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Abstract 

Globally seagrass species contribute to less than 0.02% of the angiosperm flora in the world. 

This number is relatively small, but their ecological importance is quite significant. Although 

seagrass are considered nitrogen limited, they are coming under increasing pressure from 

anthropogenic nitrogen sources on a global scale. Understanding nitrogen transfer processes, 

and the ability of seagrass to uptake nitrogen from eutrophic waters is important to gauge any 

potential effects of increases in nutrient levels.  

Leaf, root and epiphyte uptake; external nitrogen sources; diffusion; regeneration and export 

of detached leaves were considered as the most important sinks/sources of nitrogen. Previous 

studies that have approached nitrogen fluxes were studied and data was compiled on the most 

accurate methods for calculating the cycling of nitrogen within a seagrass meadow. The 

computational program MATLAB was used to model nitrogen fluxes in a seagrass meadow 

using a database of seagrass characteristics, predetermined coefficients, meadow specific 

parameters and porewater and sediment nutrient conditions.  

Based on the information that is available the model is shown to be an effective tool in 

predicting the response of fluxes between compartments to variable nutrient conditions. 

Additionally it links many of the important processes involved in nitrogen cycling, which 

previously have often only been considered individually. 
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1 Introduction 

Globally there are approximately 50 seagrass species which contribute to less than 0.02% of 

the angiosperm flora in the world (Hemminga and Duarte 2000).  Although this number is 

relatively small, their ecological importance is quite significant (Hemminga and Duarte 2000; 

McRoy 1977). Seagrass ecosystems are some of the most productive areas of the ocean. They 

stabilise the soft bottom; provide a nursery, breeding ground and habitat for fauna; mitigate 

wave action; filter nutrients for sensitive areas such as coral reefs and provide a source of 

food for grazers. 

Seagrasses occur in the mid-intertidal region and up to depths of 50 to 60m (Nybakken 1997).  

They are most abundant in the immediate sublittoral area and the number of species is greater 

in the tropics than the temperate zone. Seagrass exist as either dense continuous carpets of as 

many as 4000 blades per square metre or isolated patches (Hemminga and Duarte 2000; 

McRoy 1977). The collective term is a seagrass meadow and the formation of individual 

mounds or dense carpets is to some degree determined by water motion.  

Seagrass have a damping effect on wave action, that can be so significant to reduce wave 

motion to zero 1 metre into the seagrass bed (Nybakken 1997).  The slowing of currents 

means that seagrass beds are depositional environments, they accumulate sediments and 

detrital matter and are associated with anoxic sediment (Nybakken 1997; Verduin and 

Backhaus 2000; Ford, Thrush and Probert 2001; Escartin and Aubrey 1995). The 

accumulation of organic material that leads to the creation of sediment with a local high in 

organic content. 

Primary production in pristine seagrass ecosystems are generally considered to be nitrogen 

(N) limited (Welsh et al. 2000; Hemminga and Duarte 2000; Hemminga, Harrison and van 

Lent 1991). Though it appears that sediment dissolved inorganic nitrogen (DIN) would appear 

sufficient to sustain active unlimited growth, many studies have demonstrated increased 

seagrass growth with the addition of fertiliser/nitrogen (Touchette and Burkholder 2000; 

Welsh et al. 2000).  

Alternatively, in recent decades many seagrass beds are under increasing pressure due to 

nutrient loading, which has seen a severe decline in the distribution and composition of 

seagrass meadows (Hansen et al. 2000; Welsh et al. 2000; Hemminga and Duarte 2000; 
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Erftemeijer and Middelburg 1995). Eutrophication not only has an indirect effect by 

stimulating algal overgrowth and consequently reducing available light, but for some species 

a direct physiological effect (Touchette and Burkholder 2000; Welsh et al. 2000; van Katwijk 

et al. 1997). For example, ammonium toxicity (relatively common in vascular plants) has 

been reported in seagrass Ruppia drepanensis and Zostera marina (Touchette and Burkholder 

2000). Z. marina also suffer to excess nitrate levels as it appears to lack a “shut-off” 

mechanism for water-column uptake (Touchette and Burkholder 2000; Short and McRoy 

1984; Burkholder, Glasgow and Cooke 1994). 

Unlike various species of algae dependent on nutrient concentrations in the water column, 

seagrasses are rooted plants that absorb the majority of nutrients from the sediment or 

substrate (Nybakken 1997). They are therefore capable of recycling nutrients into the 

ecosystem that would otherwise be trapped in the sediment and unavailable. By contrast some 

species such as Amphibolis antarctica and Phyllospadix torreyi and be found on a rocky 

substrate, with little or no sediment around the roots indicating that the majority of their 

nutrient demands must be met by the water column (Pedersen, Paling and Walker 1997; 

Terrados and Williams 1997). 

This study focuses on the cycling of nitrogen through a seagrass ecosystem. Particularly it 

focuses on nitrogen fluxes between the relative ‘nitrogen containing compartments’. That is, 

the nitrogen containing components within the plant, in the water column and that contained 

in the sub-surface. The study encompasses a generic and simplified model created in 

MATLAB that attempts to provide a starting point identifying how nitrogen pools within a 

seagrass ecosystem may respond to variable nitrogen levels. Modelling provides a cost 

effective approach that produces a simple conceptual output of nitrogen fluxes. Such a model 

will lead to better understanding on what effects changes in external nitrogen levels may have 

on seagrass. 
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2 Literature Review 

2.1 Structure of seagrass 

Seagrass are complex systems whose physical structure is dominated by the leaves, roots and 

detritus of the seagrass themselves (Nybakken 1997). The basic structure that defines seagrass 

is depicted in Figure 2-1. 

 

Figure 2-1 Basic components of seagrass architecture (Hemminga and Duarte 2000). 

Seagrass are modular plants composed of units (ramets), which are repeated during colonal 

growth (Hemminga and Duarte 2000). Each ramet is composed of a set of modules (a piece of 

rhizome, which can be horizontal or vertical), a bundle of leaves attached to the rhizome, and 

a root system. Differences across the flora are from small variations in this basic structure, 

such as variations in the number of modules per ramet, their size and form (Hemminga and 

Duarte 2000).  

Seagrass rhizomes are responsible for the extension of seagrass clones in space and the 

connectivity between the plants that constitute a meadow. From the horizontal rhizome grows 

a vertical rhizome and a leaf sheath.  

Most seagrass leaves are long and relatively narrow, although some Halophila and 

Syringodium species have rounded and cylindrical leaves respectively. They vary dramatically 

in size and anatomy, which influences their mechanical properties and efficiency in harvesting 
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light. Seagrass have a large number of aeral spaces or lacunae, surrounded by mesophyll cells 

(Hemminga and Duarte 2000). They allow for the accumulation and pressure-driven flow of 

gases and give the leaves a buoyant force. The buoyancy enables the leaves to remain upright 

and has implications for export of detached material. Seagrass leaves lack stomata and their 

surfaces are covered by a thin cuticle across which the transfer of gases and solutes takes 

place including nitrogen. The leaves are attached to the rhizome through a tube-like structure 

called the leaf sheath, which protects and newly forming leaves and is more resistant to 

decomposition. Root nitrogen needs are about 2-7% that of leaves in Z. marina (eelgrass) 

(Hemminga, Harrison and van Lent 1991). Nitrogen requirements of 2 seagrass species can be 

seen in Table 2-1. Table 2-3 places seagrass productivity and biomass in relation to other 

primary producers. 

Table 2-1 Nitrogen requirements of T. testudinum and Z. marina (McRoy and McMillan 

1997). 

 

Root lengths vary dramatically between species, and can constitute a large portion of biomass. 

They provide an anchor to sediment that prevents detachment in a range of currents. Root and 

rhizomes are involved in ammonium and phosphate uptake. 

Most seagrass rarely bear flowers or fruit, and the majority of shoots are lost before ever 

becoming reproductive. In general, no more than 10% of the shoots in a meadow develop 

flowers in any one-year (Hemminga and Duarte 2000). Flowers are often inconspicuous and 

simple and don’t rely on animals for pollination.  

The life span of seagrass clones can extend over millennia, though that of their individual 

ramets is finite (Hemminga and Duarte 2000). Shoot life spans range from weeks to decades. 

The mortality of a healthy seagrass meadow is necessary to avoid overcrowding, and the 

maximum shoot density increases with decreasing shoot size (Hemminga and Duarte 2000). 
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2.2 Nitrogen uptake and transfers in seagrass meadows 

2.2.1 Important forms of nitrogen 

The intrinsic importance of seagrass ecosystems has only recently been recognised. Though 

historically a few botanists and taxonomists had considered the plants, the system and its 

value had barely been studied until recent times. It was not until the eelgrass wasting disease 

of the 1930’s that proved their importance of the plants by their widespread removal (McRoy 

1977). This sparked international interest in seagrass and their associated ecosystems. 

The majority of studies on seagrass have been undertaken on the east coast of the USA, where 

the seagrass communities are markedly different to those in Western Australia (van Keulen 

and Borowitzka 2000). Major focus of studies include classification of the types of nitrogen 

utilised by seagrass and quantifying nitrogen pools within the seagrass (Paling 1991; Hansen 

et al. 2000). Hansen et al. (2000) conducted one such study and discussed the net uptake of 

dissolved inorganic and organic nitrogen, over 2 seasons. The study found that most of the 

nitrogen uptake was inorganic nitrogen, and its uptake from the water column was controlled 

mainly by plant activity as uptake was higher in the light than in the dark (Hansen et al. 

2000). Though the study also provided comparison between nitrogen uptakes by benthic 

algae, epiphyte colonisation was considered minimal at both sampling times (April and 

August), hence were neglected in any analysis.  

Various studies have identified nitrate1 (NO3
-) and nitrite (NO2

-) and ammonium (NH4
+) as 

the largest sources of nitrogen for seagrass (Touchette and Burkholder 2000; Pedersen, Paling 

and Walker 1997; Paling 1991; Marba et al. 2002; Thursby and Harlin 1984; Erftemeijer and 

Middelburg 1995). There has been limited study on uptake rates of organic nitrogen in 

seagrass beds as most preliminary findings indicate them as insignificant. The study by 

Hansen et al. (2000) initially considered the organic nitrogen sources, urea and dissolved free 

amino acids (DFAA), as the major dissolved organic nitrogen (DON) pools available. Though 

it has been found there is a net uptake rate of urea and DFAA, their recorded values were low 

compared to that of nitrate and ammonium (Hansen et al. 2000; Touchette and Burkholder 

2000). They concluded that there might be other sources of DON that require investigation 

                                                 

1 Most sources refer to nitrate and nitrite sources as a total concentration. Where concentrations of nitrate in this 
study have been quoted, it is a combination of nitrate plus nitrite. 
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although there has been little evidence to suggest that they have a significant impact on the 

nitrogen budget of seagrass.  

Since nitrate and ammonium are considered the most significant sources of nitrogen, many 

studies assume them to be the only source of nitrogen using them as a control in laboratory 

and field analysis, ignoring other potential sources of nitrogen (Pedersen, Paling and Walker 

1997; Touchette and Burkholder 2000; Lee and Dunton 1999; Pedersen and Borum 1992; 

Iizumi and Hattori 1982). Evidence suggests this to be a valid assumption, with nitrate and 

ammonium supplying over 90% of external nitrogen in most cases.  

2.2.2 Uptake analysis 

An analysis by Pedersen, Paling and Walker (1997) examined the seagrass Amphibolis 

antarctica and its ammonium and nitrate uptake and allocation. Their findings indicated that 

nitrogen uptake rates of seagrass varied over orders of magnitude and differed with nutrient 

conditions and time of exposure. Uptake was found to be substrate dependent and showed 

saturation kinetics with the rate of uptake increasing in relation to the external concentration, 

but levelling off and becoming saturated as ambient concentrations increased. For this 

particular species uptake of ammonium in the leaves exceeded that in the root-rhizome 

complex (Pedersen, Paling and Walker 1997). 

Based on this hyperbolic pattern, the well-known Michaelis-Menton (MM) equation of 

enzyme kinetics is applied, defining uptake in relation to substrate concentrations. The 

defining kinetic parameters used in MM calculations, varied for root/rhizome and leaf uptake 

(Pedersen, Paling and Walker 1997; Hemminga and Duarte 2000; Lee and Dunton 1999).  

Though useful for determining ammonium uptake rates, this particular study failed to examine 

nitrate in determining MM parameters. Nitrate has been shown to be a significant source of 

nitrogen in the water column for a number of species. Additionally there was no mention of 

water flows in the experimental procedure. Flow through seagrass is significant as it increases 

the exposure of leaves to dissolved nitrogen in the water column, influencing uptake, and 

requires some consideration in any analysis.   

Application of MM has been a common tool used in nitrogen analysis (Pedersen, Paling and 

Walker 1997; Paling 1991; Touchette and Burkholder 2000; Hemminga and Duarte 2000; Lee 

and Dunton 1999; Stapel et al. 1996). The kinetic parameters utilised by this method are 
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maximum uptake rate (Vmax) and half-saturation constant  (Km). The slope of uptake versus 

average substrate concentration (S), is also considered as it is an indication of affinity for the 

substrate (Pedersen, Paling and Walker 1997; Lee and Dunton 1999; Paling 1991; Iizumi and 

Hattori 1982; Thursby and Harlin 1984). MM parameters are derived through experimentation 

of uptake in response to changing nitrogen concentrations. Typically, these experiments 

involve isolating the seagrass in chambers and incubating them with a known concentration of 

nitrogen (the isotopic tracer 15N is commonly used) in the water column and/or porewater 

over time. Changes in the water column/porewater concentration over time are measured to 

determine the uptake rates in the seagrass. Mathematical transformations are then used to 

derive the MM parameters as detailed in Section 3.4.4. This is often coupled with 

determinations of changes in the dry weight nitrogen concentrations before and after 

incubation. 

It should be noted that some species exhibit sustained linear uptake of nitrogen species with 

limited or negligible feedback inhibition (Touchette and Burkholder 2000; Short and McRoy 

1984; Pedersen and Borum 1992; Iizumi and Hattori 1982). This is most common with 

nitrate/nitrite, and can result in nitrogen toxicity. Linear uptake is thought to be a response to 

oligotrophic conditions, and is well documented for eelgrass (Z. marina). 

2.2.3 Nitrogen content in seagrass  

Duarte (1990) has provided one of the most comprehensive studies on seagrass nitrogen 

concentrations, in the investigation titled ‘Seagrass Nutrient Content’. The research 

investigated 27 species from 30 locations to establish the range and variability of nutrients 

within and between seagrass species (Duarte 1990). The study found median values in the 

leaves of 1.82% dry weight (dw) for nitrogen and average concentrations of 1.92% ± 0.05 

with considerable variation around these average values (Duarte 1990). Species with broad 

ranges of variability are those for which more measurements were available. Thus indicating 

those with a low spread may exhibit “a similarly large range of results if additional 

measurements were available” (Duarte 1990).  Duarte’s (1990) results can be seen in 

Appendix 1. It can be inferred from Duarte’s study that our knowledge of nitrogen 

concentrations is limited by lack of study and variation within and between species. 

Values below 1.0% (N dw) were rare suggesting a lower limit to the nutrient content for 

seagrass survival. Duarte (1990) concluded that the average C:N:P ratio for seagrass was 
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474:24:1. This ratio is helpful in assessing nitrogen uptakes from productivity studies where it 

is common to express growth in terms of carbon. Table 2-2 shows comparative C:N:P ratios 

for other primary producers.  

Table 2-2 Comparative nutrient concentrations of aquatic plants. 

Generalised 
Stoichiometric 

Ratio 

Plant Type Ratio (C:N:P) Source 

Redfield Ratio Most Aquatic plants 
(excluding seagrass) 106:16:1 (Baird 2001) 

Atkinson Ratio Terrestrial plants 550:30:1 (Baird 2001) 

- Seagrasses 474:24:1 (Duarte 1990) 

- Phytoplankton 110:16:1 (Duarte and Cebrian 
1992) 

- Freshwater 
Angiosperms 500:24:1 (Duarte and Cebrian 

1992) 

- Marine Angiosperms 435:20:1 (Duarte and Cebrian 
1992) 

Table 2-3 Comparison of primary production and biomass between autotrophs (Hemminga 

and Duarte 2000). 

 



Literature Review                                                                                                         

MODELLING NITROGEN FLUXES IN SEAGRASS   9 

2.2.4 Importance of translocation 

Adaptations to low nitrogen levels have been analysed in a number of previous studies. 

Translocation of nitrogen, storage capability in nutrient loading events, high affinity for 

available nitrogen were some of those adaptations investigated (Pedersen, Paling and Walker 

1997; Marba et al. 2002; Touchette and Burkholder 2000). Translocation involves the internal 

transport of materials within seagrass. Marba et al. (2002) observed 5 tropical and 3 temperate 

species of seagrass using tracers to measure translocation and its response to external nitrogen 

uptake rates. Pedersen, Paling and Walker (1997) examined translocation in their study of A. 

Antarctica, and was shown to be significantly less important than determined by Marba et al. 

(2002). Internal transport rates and efficiency was shown to be variable depending on the 

species of seagrass, external and seagrass intrinsic nutrient conditions. 

Translocation becomes significant in seagrass beds for a number of reasons. Mature leaves 

require few nutrients for growth and therefore mainly serve as conduits for nutrient supply to 

the young growing leaves (Hemminga and Duarte 2000; Pedersen, Paling and Walker 1997; 

Morgan and Kitting 1984; Lee and Dunton 1999). It also provides the resources required by 

developing ramets and supports horizontal rhizome growth; therefore, it is important in 

allowing seagrass colonal expansion (Marba et al. 2002).  

A large portion of nutrient requirements is met via translocation. Nitrogen uptake in Z. marina 

was shown to be 73% from external media (49% water column, 51% water column), whilst 

the other 27% of requirements was met by translocation (Erftemeijer and Middelburg 1995). 

Many studies fail to justify how a seagrass meadow can grow in an environment that is 

nitrogen limited. Translocation is likely to explain much of the shortfall in nitrogen and is 

measured experimentally by isotopic nitrogen tracers 15N.  

2.2.5 Sediment processes 

Sediment stored nitrogen has a large capacity to supply the majority of the nitrogen to rooted 

marine plants; hence, cycling of nutrients within sediment is an important process. Sediment 

has the capacity to act as a source or sink of nitrogen in the water column. Nitrate and 

ammonium fluxes across sediment water interface were investigated in a study by Lavery, 

Oldham and Ghisalberti (2001). Fick’s Law describes how chemical species move from areas 

of high concentration to low concentrations and the study illustrated its application to estimate 
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diffusive processes into and out of sediment. Fick’s Law was shown to accurately measure 

nutrient diffusion fluxes, particularly in coarse oxic sediments. 

The oxygen concentration in seagrass sediment has received little attention. The majority of 

studies investigating nitrogen assume that sediment is anoxic without supporting study or 

discussing its influence on sediment process. The oxic conditions not only affect diffusion but 

also influence redox reactions within the sediment. Redox reactions are those that involve an 

electron transfer through oxidation and reduction. Many of these redox reactions are 

microbially mediated (heterotrophic processes) and influence the presence and species of 

nitrogen. 

An important characteristic of seagrass ecosystems is their ability to recycle nutrients. 

Although studies on nitrogen regeneration have been limited, Klump and Martens (1983) 

offered one of the few studies that dealt with regeneration of nitrogen in marine sediments in 

the study ‘Benthic Nitrogen Regeneration’. It illustrated the influence that depth, oxygen 

levels and temperature have on sediment processes. Alhough Klump and Martens (1983) 

study is helpful in conceptualising the various factors that affect nitrogen regeneration if 

failed to draw any definitive conclusions on the fate and fluxes of nitrogen regenerated in the 

sediment.  

The depositional rate of seagrass meadows results in a portion of detached leaves (and other 

organic matter) remaining in the meadow and undergoing decay. Stapel, Nijboer and 

Philipsen (1996) estimate the annual rate of leaf loss could equal from 1 to 100% of annual 

productivity. Therefore, decaying leaves and regeneration of stored nitrogen represents a 

significant source of potential nutrients.   

Harrison (1989) has compiled information in one of the few studies on seagrass decay rates 

across a number of species. Decay is via heterotrophic organisms and decay rates are small 

compared to other vascular plants. It is influenced by chemical composition, state of the 

detached leaves, and the physical and chemical environment (Harrison 1989). Decay rates of 

less than 1% of dry weight per day were common, though rates varied from 0.07 – 11% per 

day between species 

Boon, Moriarty and Saffigna (1986b) identified the importance of regeneration in their study 

of Zostera capricorni in Queensland, Australia. They estimated a 2 to 3 fold difference in 

ammonium turnover time in seagrass when compared to bare adjacent areas (Boon, Moriarty 
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and Saffigna 1986b). Sediment ammonium pools were shown to turn over rapidly at 0.4 - 0.8 

times a day, with the gross production of ammonium equal to that of utilisation by the 

seagrass. A similar conclusion was drawn by Ziegler and Benner (1999), indicating that 

nitrogen is tightly recycled within a meadow.  

The importance of sediment processes in nutrient recycling has gained attention in recent 

times. Diagenetic models have taken a more mathematical perspective on nutrient and oxygen 

transport to explain the complex reactions and transport in sediment and across the benthic 

boundary layer (BBL) (Boudreau and Jorgensen 2001). The high organic content in sediment 

of seagrass reduces the interstitial water movement and the oxygen supply. It also enables a 

large supply of energy for microorganisms in the sediments which causes the sediment to be 

anaerobic below the first few millimetres (Nybakken 1997; Boudreau and Jorgensen 2001). 

This in turn has implications in the regeneration and recycling of nutrients as will be 

discussed in further detail in Section 3.4.5. 

2.2.6 Hydrodynamics within seagrass meadows 

 The influence of seagrass on water flow has been well studied. Water flow through and 

around the meadow determines many of the characteristics of a seagrass and the surrounding 

waters. Water flow causes the breaking of seagrass blades; affects oxygen supply; influences 

nutrient transport within the seagrass; accumulates and disperses sediment and transfers 

organic matter into and out of the system (Nybakken 1997). The hydrodynamics in a seagrass 

bed, its depositional nature and characteristic sediment transport has been studied in some 

detail by Verduin and Backhaus (2000); van Keulen and Borowitzka (2000); Ford, Thrush 

and Probert (2001), Gacia, Granata and Duarte (1999) amongst others. 

Gacia, Granata and Duarte (1999) found the projected surface area of the plants significantly 

correlated with the total amount of particles trapped within a meadow. Ford, Thrush and 

Probert (2001) examined whether buried organic matter in the form of seagrass influenced 

colonisation. Van Keulen and Borowitzka (2000) discuss the water velocity through 

morphologically dissimilar seagrass. All studies derived significant slowing of water flow 

through seagrass, with the greatest reduction at heights of larger leaf surface area as shown in 

Figure 2-2. 
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Figure 2-2 Velocity profile of A. griffithii species as compared to leaf area (van Keulen and 

Borowitzka 2000). 

Hydrodynamics inside a meadow has implications for nutrient cycling. It influences diffusion, 

the export of detached seagrass matter and advects ‘new’ nitrogen sources into meadows. In 

many cases, seagrass are nutrient limited; therefore, a constant flow of nutrient containing 

water is required to supply nutrients to the leaf surface.  

Many of these studies neglect to consider how hydrodynamics might affect specific nutrient 

transport/uptake within a seagrass meadow. The focus of investigation is typically on velocity 

profiles and how it may affect sediment transport and deposition. Additionally vertical flows 

are neglected. These may be responsible for mixing of dissolved nitrogen and 

resuspension/distribution of sediment. Resuspension can release nitrogen to the water column 

and inhibit light availability. 

One of the few studies that investigated hydrodynamics and nutrient transport was conducted 

by Thomas, Cornelisen and Zande (2000). The study investigated water velocity and canopy 

morphology and its impact on ammonium uptake by seagrass communities. This study was 

exceptional as it utilised engineering equations to describe transport processes to rough 

surfaces to estimate uptake rates. Rates of diffusion across a seagrass surface were modelled 

as a diffusive boundary layer (layer characterised by a concentration gradient at the surface), 

which determined uptake rates. The ‘engineering’ approach referred uptake as physically or 
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mass transfer limited- uptake was to a large degree determined by the delivery of nutrient to 

the leaf surface (Thomas, Cornelisen and Zande 2000). The study concluded that rate of 

removal of a nutrient is influenced by water velocity, chemical concentration, surface 

roughness and topography.  

The unique aspect of this study was the analysis of surface roughness as a factor in uptake. It 

found a number of friction coefficients reflected the efficiency of the canopy to remove 

ammonium. Thomas, Cornelisen and Zande (2000) concluded that the findings “provided 

evidence to support the idea that seagrasses alter flow within the canopy, which in turn, 

influences uptake of ammonium by the community”. The methods utilised in the study 

present a radically different approach in modelling nitrogen fluxes, but lack of similar studies 

make it difficult to judge its value in a broader context. 

2.2.7 Epiphytes 

Epiphytes are plants that grow on another plant for support but are not parasitic (Knox, 

Ladiges and Evans 1994). The interaction between epiphytes and seagrass remains 

ambiguous. Epiphytes are found in every seagrass meadow, though their density and 

productivity can vary dramatically (Table 2-4). Epiphytes benefit from the seagrass as they 

attach themselves to the leaf exposing them to nitrogen in the water column. Additionally 

they utilise nitrogen leached from the seagrass leaves. The effect of epiphytes on seagrass is 

unknown. Epiphytes rapidly respond to eutrophic conditions and are consequently recognised 

as an ecological indicator, providing a visual analysis on the health of seagrass.  

Epiphytes have the potential to affect nitrogen uptake in seagrass through a number of 

mechanisms. They compete for nitrogen in the water column and limit exposed surface area 

on the seagrass where leaf uptake occurs. The quantification of these relationships is not 

known and requires further investigation. Most importantly, epiphytes shade the seagrass 

limiting the amount of light. As seagrass are benthic plants they are in a less favourable 

position to harvest light. Seagrass light adsorption is considered inefficient compared with 

micro and macro algae and in addition, in contrast to epiphytes, seagrass support the 

respiratory requirements of non-photosynthetic material (roots and rhizomes) (Hemminga and 

Duarte 2000). Previous studies indicate that light reduction severely impedes seagrass growth 

and the ability to assimilate nitrogen.  
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Table 2-4 Productivity comparison of autotrophic species present in seagrass ecosystems 

(Hemminga and Duarte 2000). 

 

Moore and Wetzel (2000) examined response of seagrass to light levels in Z. marina. Light 

levels at mid-canopy height were measured in their response to a gradient of turbidity and 

nutrient conditions. Shading was simulated in the laboratory by the use of screens that 

reduced solar irradiance by 42, 28 and 9% of solar PAR. The focus of the study was 

questionable. Though acknowledging that epiphytes reduce plant growth, no direct relation 

between epiphyte biomass and light reduction was concluded. Instead, epiphytes and seagrass 

were shaded simultaneously making it impossible to determine direct effects of epiphyte 

shading.  

Borum (1985) undertook a study analysing epiphyte communities along a nutrient/nitrogen 

gradient in Roskilde Fjord in Denmark. Epiphyte biomass was found to increase 50- to 100-

fold along the gradient, an increase greater than that shown by seagrass and phytoplankton 

present in the estuary. Distinct seasonal patterns of biomass were also observed. The localised 

nutrient gradient and clear differences in epiphytes provided an ideal opportunity to examine 

productivity differences and variations in nutrient uptake rates between the 4 sties examined. 

Unfortunately Borum (1985) provided no information on changes in productivity or uptake 

rates, and only served to further highlight the lack of knowledge on nitrogen uptake rates in 

epiphyte  



Literature Review                                                                                                         

MODELLING NITROGEN FLUXES IN SEAGRASS   15 

The lack of a definitive relationship between epiphytes and its effect on seagrass nutrient 

uptake is considerable. It is expected that as seagrass come under increasing pressure from 

anthropogenic sources of nitrogen, the need for understanding in this area will become more 

significant. 

2.2.8 Grazing 

Seagrass grazing is well documented and the type and amount of grazers varies between 

locations. Perhaps one of the most widely recognised and largest grazers is the endangered 

dugon and manatee, both species of Sirenia (sea cows). Sea turtles and even some types of 

birds have been known to graze on seagrass. Herbivorous fish, sea urchins and small 

invertebrates and grazers such as snails, also utilise seagrass as a food source. On a global 

scale grazers are generally not considered a threat to seagrass. 

2.2.9 Modelling of seagrass  

Simulation modelling of ecosystems has only become a tool for marine scientists since rapid 

technological advances in the computer industry in the 1950’s and 1960’s (Wetzel and 

Wiegert 1983). Broad scale models provided a focus on total ecological pools such as the 

CSIRO Simple Estuarine Model (SERM) that was used as an ecological modelling tool for 

Australia’s approximately 1000 estuaries (Baird 2001). The model provides a useful starting 

block for the creation of a seagrass specific model as it incorporates processes such as nutrient 

uptake and light capture, death rate and regeneration. Unfortunately, it does so at the expense 

of a more detailed resolution of individual components of a marine or estuarine ecosystem. 

The ecological water quality model CAEDYM (Computational Aquatic Ecosystem 

DYnamics Model) also provides some useful information when attempting to model seagrass. 

CAEDYM contains as a state variable, a seagrass component in the code, modelled as a 2 

dimensional state variable. The model measures changes in biomass, and growth rates in 

variable salinity, temperature and light. Additionally export (beach wrack) and a constant 

ratio of epiphyte carbon to seagrass carbon are incorporated into the model. CAEDYM was 

unable to give the desired resolution for seagrass specific processes across species and its 

interaction with nitrogen fluxes. CAEDYM and SERM will become useful in any 

development of the model purely as a starting base as they provide useful a useful equation 

basis describing various nitrogen transfers. 
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Both CAEDYM and SERM model heterotrophic processes involving nitrogen (in a broader 

ecological sense) through a series of complex equations. The majority of literature available 

on current seagrass literature traditionally evaluates a constant rate of heterotrophic processes 

ignoring the derivation and variability in time and space. Both CAEDYM and SERM utilise a 

comparable decay rate of 0.1% in the breakdown of labile detrital matter and particularly 

sediment and heterotrophic processes could provide useful in any further development of the 

model (Hertzfeld 2002). Including such components would also require additional site 

knowledge, increasing the complexity of modelling and limiting its applicability.  

On a closer scale, Erftemeijer and Middelburg (1995) undertook one of the few modelling 

studies encompassing the numerous considerations for nutrient cycling solely within a 

seagrass meadow. It showed that much of the nutrients could be supplied through cycling 

within the seagrass system. The study was possible due to the availability of comprehensive 

data for 2 contrasting seagrass beds in Indonesia. Such a large database is lacking for many 

sites, hence application of methods presented in this study, carry little relevance when 

applying to other sites as it is difficult to assemble a complete mass balance without complete 

and detailed data. Nonetheless, the study made some definitive conclusions defining sources 

of nutrients, and highlighting the primary sources of nutrients for seagrass: the water column, 

sediment, translocation and internal recycling.  

Erftemeijer and Middelburg (1995) examined the highly efficient systems of nutrient 

trapping, uptake and recycling within a meadow. Losses due to export of dissolved and 

particulate material, grazing and denitrification were balanced by inputs such as nitrogen 

fixation, particulate organic matter trapping and mineralisation (Erftemeijer and Middelburg 

1995). This was concluded through a mass balance analysis of nutrient cycling. Erftemeijer 

and Middelburg (1995) also attempted to generalise if root or leaf uptake was most important 

in seagrass. Attempting to draw such a conclusion is impossible, as it varies dramatically not 

only between but within species as demonstrated in the outcome of the model developed in 

this current study. 

There is minimal material on any attempts to model the dynamic nitrogen fluxes through 

seagrass that were inclusive of the compartments analysed in this study. There is some 

consensus on what affects a nitrogen deficit or loading will have on seagrass, but it is useful 

to ascertain where and how the nitrogen moves through the seagrass ecosystem. This will 
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enable better understanding of how seagrass may react with variable nutrient conditions and 

prediction of responses to eutrophication can be made. 

2.3 Nitrogen chemistry 

Although nitrogen is the most abundant gas in the atmosphere (78%), the functioning of many 

ecosystems, including seagrass, are limited by its availability. The strong triple bond in N2  

(Figure 2-3) means many plants cannot absorb nitrogen directly and often rely on an 

intermediate reaction or organisms to transform it to a utilisable form. Organisms that have 

the ability to break the triple bond are termed nitrogen fixers.  

                   N     N      →   N ≡ N 

Figure 2-3 Valence shell arrangement and consequent bonding in N2.  
Human activities have greatly increased the global nitrogen fluxes making nitrogen available 

through industrial processes, fertiliser application and sewage outfalls (Libes 1992; Laws 

1983). Nitrogen transported across the cell wall is transformed into metabolites such as 

proteins that are necessary for growth.  Common species of marine nitrogen are shown in 

Table 2-5. 

Ammonium and nitrate are the most significant nitrogen sources for seagrass. Ammonium 

readily absorbs to sediment and detrital particles, thus total ammonium levels often appear 

relatively high, available nitrogen may be substantially lower (Touchette and Burkholder 

2000). Comparatively, nitrate in the water column is highly soluble and readily transported. 

2.3.1 Ammonium assimilation 

Transport of nutrients across cell membranes is an active process (Hemminga and Duarte 

2000; Touchette and Burkholder 2000). A number of authors including Touchette and 

Burkholder (2000) and Paling (1991) have indicated that ammonium uptake is considerably 

more complicated than that of nitrate, its uptake involves dual process of low and high-

affinity system. Ammonium uptake varies with time, with a feedback system which acts in 

response to time of exposure (Pedersen, Paling and Walker 1997; Touchette and Burkholder 

2000). Stapel et al.  (1996) described the initial high uptake rate as a combination of 

• ∗ 
• ∗ 
• ∗ 

• 
• 

∗ 
∗ 
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adsorption of ions onto the plant surface and absorption of ions into the plant tissue. After this 

first phase, nutrients disappear from the water column or porewater by absorption only. 

Table 2-5 Common species of marine nitrogen (Libes 1992). 

Species Molecular Formula Oxidation Number of 

Nitrogen 

Nitrate Ion NO3
- + V 

Nitrite Ion NO2
- + III 

Nitrous oxide gas N20 + I 

Nitric oxide gas NO + II 

Nitrogen gas N2 0 

Ammonia Gas NH3 - III 

Ammonium ion NH4
+ -III 

Organic amine R- NH2 -III 

  

Assimilated ammonium will normally exert a negative feedback on additional uptake when 

tissue ammonium levels are high.  Ammonium, does not accumulate in seagrass tissue 

(thought to be because of its toxicity), indicating rapid processing into organic compounds 

(Touchette and Burkholder 2000). Ammonium toxicity has been demonstrated in Z. marina. 

Die-off was evident at water column ammonium levels of 220 µM, and porewater levels of 

1600 µM (van Katwijk et al. 1997). Seagrass species that exhibit ammonium toxicity often 

lack the negative feedback mechanism and exhibit linear uptake. 

Derivation of MM (Section 3.4.4) is based on the interaction between a substrate, enzyme and 

eventual product. Interestingly no evidence of enzymes involved in ammonium uptake have 

been identified through research conducted as part of this study. However, linear uptake in 

ammonium was less common than that of nitrate where the involvement of the enzyme 

Nitrate Reductase is well documented. It is assumed that despite no evidence of enzyme 

mediated processes, practically a MM relationship adequately describes ammonium uptake.  

Ammonium is utilised for the production of glutamate and use in the production of new 

amino acids, and can be used to enhance further ammonium assimilation (Touchette and 

Burkholder 2000). Temperature, hypoxia, and light availability all influence ammonium 
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uptake in seagrass (Touchette and Burkholder 2000; Hemminga and Duarte 2000). The 

oxidation state of nitrogen is lower in ammonium than nitrate (see Table 2-5); therefore, less 

energy is required in converting it into an organic form. 

2.3.2 Nitrate assimilation 

Nitrate is relatively abundant in the water column and highly soluble (Burkholder, Glasgow 

and Cooke 1994). The assimilation of nitrate is an energy requiring process, and the transport 

system is inhibited by cyanide and anaerobic conditions (Touchette and Burkholder 2000). 

Therefore, uptake of nitrate is influenced by the availability of photosynthate or stored 

carbohydrate (energy source) and consequently excessive nitrate enrichment can lead to plant 

decline, as has been documented in Z. marina (Lee and Dunton 1999; Burkholder, Glasgow 

and Cooke 1994). Seagrass leaves can expend as much as 25% of their total respiratory 

energy on N assimilation at the expense of other energy requiring metabolic processes 

(Touchette and Burkholder 2000). Without product feedback to prevent further uptake, the 

depleted carbohydrates can compromise growth.   

Other species such as Halodule wrightii and Ruppia maritima respond favourably to nitrate 

enrichment (Burkholder, Glasgow and Cooke 1994). These contrasting responses not only 

have implications in modelling but in management strategies. In nitrate-rich waters where Z. 

marina has been depleted, H. wrightii and R. maritima could be transplanted successfully. 

Nitrate is generally translocated for storage in vacuoles in the leaves for subsequent 

assimilation (Hemminga and Duarte 2000; Marba et al. 2002; Touchette and Burkholder 

2000; Pedersen, Paling and Walker 1997). Therefore, it could be expected that nitrate levels in 

the leaf would be consistently higher than that of the root/rhizome complex and explains why 

nitrate uptake in the roots is minimal.  

Nitrate reductase (NR) is the key enzyme involved in nitrate assimilation and regulatory 

enzyme involved in nitrate metabolism (Touchette and Burkholder 2000; Hemminga, 

Harrison and van Lent 1991). Substrate concentration and light (highest activity occurs during 

photosynthetic periods) are considered the two major environmental factors that influence NR 

activity; though it is also influenced by temperature, ammonium levels, oxygen and carbon 

dioxide availability (Touchette and Burkholder 2000; Welsh et al. 2000). 
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Nitrate is the primary form of nitrogen available to terrestrial plants. However, in the water-

saturated, hypoxic or anoxic sediments associated with seagrass habitats, ammonium is 

usually dominant. The overall process whereby nitrate or nitrite is reduced and incorporated 

into organic matter is termed assimilatory nitrogen reduction. 

An example of the reaction sequence involved in nitrogen assimilation in marine primary 

producers is shown below in Reaction 2-1. After transport across the cell wall, the nitrogen is 

transformed into metabolites, such as proteins by a series of anabolic reactions (Libes 1992). 

If nitrate or nitrite are assimilated anabolism is initiated by steps 2.11 and 2.12 respectively; if 

ammonium is assimilated initiation is via 2.15. Transamination is shown in 2.16 where other 

amino acids are generated via the transfer of the amine group from the primary amino acid 

(glutamic acid) to the central carbon of another carboxylic acid (pyruvic acid). 

Reaction 2-1 Nitrogen assimilation (Libes 1992). 

NO3
- + 2 H+ + 2e- → NO2

- + H2O (2.11) 

2NO2
- + 4H+ + 4e- → 2 NH2OH (2.12) 

N2O2
2- + 6H+ + 4e- → 2NH2OH     (2.13) 

NH2OH + 2 H+ + 2e- → NH3 + H2O (2.14) 

HOOCCO(CH2)2COOH + NH3 + 2NADPH → HOOCCH(NH2)CH2CH2COOH +  
  (α-ketoglutaric acid)                                                 (glutamic acid)       
     2NADPH + H2O 

(2.15) 

CH3COCOOH + HOOCCH(NH2)CH2CH2COOH → CH3CH(NH2)COOH +  
 (pyruvic acid)                (glutamic acid)                           (alanine) 
     HOOCCO(CH2)2COOH    
        (α-ketoglutaric acid) 

(2.16) 

 



Methods                                                                                                        

MODELLING NITROGEN FLUXES IN SEAGRASS        21  

3  Methods  

Previous studies were analysed to identify compartments that are important in the cycling of 

nitrogen within a seagrass. Based on this research, a number of assumptions were made to 

simplify the modelling process. 

Following the identification of important compartments, defining parameters and equations 

were researched or derived, and these were compiled in the final model. Assembly of the 

model is discussed in Section 4. 

3.1 Problems to consider and consequent assumptions  

There are many difficulties in attempting to model nitrogen uptake in seagrass. Physical 

characteristics such as wind exposure, hydrodynamics, exposure to run-off, nutrient 

conditions, turbidity, tidal changes and surrounding vegetation all affect process in the 

seagrass bed (Morgan and Kitting 1984). This leads to dramatic variation in the characteristics 

of seagrass and consequently their nutrient uptake in time and space. 

As previously outlined, nitrogen can be rapidly translocated to meet varying nutrient demands 

of different sections of the seagrass. Translocation has been shown to account for up to 92% 

of nitrogen loss in a seagrass leaf (Borum, Murray and Kemp 1989). Aging leaves transport 

excess assimilated nutrients to sites of growth and storage (Hemminga, Harrison and van Lent 

1991).  Seagrass leaves are have approximately 2-fold concentration of cellular nitrogen than 

that of below ground tissue. Since in many cases the majority of nitrogen uptake occurs 

through the root system, this illustrates the dominance of root-to-shoot translocation. Further 

the amount of translocation and uptake is affected by the current nutrient budget or needs of 

sections of the seagrass. 

Leaching has been observed in seagrass leaves (Hemminga, Harrison and van Lent 1991). 

Small amounts of nitrogen have been shown to leach from seagrass leaves, often supplying a 

nutrient source to epiphytes in oligotrophic waters. Although this process has been studied 

minimally, it is considered to constitute a relatively small loss of nitrogen.   

Growth in seagrass is light-limited; hence, nitrogen uptake is less in dark conditions 

(Touchette and Burkholder 2000).  Though some species such as Z. marina have been shown 

to exhibit uptake in darkness and in light, it is common for uptake to dramatically decrease in 
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limiting light (Touchette and Burkholder 2000). Additionally, the lack of autotrophic 

production in the dark results in temporary low-oxygen conditions at the sediment water 

interface, which has implications for denitrification/nitrification at the interface influences 

available nitrogen. Seagrass can also be limited by the availability of other nutrients (most 

commonly phosphorus).  

Temperature will influence nutrient uptake as it alters metabolic processes in cells, by altering 

chemical activation energy and enzyme reactivity (Paling 1991). Seagrass experience variable 

temperature gradients on a daily and seasonal basis, resulting in a variety of temperature 

dependent uptakes. pH also alters the activity of enzymes and the species composition of 

benthic organisms involved in recycling of nutrients from detrital matter. 

Water column concentrations of nitrogen can be extremely variable, and in tidal communities 

can vary dramatically. Short and McRoy (1984) showed that at Izembek Lagoon in Alaska, 

ammonium concentrations were 3.7µM before low tide, whilst one hour later at low tide, 

concentrations were reduced to 1µM.  

 

 

 

 

 

 

 

  

Figure 3-1 Factors influencing nitrogen uptake. 

Based on the following complexities and previous research, this study makes a number of 

initial assumptions: 

• Ammonia and nitrate are the only important nitrogen sources 
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• Seagrass leaves and roots exhibit Michaelis-Menton kinetics or linear uptake 

• Available nitrogen concentrations are constant in the water column and porewater 

• Seagrass is not limited by light or other nutrients 

• Hydrodynamics, temperature, and pH do not have a direct influence on nitrogen 

uptake 

• No nitrogen is lost via leaching. 

3.2 Matlab 

MATLAB is a single interactive system that integrates numeric computation, symbolic 

computation, and scientific visualisation (Etter 1996). Modelling for this study was conducted 

using MATLAB Version 6.1. MATLAB is relatively easy to use and effective tool in 

dynamic modelling. An effective model saves significantly in sampling and experiment time, 

as well as being cost effective. Different levels of complexities were added to this model as 

research progressed. Particulars of the model will be discussed in more detail in Section 4.  

3.3 Nitrogen pools 

3.3.1 Ocean cycling 

Human influence has increased the amount of nitrogen transfer on a global scale. The cycling 

of nitrogen in the marine environment between the various pools is a complex process. Broad-

scale nitrogen cycles have been approximated by many studies. Estimates of various global 

marine nitrogen pools are depicted in Figure 3-2. However, considerable uncertainty exists in 

these estimates. Sediment processes, particularly nitrification fixation rates, are still associated 

with a large degree of uncertainty with estimates varying by up two orders of magnitude.  
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Figure 3-2 The marine nitrogen cycle (Libes 1992). Estimates of transfer rates are given in 

units of 1012 g N/yr. 

3.3.2 Seagrass cycling 

It is important to understand the impact of seagrasses (assumed to be a net sink of nitrogen) 

on nitrogen cycling in coastal areas, as this improves predictions on how the disappearance 

and reappearance of seagrass affect the nutritional state of coastal waters (Hansen et al. 2000).  

The cycling of nitrogen in seagrass is a complex process; consequently, most studies focus on 

minimal nitrogen pools rather than holistically modelling the ecosystem. The nitrogen 

containing compartments in seagrass and the fluxes between them have been identified by 

Paling (1991), and are illustrated in Figure 3-3. Paling’s (1991) study concentrated on 

standing stocks of nitrogen and considered various sources of nitrogen including offshore, 

nitrogen fixation, groundwater, rainfall/runoff, sewage and industrial. 

This study attempts to model nitrogen fluxes using historically determined parameters that 

have been proven to accurately model fluxes. The initial step was to identify compartments of 

importance in the cycling of nitrogen in a seagrass meadow. The above compartments were 

simplified to consider nitrogen sink/sources directly related to the seagrass. That is, those 

considered to have direct and considerable influences on the seagrass nitrogen levels. The 

result was a simplified model analysing uptake and nutrient transfers specific to simplified 

nitrogen pools as depicted in Figure 3-4. 
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Figure 3-3 Transfer of nitrogen between pools in seagrass (Paling 1991). 

3.4 Parameterisation 

3.4.1 Water column concentrations of nitrogen 

Seagrass are a unique macrophyte, as they have access to 2 different nutrient supplies, the 

sediment and the water column. They have the capacity to uptake nutrients through their 

leaves which enables them to ‘strip’ nutrients in eutrophic waters. 

Water column concentrations of nitrogen levels vary dramatically within and between 

localities. Concentrations are influenced by anthropogenic nitrogen sources, mixing, primary 

production, presence of consumers, hydrodynamics and sediment processes. Global average 
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water column concentrations in seagrass beds of ammonium and nitrate are 3.1µm and 2.7µm 

respectively (Hemminga and Duarte 2000; Klump and Martens 1983; Touchette and 

Burkholder 2000).  

Average concentrations are generally low, though globally there is a range of nitrogen levels 

in the water column. Concentrations can be dramatically increased if an anthropogenic source 

is considered. These sources include run-off or sewage outfalls, such as that at Point Peron in 

Cockburn Sound, Western Australia. 

Figure 3-4 Compartments modelled in seagrass. 
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The response of seagrass to changing nitrate and ammonium levels in the water column is a 

major focus of this study. Consequently water column N levels are an independent variable in 

this model. The user enters the water column concentration as part of the modelling process, 

with the aim of determining uptake rate of the seagrass leaves. All nitrate and ammonium in 

the water column is considered available for uptake and constant. This assumption is 

reasonable as flow through the seagrass bed ensures that a constant flow of water with ‘new’ 

nutrients is supplied to the seagrass. 

Although seagrass uptake is the major focus of this study, other sinks and sources of water 

column nitrogen are considered besides those imported through advection and out of the water 

column. These can be seen in Figure 3-4 and include uptake by epiphytes, fluxes into/out of 

the sediment and release from decaying seagrass detritus. The magnitude of these fluxes is 

determined by the uptake rates of the epiphytes, concentration gradient between the water 

column and the sediment, amount of detritus and its rate of decay as examined in following 

discussion.  

3.4.2 Sediment nitrogen concentrations  

Ammonium is the most significant source of nitrogen in the sediment with porewater 

concentrations typically ranging between 1-180µM, with an average of 86 µM. Nitrate 

concentrations have a global average value of 3.4µM in porewater (Hemminga and Duarte 

2000). Nitrogen concentrations vary depending on sediment characteristics (particularly 

organic matter) and community composition (Touchette and Burkholder 2000; Klump and 

Martens 1983). Sources of nitrogen for sediment include groundwater, fluxes from the water 

column, diffusion from the water column, and biogeochemical reactions within the sediment. 

Sediment nitrate concentrations are in general considerably higher than those found in the 

water column; however, most nitrate supplied to the plant is via the water column. Nitrate in 

the sediment/porewater has a number of fates that are discussed in Section 3.4.5.  

Examples of water column and porewater concentrations can be seen in Table 3-1. 
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Table 3-1 Concentrations of nitrogen species found in previous studies. 

Water column 

Seagrass species NH4
+ (µM) NO3

- (µM) Location Source 

Halodule wrightii 
and Ruppia 
maritima, Z. marina 

- <2-10 North Carolina, 
USA 

(Burkholder, 
Glasgow and 
Cooke 1994) 

Zostera marina 1.7-2.4 1.9-36.9 Limfjorden, 
Denmark 

(Hansen et al. 
2000) 

Thalassia 
testudinum 

<0.59 <0.04-0.29 South Texas, 
USA 

(Ziegler and 
Benner 1999) 

Thalassia 
testudinum 

0.7-1.53 0.26-1.19 South Texas, 
USA 

(Lee and Dunton 
1999) 

Thalassia 
hemprichii, 
Enhaulus acoroides 

0.8-1.4 2.2-3.2 South Sulawesi, 
Indonesia 

(Erftemeijer and 
Middelburg 

1995) 

Sediment 

Seagrass species NH4
+ (µM) NO3

- (µM) Location Source 

Thalassia 
testudinum 8-180 - South Texas, 

USA 
(Lee and Dunton 

1999) 

Zostera capricorni 29-59 <10 Moreton Bay 
Australia 

(Boon, Moriarty 
and Saffigna 
1986a; Boon 

1986) 

Thalassia 
hemprichii, 
Enhaulus acoroides 

47-90 - South Sulawesi, 
Indonesia 

(Erftemeijer and 
Middelburg 

1995) 

Zostera marina 810 83 Japan (Moriarty and 
Boon 1989) 

Halodule sp. 26 3 Florida (Moriarty and 
Boon 1989) 

Thalassia 
testudinum 2-19 0.3-1.9 West Indies (Moriarty and 

Boon 1989) 

 

3.4.3 Leaf vs. root/rhizome- relative importance 

The importance of leaves versus roots in nutrient uptake depends on part on the nutrient 

conditions of the environment (Touchette and Burkholder 2000; Pedersen, Paling and Walker 
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1997; Short and McRoy 1984). Seagrass derive nitrogen from sediment pore water (most 

notably ammonium) and the water column (ammonium and nitrate) (Touchette and 

Burkholder 2000). Young actively growing roots have been reported to take up most of the N 

absorbed by belowground tissue, with rhizomes functioning minimally in N uptake 

(Touchette and Burkholder 2000).2    

The majority of nitrate that is present in the sediment is a product of bacterial nitrification in 

the sediment or diffusion from the overlying water (Hemminga, Harrison and van Lent 1991). 

Nitrate in the leaves is about 2-fold higher above ground that in the roots. Nitrate uptake in 

the root/rhizome in Z. marina accounted for as little as 1.5% of the total nitrogen uptake by 

these organs (Paling 1991; Iizumi and Hattori 1982). Almost no previous studies consider 

nitrate uptake through root/rhizomes. Therefore, it is assumed in modelling that nitrate uptake 

in the roots/rhizomes is negligible. 

The often higher nutrient concentrations in the porewater would appear to indicate that the 

root/rhizome complex plays the most significant role in nutrient uptake- this is not exclusively 

the case (Hemminga and Duarte 2000).  A full range between the extremes of a root/rhizome 

or a leaf-dominated uptake can be observed within and between species. For example, it has 

been shown that 90% of N requirement in Z. marina has been met by the water column and 

there is evidence that indicates below ground tissues may at times be limited by diffusion 

(Hemminga and Duarte 2000; Touchette and Burkholder 2000).  

Relative roles of leaf and roots in nutrient uptake vary within and between species. Accurate 

determination of the importance of each method/medium of uptake is often a matter of 

experimentation. This study considers both compartments and determines relative importance 

by modelling uptake rates in a sample of seagrass species over time based on pre-determined 

uptake kinetics. 

Uptake by above ground tissue is in most cases unaffected by NH4
+ concentrations in the 

roots, even at excessive (~ >150µM) concentrations. Studies by Thursby and Harlin (1984) 

have shown that leaf uptake of ammonium in Z. marina was not affected by the availability of 

ammonium to the roots unless the plants are starved of nitrogen. Alternatively, excessive 

ammonium supplied to the leaves causes a significant decrease in the maximum rate of 

                                                 

2 For simplification, all below ground tissue involved in uptake will be termed roots 
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ammonium uptake in roots, and ammonium supplied to the leaves or roots inhibited nitrate 

uptake by leaves (Thursby and Harlin 1984). This information is summarised in Table 3-2. 

Touchette and Burkholder (2000) have shown that under progressive water column nutrient 

enrichment, there is commonly a shift from reliance on sediment porewater to increased 

reliance on the overlying water for N.   

The variability between species and associated lack of studies highlights the difficulty in 

assigning definitive parameters to a model. To accommodate such difficulties leaf and root 

uptake is considered as separate systems. Below ground uptake is based on porewater 

nitrogen levels, and above ground is based on nitrogen levels in the water column. Assigned 

uptake parameters to root and leaf uptake are assumed independent of each other 

Table 3-2 Effect of increasing nitrogen concentrations in compartments 

 TREATMENT 

IMPACT   ↑  NH4
+ to Leaves ↑  NO3

- to Leaves ↑  NH4
+ to Roots 

↓ Uptake of NH4
+ in 

leaves  
 No No 

↓ Uptake of NO3
-in 

leaves  
Yes  Yes 

↓ Uptake of NH4
+ in 

roots Yes No  

 

Flow in the water column will affect nitrogen uptake in the leaf. The diffusive boundary layer 

and the supply of nutrients to the leaf surface is influenced by flow through the meadow. 

Additionally, if no flow of mass occurred in the porewater, then uptake in the roots would be 

limited and reliant on the rate of diffusion transport to deliver nutrients to the roots for 

assimilation. 

These particular relationships have received little attention in previous research, and for the 

purpose of this study, transport processes that deliver nutrients for uptake, are assumed not to 

limit ammonium or nitrate uptake at the leaf surface.  
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3.4.4 Michaelis-Menton Kinetics  

Uptake rates in above and below ground compartments often fit a mathematical relationship. 

Many seagrass species have been shown to exhibit steady state kinetics in root and leaf 

compartments that can be modelled using the Michaelis-Menton equation. A clear MM 

relationship is shown when uptake rates are plotted against Ni concentration (Figure 3-5). By 

analysing historical data, it was found this to be the most common mathematical relationship 

fitted to uptake rates.  

Equation 3-1 Michaelis-Menton equation. 

 

Where v is uptake rate (µmol N g-1 dw hr-1); Vmax is the maximum uptake rate of nutrient 

(µmol N g-1 dw hr-1); KM the substrate concentration (µM) that gives a reaction 

velocity/uptake equal to ½ Vmax; and [S] (µM) is the concentration of substrate (nitrogen 

species).  

Vmax conceptually is equal to saturated uptake. The parameter Km describes the affinity of an 

absorption site on a cell membrane for a nutrient. The affinity of a plant for a nutrient is 

inversely proportional to the availability of that nutrient and hence may vary for one species 

of seagrass (Thursby and Harlin 1984).   

Whilst saturating kinetics may be applicable for one species, parameters vary in time and 

space. In some cases, the parameters (Vmax and Km) have been shown to vary by more than 

one order of magnitude for a single seagrass species. Additionally saturating kinetics and 

linear uptake is evident in some seagrass species. This degree of variability needs to be 

incorporated when considering a model of nitrogen fluxes.  

MM Derivation- adapted from Atkins (1996). 

Enzyme kinetics apply to biological nutrient uptake as they model the relationship between 

enzyme and substrate. As detailed earlier, they are based on steady state reactions, which 

makes them a useful tool in predicting nitrogen uptake. They have the following key 

characteristics: 

[S]  M

[S]  maxV
    v

+
=

K
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• They are easy to measure because the rate of the reaction is constant for relatively long 

periods of time. 

• Steady-state rates are those which are most relevant to metabolic levels. 

To determine a relationship, the goal is to relate the kinetic measurements to readily 

measurable experimental parameters, such as: 

1. The total amount of enzyme: ET  = [E] + [ES] 

2. The concentration of substrate: [S] 

3. The measured steady state velocity (v = k2 [ES]) 

The simplest reaction scheme is: 

P  EP k ES 
k

 
k

  S  E 2

1-

1 +→ →←+                                                     (3.11) 

k1 is the forward rate constant for substrate binding; k-1 is the reverse rate constant for 

substrate binding and k2 is the catalytic rate constant. ES complex is called the “Michaelis 

complex”. 

The rate of formation of [ES] can be written as:  

[ES]k - [ES] k - [E][S] k 
dt

d[ES]
21-1=                                            (3.12) 

During steady state: 0 
dt

d[ES] = , substituting into 3.12 gives: 

[ES]2k - [ES] 1-k - [E][S] 1k 0 =                                                        (3.13) 

The total concentration of the enzyme is: 

 ET  = [E] + [ES]                                                                              (3.14) 

There is no suitable method to estimate [E]; therefore, it is assumed that only a little enzyme 

is added. Free substrate concentration is almost the same as the total substrate. That is: 
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[E] = ET  - [ES]                                                                                (3.15) 

 Substituting 3.13 into 3.15 and rearranging: 

[ES] (k-1 + k2) = k1[S] (ET  – [ES])                                                  (3.16) 

[ES] (k-1  + k2) = k1[S] ET  –  k1[S] [ES]                                          (3.17) 

[ES] (k-1  + k2 + k1[S]) = k1[S] ET                                                    (3.18) 

[S]1k  2k   1-k
TE [S]1k

          [ES]
++

=                                                           (3.19) 

According to 3.11 the rate of formation of product P is: 

[ES]2k v =                 

Substituting into 3.19 gives:   

[S]k  k   k
E [S]kk

 v
121-

T12

++
=  

   
[S]1k  

1k
2k   1-k

 [S]
 TE2k   

+
+

=       

Definition of Terms: 

Vmax or maximum velocity: Vmax = k2 ET 

This is the highest reaction rate that can be attained because the enzyme (i.e. ET) is saturated 

with substrate, concentration [S]. 

KM or Michaelis constant:  KM = 
1k

2k   1-k +
  

This is the substrate concentration that gives a reaction velocity equal to ½ Vmax. The use of 

these definitions gives the MM Equation as shown in Equation 3-1. 

[S]  M

[S]  maxV
    v

+
=

K
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The MM parameters vary between root and leaves, and in time and space between and within 

species. They are defined through experimentation, by measuring uptake rates in response to 

varying substrate concentrations. Uptake as defined by MM is shown graphically in Figure 

3-5. 

Figure 3-5 Michaelis-Menton uptake of nutrients. 

MM parameters are commonly estimated from one of the linear transformations seen in Table 

3-3. 

Table 3-3 Linear transformations used to derive Michaelis-Menton parameters (Paling 1991). 

Equation Plotted Vmax KM 

v = Vmax – KM (v/S) v vs. v/S Y intercept Slope 

S/v = (KM/ Vmax) + (1/ Vmax) S S/v vs. S 1/slope Intercept/slope 

1/v = 1/ Vmax + (KM / Vmax)(1/S) 1/v vs. 1/S 1/yintercept -1/x intercept 
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Applying Michaelis-Menton 

By comparison of MM uptake rates between root/rhizome and leaves, it can be determined 

which compartment dominates nitrogen uptake. Uptake affinity is shown as α in Figure 3-5 

and is equal to Vmax/Km. The greater the affinity, then the higher capacity the leaf or 

root/rhizome has for uptake at low substrate concentrations. For example a study Lee and 

Dunton (1999) identified these parameters in Thalassia testudinum as seen in Table 3-4. 

Table 3-4 Nutrient Uptake parameters based on Michaelis-Menton kinetics for T. testudinum 

in Texas. 

Compartment N Species Vmax  (µmol N g -
1 dw hr -1) 

Km 
(µM) 

Uptake Affinity 
(Vmax /Km) 

Leaf NH4
+ 14.4 5.1 2.8 

Leaf NO3
- 6.5 12.7 0.5 

Root NH4
+ 18.4 60.8 0.3 

 

Based on the information on uptake affinity for T. testudinum it can be concluded that in the 

leaf, ammonium uptake is preferential to nitrate uptake and nitrate uptake in the leaf is 

preferential to ammonium uptake in the root. Vmax also shows that the maximum uptake of 

ammonium in the root is greater than that in the leaf. Therefore, at equal concentrations of 

NH4
+ in the water column and sediment, the roots of T. testudinum have the greater capacity 

to uptake ammonium.  

The large degree of variation in nutrient dynamics within and between seagrass species places 

limitations on any attempts to model such a system. MM parameters from literature are used 

for particular species of seagrass to provide nitrogen uptake rates in leaf and roots. The model 

operates using a limited database of 3 seagrass and these MM parameters have been shown to 

vary dramatically for one species over different sites (Lee and Dunton 1999).  Decay rates and 

nitrogen content also vary in time and space, though their influence on final fluxes is less 

significant than choice of MM parameters. 
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The study by Lee and Dunton (1999) highlights the difficulty in applying derived Michaelis-

Menton across time and space for a particular species. Though a Km of 60.8 µM was used in 

Table 3-4, this was based on an average October value. Within that month, values ranged 

from 40.9 – 80.7 µM. Over the year these varied again with averages from 34.4-649.5 µM. 

Comparison of the same month as those values in Table 3-4 but at an adjacent site in the Gulf 

of Mexico, the Km values for T. testudinum ranged from 2.2 – 765.5 µM. This indicated the 

differences in time and space are dramatic. Therefore, when applying particular MM 

parameters to define uptake rates, they must be taken in context of species, location and time. 

From monthly down to a diel scale, there can be dramatic variations in MM parameters. 

Previous studies yielded the MM parameters shown in Table 3-5. 

Linear uptake 

Table 3-5 illustrates that although species may exhibit MM kinetics, uptake is often linear. 

This has been well documented particularly for Z. marina, though Paling and McComb 

(1994) have also identified A. antarctica as demonstrating linear uptake of nitrate in the leaf. 

Uptake rates from these studies, exhibited the relationship is shown in Equation 3-2. 

Equation 3-2 Linear uptake relationships   

A. antarctica: V = 2.3 x 10-1 x  [NO3
-]           (Paling and McComb 1994) 

Z. marina: V = 0.47 x [NO3
-] + 0.84               (Short and McRoy 1984) 

 

Linear uptake illustrates the lack of a shut off mechanism for nitrogen, and is likely to be an 

adaptation in response to oligotrophic waters. In increasingly eutrophic waters the inability of 

seagrass to inhibit uptake, is manifested in N toxicity as seen in Z. marina under elevated 

nitrate levels (Burkholder, Glasgow and Cooke 1994). For the purpose of modelling it is 

assumed that seagrass species only demonstrate linear or saturated (MM) uptake. 
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Table 3-5 Nutrient uptake parameters based on Michaelis-Menton model for uptake kinetics. 

Species Compartment Nutrient 

Vmax  
(µmol N 
g-1 dw 
hr—1) 

Km 
(µM) 

Source 

A. antarctica Leaf (0-1hr) NH4
+ 604 1041 (Pedersen, Paling and 

Walker 1997) 

A. antarctica Leaf (1-2 hr) NH4
+ 185 82 (Pedersen, Paling and 

Walker 1997) 

A. antarctica Leaf (>2 hr) NH4
+  82 133 (Pedersen, Paling and 

Walker 1997) 

A. antarctica Leaf NO3
- L L (Paling and McComb 

1994) 

A. antarctica Roots  NH4
+ 1.1 4.7 (Pedersen, Paling and 

Walker 1997) 

P. torreyi Leaf NH4
+  125.1 17.4 (Terrados and Williams 

1997) 

P. torreyi Leaf NO3
-  54.5 10.1 (Terrados and Williams 

1997) 

R. maritima Leaf NH4
+ 105.0 9.0 (Thursby and Harlin 

1984) 

R. maritima Root NH4
+ 48 12.6 (Thursby and Harlin 

1984) 
T. hemprichii Leaf NH4

+ 35 28 (Stapel et al. 1996) 
T. testudinum Leaf NH4

+ 14.4 5.1 (Lee and Dunton 1999)* 
T. testudinum Leaf NO3

- 6.5 12.7 (Lee and Dunton 1999) * 
T. testudinum Root NH4

+ 18.4 60.8 (Lee and Dunton 1999) * 

Z. marina Leaf NH4
+ L L#1 

(Iizumi and Hattori 1982; 
Pedersen and Borum 

1992) 

Z. marina Leaf NO3
- 

 
5.78 

 

 
1.6 

 

(Iizumi and Hattori 1982; 
Pedersen and Borum 

1992)#2 

Z. marina Roots NH4
+ 1.35 2.2 

(Iizumi and Hattori 1982; 
Pedersen and Borum 

1992) #2 

Z. marina Leaf NH4
+ 20.5 9.2 (Thursby and Harlin 

1982) 

Z. marina Root NH4
+ 211 104 (Thursby and Harlin 

1982) 
Z. marina Leaf NO3

- L L± (Short and McRoy 1984)  
*Results for month of July at Lower Laguna Madre, Texas. 
# 1 This study found uptake affinity is linear at small concentrations for Z. marina: uptake = 0.26 * 
[NH4

+] 
±uptake was shown to be linear  for short term exposure. 
#2 Pedersen and Borum (1992) study adapted findings from Iizumi and Hattori (1982), though the 
transformations from this study are questionable, and should be used with caution. 
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3.4.5  Sediment processes 

Sediment processes are typically complex due to the presence of microenvironments. 

Sediment particles are known to bind particular species and between these particles, 

porewater is found. Porewater can store dissolved nitrogenous material that is available for 

uptake by the roots of seagrass. Additionally, in sediment a number of organisms can be 

found over a range of trophic levels such as crabs to bacterial species. These organisms 

introduce a number of complexities into the sedimentary nitrogen cycling. Bioturbation 

describes sediment disturbances created by burrowing animals and bioirrigation refers to the 

movement of sediment fluids through burrowing. These processes influence the amount of 

oxygen in the sediment that in turn influences the biogeochemical processes and consequent 

nitrogen cycling. Sediment cycling of nitrogen was conceptually viewed by Klump and can be 

seen in Figure 3-6.  

 

 

Figure 3-6 Nitrogen cycling in sediment (Klump and Martens 1983). 
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Physical processes 

Processing of detritus can be physical or biological. Physical detrital processing includes 

processes such as fragmentation of large particles, production of particles from dissolved 

molecules, flocculation and sedimentation (Harrison 1989). Biological detrital processing 

includes microbial decay, remineralisation, shredding and grinding by animals and digestion 

(Harrison 1989). 

Diffusion 

Molecular species move from regions of high concentration to regions of low concentration 

and this process is known as molecular diffusion (Hemond and Fechner 1994). Such a process 

is common between porewater and the water column in seagrass meadows. Fick's first law is 

frequently used to estimate the diffusion into and out of sediment in bare and vegetated areas 

(Lavery, Oldham and Ghisalberti 2001). It has been shown to accurately measure flux of 

nutrients into and out of sediment, and can be represented by the following equation: 

Equation 3-3 Fick’s First Law. 

It is rare for that the nitrogen concentrations in the porewater to equal that in the water 

column. Therefore, it is likely to be diffusion exchange between the water column and 

porewater occurring constantly. Lavery, Oldham and Ghisalberti (2001) found that the ability 

of Fick’s Law to accurately predict fluxes was influenced by the redox state of the sediment. 

The study also identified the diffusion coefficients of ammonium and nitrate as 8.5 x 10-9 and 

1.4 x 10-9 m2 s-1 respectively. These values are utilised in the model as detailed in Section 

4.4.2. Porosity is assumed constant at a value of 0.5, the concentration gradient is site 

dependent and determined by the model user. 

The oxygen concentration in sediment has shown to be closely coupled with the type of 

nitrogen species presence in sediment. Lavery, Oldham and Ghisalberti (2001) studies found 

that Fick’s First Law proved most accurate under favourable oxidising conditions. Oxygen 

0z
C

 -  F
=∂

∂
=

z
Dφ

Where:    F = diffusive flux (mol/m2/s) 
               φ = sediment porosity (m3 porewater m-3 bulk sediment)  
               D = diffusion coefficient (m2s-1) 
               C = chemical concentration (mol N m-3) 
               z = depth of the sediment (m), at interface z = 0 
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maxima are normally found in the top layer of sediment, although seagrass beds are almost 

always associated with a well developed reducing layer at depth (Fenchel 1977). This is 

because of high input of organic material and associated high rates of productivity, and the 

shelter that seagrass provide inhibits mixing. Defining oxygen profiles and predicting their 

influence on diffusion, is a process beyond the scope of this study. Hence, it is assumed that 

Fick’s First Law provides a reasonable approximation of fluxes between porewater and the 

water column.  

Burial 

Burial refers to the process where nitrogen deposited in sediment is transported to depths 

where it remains unavailable for uptake. In some ecosystems, this represents a large loss of 

potential nutrients. Since seagrass are known to be depositional environments, it could 

initially be presumed that burial represents a significant loss of nitrogen. Surprisingly, (Paling 

1991) reported losses of nitrogen (incorporated in primary production) as small as 1%. Burial 

would become important in eutrophic systems where nutrient turnovers are high. For the 

purpose of this study, burial will be assumed minimal since seagrass are generally considered 

nutrient limited and rapidly assimilate available nitrogen. 

Heterotrophic transformations of nitrogen 

The ability of seagrass ecosystems to recycle nutrients is thought to be a primary factor that 

allow for their growth in nutrient limited waters. Much of this recycling is through 

heterotrophic processes via benthic bacteria. These processes (as seen in Table 3-6) are 

affected by the presence of bacteria, temperature, oxygen and available nutrients/substrates. 
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Table 3-6 Biogeochemical nitrogen cycling processes (Libes 1992). 

OXIDATION REACTIONS 
Process Transformations 

Solid Nitrogen (PON) is converted to DON, which is then degraded 

by heterotrophic bacteria to NH3 (Remineralisation). This then reacts 

with H+ or H20 to form NH4
+ (ammonification). 

Remineralisation and 

Ammonification 

PON → DON →  NH4
+  

In oxic water/sediment, ammonium is oxidised to nitrite (by 

Nitrosomas) then nitrate (by Nitrobacter). Nitrification 

NH4
+ → NO2

- →NO3
- 

REDUCTION REACTIONS 
Process Transformations 

In anoxic or suboxic water/sediment, anaerobic bacteria respire 

(requires carbon sources) using NO3
- as electron acceptor producing 

nitrite then N2, and N20 or NH3 depending on oxygen conditions. 

Fixed nitrogen is lost and therefore unavailable for assimilation. 

Denitrification 

NO3
- → NO2

- → N2O, NH4
+, N2  

Triple bond in N2 is broken and the freed N atoms are incorporated 

into organic N, energy expensive and the few organisms that can fix 

nitrogen are either heterotrophic or phototrophic bacteria*.  
N Fixation 

N2 → DON 

 

Remineralisation and ammonification 

These processes describe the mechanism by which nitrogen may be regenerated from detritus 

and is discussed in detail in Section 3.4.6  

The depositional nature of seagrass meadows leads to a build up of detrital matter. This study 

assumes that all recycled nitrogen is from decaying seagrass. It is shown that under eutrophic 

nitrogen concentrations in the leaf of seagrass are above normal levels, and under increasing 

epiphyte loads are susceptible to breakage (Duarte 1990). It is also important to consider that 

older leaves translocate some of the nitrogen the uptake and many of the seagrass leaves that 

break off are senescent. Therefore, to simplify the model it is assumed that the nitrogen 

content of the dead and deposited seagrass leaves is species dependent and based on average 
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nitrogen concentrations. Nitrogen concentrations and decay rates are taken from Harrison 

(1989). Where data is lacking Duarte’s study (1990) provides comprehensive average 

nitrogen concentrations for a range of seagrass species (Appendix 1). 

Nitrification 

Nitrification and diffusion represent a source of nitrate in the sediment as shown in Reaction 

3-1. Nitrification occurs in localised oxic areas of sediment and involves the oxidation of 

ammonium to nitrite and then nitrate by the marine bacteria Nitrosomonas and Nitrobacter 

(Libes 1992).  High levels of oxygen in seagrass sediment are normally associated with 

photosynthesis (around the roots and rhizomes) and that due to bioturbation and bioirrigation. 

This leads to a mosaic of oxic and anoxic microenvironments throughout the root zone and 

results in a close coupling of nitrification and denitrification (Hemminga, Harrison and van 

Lent 1991).  

Reaction 3-1 Nitrification 

NH4
+ + 2 O2 → NO3

- + H2O + 2 H+ 

Denitrification 

Few studies have addressed nitrification and denitrification in seagrass beds. Denitrification is 

a microbial reduction of nitrate to gaseous nitrogen in an anoxic environment as demonstrated 

in Reaction 3-2. Nitrate may also react to produce NH4
+ through nitrate reduction.  

Denitrification represents a nitrogen sink for seagrass as it essentially makes nitrogen 

unavailable for biological production. (Hemminga, Harrison and van Lent 1991).  

The high organic content of seagrass meadows results in an abundant substrate/carbon source 

microbial organisms, creating an anoxic environment ideal for denitrification. 

Most studies regard denitrification as a relatively unimportant flux. Welsh et al. (2000) found 

values in an intertidal Zostera noltii meadow accounting for as little as 0.1% of total nitrate 

fluxes. Hemminga, Harrison and van Lent (1991) estimated losses due to denitrification in the 

range of 0.1 to 2 g N m-2 yr –1. 
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Reaction 3-2 Denitrification 

5 CH2O + 4 NO3
- + H2O → 4 HCO3

- + CO2 + 2N2 + 3 H2O 

Coupled nitrification and denitrification 

Nitrification and denitrification are closely coupled in seagrass sediment. Both are dependent 

on the concentration of oxygen in the sediment. Due to the complexities of predicting 

sediment oxygen levels and evidence suggesting that they are insignificant, these process are 

presumed to be equal (steady state) (Welsh et al. 2000; Paling 1991). That is, there is no net 

change in N species due to these processes. It is acknowledged that much of the nitrate 

present in sediment is due to denitrification in the anoxic sections of sediment. Nitrate has 

minimal influence on uptake in the roots, validating the exclusion of nitrification from the 

model. 

Seagrass sediments are considered relatively anoxic; therefore, the reducing denitrification 

reaction should be more significant. The fluxes mentioned previously (0.1 to 2 g N m-2 yr –1) 

are extremely small compared to other nitrogen fluxes in seagrass, indicating that ignoring 

their influence on the nitrogen budget of the system is a reasonable assumption. 

 

Nitrogen Fixation 

N fixation has been known to occur in macrophytes, and is has been shown to be more 

pronounced in seagrass epiphytes and below ground than the water column (Paling 1991). 

Many of the nitrogen fixing bacteria in the sediment of seagrass beds are present in close 

association with roots and rhizomes, present in the intercellular spaces between root cortical 

cells in H. wrightii (Hemminga, Harrison and van Lent 1991). Such a relation is thought to be 

a beneficial symbiotic relation. Nitrogen fixing bacteria are also found in detritus, Hemminga, 

Harrison and van Lent (1991) found fixation values to be equivalent to 1 - 2mg N m-2 d-1. 

Nitrogen fixation in the seagrass is assumed to be zero or incorporated in the historically 

researched uptake rates. Benthic fixation is assumed to not directly influence uptake in 

seagrass and is excluded form the model. 
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3.4.6 Fate of detached seagrass 

Nutrient loss- export of sloughed leaves 

Partially grazed, senescent and dead leaves are removed by current forcing. These leaves can 

be deposited within the meadow or exported outside the seagrass bed. Deposited leaves offer 

a large source of nutrients for the meadow through recycling processes and this provides one 

of the major sources of nutrients for nitrogen limited seagrass meadows. In an undisturbed 

ecosystem the rate of production of the above-ground seagrass material approximately equals 

the production of seagrass litter (Nojima and Mukai 1996).  

Alternatively, export outside the meadow represents a large loss of potentially useful 

nutrients. One only has to walk along a beach after a storm to observe the large volumes of 

seagrass that may be deposited onto the shore after weather-induced currents and turbulence 

(Figure 3-8). This material is called beach wrack. Morphological characteristics, susceptibility 

to grazers (which sever blades), and environmental conditions (wind and currents) determine 

the extent of leaf loss from seagrass beds (Hemminga, Harrison and van Lent 1991; 

Hemminga and Duarte 2000). The efficiency and ability to trap leaves within a meadow 

varies between species. For example, the flat-bladed Halodule wrightii is more efficient than 

Syringodium filiforme which has cylindrical leaves (Hemminga, Harrison and van Lent 1991). 

Modelling the export of leaves is outlined in Section 3.4.6. 

Figure 3-7 Syringodium filiforme (Photograph  by Anonymous) 

Studies by Nojima and Mukai (1996) showed Syringodium isoetifolium tissue deposition of 

6.04±1.00 g DW m-2 day-1 in a meadow; whilst floating material loss was estimated as 0.82 

±0.46 g DW m-2 day-1, constituting approximately a loss of 3% of total above ground biomass 

per day. Often the detached material found was brown dead material heavily laden with 
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epiphytes (Nojima and Mukai 1996). Aioi and Pollard (1993) found slightly lower values for 

the same species (approximately 2.5 g DW m-2 day-1) which was equal to the leaf growth rate. 

Other studies have shown daily detached to be 1 to 100% of daily produced biomass (Stapel, 

Nijboer and Philipsen 1996). This illustrates export rates have potential to be large and 

constitute large sinks/sources of stored nutrients and are considered a flux loss of stored 

nitrogen in subsequent modelling. 

 

Figure 3-8 Beach wrack (Photograph by M. A. Hemminga). 

Regeneration  

Remineralisation and ammonification are the processes by which solid nitrogen is 

decomposed to DON. The process recycles stored nitrogen and is consequently termed 

regeneration. Benthic regeneration is controlled by the supply of labile organic matter to the 

seafloor (Klump and Martens 1983). The presence of grazers, hydrodynamics of the meadow, 

seagrass characteristics, and environmental factors affect its rate of supply. Seagrass and 

bacteria have a mutually beneficial relationship. The depositional nature of meadows ensures 

that much of the primary production lost in detached leaves of seagrass leaves remains 

trapped within the meadow. This provides a carbon source for local bacteria that recycle many 

of the stored nutrients making them available for uptake by seagrass. These nutrients are 
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colloquially referred to as ‘old’ nutrients by Erftemeijer and Middelburg (1995) as opposed to 

those that are imported into the system termed ‘new’ nutrients.  

Ziegler and Benner (1999) measured regeneration in the sediment and water column for T. 

testudinum, and found most nitrogen regeneration occurred in the dark in the form of 

ammonium (>8 fold that of NO3
- and NO2

-). Paling (1991) found slightly more nitrate/nitrite 

produced in a range of seagrass. Regardless most of the Nitrogen produced by benthic 

regeneration was in the form of ammonium (70-80%), followed by nitrate (10-15%) and DIN 

(5-10%) (Paling 1991).   

Libes (1992) recorded benthic regeneration as supplying between 7-70% of N requirements 

for a number of aquatic environments. Ziegler and Benner (1999) estimated for temperate 

seagrass, a net NH4
+ regeneration of 7 to 106 mmol N m-2 d-1, suggesting that regeneration 

represents a significant source of nutrients. In numerous studies ammonium regeneration 

approximately equalled utilisation for seagrass, indicating that N is often tightly recycled 

within the sediment and not a major source of nutrient for the overlying water column. 

Though Ziegler and Benner (1999) suggested that regeneration into the water column was 

greater than that in the sediment, the relationship was not pronounced in the provided data. It 

is assumed that the relative importance is determined by the accumulation rate in the meadow 

and the in-situ hydrodynamics. Hydrodynamics influence the amount of material exported. 

Export rates are modelled as part of this study. To avoid complicating the model, the 

influence is indirectly included by a user-specified value determining the total material 

exported (Section 4.4.3). 

Harrison (1989) collated data on decay rates from previous studies for various species of 

seagrass and plant parts. Some of his findings for leaf material can be seen in Table 3-7 and 

summarised data in Table 3-8. Decay rates are often given in terms or dry weight, or amount 

of carbon decayed. It has been shown that in eelgrass, organic weight is approximately 80% 

of dry weight, 47% of which is carbon (McRoy and McMillan 1977). This conversion is 

assumed to hold for all seagrass types in calculating decay rates.  
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Table 3-7 Decay rates for various seagrass as a percentage of organic material3 (Harrison 

1989). The two series are based on laboratory and field studies respectively.  

 
 

 

 

 

                                                 

3 Those denoted by  † indicate decay rate of total dry weight. 
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Table 3-8 Summary of decay rates averaged over time. These were compiled from various 

experiments examined by Harrison (1989).  

 
Species Lab./Field Decay 

Rate 
(% loss 
day-1) 

% Nitrogen Amount of N released through 
decay as % of biomass  

Z. marina F 1.8 4.0 0.072 

T. testudinum F 1.7 2.0 0.034 

T. testudinum L 1.0 1.8 0.018 

H. tasmanica F 0.40 3.0 0.012 

Z. marina L 0.35 1.9 0.0066 

Z. marina L 0.20 1.6 0.0032 

P. australis F 0.13 1.9 0.0025 

T. testudinum L 0.070 1.9 0.0013 

 
On analysis of Harrison’s (1989) data for a particular species; the decay rate decreased 

dramatically with time left to decay, with an approximate linear relationship. This is likely to 

be due to rapid degradation of detritus; leaving lower concentrations of nitrogen that is more 

difficult to decay. These types of detritus are termed labile (rapidly broken down organic 

particles) and refractory  (slowly broken down) detritus (Baird 2001).  

Current information from (Harrison 1989) provides daily decay rates of organic material and 

release of dead seagrass material. Time steps for fluxes of leaf and root uptake are 

traditionally defined in the order of hours. The model aims to predict the amount of nitrogen 

left stored in detritus, and the amount of nitrogen released through decay. To transform 

published decay rates to desired time scales the following equation has been defined: 

Equation 3-4 Transformation of daily decay rates to equivalent hourly rate. 







=
24

day_decay)-(1ln 
  exp -1 hr_decay         

Where hr_decay is the hourly decay rate (% dry weight/hour) and   day_decay the daily decay 

rate (% dry weight/day). 
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Although there is a constant loss of biomass through decay, there is also a daily input of new 

detritus to the sediment. Detachment/deposition of seagrass is assumed to be linear and rates 

are commonly given in g/m2/days. These can easily be transformed to an hourly rate using the 

following equation: 

Equation 3-5 Hourly deposition of detached seagrass 

sg_det = (broken_sg_sed* 10 6/24) 

Where sg_det is the amount of seagrass leaves deposited per hour (µg m-2) and broken_sg_sed 

is the amount of seagrass deposited per day (g m-2).  

Determining the amount of N stored in detritus and lost through decay  

The dry weight of the remaining detritus after time t is assigned the parameter X(t) (µg m-2), 

its derivation is shown in Table 3-9. 

Table 3-9 Changes in the dry weight of detritus with time. In the following calculations, b is 

equal to 1-hr_decay. 

Time X(t) = Simplification 

0 0 - 

1 sg_det                     X (1) 

2 (sg_det * b) + sg_det X(2) = X (1)* b + X(1) 

3 (sg_det * b + sg_det) * b + Sg_det X (3) = X (2) * b + X (1) 

4 [(sg_det * b + sg_det) * b + 

sg_det]*b + sg_det 

X(4) = X (3) * b + X (1) 

5 …………… ………………. 

…..t …………….. X (t) = X(t-1) + X (1) 

  

Amount remaining 
from previous time 
step (t-1) undergoes 
decay over the hour 
(time 1-2). 

‘New’ detritus 
is added at the 
start of the 
hour. 
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Table 3-9 demonstrates that mass left after time t, can be simplified to:  

X(t) = X(t-1) * b + X(1) 

Where t = 1, 2, 3, 4, …….n and X (1) is equal to the mass added in one hour (sg_det). 

Substituting b = 1-hr_decay back into the equation we have: 

Equation 3-6 Mass of detritus remaining after decay. 

X(t) = X(t-1) * (1-hr_decay) + X(1) 

That is the mass of detritus left on the surface is equal, to the amount of mass from the 

previous time step multiplied by the decay over the hour, plus the addition of ‘new’ detritus.  

To obtain the amount of detritus decayed, the remaining detritus X(t)  is subtracted, from what 

has been added over time: 

Equation 3-7 Mass of detrital material decayed 

sg_dec2 = sg_det * t - X(t) 

Where sg_dec2 is amount of seagrass decayed (µg m-2); sg_det is hourly deposition rate of 

detritus (µg hr-1 m-2), after time t (hrs) and X(t) (µg m-2) is the amount remaining after hourly 

additions and decay. 

To convert the dry weight values to molecular concentrations, nitrogen concentrations  

provided by Harrison (1989) have been utilised. To calculate the amount of nitrogen lost due 

to decay, or stored as detritus, the dry weight detritus/amount decayed is multiplied by the 

nitrogen content (of dry weight) of the particular seagrass. Nitrogen released from decaying 

epiphytes is assumed negligible. 

Equation 3-8 Converting dry weight of detritus and decayed material to nitrogen 

concentrations. 

n_dec = sg_dec2 * n_content 

n_det = X (t)  * n_content 
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Where n_dec is nitrogen lost through decay (µg m-2); n_content the fraction of nitrogen in dry 

weight; and n_det the nitrogen stored in detritus (µg m-2). These values can be converted to 

molecular values by dividing by 14 (the molecular mass of nitrogen). 

The comparative importance of regeneration to sediment and the water column is not known. 

Though not discussed in the above calculations, it is assumed in the model that 40% of 

decayed material (n_dec) is lost to the water column, and 60% lost to sediment. The average  

deposition of detritus and release of nitrogen can be converted to rate of fluxes by dividing by 

time t.  

The CSIRO Simple Estuarine Response Model (SERM) (CSIRO 1997) can also model the 

processes involved in the regeneration of NH4
+ through decay of detrital material. Though 

SERM does not specifically define breakdown rates for seagrass, it intrinsically includes 

different decay rates for detrital and labile material (Baird 2001). The application of SERM 

(1997) based on assumptions included in this report4 estimate the amount of N released as 

percentage of detrital biomass as ~0.088, using a decay rate equal to 0.1 day –1. 

 

 

Table 3-8 illustrates that methods applied in this study, translate to slightly lower nitrogen 

values than those used in SERM. This is likely because SERM distinguishes between labile 

and refractory detritus, and additionally SERM has a general equation for regeneration of 

nitrogen used for primary producers not specific for seagrass. Seagrass decay rates are 

considered lower than other marine macrophytes.  

3.4.7  Epiphytes and light 

Epiphytes contribute an appreciable portion of the leaf biomass and can be extremely diverse, 

including as many as 100 species of micro and macroalgae (den Hartog 1977; McRoy and 

McMillan 1977; Hemminga and Duarte 2000).  

 

                                                 

4 Excluding denitrification and organic nitrogen sources. 
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Figure 3-9 Epiphyte cover on leaf surface of Posidonia oceanica. 

Seagrass have a high light requirements but low photosynthetic capacity in comparison to 

phytoplankton and many forms of macroalgae (Hemminga and Duarte 2000). This contributes 

to the comparatively slow growth rates of seagrass. In response to eutrophication, 

opportunistic algae and epiphytes respond rapidly with accelerated growth rates, reducing 

available light for photosynthesis. There is also evidence that epiphytes reduce bicarbonate 

uptake also necessary for photosynthesis (Moore and Wetzel 2000).  

Although seagrass have the ability to store carbohydrate reserves in rhizomes that allow 

tolerance of transient shading, these cannot prevent mortality when light reduction is imposed 

over longer time spans (Coleman and Burkholder 1995). Shepherd et al. (1989) showed that 

in a deteriorated meadow an epiphyte load of 5.4 µg cm-2 (epiphyte chlorophyll a per unit area 

of leaf), gave a mean light reduction of 96%. In comparison a healthy meadow with mean 

chlorophyll load of 0.62 µg cm-2, yielded 31% reduction. 

Light is required to provide energy for active transport; produce carbon skeletons and 

facilitate growth (which allow increased incorporation of nutrients); and increase protein 

synthesis (Paling 1991).  Hence, a reduction in light will not only reduce nutrient uptake, but 

is the most important factor responsible for seagrass decline in eutrophic waters (Hemminga 

and Duarte 2000). 

This also has repercussions for modelling a seagrass system if epiphytes are to be considered. 

Epiphyte cover has a direct and indirect affect on nitrogen uptake in seagrass. It reduces leaf 

surface area available for nitrogen uptake, and by reducing irradiance it hampers 

photosynthesis, hence the ability to assimilate nitrogen. Photosynthesis is the process in which 
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photonic energy is used to convert CO2 and H2O into stored energy in the form of 

carbohydrates (Reaction 3-3). The stored energy is used in active nutrient uptake. Although 

the specific relation between irradiance and nitrogen uptake is not known, it is recognised that 

as irradiance falls, so does nitrogen uptake (Hansen et al. 2000).  

Reaction 3-3 Photosynthesis 

(l) 02H 6              (g) 20 6             6012H6C       (hv)light         (l) 02H 12             (g) 2CO 6 ++ →+  

Epiphytes not only have a detrimental affect on photosynthesis but additionally epiphyte loads 

can reduce the flexibility of leaves, increasing drag forces and the chance of breaking 

(Hemminga and Duarte 2000; Borowitzka and Lethbridge 1989). Previous studies have 

provided no evidence suggesting that seagrass can influence the growth of epiphytes. In 

contrast, epiphytes benefit from the large attachment area, and microenvironments supplied 

by seagrass. 

It has also been shown that epiphytes benefit from nitrogen and phosphorus containing 

compounds leaking from leaf surfaces. Hemminga and Duarte (2000) estimated epiphyte 

productivity as typically 20-60% of seagrass above ground productivity. Filamentous 

epiphytes and microalgal epiphytes have a large surface area to volume ratio that implies 

nutrients can be assimilated rapidly; consequently, they are extremely responsive to 

eutrophication. Overgrowth of epiphytes at elevated water column nutrient levels is one of the 

mechanisms that may cause large scale decline of seagrass meadows (Hemminga and Duarte 

2000).    

Based on the above information it is necessary to consider the affect that epiphytes have on 

nitrogen uptake in seagrass. Due to lack of previous studies, it is assumed that the ratio of 

epiphyte surface area to leaf area will have a negative linear affect on uptake rates in seagrass 

leaves as evaluated in Equation 3-9.  

Equation 3-9 Influence of epiphytes on uptake in seagrass. 

e_cover  * sgV  sg/epiV =  
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Where Vsg is uptake without epiphytes (µmol N g-1 dw m-2), e_cover is the surface area 

fraction of seagrass not covered with epiphytes (0 < e_cover < 1) and Vsg/epi is seagrass 

uptake with epiphytes. This can be applied to an adjusted MM equation: 

 

Equation 3-10 Adjusted Michaelis-Menton.   

 

 

Additionally the epiphytes will act as a nitrogen sink in a meadow, and their uptake is 

dependent on their biomass. Similar to the study by Short and McRoy (1984) epiphyte 

production will be approximated as constant at 0.88 mg C g-1 dw hr-1, which is within the 

range suggested by McRoy and McMillan (1977) of between 0.1 – 0.9 mg C g-1 dw hr-1 and 

similar to those suggested by Cornelisen and Thomas (2002). Using the C:N:P ratio of 

phytoplankton5 (110:16:1) as identified by Duarte and Cebrian (1992), the uptake of nitrogen 

in epiphytes can be calculated as shown in Equation 3-11. 

Equation 3-11 Nitrogen uptake in epiphytes 

1-hr dw 1-g N µmol 0.76                          

 /hrN mg 70106.0                         
110
16

 * 
12

0.88
   C:N of ratio *hour per  dassimilatecarbon  of moles ofNumber  hour per   Uptake

=

=

==

 

Assuming that uptake affinity is equal for ammonium and nitrate, and only proportional to 

concentration in the water column species as determined in Equation 3-12 and Equation 3-13. 

Equation 3-12 Uptake rate of ammonium in epiphytes. 

1-hr 1- dw g N µmol 0.76 *  
WC

WC

   V
-
3NO

4
NH

4
NH

















=

+

+  

[S]  K
 V  * e_cover   

    v
M

max
sg/epi +

=



Methods 

MODELLING NITROGEN FLUXES IN SEAGRASS   55 

Equation 3-13 Uptake rate of nitrate in epiphytes. 

1-hr 1- dw g N µmol 0.76 *  
WC

WC

1 V
-
3NO

4
NH

 3NO
















−=
+

−  

Where V = uptake rate of the nitrogen species (µmol N g-1 dw m-2)) per gram dry weight 

biomass of epiphytes; WC is the concentration of the nitrogen species in the water column 

(µM). 

                                                                                                                                                        

5 Applicability of using the Phytoplankton C:N:P ratio for epiphytes was confirmed in personal communication 
with Dr. P. Lavery, P. 2002, Head of the School of Natural Sciences- Edith Cowan University, Joondalup. 
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4  Computation 

The following Matlab Data is stored in a MATLAB executable m-file. The m-file contains the 

defining equations used in the model, as well as parameters used in equating the various 

fluxes. The model is executed by loading the m-file through the MATLAB command 

window. Detailed code can be viewed in Appendix 2. 

4.1 Modelling constraints 

It is expected that users of the model have some limited knowledge of the seagrass being 

investigated, and will need to update the database with relevant MM parameters as needed. 

The model constructed as part of this study is designed to be adaptable to varying nutrient 

conditions in the water column and sediment. Additionally, it outputs nitrogen fluxes between 

the various compartments, to enable comparison of what remains the most important in terms 

of nitrogen transport and exchange.  

4.2 Database 

The basis of the model is the predetermined database of seagrass characteristics. The model 

utilises a sample of 3 different seagrass: Amphibolis antarctica, Zostera marina and Thalassia 

testudinum. For a particular seagrass the parameters in the database are Vmax and Km values 

for ammonium in the leaf and roots; Vmax and Km values for nitrate in the leaf. Decay rates 

and nitrogen content of the seagrass species are also included to calculate nitrogen fluxes 

resultant from detached seagrass. These were coded in MATLAB and are shown in Matlab 

Data 4-1.  

Matlab Data 4-1 Defining seagrass characteristics 

leaves_vmax_NH4=[43.1; 13.2; 5.9; 20.5; 14.4];  

leaves_km_NH4=[74.4; 15.3; 9.5; 9.2; 5.1];  

roots_vmax_NH4=[1.1; 1.1; 1.1; 211; 18.4];  

roots_km_NH4=[4.7; 4.7; 4.7; 104; 60.8];  

leaves_vmax_NO3=[0.23; 0.23; 0.23; 0.47; 6.5];  

leaves_km_NO3=[0; 0; 0; 0.84; 12.7]; 
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n_content=[1.2; 1.2; 1.2; 2; 2.5]; 

daily_dec=[0.7; 0.7; 0.7; 2.6; 0.7]; 

 

Each column in the matrix constitutes a different seagrass as seen in Table 4-1. 

Table 4-1 Parameters utilised by the model. 

 Leaves NH4
+ Roots NH4

+ Leaves NO3
-  

Seagrass 
Label 

Vmax 

 
µmol 
N g-1 

dw hr-1 

Km  

 

µM 

Vmax  

 

µmol 
N g-1 

dw hr-1 

Km 

  

µM 

Vmax  

 

µmol  
g-1 dw 

hr-1 

Km 

 

µM 

N 
Content  

 
% dw 

Daily 
decay 
rate 

 dw loss 
day-1 

aantarctica 43.1 74.4 1.1 4.7 0.23 0 1.2 0.7 
aantarctica2 13.2 15.3 1.1 4.7 0.23 0 1.2 0.7 
aantarctica3 5.9 9.5 1.1 4.7 0.23 0 1.2 0.7 
zmarina 20.5 9.2 211 104 0.47 0.84 2 2.6 
ttestudinum 14.4 5.1 18.4 60.8 6.5 12.7 2.5 0.7 
 

Aantarctica has 3 different Michaelis-Menton parameters. Pedersen, Paling and Walker 

(1997) found that the parameters varied over time of exposure to nitrogen, hence the MM 

parameters selected for processing are determined by the time of exposure. If fluxes after one 

hour is needed, aantarctica characteristics are chosen; if time of exposure is between 1 and 2 

hours aantarctica2 is chosen; time is greater than 2, then aantarctica3. Though this does add 

some degree of complexity to the model, it is relatively simple to incorporate. 

4.3 User input 

Nitrogen fluxes are determined by environmental conditions, epiphyte cover, and the amount 

of seagrass that is detached. 

The model incorporates such variability through user-defined inputs. The user is prompted for 

the following inputs: 
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Matlab Data 4-2 User input 

• enter the type of seagrass investigated (eg ttestudinum):  

• enter the above ground biomass of seagrass g.dw m^-2 

(typical ~200):  

• enter the below ground biomass of seagrass in g.dw m^-2 :  

• enter the surface area of the seagrass bed m^-2: 

• enter the DW g of seagrass detached in the meadow per day 

per m2: 

• what fraction is deposited in the bed? 

• enter the % cover of the epiphytes on the seagrass leaf: 

• enter the biomass ( dw (g) m^-2) of the epiphytes: 

• enter the concentration of NH4 in the water column (avg. 

3.1) in micromols per litre : 

• enter the concentration of N03 in the water column (avg. 

2.7) in micromols per litre: 

• enter the concentration of NH4 in the porewater 1cm below 

sediment in micromols per litre (avg. 86, between 1-180 

micromols): 

enter the concentration of N03 in the porewater 1cm below 

sediment in micromols per litre (avg. 3.4 micromols): 

 

Seagrass type is entered in its abbreviated form in lower case form only (eg. aantarctica, 

zmarina); whilst all other user inputs are numerical values equal or greater than zero.   

4.4 Defining equations in MATLAB 

4.4.1 Uptake rates in the seagrass  

Michaelis-Menton 

Based on the type of seagrass entered, the corresponding row of information from Table 4-1 is 

selected as the data used by MATLAB in subsequent calculations. Matlab Data 4-3 



Computation 

MODELLING NITROGEN FLUXES IN SEAGRASS   59 

demonstrates the MM equation as applied by MATLAB to determine uptake rate of 

ammonium in the leaves.  

Matlab Data 4-3 Sample Michaelis-Menton Code in Matlab 

v_leaves_NH4=vmax_leaves_NH4*wc_NH4./(km_leaves_NH4+wc_NH4);    

MATLAB accesses the values for the variables as written to the database shown in Table 4-1. 

The seagrass name and parameter label (eg. vmax_leaves_NH4) essentially acts as a 

reference co-ordinate system, naming a parameter for a specific seagrass located in the 

database. For example, vmax_leaves_NH4 refers to Vmax of ammonium uptake in the leaf 

of the specified seagrass. Additionally environmental factors entered by the user are utilised 

in equating uptake rates. These include nutrient conditions in the water column (eg. wc_NO3) 

and sediment (eg. pw_NH4), and epiphyte cover. It is assumed in the model that percentage 

epiphyte cover proportionally reduces the maximum nutrient uptake (Vmax) as shown in 

Equation 3-10. Therefore, the Vmax database data is later redefined and reduced depending on 

the epiphyte cover.  

Exceptions to Michaelis-Menton- linear uptake 

Linear nitrogen uptake has been well documented for many species of seagrass. From the 

database of seagrass chosen in this model, both Z. marina and A. antarctica both exhibit 

linear uptake of nitrate in the leaves. That is uptake can be equated using the equation: 

V = a * [S] + b 

Where V is uptake rate µmol N g-1 dw hr-1, [S] substrate concentration (µM), and ‘a’ and ‘b’ 

are predetermined parameters. This was incorporated into coding by defining the linear 

equation:  

Equation 4-1 Linear uptake equation. 

V = Vmax * [S] + Km 

To consolidate information into one database, the parameters ‘a’ and ‘b’ were redefined as 

Vmax and Km for nitrate in the database. The coding in MATLAB can be seen in Matlab Data 

4-4. 
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Matlab Data 4-4 Coding to initiate linear uptake. 

if sgrass==zmarina | sgrass==aantarctica  

 v_leaves_NO3=vmax_leaves_NO3*wc_NO3+km_leaves_NO3; 

  

 

v_leaves_NH4=vmax_leaves_NH4*wc_NH4./(km_leaves_NH4+wc_NH4); 

 v_roots_NH4=vmax_roots_NH4*pw_NH4./(km_roots_NH4+pw_NH4);    

else %according to Michaelis Menton 

     

v_leaves_NH4=vmax_leaves_NH4*wc_NH4./(km_leaves_NH4+wc_NH4); 

v_leaves_NO3=vmax_leaves_NO3*wc_NO3/(km_leaves_NO3+wc_NO3); 

v_roots_NH4=vmax_roots_NH4*pw_NH4./(km_roots_NH4+pw_NH4); 

end   

 

That is, if zmarina or aantarctica is entered as the seagrass species, the model applies a linear 

equation to uptake of nitrate in the leaves to produce uptake rates as seen in Equation 3-2. For 

all other species (‘else’) that don’t exhibit linear uptake, MM kinetics is applied for uptake 

of nitrate in the leaves. 

The amount of nitrogen incorporated over time is calculated by multiplying uptake rates, by 

the time period ‘t’ entered by the user. 

Matlab Data 4-5 Calculating nitrogen incorporated over time period 

roots_NH4_inc=v_roots_NH4*t; 

Plotting a Michaelis-Menton curve in MATLAB 

MATLAB is used to calculate varying uptake rates over a range of substrate concentrations 

(as defined in the M-file) to produce a MM saturation curve, such as shown in Figure 3-5. The 

Linear uptake 
equation for 
NO-

3 

MM uptake 
equation for 
NH+

4 

Hourly uptake rate 
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user input determines a point on the curve equal to current uptake. The curve is a product of a 

range of substrate concentration, Vmax, and Km, and clearly illustrates the responsiveness of 

uptake to nitrogen.  

4.4.2 Diffusion 

Fick’s Law is programmed into the model to calculate diffusion of nitrogen species between 

the water column and the sediment as shown in Matlab Data 4-6. 

 

 

 

 

 

 

Figure 4-1 Diffusion of nitrogen species into and out of the sediment. 

Matlab Data 4-6 Diffusion defined by Fick’s Law, all values are converted to metres and 

hours respectively in equating. 

 

 

D_NH4=8.5*10^-9;D_NO3=1.4*10^-9 (m2s-1); poros=0.5; dz=1 (cm); 

pw_NH4_flux_val=(-D_NH4/3600)*poros *(wc_NH4-pw_NH4)* 0.001 / 

(0.01); 

pw_NO3_flux_val=(-D_NO3/3600)*poros*(wc_NO3 - pw_NO3)* 0.001 / 

(0.01); 

 
 

 

NO3
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NH4
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NH4
+ 

Diffusion coefficient 
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Concentration gradient 
converted to µM/m3 

Diffusion 
of NO3
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NO3
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Fick’s Law as shown in Equation 3-3 is:  

 

 

As defined in Matlab Data 4-6, ∂C, is taken as the concentration in the water column minus 

that in porewater 1cm below the sediment/water interface. Typical porosity (φ, poros) and 

diffusion coefficients (D) for NH4
+ and NO3

- are stored in the MATLAB coding (line 1 of 

Matlab Data 4-6) and can be modified through the m-file by the user as necessary. 

If a negative value is returned in pw_NH4_flux_val or pw_NO3_flux_val, then the 

user is notified in the output that flux is into the sediment. Alternatively, if 

pw_NH4_flux_val or pw_NO3_flux_val is determined positive, then the user is 

notified in the output that flux is into the water column. 

Matlab Data 4-7 Direction of diffusion flux. 

if pw_NH4_flux_val > 0 

fprintf('\nthe diffusion flux of NH4 is equal to %3.2g micro 
mols /m^2/hr into the water column',pw_NH4_flux); 

elseif pw_NH4_flux_val < 0 

fprintf('\nthe diffusion flux of NH4 is equal to %3.2g micro 
mols /m^2/hr into the sediment',pw_NH4_flux); 

else 

fprintf('\nthe porewater and water column NH4 concentrations 
are in equilibrium');    

end 

4.4.3 Fate of detached seagrass  

As described in Section 3.4.6 the amount of detritus available for decay accumulates with 

time. Decay rates, and the amount of nitrogen stored in the seagrass/detritus are part of the 

database as described in Section 4.2. Nitrogen stored in seagrass that has been deposited at the 

0z
C

 -  F
=∂

∂
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z
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following command is 
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sediment has 2 possible fates- to remain stored in the detritus, or be released through decay. 

Mathematically Table 3-9 showed the accumulation of the former to be: 

X(t) = X(t-1) * (1-hr_decay) + X(1) 

Where X(t) is the amount of detritus left after time t (µg-1 m-2), hr_decay is the hourly decay 

rate of detritus (% dw hr-1), and X(1) is the detached seagrass that accumulates on the 

sediment every hour (µg-1 m-2) Detached leaves represent a significant loss and potential 

source of stored nitrogen. Values for the partitioning of what remains and what is exported 

from the meadow vary dramatically between sites and are strongly dependent on 

environmental conditions and the structure of the seagrass. Therefore, these values are not 

assumed and are determined from the input statements: 

Matlab Data 4-8 Magnitude and Fate of detached seagrass.  

enter the DW g of seagrass deposited in the meadow per day per 
m2:  

what fraction is deposited in the bed? 

The for command in MATLAB is a useful tool that generates a loop structure (Etter 1996). 

It is applicable when applying to a simultaneous growth and decay situation, where detritus 

present at time t, equal to X(t), is proportional to that remaining from the previous step after 

decay, X(t-1).  

Matlab Data 4-9 Accumulation of seagrass detritus at the sediment. 

for n=[2:t] 

    X(1)=sg_det; 

    X(n)=X(n-1)* fr_hr_decay + sg_det; 

end 

 

Time steps for the accumulation/decay of detritus is set from t = 1; there is no detritus 

available for decay when t is less than 1. The initial amount at t = 1is equal to the hourly 

deposited seagrass. The for loop continues to execute, until time t (as defined by the user) is 

Defining accumulation 

equation  

Hourly deposition 

Hourly time steps 
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reached. At which point the accumulated nitrogen content of the remaining material is 

calculated based on the information defined in the database (n_content). 

The amount of seagrass decayed is equal to the accumulation assuming no decay minus 

accumulation with decay, that is: 

Matlab Data 4-10 Determining the amount of seagrass decayed. 

sg_dec2 = sg_det*t-X(t) 

Where sg_dec2 is the amount remaining after decay at time t, sg_det is the hourly 

deposition rate and t is time (hours). It is assumed that upon deposition, decay occurs 

immediately. That which has not decayed remains as a stored nitrogen pool. Partitioning the 

fate of released nitrogen, was based on the assumption that 60% of the regenerated nitrogen 

returns to the water column and 40% to the porewater. Porewater concentrations often show 

dramatic seasonal variations particularly in the temperate regions. For the purpose of this 

study we consider that the porewater concentrations/uptake in the roots are kept constant and 

not affected by regeneration (Lee and Dunton 1999). 

Export 

Detached seagrass can be deposited in the sediment, or exported out of the meadow. 

Realistically the fraction of detached seagrass lost is dependent on the type and density of the 

meadow, as well as the in-situ water flow. In terms of modelling this is incorporated through 

the user entering the amount detached and fraction of the seagrass deposited in the meadow as 

shown in Matlab Data 4-8. All detached seagrass that is not deposited to the sediment within 

the seagrass is lost from the system through export.    

Nitrogen content of detached material 

Seagrass detritus, material decayed and exported are initially calculated as dry weight values. 

These are converted to nitrogen values by multiplying the dry weight value returned by 

MATLAB, with nitrogen content values stored in the database. The rate of transport of the 

nitrogen is calculated by dividing by the user entered time value. 

A summary of the MATLAB processing is shown in Figure 4-2 and Figure 4-3. 
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Figure 4-2 Modelling processes to derive uptake rates and diffusion 

Leaves NH4
+   Roots NH4

+   Leaves NO3
- 

Vmax Km Vmax Km Vmax Km N content Decay Rate 

DATABASE-  

• Specific seagrass 

characteristics: Vmax and 

Km for NO3
- in leaves and 

NH4
+ in leaves and roots;  

• Nitrogen content;  

• decay rate. 

USER INPUT- Type of 

seagrass. 

MATLAB PROCESSING:  

Michaelis-Menton or linear uptake 
in the seagrass leaves and roots 
affected by epiphyte cover. 

Produces a 1 x 7 matrix 

specific to the seagrass  

OUTPUT: Uptake rates in the leaf and root, graphical illustration of 
current uptake in relation to saturation 

MATLAB PROCESSING: 

Fick’s Law 

OUTPUT: Nitrogen 
diffusion between sediment 
and water column. 

USER INPUT- Environment Conditions: 

1. Epiphyte cover 

2. Nitrogen levels in sediment and 
porewater 
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Figure 4-3 Modelling processes to derive the fate of detached seagrass and uptake in 

epiphytes. 

 

USER INPUT- 

1. Epiphyte biomass 

2. Nitrogen levels in water column. 

 

OUTPUT- uptake by 
epiphytes. 

MATLAB PROCESSING-
Using default productivity 
for epiphytes. 

USER INPUT-  

1. Amount of seagrass 
detached 

2. Fraction of seagrass 
remaining in bed 

3. Time 

MATLAB PROCESSING-
Calculates release of N 
through decay, N remaining 
in detritus, N exported. 

OUTPUT- release of N 
from decay to water 
column and sediment.  
Moles of nitrogen 
stored in detritus. 

OUTPUT- release of N 
from seagrass bed 
through export. 
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5 Model Simulations 

The model simulations are run to reveal the capabilities of the model and the influences of 

uptake parameters and nitrogen environment on the analysed fluxes. The numerical outputs 

from the selected scenarios are not as significant as the conclusions drawn and the 

interpretation of the output information.  

5.1 T. testudinum response to global average nitrogen concentrations 

The model is initially run at global average nitrogen concentrations in the water column and 

other conditions were assigned ‘typical’ values. This simulation is termed ‘global average 

conditions’. 

5.1.1 Model interface/input: 

enter the type of seagrass investigated (eg ttestudinum) 
ttestudinum 

enter the above ground biomass of seagrass g.dw m^-2 (typical 
~200): 200 

enter the below ground biomass of seagrass in g.dw m^-2 : 200 

enter the surface area of the seagrass bed m^-2: 30 

enter the DW g of seagrass detached in the meadow per day per 
m2: 6 

what fraction is deposited in the bed?  0.8 

 

enter the % cover of the epiphytes on the seagrass leaf:  15 

enter the biomass ( dw (g) m^-2) of the epiphytes:  100 

the default productivity of epiphytes is 0.88 mg C dw g^-1 
hr^-1 
 

enter the concentration of NH4 in the water column (avg. 3.1) 
in micromols per litre : 3.1 

enter the concentration of N03 in the water column (avg. 2.7) 
micromols)in micromols per litre: 2.7 

enter the concentration of NH4 in the porewater 1cm below 
sediment in micromols per litre (avg. 86, between 1-180 
micromols): 86 
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enter the concentration of N03 in the porewater 1cm below 
sediment in micromols per litre (avg. 3.4 between 0-15 
micromols): 3.4 

enter the time at which Nitrogen levels is wanted in hours: 24 

5.1.2 Numerical model output: 

***UPTAKE IN THE LEAVES AND ROOTS*** 
the uptake rate  is 4.6 micromols of NH4 /g.dw /hr in the 
leaves 
the increase of NH4 is 1.1e+002 micromols of NH4 /g.dw  in the 
leaves 
the uptake rate  is 0.97 micromols of NO3 /g.dw /hr in the 
leaves 
the increase of NH4 is  23 micromols of N03 /g.dw in the 
leaves 
the uptake rate  is  11 micromols of NH4 /g.dw /hr in the 
roots 
the increase of NH4 is 2.6e+002 micromols of NH4 /g.dw in the 
roots 

 

***UPTAKE IN EPIPHYTES*** 
epiphytes constitute  33 percent of all above ground biomass 
the uptake rate of NH4 in epiphytes is 0.41 micromols of NH4 
/g.dw /hr in the leaves 
the uptake rate of NO3 in epiphytes is 0.35 micromols of NO3 
/g.dw /hr in the leaves 

 
***DIFFUSION PROCESSES*** 

the diffusion flux of NH4 is equal to 0.00013 micro mols 
/m^2/hr into the water column 
the diffusion flux of NO3 is equal to 1.8e-007 micro mols 
/m^2/hr into the water column 
 
***FATE OF DETACHED SEAGRASS***- 
3 percent of above ground biomass is lost as detached seagrass 
/d 

20 percent of detached is exported /d/m2 
80 percent of detached is deposited at the sediment /d/m2 

 
CONCENTRATION OF NITROGEN RELEASED AS DECAY AFTER 24 HOURS- 
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assuming 40 percent of N decayed is returned to the 
water column, 60 percent returned to the sediment- 
the amount of nitrogen from detritus released to the 
water column is  17 micromols N/m2 
the amount of nitrogen from detritus released to the 
water sediment is  12 micromols N/m2 
leaving 8.5e+003 micromols of nitrogen stored in 
detritus per m^2 

 
RATES OF NITROGEN REGENERATION/ACCUMULATION 

the average release of nitrogen from detritus to the 
water column is 0.72 micromol N/m2/hr 
the average release of nitrogen from detritus to the 
sediment is 0.48  micromol N/m2/hr 
the stored N in detritus is accumulated at an average 
of 3.6e+002 micromols N/m2/hr 

 
NITROGEN LOST IN EXPORT 

89 micromols of nitrogen is lost through exported 
leaves /m2/hr 
1.2e+003 micrograms of nitrogen is lost through 
exported leaves /m2/hr 

5.1.3 Michaelis-Menton curves- Graphical output 

The model produces the following graphs, based on computation of uptake rates. 
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Figure 5-1 Ammonium uptake in the leaves of T. testudinum at global average conditions. 
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Figure 5-2 Nitrate uptake in the leaves of T. testudinum at global average conditions. 
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Figure 5-3 Ammonium uptake in the roots of T. testudinum at global average conditions. 

5.1.4 Summary of results. 

Table 5-1 Uptake Rates and parameters for T. testudinum for global average nitrogen 

conditions. Vmax values have been corrected for epiphyte cover. 

 Compartment Substrate 
Concentration 

µM 

Uptake 
Rate 

µmol/ 
g dw/hr 

Km 

µM 

Vmax 

µmol/ g 
dw/hr 

Uptake Affinity 

(Vmax/Km) 

Leaf 
NH4

+ 
Water Column 3.1 4.6 5.1 12.2 2.4 

Leaf 
NO3

- Water Column 2.7 0.97 12.7 5.52 0.43 

Root  
NH4

+ 
Porewater 86 11 60.8 7.14 0.12 

Table 5-2 Epiphyte biomass and uptake for global average nitrogen conditions. 

Epiphyte Biomass NH4
+  Uptake NO3

- Uptake 

100 g dw m-2 0.41 µmol N g-1 dw hr-1 0.35 µmol N g-1 dw hr-1 
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Table 5-3 Diffusion of nitrogen species between water column and porewater for global 

average nitrogen conditions. 

 Water 
Column NH4

+ 
Porewater 

NH4
+ 

Water 
Column NO3

- 
Porewater 

NO3
- 

Concentration (µM) 3.1 86 2.7 3.4 

Diffusion 1.3 x 10-4 µmol N m-2 hr-1into 
the water column 

1.8 x 10-7 µmol N m-2 hr-1 into 
the sediment 

Table 5-4 Fate of detached seagrass. 

Avg. release of 
nitrogen to the 
water column from 
detritus.   

Avg. release of 
nitrogen to the 
sediment from 
detritus.     

Avg. rate of 
nitrogen 
accumulation in 
detritus 

Avg. rate loss of 
stored nitrogen in 
detached seagrass 

0.72 µmol N m-2 hr-1 0.48 µmol N m-2 hr-1 360 µmol N m-2 hr-1 89 µmol N m-2 hr-1 
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Figure 5-4 Accumulation of detritus over 24 hours. 
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5.2 T. testudinum response to eutrophic nitrogen concentrations 

Seagrass are under increasing pressure from anthropogenic nutrient sources. One such source 

includes ocean outfalls from sewage plants. Total nitrogen concentrations of secondary 

effluent typically range from 25 - 50 mg/L or 1785 – 3570 µM (Queensland Government 

2002). Effluent is normally released into water column, where its concentration is dispersed 

by the ocean.  Therefore, the model is run at high water column nitrogen concentrations, 

greater than 80 fold those in the first simulation. Porewater concentrations of ammonium are 

doubled, and nitrate is increased approximately 7-fold. This simulation is termed ‘eutrophic 

conditions’. 

5.2.1 Model interface/input  

enter the type of seagrass investigated (eg ttestudinum): 
ttestudinum 
enter the above ground biomass of seagrass g.dw m^-2 (typical 
~200): 200 

enter the below ground biomass of seagrass in g.dw m^-2 
(typical ~200): 200 

enter the surface area of the seagrass bed m^-2: 30 

enter the DW g of seagrass detached in the meadow per day per 
m2: 6 

what fraction is deposited in the bed?  0.8 

 

enter the % cover of the epiphytes on the seagrass leaf:  15 

enter the biomass ( dw (g) m^-2) of the epiphytes:  100 

the default productivity of epiphytes is 0.88 mg C dw g^-1 
hr^-1 
 

enter the concentration of NH4 in the water column in 
micromols per litre (avg. 3.1) : 250 

enter the concentration of N03 in the water column in 
micromols per litre(avg. 2.7): 250 

enter the concentration of NH4 in the porewater 1cm below 
sediment in micromols per litre (avg. 86, range 1-
180micromols): 172 

enter the concentration of N03 in the porewater 1cm below 
sediment in micromols per litre (avg. 3.4 range 0-15 
micromols): 6.8 
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enter the time at which Nitrogen levels is wanted in hours: 24 

5.2.2 Numerical model output 

***UPTAKE IN THE LEAVES AND ROOTS*** 
the uptake rate  is  12 micromols of NH4 /g.dw /hr in the 
leaves 
the increase of NH4 is 2.9e+002 micromols of NH4 /g.dw  in the 
leaves 
the uptake rate  is 5.3 micromols of NO3 /g.dw /hr in the 
leaves 
the increase of NH4 is 1.3e+002 micromols of N03 /g.dw in the 
leaves 
the uptake rate  is  14 micromols of NH4 /g.dw /hr in the 
roots 
the increase of NH4 is 3.3e+002 micromols of NH4 /g.dw in the 
roots 

 

***UPTAKE IN EPIPHYTES*** 
epiphytes constitute  33 percent of all above ground biomass 
the uptake rate of NH4 in epiphytes is 0.38 micromols of NH4 
/g.dw /hr in the leaves 
the uptake rate of NO3 in epiphytes is 0.38 micromols of NO3 
/g.dw /hr in the leaves 
 
***DIFFUSION PROCESSES*** 

the diffusion flux of NH4 is equal to 0.00012 micro mols 
/m^2/hr into the sediment 
the diffusion flux of N03 is equal to 8.6e-007 micro mols per 
/m^2/hr into the sediment 
 
***FATE OF DETACHED SEAGRASS***- 
3 percent of above ground biomass is lost as detached seagrass 
/d 

20 percent of detached is exported /d/m2 
80 percent of detached is deposited at the sediment /d/m2 

 
CONCENTRATION OF NITROGEN RELEASED AS DECAY AFTER 24 HOURS- 

assuming 40 percent of N decayed is returned to the 
water column, 60 percent returned to the sediment- 
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the amount of nitrogen from detritus released to the 
water column is  17 micromols N/m2 
the amount of nitrogen from detritus released to the 
water sediment is  12 micromols N/m2 
leaving 8.5e+003 micromols of nitrogen stored in 
detritus per m^2 

RATES OF NITROGEN REGENERATION/ACCUMULATION 
the average release of nitrogen from detritus to the 
water column is 0.72 micromol N/m2/hr 
the average release of nitrogen from detritus to the 
sediment is 0.48  micromol N/m2/hr 
the stored N in detritus is accumulated at an average 
of 3.6e+002 micromols N/m2/hr 
 

NITROGEN LOST IN EXPORT 
89 micromols of nitrogen is lost through exported 
leaves /m2/hr 
1.2e+003 micrograms of nitrogen is lost through 
exported leaves /m2/hr 

5.2.3 Michaelis-Menton curves- Graphical output 
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Figure 5-5 Ammonium uptake in the leaves of T. testudinum in eutrophic conditions. 
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Figure 5-6 Nitrate uptake in the leaves of T. testudinum in eutrophic conditions. 
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Figure 5-7 Ammonium uptake in the roots of T. testudinum in eutrophic conditions. 
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5.2.4 Summary of results 

Table 5-5 Uptake Rates and parameters in eutrophic conditions. Vmax has been corrected for 

epiphyte cover. 

 Compartment Substrate 
Concentration 

µM 

Uptake 
Rate 

µmol/ 
g dw/hr 

Km 

µM 

Vmax 

µmol/ g 
dw/hr 

Uptake Affinity 

(Vmax/Km) 

Leaf 
NH4

+ Water Column 250 12 5.1 12.2 2.4 

Leaf 
NO3

- 
Water Column 250 5.3 12.7 5.52 0.43 

Root  
NH4

+ Porewater 172 14 60.8 18.4 0.12 

 

Table 5-6 Epiphyte biomass and uptake in eutrophic conditions. 

Biomass  NH4
+   Uptake NO3

- Uptake 

100 g dw m-2 0.38µmol N g-1 dw hr-1 0.38 µmol N g-1 dw hr-1 

 

Table 5-7 Diffusion of nitrogen species between water column and porewater nitrogen 

eutrophic conditions. 

 Water 
Column NH4

+ 
Porewater 

NH4
+  

Water 
Column NO3

- 
Porewater 

NO3
- 

Concentration (µM)  250 172 250 15 

Diffusion 1.2 x 10-4 µmol N m-2 hr-1into the 
sediment 

8.6 x 10-7 µmol N m-2 hr-1 into the 
sediment 

 

Table 5-8 Fate of detached seagrass. 

Avg. release of 
nitrogen to the 
water column from 
detritus.   

Avg. release of 
nitrogen to the 
sediment from 
detritus.     

Avg. rate of 
nitrogen 
accumulation in 
detritus 

Avg. rate loss of 
stored nitrogen in 
detached seagrass 

0.72 µmol N m-2 hr-1 0.48 µmol N m-2 hr-1 360 µmol N m-2 hr-1 89 µmol N m-2 hr-1 
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The model assumes detached/decaying seagrass is independent of nutrient conditions; 

therefore, the plot of accumulation of detrital matter and the information contained above is 

equal to that in Figure 5-4 and Table 5-8 respectively. 
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6 Discussion 

6.1 Leaf and root uptake 

6.1.1 Seagrass leaf vs. root: dominance in uptake 

The dominance of leaf in uptake of nitrogen is dependent on substrate concentration, biomass 

and Michaelis-Menton parameters. Under global average conditions, T. testudinum has a 

greater reliance on porewater nitrogen in the water column than porewater when assuming 

above ground biomass is equal to below ground biomass. This is derived by adding total 

nitrogen (composed of ammonium and nitrate) uptake in the water column and comparing to 

that assimilated through the roots, as seen in Table 6-1. 

Table 6-1 Response of uptake rates under variable N conditions: Leaf vs. roots 

N Conditions Compartment Concentration 
(µM) 

Uptake Rate 
(µmol 

/g.dw/hr) 
 

Total 
Above/Below 

Ground Uptake 
(µmol N/g.dw/hr) 

Leaf NH4
+ 3.1 4.6 

Leaf NO3
- 2.7 0.97 

5.6 
Global average N 

conditions 

Root NH4
+ 86 11 11 

Leaf NH4
+ 250 12 

Leaf NO3
- 250 5.3 

17 
Eutrophic N 
conditions 

Root NH4
+ 172 14 14 

 

Under an increasingly eutrophic water column and assuming equal dry weight biomass above 

and below ground, there is a shift from reliance on the porewater (root uptake) to the water 

column (leaf uptake). In the first simulation 34% of nitrogen is derived from the water 

column, this increases to 55% in the eutrophic simulation. 
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For the purpose of this analysis 2 parameters are defined, Vc and S80. They are used to predict 

the potential for the seagrass to uptake increasingly large concentrations of nitrogen, 

derivation is shown in Equation 6-1. 

Equation 6-1 Defining uptake analysis parameters. 

Vc =  v/Vmax/e * 100;  

S80 = substrate concentration when v/Vmax/e = 0.8 

Vmax/e is the epiphyte adjusted Vmax (µmol N g-1 dw hr-1), and v is current uptake (µmol N g-1 

dw hr-1). Vc determines current uptake as a percentage of saturated uptake. S80 is the 

concentration where uptake is 80% of the epiphyte corrected uptake. 

 

A visual analysis of uptake curves reveals a range of gradients. As substrate concentration 

decreases, ∂v/∂s increases; as substrate concentration increases, ∂v/∂s approaches zero. This is 

clearly demonstrated in Figure 6-1 and the uptake plots. The gradient of the uptake plots have 

been examined to determine if a common critical gradient, could be utilised as a transition 

point along the plots.  

 

Figure 6-1 Gradient trends of uptake in the leaf and root. 
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Theoretically, a critical point would separate responsive areas (small change in substrate 

concentration leads to comparatively large change in uptake) to non-responsive areas (large 

change in substrate concentration leads to minimal change in uptake) when saturation is 

approached. No definitive or critical gradient was observed that could be applied to all 

uptakes, and a simple visual analysis of uptake curves provides an equally as effective 

analysis of gradients in uptake.  Regardless, Figure 6-1 clearly demonstrates the rate of 

change of uptake rates in response to substrate concentrations. 

6.1.2 Ammonium uptake in the leaf of seagrass 

Global average nutrient conditions 

The graphical output places current uptake in terms of an epiphyte adjusted Vmax (Vmax/e). As 

uptake rate approaches Vmax, the rate of increase of uptake slows. At average NH4
+ values, Vc 

is equal to 38%, leaf uptake is 38% of maximum uptake. Based on this information it could be 

presumed that there is some capacity to uptake larger concentrations of ammonium through 

the leaf at larger substrate concentrations. 

Coupling this information with the graphical output in Figure 5-1, current uptake is placed in 

the context of variable substrate concentrations and potential changes in uptake. It illustrates 

that at average concentrations current uptake is at a point of rapid change. A small increase in 

substrate concentration leads to a comparatively large increase in uptake rate.  

S80 is equal to 20.47 µM. Therefore, at a concentration of approximately 20.5 µM, uptake is 

80% of Vmax. Beyond this point increase in uptake rate begins to slow rapidly. Any increase in 

substrate concentration results in minimal change in uptake rates. It can be determined that the 

capacity of the seagrass to ‘strip’ ammonium becomes limited. 

It can be inferred, at average concentrations T. testudinum has the capacity to significantly 

increase its leaf uptake rates under rising NH4
+ in the water column, up to a concentration ~ 

20.5µM. At this  point uptake rate approaches saturation uptake rate of 12.2 µmol N g-1 dw hr-

1. 

At global average conditions, ammonium uptake above ground in T. testudinum is equal to 

4.6 µmol N g-1 dw hr-1.  For this particular species above ground biomass is determined to be 

200 g m-2. Hence, ammonium uptake can be transformed to a flux of 920 µmol N g-1 m-2 hr-1. 
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Eutrophic conditions 

Under eutrophic conditions, ammonium concentrations in the water column were increased 

from 3.1µM to 250µM. This represents a shift along the uptake curve as shown in Figure 5-1 

and Figure 5-5. Figure 5-5 and Figure 6-1 depict current uptake at a point of minimal change 

in uptake rate. A large change in substrate concentration leads to almost no change in uptake 

rate. Uptake rate at this point is equal to 12 µmol N g-1 dw hr-1, corresponding to a Vc value 

of 98%. Uptake is very close to saturation and the seagrass is operating near physiological 

capacity.   

6.1.3 Nitrate uptake in the leaf of seagrass 

Global average nutrient conditions 

At global average nitrate values, Vc is equal to 18%. Leaf uptake is 18% that of maximum 

uptake. Based on this information it could be presumed that there is some capacity to uptake 

larger concentrations of nitrate through the leaf.  

Coupling this information with the graphical output in Figure 5-2, current uptake is placed in 

the context of variable substrate concentrations, and corresponding changes in uptake. It 

shows that at average concentrations current nitrate uptake is equal to 0.97 µmol N g-1 dw hr-1 

and at a point of rapid change. A small increase in substrate concentration leads to a 

comparatively large increase in uptake rate of nitrate in comparison to other uptake rates that 

lie on the MM curve.  

S80 is equal to 51.11 µM. Therefore, at a concentration of approximately 51 µM, uptake is 

80% of Vmax. Beyond this point increase in uptake rate begins to slow approaching saturated 

uptake rate of 5.52 µmol N g-1 dw hr-1. Any increase in substrate concentration results in 

minimal change in uptake rates. It can be inferred that the capacity of the seagrass to ‘strip’ 

nitrate becomes limited. 

Hence, at average concentrations T. testudinum has the capacity to significantly increase its 

leaf uptake rates under rising nitrate concentrations in the water column, up to a concentration 

of  ~51µM. 
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Eutrophic conditions 

Under eutrophic conditions, nitrate concentrations in the water column are increased from 2.7 

to 250 µM. Nitrate is primarily the nutrient of concern in sewage effluent. Exposed to these 

concentrations, leaf uptake of nitrate increases from 0.97 to 5.3 µmol N g-1 dw hr-1. Vc is 

equal to 96%, uptake sites of nitrate are essentially saturated, removal rate of nitrate has 

steadied and the nitrate stripping capability of the seagrass is near maximum rate (Vmax) of 

5.52 µmol N m-2 hr-1.   

6.1.4 Ammonium uptake in the root of seagrass 

Global average nutrient conditions 

At global average ammonium values, Vc is equal to 60%. That is, root uptake (µmol N g-1 dw 

hr-1) is 60% of maximum uptake. Based on this information it could be presumed that there is 

some capacity to uptake larger concentrations of ammonium through the root.  

Coupling this information with the graphical output in Figure 5-3, current uptake is placed in 

the context of variable substrate concentrations, and potential changes in uptake. It shows that 

at average concentrations current uptake is at a point of small change. A small increase in 

substrate concentration leads to a small increase in uptake rate in comparison to other uptake 

rates that lie at lower concentrations on the MM curve.  

S80 is equal to 243.0 µM. Therefore, at a concentration of 243 µM, uptake is 80% of Vmax. 

Beyond this point increase in uptake rate begins to slow rapidly. Any increase in substrate 

concentration results in minimal change in uptake rates. It can be inferred that the capacity of 

the seagrass to ‘strip’ nutrients becomes limited. 

At average concentrations T. testudinum has the capacity to significantly increase its root 

uptake rates under rising ammonium in the water column, up to a concentration  ~243 µM. 

Eutrophic conditions 

Under eutrophic conditions, ammonium concentrations in the porewater are doubled from 86 

to 172 µM. Exposed to these concentrations root uptake increases to 14 µmol N g-1 dw hr-1 

where Vc is equal to 96%. Uptake sites of nitrate are essentially saturated, removal rate of 

nitrate has steadied and the nitrate stripping capability of the seagrass is near maximum. 
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6.1.5 Seagrass uptake: ammonium vs. nitrate   

The dominance of nitrate or ammonium in the nitrogen budget is influenced by MM 

parameters, environmental concentrations of the nitrogen species, and the biomass of above 

and below ground seagrass tissue. 

Global average nutrient conditions 

Comparison of above ground uptake shows that uptake of ammonium is greater than that of 

nitrate. The leaf of T. testudinum has a higher uptake affinity for ammonium than nitrate in 

the water column.  As a result, under identical concentrations uptake of NH4
+ in the leaf will 

always exceed that of nitrate. 

A total nitrogen budget shows 94% of all incorporated nitrogen is NH4
+ (29% from water 

column, 71% porewater) with the remaining 6% NO3
-  in the leaf in the leaf.   

Eutrophic conditions 

Under increased nutrient conditions as described in Section 5.2, ammonium constitutes 83% 

of all N uptake (46% water column, 54% porewater), with the remaining 17% NO3
- uptake in 

the leaf.   

6.2 Epiphytes 

6.2.1 Epiphyte influence on uptake rates in seagrass 

Epiphytes have been assumed to linearly impede uptake in the leaf of seagrass. For global 

average and eutrophic simulations, epiphyte cover was entered as 15%. That is, Vmax 

(therefore v) was essentially reduced by 15%. Graphically this is shown in Figure 6-2. 



Discussion 

MODELLING NITROGEN FLUXES IN SEAGRASS   85 

0 50 100 150 200 250 300
0

2

4

6

8

10

12

14

16

NH4 (Substrate) Concentration (µ M N)

Le
af

 U
pt

ak
e 

R
at

e 
(µ

m
o

ls
 N

 g
-1

 D
W

 h
r-1

)
NH4 Uptake in Leaves

Uptake with epiphytes
Uptake without epiphytes
Vmax with epiphytes
Vmax with epiphytes

 

Figure 6-2 Effect of epiphytes on uptake. 

6.2.2 Epiphyte uptake rates 

Epiphytes act as a sink of nutrients though nitrogen assimilation. Uptake of nitrogen is 

assumed linear as a function of biomass only, with a default uptake rate. Therefore, water 

column concentrations of ammonium and nitrate determine the proportion of nitrogen species 

assimilated but have no effect on total nitrogen uptake. Assuming 100 g m-2 biomass, uptake 

of total nitrogen is equal to 76 µmol N m-2 hr-1. This consists of nitrate and ammonium 

uptake, at the ratio present in the water column (Equation 3-12 and Equation 3-13). 

The accuracy of the default productivity (0.76 µmol N g-1 dw hr-1 or 0.88 mg C g-1 dw hr-1) is 

unknown as there is little study to validate this value as used by Short and McRoy (1984).  If 

the productivity/uptake value is underestimated, epiphyte uptake rates could be comparable or 

exceed that of the seagrass depending on epiphyte biomass.  
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Global average nutrient conditions 

At average nutrient conditions, uptake rates of ammonium via epiphytes (0.41 µmol N g-1 dw 

hr-1) is 1 order of magnitude less than that of the leaf in terms of uptake per unit of biomass. 

Uptake of nitrate by epiphytes (0.35 µmol N g-1 dw hr-1) is also one order of magnitude less 

than that of the leaf. Although these fluxes are comparatively small, they warrant some 

attention, particularly because the validity of the productivity value is unknown. The 

simulations were run at an epiphyte biomass 50% that of the seagrass (100 g m-2). As 

epiphyte biomass increases, the total nitrogen uptake by epiphytes will become more 

significant. Converting epiphyte values in Table 5-2 to a flux in space based on 100 g m-2 

biomass, the total ammonium uptake is equal to 41µmol N m-2 hr-1 and nitrate uptake is equal 

to 35 µmol N m-2 hr-1. 

Seagrass uptake of ammonium in the leaf is equal to 920 µmol N m-2 hr-1 (Section 6.3.1) and 

nitrate 194 µmol N m-2 hr-1 at average nutrient conditions assuming 200 g m-2 biomass. 

Therefore, assuming epiphyte biomass 50% of the seagrass (100 g m-2 to 200 g m-2 

respectively), in global average conditions epiphyte total nitrogen uptake is approximately 7% 

that of the leaf of T. testudinum.  

Eutrophic conditions 

This study found little information on attempts to model the response of epiphyte uptake to 

gradients in water column concentrations. Therefore, uptake rates could be further 

underestimated particularly in eutrophic conditions since there is no growth response of 

epiphytes under eutrophic conditions. The majority of studies that consider epiphyte uptake 

consider steady or average productivity; hence, under eutrophic conditions there is no net 

change in total nitrogen uptake rates. It is assumed that uptake of ammonium and nitrate is 

proportional to the relative amount in the water column. The eutrophic simulation was run at 

equal concentrations of ammonium and nitrate in the water column; therefore, the only shift is 

in the proportion of ammonium to nitrate in total nitrogen uptake. Modelled rates were 

derived as 0.38 µmol N m-2 hr-1 for both nitrogen species.  

The dominance of the seagrass leaf in total nitrogen uptake, will further increase as uptake 

rates in seagrass are responsive to increases in nitrogen concentrations (unlike epiphytes). 

This contradicts findings by Borum (1985) who observed increases in epiphyte biomass along 
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a nutrient gradient, and highlights the inability of the model to capture the responsiveness of 

epiphytes to changing environmental nutrient conditions. 

6.3 Diffusion processes 

Diffusion is influenced by the concentration gradient ∂c/∂z; the diffusion coefficient D; and 

porosity. Porosity is a soil characteristic and assumed equal under all conditions and for all 

nutrient species. Diffusion coefficient is experimentally derived value and dependent on the 

diffusing chemical species. Diffusion accounts for a very small flux in comparison to other 

nitrogen transfer mechanisms. 

6.3.1 Ammonium 

Global average nutrient conditions 

The sediment can act as an important sink or source of nitrogen. Global average conditions 

are characterised by large ammonium concentrations in the porewater in comparison to that of 

the water column. Hence, the diffusive flux of ammonium is relatively significant in 

comparison to nitrate, though substantially less than that of the epiphytes with the sediment 

supplying only 1.3 x 10-4 µmol N m-2 hr-1 into the water column.   

Eutrophic conditions 

Under eutrophic conditions, the concentration of ammonium in the water column is increased 

to greater than that of the sediment. Therefore, the concentration gradient is reversed and the 

water column becomes a source of ammonium for the sediment at a rate of 1.2 x 10-4 µmol N 

m-2 hr-1. 

6.3.2 Nitrate 

Global average nutrient conditions 

In healthy seagrass environments nitrate is typically less significant in terms of concentrations 

than ammonium. The absolute concentrations in the water column and porewater at global 

average levels are small and the difference between the both compartments is minimal. 

Hence, the concentration gradient that drives transport as defined by Fick’s Law is very small 

correlating to a diffusion of 1.8 x 10-7 µmol N m-2 hr-1 into the sediment. 
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Eutrophic conditions 

Anthropogenic sources typically eutrophy the system with nitrate (sewage, fertiliser run-off). 

Therefore, under eutrophic conditions diffusion of nitrate becomes significant. Despite the 

concentration gradient of nitrate exceeding that of ammonium under eutrophic simulation, the 

diffusion coefficient of ammonium is ~6 times greater. This equates to a nitrate diffusion of 

8.6 x 10-7 µmol N m-2 hr-1 into the sediment, substantially less than ammonium diffusion 

fluxes. Hence, although the water column is a source of nitrate for the sediment under 

eutrophic conditions, the flux is small. 

These findings indicate that fluxes associated with diffusion are extremely small, and slow. 

The ability of diffusion to alter the nitrogen budget of the water column or porewater is 

relatively insignificant.  

6.4 Fate of detached seagrass 

6.4.1 Export 

Export of seagrass is determined by user input. The mass of material detached and the ratio of 

this material that leaves the seagrass bed is defined on a site-by-site basis. Both global 

average and the eutrophic simulation were run at 6g of dry weight detached per day, with 20% 

of this material leaving the seagrass meadow. The above ground biomass entered by the user 

for this simulation was arbitrarily chosen as 200 g. A loss of 6g represents a 3% loss of above 

ground biomass. The material exported per day is 0.6% of above ground biomass. If this rate 

continued over a period, depletion could exceed leaf regeneration and the meadow would 

become dispersed. The flux of nitrogen leaving the meadow through detachment is 

considerable with stored nitrogen export loss equivalent to 89 µmol N m-2 hr-1. The export 

flux is significantly larger than nitrogen fluxes associated with diffusion. Export flux is 

comparable to total nitrogen uptake rate of epiphytes (76 µmol N m-2 hr-1) assuming a 

biomass of 100g m-2. 

The amount of detached material is likely to vary dramatically in time and space in response 

to variable environmental conditions, the type and health of the seagrass, grazing and other 

competitors. It could be expected that in times of strong current forcing, nitrogen fluxes 

associated with export could be become the most significant in the seagrass meadow.  
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Export of material becomes important in the capacity of nutrient stripping. An analogy can be 

drawn to the ability of trees to act as a carbon sink. Such is the capacity of seagrass to filter 

nutrients. Under eutrophic conditions, the uptake rate of seagrass increases to a rate 

approximately equal to Vmax. Once the seagrass is detached and exported, the local 

environment essentially has had the nutrient bundled and removed.   

6.5 Accumulation of detritus 

A potential source of nutrients is rapidly built up in the form of detritus. This accumulation is 

independent of the prevailing water column/porewater nutrient conditions. 80% of detached 

material remains in the meadow as detritus- equivalent to 2.4% of above ground biomass in 

the previous simulations. The release of stored nutrients from this material is decay limited. 

That is, material is accumulating at a more rapid rate than decay. Evidence of this is shown in 

Table 5-4 and 5-8 where accumulation rate greatly exceeds decay rates. The rapid 

accumulation provides evidence of why seagrass are termed depositional environments. An 

average of 360 µmol N m-2 hr-1 are accumulated, in the form of nitrogen stored in detritus. 

This represents the largest flux external to the seagrass.  

6.6 Regenerated nitrogen 

Potential nutrient sources stored in detritus can be recovered through decay. Decay is 

considered independent of the prevailing water column/porewater nutrient conditions in the 

model.  Previous studies have indicated that regeneration can contribute as a significant 

nutrient source in seagrass and there is tight coupling within a meadow.  

Table 5-4 and Table 5-8 indicates the flux of nitrogen from decay is more important than 

diffusion. 1.2 µmol N m-2 hr-1 is released to the surrounding environment (0.72 µmol N m-2 

hr-1 to the water column, 0.48 µmol N m-2 hr-1 to the sediment). Though not specified in the 

results, the majority of this nitrogen (>80%) is in the form of ammonium. These values are 

one order of magnitude less than uptake rates of epiphytes, but substantially larger than 

diffusion fluxes (>3 orders of magnitude).  

Comparison of uptake in the leaf and the amount of nitrogen regenerated in the water column, 

highlights the large difference between uptake and regeneration. This difference is even more 

pronounced in eutrophic conditions. Total ammonium uptake at average conditions in the leaf 
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(920 µmol N m-2 hr-1 as calculated in Section 6.1.2) is of the same order of magnitude as total 

nitrogen lost through detachment (6 grams of seagrass per day equating to ~450 µmol N m-2 

hr-1). This substantiates the previous conclusion that the ability of detached matter to supply 

nitrogen is limited by the rate of decay. If all nitrogen was returned to the water column, the 

capacity of regeneration to supply nitrogen uptake is still limited by the amount of material 

deposited and decay rates. The hourly uptake rate of ammonium in the leaf is equivalent 

nitrogen stored in 12.4 g of seagrass. Therefore, this study challenges previous hypothesis put 

forth that decay has the potential to provide the bulk of nitrogen uptake in seagrass. 

Further investigation is required as to the importance of decay. For the purpose of this study 

uptake rates analysed in this study are considered to be constant throughout the day (light and 

dark). Release of nitrogen through decay has been shown to be more significant, as 

productivity is less in the dark (Touchette and Burkholder 2000). Additionally it is expected 

that the heterotrophic organisms involved in decay are influenced by temperature.  

The rate of accumulation is expected to be dynamic on a daily basis, and will influence the 

oxygen conditions within the accumulated detritus. The oxygen conditions influence 

microbial mediated decay. Analysis on this scale was beyond the scope of the study, and a 

constant decay rate was assumed for deposited material. If examined on large time scales, 

caution needs to be applied when using the model to accurately predict the fluxes of nitrogen 

through decay.  

6.7 Limitations of the model 

The model requires validation in the field. The information that was sourced to derive the 

components from the model are from previous research that have examined individual fluxes. 

How the information collectively comes together to adequately model a ‘real’ simulation can 

only be illustrated through field studies. It is also expected that the model becomes unstable at 

larger time scales. Application of the model at small time scales, means productivity and 

growth response can essentially be ignored. If uptake predictions are required at larger time 

scales, changes in seagrass and epiphyte growth/biomass will need to be considered.  

In compiling the information necessary to construct the model, a number of shortfalls in 

previous research considering seagrass were highlighted. Perhaps most prominent is the lack 

of study on epiphytes. More research is required to determine their responsiveness to 
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gradients in nutrient concentrations, how they may inhibit uptake and compete for available 

nutrients in the water column and the effect of shading on uptake rates in seagrass. The model 

requires refinement as more information becomes available on these processes, hence 

modelling of epiphytes is at this stage inadequate. 

The largest fluxes in the model were those associated with transport directly into the seagrass, 

indicating that seagrass are extremely efficient in the uptake of nitrogen. Other fluxes 

considered in the model were in general substantially smaller than leaf and root uptake rates. 

This offers a number of hypotheses. Seagrass are not as efficient at recycling nutrients as 

initially thought, with the majority of nitrogen supplied by the water column/porewater. 

Advection of ‘new’ nutrients is more important than ‘old’ nutrients. Secondly, there is another 

substantial source/flux of nitrogen not incorporated in the model that would result in seagrass 

meadows supplying much of the nitrogen budget through meadow intrinsic processes.  

In the model decaying epiphytes were assumed not to be a source of nitrogen. To date, there is 

little information on nitrogen content and decay rates of epiphytes. Since they constitute a 

large portion of above ground biomass, and comparatively it is likely they have a faster decay 

rate than seagrass, they could represent a significant source of nitrogen. 

Touchette and Burkholder (2000) hypothesise that a substantial portion of the available 

ammonium in seagrass beds can be provided by cyanobacterial (blue-green algal) and 

eubacterial nitrogen fixation. In compiling this model, these organisms were not considered to 

keep modelling simple. The contribution of N-fixation has not clearly been defined, and their 

influence requires further investigation. 

In compiling the model, the information required for processing was kept at a minimum. This 

keeps analysis simple and fast, buy may limit resolution. It is quite possible to add a number 

of optional complexities to the model where information is available, with minor code 

modifications. Such complexities could be water temperature, current nutrient budget of the 

seagrass, other limiting nutrients, pH, specific rates of denitrification/nitrification and nitrogen 

fixation by other organisms which are currently not included in the model.  

The most ‘difficult’ information required by the model is the Michaelis-Menton parameters. 

Despite a number of studies evaluating these parameters, they vary dramatically in time and 

space. The model utilises a database of 3 sample seagrass species using predetermined MM 
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parameters, decay rates and nitrogen content.  Without knowledge of site specific MM 

parameters the capabilities of the model is limited.  

The encoding of the model is relatively simple; therefore, as information comes to hand it can 

easily be entered into the database, building the database required parameters. Although there 

were few studies to contradict the decay information compiled by Harrison (1989), these 

values along with nitrogen content are not expected to vary as dramatically as MM 

parameters, though it should be acknowledged that decay rates and nitrogen content for a 

particular species will not be identical in space. 

Hydrodynamics are an important component to consider that has been somewhat ignored in 

this study. Hydrodynamics influences the amount of material that is detached and its fate. 

This influence is incorporated through user input detailing the mass of seagrass detached and 

the fraction exported/deposited. The minimal amount of study on hydrodynamics and its 

affect on uptake rates have identified the relationship as significant (Cornelisen and Thomas 

2002; Thomas, Cornelisen and Zande 2000). Additionally, by including hydrodynamics, the 

nutrient stripping capacity of seagrass can be highlighted, through analysis of residence and 

flushing times within a meadow.  
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7 Conclusion 

This study identified the important processes involved in nitrogen processing and transfer. 

Based on this information a model was developed that captures the dynamics of nitrogen 

fluxes through seagrass 

There is an obvious contradiction in attempting to produce a reliable simple model as it 

compromises on accuracy of any results. The model produced as part of this study provides an 

interesting comparison to broader ecological models, and the narrow focused studies of much 

of the scientific community involved in seagrass study. 

There has been almost no holistic dynamic modelling of the responsiveness of seagrass to 

changing nitrogen concentrations and external conditions. The research to date is often 

focused on a small number of species and individual compartments. It fails to offer new 

thinking of how to approach the difficult task of modelling such a complex system.   

With little modification, the model developed through this study can be adapted to various 

sites to provide an estimation of the nitrogen fluxes within a meadow. It defines nitrogen 

uptake rates in the leaf and root of seagrass, uptake by epiphytes, diffusion fluxes, nitrogen 

losses due to export, nitrogen stored in detritus, and nitrogen released through decay. 

Understanding of how fluxes will respond to different conditions is an important management 

tool in the conservation of seagrass, which are under threat from increasing anthropogenic 

nitrogen sources. This model provides a simple, fast and easily applied method to determine a 

number of the important fluxes in a seagrass meadow. It conceptually illustrates how a 

seagrass system responds to variable nutrient concentrations and can be applied and 

developed as a tool in seagrass ecosystem management. 
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Appendix 1 Nitrogen Content of Seagrass 

 

Figure 1 Nitrogen content of various seagrass species as determined by Duarte (1990) . The 

number of sources is listed in the left column. The greater the sample size, the larger the range 

of concentrations 
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Appendix 2 Model Code. 

Below is the model code as it appears in the m-file. 

clear all  
clc; 
%create a matrix for different seagrasses  
leaves_vmax_NH4=[43.1; 13.2; 5.9; 20.5; 14.4];  
leaves_km_NH4=[74.4; 15.3; 9.5; 9.2; 5.1];  

roots_vmax_NH4=[1.1; 1.1; 1.1; 211; 18.4];  
roots_km_NH4=[4.7; 4.7; 4.7; 104; 60.8];  
leaves_vmax_NO3=[0.23; 0.23; 0.23; 0.47; 6.5];  
leaves_km_NO3=[0; 0; 0; 0.84; 12.7]; 
n_content=[1.2; 1.2; 1.2; 2; 2.5]; 
daily_dec=[0.7; 0.7; 0.7; 2.6; 0.7]; %percentage of dry weight 
sg_parameters=[leaves_vmax_NH4 leaves_km_NH4 roots_vmax_NH4 
roots_km_NH4 leaves_vmax_NO3 leaves_km_NO3 n_content 
daily_dec];  
aantarctica=sg_parameters(1,:);  
aantarctica2=sg_parameters(2,:);  
aantarctica3=sg_parameters(3,:);  
zmarina=sg_parameters(4,:);  
ttestudinum=sg_parameters(5,:); 
 
%user unput. 

sgrass=input('enter the type of seagrass investigated (eg 
ttestudinum)? '); 
sg_biomass=input('enter the above ground biomass of seagrass 
g.dw m^-2 (typical ~200): '); 
sg_bg_biomass=input('enter the below ground biomass of 
seagrass g.dw m^-2: '); 
s_area=input('enter the surface area of the seagrass bed m^-2: 
'); 

broken_sg=input('enter the DW g of seagrass detached in the 
meadow per day per m2: '); 
broken_sg_deposit=input('what fraction is deposited in the 
bed?  '); 
ep_cover2=input('\nenter the % cover of the epiphytes on the 
seagrass leaf:  '); 
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ep_cover=(100-ep_cover2)/100; 
ep_biomass=input('enter the biomass ( dw (g) m^-2) of the 
epiphytes:  '); 
disp('the default productivity of epiphytes is 0.88 mg C dw 
g^-1 hr^-1');  
wc_NH4=input('\nenter the concentration of NH4 in the water 
column in micromols per litre (avg. 3.1) : '); 
wc_NO3=input('enter the concentration of N03 in the water 
column in micromols per litre(avg. 2.7): '); 
pw_NH4=input('enter the concentration of NH4 in the porewater 
1cm below sediment in micromols per litre (avg. 86, range 1-
180micromols): '); 
pw_NO3=input('enter the concentration of N03 in the porewater 
1cm below sediment in micromols per litre (avg. 3.4 range 0-15 
micromols): '); 
 

t= input('\nenter the time at which Nitrogen levels is wanted 
in hours: '); 
if sgrass==aantarctica 
    if t<=1 
        sg=sgrass; 
    elseif t>1 
        if t<=2  
            sg=aantarctica2; 

        else 
            sg=aantarctica3;   
        end 
    end 
else 
    sg=sgrass; 
end 
   

%define parameters and redefine with epiphyte cover           
vmax_leaves_NH4=ep_cover*sg(1,1); km_leaves_NH4= sg(1,2); 
vmax_roots_NH4=sg(1,3); km_roots_NH4=sg(1,4);  
km_leaves_NO3=sg(1,6); 
vmax_leaves_NO3=ep_cover*sg(1,5); n_content_sg=sg(1,7); 
daily_dec_sg=sg(1,8); 
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if sgrass==zmarina | sgrass==aantarctica  
    v_leaves_NO3=vmax_leaves_NO3*wc_NO3+km_leaves_NO3; 
    
v_leaves_NH4=vmax_leaves_NH4*wc_NH4./(km_leaves_NH4+wc_NH4); 
    v_roots_NH4=vmax_roots_NH4*pw_NH4./(km_roots_NH4+pw_NH4);    
else %according to Michaelis Menton 
    
v_leaves_NH4=vmax_leaves_NH4*wc_NH4./(km_leaves_NH4+wc_NH4); 

    
v_leaves_NO3=vmax_leaves_NO3*wc_NO3/(km_leaves_NO3+wc_NO3); 
    v_roots_NH4=vmax_roots_NH4*pw_NH4./(km_roots_NH4+pw_NH4); 
end 
%total nitrogen uptake 
leaves_NH4_inc=v_leaves_NH4*t; 
leaves_NO3_inc=v_leaves_NO3*t; 
roots_NH4_inc=v_roots_NH4*t; 

%output 
fprintf('\n***UPTAKE IN THE LEAVES AND ROOTS***\n'); 
fprintf('the uptake rate  is %3.2g micromols of NH4 /g.dw /hr 
in the leaves\n',v_leaves_NH4); 
fprintf('the increase of NH4 is %3.2g micromols of NH4 /g.dw  
in the leaves\n',leaves_NH4_inc); 
fprintf('the uptake rate  is %3.2g micromols of NO3 /g.dw /hr 
in the leaves\n',v_leaves_NO3); 

fprintf('the increase of NH4 is %3.2g micromols of N03 /g.dw 
in the leaves\n',leaves_NO3_inc); 
fprintf('the uptake rate  is %3.2g micromols of NH4 /g.dw /hr 
in the roots\n',v_roots_NH4); 
fprintf('the increase of NH4 is %3.2g micromols of NH4 /g.dw 
in the roots\n',roots_NH4_inc); 
 
%range of substrate concentrations 

horiz=0:1:round(wc_NH4)*100; 
 
%choose linear or MM uptake 
if sgrass==zmarina | sgrass==aantarctica  
     
    vert_leaves_NO3=vmax_leaves_NO3.*horiz + km_leaves_NO3; 



Appendix 

MODELLING NITROGEN FLUXES IN SEAGRASS   105 

    
vert_leaves_NH4=vmax_leaves_NH4*horiz./(km_leaves_NH4+horiz);   
    vert_roots_NH4=vmax_roots_NH4*horiz./(km_roots_NH4+horiz); 
 
else %according to Michaelis Menton     
    
vert_leaves_NH4=vmax_leaves_NH4*horiz./(km_leaves_NH4+horiz);  
    
vert_leaves_NO3=vmax_leaves_NO3*horiz./(km_leaves_NO3+horiz);  
    vert_roots_NH4=vmax_roots_NH4*horiz./(km_roots_NH4+horiz); 
end 
 
%generate uptake figures 
 
figure; 
plot(horiz,vert_leaves_NH4,wc_NH4,v_leaves_NH4,'*',horiz,vmax_
leaves_NH4,'-'); xlabel('NH4 (Substrate) Concentration ({\muM 
N})');ylabel('Leaf Uptake Rate ({\mumols N g}^{-1} {DW} 
{hr}^{-1})'),axis(v),title('NH4 Uptake in 
Leaves');legend('Michaelis-Menton','current uptake','Vmax',4);  
figure;axis(v);plot(horiz,vert_roots_NH4,pw_NH4,v_roots_NH4,'*
',horiz,vmax_roots_NH4,'-'); xlabel('NH4 (Substrate) 
Concentration ({\muM N})');ylabel('Root Uptake Rate ({\mumols 
N g}^{-1} {DW} {hr}^{-1})'),title('NH4 Uptake in 
Roots');legend('Michaelis-Menton','current uptake','Vmax',4); 
figure;axis(v3);plot(horiz,vert_leaves_NO3,wc_NO3,v_leaves_NO3
,'*',horiz,vmax_leaves_NO3,'-'); xlabel('NO3 (Substrate) 
Concentration ({\muM N})');ylabel('Leaf Uptake Rate ({\mumols 
N g}^{-1} {DW} {hr}^{-1})'),title('NO3 Uptake in 
Leaves');legend('Michaelis-Menton','current uptake','Vmax',4); 
 
%epiphytes uptake 

v_ep_NO3=(wc_NO3/(wc_NH4+wc_NO3))*0.76; 
v_ep_NH4=(wc_NH4/(wc_NH4+wc_NO3))*0.76; 
per_ep_biomass=ep_biomass*100/(sg_biomass+ep_biomass); 
%epiphyte output 
fprintf('\n***UPTAKE IN EPIPHYTES***'); 
fprintf('\nepiphytes constitute %3.2g percent of all above 
ground biomass',per_ep_biomass) 
fprintf('\nthe uptake rate of NH4 in epiphytes is %3.2g 
micromols of NH4 /g.dw /hr in the leaves',v_ep_NH4); 
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fprintf('\nthe uptake rate of NO3 in epiphytes is %3.2g 
micromols of NO3 /g.dw /hr in the leaves\n',v_ep_NO3); 
 
% now consider pore water diffusive flux in units of mol/m^2/s 
fprintf('\n***DIFFUSION PROCESSES***'); 
%parameters 
D_NH4=8.5*10^-9;D_NO3=1.4*10^-9; %m^2s^-1;  
poros=0.5;  

dz=1;  %cm 
%pw processes 
pw_NH4_flux_val=(-D_NH4*3600)*poros*(wc_NH4-
pw_NH4)*0.001/(0.01); 
pw_NO3_flux_val=(-D_NO3*3600)*poros*(wc_NO3-
pw_NO3)*0.001/(0.01); 
 
%determine direction of diffusion and notify user 

pw_NH4_flux=abs(pw_NH4_flux_val); 
pw_NO3_flux=abs(pw_NO3_flux_val); 
if pw_NH4_flux_val > 0 
fprintf('\nthe diffusion flux of NH4 is equal to %3.2g micro 
mols /m^2/hr into the water column',pw_NH4_flux); 
elseif pw_NH4_flux_val < 0 
fprintf('\nthe diffusion flux of NH4 is equal to %3.2g micro 
mols /m^2/hr into the sediment',pw_NH4_flux); 

else 
fprintf('\nthe porewater and water column NH4 concentrations 
are in equilibrium');    
end 
 
if pw_NO3_flux_val > 0 
fprintf('\nthe diffusion flux of NO3 is equal to %3.2g micro 
mols /m^2/hr into the water column',pw_NO3_flux); 

elseif pw_NO3_flux_val < 0 
fprintf('\nthe diffusion flux of N03 is equal to %3.2g micro 
mols per /m^2/hr into the sediment',pw_NO3_flux); 
else 
fprintf('\nthe porewater and water column NO3 concentrations 
are in equilibrium');    
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end 
 
%consider mineralisation 
fprintf('\n\n***FATE OF DETACHED SEAGRASS***-'); 
sg_n=sg(1,7)/100; 
day_decay=sg(1,8); 
%sg deposited to the sediment per day (dw) 
broken_sg_sed=broken_sg*broken_sg_deposit;  

%dw deposited to the sediment per/hr 
sg_det=(broken_sg_sed)/24;  
%decay rates 
fr_day_decay=1-day_decay/100; 
fr_hr_decay=exp((1/24)*log(fr_day_decay));  
% conversion of daily to hourly decay  
%accumulation equation 
 

for n=[2:t] 
    X(1)=sg_det; 
    X(n)=X(n-1)*fr_hr_decay + sg_det; 
end 
X(t); %dw remaining after time t 
 
%nitrogen stored in detritus 
n_det=X(t)*(sg_n/14)*10^6; %convert to micromols after time t 

acc_r=n_det(t)/t; %convert to micromols accumulation rate 
 
%N lost through decay 
sg_dec2=sg_det*t-X(t); %mass sg decayed equal to total dw 
minus what has been lost 
%assuming 40% regenerated Nitrogen is released to the water 
column; 60% returned to the sediment 
sg_dec_wc= 0.6*(sg_dec2*sg_n/14)*10^6; 

sg_dec_pw= 0.4*(sg_dec2*sg_n/14)*10^6; %convert to dw, to 
micromols already in hourly 
per_det=broken_sg*100/sg_biomass; 
%calculate rates of decay 
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min_N_rate=sg_dec_wc/t; %total lost through decay 
min_N_rate_wc=sg_dec_wc/t; 
min_N_rate_pw=sg_dec_pw/t; 
t_step=[1:t]; 
 
%consider export 
broken_sg_export=((1-broken_sg_deposit)*broken_sg); % exported 
per day in grams 

per_broken_sg_deposit=broken_sg_deposit*100; 
per_broken_sg_exp=100-broken_sg_deposit*100; 
%fate of detached material output 
fprintf('\n%3.2g percent of above ground biomass is lost as 
detached seagrass /d',per_det); 
fprintf('\n%3.2g percent of detached is exported 
/d/m2',per_broken_sg_exp); 
fprintf('\n%3.2g percent of detached is deposited at the 
sediment /d/m2',per_broken_sg_deposit); 
 
%decay output 
fprintf('\n\nCONCENTRATION OF NITROGEN RELEASED AS DECAY AFTER 
%g HOURS-',t); 
fprintf('\nassuming 40 percent of N decayed is returned to the 
water column, 60 percent returned to the sediment-'); 
fprintf('\n       the amount of nitrogen from detritus 
released to the water column is %3.2g micromols 
N/m2',sg_dec_wc); 
fprintf('\n       the amount of nitrogen from detritus 
released to the water sediment is %3.2g micromols 
N/m2',sg_dec_pw); 
fprintf('\n       leaving %3.2g micromols of nitrogen stored 
in detritus per m^2\n',n_det(t)); 
fprintf('\nRATES OF NITROGEN REGENERATION/ACCUMULATION') 

fprintf('\n       the average release of nitrogen from 
detritus to the water column is %3.2g micromol N/m2/hr', 
min_N_rate_wc); 
fprintf('\n       the average release of nitrogen from 
detritus to the sediment is %3.2g  micromol N/m2/hr', 
min_N_rate_pw); 
fprintf('\n       the stored N in detritus is accumulated at 
an average of %3.2g micromols N/m2/hr',acc_r); 
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fprintf('\n\nNITROGEN LOST IN EXPORT') 
n_conc_export=broken_sg_export*10^6*sg_n/24/14; %micromols N 
per hour. 
n_mass_export=broken_sg_export*10^6*sg_n/24; %micrograms N per 
hour. 
%export output 
fprintf('\n       %3.2g micromols of nitrogen is lost through 
exported leaves /m2/hr',n_conc_export); 
fprintf('\n       %3.2g micrograms of nitrogen is lost through 
exported leaves /m2/hr',n_mass_export);  
 
%plot accumulated detritus 
figure; plot(t_step,n_det,t,n_det(t),'*', 0, 0); xlabel('Time 
(hrs)');ylabel('Accumulated nitrogen in 
detritus(\muMols)');title('Accumulation of Nitrogen Contained 
in Detritus'); 
 


