 93% are perennial and have at least one edible 

plant part. Following the results of the MCA, some high-performing species with high market potential include 

sea buckthorn, common fig, artichoke, asparagus, among several others. In terms of design options, our 

proposed design includes geomorphological features like a buffer lake to retain brackish water and a network 

of creeks to distribute saline water throughout the project area. This report concludes by suggesting a food 

forest design that includes a variety of landscapes that can support a large range of plant species with different 

ranges of salinity. 
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1. Introduction 

Salinization of Agricultural soils: to fight or live with it?  

Salinization of soils as a result of rising sea levels in lowlands of coastal regions constitutes one of the major 

impacts of climate change in these regions. This existential crisis poses challenges on traditional food and 

agricultural systems, thus, justifies the need for new ways of thinking about food security. While there remain 

objections to the quality of science predicting the rate of climate change, the amount of evidence gathered 

from its continuous impact has led to a global consensus (Turral et al., 2011). By 2050, the world population is 

expected to grow to 10 billion individuals, creating a corresponding increase in global food demand by 59 to 

98 per cent (FAO, 2009). The challenge of meeting this demand is further strained as a result of increased 

marginalization of agricultural lands due to salinization. According to Diack et al. (2015), more than 20% of the 

global irrigated land area is affected by salinization, with a larger proportion in lowlands of coastal regions. 

This is reported to reduce global food production potential by 27.3 billion US Dollars per year (Qadir et al., 

2014).   

In the Netherlands where over 33% of the land surface lies below sea level, model simulations predict doubling 

of the salt load from groundwater seepage by the year 2100 (Oude Essink et al., 2010). Given this context, the 

need to produce food crops with saline soils has become increasingly important. Contemporary methods for 

utilizing saline soils focus on reducing the salinity gradient by using high-end technologies such as electro 

melioration, drainage and flushing of soils with freshwater (FAO, 2018). Such methods have been used for the 

monoculture of edible crops like potatoes and tomatoes but are relatively expensive in the short run or 

unsustainable and inefficient in utilizing soil nutrients in the long run. As such, the need for alternative 

agricultural land-use systems that can utilize the full potential of saline soils for symbiotic food production is 

inevitable. One of such new systems rooted in the circularity and stability of natural processes are food forests. 

They are considered as a type of agroforestry, which refers to any agricultural land use system where trees 

are cultivated often in combination with annual crops or animals (Rodríguez et al., 2009). 

Why food forests?   

Food forests have received growing attention within European policymakers and citizens alike as interests in 

the relationship between food provision, recreation and nature development continue to increase. Especially 

during the last five years, an increasing amount of small-scale initiatives (most of which are citizen-driven) 

have been planned and realized (Stichting Voedselbosbouw NL, 2016). Food forests also known as edible 

forest gardens are agroforestry systems in which edible foods are planted in a way that mimics the forest 

ecosystem found in nature. Several factors underly the growing attractiveness of this food movement. For 

instance, when compared to monoculture, the use of problematic chemical fertilizers, fossil fuels and 

chemicals in agroforestry can be minimized or become eliminated (Jacke and Toensmeier, 2005). This also 

applies for heavy machinery that degrades and erode the soil through compaction. In addition to the provision 

of normal ecosystem services such as light capture, carbon storage, and biodiversity stimulation, food forests 

also provide edible food for man and animals. In fact, some reports suggest that food forest may be more 
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economically viable than monoculture, producing twice as much food per hectare (Buiten & de Waard, 2017). 

Furthermore, food forests may provide other social benefits including education and recreation.   

 

 
 Several food forests are already in existence in the 

Netherlands, one of which is located in the Houtrak 

area. This is a part of a larger ecological structure 

belonging to Staatsbosbeheer and is divided into 

three parts (Noorderbos, Houtrakkerbemden and 

Groene Schip), with each part playing an important 

role in showcasing the link between nature 

conservation and recreation. The Noordebos part 

which hosts the existing freshwater food forest 

comprises of edible woody perennials, ranging from 

the nutritious Juglans regia (English walnuts) to the 

elusive Asimina triloba (Pawpaws) that are open to 

humans and the animals (birds, insects and small 

mammals) that exist within the park. In response to 

the inevitable increase in salinization, 

Staatsbosbeheer is interested in developing a brackish food forest within the area. This is intended as an 

innovative way of using saline soils rather than fighting the salinity. While numerous food forests already exist 

in the Netherlands, the novelty of the brackish food forest poses a few challenges:   

• A major knowledge gap remains about how food forests generally function due to its complexity, 

unique site-specific character and the young age of the existing food forests.  

• Typical food forests have different vertical layers of vegetation that are preferably perennial. Due 

to the relatively young age of food forests in The Netherlands, the knowledge gap includes a lack 

of information about salt tolerant wood species that can provide food.   

• Ecologically, the possibilities of newly introduced brackish food forest species becoming invasive 

may affect the ecosystem greatly and have significant adverse effects on biodiversity and 

associated ecosystem services.   

• The possibility of large fluctuations in salinity resulting from physical processes may present a lot 

of stress to food crops.   

• Groundworks could influence flooding regimes in the food forest. This, in addition to salinity 

fluctuations facets into the overall complexity of managing water levels.   

• In terms of management, the addition of a brackish food forest in Houtrak area may present 

additional labour requirements.  

The aim of this report is, therefore, to provide the commissioner with the technical information required to 

make the concept of a brackish food forest more concrete.  

Methods and Output  

In this report, existing knowledge of food forests with knowledge of hydrological and (saline) vegetation 

systems are combined to create a design for the proposed brackish food forest at Houtrak. A preliminary 

assessment of the Houtrak area revealed some information that guided the site selection for this pilot project 

and the definition of the research questions. The general area contains several components including a 

brackish nature area on its northern side (figure 1). Three hectares (3 Ha) of land located in proximity to the 

Problem Statement  

Rising sea levels as a result of climate change increase 
inland salinity in soils and decrease agricultural 
productivity. While, as a result of a growing population, 
the need for sustainable food production systems 
increases rapidly. Staatsbosbeheer wants to explore the 
potential to combine climate change adaptation with 
sustainable food production and raise public awareness of 
these topics by developing a brackish food forest in the 
Houtrak area. To come up with an advice for design and 
management in depth, information is needed about the 
abiotic factors, as well as about potential vegetation 
composition and structure of a brackish food system. 
Alternative agricultural systems like permaculture and 
food forests do already exist in freshwater conditions and 
can provide lessons that can be adapted to a brackish 
environment.   
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brackish water inlet from the existing brackish nature area is chosen for this project. By doing so, the risk of 

salinizing surrounding soils used for non-brackish agriculture is eliminated. In addition, the proposed pilot plot 

is next to the existing freshwater food forest and therefore makes management easier. In terms of defining 

the research question, the pre-existing vegetation is sparse and mostly non-brackish grasses. Thus, does not 

provide a lot of information on the potential edible brackish species that can be included in the area.  

Figure 1: Overview of the Houtrak Nature area showing the proposed brackish food forest (highlighted in blue). 

Specifically, methods adopted in this project were directly tailored towards answering each of the research 

sub-questions. For sub-question 1, an investigation of the abiotic factors of the food forest area was done by 

combining online meteorological data sources and available literature. To answer sub-question 2, the most 

relevant plant traits concerning the required abiotic growth conditions, value for humans and relevance for a 

brackish food forest system were identified. Based on these traits, a long list of potential plant species was 

composed and evaluated for suitability in the proposed brackish food forest using a multicriteria analysis 

(MCA). The general plant database used for the MCA was created by cross-referencing scientific articles, books 

on food forests and online plant databases (including Waarneming.nl and CABI) Furthermore, an interview 

was conducted with food forest pioneer, Wouter van Eck to discuss potential the most relevant traits for 

potential plant species. From a hydrological perspective, important parameters such as the groundwater level, 

salt and water balances were worked out for different scenarios. General groundwater and soil data from 

Dinoloket were compared against field measurements to calculate these parameters. Finally, based on the 

combined information derived from answering sub-questions 1 and 2, a realistic procedure for maintaining 

the groundwater levels and salt concentrations in the project area is described. 
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Scope and limitation of the project  

For this research, the approach and scope adopted follows the concept and definition of food forests proposed 

by the national Green Deal. This is also the scope applied by Stichting Voedselbosbouw Nederland, with which 

Staatsbos Bosbeheer collaborates closely with on this project.  According to the Green Deal definition, food 

forests are by humans designed productive ecosystem mimicking a natural forest, with a high diversity of 

perennial and/or woody species, of which parts (fruits, seeds, leaves, shoots, etc.) are edible for humans. With 

presence of:  

• A crown layer of higher trees  

• Minimal of 3 other niches or vegetation layers of lower trees, shrubs, herbs, ground covers, 

belowground crops and climbers  

• A rich forest soil life  

• A robust size (minimum area of 0,5 - 20 ha depending on richness of surroundings)   

This way, food forests are designed to ensure that the ecosystem is self-sufficient. In the same manner, the 

desired brackish food forest should provide a large range of edible foods (fruits, nuts, vegetables, etc) all year 

round. Beyond the vegetation required to make the forest, it is equally important to consider landscape design 

elements such as hedges, ponds, ditches, dunes, etc. Besides the eco-servicing function and edibility potential 

of food forests, factors like culinary potential, economic importance and market potential of the species 

should be considered if food forests are to be upscaled for adoption by a larger populace.  
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However, owing to the range of expertise of this 

project team and the limited time available, the 

focus of this report is relatively condensed and 

focused on the vegetation and their hydrological 

demands. Specifically, attention was paid to the 

biotic and abiotic demands and limitations for 

designing the system. Factors such as water 

management, salinity levels, soil drainage 

potential, sweet-saline gradients, and physical 

factors that affect soil nutrients availability were 

addressed as important abiotic factors. In terms of 

the biotic factors, major focus was placed on the 

vegetation of the project area and their potential 

to thrive in the created saline conditions. Other 

factors such as invasiveness were considered and 

subsequently addressed. The outcomes of the 

sub-research questions were used to create zones 

in which plants with similar traits are assigned. 

These zones are mainly a selection of species in 

combination with salinity and hydrology 

requirements for a specific management regime. 

Also, other factors like suitable habitats and 

possible ecological niches and interactions were 

considered in creating the zones and assigning 

plants to them. These will facilitate the design 

process and management plan for the brackish 

food forest.   

Therefore, the rest of this report is structured into chapters that are dedicated to the focus of this project. The 

second chapter describes the abiotic considerations for establishing the food forest, followed by a chapter 

dedicated to the description of the current geophysical situations and hydrological requirements for the food 

forest. Elucidated in the rest of the report are the implications of these abiotic and geophysical factors on crop 

selection and the hydrological requirements necessary for establishing the food forest. This report concludes 

with a summary of the most interesting finding and reflection on future perspectives that could be explored.  

 

  

Research Question  

In response to the needs of the commissioner, this report 
provides advice on the species that can thrive in a brackish 
food forest and how the current hydrology can be adapted 
to facilitate the growth conditions of these species. To 
explore the knowledge needed for the development of a 
brackish food forest and the feasibility of such in the 
Houtrak area, the main research question for this project 
is formulated as follow:  
“What are the possibilities to integrate hydrology, 
salinity and suitable plant species to facilitate the design 
process of a brackish food forest at Houtrak?”  
The subsequent chapters of this report are dedicated to 
provide an answer to this question using the following 
general outline:  
Chapter 2: Identifies the most important large-scale 
abiotic factors and elaborates on the pre-existing abiotic 
conditions  
Chapter 3: Provides a link between hydrology and salinity 
to create results and insights for the hydrological design 
and management options of the brackish food forest  
Chapter 4: Describes the process of finding suitable plant 
species for a brackish food forest through defining 
important plant traits and analyzing the species 
suitability for zones with different abiotic gradients.  
Chapter 5: Investigates the implications of the previous 
chapters in terms of the hydrology, salinity and vegetation 
on the design process and proposes a possible design for 
the area, including a detailed description of the design 
elements.  
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2. Considerations for the Houtrak Brackish 
food forest: Abiotic Factors 

The project area is part of a larger nature area consisting of forests, flowery ruins and a brackish water source, 

all of which provide different ecosystem services. In addition to these services, they provide a microclimate 

that influences the abiotic factors in the project area. This microclimate dictates the prevalent abiotic 

conditions and how they may interact to support the biodiversity created within the food forest. As such, an 

identification of the most important factors is important before attempting any plant selection. Furthermore, 

the pre-existing abiotic conditions provides baseline information for predicting change in the food forest 

microclimate as the forest matures. After all, a major principle of food forests is that they should be self-

sustaining with an ability to regulate its microclimate and therefore reduce the need for intensive 

management practices. To provide insight on the most important abiotic factors, they are hereby further 

classified based on the scale of influence and the expected interactions.    

Large-scale abiotic factors  

These are factors that exist beyond the microcosm of the project area, but with great influence on the 

microclimate of the brackish food forest. Most important among them include precipitation, 

evapotranspiration, temperature and surface water movement.  

Precipitation and evapotranspiration  

Data collected over 30 years from the closest weather station to the project area (Schiphol weather station) 

provides useful information about the precipitation and potential evapotranspiration (ETp) of the project area. 

The average precipitation of the project area is 69.9 mm per month with the wettest months in Fall (October 

and November) and the driest months in Spring (April and May). The actual evapotranspiration (ET) of the 

predominant vegetation in the project area was calculated as the product of the ETp and a crop factor of 0.9 

- 1.0 (Jos van Dam, not yet published). The average ET per month is 48.2mm with the highest values in the 

summer (84 – 100mm) and the lowest values in the winter (6 – 10mm). During the wet months, the salinity of 

the topsoil is expected to decrease as a result of the low evapotranspiration and leaching of salts into 

groundwater from the high amount of precipitation. Contrastingly, the salinity is expected to increase in Spring 

as a result of the low precipitation and in Summer as a result of high evapotranspiration. As the food forest 

develops, it is expected that the salinity increases further during the Summer due to increasing ETp of growing 

trees and large shrubs. 

Salinity 

In a brackish food forest, one of the most important abiotic factors is the salinity level of the soil and 

groundwater. In freshwater plants, high salt concentrations cause a dual problem for the physiology of the 

plant, as it causes both osmotic and ionic stress (Székely, 2007). Osmotic stress is similar to drought stress, 

while ionic stress is caused by the high presence of sodium ions, which are toxic to plants. Due to its similarity 

to potassium it can interfere with vital processes like photosynthesis (Zhu, 2002). This will in turn result in 

morphological changes, that include growth reduction, necrosis and in severe levels it causes mortality. While 

most plants can tolerate low levels of salinity through avoidance (actively growing away from high salt levels 

(Galvan-Ampudia et al., 2012) or only growing in favourable locations or seasons), there are some plants that 

have fully adapted to a saline lifestyle. They often have functional adaptations, such as salt excretion in the 
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leaves or salt glands. Some have mechanisms to exclude salts at the roots or compartment ions in specific cell 

organelles. 

These salt tolerant plants are also called halophytes. Most cultivated crop species are glycophytes. Generally, 

a limit of 0.5% (or 86mM) NaCl is used as a defining line for halophytes by Chapman (1942), which is about a 

sixth of the salinity of ocean water (approx. 480mm Na+ and 560mm Cl-). One important source for data about 

salt tolerance plant species is eHALOPH, an extensive database of halophytes (Santos et al. 2016), which lists 

plant species only with a salt concentration of around 80mM sodium chloride (approximately 8.0 dS/m) or 

more.  

Of interest for a brackish food forest are halophytes that may actively take up salts in the direct surroundings 

and lead to a heterogenic salt pattern (Breckle, 2002). If plant material is taken out of the system, for example 

harvesting the leaves or fruits (for consumption) or leaf litter is taken away by the wind. However, if the salt 

rich litter accumulates under the plants, this may locally increase salt concentrations. In addition, there is 

evidence that certain mangrove species and xero-halophyte species may increase the direct surroundings 

(Veste and Breckle, 1995). Interestingly, several studies (Glenn and O’leary, 1984; van Diggelen, 1988) found 

that under controlled laboratory settings, the relative growth rate of lower salt marsh hydrophytic species is 

not necessarily lower than that of glycophytes (non-salt tolerant plants) at non-saline conditions (0mM NaCl) 

(Flowers et al, 2008; Rozema and Schat, 2013). This provides good prospects for our system, as this indicates 

some level of flexibility even for the species that normally perform well on high levels of salinity.  

Temperature and wind  

The average annual temperature of deciduous forests is about 10oC, with highest temperatures recorded in 

the Summer and the lowest during the Winter. This is same as observed in the project area with average 

summer temperature of 16.8oC and winter temperature of 3.7oC. This has a direct impact on the nature of 

vegetation that can grow in the food forest in terms of cold hardiness. Furthermore, seasonality in 

temperature fluctuations results in changes in the chemical and physical soil environment. For example, 

chemical and biological reactions that affect mineral weathering, chemical solubility and other soil chemical 

properties occur slowly in the winter months (Molina et al, 2019). In addition, low temperatures will affect 

plant processes, which depending on the plant species may result in a negative plant growth and productivity. 

Plants have different preferences for temperatures, but mainly low temperatures can be limiting. This is also 

known as the frost tolerance. Another effect of the season cycle is the change in leaf area, that may in turn 

affect other abiotic factors such as evapotranspiration and light penetration.  

Data from the Schiphol weather station reveals seasonal fluctuation in windspeed with a monthly average of 

1.5 ms-1 blowing in the southwest direction (237o). Similar to the other abiotic factors, this fluctuation would 

play significant role in the start and development of the food forest. A survey of the project area in early Spring 

showed that it is exposed to the strong winds coming from the south. Such winds, especially in the Winter 

could disturb seed dispersal and the establishment of nursery plants. Furthermore, even as forests develop, 

high wind speed could also accelerate soil erosion and distribution of organic matter on the topsoil. In the 

initial developmental phase of the food forest, larger plant species may play a crucial role in their soil holding 

capacity and blocking the wind for smaller, newly establishing species. As the food forest develops the soil will 

be less vulnerable to erosion because of the fixation by the roots of plants.   
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Pre-existing abiotic conditions in the project area  

This section of the report describes the project area with a focus on the abiotic factors. It presents the current 

state of these factors that are important for the vegetation, and thereby creates a foundation knowledge for 

the necessary hydrological manipulations.  

Soil type  

Field survey conducted at the project area revealed the soil profile at different borehole locations. The location 

at the middle of the field contains all the different layers and an average depth of the sandy layer, which are 

an important factor for the groundwater transport. Besides that, the measurement gives an extended profile 

until 3,3 meters below surface. The location had the relatively thickest clay layer (0.9m corresponding to 3.8m 

minus NAP), followed by a shallow sand layer of 0.1m. The peat layer in this part of the parcel extends from 

3.93m to 5.73m (minus NAP), while a soft clay layer exists at the deepest point of the borehole (5.78m to 

6.13m minus NAP). The middle location of the parcel (Borehole ID 7) was assumed to be representative of the 

average conditions of the entire project area.  

Other boreholes dug across the North-South cross-section of the project area reveals a vertical gradient of the 

different soil types. In the southern part of the parcel, the top clay layer (base at 70-80cm below surface) is 

followed by a soft clay or clayey peat layer. The thickness of this lower layer is not known but is at least 0.45m 

in thickness. Whereas, in the northern side, the clay layer is followed by a sand-silt layer of 0.3m thickness and 

a peat layer starting from 4.01m minus NAP. An average clay layer depth of 0.8m from the surface 

corresponding to 3.58m minus NAP was recorded across the cross-section. 

More so, the soil profile at each borehole gave an indication of the groundwater level at each location. 

Generally, the groundwater level is closer to the surface towards the south of the parcel (ID 5, 6, 7) than in the 

North (ID 9, 10 and 11). At the time of site visit, the water level was estimated at an average of 70cm below 

ground surface. Also, brown patches where found in the upper profiles, between 20 and 30 cm vertical 

distance, that suggests a shallow groundwater table or ponding on the surface during winter times (wet). Iron 

oxide was also found at the depth of 70 to 100 centimeter, that can indicate large fluctuations in groundwater 

in this layer which could be an indication of the larger drainage capacity of the sand.   

Soil fertility and acidity  

Soils are dynamic living system that supports the growth of the vast vegetation and regulate other biochemical 

processes. This includes the regulation of the energy flow, movement and transformation of water, carbon 

and nutrients within the entire area. In the project area, a precise description of the fertility potential of the 

soil would require a soil test that evaluates the concentration of plant-available nutrients within the soil. Such 

assessment was not possible owing to travel and time constraints associated with this project.  However, some 

physical characteristics of the topsoil (upper 10cm) profile gathered from previous researches provides useful 

information about the fertility of the project area (BLGG AGRO & PETRUS, 2013).   

In this regard, the pH of the soil is arguably the important factor as soil acidity (pH <5) and alkalinity (pH > 7.5) 

affects the availability of plant nutrients. Essential macronutrients such as Nitrogen and phosphorus are most 

abundant within the ideal pH range of 6.2 -7.3 (BLGG AGRO & PETRUS, 2013). Within our project area, the pH 

is 7.1 (Kamerling et al., 2017). This falls within the optimum range required for the growth of most plant 

species. In terms of organic matter, most productive agricultural soils contain between 3 and 6% organic 

matter. Presently, the organic matter within the project area is 8.4% (Ecogroen report). This is suitable for the 

development of a food forest since organic matter content is usually higher for forests than agricultural soils. 
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Furthermore, analysis of the topsoil shows a composition of 34% clay, 37% silt and 16% sand. Different soil 

types will dictate water and nutrient availability for plants and accommodate different types of plant species.   

Geohydrology  

Furthermore, the hydraulic conductivity of the clay topsoil (50cm) was determined using the inversed auger-

hole method. A borehole (35cm) was dug in the middle of the project area and was filled with water from the 

side ditches until the soil below and around the hole was saturated.  The water level in the borehole was 

measured every 2 minutes. With a few measurements of a steady decrease in the water level, we assumed 

that we had reached the steady state of the conductivity of water in the top layer. The infiltration will occur 

both through the sidewalls and the bottom surface of the borehole (Oosterbaan and Nijland; 2017). From the 

field observations and measurements, the calculated hydraulic conductivity of the topsoil is determined at 

0.392 meters/day. The uncertainties in this can be significant because of the formation of cracks in the clay as 

result of the drier conditions. This can result in larger measured conductivities than was measured. The cracks 

during the measurements shows that the cracks can have an impact up to a depth of 30 centimeters.   

Surface water  

The brackish nature area beside the proposed brackish food forest area is supplied with water from Zijkanaal 

C, which is connected to the North Sea channel. The incoming water has a salinity of 3.7 gL-1 chloride (Cl), 

measured at a depth of 1m at the location of the water inlet from the channel (Omegam Water measurements, 

2017). This water shall be supplied to the brackish food forest. The inlet of the brackish water from the nature 

area into the project area consists of a plastic (PVC) pipe with an inside bottom height of 3.90m below NAP 

and a diameter of 160mm. The surface water in the nature area has an average water level of 3.30 meter 

below NAP. The lowest surface water is expected to be 3.60m minus NAP and the highest water level of the 

nature area is 2.70m minus NAP. According to this information the inlet of water from the nature area into 

the food forest will be possible. The amount of flow will be determined during the design phase. For this, the 

difference in water level between the nature area and food forest will be used.   

Also, there are existing ditches flanking both sides of the project area which influence the water balance. The 

ditch on the eastern side has a bottom level of 1.44 meters below the surface and a water depth of 22 
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centimeter including mud with relatively turbid standing water. The width at the water surface was 75 

centimeters and the incision width at the surface was 2.30 meter. The western ditch had a bottom level of 

1.45 meters and 3-4 centimeters of water depth, the water was flowing towards the north. This is the opposite 

direction of the expected discharge trough the culvert into the Middelsloot. The width of this ditch was 0.6 

meters at the water level and 2.40 meters at the surface. 

Figure 2: Elevation and surface water entrance of the project area  
   

Seepage from nature area and food forest location  

Seepage of saltwater from the surrounding brackish lake, North Sea channel and North Sea is an abiotic factor 

that can influence the level and salinity of the groundwater, as well as the salinity of the topsoil of the project 

area. Presently, seepage occurs naturally at a low rate with low salinity such that its impact on the salinity of 

the topsoil is very low. An option to increase the seepage quantity at the surface would involve large 

earthworks to move the ground level closer to the seepage level. A previous attempt to use punching seepage 

pipes at deeper levels resulted in high seepage but polluted with a high concentration of sulphide.   

Surface elevation and water inlet  

The project area is situated below sea level and situated on top of the formations of the old IJ river. The lowest 

point in the area is situated in the north and has an elevation of approximately 3m to 3.1m minus NAP. To the 

south, the surface slopes upward and the highest part is around 2.5m minus NAP. These height differences 

are related to the former IJ river gully and levee (Kamerling et al., 2017, Dinoloket, 2020). This results in a 

height difference in the area of around 50cm – 60cm. According to Ecogroen (Kamerling et al., 2017), the 

surface elevations are uncertain, especially in the lower areas, because of compaction and subsidence. They 

estimated a deviation of 0 - 12cm from AHN3 with an average of 5cm. These elevation levels are important to 

consider for determining the groundwater level with respect to the surface level, the possibly needed 

groundworks and the rooting depth of the vegetation. The stability and height of the groundwater level is 

important for plant survival. Some plants experience stress when their roots are in constant contact with water 

and cannot stand being waterlogged. Well drained and higher areas are important for those species.   
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3. Considerations for the Houtrak Brackish 
food forest: Hydrology and Salinity 

The approach of this project differs quite markedly from contemporary methods of salinity management. As 

a demonstration brackish project to be done on relatively “sweet soil”, it is first important to create the 

required saline conditions to mimic salinized soils. This necessitated a survey of the project area for an 

assessment of the hydrological requirements for such design. Of importance to this project is calculating the 

water and salt balance, then formulating a management plan around these factors.   

Basic theory of groundwater  

Groundwater levels in a certain field will change within a year. In periods with more evapotranspiration, the 

groundwater level will decrease due to demand of water that evaporate at the surface. During wet season, 

the precipitation infiltrate in the soil and will not immediately flow to the ditches but stored in the soil and 

increase the groundwater level. Close to the ditches, the water can be discharged soon to the surface water, 

while the precipitation at the half of the field need to travel the largest distance to the ditch. From this, the 

maximum bulge or change in groundwater level will be maximum at half of the field, while close to the ditch 

the groundwater level will be remain more constant to the water level in the ditch.  

Calculation of highest groundwater level 

 

Since our project area has an upper soil layer of clay, the Hooghoudt equation cannot be used for calculating 

the maximum head level. The Hooghoudt-method is the most common and simple method to define 

maximum head between two equivalent ditches and can be used in case of sandy layer (aquifer) on top of an 

impermeable layer (aquitard). From the field survey come forward that there is a more permeable layer 

beneath a less conductive clay layer. This limited the possible analytical methods that can be used. The Ernst 
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equations is the most evident to determine the maximum groundwater level (Van Beers, 1976, Ritzema, 2006). 

For the interested readers, the Ernst equation is more extended than the Hooghoudt equation because it 

considers the vertical, horizontal and radial component to determine the maximum groundwater level.  

Figure 3: Sketch of the implemented situation for the Ernst equation  

The sketch in figure 3 shows an overview of the area and the used parameters for the Ernst equation. The 

cross section is mirrored along the y-axis in the middle of the field (right side). The lower boundary is the 

separation between the sand + peat and the lower clay layer at the depth of 5.85 minus NAP. 

Assumptions   

Just like the other hydrological approaches and equations, the Ernst equation deals also with assumptions. 

One of the assumptions of the Ernst equations is that the ditches are parallel to each other and the same ditch 

level. Therefore, the groundwater flow is considered as two dimensional instead of three dimensional; only 

the vertical flow and horizontal flow to the ditch will be inserted as relevant fluxes. Besides that, the spatial 

variation of different parameters is also not included and therefore assumed as constant for the whole 

area. The maximum groundwater level above the ditch level will be at half of the field between the two ditches 

due to homogeneity (Van Beers, 1976).  

Implementation  

As a result of the field visit, we assumed that the clay layer at the depth of 2.85m below the surface can be 

used as an aquitard. This aquitard is valid and necessary as a boundary condition in the Ernst equation. Above 

that, we found multiple layers consisting of clay, sand and peat. Table 1 represent the relevant data of the 

characteristics of the soil until the aquitard. The hydraulic conductivity values of the sand, peat and clay is 

based on field measurements, grondwaterformules.nl and Biron (2004). The measured hydraulic conductivity 

of the clay layer was relatively high due to the drier topsoil. The presence of cracks makes the (vertical and 

horizontal) hydraulic conductivity higher in dry periods since the cracks increase the infiltration rate in the soil. 

In the wet seasons like winter, the clay soil contains no cracks anymore and has a lower hydraulic 

conductivity.   

Table 1: Table of the different soil types and data  

Soil  Layer  K (m/day)  D (m)  

Clay  L1a  0.392  0.3  

Clay  L1b  0.01  0.6  

Sand  L2  0.7  0.1  

Peat  L3  0.015  1.8  

Sand  L4  0.7  0.05  
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Since the Ernst equation is dealing with only two different layers, there is decided for a permeable layer of the 

sand and peat and less permeable topsoil of clay. For the combination of peat and sand layer, a mean is 

calculated to determine the hydraulic conductivity of the whole layer. (Das and Sivakugan, 2016). This method 

is also done with the clay layer to combine literature data with our own field measurements. 

The average horizontal hydraulic conductivity of the peat and sand layers is estimated at 0.067 m/day. For the 

clay layer, the vertical hydraulic conductivity needs to be calculated. The anisotropy is a factor that gives the 

relation between the horizontal and vertical hydraulic conductivity. The calculated vertical hydraulic 

conductivity for the clay layer is 0.027 m/day after using an anisotropy value of 5 (De Louw et al, 2013). The 

recharge flux in the Netherlands is the precipitation surplus with a typical value of 0.001 m/day. The ditch 

width and water level are measured with the field visit and applied in the Ernst equation.  

To create a groundwater level with a maximum of 0.5 meters below the current surface level an iterative 

approach is used between the vegetation and the hydrology part of the research. The maximum groundwater 

level is based on the rooting depth of the selected vegetation species. Many crops have a preferred rooting 

depth, concluding that generally most of the species can handle a maximum groundwater level of 0.5 meters 

depth to the surface. The distance between the different ditches is estimated at around 28 meters according 

to the Ernst equation (Ritzema, 2006). Therefore, the preferred drain distance with the current surface 

elevations is around 30 meters. 

Discussion and limitations  

The result of the Ernst equation shows that every 30 meters a ditch with a water level at 90 centimetres below 

the surface is needed to create a stable maximum groundwater level of 50 centimetres below surface level in 

the middle of the field. One discussion point is that the water body and level of the brackish central ditch is 

different to the other ditches. This means that there will be a deviation in the location and depth of the 

maximum groundwater level. Also, the assumption of homogeneity is not valid in the project area, since there 

is heterogeneity in the different borehole profiles of the field visit. Nevertheless, these deviations will not 

change the fact that one brackish central ditch is enough to create stable conditions of the groundwater level 

in the soil. This can also be seen in the current situation where the two side ditches can drain the area 

sufficiently. This can also be seen in the current situation where the two side ditches can drain the area 

sufficiently.   

In the design, there will be multiple branches to compensate and create the intended groundwater conditions. 

These branches cannot be added to the calculations, since the Ernst equation covers only two-dimensional 

flow, while branches will lead to three-dimensional groundwater flow (flow of water into three directions). 

This will be unrealistic to implement in the design some ditches each 30 meters parallel to each other.  
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Water and salt balance  

A water balance gives the overview of natural and ongoing processes in a catchment. There are different 

components that need to be in balance over time. The components of the water balance can be distinguished 

into input, output and storage in a catchment. Precipitation is always a source of water, while 

evapotranspiration can be classified as output in the water balance. The evapotranspiration is dependent on 

the crop type in the catchments area. For example, an area with water has a larger evapotranspiration than 

the same area with grass. Besides that, there is often surface- or groundwater flow in and out of the catchment 

area. The difference in input and output need to be stored in the catchment to complete the balance. This 

storage can be the increase or decrease in groundwater level or using a buffer system. The relevant 

components for the water balance of the project area looks like described in Delsman et al. (2017).   

Seepage is not important to include in the water balance because of the soft clay and peat layer that functions 

as an aquitard. A more relevant component in the water balance is the interception. That is the part of the 

precipitation that never reach the soil and evaporates from leaves and branches. This factor will increase over 

time with a growing food forest in the project area. Beside the influence of interception, the 

evapotranspiration will also change over time with a growing food forest due to more crop and leaves. Table 

2 gives the correction of the precipitation and evapotranspiration of a growing food forest for the first five 

years:  

Table 2: Factors on precipitation and evapotranspiration during the first five year due to interception and a growing food forest.  

Year  Precipitation  Evapotranspiration  

1  1  1  

2  1  1  

3  1  1.1  

4  0.97  1.1  

5  0.97  1.1  

  

Structure of the water- and salt balance  
The water balance of the project area is subdivided in three different boxes: the buffer area, the surface water 

system and the groundwater. Each of the different box of the water balance has its own input, output and 

storage. Some output of one catchment was used as input in another box owing to the interactions between 
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the surface and groundwater system. The groundwater is expected to discharge to the ditches at the side of 

the parcel. These ditches will discharge the water into the Middentocht. Figure 4 explains the interaction 

between the different boxes and the in- and outflow in the project area. For an extended list of sources, sinks 

and storage in every box, see appendix 6. In the water- and salt balance, there is used the first design of the 

project area that contains a buffer with a surface area of 40 by 50 meters and a depth of 0.5 meters. Further, 

the 1-meter deep creek is the most important surface water body, while the branches were not included in 

the first design. There will be a weir at the end of the creek to create a fixed water level in the creek and 

discharge the redundant water.  

  

Figure 4: Overview of the different boxes with in- and output. Storage in the box is not visible.  

In addition to the water balance, there is also calculated the salt balance. Knowing certain fluxes and the salt 
concentration, the mass balance of salt can be determined. Figure 5 shows that principle of adding some fluxes 
with concentrations. Finally, every box of the catchment can store with a result that the concentration will 
change as well.  

  

Figure 5: Method of coupling the salt balance in the water balance. (Source: Aquatic chemistry textbook, Koelmans et al., 2020)  
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Insights from the water balance  

This paragraph gives the results of the water management according to the water and salt balance. All the 

assumptions that are made in creating the water- and salt balance are included in the appendix 7. The findings 

of the water balance that will be discussed in this paragraph are: the minimal volume of the buffer, the in- and 

outflow via surface water and average groundwater level of the area.   

Water level in the buffer  

 Figure 6: Trend of water level in the buffer over a period of 5 years  

The water level of the buffer will change over time since there is needed some surface water in the surface 

water system to create a fixed water level (see figure 6). During summer the water level in the buffer will 

decrease, while in the winter the amount of water will increase again. It will be necessary to refill the buffer 

each year to the water level of 3m minus NAP (depth of 0.5m, volume of 1000m3), close to the surface level. 

In the period from March to May, the water from the brackish nature area will flow into the area to fill the 

buffer. To compensate for extreme dry summers, it will be better if the buffer has more volume of available 

water. This can be managed with increasing the buffer size or makes the buffer deeper.  

The in- and outflow via surface water  

Figure 7: Water movement (in- and outflow) of surface water system over a period of 5 years  
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The figure 7 shows the in- and outflow of surface water to the area. The inflow water is coming from the 

nature area and is let in during spring (March, April, May) when the water level in the nature area is at -2.7m 

NAP. This fills the buffer with brackish water from the nature area after which the buffer is slowly supplying 

water to the food forest over the year via the central ditch. The runoff (orange line) is the water that flows out 

of the area which is high during the winter months due to precipitation and less evaporation of vegetation.   

Mean groundwater level in the area between the central brackish creek and freshwater ditches  

Figure 8: Relationship between average ground water level over the field and NAP  

From the water buffer a 1-meter deep creek will flow to distribute the brackish water south to the rest of the 

project area. This will help to maintain both a stable ground water level and soil salinity. The simulated 

groundwater level between the brackish creek and freshwater ditches shows a seasonal pattern with a lower 

groundwater level in summer and higher groundwater level in winter. The highest groundwater level is a result 

of the precipitation that falls on the area during autumn and winter. In summer, evaporation is estimated to 

reduce the groundwater level to around –4 NAP. The average change in groundwater level seems to fluctuate 

70-80 cm during the year. The maximum groundwater level will be higher since the blue line is the average 

groundwater level over 75 meters and close to the creek and ditches the groundwater level will stay more 

constant. The orange line refers to the highest surface level of the field of –2.85 meter. This groundwater level 

is much higher in the field which shows the need for additional creeks to drain the system during the wet 

season. This relates to the calculation of Ernst in the former paragraph and will be further discussed in the 

water management design.   

Insight from the salt balance 

Besides the water balance, a salt balance has been made. A certain salt concentration is needed to define the 

environment as brackish. Combined, the water and salt balance visibly show that the salinity fluctuates during 

the year and reaches a low salt concentration in spring. Therefore, the possibility of the principle to flush the 

open water system is applied and investigated. The complete buffer system will become empty and flush the 

buffer and main creek with brackish water from the nature area. This will help to get the system more brackish 

and get rid of the fresh water from winter precipitation. This flushing will only be possible during spring 

because of the highwater level in the nature area during this time of the year. The salt concentrations in the 

buffer and surface water will both increase due to this principle (grey and yellow line). The water inlet can 

provide the needed amount of water for the buffer within a month given the height difference between the 
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nature area and the water system of the food forest. The salinity of the buffer will each year be returned to 

the level of the brackish water of the nature area. This affects the brackish creek and gives a larger variation 

in the salinity over the year because the water of the buffer also is diluted. When the principle of flushing is 

not applied, the water in the food forest will become fresher over time.   

Figure 9: Salinity balance of project area over a 5-year period  

Difference between time scales of ground- and surface water   

The difficulty with modelling the groundwater salinity is the order of time process. Surface water has a typical 

‘recovery’ time of days, while groundwater is a slower process and takes months before the effect of the 

brackish creek reaches the discharge ditch through 70 meters of the field.  

Underneath we present a few graphs following different approaches regarding the concentration of the 

groundwater outflow. In the first scenario, the salt concentration of the outflow is the average groundwater 

salinity, while the second scenario has a fixed value of 1.5 kg/m3. Only the upper layer of the groundwater 

system will enter the water out of the system and has more influence through precipitation. So, we will assume 

that the concentration can be lower than the average groundwater salinity level. Otherwise all the salt will 

flow out of the system within 10-15 years. Figure 10 shows the estimated decrease in salinity in the 

groundwater when the main flow is through the sand layer. Figure 11 shows the estimated decrease of salinity 

in the situation where most groundwater is flowing through the clay layer, this will reduce the flow of salt out 

of the system. The desalinization of heavy clay soils is also mentioned by the paper of Van Hoorn (1984), which 

mentioned that the soil will desalinize due to capillary rise in the summer and horizontal flow in the top layer 

in the winter. Due to the clay layer, this is a slow process in relation to more drained soils. In contrast with this 

paper, we have a salt supply every year in the creek, which makes it less logical that the salinity in the 

groundwater will decrease within a few years/decades. The weir at the end of the creek is expected to 

discharge the precipitation surplus of the area which will keep the salt concentration constant in the creek. 

Therefore, the assumption of complete mixing of brackish and fresh water, as used in the model, can lead to 

this freshening of the system. This combined with the increased evaporation will result in salinization of the 

system and the results of the model are debatable.    
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Figure 10: Groundwater salinity levels with main flow through the sand layer.  

Concentration outflow of the groundwater system is related to average groundwater in the field.  

  

Figure 11: Groundwater salinity levels with main flow through the clay layer.  

Concentration outflow of the groundwater system is fixed at 1,5 kg/m3  

Water management design  

In order to maintain stable conditions of salinity for the brackish food forest, a design consideration that allows 

for the retention and distribution of salt water, as well as the dispersal of freshwater (from precipitation) was 

adopted. This design includes a water buffer (reservoir) and a connection of ditches for distributing water 

across the project area. The insights of the water- and salt balance are considered in making the design and 

management options.   

The buffer is the main reservoir of the brackish food forest. It will be inundated with brackish water from the 

nature area. This water will be used for irrigating the food forest and keeping the system brackish. The creeks 

and branches will deliver the water from and to the groundwater system. The connection between these three 

parts of the design will be further explained in this paragraph.    
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Buffer inlet  
The inlet of brackish water into the water buffer can be made in two ways. The first way is using a pipe that 

connects the nature area to the water buffer. This can be done by extending the pipe that runs out of the 

nature area (see chapter 1 on water inlet) into the buffer. The second option is to create an open water 

connection from the pipe outlet to the buffer. The incoming water during spring has a level of 2.7 meters 

minus NAP which is higher than the surface elevation (-3 meters NAP). This will mean that small dikes or levees 

are needed around this channel. This can be beneficial to certain plant species that are suited for the levees. 

However, this will increase the amount of groundworks needed if compared to the use of a pipe as culvert.   

Buffer area 
The buffer area has to be approximately 1000 m3 according to the water balance. However, this is calculated 

by evaporation only from the buffer surface and without taking the larger area because of the slope of the 

sides into account. Also, this will mean that the water buffer has sufficient capacity during a year with average 

climatic conditions. However, during droughts the water level in the buffer will quickly decrease. Therefore, a 

recommendation is to make the buffer two times as large dependent on these drier scenarios. This will also 

increase the amount of water available in the system and this will increase the ecological potential. This also 

would mean that the bottom level will be lower or in the sand layer which will enhance the draining of the 

buffer area. To counter this, the clay of the upper layers can be used to seal off the sand layer to reduce water 

loss from the buffer. When water is led in during spring, the buffer needs to be able to store water up to at 

least –2.7 meters NAP. In this way the height of the incoming water is used as efficiently as possible to store 

water. Therefore, a dike or levee has to be made around the buffer to be able to store this amount of water 

due to the surface level of –3 meters to NAP at the location of the buffer. To reduce the overflow as result of 

wind generated waves, the dikes can be made 20 centimeters higher. For this clay that has been dug out from 

the channels and the water buffer can be used. The salinity gradient of the buffer is hard to determine and 

will change depending the precipitation and evaporation combined with mixing by wind and temperature 

differences. However, in general the fresh water of precipitation is expected to stay on top of the deeper 

brackish water. This stratification is also visible in the measurements done by Kamerling et al. (2017) on the 

salinity of the Zijkanaal-C. Because the density differences will be similar in the water buffer there is assumed 

that this stratification will also happen in the water system of the food forest. This stratification can be used 

in the salinity management of the buffer and can support the separation of brackish and fresh water.   

Buffer outlet  
The outlet of the buffer area consists out of a culvert and a weir. The culvert is used to transport water from 

the buffer to the main creek in the middle of the parcel. By using this approach, the water with a higher salt 

content and density will be discharged from the lower part of the buffer into the main channel. In this way the 

most saline water from the buffer will be used for the irrigation of the food forest. The weir of the buffer area 

is used to discharge fresh precipitation quickly from the buffer if needed, to keep the salinity levels as high as 

possible. The fresh water that flows over this weir will flow into the brackish creek. The advantage of this 

approach is that the principle of flushing - emptying the system in winter and filling it during spring with new 

brackish water - is not needed. Because the fresh and brackish water is separated in the buffer and not 

retained which will lead to freshening of the buffer water. This will mean that the salinity levels will fluctuate 

less, and this will be more suitable for vegetation and fauna.   

Creek and branches  
The creek and branches within the system shall serve as the distribution network for brackish water through 

the project area. The water level of the central creek and branches is kept constant during the year by a weir 
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at the southern part of the area. The crest of the weir will be just above the water level to enable fresh water 

resulting from precipitation to runoff as quickly as possible. This works similar as the weir from the water 

buffer. In this way, the fresh water that is on top of the more saline water will discharge first. This will keep 

the water with the highest salinity in the system and will facilitate infiltration into the groundwater.   

The central creek will get a width of 3 meters and a water level of 90 centimeters below the lowest surface 

level of the area (-3.90 meters NAP). The water depth of this creek is calculated at 1 meter with the water 

balance. This can still be changed if needed, but a shallow creek will reduce the stratification of the water 

because of possible higher flow velocities and thus more mixing. Also, this will increase the temperature of 

the water and can result in a reduction of water quality (less of a problem in brackish water). A larger depth 

increases the amount of water that can infiltrate into the ground because of a larger area of interaction 

between ground- and surface water. Therefore, a depth of one meter is used in the design.   

The four side branches will be around 1 meter wide and approximately 40-50 meters in length. These side 

branches will transport the water from the main creek to the field if needed and will also help in keeping the 

area more brackish by discharging the precipitation from the land. The water level of these side branches will 

be the same as that of the main creek. The depth of the side branches will be 1 meter.   

Groundwater level  

The groundwater level in the food forest will be mainly controlled by the brackish creek and branch levels and 

water buffer level. The potential effect of the side branches on the west and east of the food forest shall be 

eliminated by creating a clay box around the food forest to separate it from the ditches. As such, drainage of 

freshwater from these freshwater ditches is reduced. The groundwater level in the buffer area will be around 

0-50 centimeters below the surface depending on the water level in the buffer (this can become lower if the 

buffer needs to facilitate more water than average). The groundwater level is high in spring because of the 

higher surface water in the buffer. This level will decrease during the year because as the level of water in the 

buffer reduces. The water level further away from the buffer is expected to decrease in summer and increase 

in winter (relate to cross section).   

The water level of the creek will be constant over the whole area. This means that the surface elevation 

differences are also contributing to the rooting depth (see chapter 2 surface elevations). According to the Ernst 

equation (chapter 3), the groundwater water level is expected to increase in wet conditions with 40 

centimeters with reference to the water level in the ditch. This means that in the lower area (middle of food 

forest) the groundwater levels will fluctuate over the year between 90 (summer) and 50 (winter) centimeters. 

At the southern parts the depth to the water table will be 50 cm more because of the gradually increase in 

surface elevation. Here the groundwater levels will be between 140 (summer) and 90 (winter) centimeters in 

the middle of the field. The water level close to the creek and ditches will be constant because of the constant 

water level in the ditches. To bring the groundwater closer to the surface, the surface elevation can be lowered 

by digging at certain locations to create a higher groundwater level.   

Another option is to raise the water level in the main creek. However, this would mean that the middle of the 

field will always have a water table that is above the -0.5 meters to the surface, which is not preferable for the 

species selection.  
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4. Brackish Food Forest Vegetation 

One cannot think of a food forest without considering the vegetation. The brackish growth conditions in the 

project area make for a unique opportunity to explore interesting food-producing plant species that would 

otherwise not be considered in the design of a conventional food forest. This chapter explains the selection 

process of plant species through defining important plant traits and analyzing the species suitability.  

Traits and suitable species for a brackish food forest  

Using different databases, books and scientific articles, an extensive plant species database consisting of 185 

plant species was assembled. A total of 25 traits that elucidate the taxonomy, morphology, distribution, 

growth conditions and uses were identified.  The taxonomy gives the common English and Dutch names, as 

well as the plant family, genus and species name. The morphology includes information about the vertical 

growth layer, height, width, life span and rooting depth. Distribution explains the natural geographical 

distribution, preferred habitats of a species and whether it is native to the Netherlands. Growth conditions 

includes tolerances and optima to frost (as USDA hardiness zone), salinity, soil texture, pH, moisture and water 

table, as well as weed potential. Lastly, the uses list the edibility rating, edible parts, other uses, market 

potential and plant material availability. A complete list of these traits with an explanatory description and 

justification of the selection of the traits can be found in Appendix 1.   

With databases such as SynBioSys, the initial selection was based on plants that have (1) a perennial life cycle, 

(2) were expected to be at least moderately salt tolerant, (3) with fair to excellent edibility and (4) occur in a 

similar climate or hardiness zone. Tropical species and annual species were hereby already excluded, unless 

there was a good reason to keep them. Moreover, weed potential as defined by the plants for a future 

database was taken as trait for explorative research on species invasiveness. If a species was mentioned as 

potentially weedy or impression was given through other means, it was further investigated. For example, 

checking whether it was present on the European list of highly invasive species. The full list with the data 

collected about each plant for each of the identified plant traits is included as an additional excel file to the 

report, named “Species longlist database.xlsx”. A short descriptive summary of the data collected for each 

plant trait will be given below:  

Taxonomy, morphology and distribution  

The plant families that occur most in the dataset are the Rosaceae (11%), Amaranthaceae (9%), Fabaceae (6%) 

and Asteraceae (4%). Of all species in the dataset, 171 (93%) species had a perennial, 6 (3%) biennial, and 7 

(4%) annual life span. The plants come from a wide geographical distribution and include some species from 

each continent except Antarctica. They are found in a similarly wide range of habitats, including wet and salt 

marshes, shores or dunes, forests and even semi-deserts, while some are only known as a cultivated species. 

A minor part (28%) of the listed species is native to the Netherlands, while most (69%) originated from 

elsewhere. The remaining (3%) were species that are cultivated.  

Growth conditions  

The hardiness zone for the species ranged between 1 and 10, corresponding to a tolerated average minimal 

temperature of –51 C° to –46 C° and –4.1 C° to 1.4 C° respectively. The majority (62%) of the plant species 

belong to hardiness zone 3 to 7 while 21%, 11% and 1% of the species had a hardiness zone of 8, 9 and 10 

respectively This distinction is of importance since these different classes received different suitability scores  
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during the multicriteria test. Both the natural habitats and salinity range tolerance levels showed that most 

species can stand at least some level of salinity with only very few belonging to freshwater systems. Appendix 

2 shows the complete plant species list ordered by salt tolerance and food forest layer. 97% of the plant species 

tolerated the neutral pH that is present and expected in the future food forest, however no dependable 

sources were found to assess the pH preference for all the selected species. For moisture preference, only a 

very small proportion of the species could tolerate a fully aquatic environment (2%) or very dry conditions 

(2%). About 96% of the plants can tolerate mesic to heavily moist (somewhat air scared) soil. 20% of the 

species were marked by the Plants for a Future database as a potential weed, while 72% is not considered as 

a potential weed. The remaining percentage had no data on their potential to become a weed.   

Uses  

Considering edibility, this was classified in ranges from 0 to 5, with 5 being highly edible for human 

consumption. This is based on a combination of the nutritional value, taste, size of its edible parts and difficulty 

to prepare the edible part. About 18% of the total plant species had an edibility rating of 1. About 26% rated 

2, 25% rated 3, 16% rated 4 and 8% rated 5. For some species an edibility rating was missing. Ratings for other 

uses apart from edibility was also used in the classification. About 54% had at least one secondary functional 

use beside food consumption, such as functioning as windbreak or fixating nitrogen.   

Suitability: categorizing potential plant species into (four) different abiotic zones  

To properly assess the suitability of the species that were collected in the plant species database, a Multi 

Criteria Analyses (MCA) was conducted. This decision-making tool was used to aid in a suitable plant species 

selection, by evaluating multiple species traits simultaneously. Each of the criteria got assigned a certain 

“weight”, that explained the importance of that trait for the selection. As such, within traits, the most 

favorable values were assigned a higher score.   

Since the suitability for potential plant species depends largely on the abiotic gradients within a certain area, 

four zones were constructed with different combination of ranges in the abiotic factors soil salinity, soil type, 

and water availability. The traits that belong to a zone may be a result from the hydrological management, as 

well as from deliberately constructed differences in elevation. The defining characteristics of these zones are 

listed in table 3.    

Table 3: Description of proposed zones and their characteristics.  

Zone 1  Zone 2  Zone 3  Zone 4  

Habitat: dunes and rocky 
coasts  

Water table: low  

Texture: sand  

Moisture: dry  

Salinity: fresh to slightly 
saline  

Location: sandy or loamy 
mounds  

Habitat: lowland shores 
and saltmarshes  

Water table: high, 
flooded in spring  

Texture: clay and peat  

Moisture: wet, 
waterlogged in spring  

Salinity: highly saline  

Location: edge of water 
bodies  

Habitat: Open woods  

Water table: 
intermediate to high  

Texture: clay  

Moisture: moist  

Salinity: slightly saline  

Location: furthest away 
from water bodies  

Habitat: brackish marsh  

Water table: 
intermediate  

Texture: clay  

Moisture: mesic  

Salinity: moderately 
saline  

Location: close to water 
bodies  
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In the multi-criteria analysis (MCA), the suitability of each species for each of the zones was assessed. Species 

were tested on the following criteria, assessing their suitability for the area in a whole:  

• Frost tolerance  

• Edibility rating  

• Other uses (e.g. Nitrogen fixation or soil stabilization)  

• Soil pH tolerance  

• Native occurrence  

And the following criteria, assessing their suitability based on zone-specific characteristics:  

• Soil moisture preference and tolerance  

• Natural habitat  

• Texture tolerance  

• Ground water table (tolerance to e.g. drought or waterlogging)  

• Soil salinity tolerance (both minimum and maximum salinity)  

The criteria are weighted based on the relative importance. The most important criteria to which the highest 

weights were assigned are salinity tolerance, frost tolerance, and edibility. Least importance was given to pH, 

other uses and lifespan. The criteria and the makeup of the zones was based upon the results from the 

hydrological assessment and management perspectives, preliminary research on potential food forest plant 

species, and our own professional judgement. 185 plant species were assessed during the MCA. An overview 

of the relative weights that were assigned to the fixed and unchanging traits can be found in Appendix 4. 

Afterwards the findings and (dis)similarities between the 4 zones were analyzed. The 50 best performing 

species per zone can be found in the MCA output list in Appendix 3.  

There are some plant traits that are important for species selection but have not been assessed as part of the 

MCA. Partly these factors are excluded from the MCA because our focus of this project is on ecological and 

hydrological building blocks for design considerations, and partially because of their difficulty to be quantified, 

which is essential in the MCA. These traits include market potential of the plant products, ecological benefits 

of the species, availability to buy plant material, edible parts, to which vertical layer they contribute, and 

species invasiveness. These traits were assessed after performing the MCA, mainly looking at species with a 

high suitability for the project. They help to create a more holistic overview of the overall relevance and 

suitability of these species. The MCA results on diversity in products (edible plant parts) and vertical structure 

(share of trees, shrubs, ground covering plants, etc.) were checked (Appendix 8). The expert opinion of Wouter 

van Eck and Jelle Fekke was used to highlight plant species with a high market potential. For highly suitable 

species, a quick assessment on the availability of plant material within the Netherlands was performed. When 

species were mentioned as potential weed in the PFAF database (PFAF, 2010-2020) it was checked whether 

this species is on the European, CABI and FLORON invasive species lists.  

Differences and similarities between zones  

There is a large overlap in highly suitable species between the different zones. When you consider the top 10 

species of each of the 4 zones and put them together, there are only 18 different species in total. Sea 

Buckthorn, Common Reed, Pedunculate Oak and Marsh Mallow appear in the top 10 of all 4 zones. Sea 

buckthorn has the highest average suitability when combining all zones, scoring higher than 90% suitability for 

all zones. When considering the top 20 of all 4 zones, zones 2 and 4 are the most similar in species. This is most 

likely due to their similarly high levels of salinity and proximity to water bodies. Zone 1 and 2 are most 

dissimilar, as they share the least number of species in their top 20. This is most likely due to the large 
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difference in water availability, texture, and salinity of these zones. In the following section, each the most 

important results and implications per zone will be described.  

Zone 1   
This zone would resemble a more arid, slightly saline habitats, similar to sandy coastal habitats, such as dunes. 

Therefore, this zone would naturally be most suitable for more drought tolerant species. Partly because of the 

different texture, lower ground water table and therefore reduced salt influx the species performing high for 

this zone differed considerably from the other zones. High performing species that appeared in the top 20 of 

this zone only, are Black currant (Ribes nigrum), Strawberry (Fragaria x ananassa), Grey Sage Brush (Atriplex 

canescens), Bearberry (Arctostaphylos uva-ursi), Date palm (Phoenix dactylifera), Stone pine (Pinus pinea) and 

Creeping fig (Ficus pumila). Besides some of the species mentioned above, plants preferring sandy soils that 

performed well for this zone are Jujube (Ziziphus jujuba), Salt bush (Atriplex halimus), Sea kale (Crambe 

maritima), White Mulberry (Morus alba), Goji (Lycium barbarum), Asparagus (Asparagus officinalis), Pinyon 

pine (Pinus edulis), Sea beet (Beta vulgaris var. Maritima) and Beach plum (Prunus maritima). In the MCA we 

made no distinction between texture tolerance and preference, although this would amplify the results 

concerning the suitability for these species. Furthermore, 90 species had a suitability score of over 70 percent 

and the average species score was 0,694. These plants with high suitability scores were found in nearly all 

vertical layers and had diverse edible parts.  

Zone 2   

From our MCA outcome, the average species score for this zone is lower than for the other zones. In fact, only 

39 of the selected species scored a higher suitability score than 70 percent for this zone and the average 

species score is 0,601. This may not be surprising, as the extreme growth conditions in terms of high moisture 

and salinity of this zone require specialized species. This zone also shows a limited range in different spatial 

food forest layers (1 tree, 2 shrubs, 7 ground layer species with >0.8 suitability). In addition, the edibility of 

the top 10 plants in this zone is lowest compared to the other zones, and the edible parts are mainly limited 

to the leaves. This limitation in diversity of vertical layers and relatively low edibility does not necessarily pose 

a problem for incorporating this zone in the design, however. The high performing species for this zone show 

relatively little overlap with the high performing species for other zones. Some unique high performing species 

from the top 20 are Broadleaved pepperweed (Lepidium latifolium), Glasswort (Salicornia europaea), Sea 

arrow grass (Triglochin maritima) and Sea orach/salt bush (Atriplex halimus). Other potential high performing 

food forest species for this zone that typically grow well in saline, wet conditions are Sea Plantain (Plantago 

maritima), Sea Aster (Aster tripolium) and Common Salt Mine (Atriplex portulacoides), although surprisingly 

all of these species scored even higher for the other, less saline zones. A plant that deserves special attention 

is the Narrowleaf cattail (Typha angustifolia) which scored fourth in the ranking for this zone and performed 

higher in this zone than in any other.  

Zone 3   

Having the highest number (150) of species with a score of 70% or higher and species score 0.712 suitability 

on average, this zone has the most potential for high production yields. It seems that this zone has the most 

preferable combination of water availability and salinity characteristics for the majority of the species. The 

species scoring a >0.8 suitability score are quite evenly spread among the different layers (13 trees, 8 shrubs, 

11 ground layer species). This zone can yield a broad range of fruits, leaves, and seeds, and to a lesser extent 

roots, flowers and other edible plant parts. Looking at the species scoring >0.8 on the MCA this might become 

the most productive zone, with the most equal spread of species over the different vertical layers. From the 

top 20 highest performing species of this area, the unique species to this zone are Artichoke (Cynara scolimus), 
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European bird cherry (Prunus padus), Ribwort (Plantago lanceolata), American persimon (Diospyros 

virviniana) and Water chestnut (Trapa natans).  

Zone 4   

This zone is somewhat in between zone 2 and 3 in terms of salinity and soil moisture. It contains 93 species 

scoring higher than 70% and the average species score is 0,697. Similar to zone 3, this zone supports a lot of 

species, which are quite evenly spread among the different layers (9 trees, 10 shrubs, 11 ground layer species 

with >0.8 suitability). Moreover, the high scoring species provide a broad range of edible parts. This area has 

the least number of unique species in the top 20. These are Oleaster (Elaegnus angustifolia), Common fig 

(Ficus carica) and Goji (Lycium barbarum). The seemingly contradictory high scores of drought and 

waterlogging tolerant species such as Common Fig, Goji and Screwbean Mesquite (Prosopis pubescens), but 

also Common Reed (Phragmites australis) and Small Reed Mace (Typha angustifolia) reflect how this zone can 

facilitate a habitat for a wide range of species.  

The results of the MCA per zone will aid the designing process of the food forest. The abiotic conditions as 

described in the four zones could easily be recreated in the project area through spatial planning, ground 

works and water management. Species from the top 50 suitable species list (Appendix 3) could then be 

assigned to these corresponding areas.   

Market Potential  

The top 50 species of each zone were assessed briefly on their market potential in terms of yield, taste, 

nutritional value and existing sales market. The ten most promising species are listed in the table below.  

Table 4: Market potential of some selected plant species for the food forest 

English name  Scientific name  Yield  Taste/Nutrition  Existing market  

Sea buckthorn  Hippophae rhamnoides  high price & high 
yield  

nutritious  existing niche market   

Common Fig  Ficus carica  high price  good taste  existing broad 
market   

Artichoke  Cynara scolimus  high price  good taste  existing niche market  

American 
Persimmon  

Diospyros virginiana  high price  good taste & 
nutritious  

cultivation in VS   

Strawberry  Fragaria x ananassa   high yield  good taste & 
nutritious  

existing broad 
market   

Pecan  Carya illinoinensis  high price  good taste & 
nutritious  

existing niche market   

White Mulberry  Morus alba  high price  good taste & 
nutritious  

existing niche market   

Goji  Lycium barbarum   high price & high 
yield  

nutritious  existing niche market   

Quinoa  Chenopodium quinoa   high price  nutritious  existing broad market  

Asparagus  Asparagus officinalis   high price & high 
yield  

good taste  cultivation in NL  
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Regarding species with a lower, but still high market potential there are many options for fruit trees and large 

shrubs while the options for green plant parts and especially seeds may be more limited. Promising species 

with a high market potential are highlighted below, grouped by edible part.  

• Promising fruit producing trees and shrubs are Jujube (Ziziphus jujuba), Cherry plum (Prunus 

cerasifera), Pomegranate (Punica granatum), Sea plum (Prunus maritima), Silverberry (Elaeagnus 

commutata), Hawthorn (Cratagaegus monogyna), Blackthorn (Prunus spinosa), Rugosa Rose 

(Rosa rugosa), Elderberry (Sambucus nigra), Black currant (Ribes nigrum), Flowering Quince 

(Chaenomeles speciosa), Japanese Quince (Chaenomeles japonica), Autumn olive (Elaeagnus 

umbellata), Pineapple Guave (Acca sellowiana)  

• Regarding nut trees, Stone pine (Pinus pinea) is considered as the highest yielding pine tree and has 

an existing broad market.  

• Promising species yielding green parts (flower buds, stems and leaves) are Sea kale (Crambe 

maritima), Cardoon (Cynara cardunculus), Common glasswort (Salicornia europaea)  

• Hop (Humulus lupulus) and Myrthle (Myrica gale) are species that are interesting for their use in 

beer production  

Availability of planting material  

From the top 50 species for each zone almost all species are available through tree nurseries such as 

Arborealis, De Zoetewei and Dependens. Especially the fruit crops are readily available, although the demand 

for cultivars in particular of these crops is higher than the stock. Genetically native plant material is available 

at the tree nurseries of Zundert and de seed collector the Cruydhoeck concerning woody perennials and 

ground cover seeds respectively. For many non-native ground covers that are also not commercially cultivated 

there are less opportunities to collect planting material.   

Considerations for Invasiveness  

In recent times, there here has been the recognizable impact of exotic species on native species, ecosystem, 

human, and the world economies at large (Hobbs, 2000). Whether through natural or artificial means, the 

movement of species to new areas can be a blessing or a curse (Pejchar et al., 2009). While some have high 

edibility rating and may be recommended for introduction, others may be introduced to provide ecological 

benefits other than food. An example of the negative effect of invasive species in the Netherland on human 

health is the pollen from Ambrosia that aggravates hay fever symptoms, and that of the Giant hogweed whose 

sap causes major skin inflammations and blistering. Others include high financial investment in dealing with 

established invasive species. Common traits of invasive species include a combination of sexual and asexual 

reproduction, high reproductive potential, the fast growth of seeds, ability to pioneer in disturbed areas, high 

tolerance to stress conditions than native species, and phenotypic plasticity (Gratani, 2014).   

Within the context of this study, species selected for introductions into the brackish food forest may present 

seen and unforeseen threats to local vegetation, ecosystem, and humans as well. Nonetheless, their scope of 

influence can be greatly controlled with adequate management strategies. Of the top 50 species selected for 

the brackish food forest, more than 30% are native to the Netherlands while the rest are exotic. Interestingly, 

not only exotic species can be considered invasive. 20% of this top 50 plants including both native species 

(silverweed, strawberry and common reed) and exotic species (thorny olive and common fig) are labelled as 

potentially invasive by CABI. The list is included as a separate sheet in the additional excel file to the report, 

named “Species longlist database.xlsx”.  
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Species that are invasive in some regions may not necessarily be invasive everywhere. Many of the species 

selected for introduction into the brackish food forest labelled as invasive are from the Mediterranean regions. 

According to Hellmann et al., (2008), a change in climate implicates the invasiveness of a species. The  National 

Invasive Species Information Center stipulates that environmental checks and balances such as seasonal 

weather keeps invasive species under control outside the native range. It can be inferred from this ideology 

that moving a species from the Mediterranean region to the Netherland may also affect the invasive potential 

of a species, hence making it less of a problem. A good example is a strawberry, Fragaria x ananasa, which is 

native to the Mediterranean region, labelled as very invasive but is grown in the Netherland for a long time 

without any major problem. Also, figs are known to be invasive elsewhere but do not produce seeds in the 

Netherlands. This prevents them from being invasive.   

Furthermore, many invasive species are pioneer species, while most food forest species are later successional 

species and need some level of optimum conditions to grow successfully. This creates a strong indication that 

the potential for species from the list to become invasive is not very likely. A rich biodiversity environment has 

the potential to self-regulate itself through the density dependent growth, and other predation mechanisms. 

A food forest is mostly associated with high plant and animal biodiversity that will enhance biological 

regulation. This can reduce the tendency for species to become invasive.  

Differentiation and similarities between brackish and freshwater food forests  

Most zones are suitable for plant species from all different vertical layers a common food forest contains 

indicating a brackish food forest has the potential to have a similar vegetation structure as a freshwater food 

forest.  A brackish food forest might be limited in its potential for nut production compared to a freshwater 

food forest. Prunus dulcis (Almonds), Castanea sativa (Chestnuts), Juglans spp (Walnuts) and Corylus avellana 

(Hazelnuts) are the four most often cultivated commercial nut species in the Netherlands and are also the 

most commonly used food forest nut species in temperate climates (Crawford, 2014). All these species were 

found to be salt sensitive during the initial species process and therefore excluded from our multi criteria 

analysis. Furthermore, the most heavily cultivated fruit species in the Netherlands such as apples (Malus 

sylvestris) and pears (Pyrus communis) were found highly sensitive to salt. However, the brackish food forest 

compensates this with the unique opportunities for growing salt tolerant species such as Saltwort (Salicornia 

europeae)   

Feedback of vegetation on biotic and abiotic factors  

One of the interesting characters of forest ecosystems is the ability to self-regulate through a feedback 

mechanism. In previous chapters, the importance of certain abiotic factors, especially for the establishment 

of the brackish food forest was discussed. This section of the report is therefore dedicated to potential effects 

of the food forest in regulating its own microclimate and the associated biotic and abiotic factors.  

Desalinising salty lands  
Forest contributes to the soil quality by providing litter materials, cover, and a microclimate that enhances 

microbial activities, moisture, and organic carbon content (Pardon et al., 2017). As all these are all very 

important processes in the forest ecosystem, the buildup of organic matter in a brackish food forest raises 

several concerns. This results from its ability to increase the water-holding capacity of the forest soil. Especially 

in arid and semi-arid regions where rainfall is insufficient, rainfall is not adequate to leach salt from the soil 

(Mavi et al., 2012). According to Bischoff, et al., (2018), previous studies have noted the interaction between 

salt and organic matter within salt-affected lands and this is widely based on results from sorption–desorption 

experiments stating that salt content changes with soil organic matter. Furthermore, Amini et al., (2016), also 

https://www.invasivespeciesinfo.gov/index.shtml
https://www.invasivespeciesinfo.gov/index.shtml
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argues that very little is known about quantifying the amount and properties of minerals and their association 

with organic matter in salty lands.  This is a rather surprising situation as there is the prediction of increasing 

salt lands in the future.   

Despite the lack of quantitative analysis on the extent to which organic matter affects soil salinity, rather 

logical reasoning can be made here.  When organic matter accumulates in the soil, it creates a spongy mass. 

When rains become apparent, the accumulated organic matter holds water and discharges it slowly into the 

sediment and reducing runoff. This water trapped within the sponge slowly dilutes the salt in the soil even 

after a long period without rain. thereby decreasing or completely freshening the salinity of the soil in the 

brackish food forest.   

On the issue of how much water the organic matter can hold and continues diluting brackish lands,  research 

shows that increasing the organic matter of a farm by 1 percent increases the water holding capacity of the 

land by 22,000 gallons per acre.5 (Sharma, A. 2019). It can be argued here that as the organic matter in the 

Brackish food forest increases by a significant percentage with time, the soil will become fresher because more 

water will be held by the sponge and further discharged into the saline soils.  

Increase flora and fauna diversity   
Due to the grass monoculture that is present in the project area at the moment, it is expected that the food 

forest will contribute largely to the natural increase in flora and fauna diversity. According to Díaz, (2006), the 

aggregation of vegetation structure and increase in floristic composition increase niche diversity, which is 

thought to also increase the diversity of birds, mammals, insects, and new microbial communities. Migratory 

patches of breeding birds, mammals, insects will be attracted to the existing brackish food forest and also 

extend to other places when forest vegetations are not in their flowering or fruiting stages. Natterjack toad 

(Dutch: rugstreeppad (Epidalea calamita)) is a native red list species of the Netherlands. This species occurs in 

the dunes, river delta and polder regions of (among other provinces) North-Holland. It reproduces in shallow 

sandy pools and can stand even brackish water (RAVON, 2020). Recent observations of this species in the area 

(waarneming.nl) show opportunities for this species to settle in the brackish food forest.  

Purifying organic and inorganic contaminant from the North Sea  

The World Wildlife Fund states that forests ecosystems are good at remediating organic and inorganic 

pollutants. Water supply into the food forest area will be from the North Sea channel and this source is known 

to have high concentrations of organic and inorganic contaminants (Julshamn et al. 2004; De Boer et al., 2001). 

The food forest has great potential of breaking down pathogens like viruses, fungi, and bacteria through 

microbial activities and filtering processes. Forest microbial mass and phytoremediation properties are also 

known to breakdown chemical toxins and control heavy metal that is injurious to plants, and human health 

(Salt, et al., 1995). Due to the location the Houtrak brackish food forest occupies it is directly or indirectly 

connected to other ecosystems and agricultural lands and can help manage these substances from 

accumulating in the environment.  

Buffering soil pH    
The role of the food forest in buffering the pH of the area is through the contribution of organic matter from 

the plant materials and also provided the adequate humid condition that facilitates decomposition. During 

the decomposition of organic matter, more anions and cations are produced. These anions and cations provide 

surface attractions that the H+ and OH- of an acidic and basic can bind to. In both scenarios, it pushes the Ph 

of the soil toward a neutral state and also buffer again wide pH fluctuations (McCauley et al., 2009). This 

buffering capacity of the food forest will help maximize the performance of food crops and also increase its 

economic benefits.  
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Enhancement of soil structure  
According to Ruiz-Colmenero et al., (2013), the degeneration of the soil is a cumulative process, and the 

realization of a substantial degradation depends partly on soil properties such as texture, organic matter, and 

porosity. Earlier discussions have highlighted the potential of the food forest vegetation to improve the organic 

matter content, soil moisture, temperature, and to a smaller extent the soil porosity. Another consideration 

is the impact the vegetation will have on the soil texture. The texture is very important because it plays a role 

in delineating the four zones (sandy, clay, and a combination of clay and peat) created in the food forest. A 

way to improve the texture of both clay and sandy is through the buildup of organic matter. A buildup of 

organic matter from plant and animal sources will not only add nutrients to the soil, but it will also help to 

break up or bind heavy and loose soil (Chaudhari et al., 2013). Plant roots also break open the soil and dead 

root tissue adds to the soil organic matter content. This will in effect improve the texture of the soil. Since 

vegetations in the food forest already provides this function, the soil texture will likely to be improved over 

time.  

Climate regulation  
The Forests, in general, are known to influence the temperature regime of a place. Research shows that forest 

vegetation decreases mean annual temperature 5 feet, above ground from 0.8 to 1.8F. As this is widely 

dependent on the character of the brackish food forest, very little can be said about the changes this system 

will bring to the Houtrak area. Nonetheless, a forest of about 3 hectares (Houtrak food forest coverage) can 

influence the temperature above-ground levels and influencing the microclimate of the Houtrak area. A more 

specific attribute includes lowering the daily mean temperature in spring and summer and raising it slightly in 

autumn and winter.   

The influence of the brackish food forest on precipitation and atmospheric humidity of the area can also be 

inferred from the general functionality of other forests established elsewhere. These ecosystems play an 

important role in determining regional and global climate. one example of this is in Amazonia, where 

destruction of forest leads to warmer and drier conditions (Bonan et al., 1992). The construction of a food 

forest will rather oppose the development of warmer and drier conditions  

In addition, the food forest will have a significant effect on evaporation and evapotranspiration. As stated 

earlier on balancing hydrology and salinity in chapter 2, these two factors are very influencing in the whole 

balancing process, as such heavy fluctuations in water due to evaporation and evapotranspiration will affect 

multiple aspects of this project (see water and salt balance equation). A food forest is known to guard against 

excessive water loss, as forest trees can achieve this through physiological adaptations (Fan et al., 2004). A 

case study is the food forest at Ketelbroek. In the drought seasons, most of the surrounding farms had dryer 

vegetations and that of the food forest had a very greenish appearance during the drought of 2018 (Appendix 

10). This is indicative of the efficient use and conservation of water and moisture in wet and dry periods in the 

food forest.  

Other abiotic factors that could be regulated after the establishment of the brackish food forest include the 

wind which very important because it facilitate fresh and saltwater mixing, light, and air quality and an 

overall improvement in these factors will be realized.  
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5. Implications for Design and Advice to the 
Commissioner 

This chapter attempts to provide specific answers to the question of the feasibility of a brackish food forest in 

Houtrak. Findings about hydrology, salinity and vegetation (discussed in previous chapters) are integrated to 

formulate advices to the commissioner, which are hereby presented in the form of design principles for a 

brackish food forest. The purpose of this design is to provide a tangible example of how the different principles 

(e.g. creating freshwater lenses through construction of elevations) can be applied and integrated. This way 

of translating our findings into an advice can be perceived as a framework that makes it easier to explain and 

connect management options. Also, with this design we strive to take into account practicalities, permaculture 

design principles and economic and socio-cultural aspects in an attempt to increase the understanding of the 

feasibility of the food forest. Nevertheless, the design hereby proposed remains rooted in and focused on the 

integration of hydrological and ecological knowledge.   

The permaculture design principles of Bill Mollison are applied of which an overview can be found in Annex 9 

(Mollison, 1997). Moreover, the practical handbooks on creating a forest garden by food forest pioneers 

Martin Crawford (2010), Eric Toensmeier and David Jacke (2005) served as a guidance for translating the 

assembled academic information into an advice on design considerations or options for actual designs. 

Main principles used are the division of the design site into zones where every element is at the optimal 

relative location from others to support each other in their functions. Another principle recurring several times 

in this design is the creation of edges, boundaries and margins to facilitate gradients and microclimates.   

Proposed Design  

Below a top view of the proposed design is depicted (figure 12). The top view highlights the different 

habitat zones and aquatic elements. Further on, horizontal transects from north to south and west to east are 

provided to also emphasize the gradients of the soil layers and ground water levels during winter and 

summer in relation to the zones and possible vegetation (figure 14 and 15). From the design, many more zones 

can be defined than the 4 zones assessed during the MCA. Although it is important to note that each of the 

four MCA zones and outcomes are to a larger or lesser degree applicable for each of the distinct zones in this 

design. The headings for the text explaining the design each correspond with a zone or design element shown 

in the legend of figure 12. 
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 Figure 12: Schematic of proposed design of the brackish food forest showing aerial overview of the several components. 

Water buffer  
A pond will function as a water buffer to ensure sufficient brackish water supply for the creek and thus the 

food forest during the entire year. The infiltration capacity from the buffer to the surrounding area is limited 

by using a layer of compacted clay. This will also prevent water from leaking out via the sand layer. Water will 
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be supplied to the buffer from the brackish nature area via a culvert. The water supply from the pond to the 

main creek will also be via culvert from the lower part of the pond. This will ensure that the water transported 

to the creeks is saline even if a freshwater layer has formed on top of the saline water due to precipitation. A 

weir will be needed between the water buffer and outlet point to the creek. This will serve to empty the fresh 

water on the upper layer of the pond during the year, especially before refilling the buffer with saline water 

from the nature area. This implementation makes flushing (as explained in chapter 3) unnecessary and will 

also change the outflow of the system compared to the calculated out- and inflow from the water- and salt 

balance. The outflow of the system will be more evenly distributed over the year.   

For determining the site for the buffer lake, the location of the water inlet, soil profile and elevations were 

used as guiding factors. The water buffer is located in the lowest area of the food forest, close to the water 

inlet and this part contained the thickest sand layer, of which the advantage will be explained further on. The 

water buffer has an area of approximately 2500 square meter and a depth of 0.9 below the average surface 

level (-3 NAP) for water storage. The real buffer depth will be larger to be able to retain 0.5 meters of water 

during the drier season. The water level between –3.0 meter NAP and –2.7 meter NAP is used for the salt 

marshes and is not incorporated in the storage of the buffer itself. In this way 0.9 meter of depth is used for 

water storage which yields 2200 cubic meter of water that can be used for irrigation.   

  

  

Figure 13: Sketch/cross section of the buffer and creek including the design options (weir/culvert)  

Salt marsh   
On the outer ring of the water buffer, a habitat can be created to mimic the characteristic Dutch salt marshes. 

These are often located along shallow tidal areas like the Waddenzee in the Netherlands. At high tides, Dutch 

salt marshes are entirely flooded while most of the year they remain dry. In the proposed design, the area will 

be flooded during the refill of the water buffer during spring and dry up within a few months as the buffer 

slowly releases water to the creek. The vegetation will therefore experience a similar flooding regime to Dutch 

salt marshes. This zone aligns with MCA zone 2. The suitable and natural vegetation structure and composition 

of these habitats is an open landscape dominated by plants from the ground cover and low shrub layer. A 

promising plant species for this zone is Salicornia europaea (common saltwort; number 3 in figure 15). A niche 

market is already established for this native plant. It is commonly found on the menu of Dutch restaurants and 

appreciated for its salty flavor and interesting texture. Additional native salt tolerant salt marsh plants to target 
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the niche market include Broadleaved pepperweed (Lepidium latifolium), Sea Plantain (Plantago maritima), 

Sea Aster (Aster tripolium) and Common Salt Mine (Atriplex portulacoides).   

Main creek with side branches and groundwater  
The main creek will function as a transport channel for saline water from the buffer to the southern part of 

the project area and the side creeks will transport it evenly over the surrounding area. The main creek will be 

3m in width at the water surface level with a depth of 1m. The bottom level will have no slope and a height of 

–4.9 meters below NAP. In this way the velocity through the creek will be limited which enhances the 

stratification and separation of fresh and brackish water. The main creek will have a discharge point in the 

eastern ditch, which will be regulated with a weir, to ensure both a stable water level in the creeks and a stable 

salinity level in the area. The creek will meander only gently to reduce mixing of brackish and fresh water 

through turbulence. The vegetation around the creek will also serve to reduce the chance of mixing in the 

creek by acting as windbreak. The main creek will function as a transport channel for saline water from the 

buffer to the southern part of the project area and the side creeks will transport it evenly over the surrounding 

area. The main creek will also transport the fresh water out of the system. The side branches have variable 

drain distances with an average of 30 meters, which is needed according to the outcomes of the groundwater 

calculation (chapter 3: Ernst equation).  

Figure 14: West to East transect positioned over the water buffer  

Levees and banks  
A levee surrounding the water buffer will ensure that water is retained in the buffer at all times. 

Recommended dimensions for the levee are 2.5m width at the base, 50 cm height and 1m width on the top. 

The vegetation should be reasonably drought tolerant, for the ground water table on top of the levee will be 

1.5m during summer. Considering the microclimates, the vegetation on the slope close to the height of surface 

water in winter should be relatively more tolerant to moisture and salt spray.  

Vegetation on top should be most drought tolerant, while the outward slope can be used for least salt tolerant 

species. Furthermore, a diversity in microclimates on the inside and outside of the levee will be created by the 

orientation in relation to the sun. It is expected that the inside of the levee (on the south of the buffer) and 

outside of the levee (on the north of the buffer) will stay cooler, moistier and darker. Whereas, the south and 

west of the outside of the levee and the north and east slope of the inside of the buffer will receive more 

direct sunlight and therefore become warmer and drier. Examples of potential plants for this area are 

artichoke (Cynara scolimus; number 2 in figure 15) and cardoon (Cynara cardunculus). Both can tolerate 

relatively high salinity levels, have high market potentials, can stand considerable drought and can be 
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cultivated in rows along the path going over the levee. The 1m platform on top provides enough room for an 

elephant path around the buffer for easy harvest of the variety of plants that can be grown under the diverse 

microclimates of the levee. Soil stabilizing vegetation with an extensive fibrous rooting system can contribute 

to the buffer by enhancing its strength, enhancing its ability to keep the water inside the buffer. Plants with 

deep tab roots and trees should be generally be avoided on this levee since decomposing root tissue could 

create holes in the levee.    

In the northern part of the area where the ground level is lower, levees will also be constructed alongside the 

creeks to prevent excess flow of water from the creek to the surface of the surrounding areas. This is to prevent 

shortage of water during the dry summers. These levees can be roughly compared to the zone 4 defined in 

the MCA because of their proximity to the saline water and stable ground water level due to the stable surface 

water level of the creek. A salt tolerant plant species appreciative of this sunny edge and extra rooting space 

could be Common fig (Ficus carica; number 4 in figure 15). In the southern and higher parts of the food forest, 

the sides of the creeks will have a gentler slope, to allow the growth of vegetation that prefers both good 

drainage as well as a relatively high ground water table. On the riparian edge of the creek and bank riparian 

salt tolerant vegetation such as Marshmallow (Althaea officinalis) and Sea Aster (Aster tripolium; number 7 in 

figure 15) could establish.  

 Figure 15: North to South transect positioned over the western side of the water buffer. For each unique habitat, one promising plant 
species is highlighted to give an impression of the vegetation diversity. These are: 1. Pedunculate Oak for the ‘Ooibossen’; 2. Artichoke 
for the pond levee; 3. Glasswort for the ‘Kwelders’; 4. Fig for the creek levees; 5. Mulberry for the brackish agroforestry; 6. Pecan for 
the clay hills; 7. Sea Aster for the sloped creek banks; 8. Sea Buckthorn for the dune tops; 9. Asparagus for the dune foots; and 10. 
Autumn Olive for the windbreak.  

Combining silt and fresh food forestry  

The areas in between the water buffer and the several side branches of the creek are collectively named “Silt 

food forestry”. Over the horizontal length, the ground water table will likely take a parabola shape. This means 

that the areas close to the creek and side branches will have a water table around 90 centimeters in summer 
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and winter. Whereas, in the middle, the ground water table is estimated to be as high as 50 centimeters in 

winter and 90 centimeters in summer. Towards the south the surface level increases with 50 centimeters. This 

means that the groundwater levels will be deeper in this area with respect to the surface. The groundwater 

level will be around 90 to 140 centimeters in this part of the area. The groundwater level will be deeper below 

the dunes depending on the extra elevation that is added. The distance between the ditches is kept variable 

to create a larger ensemble of zones for vegetation. On average the groundwater in the middle of the field 

will be 40 centimeters higher during winter then the level in the creek and side branches. This will create 

different rooting depths because the surface elevation changes, and the surface water level is kept constant 

over the whole area. Also, the water level in between the side branches and main creek will be lower than 

calculated, because of the groundwater flow into three directions (2 branches and the creek). By containing a 

wide range of moisture and salinity levels, this zone will have areas comparable to both zone 3 and zone 4 as 

defined in the MCA a potential food forest species for this zone could be Mulberry (Morus alba; number 5 in 

figure 15).  

Clay elevations  
Between the side branches in the middle of the plot and in the northwest of the food forest, elevations can 

be made from the clay that becomes available during the construction of the creek and water buffer (referred 

to as “kleibulten” in figure 12). These elevations can provide additional rooting space for the deeper rooting 

vegetation. A large salinity gradient is expected within this zone, with the salinity decreasing further away 

from the main creek and side branches in the southern part of the food forest. This gradient can be enhanced 

by the clay elevations where rainwater can accumulate and stay on top of the salt water as a freshwater lens. 

Hence, this creates microclimates to experiment with many popular food forest species, especially nut and 

fruit trees. English walnut (Juglans regia) and Pecan (Carya illinoinensis; number 6 in figure 15) could be 

considered on the fresh clay elevations furthest away from the main creek and side branches and on the 

elevation on in the northwest. This zone can be the basis for creating an open woodland habitat that can be 

described as the closest resemblance in vegetation structure and composition to other food forests.  

Brackish Ooibos  

The low areas in the northern part of the food forest may be suitable for the establishment of a brackish 

“Ooibos”, being named after this Dutch characteristic riparian vegetation. In our proposed design, the Ooibos 

envelopes the water buffer to the North and a little bit to the east and west, forming a sort of horseshoe shape 

around the buffer.  This zone is similar to a riparian zone that surrounds flowing water bodies in nature. Due 

to the positioning of this zone on the lower areas of the food forest, it is expected to experience the highest 

ground water table during winter. The vegetation composition could mimic Dutch characteristic Ooibos 

vegetation with a moderate tolerance to salinity. The canopy can consist of Downy Birch (Betula pubescens), 

Pedunculate oak (Quercus robur; number 1 in figure 15) and Southern life oak (Quercus virginiana). The layer 

underneath can consist of partially shade tolerant woody perennials such as Bird cherry (Prunus padus) and 

Elderberry (Sambucus nigra). While seemingly consisting of non-commercial food crops, this plant community 

provides nuts, sap, leaves and flowers for tea and berries.    

Dunes  

Elevated sandy hills that are designed to mimic the coastal habitat of dunes and arid conditions of 

Mediterranean and similar southern regions could provide aesthetic benefit for the food forest while creating 

room for greater species diversity. The most northern edge of the project area and the southern part of the 

project area are both suitable for such landscape. The most northern edge is chosen because it is already 

somewhat higher than the rest of the northern part of the project area. Furthermore, this area contains a thick 

sand layer in the sub-soil, resulting in the largest natural ground water fluctuations. This fluctuation was 
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reaffirmed with the observation of iron deposits in the sandy layers during the field visit. The southwestern 

part of the food forest does not contain a sand layer but is selected for this purpose because it already 

experiences a natural lower ground water table compared to the north and central part of the food forest due 

to its higher altitude.   

The dunes can be created with the sand that is excavated during the construction of the clay box, water buffer 

and creek. The amount of sand available for the construction of the dunes is estimated to be around 750 m3. 

In this design, 6 dunes are created of around 1 meter at the top ranging from 100m3 to 150m3. The long slopes 

are facing the southwest to further enhance a dry, warm, sunny microclimate. The dunes can be connected to 

each other by a sand layer of 10 cm. An additional 10 cm of sand mixed with clay originating from the topsoil 

can be added to cover the entire dune zone to prevent erosion during the first years, improve nutrient 

availability and moisture retention in the topsoil and as inoculant of soil biota. In order to create both dune 

zones with a maximum elevation height and slope of 1 meter and 1:3 respectively the dune area cover around 

1500 m2. This takes into account the erosion and consolidation of the pores in between the sand and estimated 

eventual elevation decline by 20 percent.   

The species composition of the dunes can consist of characteristic native dune vegetation and drought tolerant 

species from Mediterranean and other southern regions. This zone aligns with zone 1 from the MCA. Promising 

plant species native or naturalized in the Dutch dunes are Sea Buckthorn (Hippophae rhamnoides; number 8 

in figure 15), Goji (Lycium barbarum) and Asparagus (Asparagus officinalis; number 9 in figure 15). When 

considering salt and drought tolerant species from southern arid regions the canopy layer could contain Date 

palm (Phoenix dactylifera), Jujube (Ziziphus jujuba), Beach plum (Prunus maritima) and stone pine (Pinus 

pinea) as an emergent tree. Beneath the canopy a shrub layer could consist of Grey Sage Brush (Atriplex 

canescens), Salt bush (Atriplex halimus) and Bearberry (Arctostaphylos uva-ursi). The ground could be covered 

by the natives Sea beet (Beta vulgaris var. Maritima) and Sea kale (Crambe maritima).  

More economically important species could be located on the less accessible southern dunes to make them 

less susceptible to robbery. On the northern dunes characteristic native dune vegetation might be preferable 

to create a natural dune experience while it is also worthwhile to consider placing the trees with the largest 

maximum height on the northern dunes to mimic the optimal sun light interception of a south facing forest 

edge.   

Kleikist (Clay box)  

The soil of the food forest will be surround by a clay box, which means that compacted ‘walls’ of clay will be 

constructed along all the sides of the food forest. This is especially important for areas with large deposit of 

sand in the soil (northern half of the area) to prevent a horizontal flow of saline water through the sand layers 

to the freshwater ditches outside of the area. By preventing this horizontal water flow we will diminish both 

water and salt from leaving the system. Clay deposits extracted from the construction of the water buffer and 

creeks can also be used for constructing the clay box. The clay box is visible in the cross section from west to 

east. In the west the clay buffer is located farther from the ditch. This will leave place for a windbreak 

consisting out of freshwater species.  

Windbreak  

As a windbreak, wind tolerant shrubs and small trees will be planted along the western and southern side of 

the area, in order to shelter the less hardy species in the area from the strong winds that are typical for this 

region. Along the south-western edge of the forest, the windbreak will cut off the corner of the area to create 

a C shaped windbreak, that is more perpendicular on the predominant Dutch winds blowing from the 
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southwest and more aerodynamic, gently leading the wind past the area. For the composition of the 

windbreak, shrubs may be more suitable than trees to prevent an unnatural and sudden transition in 

vegetation height between the food forest and the open nature area on the west. Furthermore, if the 

windbreak remains lower it will cast less shade on the light demanding dune species in the southern part of 

the food forest. Moreover, if more light reaches the soil on the dunes, it will stay warmer. Even a few degrees 

difference in soil temperature may prove essential to limit frost damage for the more sensitive species 

originating from southern regions. The downside of a windbreak of this height is that the effective wind 

reduction will be several times smaller compared to that of trees.   

The windbreak can be located inside of the clay box to explore the potential of a brackish windbreak. Species 

from the Elaeagnaceae family might be most suitable for this purpose. Ebbing's silverberry (Elaeagnus x 

ebbingei) is an evergreen windbreak so has the advantage of also providing shelter during winter and early 

spring. Autumn olive (Elaeagnus umbellata; number 10 in figure 15) has the advantage that its cultivars have 

a high yield of tasty berries even in exposed growth conditions. Oleaster (Elaeagnus angustifolia) is found to 

be the most salt tolerant shrub during our research and can reach a maximum height of around 5 meters. Sea 

buckthorn (Hippophae rhamnoides) is another promising candidate for its high ranking in the MCA. Besides 

members of the Elaeagnaceae family, shrubs in the plant species base that tolerate full exposure to strong 

winds include Elderberry (Sambucus nigra) and Pineapple Guava (Acca sellowiana).  

The windbreak can also be located outside of the clay box. This would decrease the chances of the hedge 

experiencing reduced growth due to unexpectedly high salinity levels or when species turn out to be less salt 

tolerant than literature suggested. Moreover, this means that less salt tolerant species could be added to 

create a more diverse hedge. An important benefit of a diverse hedge is that it facilitates a higher faunal 

biodiversity. Especially when the species together flower over a long period throughout the year, pollinators 

can be attracted earlier and more abundantly. Since this majorly increases the possibilities for plant species 

they will not be discussed in this report.   

Path network  

To satisfy the recreational requirement of the food forest, there is need for a network of paths for visitors of 

the forest. In this design, there is one main footpath through the northern half of the food forest. Along this 

path, berries and other fruit shrubs and trees will be planted. This picking path will serve to get visitors 

acquainted with the multifold of tasty surprises a food forest has to offer, while also forming a barrier 

restricting visitors to wander off the path.  Moreover, it will wind through all different habitats of the food 

forest to demonstrate the diversity that can be achieved on a small-scale food system. Using the existing 

bridges, it will connect the brackish food forest with the footpaths of the brackish nature area in the west, the 

foot golf area in the east and the existing neighboring food forest in the north east. The latter will facilitate 

efficient movement by the volunteers that may be working in both food forests at the same day. The path 

crosses the main creek with a bridge close to the weir. Aside from the footpath for visitors, a network of 

various smaller paths flows through the area, inaccessible for the public, to allow for easy maintenance and 

harvesting. 

Other considerations  

Hydrology and salinity management  
By using only surface water for irrigation, the problem with sulfite, that arose during the design phase of the 

nature area will not be a problem. The seepage in the area is limited and by using surface water for irrigation 

this sulfite rich groundwater will be suppressed and does not reach the surface. This also means that there is 
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no constant supply of water via seepage into the area. Therefore, the water buffer is needed which stores the 

brackish water over the year. When water is supplied during spring the culvert between the nature area and 

water buffer is open. However, during the rest of the year this pipe has to be closed to keep the water in the 

buffer. This can be regulated by placing a valve in the culvert that can be manually opened or closed. The same 

system can be applied for the culvert between the water buffer and the brackish water creek. This valve is 

opened partly to supply enough water to keep the creek and side branches at a constant level depending on 

the water usage of the food forest (evapotranspiration). It will not be impacted by the change in water level 

of the ditch by precipitation because this water has to be discharged over the weir at the end of the creek.     

To enhance the salinity in the project area, an(other) option is to get the freshwater as soon as possible out of 

the area. Due to small superficial drains, the water from precipitation without salt can easily remove to the 

ditches or the creek. In this way, the surface water will be less diluted by precipitation and remain more salt 

and higher concentrations in the project area. If the salinity becomes too high in surface water, there is always 

the possibility to change the weir elevation to retain the precipitation.  

By using only surface water for irrigation, the problem with sulfite, that arose during the design phase of the 

nature area will not be a problem. The seepage in the area is limited and by using surface water for irrigation 

this sulfite rich groundwater will be suppressed and does not reach the surface. This also means that there is 

no constant supply of water via seepage into the area. Therefore, the water buffer is needed which stores the 

brackish water over the year. When water is supplied during spring the culvert between the nature area and 

water buffer is open. However, during the rest of the year this pipe has to be closed to keep the water in the 

buffer. This can be regulated by placing a valve in the culvert that can be manually opened or closed. The same 

system can be applied for the culvert between the water buffer and the brackish water creek. This valve is 

opened partly to supply enough water to keep the creek and side branches at a constant level depending on 

the water usage of the food forest (evapotranspiration). It will not be impacted by the change in water level 

of the ditch by precipitation because this water has to be discharged over the weir at the end of the creek.    

Relocation of the salt marsh zone 
A potential downside of constructing a salt marsh as part of the water buffer is that the increased surface area 

will catch more precipitation that could dilute the salinity content of the water buffer, however if the upper 

surface water can effectively be discharged through the weir this may not pose a problem.  Another risk is that 

the salt marsh may become too dry for the salt marsh vegetation during peak droughts such as the drought of 

2018. An alternative option is to relocate the salt marsh to the banks of the creek by widening the bank and 

decreasing the slope to be slightly under the groundwater table.    

Conclusion  

“What are the possibilities to integrate hydrology, salinity and suitable plant species to facilitate the design 

process of a brackish food forest at Houtrak?”  

It will be possible to develop a brackish food forest if the area can be well drained. The calculated groundwater 

levels and water- and salt balance shows that there are possibilities to create a brackish environment for the 

food forest. The conductivity of the clay layer that covers the area can make the management more complex 

because of longer response times of the system. The groundwater fluctuations and salinity can be a challenge 

to control, but with a good design and management it will be feasible.  

The plant species database and results from the multi-criteria analysis give a diverse list of promising plant 

species and shows that although the number of conventional food forest species, such as nut trees, that can 

grow in this area is limited, it also opens possibilities to experiment and utilize some lesser known culinary 
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species. Various suitable species are native to the Netherlands, so there are plenty of options to stay true to 

Staatsbosbeheer’s ideals about working with native species. This gives this project the potential for the 

development of a unique food forest for targeting a niche market, for example through collaboration with the 

restaurant to be built in the Houtrak.  

Summarizing the advice in answer to the main research question, it can be concluded that a species diverse, 

multilayered brackish food forest system yielding a wide range of edible products can be developed in the 

Houtrak area facilitated by a feasible construction of stable gradients in salinity, texture and moisture levels.  
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6. Recommendations for Future Research 
 

Potential for fish culture  

The inclusion of a buffer lake within the project area presents an opportunity to explore the inclusion of 

aquatic fauna (for human consumption) within the lake. Such inclusion demands the provision of 

enabling conditions to maintain a stable aquatic ecosystem. Most important among these conditions include 

pond design (depth), water availability and water quality. The depth of the proposed buffer lake of 

the Houtrak brackish forest is about 1m and is within the range for most temperate earthen ponds. More so, 

of greater concern is the water quality from the source, and particularly the amount of dissolved 

oxygen (DO) it contains. The average DO requirement for most culturable aquatic species is 5mg L-

1
, although this may be as low as 3mg L-1 in the early morning. Another important water quality parameter 

is total ammonia nitrogen (TAN), which is the combination of fish excretion (Ammonia - NH3) and its ionized 

form (Ammonium - NH4). Elevated levels of NH3 in the environment may result in a net uptake of NH3 by the 

fish to exceed the normal plasma concentration for teleosts (0.15 -0.3 mmol L) (Yuen et al, 2001). This could 

lead to imbalance in ionic regulation and consequently death. Ammonia toxicity could be more detrimental in 

saltwater than freshwater, this is because seawater fish have an increased permeability to NH4, unlike 

freshwater species that are only permeable to NH3 (Eddy, 2005). The average toxicity value for most marine 

fish species is 1.5mg NH3 per liter. Other physio-chemical requirements include a pH of 7 – 8 and a water 

transparency of about 50cm.  

  
The presence of aquatic macroinvertebrates such as mussels, worms and snails may suggest the potential of 

the buffer lake for culture of other food species such as fish and shellfish. The selection of suitable fish species, 

their transfer to the culture area and their husbandry is a subject fit for a separate report. However, some 

general assumptions can be made in terms of species suitability. In accordance with the principles of a food 

forest, the inclusion of fish culture would require selection of fish with little or no need for additional 

management. The ability to reproduce in captivity is perhaps the most important criteria to ensure self-

sustenance of the population. However, given the size constraint of the pond, it could be difficult to create an 

interesting biodiversity of teleost fish species and selection might be limited to 2 or 3 species that complement 

each other in terms of resource use and population control. Due to the expected fluctuation in salinity with 

season, such fish should also have a wide range of salinity tolerance. Interesting species for further research 

could include mussels and clams which are already widely cultured in the Netherlands and form an important 

component of Dutch cuisine.  

 

Other design consideration should include the installation of screens at the water inlet and outlet to prevent 

inflow of unwanted fish species and escape of cultured fish. Also, species selection could favor native species 

that are cultured in the Netherlands, such that possible escape would not lead to dire consequences on 

the surrounding environment. 
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Potential of food forests to make salt soils fresh   

Currently, there is an increase in the loss of arable agricultural land. This presents difficulty in meeting the 

world's demand for food. Aside from the already existing problems some industries face in desalinize 

agriculture land for food production, the sustainability of this approach is still an issue for discussions. A system 

that is capable of not only desalinizing soils but also contribute to food security, increase biodiversity, 

condition the climate will be an all one approach that will produce significant output. This will not only save 

the agricultural industry huge sums of money but will also be a huge step towards building sustainable 

economies.  The concept of the brackish food forest presented here has the potential to help in this regard. 

The brackish food forest has the potential to desalinize salty lands. A justification for this has been made in 

chapter 4. This is achieved through the buildup of organic matter that holds water and constantly dilutes the 

salt content of the land making it fresh over time. While this may be a problem during the establishment of a 

brackish system on a soil that is already fresh, it presents a rather interesting idea of helping recover saline 

lands and making them fresh again. We, therefore, see this as a viable opportunity to invest in further research 

on the concept of using brackish food in the recovery of saline lands. Research may focus on how long it takes 

for a brackish food forest to desalinize lands.  

Potential of salt tolerant cultivars, rootstocks and breeding  

Many fruit and nut species that scored low for salinity tolerance were pre-liminary discarded as potential 

brackish food forest species because of a high sensitivity hold potential for breeding with cultivars and 

rootstocks. For instance, in a recent study on persimmon (Diospyros virginiana) researchers found a very 

distinct variability in salt tolerance of rootstocks (Gil-Munoz et al., 2020). While breeding for better adapted 

varieties can be time consuming, we found indications on internet websites that old 

apple (Malus sylvestris) and pear (Pyrus communis) varieties grown in the Dutch coastal province of Zeeland 

may be relatively adapted to saline conditions. Although no scientific literature was found to support these 

claims, it may be interesting to explore the existence and potential reintroduction of these old varieties.  

Potential for hydrology and salinity  

A recommendation with respect to further research can be to make an extra soil profile of the south of the 

project area up to a larger depth (location of ID 5/6). This can give an indication of possible sand layers in this 

area that can influence dominant groundwater flow. In this research the profile of ID7 is taken to be 

representative at larger depth. If there is a sand layer visible at the southern part of the area the hydrological 

design aspects may have to change. Also, the stratification of salinity in surface water and groundwater is a 

complex subject that has to be researched in more detail. Besides that, the groundwater profile of the cross 

section can also be more elaborated to give more information about the rooting depth over the whole 

area. There is not much available research on making soils brackish on purpose because this is not common 

practice. Most research is done on keeping areas fresh and suitable for agriculture. However, these principles 

can sometimes be reversed and be useful for making soils more saline. For example, the over extraction of 

groundwater will draw the brackish water closer to the surface and it will remain stable because of the larger 

density of this water. In this paper the use of salt by vegetation or soil processes is not taken into account. 

However, these processes are expected to only use a small amount of salt. Also, the effect of precipitation on 

the nature area which results in dilution of the incoming water is not fully considered. However, water is let 

in during the spring season. During these months, precipitation amounts are the lowest of the year, so the 

estimated effect is relatively small. Therefore, a fixed value that is lower than the salinity of the Zijkanaal-C is 

taken for the incoming water from the nature area.   
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Appendix 

Appendix 1. List of traits in the species list with description and argumentation  
An overview, explanation and argumentation for each of the traits that are included in the species longlist 

database is given here. This includes a short description of the trait, its classification and importance. The 

exact requirements per classes will not be included here, but can be found in the meta-data of the species 

longlist database. Several traits have been obtained from the SynBioSys and PFAF databases.  

 

Taxonomy  

English name: The common species name in English. If multiple names are used, the three most common 

options are listed. If the common name is not available this is indicated as N / A.   

Dutch name: The common species name in Dutch. Similar structure as the English name is used.  

Family: The full scientific Latin species family name according to the latest taxonomical grouping. Species 

are organized first based on the alphabetical order of the Latin family name, followed by genus and lastly 

species.  

Genus: As description for Family.  

Species: As description for Family.  

Other names: Other known scientific names. May include synonyms or scientific names based on 

outdated taxonomical grouping.  

 

Morphology  

Layer: The vertical zonation among the plant communities. The classification includes nine different 

layers: canopy, medium tree, small tree, large shrub, small shrub, soil surface, rhizosphere, vertical and water. 

Distinction between these classes is based on their maximum height, presence of woody parts and 

lifestyle. For an exact description of the classes, see the meta-data of the species longlist database. Food 

forests are a multi-layered system, which contributes to the creation of a self-managing system with a high 

productivity. This trait is therefore essential, mainly in the design phase of the project.  

Height: The common vertical growth height of the plant in meters. May be a range or single value, depending 

on the source. This data has been used as reference for the layer.  

Width: The common horizontal growth width of the plant in meters. May be a range or single value, depending 

on the source. Combined with the height, this trait gives a general impression of the above-ground plant 

architecture and how to place them in a planting scheme.  

Life span: The plant life cycle strategy. This trait is divided into three classes: perennials, biennials and in a few 

cases annuals. Perennials live for several years, while biennials complete their life cycles in two growing 

seasons, as opposed to annuals, that complete theirs in one season. Here preference is given to perennials 

plants, as the aim is to create a forest ecosystem. In addition, perennials require less maintenance and are 

crucial in building a healthy soil rich in organic matter.  
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Rooting depth: The penetrating depth of the roots, to which 70-90% of the roots are located. Five classes are 
distinguished: very shallow, shallow, intermediate, deep and very deep. They range from a rooting depth of less 
than 25 centimeter, to a depth of over 150 centimeters. Forbs will most likely fall into the lower classes, while 
large trees fall into the last. When no data was available on the rooting depth, an estimation was made based 
on the plant’s morphology and minimum water table tolerance, a trait that will be explained later. Rooting 
depth will become an important trait during the design phase of the zones, based on the gradient of the water 
table resulting from the construction of ditches and optionally mounds. In a planting scheme information about 
rooting depth is valuable because of the resource partitioning if plants growing above and under each other in 
different vertical aboveground layers also grow in different belowground layers, in this way they take up water 
and nutrients from different layers.  
 

Distribution  
Geographical distribution: The natural geographical occurrence of the plant species. This does not include 
locations where the plant has been naturalized. It consists of 10 classes, that include the continents Africa (Af), 
Asia (As), Europe (Eu), North America (NA), South America (SA) and Oceania (Oc), as well as four additional 
classes Temporate (Te), Tropical (Tr), Temperate-tropical (TeTr) and cultivation (Cv). These last classes are used 
when a species has a global distribution, but is limited to certain climates, or has been cultivated for so long 
that the original range is unknown. These classes are followed by a one or two letters between brackets to 
indicate the cardinal direction of the distribution within the continent. Information about the 
natural occurrence gives an indication off the nativeness and climate preferences of a species.  
Habitat: The natural growth environment of the plant species. It consists of 21 classes: beaches, dunes, 
disturbed, edges, forests (coniferous/deciduous/mixed), meadows, open woods, prairies, slopes (high 
altitude/dry/wet), riverbanks, streamsides, floodplains, wetlands, saltmarshes, saltflats, sea. This trait can be 
used as an estimation of the preferred type of abiotic factors, terrain and vegetation composition.  
Nativeness: The state of natural occurrence of a plant species in the Netherlands. This trait has 3 
classes: Cultivated (Cv), Exotic (E) and Native (N). Native includes plants that have occurred naturally in the 
Netherlands since before 1000 B.C. Exotic includes plant that do not occur naturally in the Netherlands or have 
been introduced by mankind. Cultivar include species that have been cultivated by humans and have been 
established as a crop production. This trait is linked to the geographical distribution. Since the behavior of 
native species is generally better understood, this will limit uncertainties in the design process. This is also 
important in relation to assessing whether a species can become invasive when introduced to the Houtrak area. 
Most native species are adapted to the local environment. Native fauna can be depending on these species for 
habitat and food.   

 
Growth conditions  
Minimum USDA Hardiness zone: The range of average minimal tolerated temperature, also known as frost 
tolerance. The classification as used in the USDA database has been used (USDA, 2013). It includes 13 classes, 
with the lowest class being able to stand the lowest temperatures (beneath –46 C). The Netherlands fall into 
Hardiness zone 7 and 8, which correlates to minimum temperatures of –18 to –12 and –12 to –7 
respectively. This means that plant species with a hardiness zone score of 8 or lower should be able to survive 
the Dutch climate. This is one of the main selection criteria, as the survival is essential in the design of the food 
forest. It is important to keep in mind however, that frost tolerance does not tell anything about successful 
flowering in our climate. While some plants might be able to survive low temperatures, this might still result in 
reduced or halted flower and fruit development. Examples may include olive, date palm and loquat.  

 
Salinity range tolerance: The range of salt concentration in the soil in which a plant species can 
grow. Categories in this trait range from 0 (not salt tolerant, 0 Cl-)) to 9 (hypersaline, 1.6-2.3 % Cl-). Here the 
Ellenberg scale used for the classification of plant species into the salinity regime. This trait is indisputable 
when considering species for a brackish food forest. A division herein can be made between the optimum, 
threshold and tolerance of a species to salinity level. Since data on salt optimum and threshold is not 
always available, only the range is given.   
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Texture tolerance: The substrate on which a plant species can grow. This include 5 classes: sand, loam, light 
clay, heavy clay and peat. Plant species often have a preferred soil type (optimum) and range (tolerance). Here 
the soil tolerance is given. The topsoil layer of the project area consists mainly of clay, and thus will be 
important in the selection of plants.  
 

pH preference: The soil acidity for an optimal plant performance. It uses the Ellenberg values and ranges from 
class 1 (very acidic) to 10 (very basic). Since often plants have specific optima, this trait tells us whether the 
plant will thrive well in an acidic, basic or neutral environment. It is further linked to nutrient percolation and 
usage, symbiotic associations.   
 
pH tolerance: The range of soil acidity in which a plant species able to grow. It uses the same classes as pH 
preference, but indicates the survival, rather than optimum performance. One thing to keep in mind in this 
project is the inoculation of saltwater into the food forest area. Research shows that a major factor influencing 
the pH of soils is salt ions present in a solution (Thomas, 1996), therefore, the pH of the soil in the food forest 
is liable to shift after saltwater is introduced into the area.  
 
Moisture preference: The soil moisture content for optimal plant performance. Species will be ranked into 
12 categories according to the level of moisture they prefer for growth. They are based on the Ellenberg values 
and range from 1 (very dry; on dehydrated soils) to 12 (aquatic; submerged). This is an important trait because 
it affects the chemical, physical and biological environment of plants.   
 
Moisture tolerance: The range of soil moisture content that a plant can survive. The same classes as described 
in the moisture preference are used. This trait explains some of the flexibility and survival of a plant species.  
 
Highest water table tolerance: The maximum level of ground water table a plant can survive. This explains how 
well a species can stand wet conditions. Three classes are used, ranging from 1 (waterlogged; average highest 
water table of < 0 cm) to 3 (Average highest water table of > 50 cm).   
 
Lowest water table tolerance: The minimum level of ground water table a plant can survive. This explains how 
well a species can stand dry conditions. Five classes are used, ranging from 1 (extremely low; Average lowest 
water table of > 200 cm) to 5 (Average lowest water table of < 50 cm).  
The highest and lowest water table tolerance together can be combined with the rooting depth in the design 
process and management plan. Certain plants need stable water content levels, while others can survive large 
fluctuations.  

 
Weed potential: Potential for a species to become a weed. This trait has been taken from the PFAF database. It 
is scored either as Yes or No. It deals with the probability that a plant species becomes a nuisance and overgrow 
other in terms of space and the ability to easily disperse. The underlying mechanisms and potential to become 
invasive are very specific for each species and abiotic and biotic environment. Species characteristics enhancing 
the chances for becoming invasive are abundant seed production and dispersal, strong ecological 
competitiveness for resources through exudation of allelopathic chemicals, etc. However, while the weed 
potential could be used as an indicator for the plant’s invasiveness, it should not be taken as a standard this 
trait and always be seen in a larger context. Invasiveness is highly contextualized and the mechanisms behind 
it are unique for every species. For example, species that are invasive in Mediterranean regions often not 
invasive in the Netherlands and species that come from different habitats often also not so invasive. On rich 
clay soils for some species (like reed) there is a higher chance to outcompete others in the food forest.  
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  Uses  
Edibility rating: The edibility for human consumption. This trait was taken from the PFAF database 
and is ordered into five classes, ranging from 0 to 5, with 5 being highly edible for human consumption. The 
trait is based on a combination of factors that include the nutritional value, taste, size of its edible parts and 
difficulty to prepare the edible part. This trait can be used to assess the culinary potential of a plant, but it is 
important to keep in mind that this is a very subjective rating and should thus not been taken too strictly.   
 
Edible parts: The parts of the plant that can be used for human consumption. This includes 17 classes: Inner 
bark, bulbs, flowers, fruits, gum, leaves, nectar, oil, pollen, roots, sap seedpods, seeds, shoots 
(spear or growing), stamens, stems, and unopened flowerheads. A complete description of each of those 
classes can be found in the meta-data. Combined with the edibility rating, this can be used to assess the culinary 
potential of a plant species.   
 
Other uses rating: Other economical or functional uses, beside food consumption. The classes as identified by 
the PFAF database were used, ranging from 0 to 5. This is a complex combination of factors, that include among 
other things the possibility for the plant to be used as building materials, clothing, dye, fertilizer or 
pesticide. Since a food forest is a complex system, plants can fulfill multiple purposes that are not necessarily 
limited to their own edibility but can also improve the productivity of others. For example, through nitrogen 
fixation or function as windbreak.  
 
Market potential: The economic potential of a plant species. It is classified into five categories: Low, medium, 
high, excellent or unknown (?). This is a complex trait, that combines: yield, price per kg, costs of buying 
the plant, popularity among customers and nutritional values among other traits are evaluated and compiled 
as the plant trait ‘market potential’ with consult of food forest pioneer Wouter van Eck. This is an important 
trait, because one of the goals of the commissioner is to show that the food forest can actually be economically 
feasible. A lot of potential for food forest species lays in their nutritional quality the food produces. For example, 
perennial vegetables often have a higher nutritional value compared to annual vegetables (Crawford, 2010).  
 
Plant material availability: The availability of plant materials in plant nurseries. Species that can be bought at a 
plant nursery are indicated with a Y, for yes. When it is either unknown whether a species is sold or is not 
available, this is indicated with a blank. This trait is identified to be important in relation to the feasibility 
of practical implementation of this project.  
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Appendix 2. Complete plant species list ordered by salt tolerance and food forest layer  

  

Salinity tolerance Canopy Medium tree Small tree Large shrub Small shrub Ground cover Vertical Rhizosphere Water

Fresh Quercus petraea Vaccinium macrocarpon Galanthus nivalis

(0-2 dS/m) Carya illinoinensis Ribes nigrum Epilobium angustifolium

Grevillea robusta Myrica gale Persicaria hydropiper

Chaenomeles japonica Fragaria x ananassa

Chaenomeles cathayensis

Cotoneaster microphyllus

Low salinity Sabal palmetto Acer negundo Acer ginnala Sambucus nigra Capparis spinosa Heracleum sphondylium Humulus lupulus Trapa natans

(2-4 dS/m) Diospyros virginiana Betula pubescens Juniperus scopulorum Juniperus virginiana Sambucus callicarpa Fragaria chiloensis

Triadica sebifera Pinus thunbergii Prunus virginiana Callistemon citrinus Juniperus horizontalis

Populus fremontii Crataegus crus-galli Prunus spinosa Forestiera neomexicana 

Populus alba var. bolleana Prunus padus Rosa banksiae Pyracantha coccinea

Ulmus glabra Prunus cerasifera Lantana camara

Moderate salinity Araucaria araucana Brahea armata Sabal minor var. riverside Carissa macrocarpa Buxus microphylla var. japonica Tetragonia fruticosa Passiflora incarnata Eleocharis dulcis

(4-8 dS/m) Phoenix dactylifera Betula populifolia Bauhinia purpurea Ilex vomitoria Ceratonia conferta Tetragonia tetragonoides Ficus pumila

Alnus glutinosa Platycladus orientalis Juniperus communis Elaeagnus pungens Tulbaghia violacea

Betula papyrifera Thuja occidentalis Caragana arborescens Rosmarinus officinalis Acorus calamus

Betula lenta Ceratonia siliqua Myrtus communis Raphiolepis indica Berlandiera lyrata 

Betula alleghaniensis Albizia julibrissin Cynara scolimus

Quercus virginiana Myrica cerasifera Gnaphalium luteo-album

Quercus phellos Olea europaea Ratibida columnaris 

Quercus robur Pistacia atlantica Opuntia compressa

Liquidambar styraciflua Eriobotrya japonica Cucurbita pepo var. cylindrica

Magnolia grandiflora Pyrus amygdaliformis Lathyrus japonicus

Pinus edulis Salvia farinacea

Pinus ponderosa Plantago major

Populus grandidentata Plantago lanceolata

Populus tremuloides

Populus nigra 

Populus deltoides

Salix alba

Ulmus parvifolia

Ulmus pumila

Saline Washingtonia filifera Casuarina verticillata Carica papaya Yucca aloifolia Atriplex canescens Agave americana

(8-16 dS/m) Acacia auriculiformis Prosopis glandulosa Acacia rostellifera Elaeagnus umbellata Atriplex halimus Chenopodium glaucum

Robinia pseudoacacia Prosopis pubescens Ficus carica Shepherdia argentea Elaeagnus commutata Apium graveolens

Pinus pinea Morus alba Acca sellowiana Arctostaphylos uva-ursi Eryngium maritimum

Punica granatum Crataegus monogyna Chaenomeles speciosa Cynara cardunculus

Ziziphus jujuba Prunus maritima Sonchus arvensis

Cotula coronopifolia

Mertensia maritima

Brassica oleracea

Althaea officinalis

High salinity Casuarina equisetifolia Casuarina obesa Hippophae rhamnoides Allenrolfea occidentalis Acanthus ebracteatus Beta vulgaris var. maritima Zostera marina

(>16 dS/m) Casuarina glauca Elaeagnus angustifolia Arthrocnemum fructicosum Carpobrotus edulis

Coccoloba uvifera Atriplex longipes Mesembryanthemum crystallinum

Atriplex portulacoides Sesuvium portulacastrum

Ephedra distachya Tetragonia eremaea

Myoporum insulare Atriples glabriuscula

Nitraria schoberi Chenopodium quinoa

Nitraria labillardierei Salicornia pacifica

Rosa rugosa Salicornia europaea

Lycium barbarum Salicornia procumbens

Salicornia depressa

Salsola kali

Suaeda maritima

Crithmum maritimum

Asparagus officinalis

Aster tripolium

Batis argillicola

Cakile maritima

Cochlearia anglica

Crambe maritima

Lepidium latifolium

Honckenya peploides 

Lotus uliginosus

Triglochin maritima

Glaucium flavum

Plantago coronopus

Plantago maritima

Phragmites australis

Potentilla anserina

Typha angustifolia



 | 52 

 

  

Appendix 3. List of the top 50 performing species per zone 
 

 
 
Appendix 4. Additional information MCA  
Unchanging criteria    Changing criteria  Zone 1  Zone 2  Zone 3  Zone 4  
Criteria  weight  Criteria  weight  weight  weight  weight  
Frost tolerance  0,290  Moisture preference  0,125  0,125  0.125  0,125  
Edibility  0,290  Moisture tolerance  0,125  0.125  0.125  0.125  
Other uses  0,070  Habitat  0,150  0.150  0.150  0.150  
Lifespan  0,090  Texture  0,150  0.150  0.150  0.150  
pH  0,070  Highest water table  0,000  0.100  0.070  0.100  
Native occurrence  0,190  Lowest water table  0,100  0.000  0.030  0.000  

    Salinity tolerance  0,350  0.350  0.350  0.350  

 

  

English name Scientific name English name Scientific name English name Scientific name English name Scientific name

1 Sea buckthorn (Hippophae rhamnoides) Common reed (Phragmites australis) Common reed (Phragmites australis) Sea buckthorn (Hippophae rhamnoides)

2 Black currant (Ribes nigrum) Marsh mallow (Althaea officinalis) Sea buckthorn (Hippophae rhamnoides) Common reed (Phragmites australis)

3 Pedunculate oak (Quercus robur) Sea buckthorn (Hippophae rhamnoides) Marsh mallow (Althaea officinalis) Marsh mallow (Althaea officinalis)

4 Elderberry (Sambucus nigra) Small Reed Mace (Typha angustifolia) Pedunculate oak (Quercus robur) Pedunculate oak (Quercus robur)

5 Hop (Humulus lupulus) Sea plantain (Plantago maritima) Sea plantain (Plantago maritima) Hawthorn (Crataegus monogyna)

6 Hawthorn (Crataegus monogyna) Sea Aster (Aster tripolium) Hop (Humulus lupulus) Small Reed Mace (Typha angustifolia)

7 Silverthorn (Elaeagnus pungens) Common Salt Mine (Atriplex portulacoides) Elderberry (Sambucus nigra) Sea plantain (Plantago maritima)

8 Strawberry (Fragaria x ananassa) Silverweed (Potentilla anserina) Hawthorn (Crataegus monogyna) Silverweed (Potentilla anserina)

9 Marsh mallow (Althaea officinalis) Sea Kale (Crambe maritima) Downy birch (Betula pubescens) Oleaster (Elaeagnus angustifolia)

10 Common reed (Phragmites australis) Pedunculate oak (Quercus robur) Sloe, Blackthorn (Prunus spinosa) Elderberry (Sambucus nigra)

11 Grey Sage Brush (Atriplex canescens) Field Milk Thistle (Sonchus arvensis) Silverweed (Potentilla anserina) Autumn olive (Elaeagnus umbellata)

12 Sloe, Blackthorn (Prunus spinosa) Hawthorn (Crataegus monogyna) Thorny elaeagnus (Elaeagnus pungens) Sea Aster (Aster tripolium)

13 Bearberry (Arctostaphylos uva-ursi) Broadleaved pepperweed (Lepidium latifolium) Juniper (Juniperus communis) Hop (Humulus lupulus)

14 Date palm (Phoenix dactylifera) Glasswort (Salicornia europaea) Artichoke (Cynara scolimus) Common Salt Mine (Atriplex portulacoides)

15 Autumn olive (Elaeagnus umbellata) Sea arrow grass (Triglochin maritima) European bird cherry (Prunus padus ) Common fig (Ficus carica)

16 Stone pine (Pinus pinea) Sea orach, salt bush (Atriplex halimus) Ribwort Plantain (Plantago lanceolata) Rugosa rose (Rosa rugosa)

17 Juniper (Juniperus communis) Rugosa rose (Rosa rugosa) American persimon (Diospyros virginiana) Field Milk Thistle (Sonchus arvensis)

18 Creeping fig (Ficus pumila) Downy birch (Betula pubescens) Common Salt Mine (Atriplex portulacoides) Goji (Lycium barbarum)

19 Sea Beet (Beta vulgaris var. maritima) Sea Beet (Beta vulgaris var. maritima) Autumn olive (Elaeagnus umbellata) Screwbean mesquite (Prosopis pubescens)

20 Downy birch (Betula pubescens) Screwbean mesquite (Prosopis pubescens) Water chestnut (Trapa natans) Sea Kale (Crambe maritima)

21 Field Milk Thistle (Sonchus arvensis) Wild celery (Apium graveolens) Small Reed Mace (Typha angustifolia) European bird cherry (Prunus padus )

22 Jujube (Ziziphus jujuba) Quinoa (Chenopodium quinoa) Goji (Lycium barbarum) Juniper (Juniperus communis)

23 Sea orach (Atriplex halimus) Water chestnut (Trapa natans) Common fig (Ficus carica) White Mulberry (Morus alba)

24 Sea Kale (Crambe maritima) Autumn olive (Elaeagnus umbellata) Monkey puzzle tree (Araucaria araucana) Sloe, Blackthorn (Prunus spinosa)

25 Artichoke (Cynara scolimus) Goji (Lycium barbarum) Feijoa, Pineapple Guava (Acca sellowiana) Water chestnut (Trapa natans)

26 European bird cherry (Prunus padus ) White Mulberry (Morus alba) Sea Aster (Aster tripolium) Artichoke (Cynara scolimus)

27 White Mulberry (Morus alba) Horned Poppy (Glaucium flavum) Black currant (Ribes nigrum) Black currant (Ribes nigrum)

28 Willow herb (Epilobium angustifolium) Sea Sandwort (Honckenya peploides ) Common Plantain (Plantago major) Broadleaved pepperweed (Lepidium latifolium)

29 Sea Holly (Eryngium maritimum) Feijoa, Pineapple Guava (Acca sellowiana) Oleaster (Elaeagnus angustifolia) Stone pine (Pinus pinea)

30 Rugosa rose (Rosa rugosa) Sea Blite (Suaeda maritima) White Mulberry (Morus alba) Sea arrow grass (Triglochin maritima)

31 Siberian pea shrub (Caragana arborescens) Common fig (Ficus carica) White willow (Salix alba) Pineapple Guava (Acca sellowiana)

32 Common fig (Ficus carica) Beach plum (Prunus maritima) Sea Kale (Crambe maritima) Sea orach (Atriplex halimus)

33 Sea plantain (Plantago maritima) Sea Holly (Eryngium maritimum) Quinoa (Chenopodium quinoa) Sea Sandwort (Honckenya peploides )

34 European olive (Olea europaea) Black currant (Ribes nigrum) Lombardy poplar (Populus nigra ) Buffalo berry (Shepherdia argentea)

35 Sea Sandwort (Honckenya peploides ) Oleaster (Elaeagnus angustifolia) Wax Myrtle (Myrica cerasifera) Wild celery (Apium graveolens)

36 Scotch Elm (Ulmus glabra) Long Leaved Scurvy Grass (Cochlearia anglica) Siberian pea shrub (Caragana arborescens) Beach plum (Prunus maritima)

37 Beach plum (Prunus maritima) Asparagus (Asparagus officinalis) Cherry Plum (Prunus cerasifera ) Jujube (Ziziphus jujuba)

38 Wild gage (Myrica gale) Jujube (Ziziphus jujuba) Creeping fig (Ficus pumila) White willow (Salix alba)

39 American persimon (Diospyros virginiana) Ribwort Plantain (Plantago lanceolata) Field Milk Thistle (Sonchus arvensis) Downy birch (Betula pubescens)

40 Silverberry (Elaeagnus commutata) Bearberry (Arctostaphylos uva-ursi) Rugosa rose (Rosa rugosa) Glasswort (Salicornia europaea)

41 Goji (Lycium barbarum) Wild cabbage (Brassica oleracea) Date palm (Phoenix dactylifera) Ribwort Plantain (Plantago lanceolata)

42 Asparagus (Asparagus officinalis) Elderberry (Sambucus nigra) Wild celery (Apium graveolens) Black locust (Robinia pseudoacacia)

43 Colorado pinyon (Pinus edulis) Wax Myrtle (Myrica cerasifera) Scotch Elm (Ulmus glabra) Monkey puzzle tree (Araucaria araucana)

44 Oleaster (Elaeagnus angustifolia) Grey Sage Brush (Atriplex canescens) Grey Sage Bush (Betula alleghaniensis) Bearberry (Arctostaphylos uva-ursi)

45 Rocky Mountain Juniper (Juniperus scopulorum) Monkey puzzle tree (Araucaria araucana) Strawberry (Fragaria x ananassa) Grey Sage Brush (Atriplex canescens)

46 Silverweed (Potentilla anserina) Silverthorn (Elaeagnus pungens) Loquat (Eriobotrya japonica) Siberian pea shrub (Caragana arborescens)

47 Black locust (Robinia pseudoacacia) Hop (Humulus lupulus) Southern live oak (Quercus virginiana ) Sea Holly (Eryngium maritimum)

48 Lombardy poplar (Populus nigra ) Willow herb (Epilobium angustifolium) Sea orach (Atriplex halimus) Quinoa (Chenopodium quinoa)

49 Bolleana poplar (Populus alba var. bolleana) White willow (Salix alba) Stone pine (Pinus pinea) Strawberry (Fragaria x ananassa)

50 Sessile oak (Quercus petraea) Yucca (Yucca aloifolia) Willow herb (Epilobium angustifolium) Lombardy poplar (Populus nigra )

Zone 1 Zone 2 Zone 3 Zone 4
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Appendix 5. Summary of soil profiles of the Houtrak area 
 

   
Location ID  coordinates    Ground Surface 

level (in reference 
to NAP)  
   

Profile (in 
reference to 
NAP)  

  Profile 
Height/  
thickness (m)  
   

Soil type  
   

  x  y    From  to      
5  110027.80  492880.99  -2.598  -2.60  -3.50  0.9  Clay  

            -3.50  -3.90  0.4  Soft clay  

                 
6  119936.27  492915.91  -2.729  -2.73  -3.53  0.8  Clay  

            -3.53  -4.03  0.5  Clayey peat  

                 
7  110045.27  492956.13  -2.934  -2.93  -3.83  0.9  Clay  

            -3.83  -3.93  0.1  Sand  

            -3.93  -5.73  1.8  Peat  

            -5.7  -5.78  0.05  Sand  

            -5.78  -6.13  0.35  Clay (soft)  

                 
8  110052.68  492998.46  -3.010  -3.01  -3.71  0.7  Clay  

            -3.71  -4.01  0.3  Sand/Silt  

            -4.01  -4.31  0.3  Peat  

                 
9  110103.48  493029.68  -2.997  -3.00  -3.65  0.65  Clay  

            -3.65  -4.00  0.35  Sand/Silt  

            -4.00  -5.30  1.3  Peat  

                 
10  110059.55  493038.15  -2.951  -2.95  -3.70  0.75  Clay  

            -3.70  -4.10  0.4  Sand/Silt  

            -4.10  -4.95  0.85  Peat  

                 
11  110019.34  493047.67  -2.926  -2.93  -3.63  0.7  Clay  

            -3.63  -3.93  0.3  Sand/Silt  

            -3.93  -6.23  2.3  Peat  
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Appendix 6. Water balance components further explained 
 

 

  

Buffer area   
The buffer area is proposed as reservoir for the project area, to refill brackish water during the wet season. 
This buffer area will also supply the brackish water to the creek and connected groundwater system during 
the year. To calculate the water balance for this catchment, the following variables were considered:   
 

Input:   
1. Direct precipitation onto the buffer area,   
2. Water input from the brackish nature area (Q_inBNA).  

 
Output:   
1. Water discharge towards main creek (Q_weirCD),   
2. Evapotranspiration of water from the buffer area.  

 
Storage:   
1.  Increase/decrease in surface water level  

 
Surface water system  
The buffer influences the surface water of the project area through the interaction of the following variables:  
 

Input:   
1. Precipitation of surface water area   
2. Discharge from buffer area  

 
Output:   
1. Outflow of creek through weir  
2. Flow to groundwater  
3. Evapotranspiration of water in surface water system  

 
Storage: No storage was considered because of the fixed water level by the weir.   

 
Groundwater  
The considered variables for calculating the groundwater flux are:  
 

Input:   
1. Precipitation on top of project area (excluded buffer and surface water),   
2. Flow from surface water system into groundwater (from the surface water system)  

 
Output:   
1. Flow through side ditches --> Q_darcy through the soil  
2. Evapotranspiration of area  

 
Storage: Groundwater fluctuations  
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Appendix 7: Assumptions water- and saltbalance  
 

  

Assumptions and motivation water balance  
Several assumptions were needed to make a working water balance. With these assumptions, we deal with 
some simplifications that the output is more straight-forward and relatively simple to implement in the model. 
The assumptions are based on literature, internet sources and own experiments to create a realistic and 
representative water balance of the project area.  
 

Approach  
The combination of the water- and salt balance approach has also some disadvantages. The different boxes 
have different fixed sizes. To make it simple to calculate and applied interactions in a water balance, the boxes 
are assumed to be rectangular and are represented by width, length and height. The time step used in the 
water- and salt balance is each month. Daily variations and extreme values of precipitation and 
evapotranspiration are not included in the model, only the climatic (30 year) data is used.  
  
Initial condition  
Salinity shallow groundwater: The groundwater of the project area is assumed to have the same initial salt 
concentration in the groundwater as the brackish nature area. The salinity of the groundwater in that area is 
around 2.6 kg/m3 due to the seepage flux from deeper layers. (Kamerling et al., 2017)  
 

Boundary conditions  
Elevation and water level in ditches: The water level will be fixed and controlled at the depth of -3.90 meters to 
NAP. This means that in the northern part of the field, the creek level is 90 centimeters below surface level, 
while the creek is around 1.40 meters below surface level in the southern part.  
 
The suggested water depth is 1 meter in the brackish water creek and –4,9 meters to NAP. This depth will be 
relevant for the Darcy flux since there is more surface for effective infiltration. Also, a deeper waterbody will 
create a more stable brackish surface water system which will less sensitive to precipitation and 
evapotranspiration and help salinity stratification.  
 
Aquifer depth: From the field visit, on location ID 7, there was a clay layer starting at a depth of 2.85 meters. 
This clay layer will operate as the boundary for the vertical flow because this clayey layer will have a very low 
vertical hydraulic conductivity and will be valid to use it as an aquitard. The layer above the aquitard is used as 
aquifer and consists of a combination of clay, sand and peat.   
 
Salinity nature area: In the water- and salt balance, we set the salinity of the nature area at a fixed concentration 
of 2.7 kg/m3 (Ecogroen). This is the concentration of the water from Zijkanaal C, which will be influenced by 
precipitation and evapotranspiration of the brackish nature area. There is a possibility that the salinity will 
deviate from the used value. In spring, there can be expected a smaller salt concentration through the amount 
of precipitation without salt in the winter.  
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Parameters  
Drainage length: The drainage length is determined with the number of ditches to determine the flux of the 
surface water into the groundwater. Thus, the indication of the drainage length is based on the Ernst equation 
and design of the area.   
 

Specific yield: The specific yield is related to the porosity. The specific yield of peat is 0.44, while the maximum 
specific yield for clay is 0.1 (Morris and Johnson ,1967). Since the peat layer is thicker in the profile of the 
project area, the specific yield is set at 0.3.  
 
Hydraulic conductivity topsoil: The hydraulic conductivity of the topsoil is calculated with the average 
hydraulic conductivity of the topsoil until the aquitard (Das and Sivakugan, 2016). The hydraulic conductivity 
of the topsoil will be 0.09 m/day.   
The disadvantage of implementing one single value for the hydraulic conductivity is that there will be 
different groundwater velocities in the soil due to the difference in soil types and their characteristics. In case 
of large differences in velocities, there will occur preferential flow, which means that the groundwater will 
flow mainly through the layer with the lowest resistance.  
 
Fraction surface water: The fraction of surface water is assumed to 3 percent of the total area of the field. 
This is excluding the part of the buffer that will be created in the system. This value contains all the ditches in 
the project area.  
 
Buffer design: The area of the buffer in the water balance is 40 by 50 meters.  
 
Bottom- and top levels buffer: Based on the location of the clay layer in the northern part of the project area, 
the bottom of the buffer is 0.5 meters on top of at least 20 centimeters compacted clay, which will have the 
function of an aquitard where groundwater flow can be negligible.  
 
Results  
Groundwater: The groundwater storage expressed in the groundwater level change is one single value and 
will not give the spatial variation between the different ditches.  
 
Surface water: There is assumed that the surface water in the brackish ditch will always at the same level. This 
is valid for the month data, but there will be some variation in the surface water level within the month.  
 
Buffer: The calculation of the buffer is done assuming one rectangular box. The design of the buffer is more 
gradually slope and a flooding zone besides the buffer. This are implementation that makes it too hard to 
calculate within the given time.  
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Appendix 8: Distribution of number of species from the most suitable plants by layer and edible 
parts  
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Appendix 9: The 10 permaculture design principles  
1. Relative location of elements in order to support each other  
2. Each element performs many functions  
3. Each function is supported by many elements  
4. Efficient energy planning: zones and sectors, wind and sun   
5. Local and biological resources  
6. Nutrient, energy and water recycling: catch, store & use   
7. Small scale instead of large scale   
8. Accelerating / copying succession and natural processes   
9. Use guilds (mutual cooperation) and intrinsic behavior   
10. Edges, boundaries and margins  

 
 

Appendix 10: Food forest Ketelbroek during the drought of 2018  
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