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SUMMARY 
LEPAS (‘LEttuce Production in Aquaponic Systems’) is a model designed to predict lettuce and fish growth in 

aquaponic systems. It rises from the combination of two already existing models, adapted for the aquaponics conditions. 

These models are: LINTUL1 (Ittersum et al., 2003), which was only used to simulate carbon assimilation in plant, and 

the Nicolet model (Seginer, 2003; Linker et al., 2004; Mathieu et al., 2006), which was used to simulate carbon and 

nitrogen partitioning into the plant, with consequent structure formation and dry weight accumulation. The adaptation 

to aquaponics growing conditions was done by the aid of other models, such as a work from Zhu and Chen (2002) on 

the bacteria activity, a study from Seawright et al. (1998) which includes calculations on the amount of ammonia 

expelled by the fish, and a dynamic model from Zhang et al. (2008) which simulates nitrogen uptake rate of lettuce 

plants. To calibrate and roughly validate LEPAS, lettuce plants (Lactuca sativa ‘Appia’) were grown in a small scale 

aquaponic system located in Driel (Netherlands) in combination with common carps (Cyprinus carpio). Plants were 

harvested twice a week to measure the fresh weight, dry weight and leaf area, not including the roots. SPAD values, of 

every plant, were recorder weekly as average of three measurements per plant. Fish were weighted just at the start and 

at the end of the experiment. Water samples were also taken weekly and analysed by a private laboratory (BLGG 

Agroexpertus) located in Wageningen (Netherlands), to address the amount of nitrate and ammonia accumulating in the 

water of the system. The experiment was divided in two sub experiments: the first month a ratio of 1.1 kg of fish/m2 

area covered by plants was applied, while the second month a ratio of 3.3 kg of fish/m2 area covered by plants was 

applied. This was done in order to test if the model was able to predict plant and fish growth under a wide range of 

nitrogen availability in the water. However neither of them resulted in a nitrogen deficient condition, as water analysis 

showed that nitrate was constantly accumulating in the water. Therefore the model testing was performed on only 

optimal and over optimal nitrogen availability. The model predictions for the plant dry weight resulted in a good 

agreement with the observed values (R2=0.82), so as the fish growth prediction. The recorded SPAD values could only 

be calibrate with the reduced nitrogen concentration in the plant. This concentration resulted in reasonable values, 

according to Broadley et al. (2001) and Greenwood and Hunt (1986), but SPAD values could not be utilized to test if 

the model accurately predict the amount of nitrate accumulation in plant. This, from a produce quality prospective, 

would be more interesting and further testing is needed to validate this part of the model. LEPAS shows that nitrate 

accumulation in the water is highly influenced by the fish/plant ratio, and also by the amount of daily total radiation and 

the average daily temperature. Therefore when using LEPAS as a tool for aquaponics scaling purposes, it is better to 

focus on the nitrogen balance rather than on plant and fish growth response directly.  

Further research need to consider this is the first model ever designed for aquaponics growing conditions; ergo, a more 

robust validation, from a greater and wider data collection, is needed. This is especially valid for the response regarding 

the nitrate accumulation in the plant, which lack even of the primary validation performed during this study. With this 

accomplishment, LEPAS would represent a powerful model which can be used for diverse purposes, such as: the scaling 

of aquaponic systems according to specific environmental conditions, the settlement of environmental control 

techniques, produce quality oriented researches rather than further studies on the role of different factors (amount of 

fish, amount of plants, bacteria surface area, temperature, light, fish feed typology, and more) in the equilibria governing 

aquaponics.  
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ABSTRACT 
Aquaponics might be considered a recently (re)discovered production technique. Currently few are the scientific studies 

about aquaponics, which make potential growers distrust about the efficiency of these systems. LEPAS (‘LEttuce 

Production in Aquaponic Systems’) is a model designed to predict lettuce and fish growth in aquaponic systems. To 

calibrate and test LEPAS, lettuce plants (Lactuca sativa ‘Appia’) were grown in a small scale aquaponic system in 

combination with common carps (Cyprinus carpio). Plants were constantly harvested to measure the fresh weight, dry 

weight and leaf area, not including the roots. Fish were weighted just at the start and at the end of the experiment. The 

experiment was divided in two sub experiments: the first month a ratio of 1.1 kg of fish/m2 area covered by plant was 

applied, while the second month a ratio of 3.3 kg of fish/m2 area covered by plant. The model predictions for the plant 

dry weight resulted to be in good agreement with the observed values (R2=0.82), so as the fish growth prediction when 

considering real amount of feed given to the fish (instead of amount simulated by the model). LEPAS shows that the 

response of nitrate accumulation in the water is highly influenced by the fish/plant ratio, while the same is not valid for 

the response of plant dry weight accumulation. Therefore when using this tool for aquaponic systems’ scaling purposes 

it is advisable to focus on the nitrogen balance rather than on plant and fish growth response directly. 

INTRODUCTION 
 
‘Make agriculture, forestry and fisheries more productive and sustainable’ is one of the five FAO (Food and Agriculture 

Organization) strategic objectives for 2014-2017. With the increasing world population and competition over natural 

resources, innovative ways to increase the resource use efficiency (RUE) in the agricultural sector are needed, especially 

in those areas of the world with a high proportion of the population under food insecurity (FAO, 2014).  

In those countries an important food supply chain is represented by what is commonly called “urban farming”. This 

word is used to refer to any farming activity existing within city boundaries that includes the cultivation of food and 

cash crops such as animal husbandry, forestry and plant production (Foeken and Mboganie-Mwangi, 2000). Urban 

agriculture (UA) is beginning to realize its potential as a reaction to food insecurity as it results in food self-reliance 

(Redwood, 2012), because of the more direct access to fresh vegetables, fruit crops and meat products (Wikipedia, 2014). 

In more developed countries, where food insecurity is, at present, not a concern, UA finds its niche because of 

sociological advantages risen from the impact of community gardens on social and emotional individual’s wellbeing, 

and because of the interest of growers on introducing in the market locally grown organic produce (Armstrong, 2000; 

Wikipedia, 2014).  

Aquaponics is a cutting-edge urban farming system (GrowUp, 2014; FAO(b), 2014). This bio-integrated food 

production system (Diver, 2006) is gaining attention as sustainable solution to food insecurity (INAPRO, 2014). The 

‘aquaponic’ term comes from a portmanteau of aquaculture, namely the growth of fish, and hydroponic, namely the 

growth of plants in soilless conditions. These two are combined in a water recirculation system, resulting in an eco-

friendly loop where water and nutrients are highly efficiently utilized and conserved (Liang and Chien, 2013). The 

integration of aquaculture with agriculture applied in a recirculating system is an excellent way of saving water, reducing 

aquaculture wastewater and effluents and providing fertilizer to the agricultural crop (Endut et al., 2011). In this way 

two outputs may be obtained, fish and plant yield, with the use of one input, the fish feed.  

The success of such systems must eventually depend on their profitability. Besides its eco-sociological merit it may be 

economically profitable if saving costs for water treatment and fertilizer of ordinary aquaculture and hydroponic system 

respectively are considered (Liang and Chien, 2013), considering that fertilizer costs can range from 5-10% of total crop 

production (Hochmuth and Hanlon, 2013). Although it was found that plant yields in aquaponic systems is similar to 

hydroponic systems (Graber and Junge, 2009), very few are the systems operating on a commercial-scale worldwide. 

From a study on the business aspects of aquaponics in northern European countries (Vermeulen and Kamstra, 2012), it 

appears that aquaponics is more profitable when used for small scale productions, with direct sales and close interaction 

with the consumers, hence as a form of urban agriculture. Furthermore, in rural areas of the world where food security 

and water availability represent a major concern, such systems may prove their benefits (Essa et al., 2008), especially 

because of the nutritional values brought in the diet by fish and vegetables.  
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With the exception of the lettuce-tilapia floating raft aquaponic system studied by Rakocy (Rakocy, 1997; Rakocy et al 

1997), no long term studies are available to provide growers guidelines for various hydroponic and aquaculture crops 

(Tyson et al., 2011).  Because of limited knowledge, growers are still skeptic about this kind of system as it required 

expertise in fish and vegetables. Difficulties are also imposed by the limitations in applying ordinary pest and disease 

control methods. Certainly more research based on a scientific approach to the topic is needed, in order to better 

understand the theoretical principles underlying beneath the system. By optimizing its efficiency and products quality 

it may be possible to gain more confidence and interest regarding the potential of the system, especially in view of the 

pertinence with urban farming. 

The aim of this work is to develop a tool which allows a better control of nitrate concentration in aquaponic systems, 

while maximizing fish and plant yield and quality. This is done by defining a simple model that accurately simulates 

plant growth, plant nitrogen concentration and water nitrate concentration so to manipulate and test various ratios of 

fish to plants and evaluate the effects on yield.  

AIM and HYPOTHESIS 

The objective of this study was to develop a combined model that predicts plant and fish growth and net ammonia and 

nitrate concentration in the water over a wide range of nitrogen availability, in an aquaponic system. This is done in 

order to provide aquaponic growers and researchers with a tool able to monitor nitrate concentration in the water and 

able to determine a fish/plant ratio which ensures consistent and timely production under diverse environmental 

conditions (light and temperature). 

The research question addressed is: 

 Can fish growth, plant growth, plant nitrogen concentration and water nitrogen concentration be simulated 

accurately by a simple model? 

Based on the fact that the model was built on LINTUL1 growth equations, which suit many different crops, and Nicolet 

growth equations, developed to predict growth of hydroponic (nitrogen stressed) lettuce, combined with models that 

simulates fish growth and bacteria activity, the following hypothesis can be made: 

 The simple model is expected to accurately predict plant and fish growth, plant nitrogen concentration and water 

nitrogen concentration in aquaponic systems. 

AQUAPONIC 

Principles 
Aquaculture waste water enriched of nutrients can cause environmental problems when discharged. When used as 

fertilizer for plants, it may remove the fertilizer application, essential requirement in hydroponic systems.  

The benefits of aquaponic can be summarized as follows (Diver, 2006; FAO(b), 2014): 

 Two agricultural products (plants and fish) are produced from one input (fish feed), because the waste of one 

biological system contains nutrients for the second biological system.  

 The start-up, operating and infrastructural costs are shared between two cash crops (Tyson et al., 2011).  

 The costs for aquaculture clean up wastewater by expensive treatment are abated (Tyson et al., 2011). 

 50% less water is used compared to soil farming and water is reused through biological filtration and 

recirculation, which is especially relevant for arid regions and water-limited farms. 

 Very basic technologies are required, which makes it suits developing countries and urban farming systems. 

 It provides access to local healthy food and may enhance local economy. 

The nutrient flow, just focusing on nitrogen, starts from the feed ingestion by the fish and excretion into the water. 

Consequently, fish produce ammonia NH3 that, depending by the temperature and pH of the water is, in some amount, 

converted to the ionized form NH4
+ (Francis-Floyd et al., 2010). The concentration of both forms is referred to as total 

ammonia nitrogen (TAN) (Francis-Floyd et al., 2010). Ammonia is nitrified to nitrate, with nitrite as an intermediate 

step, by nitrifying bacteria. Plants can absorb nitrogen as NH4
+  or as NO3

-, however NO3
- represents a necessary form 

for optimal plant growth (Tyson et al., 2011) and the preferable source of nitrogen, especially in hydroponic conditions 
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(Andriolo et al., 2006). Thus, in an aquaponic system, water is cleansed from toxic compounds to fish and it is pumped 

back to the fish rearing tank. 

The key ratio in an aquaponic system is represented by the fish feed input per day to area of growing plant. An optimum 

ratio is needed to avoid both toxic levels of nutrients for the fish and deficiency problems for the plant. Generally, a 

ratio between 60-100 g of fish feed / m2 plants day-1 should be used, depending by the type of plant (Rakocy et al., 2006). 

Fish effluents contain enough essential nutrients such as nitrogen, phosphorus, potassium and other secondary and 

micronutrients for plants growth (Diver, 2006). However some plants are more suitable than others for being used in 

the system. According to Diver (2006), especially suitable are those that require medium/low water nutrient content 

such as lettuce, spinach, basil, chives and watercress. Nutrient deficiency in plants were shown in previous studies, 

indicating that optimal nutrient concentration for plants cannot be maintained over prolonged periods of time if 

commercially available fish diets are used (Roosta, 2014; Seawright et al., 1998). Therefore it is fundamental to 

continuously replenish the deficient nutrients and to add water to control the salinity because concentrations of Na above 

50 mg/l must be avoided to prevent negative effects on the uptake of K and Ca (Rakocy et al., 2006).  

Excess sludge, faeces and uneaten feed is removed from the system by particle traps, filters, or sedimentation (Wik et 

al., 2009). This is done to prevent denitrification process that takes place primarily in anaerobic conditions were nitrogen 

and organic matter are present (Seawright et al., 1998). 

Pest management relies on integrated methods such as resistant cultivars and predatory antagonists, but cannot include 

chemical pesticides use. This makes the growing of plants even more difficult, but at the same time it categorizes the 

system as environment conscious and the products as free of any pesticides residues (Rakocy et al., 2006).  

Carps 
Carps represent a major source of animal protein for millions of people in many Asian countries (Lucas and Southgate, 

2003) with an outstanding importance in fresh water aquaculture (Peteri, 2004). They belong to the family Cyprinidae, 

which comprehend about 1600 species. Common carp, Cyprinus carpio, was one of the earliest species to be cultured 

and examined experimentally (Lucas and Southgate, 2003).  

Fish are in common terminology called “cold-blooded”. This means that the temperature of the environment in which 

they live has a great impact on their metabolic activity, as they cannot control their body temperature. The metabolic 

activity, such as rates of feed intake, oxygen consumption and digestion, increases often by a factor of 2-3 for a 10°C 

rise. However above an optimum level, the metabolic activity starts diminishing again (Lucas and Southgate, 2003). 

Cold water fish, such as salmonoids and trouts, live at temperatures between 10-16°C, while warm water fish, such as 

cyprinids, live at water temperatures of 18-26°C (Bakos, 1984). Knowing water temperature is essential to determine 

both the type of rearing fish and the feeding rate to apply.  

Another essential factor affecting fish growth is the water pH. The most important site of ions transfer between fish 

body and surrounding water are the gills. The pH of the water highly affect the ions transfer: fish regulate the ionic 

transfer mainly by manipulation of the net transfer of Na+ and Cl-. For instance, to correct internal acidosis they excrete 

more Cl- and uptake more Na+. In this way HCO3
- excretion is reduced and H+ excretion enhanced by exploiting the 

concentration gradient between the fish body and water. Therefore the concentration of H+ in the surrounding water may 

alter or even reverse this process with drastic effect on the fish such as death at a pH<5.0 (EIFAC 1968).  

Lastly, with water temperature and pH, also toxic compounds define water quality for fish growth. Definite values for 

the toxic concentration of NH3 and the supposed nontoxic NH4
+ are not precisely determined. The main determinant of 

the presence of one form instead of the other is the pH: the higher the pH, the higher the NH3 content (Francis-Floyd et 

al., 2010; Lucas and Southgate, 2003). The European Inland Fishery Advisory Commission (EIFAC) of FAO set the 

maximum concentration of NH3 to 0.025 mg/l. For cool water fish a good rule of thumb is to maintain the TAN 

concentration not higher than 1 mg/l and for warm water fish to 2-3 mg/l (Ebeling et al., 2012). Nitrite toxicity is linked 

to the capacity of these ions to enter through the gills and combine to haemoglobin, forming methaemoglobin, a 

compound unable to transport oxygen (Lucas and Southgate, 2003). Nitrate is not toxic except at very high levels (Tyson 

et al., 2011) tough its accumulation has an inhibitory effect on the nitrification rate (Lucas and Southgate, 2003). Hrubec 

et al. (1996) suggests that prolonged exposure to nitrate levels above 200 mg/l decrease the fish immune response and 

may increase their mortality. According to Lucas and Southgate (2003) nitrate concentration should be kept lower than 

50 mg/l. Watson and Hill (2006) suggest that nitrate concentration above 100 mg/l might result in algae blooms which, 

over time, lowers the pH of the water.  

https://attra.ncat.org/attra-pub/viewhtml.php?id=56
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One important technical aspect of aquaculture is the fish stocking method. In intensive aquaculture this should allow to 

growth fish near the ‘critical standing crop’: the maximum biomass of fish a system can support without restricting fish 

growth. Sequential rearing involves the culture of multiple cohorts in the same tank, so a selective harvest is done 

routinely. Stock splitting involves rearing fingerlings at very high density and periodically splitting the population when 

the critical standing crop is reached. Finally, multiple rearing stocks involves multiple rearing units of which one is 

harvested periodically while the other shift to the next unit sequentially (Rakocy, 2006). 

 

Nitrosomonas and Nitrobacter 
The nitrifying bacteria play a major role in an aquaponic system. Without their presence it would stop functioning (Diver, 

2006). The decomposition of the nitrogenous compounds in the water is of extreme importance because of the toxicity 

of ammonia, nitrite and to some limited extent, nitrate, for the fish (Ebeling et al., 2012). 

Nitrosomonas are those that convert ammonia to nitrite (Tyson et al., 2011): 

NH4
+ + 1.5O2  2H+ + NO2

- + H2O 

Nitrosomonas growth rate is limiting nitrification (Antoniou et al., 1990). The effective maximum specific growth rate 

is a function of temperature and pH of the water solution. Optimum pH is from 8.5 to 8.8 (Lucas and Southgate, 2003).  

Nitrobacter use nitrite as substrate to oxidate it to nitrate: 

NO2
- + 0.5 O2  NO3

- 

Therefore the whole process requires oxygen (Lucas and Southgate, 2003) and has an effect on the pH, as it can be seen 

from Nitrosomonas activity. If sufficient oxygen is available, the nitrification rate will be determined by the amount of 

substrate present, especially by the amount of ammonia (Lucas and Southgate, 2003). 

Optimal conditions for biofilter activity in aquaponics are, according to Rakocy et al. (2006), within a pH range of 7.0-

9.0, temperature range of 25-30°C and saturated dissolved oxygen (DO).  

Lettuce 
Lettuce has been domesticated a long time ago, and is the world’s most used salad plant. Four main types of lettuce can 

be distinguished on the base of their morphology: crisphead, butterhead, cos, and loose leaf. Of these the butterhead and 

loose leaf types are the most commonly grown in greenhouse (Jones, 2005). It is a suitable crop for aquaponic systems 

because of the low nutrients requirement and the short production cycle (Rakocy, 1999), which might be considered a 

safety issue against unpredictable events that require the clearance and restart of the whole system. Because of the 

limitations in the control of pests and diseases, occasionally the system must be stopped for cleaning, and a fast growing 

crop is therefore an advantage as losses are then limited. 

The seedlings can be easily grown in a half strength solution (Mathieu et al., 2006). The optimal nutrient composition 

is different according to the environmental condition where lettuce is grown. Resh (1995) suggested a nitrate 

concentration of 165 mgN/l, while Sonneveld and Straver (1994) a concentration of 266 mgN/l of NO3. One important 

factor concerning aquaponic systems is that the nutrient requirement by the plants can be considered lower if the water 

flow is continuous, because there is no appreciable depletion of nutrients in the root zone as in intermittent fertigation 

systems (Tyson et al., 2011). Rakocy et al. (1997) reduced the amount of N in the water of an aquaponic system 

producing lettuce at commercial levels to an average concentration of 37 mgN/l, much lower than the traditional 

hydroponic solution concentration.   

The pH of the hydroponic solution affects the solubility of nutrients, especially of trace metals. Fe, Mn, Cu, Zn, B are 

less available at pH>7.0 (Rakocy et al., 2006), and Fe, Mn, P, Ca and Mg tend to precipitate as insoluble and unavailable 

salts (Tyson et al., 2011). On the other hand P, Ca, Mg and Mo are less available at pH<6.0 (Rakocy et al., 2006), 

restricting the optimum range of nutrient availability to a pH of 6 to 7.  

Lettuce is a cool season crop. The temperature should be kept below 25°C to avoid disorders as tipburn, loss of color, 

poor germination, bitter taste enhancement and bolting (Jones, 2005). Tipburn, the death of the leaf margins, is a 

common Ca-deficiency symptom in lettuce, often associated with high temperature (Jones, 2005). Shading and misting 

can help reducing air temperature.  

One typical characteristic of lettuce is its capacity to store large amount of “luxury” nitrate in shoots, particularly when 

the carbon source:sink ratio is low (e.g. low light conditions) (Blom-Zandstra and Lampe, 1985). Nitrate content of 

foods serves as direct index of the potential of nitrite toxicity (Maynard and Barker, 1971). The upper limit for nitrate 
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imposed by the European Community, depends by the kind of lettuce and it is 3500 mg NO3/kg fresh matter for summer 

lettuce grown under cover (EFSA 2010).  

MATERIALS AND METHODS 

Set up 

The aquaponic system of the current research is located in Driel (51°94’N, 5°80’E). The experiment run from the 26th 

of June to the 3rd of October 2014. 

A schematic picture representing the system is shown in Figure 1.  

A ‘staggered’ crop production system was initialized: plants in different stages of growth were cultivated simultaneously 

to allow a regular harvest (Rakocy, 1999). Four different batches with a different stage of growth were set up, each batch 

included plants one week older than the previous stage. The 24 plants/raft density was used for the two youngest stages 

(7_DAT and 14_DAT) while the 12 plants/raft density for the two eldest stages (21_DAT and 28_DAT plants) (DAT 

states for ‘Days After Transplanting’ into the system). Each week the eldest batch (28_DAT) was harvested and replaced 

by new young plants. The same harvest day the 2nd growth stage plants (14_DAT) were redistributed in the rafts carrying 

12 plants/raft by randomized selection because only some of them were transferred according to the lower density.  

 
 

Fig1. Schematic drawing of the aquaponic system. From the left to the right: 

 the two tanks for the fish growth  (1000 l of volume each); 

 the filter for solids components; 

 the biofilter basin (2.3 m2 surface area and 0.7 m3 of volume) filled with lava rocks which is constantly washed by a water 

flow controlled by a fast ebb and flow system, for which reason differences between quality of inflow and outflow water 

were not within detection limit; 

 the plant basin (9.5 m2 surface area and 1.8 m3 of volume) in which polystyrene rafts float on the water surface. Two 

different types of rafts allow to grow plants at a different density: one type carries 24 plants/raft (41 plants/m2) and one 

type carries 12 plants/raft (20.5 plants/m2).  

 

 
In order to acclimatize the biofilter activity and establish a steady state bacterial biomass (Seawright et al., 1998) the 

system ran for a few months prior the start of the experiment. Moreover, before starting the filter where solids 

accumulate (such as uneaten feed and solid excrements) and the plant basin were cleaned of any solid suspension and 

algae accumulation in order to minimize any denitrifying activity.  

Two different ratios of fish to plant were used:  

 for the first month (11/08/14-05/09/14) 9.5 kg of fish and 8.7 m2 of area covered with plants were used, 

representing a ratio of 1.1 kg of fish/m2 area covered by plant; 

 for the second month (08/09/14-03/10/14) 11.5 kg of fish and 3.9 m2 of area covered with plants were used, 

representing a ratio of 3.3 kg of fish/m2 area covered by plant. 

This was done by maintaining the same fish while reducing the grown plant area as shown in Figure 2.  
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From now onward the ratio will be often called ‘fish/plant ratio’ for convenience purposes, but it will always refer to kg 

of fish/m2 of plant covered area.  

 

 

 
Fig2. Schematic drawings of the plant basin showing the area covered with plant applied during the first experiment (8.7 m2) (left 

hand side) and the second experiment (3.9 m2) (right hand side). 

Plants and Fish 

Lactuca sativa ‘Appia’ 
Lettuce was chosen for this experimental work as it is a crop often grown in hydroponics and models have already been 

developed for lettuce. It is an easy crop to grow and it is an ideal model crop as it only has vegetative growth (Both, 

1995). It is also a market crop favored by growers. 

The lettuce seeds were sown in peat pellets (Jiffy-7®) positioned in plastic mesh pots. These were placed in plastic trays 

daily refilled with well water in order to keep the substrate moist. After developing an appropriate root system, which 

occurred at about 2 true leaf stage, they were moved in the polystyrene rafts of the aquaponic system. The ‘staggered’ 

crop production system, required 3 weeks to be initialized: the establishment of the four different plant stages 

necessitated a sequential transplanting into the system. The plant basin was covered above by a cheesecloth with 40% 

light transmittance. This was done as a form of pest control, so as to keep the plants free of insects.   

At the end of each week the plants in the last stage (28_DAT) were harvested and replaced by 1st stage plants (7_DAT) 

grown in the plastic trays in advance, while all the other plants shifted to the next stage.  

Three plants from each batch were randomly selected and harvested twice a week, and promptly replaced by plants of 

the same size. Plant fresh weight and dry weight (105 °C for 24 hours (Tei et al., 1996)), excluding roots, were measured 

gravimetrically. The leaf area was measured with a LI-COR LI-3100C leaf area meter. Nitrogen content was estimated 

non-destructively by SPAD-502Plus (Konica Minolta) chlorophyll meter: the measurements were done once a week on 

all the plants, as average of three measures taken on the distal leaf margin of different plant’s leaves. In order to calibrate 

the SPAD values with real amounts of nitrogen in the plant, plant nitrogen extraction was done from a private laboratory 

(CBLB, Chemisch Biologisch Laboratorium Bodem) located in Wageningen (Netherlands) according to Dumas method, 

with LECO instrumentation.  

500 g of potassium phosphate (KH2PO4) and 90 g of FerroPlus (Velda) were previously added to the system in order to 

avoid deficiency problems. Moreover, 45 g of FerroPlus (Velda) were added weekly for the same reason. 

Cyprinus carpio 
Carp fish were grown during the entire experimental period. The first tank (TANK1) included 9.5 kg of carps; the second 

tank (TANK2) included 15.5 kg of carps. Both started with a fish medium size greater than 250 g/fish. In contrast to the 

carps in TANK1, carps were introduced in TANK2 a few days before the experiment started. Body weight was 

determined at the start (08/08/14) and at the end (06/10/14) of the experiment to prevent stress conditions, due to the 

handling, that may affect fish growth. Feed input was calculated on the basis of standard dietary tables, and depended 

on the water temperature and the fish mass. The feeding ratios of both the tanks were recorded daily. The feed given 

were floating pellets with 49% protein, 11% crude fat, 1.8% crude fibre, 8% ash, 1.5% calcium, 0.5% sodium and 1.2% 

phosphorus. 
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Water 

To measure the concentration of ammonia and nitrate in the water, samples were taken from the water accumulating in 

the filter (Fig.1) once a week and analyzed by BLGG Agroexpertus (Wageningen, NL) laboratory. The reports also 

included EC and pH values of the water.  

 

Inputs 

Some environmental parameters are needed input in the model. The light transmission coefficient (TAO) (Appendix 2) 

of the greenhouse and of the shading net was measured by using a PAR sensor. Weather data for the daily total radiation 

were taken from the closest local station (KNMI, 2014). Air temperature (maximum and minimum) was recorded daily 

with an Oregon scientific SL102 thermal-hygro meter. Water temperature (maximum and minimum) was measured 

daily 10 cm below the water surface to avoid thermal gradient effects.  

Daily total radiation and air temperature were combined in the WEATHER file used in the model (Appendix 5). Water 

temperature data were provided in the FEEDDATA file (Appendix 6). This file also includes the real amount of feed 

given to the fish, both as partial amount (feedp), that is to say the amount of feed given to fish in TANK1, and as total 

amount (feedt), that is to say the amount of feed given to fish in TANK1 and TANK2. Further explanations are provided 

hereinafter. 

 

Model language 

The model language used is FST: FORTRAN simulation translator. This was chosen because of: the simple simulation 

language; the ability to provide clear error messages; the sorting algorithm feature, which allows the automatic disposal 

of the statements in computational order (Leffelaar, 1999). The FST software is downloadable from the Plant Production 

System, Wageningen University research group, website and it is freely available (http://models.pps.wur.nl/content/fst-

windows-1).  

LEPAS MODEL  
A system is defined as a limited part of reality. A model is a simplified representation of a system (Leffelaar, 1999). 

Many models, more or less detailed, are created to predict lettuce growth under different environmental conditions (Van 

Henten et al., 1994; Seginer, 2003; Verkroost and Wassen, 2005). However due to the little research on aquaponics, 

none has ever been developed for this peculiar growing condition yet.  

In order to correctly mimic the aquaponic conditions, the fish growth and the bacteria activity need to be linked to the 

plant growth. The Forrester diagram shown below (Diagram 1), is a schematic representation of the designed LEPAS 

(‘LEttuce Production in Aquaponic Systems’) model. State variables, indicated by squares, represent amounts (e.g. 

biomass). Driving variables, indicated by the black dots, are used to characterize the influence of external factors on the 

system (e.g. nutrient supply). Rate variables, indicated by hourglass shapes, express the rate at which the state variables 

change (amount/time) (Leffelaar, 1999). Auxillary variables, indicated by circles, are used to determine help variables. 

All the abbreviations used in the Diagram, as well as in the model, can be found in Appendix 1 with the corresponding 

meaning, unit, value and source when needed.  

A brief explanation of the diagram connections is presently given. Starting from the left side corner, the fish growth rate 

(RFSH) is controlled by the amount of feed given (FEED), by the water temperature (TW) and by the specific feed 

conversion ratio (FCR). The rate of ammonia expelled by the fish (REXP) is linked to the fish mass (MFSH) and results 

in the amount of ammonia in the water of the system (MAW). This regulates the bacterial ammonia conversion (RMO), 

http://models.pps.wur.nl/content/fst-windows-1
http://models.pps.wur.nl/content/fst-windows-1
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which also depends on the water temperature. Bacteria converts ammonia into nitrate (MNW) which is in part lost by 

denitrification (Ndenitr) and in part is uptaken by the plants (RNUPL) (Diagram 1). The model simulates the nitrogen 

uptake for each of the four growth batches separately. 

The remaining part of the diagram represents how the plant growth is simulated. Some preliminary comments are needed 

in order to understand this part of the model.  

 

 

Diagram 1. Forrester diagram illustrating the aquaponic model. Meanings of the abbreviations used to name the variables can be 

found in Appendix 2. 

 

 

LINTUL1 and Nicolet 

The plant model was developed with two existing models: the LINTUL1, a simple crop growth model, and Nicolet, a 

model which is able to describe lettuce growth also in nitrogen stressed conditions (Seginer, 2003; Linker et al., 2004; 

Mathieu et al., 2006).  

The LINTUL1 model is based on the assumption of plant growth not limited by nutrient and water availability, and in 

a pest- disease- and weed-free environment (Ittersum et al., 2003). Part of this model was used to describe the rate of 

carbon assimilation in LEPAS. Carbon assimilation (RNETASS) depends on the light intercepted (PARINT) and on the 

light use efficiency of the crop (LUE) (Diagram 1). The amount of PAR (photosynthetically active radiation) intercepted 

is a fraction of the total daily radiation (DTR), corrected for the greenhouse transmissivity (TAO), and depends by some 

plant parameters: the leaf area index (LAI) and the light extinction coefficient of the crop (K) (Diagram 1). The leaf area 

index of the crop increases in time and so does the amount of light intercepted by the crop. In order to control the carbon 

assimilation according to the nitrogen availability, a limiting function was introduced in the model (Broadley et al., 
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2001; Zhang et al., 2008) which diminish the amount of carbon assimilated in case of limited nitrogen availability 

(MNS). 

Carbon assimilation is combined with the Nicolet model to describe the partitioning of nitrogen and carbon in the plant. 

To model plant growth, it simulates lettuce plants as divided in three compartments: a ‘structural compartment’, a 

‘vacuolar compartment’ and an ‘accessory compartment’ (Seginer, 2003; Linker et al., 2004; Mathieu et al., 2006). It 

only keeps track of leaf material. The main assumptions of the Nicolet model are: 

 First assumption: a certain fixed turgor pressure in the vacuole (PI) is needed to permit growth, hence 

accumulation of carbon and nitrogen as structural material. 

 Second assumption: carbon and nitrogen are present in a constant ratio in the ‘structural compartment’ (N:C) 

and total plant water (V) is present in a constant ratio with the ‘structural’ carbon  . 

The structural component indicates only that carbon is accumulated in combination with nitrogen, thus it is represented 

mainly by leaf material with proteins and chloroplasts. Note that it does not mean that the carbon:nitrogen ratio is 

constant at plant level. Carbon can accumulate in the ‘accessory compartment’ (MCEXC) either as soluble or insoluble 

material, hence influencing the N:C ratio. Similarly, total N concentration can vary if e.g. nitrate is accumulating in the 

vacuole (MNV) (Diagram 1).  

From the carbon assimilation (RNETASS), carbon is partitioned first into the ‘vacuolar compartment’ according to the 

demand driven by the turgor deficiency (TRGDEF) and taking into account carbon losses by growth and maintenance 

respiration (RResp). Turgor deficiency is calculated on the basis of the total osmotic potential which needs to be reached 

(PI), considering the amounts of carbon and nitrogen already in the vacuole (MCV, MNV), corrected for the relative 

values of osmotic contribution of one unit of vacuolar C or N (βC, βN) (Seginer, 2003) (Diagram 1). The osmotic 

potential demand (TRGDEF) (Nicolet first assumption) increases as function of the total amount of water into the plant 

(V) which is, although not shown in the diagram, calculated based on the amount of carbon partitioned into the structure 

(MCS) according to the fixed ratio between carbon:water (Nicolet Second assumption). When the demand is met, excess 

carbon goes into the ‘structural compartment’ (MCS) or it is stored into the ‘accessory compartment’ (MCEXC) from 

which it can be relocated (RCrel) if excess nitrogen is available (Diagram 1). The amount of carbon partitioned into the 

structure (RCstr) is limited by the nitrogen availability and, vice versa, the amount of nitrogen going into the structure 

(RNstr) is limited by the carbon availability because of the fixed ratio (N:C) needed to be maintained in the ‘structural 

compartment’ (Nicolet Second assumption). The extra nitrogen, which is not combined with carbon in the ‘structure’, 

is accumulated into the vacuole (MNV), where it can trigger the carbon relocation (RCrel) from the excess compartment 

in case the osmotic potential needed (PI) is exceeded (Diagram 1).  

Computations 

Having given a general overview of how the model works, it is worthy to analyze some computations in details. The 

overall model listing can be found in the MODEL LISTING appendix, so as the unit of measure of each factor.  

The LEPAS model is the combination of 3 sub-models:   

1. FISH MODEL 
To model the fish growth rate (RFSH) (eq.1), two essential factors are needed: the amount of feed given per day (FEED) 

and the feed conversion ratio of the fish (FCR) which expresses how much of the given feed is assimilated as fish 

biomass (Wik et al. 2009). The amount of feed given depends on the water temperature, which affect the metabolic 

activity of the fish, according to fish dietary tables usually of easy access from feeding companies. The FCR may change 

depending on the kind of feed given and the environmental conditions in which the fish grow (Chiu et al. 2013). LEPAS 

potentially calculates both the FCR and the amount of feed given as function of the water temperature and of the 

ammonia concentration in the water: if the ammonia concentration exceeds safe levels for the fish growth, the amount 

of feed given decreases in order to simulate the fish loss of appetite and the FCR increases (Dosdat et al., 2003). However 

values for these functions (FCRO, FCONVCORR in MODEL LISTING appendix) were not available for carps and 

must be calculated in a further study. This has negligible effects on the model outcome, because in the current study 

ammonia levels were never alarming.  
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RFSH= FEED/FCR                                                                                                                                      (eq.1) 

 

Part of the eaten feed is digested and excreted as ammonia in the water of the system, so beginning the nitrogen cycle 

in the aquaponic water system. The rate of nitrogen expelled (REXP) (eq.2) is calculated from the amount of nitrogen 

contained in the fish feed (RNFEED), which is deducted from the known amount of protein content of the fish feed 

(Seawright et al., 1998; SustainAqua, 2009). Part of this nitrogen is retained by the fish (RNFSH), according to a fixed 

amount of protein content in the fish body (Ogino and Saito, 1970). Lastly, part of this nitrogen is indigestible and 

excreted as solid faeces (RNFAECES). Therefore, RNFAECES is subtracted from the amount of total soluble ammonia 

expelled in the water (Seawright et al., 1998; SustainAqua, 2009).  

 

REXP=RNFEED-RNFSH-RNFAECES (eq.2) 

 

2. BACTERIA MODEL 
An essential role in aquaponics is represented by the bacteria conversion of ammonia, which is modeled following a 

Monod kinetic where the maximum conversion rate depends on the water temperature, and the net rate depends on the 

ammonia concentration in the water (Zhu and Chen, 2002). The ammonia concentration in the water (NNHWAT) (eq.3) 

is calculated based on the integral of the amount of ammonia left in the water (MAW), corrected for the actual volume 

of water in the system (WATVOL). The rate of ammonia accumulating in the water (RAW) results from what is left of 

the ammonia expelled by the fish daily (REXP) after the daily bacterial conversion of ammonia to nitrate (RMO).  

 

RAW=REXP-RMO 

NNHWAT=MAW/WATVOL                                                                                                                     (eq.3) 

 

The actual water volume (eq.4) is calculate by the integral of the initial amount of water (WATVOLI) and a constant 

rate of water lost by evapotranspiration (RWATVOL). An EVENT function simulates that at a specified day 

(REFILLDAY) water is refilled up to the initial water volume value. The initial water volume, the rate of water lost and 

the refill day need to be adjusted according to the specific situation.  

 

WATVOL=INTGRL( WATVOLI , RWATVOL)                                                                                      (eq.4) 

       

EVENT 

   FIRSTTIME REFILLDAY 

   NEWVALUE WATVOL = WATVOLI 

ENDEVENT 

   

3. PLANT MODEL 
The nitrogen uptake per plant (RNUPL) (eq.5) is simulated through a Monod kinetic, following Zhang et al. (2008), in 

which the maximum uptake rate (JNMAX) is negatively correlated with the plant dry matter accumulation and it is 

function of the average daily total radiation inside the greenhouse (Appendix 2). The nitrogen uptake is positively 

affected by the nitrate concentration in the water (NNO3WAT). RNUPL represents the gross nitrogen uptake rate, while 

RNU the net nitrogen uptake rate. The latter is calculated per m2 instead of per plant and it is limited by the nitrate 

availability in the water (MNW). 

 

RNUPL= JNMAX*NNO3WAT /(KNU + NNO3WAT)*DMPL*24. /1000.                                             (eq.5) 

RNU(1:J)= INSW (MNW, 0., MIN (MNW/(DELT*N*TOTAREAP), RNUPL(1:J) * PDENS))  

 

The coding ‘1,J’ is constantly found in the model computations because it represents an array function: in order to 

simulate a system with several batches carrying plants with different harvesting dates, the array function was introduced: 
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it allows the simultaneous modeling of different plants’ growth, but on occurrence it allows to consider the additional 

effect of all the batches (by the ARSUMM function as reported in the following example). 

The amount of nitrate in the water is calculated by the integration of the rate of nitrate supply to the water (RNW) (eq.6). 

This is represented by the nitrate converted by the bacteria (RMO) after the uptake of all the plants present in the system 

(ARSUMM(RNUAREA,1,J)) and taking into account a rate of nitrate lost by denitrification (RDENIT), which is a 

constant value (Appendix 2).  

  

RNW=(RMO - ARSUMM(RNUAREA,1,J)*   N)    * (1.-RDENIT)                                                         (eq.6) 

 

The core of the plant model is the carbon and nitrogen partitioning into the three compartments: ‘vacuolar’, ‘structural’ 

and ‘accessory’. It is regulated based on the two main assumption of the Nicolet model. The turgor demand needed to 

be met (TRGDEF) (eq.7) is calculated based on the fixed osmotic value needed (PI), adjusted for the amount of water 

in the plant (V), and considering the amount of carbon and nitrogen already in the vacuole (MCV, MNV), as it is 

represented in Diagram 1. 

 

TRGDEF=PI*V-MCV*BC-MNV*BN                                                                                                       (eq.7) 

 

The amount of water into the plant (V) is calculated, according to the second Nicolet assumption, as in a fixed ratio with 

the amount of carbon into the ‘structure’ (see MODEL LISTING appendix).  

The rate of carbon partitioned into the ‘structural compartment’ (RCSTR) (eq.8) is limited by carbon and nitrogen 

availability. Carbon availability results from what is left from the carbon net assimilation (RNETASS) after the vacuolar 

partitioning (RCVAC) plus what is stored in the excess compartment (MCEXC). The nitrogen availability results from 

the uptaken nitrogen (RNU) and the nitrogen allocated in the ‘vacuolar compartment’ (MNV) (which can be considered 

as the nitrogen ‘accessory’ compartment). It indicates that if carbon is limiting, all the carbon available will be used to 

build up structure, while if nitrogen is limiting only the carbon that matches with the available nitrogen, according to 

the fixed ratio needed to build up proteins (NC), will be partitioned into the structure. 

  

RCSTR(1:J)=MIN(RNETASS(1:J)-RCVAC(1:J)+MCEXC(1:J)/DELT,  (RNU(1:J)+MNV(1:J)/DELT)/NC)        (eq.8) 

 

Similarly, the rate of nitrogen partitioned into the structure (RNSTR) (eq.9) is limited by the nitrogen availability 

(RNU+MNV) and it is strictly linked to the carbon partitioned into the structure (RCSTR), according  to the assumption 

of a fixed ratio in the ‘structural compartment’ (NC).  

 

RNSTR(1:J)=MIN(RNU(1:J)+MNV(1:J)/DELT, NC*RCSTR(1:J))                                                         (eq.9) 

 

The rate of carbon partitioned into the vacuole (RCVAC) (eq.10) is function of the turgor deficiency (TRGDEF): if 

TRGDEF has negative value the rate of carbon partitioned into the structure equals the amount of carbon in surplus 

(CSUR), which means that RCVAC is negative (meaning that because of the surplus in the ‘vacuolar’ compartment, 

carbon is going out of the vacuole); if the turgor deficiency is zero so it is RCVAC; if the turgor deficiency is positive, 

RCVAC equals the amount of carbon needed to meet the demand (CDEF) (meaning that there is deficiency in the 

‘vacuolar’ compartment and so carbon is stored in there). The amount of surplus carbon (CSUR) (eq.11) is given by the 

absolute value of the turgor osmotic potential (TRG) and it is limited by the carbon availability into the vacuole (MCV). 

The amount of carbon needed to overcome the turgor deficiency (CDEF) (eq.12) is also given by the absolute value of 

the turgor osmotic potential (TRG), but it is limited by the carbon availability, i.e. what it is assimilated (RNETASS) 

and what it is stored in the ‘excess compartment’ (MCEXC).  

 

RCVAC(1:J)=FCNSW(TRGDEF(1:J), -CSUR(1:J), 0., CDEF(1:J))                                                        (eq.10) 

CSUR(1:J)=MIN(MCV(1:J)/DELT,TRG(1:J)/BC)                                                                                    (eq.11) 

CDEF(1:J) =MIN(RNETASS(1:J)+MCEXC(1:J)/DELT,TRG(1:J)/BC)                                                  (eq.12) 
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The rate of nitrogen partitioned to the vacuole (RNVAC) (eq.13) is given by what it is left from the nitrogen uptaken 

(RNU) after the partitioning into the structure (RNSTR). This means that if the carbon assimilation is low, so will be 

RNSTR and as consequence nitrate nitrogen will accumulate in the ‘vacuolar compartment’. This is in accordance with 

previous studies that show how nitrate accumulation in lettuce is linked to a low carbon source:sink ratio (Blom-Zandstra 

and Lampe, 1985). 

 

RNVAC(1:J)= RNU(1:J)- RNSTR(1:J)                                                                                                    (eq.13) 

 

Finally, the rate of carbon stored in the excess compartment (RCEXC) (eq.14) is calculated as what it is left from the 

net carbon assimilation (RNETASS) after the partitioning into the vacuolar and structural compartments (RCVAC, 

RCSTR). The net carbon assimilation rate is calculated as the remaining carbon assimilated after carbon losses by 

respiration are considered (see MODEL LISTING appendix). The rate of carbon partitioned into the ‘vacuole’ (RCVAC) 

can be positive if accumulating in the vacuole, or negative when being relocated from the vacuole. So it can increase or 

decrease the rate of carbon stored in the excess compartment. 

 

RCEXC(1:J)=RNETASS(1:J)-RCVAC(1:J)-RCSTR(1:J)                                                                        (eq.14) 

 

Model outputs 
It was previously mentioned about the simulation of fish growth (eq.1) and ammonia and nitrate concentration in the 

water (eq.3; eq.6). Another model output is the plant dry weight (eq.15). It is calculated according to the conversion 

coefficients (ALFAC, ALFAN) as specified for the Nicolet model, that simulate the contribution of carbon and nitrogen 

in the three compartments to the overall plant dry matter (Seginer, 2003; Linker et al., 2004; Mathieu et al., 2006).  

ALFAC, the conversion coefficient for the amount of carbon in the different compartments, is calculated considering 

that the organic compounds in plants have an average composition similar to CH2O. The ALFAN for vacuolar nitrogen 

is calculated considering that nitrate always associates with potassium, as KNO3. The amount of nitrogen in the structure 

is neglected because it is assumed to be associated to the carbon in the structure, so substituting some O2 rather than 

adding to it (Linker et al., 2004). 

DM=((MCS+ MCV + MCEXC) * ALFAC + MNV * ALFAN) * TOTAREAP /1000.                          (eq.15) 

The amount of nitrogen in the plant is simply calculated according to the amount of nitrogen partitioned in the vacuole 

(MNV), to address the nitrate nitrogen amount in the plant (NITRN) (eq.16), and according to the amount of nitrogen 

partitioned in the structure (MNS), to address the organic nitrogen amount in the plant (REDN) (eq.17). 

 

NITRN(1:J)=MNV(1:J)/DMPL(1:J)/PDENS*N*100.                                                                              (eq.16) 

REDN(1:J)=MNS(1:J)/DMPL(1:J)/PDENS*N*100.                                                                                (eq.17) 

 

Subroutines and Event 
A total of 3 subroutines and two EVENT functions can be found. The first EVENT function is a simple computation to 

simulate the water replenishment according to a specified date (REFILLDAY). The second EVENT function plays an 

essential role in simulating the weekly harvest of part of the plants. This function provides new initial dry weight and 

fresh weight values for the plants, that replaced those been harvested, by the call of the NEWPLANT subroutine. This 

subroutine calculates the initial amount of carbon and nitrogen in the different plant compartments according to the 

same equations used in the subroutine INITCN (see MODEL LISTING appendix). The reasoning underlying these 

calculations can be found in Seginer, 2003.  

In case the harvest is not conducted on a time basis but e.g. on average fresh weight, an extra EVENT function is readily 

provided and can be called in on demand. 

Finally, as previously mentioned, a subroutine controls the carbon assimilation as function of the amount of nitrogen 

available, specifically as function of the concentration of organic nitrogen in the shoots (subroutine FNU). Zhang et al., 

2008 developed this function as part of a dynamic model for nitrogen uptake in lettuce. It refers to data published by 



16 

 

Broadley et al., 2001 who studied the relation between maximum photosynthetical rate and organic nitrogen 

concentration in lettuce: when the organic nitrogen concentration is lower than 2% of the plant dry matter, 

photosynthesis rate approaches zero; then it increases approximately linearly up to a nitrogen concentration of 3.6% 

where the maximum photosynthetical rate is reached. This is expressed in the subroutine FNU through equation 18.  

 

FNUP(K)=MAX(0., MIN(1., 1./3.*(REDN(K) - 2.)))                                                                               (eq.18)   

Calibration and validation 
Recorded data (Appendix 1) were used for the calibration of the model and for a preliminary validation of the same.  

Data collected during the first experimental period (Appendix 1) were used to infer some parameters: the specific leaf 

area (SLA), the light use efficiency (LUE) of lettuce, the spontaneous denitrification rate (RDENITR), and a coefficient 

used in the calculation of the maintenance respiration (CSUNLIT). The specific leaf area (0.06 m2/g DW) was measured 

from the collected values of the dry weight per plant (g DW / plant) and leaf area per plant (m2/plant). The light use 

efficiency was first calculated as g DW / MJ PAR with the measured data and then converted to molC / MJ PAR by 

using a coefficient from Linker et al., 2004 (αC=30 gDM/molC). The light use efficiency equals 0.2 molC / MJPAR 

(equivalent to 5.88 g DM / MJPAR), which is a reasonable value according to other studies on lettuce (Mathieu et al., 

2006).  

The same αC coefficient (Linker et al., 2004) was used in the calculation of CSUNLIT (1.39 m2/molC) by converting 

the measured DW per plant (g DM / plant), according to the specific plant density (plant/m2). The rate of denitrification 

was interfered by trial and error simulations approach: the model was run several times with different denitrification 

rate (0%, 5%, 10%, 20%, 30%) and, then, the rate which gives nitrate concentration in water results showing the smallest 

root mean square error with the measured was chosen. A denitrification rate of 0% was chosen according to the results.   

Other parameters, such as the plant area (AREAP), the initial weight of plant and fish (FWI, DWI, FWH, DWH, MFSHI) 

and the initial water volume in the system (WATVOLI), were measured for the first and for the second experiment and 

used separately according to the run. Days of harvest (HARVESTDAYS) and refill day of the water in the system 

(REFILLDAY) were also recorded separately for the first and the second experiment. A feed conversion ratio (FCR) of 

1.8 was calculated from the amount of feed given to fish in TANK1 and their gained weight at the end of the 

experimental period (Appendix 4).  

Values of parameters not specific to this model, or not inferable from the collected data, were obtained from literature. 

All the parameters used with their units and source can be found in Appendix 2.  

SPAD measurements could only be calibrated with the amount of organic nitrogen in the plant. Differently to other 

crops, lettuce can accumulate high amount of nitrate in the tissues (Greenwood and Hunt, 1986; Huett and Dettmann, 

1992), which is a factor that makes the calibration of SPAD values with total nitrogen content, as previously done with 

other crops (Netto et al., 2005; Lin et al., 2010), impossible. Since the lab results showed the amount of total nitrogen 

in the plant, while the SPAD indirectly measures only the organic nitrogen content, a further step was needed to 

accomplish the calibration. According to Henriques and Marcelis (2000), after a certain amount of organic nitrogen is 

reached, lettuce plants start accumulating nitrate. A linear relationship can be observed between the amount of total 

nitrogen and the nitrate accumulation (Henriques and Marcelis, 2000). At low light condition (daily total radiation of 

about 10.3 MJ/m2/d and shading by cheesecloth application with light transmittance 41%), which closely resembles 

those of the current experiment (daily total radiation of about 8.5 MJ/m2/d and shading by cheesecloth application with 

light transmittance 40%), the accumulation response is represented by a specific function.  By knowing the relationship 

between the amount of total nitrogen (gN/kgDM) (lab results) and the nitrate nitrogen (gN/kgDM) (interfered from data 

of Henriques and Marcelis, 2000) it is possible to deduce the plant organic nitrogen concentration (gN/kgDM). These 

values and the SPAD values calibration resulted in a good fitting (R2=0.75) (Appendix 3).  

The model was run with the settings of the first experiment in order to test its performance by comparing the simulation 

with the measured plant dry weight, organic nitrogen concentration in the plant and ammonia and nitrate concentration 

in the water. The measured data of the second experiment (Appendix 1) were compared with the model outcome after 

the following parameters were changed: initial and final day of run (STTIME, FINTIM), days of harvest 

(HARVESTDAYS), plant growing area (AREAP), initial water volume (WATVOLI), initial amount of ammonia and 

nitrate in the water (MNWI, MAWI) and initial weight of fish and plants (MFSHI, MNFSHI, DWI, FWI). All the other 
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parameters were those got from the calibration with the data of the first experiment, so that the simulation regarding the 

second experiment can be considered as a first step in the model validation. Final fish fresh weight was simulated with 

two different feed input (total feed and feed given to fish in TANK1) (Appendix 6) and compared with the measured 

weight of the fish in TANK1. When the collected data allowed to do it, a 95% confidence interval was considered for 

every measured data to check if the model predictions fall within this interval.  

 

 

 

 

RESULTS 

Plant dry weight 

Because of the setting of the experiment, which implies a weekly harvest of one out of four batches of lettuce followed 

by the replacement with young plants, in the first month of the experiment 7 different planting dates can be distinguished 

(7DAT, 14DAT, 21DAT, 28DAT on the 11/08/14; 7DAT on the 15/08/14; 7DAT on the 22/08/14; 7DAT on the 

29/08/14. Corresponding to planting 1 to 7 respectively). The same is valid for the second month of the experiment 

(7DAT, 14DAT, 21DAT, 28DAT on the 08/09/14; 7DAT on the 12/09/14; 7DAT on the 19/09/14; 7DAT on the 

26/09/14. Corresponding to planting 8 to 14 respectively).  

Figure 3 reports the simulation for planting 1,2,3,4,5,6,7 separately, although the model simulates them simultaneously, 

as in reality, by the harvesting EVENT. Figure 4 reports the simulated dry weight per plant for plantings 8,9,10,11,12,13 

and 14; also in this case the model simulates them according to the harvesting EVENT. From the shown graphs it is 

possible to observe that within the measured data the variability is high, and the reason is due to the low number of 

samples taken per measurement. Considering this, a good agreement between the predicted values and the measured 

values can be observed for both the first and the second experiment (Figure 3, Figure 4). For three plantings (PL1, PL10, 

PL12) the prediction underestimates the measurements. This can be also observed in the plot of Figure 5a, from which 

is also evident that the underestimation increase with the plant dry weight increase. In one case (PL7) the prediction 

overestimates the measured dry weight (Figure 3). For what concerns the other ten plantings, the initial and final 

predicted values are always in between the confidence interval of the initial and final measured dry weight. Figure 4 

shows the results of two simulations: one (continuous line) comes from a run with a specific leaf area (SLA) of 0.06 

m2leaf/gDW, as in experiment one (Figure 3). The second run (dashed line) (Figure 4) was set with a SLA of 0.09 

m2leaf/gDW, which was the average value measured during experiment 2. In this latter case the simulation approaches 

more closely the measurements (PL8, PL10, PL12, PL13) (Figure 4, 5b). 

 

 

 

 

 

 

 



18 

 

0

2

4

6

8

1 6 11 16

D
W

g/
p

la
n

t

DAYS

PL2

-1

1

3

5

7

9

11

13

1 2 3 4 5 6 7 8 9 10 11 12

D
W

g/
p

la
n

t

DAYS

PL3

-1

1

3

5

7

9

11

1 2 3 4 5

D
W

g/
p

la
n

t

DAYS

PL4

0

2

4

6

8

10

1 6 11 16 21 26

D
W

g/
p

la
n

t

DAYS

PL1

0

1

1

2

2

3

1 6 11 16

D
W

g/
p

la
n

t

DAYS

PL5

-1

0

1

2

1 2 3 4 5 6 7 8 9 10 11 12

D
W

g/
p

la
n

t

DAYS

PL6

0,00

0,02

0,04

0,06

0,08

0,10

0,12

1 2 3 4 5

D
W

g/
p

la
n

t

DAYS

PL7

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Fig.3 Simulation results for plant dry weight 

(gDW/plant) of the first experiment (lower ratio 

fish/plant). The model was run from day 1 to day 26. 

The results are reported for each planting (PL) 

1,2,3,4,5,6,7 separately for the sake of clarity. Dots 

represent the measured plant growth, while the line 

indicates the modeled growth. 95% confidence 

intervals are shown using error bars. 
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Fig.4 Simulation results for plant dry weight 

(gDW/plant) of the second experiment (higher ratio 

fish/plant). The model was run from day 29 to day 54. 

The results are reported for each planting (PL) 

8,9,10,11,12,13,14 separately for the sake of clarity. 

Dots represent the measured plant growth, while the 

line indicates the modeled growth. 95% confidence 

intervals are shown using error bars. The continuous 

line simulates plant dry weight according to a specific 

leaf area of 0.06 m2leaf/gDW. The dashed line 

simulates plant dry weight according to a specific leaf 

area of 0.09 m2leaf/gDW. 



20 

 

g
 D

W
 /

 p
la

n
t 

g DW / plant 
g
 D

W
 /

 p
la

n
t 

g DW / plant 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fish body weight 

Figure 6 shows the simulation results for the fish growth. The present comparison is based on the amount of fish reared 

in one of the two tanks (TANK1), because the fish in the other tank (TANK2) were infected by a disease and never 

follow their diet properly. Because of this unforeseen difficulty the amount of feed given over the entire experimental 

period drastically deviated from what was planned and some days no feed was given at all (Appendix 4). This is the 

reason why the recorded amount of feed was introduced in the FEEDDATA file. Accordingly, the simulation is 

represented for two situations. The continuous line (Figure 6) shows the results of the simulation based on fish growth 

calculated with real amount of feed given to fish in TANK1 (feedp). On the other hand, the dashed line (Figure 6) shows 

the simulation results when the amount of feed input is calculated through the feeding functions of the designed model 

(see MODEL LISTING appendix). Both the situation show a good agreement with the measured final fish weight. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ammonia and nitrate in the water 

Fig.6 Simulation results for fish growth (gFW) during the experimental period. The model was run from day 1 to day 54. Dots 

show the measured fish growth, while the lines indicate the modeled growth. Continuous line shows predictions when feed 

input was simulated using real values of daily feeding rations. Dashed line shows predictions when feed input was simulated 

according to designed functions which correlate the water temperature with the feeding ration as percentage of fish body mass.  
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Fig.5 Scatter plots of measured and simulated dry weight accumulation (gDW/plant). The dashed line represents the 1:1 trend 

line. Respective R2 value are shown in the plots. a) simulated data of first and second experiment with SLA set to 0.06 

m2leaf/gDW; b) simulated data of first experiment with SLA set to 0.06 m2leaf/gDW and simulated data of the second 

experiment with SLA set to 0.09 m2leaf/gDW 
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The amount of measured ammonia concentration in the water was always lower than the detectable amount (<1.9 mg/L). 

The model simulates that the ammonia concentration in the water fluctuates also to values that indicates a concentration 

higher than 1.9 mg/L for both the first (continuous line, Figure 7) and the second experiment (dashed line, Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 shows the simulation results of the nitrate concentration in the water for the first experiment (lower ratio) and 

the second experiment (higher ratio). In both cases the model was run with data of the real amount of feed given to the 

fish, because this input is strictly linked with the accumulation of nitrate in the water. For both the first and the second 

experiment, two simulations were considered: a first run in which the total amount of feed given to fish in TANK1 and 

TANK2 was considered (feedt) (continuous line); a second run in which only the amount of feed given to fish in TANK1 

was considered (feedp) (dashed line). Because the water measurements come from the weekly analysis of one sample 

only, no confidential interval can be calculated. 

When considering the amount of feed given to fish in TANK1 and TANK2, the model overestimates the measurements 

in case of experiment 1 and underestimates the measurements in case of experiment 2 (continuous line, Figure 8). Also 

when considering only the amount of feed given to the fish in TANK1 (dashed line) the model underestimates the 

amount of nitrate accumulating in the water during the second experiment. The same cannot be said for experiment 1, 

but it must be considered that the amount of denitirification was set according to the measurements of the first 

experiment.  

Nevertheless the trend of the simulation is in agreement with the measured trend: as the measured value increases so 

does the predicted value and the same can be said when the measured value decreases. Only for one measurement, first 

experiment from day 19 to day 26 in EXP1 (Figure 8), the two trends are not in accordance. Lastly, the WATER event 

function (eq.4) accurately predicts water losses and replenishment: a drastic decrease in nitrate concentration in the 

water indicates that water was replenished in the system up to the initial volume (Figure 8). 

 

 

 

 

 

Fig.7 Simulation results for ammonia nitrogen concentration in the water (mgN_NH4/L) during the first (continuous line) and 

the second experiment (dashed line) (lower and higher fish/plant ratio respectively). The model was run from day 1 to day 26 

(EXP1) and from day 29 to day 54 (EXP2). Feed input was simulated using real values of daily feeding rations (feedp). The 

horizontal line indicates a concentration of 1.9 mgN_NH4/L. 
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Plant nitrogen concentration 

Nitrate concentration in the plant tissue was not measured. Nevertheless the model predictions are shown in Figure 9. It 

can be observed that generally the amount of nitrate accumulating in the plant is lower than 3500 mg NO3/kg FW, but 

in the last days before harvest (days 8, 15, 22, 26) it often exceeds the safety level imposed by the food safety community 

(EFSA, 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8 Simulation results for nitrate nitrogen concentration in the water (mgN_NO3/L) during the first (EXP1) and the second 

(EXP2) experiment (lower and higher ratio fish/plant respectively). The model was run from day 1 to day 26 (EXP1) and from 

day 29 to day 54 (EXP2). Dots show the measured fish growth, while the lines indicate the modeled growth. Feed input was 

simulated using real values of daily feeding rations. The continuous line is the result of a simulation in which total amount of 

feed given to the fish was considered (feedt). The dashed line is the result of a simulation in which partial amount of feed given 

was considered (feedp). 

Fig.9 Simulation results for plant nitrate concentration (mg NO3/kg FW) of the first (continuous lines) and the second 

experiment (dashed lines). The horizontal dashed line indicates the limit concentration for nitrate safety level imposed 

by the EFSA community for summer lettuce grown under cover (3500 mg NO3/kg FW). 
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Simulation results about the plant organic nitrogen concentration, also called reduced nitrogen, are reported in Figure 

10 for the first and second experiment (PL1 to PL14). Modeled values seldom fall in between the confidence interval of 

the measurements. However, the modeled reduced nitrogen concentrations never deviate too much from the measured 

values and are always in a reasonable range (Broadley et al., 2001; Greenwood and Hunt, 1986). An exception is the 

initial value of planting 12 (PL12) (Figure 10) which shows a large deviation from the measurement; this is only valid 

for the initial value, afterwards predictions show minor discrepancies with measurements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model response to different fish/plant ratios 

The two different ratios of fish/plant applied during the first experiment and the second experiment were not drastically 

different (1.1 and 3.3 kg of fish/m2 area covered by plant). Usually this ratio is calculated based on the average amount 

of feed given to the fish daily (Rakocy et al., 2006), rather than on the kg of fish. In respect of this more proper ratio, 

because of the unplanned feeding ration, the difference between the first and second experiment is even smaller (26.5 

Fig.10 Simulation results for plant reduced nitrogen content (gN/KgDW) of the first experiment (PL1, PL2, PL3, PL4, PL5, 

PL6, PL7) and second experiment (PL8, PL9, PL10, PL11, PL12, PL13, PL14). The model was run for planting 1-7 from day 

1 to day 26 and for planting 8-14 from day 29 to day 54. The results are reported for each planting (PL) separately for the sake 

of clarity. Dots represent the measured reduced nitrogen content, while the line indicates the model simulation. 95% confidence 

intervals are shown using error bars. 
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versus 42 g feed/m2 plant area d-1) (Appendix 4). To test if there was any difference between the impact of the applied 

ratio on fish growth, on plant growth and on nutrient accumulation in the water, the model was run with the initial 

parameters of the two experiments for the same period (day 1 to day 26), in order to make any environmental effect 

negligible. No differences could be observed between fish growth or plant growth, but ammonia and nitrate 

accumulation in the water was found to be constantly higher for the high fish/plant ratio and lower for the other ratio 

(Figure 11), in accordance with what you would expect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By simulating two more evidently different fish/plant ratio, which were not been tested in reality, it is possible to observe 

more drastic effects: Figure 12 reports a graph of a simulation with a fish/plant ratio of 0.1 (Run 0) compared with a 

simulated fish/plant ratio of 1 (Run 1). This situation shows that the lower ratio has a negative effect on plant growth, 

especially from day 12 onward, when the nitrate concentration in the water has been depleted. This can be observed in 

Figure 13 which shows that the amount of nitrate quickly approaches 0 mg/l (0 gN-NO3/m3). This same graph (Figure 

13) shows that the effect of an even higher ratio (10 kg fish/m2 plant area, Run 2) can be observed in the amount of 

nitrate accumulation in the water. However this ratio does not have a different effect on dry matter accumulation when 

compared to Run 1 (data not shown because of perfect fitting of Run 2 and Run 1 in Fiure 12).  

 

 

 

 

 

 

Fig.11 Simulation results for the effect of different fish/plant ratio during the same experimental period (day 1 to day 26) on the 

ammonia (mg N-NH4/l) and nitrate (mg N-NO3/l) accumulation in the water. The continuous line indicates the results for the 

lower ratio (1.1 kg of fish/m2 area covered by plant), while the dashed line indicates the results for the higher ratio applied (3.3 

kg of fish/m2 area covered by plant). 
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Fig.12 Simulation results for different ratios of kg fish/m2 plant covered area, on the plant dry matter accumulation (g 

DW/plant). Run0 shows the effect of a ratio of 0.1 kg fish/m2 plant covered area and Run1 is the results of the ratio 1 kg fish/m2 

plant covered area and 10 kg fish/m2 plant covered area. Day 8,15,22,26 are set as harvesting days.  

Fig.13 Simulation results for different kg fish/m2 plant covered area on the nitrate accumulation in the water of the aquaponic 

system (gN_NO3/m3). Run0 shows the effect of a ratio of 0.1 kg fish/m2 plant covered area and Run1 is the results of the ratio 

1 kg fish/m2 plant covered area and Run2 of the ratio 10 kg fish/m2 plant covered area. At day 19 the water of the system was 

refilled up to the initial volume.  
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Model response to different carbon source:sink ratios 

As it was already proven by other studies (Behr and Wiebe, 1992; Blom-Zandstra and Lampe, 1985), different carbon 

source:sink ratios affect the nitrate accumulation in the lettuce plants. To see how the model behaves regarding the 

nitrate concentration in plant, results of simulations with different temperature input and daily total radiation input were 

compared. As shown in Figure 14 when compared to the control situation which resembles the experimental conditions 

(Run 0), a higher daily total radiation (Run 1) results in a decrease of nitrate accumulation: the high amount of carbon 

assimilated implies a constant demand of nitrogen both in the vacuole as the plant growth and in the structure to be 

combined with carbon to form proteins.  On the other hand a higher average air temperature (Run 2) decreases the 

carbon source:sink ratio with the consequence of a greater nitrate accumulation compared to the control situation (Run 

0) (Figure 14). As it will be further discuss, the small difference that can be observed in this latter situation compared 

to Run 0, is due to the effect of the high temperature registered during the experimental period, resulting in a low carbon 

source:sink ratio and therefore in nitrate accumulation in the plants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Balance in LEPAS 

A balance section is provided in the LEPAS model in order to have a tool which control the carbon and nitrogen balances. 

These equations include: the carbon balance in the plant (Figure 15a), the nitrogen balance in the plant (Figure 15b) and 

the nitrogen balance in the water (Figure 15c) (see MODEL LISTING section for the equations). According to the 

results (Figure 15), balances are correct for this version of LEPAS. It must be considered that harvests do not reset the 

balances to zero, which is the reasons for the ‘big jumps’ in Figure 15a and 15b. 

 

 

 

 

Fig.14 Simulation results for different carbon source:sink ratio on the nitrate accumulation in the plant (gN/Kg FW). Run0 

represents the control, as it results from the measured air temperature and daily total radiation. Run1 represents the high carbon 

source:sink ratio as it results from a daily total radiation increase of 10 MJ/day compared to Run0. Run2 represents the low 

carbon source:sink ratio as it results from a daily air temperature increase of 10 °C/day compared to Run0. The model was run 

from day 1 to day 30 with initial parameters of the first experiment.  
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Fig.16 Simulation results for nitrogen mass flow during the first experiment (left) and second experiment (right). NDENITR 

represents the amount of nitrogen lost by denitrification (gN). REXP represents the amount of nitrogen expelled by the fish 

(gN). RNUTOT represents the amount of nitrogen uptaken by the plants in the system (gN). RNW represents the amount of 

nitrate nitrogen which accumulates in the water (gN) after losses by plant uptake are considered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To better understand the equilibria playing in aquaponic systems, it is worthwhile to focus on the nitrogen flow in the 

system. As already explained, the nitrogen input in the system is what comes, in form of proteins, from the fish feed. 

This is partly assimilated into fish biomass, partly expelled as ammonia. The latter is therefore the first input into the 

water of the aquaponic system. Part of this nitrogen is lost by denitrification (in this case 0%), part is available for the 

plant uptake and what is left accumulates in the water. In Figure 16 the nitrogen balance of the simulated first and second 

experiment are compared. It appears that during the first experiment (lower ratio fish/plant) the greatest amount of what 

expelled by the fish (REXP) was uptaken by the plant (RNUTOT). Differently, during the second experiment (higher 

ratio fish/plant) the greatest part of the nitrogen expelled by the fish (REXP) was accumulating in the water (RNW). In 

comparison to the first situation, a very small amount of nitrogen was uptaken by the plants (RNUTOT).  
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Fig.15 a) Simulation results for carbon balance in the plant; b) Simulation results for nitrogen balance in the plant; c) Simulation 

results for nitrogen balance in the water.  
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DISCUSSION 
The model finally resulted to be more complicated than what initially expected. The aim was to generate a basic model 

since increasing model complexity adds potential source of error and it is unlikely to capture all the processes of complex 

ecological system (Loucks et al., 2005), especially of ecological processes not well studied before. However the nature 

of the aquaponic system itself, in which more than one ecological system needs to be considered, made this unavoidable. 

The Nicolet model (Linker and Johnson-Rutzke, 2005; Linker et al., 2004; Mathieu et al., 2006; Seginer, 2003) was 

simplified, tough maintaining the same idea which drives the computations, and combined with carbon assimilation 

simulated as in LINTUL1 (Ittersum et al., 2003). Overall the results show a good agreement between model predictions 

and measurements, at least for what can be expected from a first study on the LEPAS model. Further testing is needed 

in order to strengthen the calibration and validation of the model. 

 

The fish part of the system needs a deeper understanding in order to be modeled from a more knowledgeable prospective. 

A feed conversion ratio (FCR) of 1.8 was used, which is a reasonable value according to previous studies on carps (Chiu 

et al., 2013). The fish model must be developed considering the possible fish stocking methods (Rakocy, 2006), in order 

to introduce a fish harvest EVENT. A general remark can be draw out of the fish experiment. The fish in TANK2 were 

introduced in the system just at the start of the experiment. Those were the only one which got, apparently, infected as 

they showed appetite loss and erratic swimming behavior. Because the water is constantly recirculating in the system, 

it can be deducted that the fish in TANK1 also might have caught the disease but they were resistant or more tolerant to 

it as they were reared in those conditions since a longer period. Another possible reason is that there was no parasite at 

all, but the fish in TANK2 were used to a more controlled and stable environment and they never recovered from the 

shock of the transfer. Therefore it is not advisable to introduce fish of a relative big size if the system is already working: 

their acclimatization is harder and their hardness is less. Fingerlings, on the contrary, are often more resistant to 

unfavorable growing conditions than adult fish (Belding, 1927; Fowler et al., 2009).   

 

The high variability of the measured data of the dry weight per plant, as shown by the large confidence intervals, may 

compromise the model testing performance. An opposite situation is the one regarding the amount of nitrate in the water, 

in which no variability at all is considered because only one sample was taken weekly to analyze the nutrient 

concentration in the water. These were not choices only driven by technical and economical constrains. As already 

explained, the aim of the study was not to design a model which perfectly fits with the measured data, since more data 

collection and a longer period of observation is needed to do an accurate model validation. Instead, the collected data 

were used as general estimates of the model output, since the aim of the present model is to better understand the 

equilibria playing in an aquaponic growing condition by simulating how different fish to plant ratios affect the growth. 

Further testing and data collection is required in order to accurately determine the lettuce yield and nitrate accumulation 

in water. Since it was observed that the dry weight accumulation is highly influenced by the specific leaf area (SLA) 

(Figure 4), it is advisable in further studies to express the specific leaf area as function of e.g. the light environment. 

Previous studies show that reducing irradiance strongly increases the specific leaf area (Henriques and Marcelis, 2000), 

which could be one of the reasons why for the first experiment the average SLA was 0.06 m2leaf/g DM (cumulative 

radiation: 238 MJ), while for the second experiment it was much higher (0.09 m2leaf/g DM) (cumulative radiation: 220 

MJ).  

 

Because lettuce is one of those leafy vegetables who accumulates nitrate in the tissue (Greenwood and Hunt, 1986; 

Huett and Dettmann, 1992), only the amount of reduced nitrogen measured through the SPAD meter could have been 

tested with the model predictions. In LEPAS Reduced nitrogen is calculated via the initial amount of nitrogen in the 

structure (MNSI) which is in turn calculated via the given values of initial fresh and dry weight of the plants. When 

these initial values are very small (<0.05g) the inaccuracy in the measurements is reflected in outputs that fall in 

improbable ranges (Figure 10, PL12). Therefore simulated results of organic nitrogen content in plant appear to be 

particularly influenced by initial values of fresh and dry weight, but this has no great importance when looking at a time 

scale greater than one week. 

Because of the health issues linked to nitrate accumulation in lettuce (Maynard and Barker, 1971) a more interesting 

outcome of the model is the amount of nitrate accumulated per plant. Results show that nitrate accumulated over the 
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limiting safe level imposed by the European Food Safety Authority (EFSA, 2010) (Figure 9). Real amounts of nitrate 

in plants were never measured, so it cannot be considered as a certain fact, but from this simulation and from the results 

about the effect of different carbon source:sink ratio (Figure 14) it can be deducted that the condition during the 

experiment were not optimal to prevent nitrate accumulation in the plant tissue. Also according to Seginer (2003) nitrate 

concentration higher than 1 molN/kgDM (equivalent to about 3700 mgNO3/kgFM if considering 6% of dry matter 

content) are only found in case of high temperatures or low light conditions. The registered temperature during the 

experiment were apparently too high compared to the low amount of light received to the plants. In further studies a 

ventilation system might be considered to cool down the temperature and a greenhouse cover with a higher transmittance 

than 40% in order to increase the amount of light available for carbon assimilation. Nevertheless, further testing is 

needed for the simulation of nitrate content in plants. The model prediction of nitrate concentration in the plant could 

also be an interesting tool for the decision of shading net, artificial light, cooling station or ventilation system application, 

since, as explained, nitrate accumulation is dependent by the carbon source:sink ratio (Figure 14).  

  

Different fish/plant ratios highly influence the nitrate concentration in the water: this output must be taken in account 

when using the model for scaling purposes. When the ratio is too small the negative effect can be also observed on plant 

growth. However when the ratio is larger than optimal, plant growth is not negatively affected (Figure 12), nor is the 

fish growth for a short period of observation. Nevertheless the effect can be observed by a steady nitrate accumulation 

in the water (Figure 13). This must be interpreted in two ways. First, the drastic increase in NO3 concentration in the 

water will negatively affect fish growth after some months (Hrubec et al., 1996). Secondly, it indicates that nutrients 

are wasted, because in excess, meaning that the plant area should be enlarged. For what concerns a lower ratio than 

optimal, LEPAS show a constant nitrate depletion in the water. 

The applied fish/plant ratio during the experiment was, in both the first experiment and the second experiment (26.5 g 

feed/m2 plant area d-1; 42 g feed/m2 plant area d-1), lower than what suggested by Rakocy et al., 2006 (60-100 g feed/m2 

plant area d-1). However no deficiency was observed on the grown lettuce. This discrepancy with the suggested ratio to 

apply in aquaponic condition could be due to many reasons, such as that the feed given to the fish was a high protein 

content feed (49%), which also affects the protein utilization efficiency of the fish, and the amount of nitrogen retained 

and expelled. According to Ogino and Saito (1970), the higher the protein content in the fish diet, the lower the net 

protein utilization (fish protein gain/protein fed). If more nitrogen is expelled than it is with an ordinary protein content 

in fish feed, the suggested ratio g feed/m2 plant area d-1 needs to be adjusted to lower values. 

No rule of thumb can be suggested regarding the fish/plant ratio to apply in aquaponics, neither with the aid of the 

LEPAS model. It can be rather concluded that the optimal ratio is specific to every situation, as any input in the system, 

from the environmental conditions to the choice of plants and fish feed, might influence it drastically. This highline the 

benefit of a model which can be used to adapt the ratio according to actual conditions dynamically. 

 

Conclusively, an interesting side of this model is the possibility to focus more on understanding the nitrogen balance in 

order to find a better system performance. As seen in the balance section, although the two different ratios applied for 

the first and second experiment did not have any different effect on plant growth, the nitrogen balance strongly differed: 

during the second experiment a considerable amount of nitrogen available in the water was not uptaken by the plants 

(Figure 14). From this it can be concluded that the plant area should be increased, or the amount of fish decreased, so to 

reach a situation in which most of the nitrogen expelled by the fish is uptaken by the plants. This ensures an optimal 

filtering activity by the plants, for a healthy fish growth, and maximum profit given the costs of fish feed.  
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CONCLUSIONS 
LEPAS is a versatile model. It can be utilized for practical purposes, such as the scaling of aquaponic systems or in the 

decision of environmental control application. It can be useful from a scientific approach for research on aquaponics, as 

it simulates how different factors affect the nitrogen balance in specific growing conditions. 

It simulates the growth of the plants, through plant dry weight and fresh weight prediction. It models the amount of 

nitrogen accumulating in the plant, both as organic nitrogen and as nitrate nitrogen. It mimics the growth of the fish, 

adjusting the fish feeding ratio daily. Mostly, it keeps track of the nitrogen flow in the aquaponic system, showing how 

the nitrate accumulation in the water is highly influenced by changes in factors such as fish/plant ratio, daily irradiation 

and average temperature. 

As LEPAS represents the first model ever designed for aquaponics, there is ample margin of improvement and further 

testing. Validation of the model is a must for further studies on LEPAS, especially considering denitrification rates. 

 

RECOMMENDATIONS FOR FURTHER RESEARCH 
The model needs to be further validated, especially for what concerns the accumulation of nitrate nitrogen in the plant. 

This can enhance the value of the model and widen its usefulness to food quality related researches.  

The fish model needs a deeper understanding from a more knowledgeable prospective and the introduction of a fish 

harvesting event.  

The water replenishment should be simulated by water evaporation functions. 

The plant model needs to be further studied and validated in order to accurately predict the plant yield, and the specific 

leaf area (SLA) of the plant needs to be made a dependent variable, instead of a constant input, for example from the 

amount of irradiation.  
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Appendix 1: Measured data 
 

 

 

 

 

 

 

 

Table 1.  Measured data from the first day (11-08-14) until the last day (03-10-14) of the experiment. DW 

indicates the dry weight per plant, SLA the specific leaf area, LAI the leaf area index and FW the fresh weight of 

the plants. Reported data are the average of three measured plants. 7DAT, 14DAT, 21DAT and 28DAT indicates 

the plant developmental stage (DAT states for Days After Transplanting into the aquaponic system). Left side of 

the table corresponds to the first experiment. Right side of the table corresponds to second experiment. 

DW SLA LAI DW/FW DW SLA LAI DW/FW

gDW/plant m2/gDW m2l/m2g gDW/gFW gDW/plant m2/gDW m2l/m2g gDW/gFW

7DAT 0,18 0,05 0,38 0,07 0,01 0,16 0,08 0,03

14DAT 0,34 0,06 0,77 0,07 0,20 0,07 0,57 0,06

21DAT 1,48 0,04 1,35 0,06 0,93 0,06 1,19 0,06

28DAT 2,62 0,05 2,74 0,05 2,96 0,06 3,69 0,06

7DAT 0,30 0,05 0,64 0,07 0,05 0,09 0,19 0,05

14DAT 0,46 0,06 1,14 0,06 0,65 0,07 1,69 0,06

21DAT 2,42 0,05 2,56 0,06 2,06 0,06 2,65 0,06

28DAT 4,65 0,06 5,27 0,05 4,27 0,06 5,04 0,06

7DAT 0,05 0,06 0,12 0,07 0,02 0,18 0,11 0,02

14DAT 0,48 0,07 1,45 0,06 0,12 0,10 0,52 0,04

21DAT 1,33 0,05 1,42 0,07 0,97 0,06 1,11 0,07

28DAT 5,14 0,06 6,69 0,05 3,96 0,07 5,22 0,06

7DAT 0,11 0,06 0,28 0,07 0,08 0,09 0,31 0,05

14DAT 1,40 0,07 3,88 0,06 0,45 0,08 1,49 0,05

21DAT 2,13 0,05 2,12 0,07 1,75 0,06 2,17 0,06

28DAT 6,38 0,06 7,63 0,05 5,73 0,06 7,49 0,05

7DAT 0,05 0,08 0,16 0,05 0,04 0,09 0,14 0,05

14DAT 0,22 0,07 0,60 0,06 0,14 0,07 0,41 0,06

21DAT 1,68 0,07 2,31 0,06 0,58 0,07 0,80 0,06

28DAT 3,10 0,06 3,55 0,06 2,52 0,06 3,27 0,05

7DAT 0,11 0,07 0,33 0,05 0,12 0,09 0,44 0,04

14DAT 0,62 0,06 1,52 0,06 0,43 0,07 1,32 0,05

21DAT 3,45 0,06 4,46 0,05 1,09 0,07 1,58 0,05

28DAT 4,96 0,06 6,49 0,05 3,22 0,07 4,34 0,05

7DAT 0,04 0,09 0,14 0,05 0,02 0,13 0,09 0,03

14DAT 0,25 0,07 0,70 0,06 0,10 0,12 0,48 0,04

21DAT 1,10 0,05 1,23 0,07 0,76 0,07 1,12 0,05

28DAT 4,97 0,07 6,84 0,05 2,11 0,07 3,07 0,05

7DAT 0,06 0,09 0,24 0,04 0,04 0,17 0,22 0,03

14DAT 0,63 0,05 1,45 0,06 0,34 0,08 1,14 0,05

21DAT 1,55 0,06 1,79 0,07 1,15 0,07 1,68 0,05

28DAT 7,74 0,08 11,91 0,04 3,47 0,07 5,35 0,05
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Appendix 2: Model abbreviations 
 

 

 

 

 

Abbreviation Meaning Unit Value Source 

ALFAC α C gDM/molC 30 Linker et al., 2004 

ALFAN α N gDM/molN 101 Linker et al., 2004 

ALNU equivalent of chosen ALNUCORR by function 1/gDW   

ALNUCORR α 1/gDW 0.148c1, 0.151c2, 0.161c3 Zhang et al., 2008 

AREAF biofilter surface area m2 188  

AREAP area of growing plants m2 2.1825 a, 0.986 b  

AVDTR acerage DTR MJ/m2/d   

BATCHN number of batches  4  

BC β C m3*kPa/molC 0.6 Seginer, 2003 

BN β N m3*kPa/molN 6 Seginer, 2003 

C c 1/°C 0.0693 Seginer, 2003 

CASS gross carbon assimilation molC/m2/d   

CBAL carbon balance molC   

CDEF deficient carbon in vacuole molC/m2/d   

CSUNLIT coefficient for respiration calculation m2/molC 1.39  

CSUR surplus carbon in vacuole molC/m2/d   

DELT delta time  d 1  

DENSW water density g/m3 998103  

DM totalplant dry matter kg DM   

DMC dry matter content of plant g DM/g FM   

Table 2.  This table contains the listing of all the abbreviation used in the model and in the Forrester Diagram. They are followed by the meaning, unit, value and source. When 

in the ‘Meaning’ column is reported a symbol, or an abbreviation, it indicates the symbol used in the model of the reported source. Appendices indicates: (a ) value used in the 

runs of the first experiment and (b) value used in the runs of the second experiment. (c1) corresponding at average light intensity of 3.7 MJ/m2/d (c2 ) corresponding at average 

light intensity of 5.0 MJ/m2/d  (c3 ) corresponding at average light intensity of 7.1 MJ/m2/d   
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DMPL dry matter per plant g DM /plant   

DTR daily total radiation MJ/m2/d  KNMI, 2014 

DWH initial dry weight of new plantings g/plant   

DWI initial dry weight of first plantings g/plant   

FCONV function to determine amount of feed to give to fish depending by TW g feed / 100 g fish /d  Feeding Company (‘SKRETTING’)  

FCONVCORR function to determine amount of feed to give to fish depending by MAW g feed / 100 g fish /d   

FCR feed conversion ratio g feed/g fish growth   

FCRESP  molC/molC 0.30 Seginer, 2003 

FCRO feed conversion ratio depending by MAW g feed/g fish growth   

FEED amount of feed given g feed/d   

FEEDDIGEST feed digestibility g feed/g feed 0.9 Seawright et al., 1998 

FEEDNC feed nitrogen content gN /gDM  0.0784 Feeding Company (‘SKRETTING’) 

FISHNC fish nitrogen content gN /g fish 0.0368 Ogino and Saito, 1970 

FM total plant fresh matter kgFM   

FMPL fresh matter per plant g FM/plant   

FNUP function to limit photosynthetic activity by nitrogen availability   Zhang et al., 2008 

FWH initial fresh weight of new plantings g/plant   

FWI initial fresh weight of first plantings g/plant   

GCSTR gross carbon accumulation as structure molC/m2/d   

GRNW gross nitrate accumulation in water gN/d   

HARVESTDAYS days in which harvest occurs d   

JBMAX  g N/m3 film 1.55, 1.69,1.72,1.86 Zhu and Chen, 2002 

JNMAX  mmol/h/gDW   

JNMAXO  mmol/h/gDW   

JNMAXOCORR  mmol/h/gDW 0.0349c1, 0.0374c2, 0.0505c3 Zhang et al., 2008 

K light exctinction coefficient m2ground/m2leaf 0.7  

KMO  g N / m3 5.5, 2.0,  2.0, 2.0 Zhu and Chen, 2002 

KNU  gN/m3   

KNUCORR  gN/m3 0.28c1, 0.28c2, 0.56c3 Zhang et al., 2008 

KR  molC/m2/d 0.0216 Seginer, 2003 

LAI leaf area index m2/m2   

LAMBDA λ m3/molC 0.0009 Seginer, 2003 
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LIMITN nitrate concentration in plant mg NO3/kg FM   

LUE light use efficiency molC/MJPAR 0.2  

MAW ammonia in water g N-NH4   

MAWI initial ammonia in water g N-NH4 5.58  

MCEXC carbon in excess compartment molC/m2   

MCEXCH carbon in excess compartment of new plantings molC/m2   

MCEXCI carbon in excess compartment in first plantings molC/m2   

MCS carbon in structure molC/m2   

MCSH carbon in structure in new plantings molC/m2   

MCSI carbon in structure in first plantings molC/m2   

MCV carbon in vacuole molC/m2   

MCVH carbon in vacuole in new plantings molC/m2   

MCVI carbon in vacuole in first plantings molC/m2   

MDENITR amount of nitrogen lost by denitrification g N   

MFSH fish weight g (body weight)   

MFSHI initial fish weight g (body weight) 9500 a, 11255 b  

MMO nitrogen converted by bacteria g N   

MNETASS net carbon assimilation molC/m2   

MNFAECES nitrogen in faeces g N   

MNFEED nitrogen in feed g N   

MNFSH nitrogen in fish g N   

MNFSHI initial nitrogen in fish g N 350  

MNS nitrogen in structure molN/m2   

MNSH nitrogen in structure of new plantings molN/m2   

MNSI nitrogen in structure of first plantings molN/m2   

MNU nitrogen uptaken by plant molN/m2   

MNV nitrogen in vacuole molN/m2   

MNVH nitrogen in vacuole of new plantings molN/m2   

MNVI nitrogen in vacuole of fisrt plantings molN/m2   

MNW nitrate nitrogen in water g N-NO3   

MNWI initial nitrate nitrogen in water g N-NO3 335 a, 398 b  

MRESP carbon lost by maintenance respiration molC/m2/d   
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MTOTNU total nitrogen uptaken by plant g N   

N nitrogen atomic weight gN/molN 14  

NBALP nitrogen balance in plant g N   

NBALW nitrogen balance in water g N   

NC r molN/molC 0.16 Seginer, 2003 

NDENITR denitrification rate gN/d   

NITRN nitrate nitrogen in plant g N-NO3/100g DM   

NNHWAT ammonia concentration in water g N-NNH4 / m3   

NNO3WAT nitrate concentration in water g N-NO3 / m3   

PAR photosyintetically active radiation MJ/m2/d   

PARINT PAR intercepted MJ/m2/d   

PDENS average plant density plants /m2 30.75  

PI π kPa 580 Seginer, 2003 

RAW rate of ammonia accumulation in water gN/d    

RCEXC rate of carbon accumulation in excess compartment molC/m2/d   

RCSTR rate of carbon accumulation in structure molC/m2/d   

RCVAC rate of carbon accumulation in vacuole molC/m2/d   

RDENIT fraction of nitrogen lost by denitrification 1/d 0.05  

REDN amount of organic nitrogen in plant g N/100g DM   

REFILLDAY day of water refill in the system  19  

RESP amount of carbon lost by total respiration molC/m2/d   

REXP rate of nitrogen expelled by fish g N/d   

RFSH growth rate of fish g fish/d   

RMO rate of microbiological nitrogen conversion in a m2 of biolfilm surface g/d   

RMOTT rate of microbiological nitrogen conversion g/m2/d   

RNETASS net carbon assimilation rate molC/m2/d   

RNFAECES rate of nitrogen expelled as faeces gN/d   

RNFEED rate of nitrogen input as feed gN/d   

RNFSH rate of nitrogen accumulated in fish gN/d   

RNSTR rate of nitrogen accumulation in structure molN/m2/d   

RNU rate of nitrogen uptaken by plant molN/m2/d   

RNUAREA rate of nitrogen uptaken in a m2 of plant growing area molN/d   

RNUPL rate of nitrogen uptaken per plant molN/pl/d   
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RNUTOT rate of nitrogen uptaken by all batches gN/d   

RNVAC rate of nitrogen accumulation in vacuole molN/m2/d   

RNW rate of nitrate nitrogen accumulation in water molN/m2/d   

RRESP rate of carbon lost by growth respiration molC/m2/d   

RWATVOL fraction of water lost by evapotraspiration m3/d -0.02  

SLA specific leaf area m2 leaf/g DM 0.06  

T daily average air temperature °C   

TAO greenhouse+shading net light transmission  % 0.4  

TB Tb °C 20 Seginer, 2003 

TOTAREAP total area of growing plants m2   

TOTN total nitrogen content in plant gN tot/ 100 g DM plant   

TRG absolute value of turgor demand kPa*m3/m2/d   

TRGDEF turgor demand kPa*m3/m2/d   

TW daily average water temperature °C   

V amount of water in plant m3/m2   

WATVOL amount of water in the system m3   

WATVOLI initial amount of water in the system m3 3.719 a, 3.623b  

Y fraction of given feed according to FCONV function g feed / 100 g fish /d   
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y = 1,2583x + 16,488
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 MEASURED 
BLGG 
results 

from Henriques 
& Marcelis, 

2000 

CALCULATED 

 SPAD DW  TOT N  NO3-N ORGANIC N 

   gDW  gN/kgDW gN-NO3/kgDW gN-org/kgDW 

     35,95     

sample1 5,91 1,96 31,1 1,05814 30,04186 

sample2 7,75 2,35 23,8 0 23,8 

sample3 9,98 2,34 26 0,2605 25,7395 

sample4 12,23 4,89 26 0,2605 25,7395 

sample5 13,84 4,1 39,3 2,34062 36,95938 

sample6 15,99 5 38,1 2,15294 35,94706 

sample7 17,84 7,72 44,4 3,13826 41,26174 

sample8 19,91 4,64 48,2 3,73258 44,46742 

sample9 21,60 1,62 45 3,2321 41,7679 

sample10 23,80 0,45 37,6 2,07474 35,52526 

Table3. The following table summarizes the data used for the SPAD calibration. Of the ten samples sent to the 

BLGG lab for nitrogen analysis, SPAD value and DW measurements are herein reported. Organic nitrogen values, 

used for the SPAD calibration, were calculated from the total amount of nitrogen minus the amount of nitrate 

nitrogen. This latter was deducted according to a linear relationship between total nitrogen and nitrate nitrogen in 

lettuce plants (Henriques and Marcelis, 2000). Sample 10 was not included in the calibration because of not 

accurate analysis due to the low amount of sample (<1 gDW). 

Fig17. The following graph shows the result of the calibration. The equation and R2 of the linear relationship 

between SPAD values and organic nitrogen content (gN/kgDW) are also reported. 
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Appendix 4: Fish feeding rations  
 

 

 

DAY 
feed 

TANK1 
(g/d) 

feed 
TANK2 
(g/d) 

feed TOT 
(g/d) 

RATIO1 
g feed/m2 

plant area 

d-1 

DAY 
feed 

TANK1 
(g/d) 

feed 
TANK2 
(g/d) 

feed TOT 
(g/d) 

RATIO2 
g feed/m2 

plant area 

d-1 

1 140 130 270 26,5353 29 0 0 0 41,74063 

2 142 128 270   30 157,6 39,4 197   

3 143 127 270   31 160 40 200   

4 145 125 270   32 163,2 40,8 204   

5 147 194 341   33 167,2 41,8 209   

6 148 195 343   34 164,4 41,1 205,5   

7 150 197 347   35 166,24 41,56 207,8   

8 152 199 351   36 168,24 42,06 210,3   

9 154 201 355   37 170,16 42,54 212,7   

10 155 203 358   38 0 0 0   

11 157 205 362   39 174,16 43,54 217,7   

12 0 0 0   40 161,6 40,4 202   

13 161 161 322   41 163,2 40,8 204   

14 163 163 326   42 164,8 41,2 206   

15 0 0 0   43 167,2 41,8 209   

16 167 167 334   44 0 0 0   

17 169 169 338   45 170,96 42,74 213,7   

18 171 171 342   46 172,88 43,22 216,1   

19 0 0 0   47 174,96 43,74 218,7   

20 175 175 350   48 0 0 0   

21 0 0 0   49 176 44 220   

22 179 179 358   50 178,4 44,6 223   

23 0 0 0   51 0 0 0   

24 183 183 366   52 0 0 0   

25 0 0 0   53 180,8 45,2 226   

26 0 0 0   54 184 46 230   

27 0 0 0        

28 152,8 38,2 191        

 

 

 

 

 

Table 4.  This table contains the data from the first day of the experiment (11-08-14) until the last day of the 

experiment (03-10-14) (DAY 1to DAY 54) of the recorded amount of feed given (gFEED/day). RATIO indicates the 

g feed/m2 plant area d-1 for the first and second experiment (RATIO1 and RATIO2 respectively). 
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Appendix 5: Weather file 
*---------------------------------------------------------* 

*   Country: Netherlands 

*   Station: Deleen 

*      Year: 2014 

*    Source: KNMI 

*    Author:  

* Longitude: E 

*  Latitude: N 

* Elevation: 50 m. 

*  Comments: Deleen: data, vap. pressure calculated from rel. humid. 

* 

*  Columns: 

*  ======== 

*  station number 

*  year 

*  day 

*  irradiation (kJ m-2 d-1) 

*  minimum temperature (degrees Celsius): RECORDED DATA 

*  maximum temperature (degrees Celsius): RECORDED DATA 

*  vapour pressure (kPa) : NOT DOWNLOADED 

*  mean wind speed (m s-1) : NOT DOWNLOADED 

*  precipitation (mm d-1) : NOT DOWNLOADED 

*---------------------------------------------------------* 

 5.67  51.97     7. 0.00 0.00 

 275 2014  1 13127 17.7 35.1     0.    0.    0. 

 275 2014  2 12473 16.6 34.3     0.    0.    0. 

 275 2014  3 14827 15.5 36.1     0.    0.    0. 

 275 2014  4  7953 17.3 29.6     0.    0.    0. 

 275 2014  5  8093 16.7 29.3     0.    0.    0. 

 275 2014  6  9360 15.7 31.8     0.    0.    0. 

 275 2014  7  3347 22.4 27.9     0.    0.    0. 

 275 2014  8  8573 14.4 35.7     0.    0.    0. 

 275 2014  9  9020 14.6 32.9     0.    0.    0. 

 275 2014 10 10407 13.1 34.6     0.    0.    0. 

 275 2014 11  8680 10.3 33.3     0.    0.    0. 

 275 2014 12  7200 14.1 29.8     0.    0.    0. 

 275 2014 13 10267 12.5 29.8     0.    0.    0. 

 275 2014 14  9987 12.9 30.6     0.    0.    0. 

 275 2014 15  5827 12.8 32.0     0.    0.    0. 

 275 2014 16  4957 21.8 30.3     0.    0.    0. 

 275 2014 17 14087  7.0 34.6     0.    0.    0. 

 275 2014 18  8607 10.7 31.5     0.    0.    0. 

 275 2014 19  9860 12.1 30.6     0.    0.    0. 

 275 2014 20  3793 10.6 25.8     0.    0.    0. 

 275 2014 21  8227 13.2 27.1     0.    0.    0. 

 275 2014 22 10477 12.1 30.5     0.    0.    0. 

 275 2014 23  7729 11.8 29.9     0.    0.    0. 

 275 2014 24 11243 11.7 32.2     0.    0.    0. 

 275 2014 25 12686 14.6 37.1     0.    0.    0. 
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 275 2014 26  7008 15.0 35.7     0.    0.    0. 

 275 2014 27  4977 15.8 39.8     0.    0.    0. 

 275 2014 28  8523 13.4 38.8     0.    0.    0. 

 275 2014 29 13292 10.6 37.9     0.    0.    0. 

 275 2014 30  5808  9.1 32.2     0.    0.    0. 

 275 2014 31  6931 15.8 40.9     0.    0.    0. 

 275 2014 32 11131 14.5 47.2     0.    0.    0. 

 275 2014 33 12669  9.2 50.0     0.    0.    0. 

 275 2014 34 10815 20.2 41.8     0.    0.    0. 

 275 2014 35  7623 13.4 39.3     0.    0.    0. 

 275 2014 36  7654 16.2 40.7     0.    0.    0. 

 275 2014 37  9869 19.7 41.0     0.    0.    0. 

 275 2014 38 11846 16.3 37.4     0.    0.    0. 

 275 2014 39 12177 16.2 38.0     0.    0.    0. 

 275 2014 40  6446 16.1 34.9     0.    0.    0. 

 275 2014 41  6277 16.3 37.8     0.    0.    0. 

 275 2014 42  8300 18.1 35.1     0.    0.    0. 

 275 2014 43  7231 13.2 38.8     0.    0.    0. 

 275 2014 44  8246  6.5 37.7     0.    0.    0. 

 275 2014 45  3208 11.9 29.9     0.    0.    0. 

 275 2014 46  6754  8.2 32.2     0.    0.    0. 

 275 2014 47  3154 13.7 33.2     0.    0.    0. 

 275 2014 48 11331  9.7 37.7     0.    0.    0. 

 275 2014 49  9023  9.6 39.6     0.    0.    0. 

 275 2014 50  4550 17.4 36.5     0.    0.    0. 

 275 2014 51  6233 13.8 36.8     0.    0.    0. 

 275 2014 52  6600 12.3 36.3     0.    0.    0. 

 275 2014 53  5242 16.4 36.6     0.    0.    0. 

 275 2014 54  8767 11.2 41.5     0.    0.    0. 

 275 2014 55 10092 13.0 39.4     0.    0.    0. 

 

 

 

 

 

 

 

 

 

 

 

 



45 

 

Appendix 6: FEEDDATA file 
date time feedp feedt tempwat   

2014-01-01 00:00:00 140. 270. 21.6 

2014-01-02 00:00:00 142. 270. 21.7 

2014-01-03 00:00:00 143. 270. 22. 

2014-01-04 00:00:00 145. 270. 21.85 

2014-01-05 00:00:00 147. 341. 21.85 

2014-01-06 00:00:00 148. 343. 20.47 

2014-01-07 00:00:00 150. 347. 20.47 

2014-01-08 00:00:00 152. 351. 20.3 

2014-01-09 00:00:00 154. 355. 18.85 

2014-01-10 00:00:00 155. 358. 20.47 

2014-01-11 00:00:00 157. 362. 20.47 

2014-01-12 00:00:00 0. 0. 18.1 

2014-01-13 00:00:00 161. 322. 20.47 

2014-01-14 00:00:00 163. 326. 17.55 

2014-01-15 00:00:00 0. 0. 20.47 

2014-01-16 00:00:00 167. 334. 20.47 

2014-01-17 00:00:00 169. 338. 20.47 

2014-01-18 00:00:00 171. 342. 20.47 

2014-01-19 00:00:00 0. 0. 20.47 

2014-01-20 00:00:00 175. 350. 20.47 

2014-01-21 00:00:00 0. 0. 20.35 

2014-01-22 00:00:00 179. 358. 20.47 

2014-01-23 00:00:00 0. 0. 20.47 

2014-01-24 00:00:00 183. 366. 21.35 

2014-01-25 00:00:00 0. 0. 20.47 

2014-01-26 00:00:00 0. 0. 20.47 

2014-01-27 00:00:00 0. 0. 20.47 

2014-01-28 00:00:00 152.8 191. 20.47 

2014-01-29 00:00:00 0. 0. 20.47 

2014-01-30 00:00:00 157.6 197. 20.47 

2014-01-31 00:00:00 160. 200. 22.75 

2014-02-01 00:00:00 163.2 204. 20.47 

2014-02-02 00:00:00 167.2 209. 20.47 

2014-02-03 00:00:00 164.4 205.5 20.85 

2014-02-04 00:00:00 166.24 207.8 20.47 

2014-02-05 00:00:00 168.24 210.3 20.47 

2014-02-06 00:00:00 170.16 212.7 20.47 

2014-02-07 00:00:00 0. 0. 22.15 

2014-02-08 00:00:00 174.16 217.7 20.47 

2014-02-09 00:00:00 161.6 202. 22.15 

2014-02-10 00:00:00 163.2 204. 20.47 

2014-02-11 00:00:00 164.8 206. 20.47 

2014-02-12 00:00:00 167.2 209. 20.47 

2014-02-13 00:00:00 0. 0. 20.25 

2014-02-14 00:00:00 170.96 213.7 20.47 

2014-02-15 00:00:00 172.88 216.1 17.25 

2014-02-16 00:00:00 174.96 218.7 20.47 
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MODEL LISTING 
TITLE LEPAS 
 
********************************************************LEPAS*********************************************************** 
*This model was designed in order to simulate lettuce and fish growth in an aquaponic system. It allows to monitor nitrate 
*concentration in the plant and nitrate and ammonia concentrations in the water of the system. 
* 
*Author: Chiara Perini 
*        MSc project under supervision of E. Heuvelink and A.G.T. Schut 
*Documentation: MSc thesis Chiara Perini, downloadable in the WUR library. 
*December 2014 
*Wageningen University 
************************************************************************************************************************ 
 
DEFINE_CALL INITCN(INTEGER_INPUT,INTEGER_INPUT,INPUT_ARRAY,INPUT_ARRAY,OUTPUT_ARRAY,OUTPUT_ARRAY,OUTPUT_ARRAY,OUTPUT_ARRAY,... 
                   OUTPUT_ARRAY,REAL_INPUT,REAL_INPUT,REAL_INPUT,REAL_INPUT,REAL_INPUT,REAL_INPUT,REAL_INPUT,REAL_INPUT,INPUT,INPUT) 
DEFINE_CALL FNU (INTEGER_INPUT, INPUT_ARRAY, OUTPUT_ARRAY) 
DEFINE_CALL NEWPLANT(INTEGER_INPUT,INTEGER_INPUT, INPUT_ARRAY, INPUT_ARRAY, INPUT_ARRAY, INPUT_ARRAY, INPUT_ARRAY, ... 
                     INPUT_ARRAY, INPUT_ARRAY, INPUT_ARRAY, REAL_INPUT, REAL_INPUT, REAL_INPUT, OUTPUT_ARRAY, OUTPUT_ARRAY,... 
                     OUTPUT_ARRAY, OUTPUT_ARRAY, OUTPUT_ARRAY, OUTPUT, INPUT, INPUT,INPUT,INPUT,INPUT,INPUT) 
 
ARRAY MNS(1:J),MNSI(1:J),MNV(1:J),MNVI(1:J),MCS(1:J),MCSI(1:J),MCV(1:J),MCVI(1:J),MCEXC(1:J),MCEXCI(1:J),PARINT(1:J),CASS(1:J),... 
      MRESP(1:J),RRESP(1:J),RESP(1:J), MNW(1:J),JNMAX(1:J),NNO3WAT(1:J),RNETASS(1:J),RNUPL(1:J),RNU(1:J),RNW(1:J),RCVAC(1:J), ... 
      RNVAC(1:J),RCEXC(1:J),RCSTR(1:J),RNSTR(1:J),CSUR(1:J),CDEF(1:J),V(1:J),TRGDEF(1:J),TRG(1:J),LAI(1:J),DM(1:J),DMPL(1:J),... 
      FM(1:J),FMPL(1:J),NITRN(1:J),REDN(1:J),TOTN(1:J),DWI(1:J),FWI(1:J),DMC(1:J),GCSTR(1:J),NDENITR(1:J),RNUAREA(1:J),FNUP(1:J),... 
      CBAL(1:J),MNETASS(1:J),MNU(1:J),NBALP(1:J),NBALW(1:J),MDENITR(1:J),MTOTNU(1:J),LIMITN(1:J), ... 
      DWH(1:J),FWH(1:J),MCSH(1:J),MCVH(1:J),MCEXCH(1:J),MNSH(1:J),MNVH(1:J),HARVESTDAYS(1:J) 
*     A(1:J), B(1:J), D(1:J), E(1:J), F(1:J) 
ARRAY_SIZE J=4 
 
INITIAL 
 
********************************************************CONSTANTS*********************************************************** 
***** PLANT ***** 
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** BC (m3*kPa/molC) and BN (m3*kPa/molN) are the osmotic value of carbon and nitrogen, NC (molN/molC), N (g/molN) 
CONSTANT BC=0.6; BN=6.; NC=0.16; N=14. 
** Plant respiration: KR a respiration coeff (molC/m2/d), C respiration increase per degree (1/°C), TB the basal temperature (°C) 
CONSTANT KR=0.0216; C=0.0693; TB=20. 
** LAMBDA is a coefficent relating carbon to water in plant (m3/molC), PI the osmotic turgor needed in the vacuole (kPa) 
CONSTANT LAMBDA=0.0009; PI=580. 
** ALFAC coefficient relating DM to mol C (gDM/molC) 
CONSTANT ALFAC=30. 
** ALFAN coefficient relating DM to mol N (gDM/molN) 
CONSTANT ALFAN=101. 
 
***** WATER ***** 
** water density at 20.5°C (g/m3) 
CONSTANT DENSW=998103. 
 
********************************************************PARAMETERS********************************************************** 
***** FISH ***** 
** N content of fish, gN /g fish = 1/6.25 (gN / g protein) * 0.23 g protein / g fish 
PARAMETER FISHNC = 0.0368 
** N content of feed, gN /gDM = 1/6.25 (gN / g protein) * 0.49 g protein / gDM 
PARAMETER FEEDNC = 0.0784 
** Digestibility of the feed N (fraction) 
PARAMETER FEEDDIGEST = 0.9 
 
***** BACTERIA ***** 
** AREAF is the surface area (m2) of biofilter 
PARAMETER AREAF=188. 
** DENITR is a fixed rate of nitrogen lost my denitrification (20% of total nitrate) (1/d) 
PARAMETER RDENIT=0. 
 
***** PLANT ***** 
** K is the light exctinction coefficient(m2ground/m2leaf),LUE the light use efficiency(molC/MJPAR),TAO the gh+net transmissivity(%) 
PARAMETER K=0.7 
PARAMETER LUE=0.2 
PARAMETER TAO=0.4 
** SLA is the specific leaf area (m2 leaf/g DM) 
PARAMETER SLA=0.06 
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** PDENS is the average plant density (plants /m2) 
PARAMETER PDENS=30.75 
** AREAP is the area (m2) of plant grown per batch 
PARAMETER AREAP=2.1825 
** BATCHN is the number of batches 
PARAMETER BATCHN=4. 
** FRESP is the fraction of C lost as growth respiration 
PARAMETER FCRESP=0.30 
** CSUNLIT is the area of sunlit per molC of plant material (m2 / molC) 
PARAMETER CSUNLIT= 1.39 
 
***** WATER ***** 
** RWATVOL is the change in (m3/d) watervolume due to evapotranspiration 
PARAMETER RWATVOL=-0.02 
** REFILLDAY is the day when water is refilled to intial value 
PARAMETER REFILLDAY=19. 
*********************************************************SETTINGS*********************************************************** 
**************************************************************************************************************************** 
** Periodic harvesting simulation parameters (days) 
PARAMETER HARVESTDAYS(1)=8.; HARVESTDAYS(2)=15.; HARVESTDAYS(3)=22.; HARVESTDAYS(4:J)=26. 
** Initial harvest number 
SETTING HARVNR=0. 
** Values for intial weights of plants replacing harvested plants at times defined in HARVESTDAYS (g/plant) 
PARAMETER DWH(1)=0.05;  DWH(2)=0.05;  DWH(3)=0.04;  DWH(4:J)=0.05 
PARAMETER FWH(1)=0.79;  FWH(2)=1.1;  FWH(3)=0.85;  FWH(4:J)=0.98 
**************************************************** 
** Periodic harvesting on fresh weight            ** 
*PARAMETER FIRST=1.; PERIOD=1. 
**************************************************** 
 
** initial and final time for computation 
TIMER STTIME=1.; FINTIM=26.; DELT=1.; PRDEL=1. 
 
** specified outputs 
PRINT  MFSH, NNO3WAT , NNHWAT, DMPL, LAI , REDN , NITRN, LIMITN, NBALW, CBAL, NBALP 
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TRANSLATION_GENERAL DRIVER = 'RKDRIV' 
**************************************************************************************************************************** 
********************************************************INITIALS************************************************************ 
** Call subroutine which calculates initial carbon and nitrogen content in the 3 compartments as function of the given initial DW&FW 
CALL INITCN(1,J,DWI,FWI,MCSI,MNSI,MCVI,MNVI,MCEXCI,LAMBDA,BC,BN,PI,NC,DENSW,ALFAC,ALFAN,PDENS,N) 
 
INCON ZERO=0. 
 
***** FISH ***** 
** initial fish weight in g fish (MFSHI) and g N in fish = MFSHI*FISHNC 
INCON MFSHI=9500.; MNFSHI =350. 
 
***** PLANT ***** 
** DM and FM initial in g/m2 
PARAMETER DWI(1)=2.62;   DWI(2)=1.48;  DWI(3)=0.34; DWI(4:J)=0.18 
PARAMETER FWI(1)=49.99;  FWI(2)=23.82; FWI(3)=4.81; FWI(4:J)=2.5 
 
***** WATER ***** 
** WATVOLI is the initial amount of water (m3) recirculating in the system 
INCON WATVOLI=3.719 
** initial amounts of ammonia and nitrate in the water (gN) 
INCON MAWI=5.58; MNWI=335. 
 
******************************************************FUNCTIONS************************************************************* 
***** FISH ***** 
** function to relate water temperature to feeding ratio as percentage of the fish mass 
FUNCTION FCONV=16.,0.9, 18.,1., 20.,1.2, 22.,1.3, 24.,1.2, 26.,1.1, 28.,0.8 
** function to calculate FCR depending by ammonia concentration in the water 
FUNCTION FCRO=0., 1.8, 2., 1.8, 3., 1.9, 4., 2., 5., 3.0, 6., 5.0 
** correction of feed supplied for reduced growth as function of [NH4] 
FUNCTION FCONVCORR=0., 1.0, 1., 1.0, 1.5, 1.0, 2., 0.8, 2.5, 0.6, 3., 0.1 
 
***** BACTERIA ***** 
** Monod JBMAX (g N/m3 film) with K  value for removal rate of nitrate KMO (g N / m3) 
FUNCTION KMO=  8.,  5.5, 14., 2.0,  20., 2.0,  27., 2.0 
FUNCTION JBMAX=8., 1.55, 14., 1.69, 20., 1.72, 27., 1.86 
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***** PLANT ***** 
** function to correct KNU, ALNU and JNMAXO values according to daily average total radiation inside the gh 
FUNCTION KNUCORR=3.7, 0.28, 5., 0.28, 7.1, 0.56 
FUNCTION ALNUCORR=3.7, 0.148, 5., 0.151, 7.1, 0.161 
FUNCTION JNMAXOCORR=3.7, 0.0349, 5., 0.0374, 7.1, 0.0505 
 
****************************************************WEATHER***************************************************************** 
WEATHER CNTR='NLD'; ISTN=275; IYEAR=2014 
 
** Measurement file for the REAL amount of feed given to healthy fish (feedp), totally (feedt) and measured TW (tempwat) 
MEASUREMENTS Datafile='FEEDDATA.txt' 
MEASURED feedp,      feedt,      tempwat 
 
DYNAMIC 
 
** J/M2/d to MJ/m2/d 
DTR=RDD/1.E+6 
** average daily total radiation INSIDE the gh (MJ/m2/d) 
AVDTR=DTR*TAO 
** average temperature (°C) 
T=0.5*(TMMN+TMMX) 
** Photosynthetically active radiation (MJ/m2/d) 
PAR=0.5*DTR 
** TW is the temperature of the water (°C) 
TW=tempwat 
 
****************************************************STATES****************************************************************** 
***** FISH ***** 
*Mass of fresh fish,  g (body weight) 
MFSH=INTGRL(MFSHI,RFSH) 
 
***** BACTERIA ***** 
*Mass of nitrogen converted to nitrate, g N 
MMO=INTGRL(ZERO,RMO) 
 
***** PLANT ***** 
*Mass of carbon in structural material, molC/m2 
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MCS(1:J) =INTGRL(MCSI(1:J),RCSTR(1:J)) 
*Mass of carbon in the vacuolar compartment molC/m2 
MCV(1:J) =INTGRL(MCVI(1:J),RCVAC(1:J)) 
*Mass of carbon in the excess compartment molC/m2 
MCEXC(1:J)=INTGRL(MCEXCI(1:J),RCEXC(1:J)) 
*Mass of nitrogen in structural material molN/m2 
MNS(1:J)  =INTGRL(MNSI(1:J),RNSTR(1:J)) 
*Mass of nitrogen in the vacuolar compartment molN/m2 
MNV(1:J) =INTGRL(MNVI(1:J),RNVAC(1:J)) 
 
***** WATER ***** 
*Mass of nitrogen in form of ammonia in water   g N-NH4 
MAW  =INTGRL(MAWI,RAW) 
*Mass of nitrogen in form of nitrate in water   g N-NO3 
MNW =INTGRL(MNWI,RNW) 
 
**************************************************************************************************************************** 
*****************************************************FISH MODEL************************************************************* 
**************************************************************************************************************************** 
**growth rate of the fish indirectly dependent by water temperature through FEED calculation 
* g fish/d = (g feed/d) / (g feed/g fish growth) 
RFSH=FEED/FCR 
**FCR is in g feed/g fish growth 
FCR=AFGEN(FCRO, NNHWAT) 
******************************************************************************** 
**growth rate of the fish dependent by MEASURED amount of feed given to the fish 
* g fish/d = (g feed/d) / (g feed/g fish growth) 
*RFSH=feedp/FCR 
******************************************************************************** 
 
**nitrogen expelled by the fish (g N/d) 
REXP=RNFEED-RNFSH-RNFAECES 
 
**nitrogen in feed (g/d) 
* gN/d = g feed/d * g N/ g feed 
RNFEED = FEED * FEEDNC 
******************************************************************************** 
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**nitrogen in feed (g/d) according to MEASURED amount of feed given to the fish 
*RNFEED = feedp * FEEDNC 
******************************************************************************** 
**nitrogen retained in the fish (g/d) 
* gN/d = g fish/d * g N/ g fish 
RNFSH  = RFSH * FISHNC 
**nitrogen excreten in faeces and removed from the system consdering indigestibility(g/d) 
* gN/d = g feed/d * fraction 
RNFAECES = RNFEED*(1. - FEEDDIGEST) 
 
**simulated feeding ration 
* g feed/d = g feed / g fish/d * g fish 
FEED    = Y * MFSH 
**percentage to calculate the daily feed ration 
* g feed / 100 g fish /d 
Y=(AFGEN(FCONV, TW) / 100.) * AFGEN(FCONVCORR, MAW/WATVOL) 
 
**WATVOL (m3) calculated daily to adjust the concentration of ammonia and nitrate in the water 
WATVOL=INTGRL( WATVOLI , RWATVOL) 
 
**************************************************************************************************************************** 
*****************************************************BACTERIA MODEL********************************************************* 
**************************************************************************************************************************** 
**rate of ammonia nitrogen supply in the water (g/d) 
RAW=REXP-RMO 
 
**rate of ammonia conversion using the Monod approach: 
* g/m2/d  =         g/m2/d   * g N/m3 / (g N/m3 + g N/m3) 
RMOTT   =   AFGEN(JBMAX, TW) * NNHWAT / (NNHWAT + AFGEN(KMO, TW)) 
 
**concentration of ammonia in water (g N-NNH4 / m3) 
NNHWAT= MAW/WATVOL 
 
**rate of ammonia conversion: in a time step cannot be larger than amount available(and it is constrained into only positive values) 
* g/d =    gN/d             gN/d   ,   m2  * g/m2/d 
RMO=INSW(MAW/DELT, 0., MIN(MAW/DELT, AREAF * RMOTT)) 
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**************************************************************************************************************************** 
*****************************************************PLANT MODEL************************************************************ 
**************************************************************************************************************************** 
**call subroutine which adjusts the photosynthetic rate depending by the nitrogen availability 
CALL FNU(J, TOTN, FNUP) 
 
*********************************************************CARBON: 
** intercepted PAR in MJ/m2/d 
PARINT(1:J)=TAO*PAR*(1.-EXP(-K*LAI(1:J))) 
 
**gross carbon assimilation (molC/m2/d) 
* molC/m2/d= MJ/m2/d*molC/MJ 
CASS(1:J)=PARINT(1:J)*LUE*FNUP 
**net carbon assimilation (molC/m2/d) 
RNETASS(1:J)=CASS(1:J)-RESP(1:J) 
 
**carbon lost by maintenance respiration (molC/m2/d), which is function of temperature and sunlit area 
MRESP(1:J)=KR*EXP(C*(T-TB))*(1.-EXP(-CSUNLIT*MCS(1:J))) 
**carbon lost by growth respiration (molC/m2/d), wich is function of growth (gross) 
RRESP(1:J)=INSW(GCSTR(1:J), 0., FCRESP * GCSTR(1:J)) 
**gross rate of carbon partitioned in the structure (molC/m2/d) 
GCSTR(1:J)=MIN(CASS(1:J), RNU(1:J)/NC) 
**total carbon lost by respiration (molC/m2/d) 
RESP(1:J)=MRESP(1:J)+RRESP(1:J) 
 
*******************************************************NITROGEN: 
**N uptake limited by nitrate availability in water and constrained into only positive values 
* molN/m2/d=              gN /( d * gN/molN * m2), molN/pl/d * pl/m2 
RNU(1:J)= INSW (MNW, 0., MIN (MNW/(DELT*N*TOTAREAP), RNUPL(1:J) * PDENS)) 
**N uptake per plant 
* molN/pl/d  =  mmol/h/gDW   *  gN/m3 /(gN/m3 + gN/m3) * gDW/pl    * h/d * mol/mmol 
RNUPL(1:J)   =   JNMAX (1:J) * NNO3WAT/(KNU + NNO3WAT) * DMPL(1:J) * 24. / 1000. 
**N uptake per batch 
* molN/d    = molN/m2/d * m2 
RNUAREA(1:J)= RNU(1:J)  * AREAP 
 
**total area covered with plants (m2) 
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TOTAREAP=AREAP*BATCHN 
**maximum uptake rate corrected for plant size(mmol/h/gDW) 
JNMAX(1:J)=JNMAXO*EXP(-ALNU*DMPL(1:J)) 
**concentration of nitrate in water (g N-NO3 / m3) 
NNO3WAT =MNW / WATVOL 
**M.M. constant for nitrogen uptake as function of daily amount of light (gN/m3) 
KNU=AFGEN(KNUCORR, AVDTR) 
**coefficent for nitrogen uptake as function of daily amount of light (1/gDW) 
ALNU=AFGEN(ALNUCORR, AVDTR) 
**maximum uptake rate as function of daily amount of light (mmol/h/gDW) 
JNMAXO=AFGEN(JNMAXOCORR, AVDTR) 
 
**gross rate of nitrate supply in the water, not considering denitrification rate 
* gN/d = gN/d -          molN/d    *  gN/molN 
GRNW  = (RMO  - ARSUMM(RNUAREA,1,J)*   N) 
**nitrate nitrogen in the water considering a spontaneous denitrification rate 
* gN/d = gN/d * gN/gN 
RNW    = GRNW  * (1.-RDENIT) 
**rate of nitrogen lost by denitrification 
* gN/d = gN/d * gN/gN 
NDENITR= GRNW * RDENIT 
 
********************************************structure formation: 
 
**RCVAC: rate of carbon to vacuole (molC/m2/d) 
**  if turgor deficiency is negative there is surplus of carbon(CSUR)and it is diverted into excess compartment (negative RCVAC(*)) 
**  if trgdef is 0 no need of RCVAC 
**  if trgdef is positive, rate of carbon into vacuole equals deficit (CDEF) 
RCVAC(1:J)=FCNSW(TRGDEF(1:J), -CSUR(1:J), 0., CDEF(1:J)) 
**rate of nitrogen to vacuole (molN/m2/d) 
RNVAC (1:J)= RNU (1:J)- RNSTR(1:J) 
**rate of carbon going into excess compartment (molC/m2/d) 
**if rcvac positive is going to be subtracted;if negative(*)it means that there is surplus in the vacuole and it is added into RCEXC 
RCEXC(1:J)=RNETASS(1:J)-RCVAC(1:J)-RCSTR(1:J) 
 
**rate of carbon and nitrogen in the structure (molC(N)/m2/d) 
**minimum value between the nitrogen or carbon availability relativily to the ratio needed to build structure (NC) 
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**carbon available is the sum of net assimilation, (-,+) carbon in the vacuole, and what stored in the EXC compartment 
**nitrogen available is the sum of nitrogen uptaken and what stored in the vacuole 
RCSTR(1:J)=MIN(RNETASS(1:J)-RCVAC(1:J)+MCEXC(1:J)/DELT, (RNU(1:J)+MNV(1:J)/DELT)/NC) 
RNSTR(1:J)=MIN(RNU(1:J)+MNV(1:J)/DELT, NC*RCSTR(1:J)) 
 
**csur, cdef in kPa*m3/m2/d 
**surplus of carbon: the amount that goes out is limited by the C availability into the vacuole and it equals the surplus(TRG) 
* molC/m2/d =    molC/m2 * 1/d   , kPa*m3/m2/d / m3*kPa/molC 
CSUR(1:J)   =MIN(MCV(1:J)/DELT   , TRG(1:J)    / BC) 
**deficiency of carbon: the amount that goes into the vacuole is limited by the maximum amount available and it equals the demand 
* molC/m2/d =    molC/m2/d   + molC/m2   * 1/d  , kPa*m3/m2/d / m3*kPa/molC 
CDEF(1:J)   =MIN(RNETASS(1:J)+ MCEXC(1:J)/DELT  , TRG(1:J)    / BC) 
 
**TRGDEF: turgor deficiency 
*kPa*m3/m2/d = kPa * m3/m2 - molC/m2 * kPa*m3/molC - molN/m2*kPa*m3/molN 
TRGDEF(1:J)  = PI*V(1:J) - MCV(1:J) * BC - MNV(1:J) * BN 
TRG(1:J) = ABS(TRGDEF(1:J)) 
**volume of water (m3/m2) in the plant is related to carbon assimilated in the structure 
* m3/m2= molC/m2 * m3/molC 
V(1:J) = MCS(1:J)* LAMBDA 
 
**leaf area index (m2leaf/m2ground) 
* m2/m2 = molC/(m2ground) * (m2leaf/g DM) *  gDM/molC 
LAI(1:J)= MCS(1:J)        *      SLA      *  ALFAC 
 
*****************************************************Dry matter: 
* kg DM =            (molC/m2              * gDM/molC + molN/m2 * g DM/molN) * m2       * kg/g 
DM(1:J) =((MCS(1:J)+ MCV(1:J) + MCEXC(1:J))* ALFAC    + MNV(1:J)* ALFAN)     * TOTAREAP /1000. 
* g DM /plant = kgDM   * m2/plant * 1/m2     *g/kg 
DMPL(1:J)     = DM(1:J)/ PDENS    / TOTAREAP *1000. 
 
***************************************************Fresh matter: 
* kgFM =g/plant * plant/m2 * kg/g 
FM(1:J)=FMPL(1:J)*PDENS    / 1000. 
* g FM/plant= g DM /plant + gH2O/m3 * m3/m2  * m2/plant 
FMPL(1:J)   = DMPL(1:J)   +DENSW    * V(1:J) / PDENS 
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**dry matter content (g DM/g FM) 
DMC(1:J)=DMPL(1:J)/FMPL(1:J) 
 
****************************************************N in plant: 
**NITRN: nitriate-N concentration in plant material 
*g N-NO3/100g DM = molN / m2 / (gDM/pl *plant/m2) * gN/molN * g /100 g 
NITRN(1:J) = MNV(1:J) / (DMPL(1:J) * PDENS) * N * 100. 
*mg NO3/kg FM = molN / m2 / (gFM/pl *plant/m2) * gN/molN * gNO3/gN * 1000 gFM/kgFM *1000 mgNO3/gNO3 
LIMITN(1:J)= MNV(1:J) / (FMPL(1:J) * PDENS) * N * 4.43 *1000. *1000. 
**REDN: organic-N concentration in plant material 
*g N/100g DM = molN / m2 / (gDM/pl *plant/m2) * gN/molN * g /100 g 
REDN(1:J) = MNS(1:J) / (DMPL(1:J) * PDENS) * N * 100. 
**gN tot/ 100 g DM plant 
TOTN(1:J)=NITRN(1:J)+REDN(1:J) 
 
********************************************************REFILL WATERTANK************************************************************* 
EVENT 
   FIRSTTIME REFILLDAY 
   NEWVALUE WATVOL = WATVOLI 
ENDEVENT 
********************************************************HARVEST************************************************************* 
**harvest EVENT based on time of harvest controlled by HARVESTDAYS 
EVENT 
   FIRSTTIME HARVESTDAYS(1) 
 
   CALL NEWPLANT(J,NINT(HARVNR)+1,HARVESTDAYS,MCS,MCV,MNS,MNV,MCEXC,FWH,DWH,PDENS,DENSW,LAMBDA,MCSH,MCVH,MNSH,MNVH,MCEXCH,HD,... 
                 PI,BC,BN,NC,ALFAN,ALFAC) 
** molC(N)/m2 
   NEWVALUE MCS(1:J)= MCSH 
   NEWVALUE MCV(1:J)= MCVH 
   NEWVALUE MNS(1:J)= MNSH 
   NEWVALUE MNV(1:J)= MNVH 
   NEWVALUE MCEXC(1:J)= MCEXCH 
 
   NEXTTIME  HD 
   NEWVALUE HARVNR=HARVNR + 1. 
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ENDEVENT 
 
******************************************************** 
**harvest EVENT based on FW (new plant values from J)  * 
**invert row 26 and 27                                 * 
**call out rows: 90,92,94,95 and 389 to 404            * 
**call in rows: 98 and 411 to 424                      * 
*EVENT 
*   FIRSTTIME STTIME + FIRST 
*   NEXTTIME  TIME + PERIOD 
*   NEWVALUE MCS(1:J)= INSW(FMPL(1:J)-120.,A,MCSI(J)) 
*   A(1:J)=MCS(1:J) 
*   NEWVALUE MCV(1:J)= INSW(FMPL(1:J)-120.,B,MCVI(J)) 
*   B(1:J)= MCV(1:J) 
*   NEWVALUE MNS(1:J)= INSW(FMPL(1:J)-120.,D,MNSI(J)) 
*   D(1:J)= MNS(1:J) 
*   NEWVALUE MNV(1:J)= INSW(FMPL(1:J)-120.,E,MNVI(J)) 
*   E(1:J)=MNV(1:J) 
*   NEWVALUE MCEXC(1:J)=INSW(FMPL(1:J)-120.,F,MCEXCI(J)) 
*   F(1:J)=MCEXC(1:J) 
*ENDEVENT 
**                                                     * 
**                                                     * 
**                                                     * 
******************************************************** 
 
********************************************************BALANCES******************************************************************** 
*Carbon Balance, molC. 
CBAL (1:J) = AREAP * (MCS + MCV + MCEXC - MNETASS -MCSI -MCVI -MCEXCI) 
MNETASS=INTGRL(ZERO, RNETASS) 
 
*Nitrogen balance, gN. 
*N balance in PLANT 
NBALP (1:J) = AREAP * (MNSI + MNVI + MNU - MNS - MNV) * N 
MNU=INTGRL(ZERO, RNU) 
*N balance in WATER 
NBALW(1:J)=MAWI+MNFEED+MNWI+MNFSHI- MAW-MNW-MTOTNU-MNFSH -MNFAECES- MDENITR 
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MNFEED=INTGRL(ZERO, RNFEED) 
MNFAECES=INTGRL(ZERO, RNFAECES) 
MNFSH=INTGRL(MNFSHI, RNFSH) 
MDENITR(1:J)=INTGRL(ZERO, NDENITR) 
RNUTOT=ARSUMM(RNUAREA,1,J)*N 
MTOTNU(1:J)=INTGRL(ZERO,RNUTOT) 
 
******************************************************RE-RUNS********************************************************************** 
END 
 
*END 
*TRANSLATION_GENERAL DRIVER = 'EUDRIV' 
 
*END 
*PARAMETER LUE=0.2 
*PARAMETER CSUNLIT= 1.39 
*END 
*PARAMETER LUE=0.19 
*PARAMETER CSUNLIT= 0.92 
STOP 
 
******************************************************SUBROUTINE_INITCN***************************************************** 
**initial carbon and nitrogen in structural, vacuolar and excess compartment 
       SUBROUTINE INITCN (L,K,DWI,FWI,MCSI,MNSI,MCVI,MNVI,MCEXCI,LAMBDA,BC,BN,PI,NC,DENSW,ALFAC,ALFAN,PDENS,N) 
 
       IMPLICIT REAL (A-Z) 
       INTEGER L,J,K 
       REAL DWI(K), FWI(K), MCSI(K), MNSI(K), MCVI(K), MNVI(K), MCEXCI(K), NC 
       DO J=1,K 
*         molC/m2=       gW/plant * plant/m2* m3/gW * molC/m3 
          MCSI(J)= (FWI(J)-DWI(J))* PDENS   / DENSW / LAMBDA 
*         molN/m2= molC/m2*molN/molC 
          MNSI(J)= MCSI(J)*NC 
*         molN/m2=gDW/plant * plant/m2 * gN/gDW * molN/gN  - molN/m2 
          MNVI(J)= (DWI(J)  * PDENS    * 0.05   / N)       - MNSI(J) 
*         molC/m2= m3/molC * kPa * molC/m2 * molC/m3*kPa   - m3*kPa/molN * molC/m3*kPa *molN/m2 
          MCVI(J)= LAMBDA  * PI  * MCSI(J) / BC            - (BN         / BC          *MNVI(J)) 
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*         molC/m2= gDW/plant* plant/m2 - gDW/molN*molN/m2 *molC/gDW -  molC/m2 
          MCEXCI(J)= (DWI(J)* PDENS    - ALFAN   *MNVI(J))/ALFAC    - (MCSI(J)+MCVI(J)) 
       END DO 
 
       RETURN 
       END 
****************************************************SUBROUTINE_FNU********************************************************** 
**limiting function for carbon assimilation 
       SUBROUTINE FNU (JJ,REDN, FNUP) 
       IMPLICIT REAL (A-Z) 
       INTEGER K, JJ 
       REAL REDN(JJ),FNUP(JJ) 
 
       DO K=1,JJ 
          FNUP(K)=MAX(0., MIN(1., 1./3.*(REDN(K) - 2.))) 
       END DO 
 
       RETURN 
       END 
*****************************************************SUBROUTINE_NEWPLANT**************************************************** 
**Resetting initial value of C and N after harvest (for units see SUBROUTINE_INITCN) 
       SUBROUTINE NEWPLANT (K,HN,HARVESTDAYS,MCS,MCV,MNS,MNV,MCEXC,FWH, 
     $                      DWH,PDENS,DENSW,LAMBDA,MCSH,MCVH,MNSH,MNVH, 
     $                      MCEXCH,HD,PI,BC,BN,NC,ALFAN,ALFAC) 
       INTEGER K,HN 
       REAL HARVESTDAYS(K),MCSH(K),MCVH(K),MNSH(K),MNVH(K),MCEXCH(K),NC, 
     $      PDENS,DENSW,LAMBDA,HD,FWH(K),DWH(K),MCS(K),MCV(K),MNS(K), 
     $      MCEXC(K),MNV(K) 
 
       HD=HARVESTDAYS(HN+1) 
       MCSH= MCS 
       MCSH(HN)= (FWH(HN)-DWH(HN))*PDENS/DENSW/LAMBDA 
       MCVH = MCV 
       MCVH(HN)= LAMBDA*PI*MCSH(HN)/BC-(BN/BC*MNVH(HN)) 
       MNSH = MNS 
       MNSH(HN)= MCSH(HN)*NC 
       MNVH = MNV 
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       MNVH(HN)= (DWH(HN)*PDENS*0.05/14.) - MNSH(HN) 
       MCEXCH = MCEXC 
       MCEXCH(HN)=(DWH(HN)*PDENS-ALFAN*MNVH(HN))/ALFAC-( MCSH(HN)+MCVH(HN)) 
 
       RETURN 
       END 
 


