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2. Dansk Resumé 

Havgræsser betragtes som værende vigtige for havmiljøet og deres tilstedeværelse udgør adskillige 

forskellige funktioner for økosystemet. Havgræs skaber bl.a. habitat og fødegrundlag for diverse 

arter(høj biodiversitet), høj produktivitet, langsom omsætning af næringssalte, reduceret 

hydrodynamisk påvirkning og øger sedimentationen af partikler. I løbet af de sidste årtier er 

udbredelsen af havgræs, og specielt ålegræs(Zostera marina), kraftigt reduceret, primært grundet en 

generel eutroficering af de kystnære farvande. Danmark har, i løbet af de sidste 20 år, iværksat 

initiativer for at reducere næringssalt-udledningen og forbedre vandkvaliteten ved kysterne.  På trods 

af initiativerne har udbredelsen af ålegræsset ikke vist tegn på fremgang og reetablering. Den 

sparsomme viden om de nøgleparametre og processer, der indvirker på reetableringen af ålegræsset, 

var startskuddet til REELGRASS projektet. Et af målene med projektet var at opnå en dybere indsigt 

i processerne for reetablering af ålegræs og at indarbejde det indsamlede data i et model-værktøj for 

derved at kunne forudsige ålegræs-udbredelserne dynamisk. Reetableringen af ålegræs skal baseres 

på frø og overlevelsen af ålegræsspirer. Der blev derfor planlagt en serie af felt aktiviteter samt 

laboratorie-baserede forsøg omhandlende frø og spirers overlevelse og succes-rate.    

Først blev der udført aktiviteter af præ-screenings karakter, i et forudbestemt forsøgsområde 

ved Odense fjord(Fyn, Danmark). Screeningen inkluderede en indsamling af basisdata vedrørende 

fauna, bentisk vegetation samt sediment karakteristika for efterfølgende at kunne kortlægge fjorden 

og bestemme de endelige felt-stationer. Derefter blev to, på hinanden følgende, felt kampagner udført 

med henholdsvis én og tre felt-stationer i Odense Fjord. I disse felt-kampagner blev det påvist, at den 

generelle fysiske påvirkning samt, i særdeleshed, drivende makroalger, havde en negativ virkning på 

overlevelsen af ålegræs-spirer. Bioturbationen udført af Sandorm (Arenicola marina) blev ligeledes 

mistænkt for at bidrage negativt til overlevelsen af ålegræs-spirerne.    

Effekten af drivende makroalger kontra sedimentstabiliteten blev undersøgt i cirkulære strømrender 

(flumes). Resultatet af disse eksperimenter var, at overflade-transporten af ikke-fastgroede 

makroalger, skete ved relative lave strømhastigheder, hvilket igen resulterede I en kraftig ballistisk 

påvirkning af sedimentet. 

Teknikker for opbevaring af og metoder til måling af EPS (potentiel indikator for 

sedimentstabiliteten) blev undersøgt med henblik på validering og sammenligning. Både 

opbevarings-teknikker samt målings-forskrifter resulterede I en bred vifte af lysering, som begrænser 

valideringen af brugen af sådanne teknikker til måling af EPS. 

Der blev udarbejdet en model til at simulere resuspension ved havbunden, genereret af drivende 

makroalger, samt indflydelsen af dette på det bentiske lys. Som et resultat af dette, blev det påvist den 

makroalge-genererede SPM, indvirkede på lysforholdene ved i høj grad at dæmpe for tilgængeligt lys 

ved havbunden i lavvandede kystnære farvande.  

Der blev endvidere skabt en model baseret på "individer" for at simulere transporten af både hastigt 

samt langsomt voksende makroalger. I denne model viste det sig at begge makroalge-typer var meget 

mobile I Odense fjord, hvilket påvirkede store dele af havbunden, specielt I de lavvandede områder af 

fjorden. 

Endelig blev der også skabt en overordnet økologisk model til forudsigelse af ålegræssets 

reetablering i Odense fjord. De fleste eksisterende modeller fokuserer på pelagiske processer, men 

inden for rammerne af REELGRASS projektet, er det blevet påvist, at de pelagiske processer ikke er 

tilstrækkelige for simuleringen af den aktuelle ålegræs-dynamik i Danmark. Derfor blev effekterne af 

drivende makroalger, Arenicola marina samt biostabilitet succesfuldt implementeret i en 

eksisterende, pelagisk baseret, 3D-økologisk model for Odense fjord.         
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3. English summary  

Seagrass are considered engineering species, and as such, provide numerous “ecosystem functions, 

services and goods”. Among them, seagrass systems offers structural functionality, shelter and food 

for a diverse trophic chain, high productivity, slow nutrient turnover, reduced hydrodynamic forcing 

and sediment trapping. In the last decades seagrass, in general and eelgrass (Zostera marina) in 

particular, have been heavily reduced, primarily due to a generalized euthrophication of the coastal 

waters. In Denmark, a numerous efforts on nutrient reduction and improvement on coastal water 

quality have been made in the last 20 years. Nevertheless, eelgrass communities have not yet shown 

sign of recovery. Little is known about the key parameters and processes involved on the re-

establishment of eelgrass, therefore, the REELGRASS project was financed. Whiting the frame of 

this project, some of the objectives were to gain a further and deeper understanding on eelgrass 

recolonization processes and to gather all the collected data into a modelling tool which allowing to 

predict eelgrass reestablishment. Eelgrass re-establishment in Denmark has to be based on seed and 

seedling success, therefore a series of field activities and laboratory experiments around seed and 

seedling survival fitting and success rates were planned. 

Initially, there were performed pre-screening activities, in a pre-selected study area, Odense 

fjord (Fyn, Denmark). From the pre-screening basic data on fauna, benthic vegetation and sediment 

characteristics was collected, in order to map the fjord and select study sites. 

Secondly two consecutive field campaigns with one and three stations respectively were 

performed in Odense fjord. In the field campaigns, it was proven that physical stress in general and 

macroalgae drift in particular affected negatively seedlings survival. Lugworm (Arenicola marina) 

sediment rework was also postulated to negatively affect seedling survival. 

Laboratory experiments on macroalgae drift and sediment stabilization were performed in 

annular flumes. The outcome of this study was that unattached macroalgae bedload transport 

occurred at relative low current velocities and results on high sediment ballistic impacts.  

Storage techniques and method to measure EPS (potential indicator for sediment biostability), 

was put to test within a set of laboratory experiments. Both storage techniques and method resulted in 

a diverse range of cellular lyses, which will limit the validation on the uses of such techniques for 

EPS measurements. 

A model to simulate bedload resuspension generated by macroalgae drift was created. The aim 

of the model was to test the influence on such resuspension on light climate. As a result it was proven 

that macroalgae generated SPM affected the light climate by dampening greatly the light availability 

at the sea bed in shallow coastal waters. 

An agent based model to simulate opportunistic and slower growing macroalgae species 

transport in Odense fjord was created. In this model, both macroalgae types growing unattached 

resulted highly mobile in Odense fjord, affecting large areas of sediment, particularly in the shallow 

areas of the fjord.  

Finally, an overall ecological model predicting eelgrass reestablishment in Odense fjord was 

created. Most existing eelgrass models have their focus on pelagic processes, but within this project, 

it has been shown, that pelagic processes are not enough to simulate the actual eelgrass dynamics in 

Denmark. Therefore, stresses affecting eelgrass derivated by macroalgae drift, Arenicola marina and 

sediment biostabilization were successfully implemented on an existing pelagic based 3D ecological 

model for Odense fjord. 
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4.Introduction: 

4.1. Background: 

Coastal euthrophication can be considered one of the black beasts of the last century (Diaz and 

Rosenberg, 1995; Norkko and Bonsdorff, 1996; Valiela et al., 1997; Raffaelli et al., 1998; Pardal et 

al., 2000, 2004; Sfriso et al., 2001, Neto et al 2008). The general increment of anthropogenic nutrient 

loads to our coasts, and specially estuaries, has compromised the water quality and native ecosystems 

(Cloern 2001). As a consequence seagrass ecosystems have been heavily reduced worldwide (Kemp 

et al 1983, Cambridge et al 1984, Olesen and Sand-Jensen 1994, Short et al 1996, Short & Wyllie-

Echeverria 1996, Cardoso et al. 2004, Walker et al 2006).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

Seagrass systems provide numerous “ecosystem functions, services and goods” (Costanza et al. 

1997, Duarte 2000, 2002). Seagrass meadows have a remarkable structural functionality. Considered 

an engineering species, seagrass grows in dense meadows, which provide shelter and support for 

complex tropic webs (Marbá et al. 2006). Among the numerous species that inhabit seagrass 

ecosystems, there are a wide number of epiphytes, fishes, mollusks (many of both of commercial 

uses) and varied endangered species (from dugongs, to bivalves or prawns etc.). Seagrass meadows 

are therefore considered an ecosystem which supports a relatively high biodiversity 

Seagrass ecosystems are also characterized by their high primary production 500-1000 g m
-2 

year
-1

 (Larkum et al 2006). From this gross production, a small portion is consumed, another fraction 

is derivated to adjacent ecosystems, but the biggest part is stored in the sediment, as rhizomes and 

roots (Duarte 2000). This complex of rhizomes and roots, provide seagrasses with an advantage 

towards nutrient uptake. Seagrass are therefore able to use nutrients from both sediment and water 

column. This characteristic, lowers their demand on water column nutrient concentrations, and 

promotes a slower and more sustainable nutrient turnover than other benthic primary producers such 

as phytoplankton or opportunistic macroalgae (Bergamasco et al 2003). Slower nutrient turn over, 

often results in a higher chance for oxygenic environment, improving the water quality and ecological 

conditions (Neto et al. 2008). Seagrass meadows are therefore generally catalogued as autotrophic 

systems (Duarte 2000). Furthermore, although seagrass ecosystems represent just the 1 % of the 

oceanic primary production, they are responsible for the 12 % of the oceanic CO2 uptake, constituting 

an important carbon sink (Duarte and Cebrián 1996). Other benefits when comparing seagrass 

systems with other coastal ecosystems, as bare sediments or macroalgae dominated systems is that, 

seagrass roots, accumulated in the sediment, increase oxygen levels in the sediment due to oxygen 

leakage from the roots. This oxygenic layer activates bacterial activity promoting nitrification, and 

diffusing nitrates to the anoxic areas which secondarily enhance denitrification (Flindt et al. 1994, 
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1999, Bergamasco et al 2003). The mentioned rhizomes and roots decompose at very low degradation 

rats. Again this low degradation rates promotes the already mentioned slow nutrient turnover and 

transform the sediment into a nutrient trap increasing environmental nutrient reduction. Therefore, 

seagrass meadows, promotes euthrophication reduction in comparison with bare sediment or 

opportunistic macroalgae dominated systems. Moreover, seagrass below ground production 

(rhizomes-roots system), converts seagrass meadows into very stable systems, reducing the 

hydrodynamic force in the sea bed and functioning as natural sediment trap (Duarte 2000, Larkum et 

al 2006). Consequently, rooted vegetation systems are much less prompt to physical stresses than 

either bare sediments or other benthic vegetation, reducing sediment resuspension events and 

increasing light availability at the sea bed (Olesen 1996). This improvement in the light climate at the 

bottom acts as a feedback mechanism by inducing photosynthesis, reducing oxygen depletion at the 

sea bed and further increasing seagrass production. 

Finally, in many countries, seagrasses are considered key organisms indicating a good water 

quality status, within the water frame directive, increasing their socio-economical value. 

Originally, Danish shallow estuaries were dominated by rooted vegetation and brown macroalgae. 

Opportunistic species were also present, but at lower concentration, and heavily depleted by grazers 

(Flindt et al 1999). However as stated, seagrass coverage has been heavily reduced in the last 60 

years. In general terms, the Danish eelgrass population (Zostera marina) has been reduced from 7000 

km2 in 1914 (Petersen et al 1914), to 540 km2 in 1942 (Rasmussen 1977), this dramatic loss, was 

triggered by the wasting disease in the early ‘30s. The population started recovering from this disease, 

but was shortly after followed by euthrophication, which caused a further reduction of eelgrass 

coverage up to our days (Olesen & Sand-Jensen 1994). As practical cases, in Roskilde fjord 

(Denmark), seagrass was reduced from 100% coverage in the ‘50s to 5-10% in the next 20-30 years 

(Flindt et al 1999). Odense fjord (Denmark) was exposed to a similar story, a wide survey performed 

in 1983, showed that the ~36 % of the outer part of the fjord was covered by eelgrass, since then, 

~90% of it has been lost (Fyns Amt 2006). 

In the last twenty years, and thanks to strict restrictions in the nutrient loadings, the water 

quality of Danish estuaries has improved much, although, nutrient loadings now a days, are still ~33g 

N m
-2

 and 0.7 g P m
-2

. As a result of these reductions, phytoplankton concentrations and opportunistic 

vegetation have been reduced. Furthermore, the last anoxic event in Odense fjord was recorded in 

October 2000 (monitored monthly from July to November from 1997 to the present by the Danish 

Nature agency Odense). Hence, it can be stated that the coastal water quality have improved in 

Danish coasts. Therefore, coastal managers expected the re-establishment of seagrasses in general 
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and eelgrass (Zostera marina) in particular as a response on the water quality improvement. Despite 

this improvement, seagrass populations have not yet recovered in Denmark.  

Much effort has been spent to elucidate the lack of seagrass reestablishment, but our 

understanding of the processes and mechanisms involved on seagrass recovery are limited. Therefore, 

the REELGRASS project was approved.  

As discussed before, the seagrass population in Denmark is small, scarce and patchy. 

Considering that vegetative growth of is very slow (ex. average rhizome growth for Zostera marina is 

26 cm year
-1

, Marba & Duarte 1998), a successful reestablishment of seagrass should be based on 

seeds and seedlings. Concretely, dispersal and success rate of seeds and seedling survival and growth 

should have a major impact on seagrass recovery. 

The REELGRASS scientific activities were accordingly designed in order to study, both in 

laboratory and field, possible mechanisms and processes affecting seeds and seedlings.  

Up to date, some models on and/or around seagrass dynamics, has been developed (Biber et al 

2004, Giusti & Marsili-Libelli 2005, Neto et al 2008, Hosokawa 2011). In concrete, eelgrass has been 

modelled according to geophysical parameters such as depth limits, current velocities, etc. (Greve & 

Krause-Jensen 2003, Bekkby et al. 2008), and as a part of a more ecosystem orientated frame model 

(Filz et al. 1996, Bocci et al. 1997, Behm et al. 2004). Nevertheless, and due to the lack of knowledge 

of reestablishment dynamics, no model has been able to simulate the seagrass reestablishment 

process. Duarte 2002, suggested the development of quantitative models, predicting the responses of 

seagrasses to disturbances, as one of three key actions to ensure seagrass conservation. A major aim 

within the REELGRASS project has been to incorporate all the studied stressors and losses, into 

dynamic models by creating mathematical expressions defining each relevant process affecting the 

reestablishment mechanisms.  

4.2. Summary and discussion of scientific results obtained 

4.2.1. REELGRASS, a systemic approach 

In order to investigate the reasons behind the lack of recovery of Danish seagrass population, we tried 

to thoroughly identify all possible parameters and feedback mechanisms involved in the eelgrass 

reestablishment process. But, the assessment of the parameters and processes affecting the re-

establishment of Zostera marina, can be very challenging, due to the complexity of the ecosystems 

and environment.  

Once a population has been disbalanced, it might be able to recover, or not. This will depend on 

the presence/absence of the depleting stressor, and on the status of the remaining population. To be 
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able to establish the thresholds for eelgrass recovery in Danish shallow waters, a deeper 

understanding on the full ecosystem is needed. 

Zostera marina, as stated, is considered engineering specie, therefore, provides substrate for a 

matrix of organisms which affects and interacts with it. Since it is a sessile organism (rooted 

vegetation), it also has to adapt to the environmental conditions of the area (Marbá et al. 2006).  

Therefore, to really understand how these ecosystems are functioning, and how their balance 

can be affected/recovered, everything in and around them has to be taking in consideration. 

We postulated that eelgrass in Danish water might have a higher chance to recover following 

sexual reproduction, due to the slow vegetative growth and characteristics of the remaining 

population. Sexual dispersion should be the fastest and most efficient way of recolonization, if the 

initial population stock is big enough. 

Therefore, we based our research question, on the factors affecting the dispersion, survival and 

fitting of eelgrass seedlings.  

As first approach, we choose a representative study area, Odense Fjord (Fyn, Denmark), 

performed a search the available literature and did a pre-screening to establish the general status of 

the fjord (Figure 1). In this initial screening, we roughly mapped seagrass beds, macroalgae 

distribution and took samples of sediment and benthic fauna (Deleffose et al, submitted, Deleffose 

2011) in 24-80 Stations. The Grain size, organic and water content was calculated from each 

sediment samples, giving us the opportunity to establish an initial mapping of sediment types. 

Once we knew the basic characteristics of our research area, we choose an initial research site, 

Enebærodde. Enebærodde is a semi-protected sandy area, which is located in the outer part of the 

fjord (Figure 1) and has a relatively big Zostera bed.  
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Figure 1: Study area. A) Map of Denmark. B)Odense fjord, Funen, Denmark. The numbers in 

red represent the studied areas; 1 represents the station called Enebærod de. 2 represent the 

station called Deep station. 3 represent the station called Seden strand. 4 represent station 

called Station 8. 5 represent the station called Station 17. 

As  first attempt to establish the parameters affecting seedling survival, and due to the low 

initial density of seedlings observed, we decided on establishing 3 transect with targeted seedlings 

(n=50) within our site (Figure 2). 

 

Figure 2: Conceptual model from the display of protected and Unprotected transect in Odense 

fjord. 

One of our focuses was on the physical stresses (Figure 3). Therefore, we set a second series of 

transects with core liners protecting the individual seedlings against direct physical disturbances. To 

estimate sediment mobility, we placed four sediment traps that consisted of core liners closed with a 

rubber stopper; mounted on a metallic structure and with opening at ~40 cm over the sediment 

surface. These transects were monitored ~weekly from June to late September 2009 and each transect 

was accounted for seedlings, macroalgae and Arenicola marina (Valdemarsen et al. 2010, Canal-

Vergés et al in preparation c, Ms 4).  

C 
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Figure 3: Physical stresses affecting eelgrass seedlings reestablishment. A) Detail of a transect  

placed to follow seedling losses at the study area. B) Fucus vesiculosus accumulation in the 

coast at our studied location. C) Green crab, Carcinus maena. D) Detail of a seedling protected 

with a coralline, in the protected transect at Enebærodde station. E) Green filamentous algae 

drifting over eelgrass seedlings at our studied location. F) Arenicola marina fecal pellets, near 

two eelgrass seedlings. G) Wave action in the coast at Enebærodde.   

The monitoring effort made us conclude, that physical stress played a major roll on seedling 

survival at this site (Figure 4 A, Valdemarsen et al 2010, Canal-Vergés et al in preparation c, Ms4). 

We also got indications showing that physical stresses in this area were at least partially caused 

by direct water free stream velocities, unattached macroalgae, and the benthic worm Arenicola 

marina.  For instance, macroalgae drift showed a positive correlation with seedlings losses (Figure 4 

B, Valdemarsen et al 2010). 

 

B A C 

D E 

F 

G 
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Figure 4: Seedling losses. A) Seedling losses in % found on the field campaign performed on 

2009. The back dots represent the average losses found on the unprotected transects (n=3). The 

white dots, represent the protected transects (n=3). B) Positive correlation founded between 

seedling losses as % d -1 and macroalgae drift as g WW m -2 d -1.  

Macroalgae in Odense Fjord, are varied, but grows generally unattached, like Ulva 

lactuca, Chaetomorpha linum, Ceramium, Gracilaria etc., or loosely attached as Fucus vesiculosus 

(data collected by Danish Nature Agency Odense, monitored monthly from July to November from 

1997 to the present, personal observations 2009-2011). Fucus, is a macroalgae specie that generally 

grows attached to hard substrate. In Odense Fjord, there is hardly rocky substrate, hence this 

macroalgae lives attached to gravel, stones and mussel shells. Unattached and loosely attached 

macroalgae, in Odense Fjord, might potentially affect seedlings in two ways: 1) As a direct ballistic 

impact created by the repetitive drifting movement over both seedlings and seagrass bed. and 2) 

Disturbing the sediment around them, and thereby generating resuspension. A constant macroalgae 

drift within the seagrass bed or seedlings areas, might detach, burry and /or damage seedlings and 

adults. Moreover, algae drift might disturb the substrata in areas with patches of bare sediment placed 

nearby seedlings or seagrass bed, by creating resuspension to the water column. Such resuspension 

will affect the light climate, by dampening the light availability at the bottom (Figure 5). 

Nevertheless, the amount of resuspended sediment, depend as well on the degree of stabilization of 

the sediments.  

A 

B 
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Figure 5: Conceptual diagram of the effects of  drifting macroalgae into the light climate and 

seagrass populations. 

To test the exact magnitude of this sediment resuspension created by drifting macroalgae, series 

of laboratory experiments were carried out (Canal-Vergés et al 2010, Ms 1.). The experiments were 

performed in circular Flumes. A Flume is a circular flow chamber. Each Flume was filled with a 

known volume of sediment, and these sediments were allowed to gain stabilization for either 0 or 5 

days, in 12 hours photoperiod. A certain biomass of different types of algae (Ulva lactuca, Ceramium 

sp., Chaetomorpha linum and Gracilaria vermiculophila) was place on top of the sediment and was 

exposed to increasing current velocities. In this study it was found, that macroalgae drifted efficiently 

at current velocities 8.6 to 20.4 cm s
-1

, depending on the specie. These movements resulted in 

suspended particulate matter concentration (SPM) from 10 to 178 mg l
-1

 depending on the algae 

specie and the sediment stabilization, dampening the light irradiation down between 41 and 0 % from 

the surface benthic light (Table 1, Canal-Vergés et al. 2010, Ms 1).  
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Experimental Macroalgae 

Macroalgae 

threshold SPM Velocity 

Benthic 

light  

Condition   cm s
-1

 mg l
-1

 cm s
-1

 

% of 

surface 

d0 Ceramium 2.6 12.5±0.8 8.6 41.7 

d0 Ulva 2.6 10.2±0.9 8.6 48.9 

d0 Chaetomorpha 2.4 27.7±1.1 20.4 14.4 

d0 Chaetomorpha 10.0 73.7±0.7 14.0 0.6 

d5 Chaetomorpha 10.0 46.5±0.4 14.0 3.8 

d0 Gracilaria 11.0 178.2±0.6 17.0 0.0 

d5 Gracilaria 13.0 29.6±1.3 17.0 12.6 

Table 1: Macroalgae drift.  Experimental condition is defined as d0 or d5, where d0 stands for 0 

days of sediment biostabilization and d5 stands for 5 days of sediment biostabilization. 

Macroalgae species tested were Ceramium sp., Ulva lactuca, Chaetomorpha linum and 

Gracilaria vermiculophila. Macroalgae threshold refers to the stream current velocity in cm s -1 

in which the algae drift starts. SPM stands for suspended particulate matter in mg l -1. 

Velocity refers to the maximum velocity for algae drift, before the algae went on suspe nsion. 

Benthic light % of surface is referred to the % of the initial irradiation reaching the sea bottom 

at 2 m depth. 

In this study, there were also found differences on concentration of SPM generated by 

macroalgae drift between the same sediments exposed to different degrees of stabilization (0 and 5 

days). Sediment stability is defined by physical, chemical and biological factors (Paterson et al. 2000, 

Whitehouse et al. 2000). In shallow waters, within the photic zone, sediment biostabilization, together 

with sediment characteristics, is proven to play a major role in the critical shear stress of the sea bed 

(Yallop et al. 1994, Lundvist et al 2007). Critical shear stress reflects the current velocity needed to 

create sediment resuspension, therefore, is an indicator of the resistance of the sediment to get 

resuspended. Biostabilization is originated by diatom biofilm development (Perkins et al 2004, 

Lundvist et al 2007). Diatoms excrete Extracellular polymeric substances (EPS) while moving along 

the sediment, which are sugar compounds that acts like glue in the sediment mixture (Paterson 1989, 

Min et al submitted). However, diatoms have specific needs in order to develop such as light, nutrient 

availability and oxygen. 

As stated, sediment characteristics and composition, plays an important role in sediment 

stabilization. Therefore, a series of Flume studies in which different proportions of sand and mud 

mixtures were left for sediment biostabilization (12 h. photoperiod) were performed. The 

biostabilization periods tested were 0, 2 and 5 days. After each period, the sediment column was 

exposed to increasing current velocity and the critical shear stress was calculated (Frederiksen et al. 

in preparation). After these series of experiments, it was found out that biostabilization in sediment 

mixes increased from 20% mud (80%sand) to 10% sand (90% mud) following a bell shape curve 

with  maximal biostabilization at 60 % mud (40% sand) (Figure 6, Frederiksen et al in preparation). 
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Figure 6: Sediment erosion threshold. Critical shear stress measured in mud -sand mixtures 

with different stabilization. u* crit stands for critical shear stress, m s -1. Mud content refers 

on the proportion of mud respect to the sand which defined the sediment comp osition in each 

experiment. Day 0, 2 and 5  stands for 0, 2 and 5 days where the sediment have been left in 12 

h photoperiod, in order to generate biostabilization (diatoms/EPS production).   

Sediment stabilization is difficult to measure in the field, and up to the date there is not a 

consensus on which parameter should be used to describe it. Organic content (LOI), water content, 

grain size, chlorophyll a and EPS are the most common parameters used to describe sediment 

characteristics and stabilization, or potential stabilization. EPS measures should give a clearer picture 

of sediment biostabilization generated by diatom biofilm. Nevertheless, EPS extraction methods are 

several, complicated and sometimes not very accurate when used in natural mixed sediments. 

Therefore, we designed a series of laboratory experiments in order to test the most common used EPS 

extraction. The aim was to optimizing and standardize an effective EPS extraction method (Min et al 

submitted, Ms 6). A common EPS extraction approach for sandy and cohesive sediment consists of a 

two step procedure: A water-based extraction of colloidal EPS followed by an EDTA-based 

extraction of polymeric EPS. In this study, we evaluate how pretreatment of sediment, first extractant 

and extraction time affect the apparent EPS yield from cohesive and sandy marine sediments. During 

some of the faces of the procedure, we observed high cellular lyses, which polluted the EPS 

carbohydrates measured. Therefore, we proposed that EPS results obtained by water and EDTA 

extractions should be interpreted with caution due to the unknown origin of carbohydrates obtained. 

In addition, when this method is applied, we recommend using fresh sediment, 1.9% saline water in 

the first extraction and 40 min duration of both extraction steps (Min et al submitted). 

After these field and laboratory experiments, we had a little better view, about how macroalgae 

and sediment characteristics, might physically affect Zostera seedlings. Nevertheless, field wise, we 

had researched just one concrete site at a single year, hence we might be missing further important 

factors and processes involved in eelgrass reestablishment. Therefore we planned a second field 
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monitoring campaign. Since we knew a little better the system and were confident with the used 

methods, we selected three sampling sites. One site in the inner part of the Fjord, Seden strand, and 

two sites in the outer part of the fjord, one in a deeper area (3-6 m, “Deep station”) and the same one 

from last year, Enebærodde (Figure 1). Seden strand was chosen due to the location, and the sediment 

characteristics. In this area of the fjord, the residence time is much higher, water salinity and nutrient 

availability fluctuates more. These fluctuations are caused by the presence of a fresh water inlet 

(Odense River). Moreover, nutrient enrichment generates more cohesive organic rich sediments in 

this area of the fjord. The inner fjord, is a shallow area (1-1.7m), and is protected, so hydrodynamic 

was expected to play a minor role, nevertheless, water turbidity and SPM is often very high in this 

area (personal observations and monitoring data from NOVANA). Due to these environmental 

conditions, we postulated that we might find different factors such as chemical conditions, affecting 

seedling survival. A repetition of our study in Enebærodde, was chosen in order to increase the 

temporal resolution of our previous study and to be able to asses if the observed phenomena was 

repeated in yearly bases or was a single year/event. Finally we choose a deeper area, in order to try to 

identify different processes, occurring in the deeper Zostera populations. 

Again to follow seedling development and losses, and due to the low density of seedlings, we 

set transects in Enebærodde and the deep station (both protected and unprotected at each site). In 

Seden strand, the seedling density was initially much higher; therefore, we sampled using quadrants 

to measure seedling density, instead. Due to the knowledge gained in the previous field monitoring 

campaign. Paralleled monitoring was performed in order to quantify sediment bedload drift. 

Therefore further developed our sediment traps were carried out. Each set of sediment traps, was 

composed by four acrylic tubes closed at the bottom, mounted on a metallic structure which was 

imbibed into the sediment (Figure 7). Each acrylic tube had the opening emerging 1, 5, 10 and 20 cm 

over the sediment surface (Figure 7). Triplets of sediment traps sets were placed at each station.  
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Figure 7: Sediment traps design. In blue the sediment traps structure, made of steel. The white 

rectangles represent the acrylic tubes completing the sediment trap.  

In addition, Temperature loggers were included in all the stations. Three turbidity loggers 

placed at 5, 12.5 and 25 cm over the sediments were added at Enebærodde station, to get further 

information on bedload turbidity. Additionally a photo gallery of the transect seedlings at the early 

stages was performed, to try to estimate the growth, fitting and epiphyte coverage of the seedlings at 

Enebærodde station. Finally sensors for water depth and oxygen concentration in the water column 

were placed in the Deep station.  

The sites were monitored every 1-2 weeks, and at each time seedling survival, and growth 

status (number of shoots), macroalgae coverage and density, Arenicola marina fecal pellets density 

and green crab burrow holes densities were measured. Sediment traps and turbidity, temperature and 

oxygen loggers were also sampled every 1-2 weeks, depending on the location. Finally, to try to get a 

signal, from the potential chemical stressors in all the stations, seasonal flux studies were performed 

at Seden and Enebærodde stations during June, July and August. In addition, samples of porewater 

were taken within the seagrass bed, outside the seagrass beds, and below macroalgae wrack, in 

weekly bases both at Enebærodde and Seden stations. This monitoring field campaign was carried out 

from May to October 2010. 

As for the chemical signal, the weekly porewater samples did not show any differences between 

locations, stations or dates. Furthermore, no sulfide accumulation was measured (personal 

communication with Cintia Organo Quintana). Finally continuously measurements of oxygen 

concentrations on the bottom of the deeper stations during the growth season in 2009 did not show 

values below 80% saturation during the monitored period.  
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Regarding seedling survival, a similar pattern from the field campaign of 2009 was observed 

(Figure 8, Valdemarsen et al in preparation). In all cases protected seedlings performed better than 

unprotected ones. Nevertheless, the initial loss rate observed was lower than in the previous year. 

This phenomenon could be a consequence of a delay on massive macroalgae drift in the season. In 

2009 macroalgae drift event began in early July, while in 2010 it first began around August. 

Furthermore, in 2009, the 100% of seedlings studied had disappeared by August, while in 2010, some 

survived at least until September. A reason behind such difference could be due to the delayed in 

macroalgae drift. Therefore the seedlings were bigger and had created secondary and tertiary shoots, 

acquiring a better anchoring capacity by the time of the drift. However, these are just assumptions 

that might be better understood when the full dataset from the 2010 is analyzed (Valdemarsen et al. in 

preparation). 

 

  

 

Figure 8: Seedling losses. ST1 and 2 stands for Enebærodde and Deep station, and shows 

seedling losses as % from the initial density. ST3 refers to Seden strand station and reflects 

seedling losses as number of seedlings m -2  

ST3 
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Regarding sediment transport, we generally found an impressible high sedimentation, in all 

station, but particularly at Enebærodde station 1.45 (30.44-0.01) kg m
-2

 day
-1

 meaning average (Max.-

Min) (Figure 9). In mud sand mixed sediments, a percentage of the SPM eroded sediments 

immediately (the bigger particle sizes), and other fractions of it (smaller particle sizes) remains in 

suspension. Consequently, we could assume, that the sediment traps closer to the sediment (2 and 5 

cm), will give us a more accurate impression of the sediment erosion. Furthermore, we could 

calculate the approximate bed erosion of the last two sediment traps (10 and 20 cm). In order to do 

that we need a sedimentation rate, for the specific sediment type. From Flume experiment, we know 

that a similar sediment types (sand mud mix) has a sedimentation rate of about 0.03 g m-2 day-1 for 

the fine fraction. Therefore, we can approximate the corresponding erosion rate for the sediment traps 

located at 10 and 20 cm. These arguments are valid for the station Enebærodde and Deep stations due 

to their sediment composition. On the contrary, Seden strand sediment is highly cohesive. Cohesive 

sediments will always be subjected to a slower sedimentation rate; therefore the sedimentation rate 

factor should be applied even at 1 and 5 cm (Canal-Vergés et al in preparation). Consequently, gross 

sediment erosion values will increase in all sites, but especially at Seden station, which is the most 

cohesive area. However, analysis such as organic content and grain size distribution performed with 

the sediment traps material will enlighten the characteristics of the resuspended material. Such 

sediment characteristics will help clarify the specific sedimentation rates and refractory properties. 

Both parameters, will give a better impression the consequences on these suspended particulate 

matter on the water climate. 

The sediment erosion obtained is the consequence of a combination between physical stress 

(generated by wind, tides, water current and ultimate wave action) and sediment destabilization. 

Sediment destabilization is created for instance by macroalgae drift, fauna activities (ex. Arenicola 

sediment rework), diatom biofilm breakage and other factors we might be missing. 

As stated before, light availability (measured as chlorophyll concentration and secchi disc) in 

Odense fjord, have improved in the last years. Nevertheless, this tremendous amount of sediment 

erosion will originate great turbidity at least in the first 20 cm over the sediment, dampening greatly 

the light availability for rooted vegetation.  This decrement on light availability at the bottom is 

difficult to be measured with the conventional methods, and should be taken in consideration (Canal-

Vergés et al in preparation). 
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Figure 9: Bedload sedimentation monitored in Odense fjord 2010. A) Sedimentation founded 

at1, 5, 10 and 20 cm over the sea bed at  Enebærodde station. B) Sedimentation founded at1, 5, 

10 and 20 cm over the sea bed at Deep station. C) Sedimentation founded at1, 5, 10 and 20 c m 

over the sea bed at Seden Strand station.   

These two big field monitoring campaigns, screening and laboratory studies resulted in very 

varied and valuable dataset of stressors affecting the eelgrass reestablishment. However, the ultimate 

goal was to assess all these stresses as a global scenario affecting Danish seagrass populations. 

Hence, modelling activities were used to summarize the different stresses in a dynamic perspective. 

In first place a model was created to simulate macroalgae dynamics in Odense fjord. As a first 

approach and after the findings from Canal-Vergés et al 2010, a zero dimension dynamic model was 

developed (Canal-Vergés in preparation a, Ms 2). In this model, we try to quantify the algae seasonal 

dynamics and their effect in the sediment and consequently to the light climate. After the calibration 

and sensitivity analysis of the model were performed, a series of scenarios, were simulated in order to 
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test our model in Odense fjord. These scenarios were performed for a range of years for three 

stations; Enebærodde, Seden strand and Station 8 (Figure 1).  

The ultimate goal of this model was to simulate light availability at the sea bed, dampened by 

sediment bedload transport, generated by green macroalgae drift. The light availability at the bottom 

was affected by algae drift on different degrees but in almost all the scenarios. Furthermore light 

dampening generated by green macroalgae drift accounted up to the 75 % of light attenuation, leaving 

practically no light at the sea bed (Figure 10). Consequently, we conclude that algae drift had a 

moderated to high negative impact in the light availability of Odense and should be considered 

generally and specially in the areas with high macroalgae coverage, and moderated water current 

velocities (Canal-Vergés in preparation a, Ms 2). 

 

 

Figure 10: Model scenarios 2009and 2010.  A and B) Represent 5days scenarios , in the first 

weeks of January, May, August, October(2009) and during a hypothetical scenario, where the 

water current velocity was set at 14 cm s-1, for the station 8 and Seden strand. C and D) 

Shows 5days scenarios at four different wind conditions (2010) and during a hypothetical 

scenario, where the water current velocity was set at 14 cm s-1 at Enebærodde station with 

high and low algae coverage. The scenarios 1, 2, 3, 4and 5 correspond to wind conditions of 4-

9, 2-13, 14-5, 12-7 and 14 cm s -1  respectively.  
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The next step, after we became aware of the potential ballistic effects of these drifting 

macroalgae in a shallow estuary as Odense fjord, was to try to quantify the mobility of green and 

brown algae in this system. For that, we created an agent based model, to simulate individual algae 

growth and mobility, in a fine element 3D flexible mesh model (Mike 3, DHI). In order to understand 

how brown algae (Fucus vesiculosus), moves as bed wrack. We performed a series of Flume 

experiments to asses, the movement thresholds, dependent on the algae buoyancy (Figure 11), 

(Wendelboe & Egelund 2010). Green algae movements were determined after the thresholds founded 

in Canal-Vergés 2010.  

 

Figure 11: Fucus vesiculosus movement thresholds and algae-anchor complex density. A) 

Fucus algae-anchor complex threshold for movement. The white squares represent current 

velocity threshold for continuous movement, the black rhomboids represent current velocity 

threshold for discontinuous drift. The vertical black line represents the density of the water. B) 

Bladderwrack-anchor complex density distribution founded in the coastline after a drifting 

event in Odense fjord 2010.  

The aim of this model was to determine how much unattached and loosely attached algae move 

around in Odense Fjord and how much of that transport happens as bedload drift and how much 

floating in the water column (Canal-Vergés in preparation b, Ms 3). Finally we wanted to estimate 

how much area of the fjord would be affected by macroalgae drift, with which intensity and how 

much macroalgae biomass would be exported out of the fjord. After the model’s sensitivity was 

analyzed, different scenarios with either green or brown (Fucus) algae in Odense fjord 2009 were 

simulated. The data obtained was compared against data collected by the Danish Nature Agency 

Odense. Overall, the model was able to simulate the hot spots for algae distribution founded in 

Odense fjord at the end of the growth season 2009 (Figure 12). Furthermore, both algae types resulted 
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highly mobile in the fjord, during the growth season, having a strong impact within the shallower 

areas (Figure 12) (Canal-Vergés in preparation b, Ms 3).  

.  

 

Figure 12: Agent based model simulating green and brown algae in Odense fjord. A) Agents 

(macroalgae) distributed in Odense fjord. The color squares represent the agents at different 

depths; the white lines represent the agent ’s path walks. B) Outer fjord area affected by brown 

macroalgae drift after the growth season. C) Odense fjord ’s area affected by green algae drift 

after the growth season.     
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This two models, gave us an accurate impression on the order of magnitude of sediment created 

by macroalgae drift, the consequences in the light climate, and on the mobility of these algae in 

Odense fjord. With the knowledge gained by these two models and all the lab and field activities, we 

proceed to try to create an overall toll valid to predict eelgrass reestablishment. Therefore, an existing 

3D ecological model of Odense fjord (Rasmussen et al. 2000) was implemented, incorporating all the 

physical, chemical and biological stresses studied, and their effects on the seagrass population. 

In this model, we implemented and tested the effects of unattached macroalgae (Canal-Vergés 

et al 2010), Arenicola marina (Valdemarsen et al 2011) and sediment biostabilization dependent on 

sediment mixtures (Frederiksen et al in preparation). Macroalgae and Arenicola affected seagrass 

stabilization in two separate ways; ballistically over seedlings and creating sediment resuspension.  

The aim of this model is therefore to predict eelgrass population evolution overtime. Hence, 

how the studied bio-physical stresses affect eelgrass development and expansion, and finally 

highlight potential areas suitable for Zostera reestablishment (Canal-Vergés in preparation c, Ms. 4). 

Since the model was build on an existing ecological model of Odense fjord (Rasmussen et al 

2000), a re-validation to test the incorporated function was performed. This re-validation was 

performed against data from stations 8 and 17 (Figure 1), collected by the Danish Nature Agency 

Odense (Canal-Vergés et al in preparation c, Ms. 4). A matrix to test the effect of each new individual 

process affecting eelgrass development and reestablishment was created. All scenarios were 

simulated for the year 2009. From all parameters included, macroalgae drift and diatoms generated 

biostabilization resulted in the highest impact, preventing eelgrass recovery (Canal-Vergés in 

preparation c, Ms 4).  

Finally three scenarios were simulated for a five year period. The first scenario consisted in a 

model including all the existing stressors (state variables) and processes (arithmetical expressions) 

affecting eelgrass (New scenario). In the second model, the functions in which macroalgae drift and 

lugworm sediment rework affected eelgrass were disabled (arithmetical expressions switched off) 

(Control scenario). Nevertheless, in this model/scenario, the state variable “macroalgae” was active, 

therefore, macroalgae affected the nutrient balances and light availability (by shading), which 

indirectly affected the eelgrass. In the third model/scenario, all the stressors were eliminated, 

including the corresponding state variables (macroalgae and Arenicola) (No stress scenario). Hence, 

macroalgae did not account on the fjord’s nutrient balances.  

The New model was able to predict after 5 years an eelgrass distribution very close to the one 

observed in Odense fjord 2005 (Figure 13A, 14) and in 2010 (personal observations). However, the 

model underestimates the inner fjords distribution. The Control and the No stress scenarios revealed a 
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much higher coverage and biomass of eelgrass after five years, than measured in Odense fjord. 

Moreover, when the stressors (macroalgae and Arenicola) were eliminated (No stress scenario) 

eelgrass coverage decreased and the maximum eelgrass biomass observed increased in comparison 

with the Control scenario. The decrease on eelgrass coverage was caused by an increment of 

phytoplankton, as consequence of nutrient excess. These nutrient excess was generated by the lack of 

macroalgae nutrient uptake. Moreover, phytoplankton blooms resulted in reduced light availability in 

the deeper distribution of Zostera marina, reducing the recolonized area to the shallow parts of the 

fjord. On the other hand, in shallow areas where the phytoplankton bloom was not enough to deplete 

the light availability at the sediment surface, nutrient excess might have strengthen both eelgrass 

development and diatom growth. Consequently, sediment biostability, was enhanced, reducing the 

current driven resuspension events. Hence, eelgrass biomass in the shallower areas was higher in the 

No stress scenario compared with the Control scenario. Nevertheless, the No stress scenario can just 

be taken as a theoretical scenario, since moderate to high dissolved nutrient concentrations in the 

water column, will naturally enhance macroalgae production in the fjord, which will reduce nutrient 

in the water column and balance phytoplankton blooms. 

Considering the resulting areas affected by macroalgae drift in the agent based model (Figure 

12). It can be seen that the hot spots of the areas affected by brown macroalgae drift in the outer fjord 

(Figure 12 B), coincide with the areas in which seagrass might have potential for reestablishment 

biophysical stresses were suppressed (scenarios Control and No stress) (Figure 13 B, C). Moreover, 

the 3D model did not distinguish between brown and green macroalgae. The initial macroalgae 

distribution used, was obtained according to the sediment characteristics. Hence, macroalgae initial 

distribution was not the same used in the ABM model. Nonetheless, the resulting areas in which 

seagrass is mostly disturbed by macroalgae impacts resulted to be the same ones. 
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Figure 13: Eelgrass distribution and biomass in Odense Fjord after 5 years of development. A) 

Eelgrass map, obtained after a 5 year simulation of the model where all stressors (state 

variables) and processes (arithmetical expressions) affecting eelgrass reestablishment are 

included (New model).  B) Eelgrass map, obtained after a 5 year simulation of the model where 

all the stressors (state variables) are present, but in which all the processes (arithmetical 

expressions) affecting eelgrass reestablishment has been switch off (Control model). C) 

Eelgrass map, obtained after a 5 year simulation of the model where all the stressors (state 

variables) and processes (arithmetical expressions) affecting eelgrass reestablishment has been 

switch off. 
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Figure 14: Measured eelgrass distribution and coverage in Odense fjord 2005.  

4.3. Conclusions: 

All the approaches taken within the described research activities, highlights the relevance of specific 

bio-physical stresses affecting eelgrass reestablishment in Odense fjord.  

Seedling survival was negatively affected by physical stresses in general and the ballistic 

impacts of macroalgae drift in particular.  

Development of sediment biostabilization increases the critical shear stress of the sediments. 

Biostabilization development varies following a bell shape curve depending on sediment mixtures 

(sand and mud proportion).  

EPS measures as indicator for sediment stabilization should be taken with caution, due to the 

cellular lyses pollution that is created when the samples have been frozen, dry freeze or dried and 

when the method used is the classical two steps extraction method (water and EDTA). 

Unattached macroalgae bedload transport occurred at relative low current velocities and 

resulted in high sediment ballistic impacts. Consequently, macroalgae generated SPM affected the 

light climate by dampening the light availability at the sea bed in shallow coastal waters. 

Opportunistic and slower growing unattached macroalgae resulted highly mobile in Odense 

fjord, affecting large areas of sediment, particularly in the shallow areas of the fjord.  

Ultimately, unattached macroalgae bedload transport, sediment stabilization and Arenicola 

marina sediment rework, explained through dynamic modelling, the actual distribution of eelgrass in 
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Odense fjord. Therefore we postulate that the above described 3D ecologic model, might be a good 

tool to assess eelgrass reestablishment in Odense fjord and potentially in systems with similar 

characteristics or affected by similar stresses.  

4.4. Further Research and Perspectives: 

As in any ecosystem research with each answer many new questions arise. 

One of the main questions is still unresolved: 

- Are the studied processes affecting eelgrass in Odense fjord valid for all Danish estuaries? 

- Are these studied processes affecting eelgrass reestablishment in other regions in the world 

and what about with similar species? 

- Are there other processes affecting eelgrass restoration?.  

- Is natural eelgrass restoration in Danish waters still possible?.  

- If so, how long will it take and which conditions should be achieved at National level? 

- Where is the non returnable threshold point?. 

- Is it possible to actively reestablish eelgrass population in Denmark? 

- If so, which would be the most adequate methods to use? 

- Is eelgrass a good indicator for the water quality or there are more efficient parameter/s?   

Some of these questions might be answered by monitoring and field activities in other Danish and 

international waters. Furthermore, long term in situ measurements of current free stream velocities, 

accurate macroalgae and sediment type maps would help improving the quality of the models. Studies 

of macroalgae net export from the estuaries will also help clarifying the nutrient export and 

complement modelled data.  Moreover, the created models, and implemented ones (in case of 

discovery of new parameters) could be tested in similar and different systems, to complement the 

already existing pelagic models, if needed.  

Active eelgrass restoration efforts in Danish waters might be successful, at least in targeted areas with 

specific stressors. But in order to assess active reestablishment, further research on eelgrass 

restoration techniques has to be made. For instance, research on new techniques to improve sediment 

stabilization, and therefore increase light availability at the sea bed would be of interest. In this line of 

research, it will also be of great value to investigate sediment stability in situ. Normally, sediment 

stability experiments are performed in laboratory, under control conditions, and were the sediments 

have been highly disturbed during the transportation. Direct field measurement of sediment stability 

will enhance our knowledge on the exact ecologic processes and reactions of the system.  Research 
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on “eelgrass nurseries” meaning areas and techniques in which some of the physical stresses as 

Arenicola marina, or unattached macroalgae could be excluded would also be advisable.  
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Modelling the ballistic impact of drifting macroalgae on resuspension and light 

conditions in a eutrophic estuary. 
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Abstract: 

Opportunistic macroalgae moves as bedload at low currents velocities, exerting ballistic impacts in 

the sediment. These ballistic impacts results on sediment resuspension, which affect the light climate. 

The aim of this study is to create a dynamic model, to simulate sediment resuspension at low free 

stream velocities (5-15 cm s
-1

) generated by different densities of macroalgae, and their impacts on 

the light climate. After calibration, sensitivity analyses and validation, the model was tested on 

different scenarios at Odense fjord (Denmark) on periods, where both the abundance of macroalgae 

and the physical forcing varied. The light availability at the bottom was affected by algae drift on 

different degrees but in almost all the scenarios performed in areas of the Odense fjord. From the 

scenarios simulated in the inner fjord, the accumulated gross erosion SPM ranged between 0.04 and 

184 Kg m-
2
 day

-1
. Consequently the light availability was reduced to up to ~80% of the control 

scenario, leading to a light availability of around 36-0 % of the surface solar irradiation. Similarly, in 

the outer fjord SPM values, ranged between 0 and 221 Kg m-
2
 day

-1
. The main conclusions from this 

model are two. First that macroalgae drift occurs often in Odense fjord, and second, that algae drift 

impacts strongly negative light availability at the bottom, by bedload resuspension. 

 

Key word: Macroalgae, sediment stability, biostability, coastal waters, lagoons, light climate. 
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1. Introduction: 

Although external nutrient loading has been 

reduced during the past 20 years, eutrophication 

is still a problem in most shallow European 

estuaries (Oliveira & , Borum 1996, Cardoso et 

al. 2004). Here nutrient run off from agriculture 

catchment area still causes high area specific 

nutrient loading which results in excess growth 

of phytoplankton that during blooms creates 

light limitations for the benthic vegetation 

(Nixon et al. 1995, 1998, Cloern 1999, 2001, 

Nielsen et al 2004, Duarte et al 2008). Excess 

growth of opportunistic macroalgae is also 

linked to the euthrophication (Sfriso et al. 1992, 

Flindt et al. 1999). Several field campaigns in 

both Venice Lagoon (Italy) and Odense and 

Roskilde  Fjord (Denmark) has shown that 

drifting macroalgae in euthrophic estuaries and 

lagoons is a general phenomenon (Sfriso et al. 

1992, Flindt et al. 1997, Salomonsen et al. 1997, 

Valdemarsen et al 2010). In shallow subtidal 

field stations, the majority of the plants were 

moving as bed load transport (Flindt et al. 

1997). In an annular flume study Flindt et al. 

(2007) measured that different morphological 

macroalgae group of loosely attached or 

unattached macroalgae started to drift at current 

velocities down to 2-4 cm
-1

 s
-1

. Afterward, 

Canal-Vergés et al. (2010) demonstrated that 

bedload transport of opportunistic macroalgae 

creates resuspension. When the macroalgae 

starts drifting they tumble along the sediment 

and hereby exert a ballistic stress on the 

sediment surface. Depending on sediment 

characteristic like grain size distribution, 

cohesivity, water content and sediment stability 

the erosion rates becomes so high that the light 

penetration is severely affected.  

Recently, it has been shown that the effect 

on the ecosystem of extended coverage and 

growth of eelgrass is a well-working nutrient 

filter that reduces the internal and external 

nutrient loadings and furthermore also reduces 

resuspension events. In many estuarine systems 

the die back of eelgrass has been dramatic. 

Earlier eelgrass meadows covered extended 

areas in most shallow Danish estuaries, but after 

the die back only a few percent coverage is left. 

The change from an eelgrass dominated 

ecosystem to a bare bottom system with a 

mixture of opportunistic and ephemeral 

macroalgae has huge implications on the system 

level and hereby also for the reestablishment of 

eelgrass.  

Benthic primary producers have different 

nutrient and light requirements, depending on 

their ecological life strategy. Functionally, they 

can be divided into three groups: fast growing 

opportunistic macroalgae, slow growing 

macroalgae and rooted vegetation. Fast growing 

species are strongly driven by nutrient 

availability, whereas slower growing species 

might be more influenced by light availability, 

due to their lower requirements of nutrients.  

Benthic vegetation also has an influence on the 

nutrient fluxes and sediment stability. Fast 

growing species generally promotes a quick 

nutrient turnover, and normally grows 

unattached or loosely attached to the substrata. 

This loose attachment increases their mobility, 

enhancing both sediment erosion and 

resuspension to the water column in hydraulic 

dynamic areas or biomass accumulation and 

oxygen depletion in calm areas (Flindt et al 

1997, Canal-Vergés et al 2010). On the 

contrary, submersed rooted vegetation 

(seagrass) promotes a slower nutrient turnover 

and enhances sediment stability and 

sedimentation of suspended particles (Garcia et 

al. 1999, Garcia and Duarte 2001, Kock et al. 

2006). Furthermore, rooted vegetation enhances 

the species richness and biodiversity providing 

the most sustainable ecosystem (Duarte 2000). 

Therefore, the reestablishment of seagrass beds 

has high priority on both national and 

international levels.  

 Historically, Danish estuaries were 

dominated by rooted vegetation, but in the last 

decades there has been a major change in 

benthic vegetation. The ecological structure of 

Danish estuaries, as in many other regions in 

Europe has shifted from seagrass dominated 

beds, to beds of loosely attached and unattached 

macrophytes (Flindt et al 1997, 1999, Martins et 

al 1999, Cardoso et al 2004). Although there has 

been an improvement on the water quality, the 

eelgrass population has not yet recovered 

(Kendrick et al 2002, Cardoso et al 2004, 
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Valdemarsen et al 2010) and macroalgae are 

still the dominating species. Depending on the 

characteristics of the coastal bed, they grow 

attached to small stones and shells or 

unattached. This loose attachment makes 

macroalgae highly mobile  even at low current 

velocities, enhancing their impact on the 

sediments, while drifting (Salomonsen et al. 

1997, 1999, Martins et al. 1999, Flindt et al. 

2004). Therefore, macroalgae bedload transport 

in such systems, generates both erosion on the 

sediment surface and resuspension of particulate 

matter to the water column, which affects the 

benthic light availability (Flindt et al 1997, 

2004, Canal-Vergés et al 2010). In systems 

dominated by hydrodynamic forcing and 

cohesive sediments and excess growth of 

mobile macroalgae, erosion becomes an 

ongoing process and the systems turns turbid, 

which reduces the potential reestablishment of 

eelgrass. 

Most of the existing ecological models are 

focusing on phytoplankton dynamics 

(Straskraba & Gnauck, 1985; Orlob 1983; 

Joergensen 1988, Cloern 2001). Although, some 

studies have assessed the importance of 

macroalgae production in coastal waters, and 

their influence on oxygen and nutrient balance 

(Lavery & McComb 1991; Solidoro C. et al , 

1995, Flindt et al 1999, 2004, Martins et al 

2001, Cardoso et al 2004, Dolbeth et al 2003) . 

Salomonsen et al. (1999) developed a model 

that was able to simulate the mobility of 

macroalgae in Roskilde Fjord where the 

scenarios verified that Ulva sp. was very 

mobile. None of these studies and the associated 

models included  the ballistic impact of 

macroalgae on the sediment stability and the 

benthic light climate. Therefore, the aim of this 

work was to develop a model that specifically 

addressed this effect of moving macroalgae on 

sediment stability, resuspension dynamics and 

light climate in shallow estuaries. The model 

development is supported by temporal intensive 

monitoring of current velocities, macroalgae 

coverage, meteorological forcing and 

sedimentation rates.  

2. Material & Methods 

2.1. Site description: 

Odense fjord is a micro-tidal (0.4 m tidal 

excursion) shallow estuary of about 62 km
2
 with 

an average water depth of 2 m. It is located on 

the island of Fyn, Denmark. As many Danish 

estuaries Odense Fjord is heavy loaded with 

nutrients (2000 ton N y
-1

 (30 g N m
-2

 y
-1

) and 40 

ton P yr
-1

 (0.65 g P m
-2

 y
-1

).  The main 

freshwater input of Odense fjord, is Odense 

River with a catchment area of 1057 km
2
, where 

the land use is dominated by agriculture. 

Salinity and temperature ranges between 10-23 

psu and 3-19 °C. The upper 10 cm of the fjord 

sediment is generally characterized as a matrix 

of mud and silty sand (Glob et al 2006, 

Cartensen et al. 2007, Riisgård et al. 2008). 

Attached, unattached and loosely attached 

macroalgae such as Fucus vesiculosus, Ulva 

lactuca, Monostroma sp., Chaetomorpha linum, 

Gracilaria vermiculophila or Ceramium sp. 

constitute the dominating macroalgae species in 

the fjord and their biomass peaks during late 

spring and early autumn (Valdemarsen et al. 

2010). 

2.2. Model description: 

The present model is constructed as a 

Langrangian model and consists of 4 

submodels:  1) a macroalgae submodel: 2) a 

light submodel, 3) an erosion submodel and 4) a 

physical submodel calculating the patterns of 

macroalgae movements. Both the erosion 

submodel and distance submodel are dependent 

on absolute current velocities. The models were 

developed in Powersim that keeps a 4.order 

Runge-Cuta integration facility with quality 

control and variable time steps.  

The current velocities were obtained from 

a mixture of direct measurements and 

hydrodynamic simulations (MIKE 3 Scientific 

Documentation, 2011), developed by DHI and 

set for Odense fjord for the year 2004 (Figure1). 
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Figure 1:  Conceptual diagram of the model. Symbolized as pentagons, the state variables, in rectangles the 

processes, and in ellipses the constants. In color scale, from darkest to lightest, the macroalgae submodule, the 

sediment submodel, the light submodel and the distance submodel 

 

Parameter Expression or value Units Remarks 

Algae Biomass Algae Growth – Algae Loss g DW m
-2

  

Algae Growth 

(Maximal Biomass*Algae Biomass* 

Light limitation*Temperature 

limitation*Nitrogen 

limitation*Maximal growth velocity 

g DW/m
-2

 

min
-1

 
 

Algae Loss Grazing factor*Algae Growth 
g DW m

-2
 

min
-1

 
 

Maximal Biomass ((500-Algae Biomass)/500)
 No units 

(NU) 

This function restricts 

the biomass. It works as 

shading and breaking 

function. 
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Light limitation 
Light concentration/( Light 

concentration +Light Km) 
NU  

Temperature 

limitation 
1.02^(Temperature-20) NU  

Nitrogen limitation 
IF(NH4 limitation>NO3 limitation, 

NH4 limitation, NO3 limitation) 
NU  

NH4 limitation 
(NH4 concentration/( NH4 

concentration +NH4 km)) 
NU  

NO3 limitation 
NO3 concentration /( NO3 

concentration +Km NO3)  
NU  

Grazing_factor RANDOM(0,1)  

Grazing is normally 

highly variable. 

Randomized grazing is 

therefore chosen. 

Temperature Data series (Forcing) °C  

NH4 concentration Data series  µM  

NO3 concentration Data series  µM  

Light concentration *Table 2 µE m
-2

 s
-1

  

Maximal growth 

rate constant 
0.000404 

 
 min-1  

Light Km 12000 µE m
-2

 s
-1

  

NH4 Km 3.4 µM  

NO3 Km 3 µM  

Table 1: Details of the macroalgae submodel.  

2.2.1. Macroalgae submodel 

Macroalgal growth is described as a Michaelis-

Menten growth kinetic equation which is 

dependent on temperature, light and availability 

of dissolved inorganic nutrients. The light 

availability is dependent on the turbidity of the 

water and insolation (light submodel). 

Selfshading is introduced in the model as a 

restriction in the growth equation where 

selfshading starts at a certain threshold (Table1).  

The macroalgae mass is transformed into 

coverage and this macroalga coverage is the 

parameter affecting the sediment erosion 

module (Figure 1). Grazing on macroalgae and 

seasonal losses are described by rate constants. 
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Table 2: Details of the light submodel. 

2.2.2 .Light submodel 

The light availability at the sediment surface is 

dependent on the insolation, depth and turbidity 

in the water column. The insolation data used in 

the model was provided by DMI (the Danish 

Meteorological Institut) in E m
-2

 d
-1

.The 

insolation was recalculated in to µE m
-2

 min
-1

 

correcting for day length. While the solar 

irradiation and depth are measured values, the 

light extinction is modeled according to 

Lambert-beers law. The light extinction 

coefficient is determined as the sum of an 

extinction coefficient for chlorophyll multiplied 

with the concentrations and the concentration of 

suspended particulate matter (SPM) times its 

extinction coefficient. When sediment 

resuspension occurs, the water column is 

enriched with chlorophyll from benthic primary 

production and detritus suspended particulate 

matter (SPM), which is then added to the 

existing background SPM concentration, and 

thereby decreasing the benthic light availability. 

 

Parameter Expression or value Units Remarks 

SPM  *Table3 g C m
-2

  

Light concentration 
(((Insolation*PhP)*EXP(-total SPM 

wc*light extinction coefficient)) 
µE m

-2
 s

-1
  

Total SPM wc SPM N+Chl Wc+Backround SPM g N m
-2

  

SPM wc N SPM  /Nitrogen constant g N m
-2

  

Insolation Data series µE m
-2

 day
-1

  

PhP Data series NU 

Photoperiod. It is either 

0 (night) or 1 (day). The 

length of the days is 

taken into consideration. 

Chl wc Data series*Depth g N m
-2

 

Chlorophyll 

concentration in the 

water column 

Backround SPM Point measurements g N m
-2

  

Depth Data series m  

Nitrogen constant 20 NU 

Conversion factor 

between carbon and 

nitrogen units 

Light extinction 

coefficient  
0.9-1.2 m

2 
 g N 

-1
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Parameter Expression or value Units Remarks 

SPM  
Resuspension- Sedimentation-

Removal 
g C m

-2
  

Erosion10_duration 
10 duration- 10 re-set 

 
 

This is a state variable 

which activates the proper 

erosion rate when the 

current velocity lay in the 

correct range (accumulate a 

number). It also deactivate 

it when is not (gets 

emptied). 

The other erosion_duration 

expressions are created in a 

similar way. 

Time_after_last_ero

sion 

Counter since last erosion-Time 

after last erosion re_set 
Min

-1
 

It accumulates the time 

where there has not been 

any resuspension, leaving 

time for biostabilization. 

Last erosion 
Low current-Counter since last 

erosion 
Min

-1
 

 

Last since 

resuspension 

Sedimentation start - sedimentation 

stop 
Min

-1
 

 

Resuspension 

(Erosion rate 10+Erosion rate 

11+Erosion rate 12+Erosion rate 

13+Erosion rate 

14)*Coverage*Stabilization*Flume 

constant 

g SPM m
-2

 

min
-1

 

Continual removal of SPM 

from last time step secure 

that the no summation of 

SPM concentrations occur 

between SPM created at 

each time step. 
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Sedimentation 

(IF(ABS(Current_speed)<10, 

Sedimentation limit, 

0)+IF(ABS(Current_speed)>15, 

Sedimentation  limit, 

0)*IF(ABS(Current_speed)>30, 0, 

1)) 

g SPM m
-2

 

min
-1

 

Ensure SPM sedimentation 

when the current velocity is 

lower than 10 and in the 

interval 15-30 cms-1. At 

current velocity is between 

10 and 15 cm s-1, 

sedimentation is 0, due to 

the resuspension created by 

macroalgae was net 

resuspension, including 

both erosion and 

resuspension 

Erosion rate 10 

IF(Erosion10_duration>1, 

0.0049*LN(Erosion10_duration) - 

0.0009, 

0)+IF(Erosion10_duration=1,  

0.0049*LN(Erosion10_duration) - 

0.0009, 0) 

g SPM l
-1 

min
-1

 
 

Erosion rate 11 

IF(Erosion11_duration>1, 

0.0179*Erosion11_duration^0.3092

, 0)+IF(Erosion11_duration=1, 

0.0179*Erosion11_duration^0.3092

, 0) 

g SPM l
-1 

min
-1

 
 

Erosion rate 12 

IF(Erosion12_duration>1, 

((0.0114*LN(Erosion12_duration) 

)+ 0.0884) , 

0)+IF(Erosion12_duration=1, 

((0.0114*LN(Erosion12_duration) 

)+ 0.0884), 0) 

g SPM l
-1 

min
-1

 
 

Erosion rate 13 

IF(Erosion13_duration>1,(0.0324*

LN(Erosion13_duration) + 0.1358), 

0)+IF(Erosion13_duration=1, 

(0.0324*LN(Erosion13_duration)+

0.1358), 0) 

g SPM l
-1 

min
-1

 
 

Erosion rate 14 

IF(Erosion14_duration>1, 

(0.058*LN(Erosion14_duration) + 

0.3092), 

0)+IF(Erosion14_duration=1, 

(0.058*LN(Erosion14_duration) + 

0.3092), 0) 

g SPM l
-1 

min
-1
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Stabilization 

GRAPH(time_after_las_erosion,0,1

440,[1,0.89,0.81,0.75,0.73,0.73"Mi

n:0;Max:1;Zoom"]) 

NU 

Actual value is dependent 

on time after last erosion. 

Varying from 0.73- 1. 

10 Duration 

IF(Current_speed<10, 

0,1)*IF(Current_speed>11,0,1) 

 

NU 

The other Duration (ex. 11 

Duration, xx Duration) 

expressions are created the 

same way for the correct 

values.
 

10 re-set 

IF(Current_speed<10,Erosion10_d

uration,0 )+IF(Current_speed>11, 

Erosion10_duration,0) 

NU 

The other re-set (ex. 11 re-

set, xx re-set) expressions 

are created in the same way 

for the correct values.
 

Time after last 

erosion re-set 

IF(Current_speed<5, 

time_after_las_erosion, 0) 
Min

-1
 

 

Counter since last 

erosion 

IF(ABS(Current_speed)<5, 

0,Last_erosion) 
Min

-1
 

 

Low current IF(ABS(Current_speed)>5, 0, 1) Min
-1

 
 

SPM_removal 
IF(ABS(Current_speed)>10, SPM, 

0)+IF(Current_speed=10, SPM, 0) 
 

Secures removal of earlier 

SPM input which is 

necessary to avoid 

summation of 

concentrations. 

Sedimentation_limit 
IF(SSC-sedimentation_rate>0, 

sedimentation_rate, SSC) 
 

It suppress sedimentation 

when there is not SPM in 

the water column. 

Sedimentation rate 

IF(Last since resuspension  <3, 

(0.0038* Last since resuspension  + 

0.0698), (0.0005*Last since 

resuspension  + 0.036))*IF(Last 

since resuspension  >62, 0, 

1)*Flume constant 

g SPM m
-2

 

min
-1

 

It is a sedimentation rate 

dependent on time since 

last resuspension event. 

There is a initial and faster 

sedimentation phase of 

particles, which would 

represent heavy particles, 

followed by a slower 

sedimentation, which 

represent lighter particles. 

Sedimentation start IF(ABS(Current_speed)>10, 0, 1) min
-1
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Sedimentation stop 
IF(ABS(Current_speed)<10, 

0,Last_since_eros_10) 
min

-1
  

Coverage 
IF(Algal_Biomass<100, 

Algal_Biomass/70, 100/70) 
%  

Flume constant 283.3 l m
-2

 

Conversion factor to 

extrapolate concentration 

in the Flume to a mass per 

area unit.  

Table 3: Details of the erosion submodel  

2.2.3. Sediment erosion submodel 

The sediment erosion submodel is previously 

mentioned as dependent on the horizontal water 

current velocity. At current velocities between 5-15 

cm s
-1

 the macroalgae are moving in close contact 

with the sediment. At velocities between 5-10 cm s
-1

 

the macroalgae only create a minimal resuspension 

of the sediment but at currents between 10-15 cm s
-1

 

their ballistic force are able to create significant 

bedload resuspension (Canal-Verges et al. 2010). 

The dependency between current velocity and 

resuspension created by drifting macroalgae was 

studied by setting up a suite of flume experiments 

(Canal-Vergés et al 2010). In these experiments, 

resuspension was measured both at day 0 and day 5. 

Day 0 represented sediment that was disturbed, and 

only had time for compaction but where 

biostabilization was not yet developed. Data from 

the day 0 experiments was used to create the 

baseline mathematical equation for the macroalgae 

induced resuspension without contributions from the 

stabilizing benthic diatoms (Figure 2, Table 3).  Day 

5 (5 days after the last resuspension event) 

represented sediment that had time to develop 

biostabilization. At each current step, where 

macroalgae induced resuspension, the step was 

temporally prolonged to obtain a steady state in the 

concentration of SPM. For current velocities 

between 10-15 cm s
-1

 the erosion rate was expressed 

as temporal increments of the SPM concentration 

(Duration, ex. 10 Duration...). Hence, the history of 

the macroalgae movements were tracked by 

introducing counters of the duration of resuspension 

in the model (Duration, Table 3).  

 

 

 

 Figure 2: a) Algal introduced suspended particulate 

matter (SPM) in g/L at velocities varying from 0,88 

cm s
-1

 to 14 cm s
-1

. The data is from flume 

experiments of Chaetomorpha on day 0 sediments 

with 45% mud content (see text for further 

explanation). b)  Settling of particles in the flume 

experiments. 

Current velocities above 15 cm s
-1 

were 

not taken into consideration, disregarding the 

sediment critical shear stress threshold, since the 

aim of this model, was to study the ballistic 

effects of green macroalgae in the sediment, and 

consequently in the light climate. 

If the sediment has time and light 

conditions to stabilize between resuspension 
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events, the critical shear stress increases and the 

erosion rates becomes dampened due to 

sediment compaction and biological 

stabilization (Lundkvist et al. 2007, Frederiksen 

et al. in prep.). The development in sediment 

stability was mathematically introduced as a 

description of the temporal change in critical 

shear stress and as a damping of the erosion rate 

(table 3). The equations was calibrated against 

flume data from day 0 to day 5 experiments 

(Canal-Vergés et al. 2010).  

The resuspension is furthermore 

dependent on the macroalgae biomass. The 

flume experiments were also used to find the 

linear conversion factor between macroalgae 

species coverage and area-specific biomass.  

Hereby it became possible to calculate the 

biomass dependent erosion rate for the 

individual macroalgae species (Table 3).  

Hereby, two assumptions are introduced into the 

model. First, we assumed that the relation 

between macroalgae coverage and macroalgae 

biomass is linear, which probably only is correct 

up to a certain coverage. This assumption entail 

that growth on top of existing algae only occurs 

when the area is fully covered. The second 

assumption is a consequence of the first, that 

erosion is linear dependent on the coverage 

area, and that macroalgae biomasses above full 

coverage not will create more erosion.  

At current speed lower than 15 cm s
-1

 

there will be a continuous settling of sediment 

particles during and after resuspension. During 

resuspension events, sedimentation is already 

included in the resuspension expression, due to 

the experimental setup, where both erosion and 

sedimentation are simultaneously ongoing 

(Canal-Vergés et al 2010). Sedimentation after 

resuspension events (current lower than 10 cm s
-

1
), is implemented as a sedimentation rate 

constant in the model (Table 3). This 

sedimentation rate constant describes the 

settling rates for different particle sizes. The 

large particles will settle fast while medium and 

smaller sized particles have slower settling 

rates. The sedimentation rate constant was 

calibrated and validated against the actual 

settling of sediment particles measured in the 

laboratory (Figure 3b). 

Parameter Expression or value Units Remarks 

Distance_y +Movement_x cm 
Total travelled distance of the 

macroalgae in y direction 

Distance_x +Movement_y cm 
Total travelled distance of the 

macroalgae in x direction 

Movement_x 

IF(ABS(Current_speed)<5, 0, 

1)*IF(ABS(Current_speed)<15, 

ABS(current_in_x)*60*0.75, 

1)*IF(ABS(Current_speed)>15,ABS

(current_in_x)*60, 

1)*IF(ABS(Current_speed)=15, 

ABS(current_in_x)*60*0.75, 1) 

cm 

min
-1

 

In the expression is assumed that 

settling of the macroalgae occur 

immediately after the current fall 

to 15 cm s-1 or below. The 

settling rates of macroalgae are 

in fact very fast 30 - 50 m h
-1

. 

Movement_y 

IF(ABS(Current_speed)<5, 0, 

1)*IF(ABS(Current_speed)<15, 

ABS(current_in_y)*60*0.75, 

1)*IF(ABS(Current_speed)>15,ABS

(current_in_y)*60, 

1)*IF(ABS(Current_speed)=15, 

cm 

min
-1
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ABS(current_in_y)*60*0.75, 1) 

Current_x Data series cm s
-1  

Current_y Data series cm s
-1

  

Tabel 1: Details of the distance submodel. 

2.2.4. Distance submodel.  

The distance submodel keeps track of the 

position of the macroalgae in the estuary. At a 

certain threshold of free stream velocity 

macroalgae starts to drift around. In laboratory 

flume experiments the macroalgae where 

moving as bedload transport when current was 

between 5-15 cm s
-1

. When the current speed 

exceeded 15 cm s
-1

 all species of macroalgae 

were lifted from the sediment and were 

transported in the water column. Flindt et al. 

(2004, 2007) found that the speed of the 

macroalgae was lower than the current speed 

due to bed resistance as long as the macroalgae 

where transported as bedload. This was 

introduced in the model as a roughness factor 

which is multiplied with the current so the speed 

of the macroalgae is reduced with 25 %. If 

macroalgae on the other hand are transported in 

the water column then they are transported with 

the same speed as water (Flindt 2004, 2007). 

3. Sensitivity analysis 

Sensitivity analyses were carried out on a suite 

of essential parameters of the model. The 

parameters selected were Durations, the Erosion 

rates constant, macroalgae Coverage and Algal 

Biomass (Table2, 3). The parameters were 

changed with 50 %, 10 %, -50% and -10 % and 

were evaluated on the concentration of SPM in 

the water column, the amount of available light, 

light intensity and on the limitations of algae 

growth due to light availability (light 

limitation). The sensitivity of Duration was 

conducted with fixed current velocities, which 

means that for example the current was fixed at 

10 cm s
-1

 when the sensitivity of Duration 10 

was tested. Thereby the model was forced as 

much as possible. The sensitivity tests for the 

other parameters were on the other hand 

conducted with natural varying current 

velocities.  

In general the SPM concentrations were 

not highly sensitive to changes in the 

investigated parameters; Durations, Coverage , 

Algae Biomass and Erosion rates, while Light 

intensity and thereby light limitation was 

sensitive to 50 % reduction of “erosion duration 

constants” (higher than 12cm s
-1

), Coverage 

Algae Biomass and Erosion rates. 

Furthermore, the model was sensitive to 

10 % reductions  in the investigated parameters, 

due to the almost total limitation at the bottom 

caused by ongoing resuspension at currents 

velocities over 12 cm s
-1

.Even low reductions of 

SPM in the water column, created large 

differences in the light availability at the 

sediment surface. Here it has to be considered 

that a light penetration is an exponential 

expression so +50% change has equivalent non 

linear effect of the results, which is reflected in 

all results that is either directly affecting the 

parameters  or has feedback effects on them

. 
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Figure 3: Calibration. a) Calibration curve showing the correspondence between measured and modeled 

eroded suspended particulate matter, created by the drifting of Chaetomorpha linum in cohesive sediment 

without sediment biostability (day 0). b) Calibration curve showing the correspondence between measured and 

modeled eroded suspended particulate matter, created by the drifting of Chaetomorpha linum in cohesive 

sediment with 5 days of biostabilization (day 5) 

4. Calibration 

The first step of the calibration was 

performed against the dynamics of SPM 

created by Chaetomorpha linum in muddy 

sediment with no sediment biostability 

(Figure 3a). The second part of the 

calibration was performed on SPM 

concentrations created by drifting 

Chaetomorpha on cohesive sediment after 5 

days of biostabilization (Figure 3b). The 

statistic correlation between measured and 

simulated concentrations of SPM with and 

without biostability was r
2
 = 0.93, P=0.000 

and r
2
 = 0.79, P=0.033, respectively. 
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Figure 4: Bathymetric map of Odense Fjord, Denmark. The stations used for the scenarios and validation are 

marked with stars. 

5. Validation:  

In Odese Fjord three locations were available 

for validation, Enebærodde, located at the outer 

part near the outer boundary, Seden Strand and 

station 8 which are located in the inner fjord 

(Figure 4) 

The first part of the validation included 

comparison of the simulation of accumulated 

SPM values (Kg DW m
-2

 day
-1

) against data of 

settled SPM measured in three sets of sediment 

traps (20 cm over the sediment).  The sediment 

traps were placed at Enebærodde and Seden 

Strand from May to October 2010 (Canal-

Vergés et al. in preparation). Sediment traps 

measured accumulated settled SPM, which 

gives an impression of both sedimentation and 

sediment erosion. To calculate the net sediment 

erosion a sedimentation rate constant of 0,026 g 

m
-2

 d
-1

 was measured in the flume experiments. 

Since data available for validation was limited, 

just a gross comparison between modelled data 

and field data is possible. The Average, 

minimum and maximum values obtained from 

all sediment traps over the mentioned period 

was compared with the simulated data (Table 

5). 
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Accumulated SPM 

 Kg DW m
-2

 d 
-1

 
Enebærodde Seden strand 

Simulations  Low coverage High coverage 2004 2009  

1  3,5 14,6 0,75 0,00 

2  3,86 9,7 8,50 0,04 

3  9,53 23,19 11,40 0,00 

4  4,8 11,9 6,00 0,07 

5  90,94 220,79 143,05 142,69 

Measured data 2010 
 

2010 
 

Average 28.9 
 

6,23 
 

SD 73.7 
 

4,05 
 

Min 0,86 
 

0,1,8 
 

Max 333 
 

15 
 

 

Table 5: Validation of the scenarios run for Enebærodde and Seden Strand using the data obtained from 

Sediment traps placed at these locations during the period of May-October of 2010.  

The simulated Max scenario must be 

considered as a non frequent event. Therefore, 

we used the averaged accumulated SPM value 

of all scenarios except the Max scenario. On the 

other hand  

At Enebærodde, we obtained 5,76 (3,62-

69) as average(Min.-Max.) and 14,04 (8,8-

251,35) at low and high coverage, against the 

sediment traps data 28,9 (0,82-333). In Seden 

Strand, our simulation resulted in 5,48 (0,73-

145,05) and 9,28 (1,2-183,85), in 2004 and 

2009 respectively, against 6,23 (1,8-15), from 

the sediment traps. The sediment traps were 

collected weekly at Enebærodde, while they 

were collected every second week at Seden 

Strand, introducing a larger margin of error 

(underestimation) at Seden Strand (Canal-

Vergés et al in preparation). Nevertheless, in 

these scenarios, model results seem 

conservative when compared with 

measurements from Enebærodde and Seden 

Strand, 

For the second part of the validation, 

stations, 8 we compared the simulated and 

measured SPM concentration (mg DW l
-1

) for 

the years 2004 and 2009. (Data was collected by 

the Danish Nature Agency, in Odense to fulfill 

the national monitoring program, NOVANA, in 

which two locations were monitored several 

times a month) (Table 6).  

It is necessary to take in consideration, that the 

simulated data and the available measured data 

for validation was not from the exact same time-

step, making this validation a question about 

proper amplitudes and not a directly comparison 

between specific values. Thus the comparison 

includes the simulated average concentration 

range and the measured in 2004 and 2009.  

In the 2004 simulations, the SPM 

concentration ranged between 0-99,9 mg dw l
-1

 

(137,6) (in brackets the value from the Max 

scenario) against measured concentrations of 

0,33-22,69 mg dw l
-1 

for the station 8. For 2009 

simulations, SPM ranged between 0-4,4 (153) 
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against measured concentrations of 0-41,01 for 

the station 8. 

6. Scenarios and Discussion 

The aim of the present model is to estimate the 

ballistic impact that drifting unattached benthic 

macroalgae has on the benthic light availability 

in shallow estuaries.  

The model was tested on periods, where 

both the abundance of macroalgae and the 

physical forcing varied. In the autumn and 

winter, the weather was predominantly windy-

stormy, the biomass of macroalgae was lower, 

and there were not nutrient limitations. The 

weather condition was milder in summer and 

spring with higher algae biomasses and nutrient 

limitations. 

Scenarios were performed for the years 

2004, 2009 and 2010, at three shallow locations 

with similar depths, both in the inner and outer 

part of Odense Fjord. The duration of the 

scenarios was 5 days. 2004 and 2009 scenarios 

were adjusted for two locations, OF690008 (8) 

and Seden Strand (Figure 4), during four 

periods, January, May, August and October. 

2010 scenarios were set for one location, 

Enebærodde (Figure 4), at four different wind 

regimes, 4-9, 2-13, 14-5 and 12-7 cm s
-1

, with 

high and low algae coverage.  For all years and 

locations, a hypothetical scenario was created, 

were the current velocity was fixed to 14 cm s
-1

 

(“Max”), corresponding to the velocity with the 

highest impact due to drift of opportunistic 

macroalgae. 

For all scenarios, macroalgae coverage 

and background SPM concentrations were 

provided by the Danish Nature Agency 

(Odense, Fyn). Solar radiation and photoperiod 

was collected from Danish Meteorological 

Institute. For the scenarios run for 2004 and 

2009, current velocities, depths and water 

temperatures, were extracted from a calibrated 

and validated hydrodynamic model of Odense 

Fjord for each year and location respectively. 

Chlorophyll, nitrate and ammonium 

concentrations in the water column were 

extracted from a calibrated and validated 3D 

ecological Mike-model Both 3D models have 

been developed by DHI, using the PC-run 

package Mike Zero (Rasmussen et al. 2000, 

2009). Due to the lack of available data for 

2010, we used the data from October 2009, for 

all parameters except for current velocities 

which were extracted from a Sontec ADV 

device placed at the studied location during 

October 2010. Algae coverage at Enebærodde, 

corresponded to the one founded at that location 

during August 2010 (Valdemarsen et al. 2010).  
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2004 2009 

 
mg DW l

-1
 8 8 8 8 

January scenario  

 Year variation   

Average 0,06 8,77 0 22,64 

SD 0,56 3,94 0 7,22 

Min 0 0,33 0 0,00 

Max 8,12 22,69 0 41,01 

May scenario  

Average 2,5 
 

0,05 
 

SD 8,17 
 

0,41 
 

Min. 0 
 

0 
 

Max. 82,34 
 

6,88 
 

August scenario  

Average 0,65 
 

0 
 

SD 3,17 
 

0 
 

Min 0 
 

0 
 

Max 39,54 
 

0 
 

October scenario  

Average 1,38 
 

0,07 
 

SD 7,16 
 

0,52 
 

Min 0 
 

0 
 

Max 99,9 
 

4,44 
 

14 cm s
-1

 scenario  

  

Average 120,8 
 

141,58 
 

SD 12,31 
 

11,5 
 

Min 0 
 

0 
 

Max 137,6 
 

153,5 
 

 

Table 6: Validation of the scenarios run for OF690008 (Station 8) using the data obtained from point 

measurements collected for the Danish National Environmental Research Institute, in Odense (Denmark) on 

the years 2004 and 2009.  
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Figure 5: Data output from the scenarios run for 2004 at Seden Strand. The scenarios were run for a period of 

5 days. a) Current velocity in cm s-1. b) Resuspension expressed on g m
-2

 h
-1

. c) Sedimentation rates as g m
-2

 h
-

1
. d) Suspended particulate matter in g l-1. e) Insolation expressed as µE m

-2
 s

-1
. f) Light availability at the 

bottom in µE m
-2

 s
-1

. g) Algae growth as g DW m
-2

 h
-1

. h) Algae looses expressed as g DW m
-2

 h
-1
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In 2004, station 8, macroalgae coverage and 

current velocity ranged between 4-31 % and 5-

14 cm s
-1

. The algae travelled an average 

distance ranging between 0-9 km day
-1

. The 

erosion effect of drifting macroalgae created a 

gross sedimentation of SPM from 0-124 kg m
-2

 

day
-1

and created a total light reduction of 0-71 

% leading to a light availability at the bottom of  

79 to 6 % of the surface insolation (Figures 5, 

6). For Seden Strand, macroalgae coverage 

varied between 4-41% and current velocity 

ranged between 9,7-16,1 cm s
-1

. The algae 

travelled an average distance of 0,9-13 km day
-

1
. The effect of algae drift resulted in an 

accumulated gross erosion of SPM that ranged 

from 5,8-143,1 kg m-
2
 day

-1 
and created a total 

light reduction of 0,91-72,5 % leading to a light 

availability at the bottom of 76,25 to 0 % 

(Figures 5 and 6). 

 

 

 

 

Figure 6: Model scenarios for 2004.  The 

simulations were set with data from 5 days, in the 

first week of January, May, August, October and 

during a hypothetical scenario, where the current 

velocity was set to 14 cm s
-1

. These scenarios were 

run with data from three locations, OF690008 (8) 

and Seden Strand.  a) Shows the initial coverage of 

macroalgae in %. b) Shows the average current 

velocity in cm s
-1

. c) Shows the total distance 

travelled by the green macroalgae during the 

simulations in km day
-1

.  d) Shows the accumulated 

suspended particulate matter in kg of dried weight 

m
-2

 day-
1
 the 5 days simulations. e) Shows the 

average light availability at the sea bottom as %, 

during the light period of the five days scenarios. f) 

Shows the average total light reduction due to green 

algae as % during the light periods of the 5 days 

simulations. 
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In the 2009 scenarios at Station 8 macroalgae 

coverage varied between 4-32% and current 

velocity amplitude was 4-14 cm s
-1

. The algae 

moved an average distance ranging between 1-9 

km day
-1

. The effect of this macroalgae drift 

resulted in an accumulated gross erosion of 

SPM which ranged from 0-143 kg m-
2
 day

-1 
and 

created a total light reduction of 0-98 % leading 

to a light availability at the bottom of 82-5% 

(Figure 7). Seden Strand had algae coverage and 

current velocities between respectively 4-41 % 

and 10-15 cm s
-1

. The algae moved an average 

distance between 3-9 km day
-1

. The effect of 

this algae drift resulted in an accumulated gross 

erosion of SPM between 0-183 kg m-
2
 day

-1 
and 

created a total light reduction of 0-58 % leading 

to a light availability at the bottom of 54-0 % 

(Figure 7).  

 

 

Figure 7: Scenarios 2009.  The simulations were set 

with data from 5 days, in the first week of January, 

May, August, October and during a hypothetical 

scenario, where the current velocity was set at 14 

cm s-1. These scenarios were run with data from 

three locations, OF690008 (8) and Seden Strand. a) 

Shows the initial coverage of macroalgae in %. b) 

Shows the average current velocity in cm s
-1

. c) 

Shows the total distance travelled by the green 

macroalgae during the simulations in km day
-1

.  d) 

Shows the accumulated suspended particulate 

matter in kg of dried weight m
-2

 day-
1
 the 5 days 

simulations. e) Shows the average light availability 

at the sea bottom as %, during the light period of the 

five days scenarios. f) Shows the average total light 

reduction due to green algae as % during the light 

periods of the 5 days simulations. 
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For the Enebærodde 2010 scenarios, the low 

coverage scenario (23%), had current velocities 

ranging between 10-16 cm s
-1

. The algae 

travelled an average distance ranging between 

6-12 km day
-1

. The effect of this algae drift 

resulted in an accumulated gross erosion of 

SPM ranging from 4-91 kg m-
2
 day

-1 
and 

created a total light reduction of 5-52 % leading 

to a light availability at the bottom of 47-0.3 % 

(Figure 8). Finally, the high coverage scenario 

(56 %), had current velocity ranging between 

10-16 cm s
-1

. The algae travelled an average 

distance ranging between 6-12 km day
-1

. The 

effect on erosion and settling dynamic of the 

drifting macroalgae was an accumulated gross 

erosion of SPM varying within 8,84-220,79 kg 

m-
2
 day

-1 
and created a total light reduction of 

7,1-52,3 % leading to a light availability at the 

bottom of  45,5 to 0 % (Figure 8). 

 

 

 

 

 

Figure 8: Scenarios 2010. The simulations were set 

with data from 5 days, at four different wind 

conditions and during a hypothetical scenario, 

where the current velocity was set at 14 cm s-1. This 

scenarios were run with data from three locations, 

OF690008 (8), OF6900017 (17) and Seden Strand. 

The scenarios 1, 2, 3, 4and 5 correspond to wind 

conditions of 4-9, 2-13, 14-5, 12-7 and 14 cm s
-1 

respectively a) Shows the initial coverage of 

macroalgae  in %. b) Shows the average current 

velocity in cm s
-1

. c) Shows the total distance 

travelled by the green macroalgae during the 

simulations in km day
-1

.  d) Shows the accumulated 

suspended particulate matter in kg of dried weight 

m
-2

 day-
1
 the 5 days simulations. e) Shows the 

average light availability at the sea bottom as %, 

during the light period of the five days scenarios. f) 

Shows the average total light reduction due to green 

algae as % during the light periods of the 5 days 

simulations.
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When we discuss SPM values, we are 

referring to sediment resuspended and 

transported mainly as bedload (up to around 40 

cm from the sediment). Yet unpublished field 

measurements where the aperture of the 

sedimentation traps was located 5, 10, 20 and 40 

cm above the sediment showed very high 

mobility of sediment that only reached up into 

the first traps, which verify that most of the 

eroded particles stays bed-near and move as 

bed-load transport.  The effect on the benthic 

light availability is equal, whatever the 

resuspended sediment becomes well-mixed in 

the water column or only becomes mixed into 

the lowest part of the water column. The light 

attenuation is only depending on the depth 

integrated mass of particles (g m
-2

).   

The objective of this model was to 

quantify the impact of green drifting macroalgae 

on the light climate in shallow estuaries in 

different seasons with varying weather 

conditions. 

 To create the model we have used 

Chaetomorpha linum as representative of the 

opportunistic macroalgae (Canal-Vergés et al 

2010), with the awareness of the limitations 

such simplification implies. Nevertheless, it can 

be stated, that the current velocity at the 

sediment surface is one of the main parameters 

affecting the algae drift and therefore the 

sediment. General current driven resuspension, 

depend on the sediment characteristics, such as 

grain sizes and content of organic matter and 

water that altogether affects the specific mass of 

the sediment. Additionally, biostabilization of 

cohesive sediments may improve the sediment 

stability so the erosion threshold increases. Most 

of the biostabilization is performed by benthic 

diatoms which makes the process dependent on 

light availability. Sediment stability in the 

Odense Fjord was measured in both the outer 

and inner part and the critical shear stress 

measured as free stream velocity ranged 

between 15-30 cm s
-1

 in the inner Fjord and 16-

45 cm s
-1

 in the outer Fjord. Resuspension at 

lower current velocities than 15 cm s
-1

 is caused 

by the ballistic impact of drifting macroalgae. 

The macroalgae started the drifting behavior at a 

current velocity of only 5 cm s
-1

, but their 

ballistic force was too low, so only minor 

erosion happened. Efficient sediment erosion 

occurred between 10-15 cm s
-1

. At higher 

current velocities the macroalgae moved up in 

the water column, and their ballistic impact 

stopped. During the studied periods, the average 

current velocities at the sea bed, ranged between 

3.7-16 and 5.4-15.9 cm s
-1

 in the inner and outer 

Fjord, respectively (Figures 5, 6 and 7). 

Together with the tidal effect, the wind speed 

and direction strongly affect the bed near free 

stream velocities. To have an idea on the wind 

condition necessary to exert the modelled free 

stream velocities, we can state that e.g. during 

North winds of 12-7 m s
-1

, the average sea bed 

current velocity in the outer Fjord was 9.7 cm s
-

1
. On the other hand south western winds of 4-9, 

2-13 and 14-5 m s
-1

, had a higher influence on 

the hydrodynamics leading to free stream 

velocities of 12, 12 and 16 cm s
-
1 in the outer 

Fjord (Figure 7). Wind speed between 2 and 14 

m s
-1

 are very frequent in Denmark; creating 

current velocities of 5 to 15 cm s
-1

, which is the 

relevant range for algae drift. New unpublished 

bed near video recordings show also that 

macroalgae drift occur very frequently! 

The algae coverage at Odense Fjord varies 

widely within the location and season, and 

differs on the species distribution. In general 

terms, the inner part of the Fjord (stations 8 and 

Seden strand), have higher accumulation of 

green algae due to higher residence time and 

higher area specific nutrient loading. The 

coverage for the studied periods ranged from 4 

to 41 %, although at Seden Strand peaks of 

100% coverage was observed (Figures 5 and 6). 

At Enebærodde, the algae coverage is mainly 

composed by brown algae, so lower coverage 

by green algae is observed. Nevertheless, green 

algae coverage of about 20-30% common, and 

punctually coverage of 50 % appear (Figure 7). 

In summary, besides the seasonal and site-

specific variation found at Odense fjord. We can 

conclude that the inner fjord is characterizes by 

generally shallow waters, high residence time, 

more cohesive sediments, higher nutrient 

enrichment and higher opportunistic macroalgae 

coverage. Furthermore, in  the inner Fjord the 

accumulated gross erosion of simulated SPM 

ranged between 0,04 and 25,8 Kg m-
2
 day

-1
 

within the normal scenarios; consequently the 

light availability was reduced to about 80% of 

the control scenario, leading to a light 
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availability of around 36 % of the surface solar 

irradiation. If we now consider the hypothetical 

scenario (14 cm s
-1

), as a worst case scenario, 

the maximal gross erosion picked with 183,8 kg 

SPM m
-2

 day
-1

 meaning a 79 % reduction of the 

light availability of the control, leading to 

almost 0 % light availability at the bottom. The 

high turbidity in the calibration, validation and 

the worst case scenario match very well the 

measured concentrations of up to 600 mg SPM 

l
-1

 which is considered as very high 

concentrations. Compared to field observation 

in Venice Lagoon, performed with high 

temporal resolution, the calibration, validation 

and worst case scenarios are within the same 

range (Bergamasco et al. 2003, Amos et al. 

2004). Here, the combined effect of tidal forcing 

and moderate-hard wind resulted in increases in 

concentration of up to maximum values of 500–

1000 mg SMP l
-1

. So it might be that the worst 

case scenario happens more frequently in 

Odense Fjord than expected. Unfortunately, the 

national monitoring program does not include 

measurements during hard-stormy wind events.  

Therefore, if the opportunistic algae 

coverage remains high in these shallow areas of 

the fjord, their impact on the light climate will 

remain high. Furthermore, the hydrodynamic 

forcing needed to mobilize macroalgae is within 

the daily current velocity range, resuspension of 

sediments might happen almost daily. This has 

consequences for the biostabilization of the 

cohesive sediments that might be heavily 

dampened due to the high-frequent stress. This 

will further decrease the relatively low critical 

shear stress in these areas, and keep the turbidity 

of the system high. 

The outer fjord is a more varied 

environment. It is holds a more complex 

bathymetry (figure 1), has lower residence time, 

and lower area specific nutrient loading, the 

sediments are more mixed and opportunistic 

macroalgae have a general lower but variable 

coverage. In our model, we found that the SPM 

values, ranged between 0 and 23,2 Kg m-
2
 day

-1
, 

reaching a maximal value of 220,8 Kg m-
2
 day

-1
 

in the worst case scenario. We should now 

separate the discussion between the deeper and 

shallower areas. Light dampening will depend 

on algae coverage and current velocities. 

Therefore, the macroalgae drift in the deeper 

aphotic areas (mainly in the fjord’s navigation 

channel) will be limited to plant wrack.  This 

plant wrack movement will still exist, but due to 

the hydrodynamics in the fjord, most of this 

plant matter will be washed out to the sea. 

Nevertheless, when the plant wrack is moving, 

it will still create resuspension. The difference is 

that with the same SPM levels, the light 

penetration from the control scenario will be 

dampened, due to the already existing light 

limitation by the depth. In the photic zones, the 

light dampening will have a greater effect on the 

light climate. Is it also to take into 

consideration, that due to the heterogeneity of 

macroalgae species founded in the outer part of 

the fjord, our results can vary from reality. 

Furthermore, according to Flindt et al 2004, 

Valdemarsen et al 2010 and Canal-Vergés 2010, 

the non opportunistic species in the outer fjord 

might have slightly different movement 

thresholds. Fucus sp. for instance, have higher 

mobility threshold, but once it start moving, the 

erosion (SPM) created in the sediment is much 

higher than the one produced by green algae 

species. Therefore, it is expected that drifting 

events of such brown algae will occur less 

frequently, but when it happens, the impact on 

sediment mobility might be even higher than the 

one described in this model.  
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Anexes 

Sensitivity analises 

 

 

Figure 1: 10, 11, 12, 13 and 14 for 200 time steps. The -50 % changes of erosion13_duration_constant and 

erosion14_duration_constant are shown at a secondary y axis. 
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Figure 1: Sensitivity analysis of erosion_duration_constants. The effect on SPM_water_concentration is 

evaluated when erosion_duration_constants are changed by ±50 % and ±10%. The model was running with 

constant velocities at respectively 10, 11, 12, 13 and 14 for 200 time steps. 
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Figure 2: Sensitivity analysis of erosion_duration_constants. The effect on growth_lys_cte is evaluated when 

erosion_duration_constants are changed by ±50 % and ±10%. The model was running with constant velocities 

at respectively 10, 11, 12, 13 and 14 for 200 time steps. The -50 % changes of erosion13_duration_constant 

and erosion14_duration_constant are shown at a secondary y axis. 
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Figure 3: Sensitivity analysis of the parameter called coverage. The effect on SPM_water_conc, 

growth_lys_cte and Lz is evaluated when the coverage parameter are changed by ±50 % and ±10%. The 

model was running with temperature, light, algal biomass and current data of May.  The effect of -50 % 

change of coverage (green points) on Growth_lys_cte and Lz are shown at a secondary y axis. 
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Figure 4: Sensitivity analysis of the erosion_rate_constant. The effect on SPM_water_conc, growth_lys_cte 

and Lz is evaluated when the erosion_rate_constant are changed by ±50 % and ±10%. The model was running 

with temperature, light, algal biomass and current data of May.  The effect of -50 % change of 

erosion_rate_constant (green points) on Growth_lys_cte and Lz are shown at a secondary y axis. 
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Figure 5: Sensitivity analysis of the algal biomass. The effect on SPM_water_conc, growth_lys_cte and Lz is 

evaluated when the start algal biomass are changed by ±50 % and ±10%. The model was running with 

temperature, light, algal biomass and current data of May.  The effect of -50 % change of algal biomass (green 

points) on Growth_lys_cte and Lz are shown at a secondary y axis. 
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Abstract  

It has been suggested that current-driven macroalgae transport in shallow lagoons and estuaries may 

negatively impact eelgrass through increased turbidity and physical stress. Increased turbidity and 

lower light availability for eelgrass may result when bedload transport of macroalgae erode surface 

sediment. Furthermore, drifting macroalgae damaged eelgrass beds and increased seedling mortality. 

The frequency and impact of drifting macroalgae in Odense Fjord was evaluated with an Agent Based 

model. More concretely, the aims of this model were, to understand and predict the mobility of 

opportunistic (Chaetomorpha linum) and non-ephemeral (Fucus vesiculosus) macroalgae and to 

mathematically describe and quantify the intensity and spatial distribution of bottom substrate 

physically affected by drifting macroalgae. The longest travelled distance by macroalgae was found 

to be 270 and 170 km for brown and green algae respectively; macroalgae losses out of the fjord 

(export) were not in any case higher than 11 %; the modelled area affected on our models, oscillated 

between 16 and 96.5 % of the total fjord area; finally the degree on impact whiting affected areas 

varied widely, from 0.01 to 28.5 m of algae track m
-2

. Such high values for sea bed disturbances, will 

have a major impact on the light climate due to sediment resuspension in bare bottoms and on 

seagrass ballistic impacts and losses whiting the areas affected by algae drift. As for the drift 

distribution and hot spots, brown and green algae simulated drift fitted the field distribution. 

Key word: ABM, IBM, macroalgae debload transport, seagrass, light, ballistics, sediment stability. 
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1. Introduction 

Seagrass stands among the most stable, diverse 

and productive ecosystem in temperate coastal 

waters. Nevertheless, in the last decades, there 

has been a significant reduction of seagrass 

ecosystem, primarily, due to heavy nutrient 

loading (Kemp et al. 1983, Cambridge et al. 

1984, Olesen and Sand-Jensen 1994, Short et al. 

1996, Borum 1997, Walker et al 2006). 

Nitrogen and phosphorus enrichment leads to 

increment of epiphytic coverage and 

phytoplankton blooms, altogether reducing the 

benthic light availability, which affects the 

survival of rooted vegetation (Borum et al 1985, 

Ralph et al 2006). Furthermore, high 

concentrations of dissolved inorganic nutrients, 

both in the water column and sediment, 

stimulate the growth of opportunistic benthic 

vegetation, such as Ulva sp., Chaetomorpha sp. 

or Entheromorpha sp.  

Compared to eelgrass, these ephemeral 

macroalgae have high loss rates and a very fast 

turn over (Geertz-Hansen et al 1993, 

Bergamasco et al 2003), which makes the 

system unstable due to frequent periods of 

anoxia during their decomposition.  

Danish estuaries hold a history of 

euthrophication from the early 70’s (Andersen 

et al 2004, Flindt et al 1999). Since the 1980’s, a 

number of initiatives such as restriction on the 

agricultural land use has been established in 

order to reduce the nutrient loads. These 

restrictions have been partly efficiently, where 

especially nutrient loading from residential 

areas have been reduced due to construction of 

treatment plant. Nutrient run off from 

agricultural area have also been reduced but are 

still considered too high (Petersen et al. 2009). 

Nowadays net production of phytoplankton and 

opportunistic macroalgae has been reduced, 

improving the light climate in coastal waters 

and the anoxic periods previously observed are 

rare. Despite this improved water quality, the 

seagrass communities have not yet recovered 

(Environment Center Odense 2007). Seagrass 

lack of reestablishment can be partially 

explained by for instance, the nutrient loading 

are not yet sufficiently reduced, the size of the 

remaining seagrass population are insufficient 

for recolonization, a non-reversible shift in the 

benthic vegetation has happened, or a 

combination of all these factors. Nevertheless, 

the reasons behind the lack of seagrass 

recolonization are not yet fully understood, and 

further research is necessary. In some estuaries, 

as Odense fjord (Funen, Denmark), the nutrient 

reduction, has lead to a system change.  

Opportunistic macroalgae are still common in 

the inner fjord; however the outer fjord has 

shifted from an opportunistic macroalgae 

system, to a bladerwrack dominated system 

instead of the desired seagrass recovery 

(Valdemarsen 2010, personal observations). 

Bladerwrack grows attached to the substrata and 

is typically abundant on rocky shores where it is 

considered a stable and desirable vegetation, 

due to their slower turnover and the associated 

high biodiversity. Nevertheless in Danish 

estuaries, where the sediments primarily consist 

of a mixture of fine sand and mud, suitable hard 

substrates are rare and species as Fucus sp. 

grow attached to small stones and shells. This 

loose attachment makes the macroalgae highly 

mobile. Fucus vesciculosus will initially stay 

immobile at the bottom, until their growth of 

biomass and development of air vesicles 

compensate for the weight of their anchor. 

When the relative density of the combined 

anchor and macroalgae assemblage decreases 

the anchored macroalgae will start moving as 

bed load transport, eroding the sediment surface 

(drifting). As the macroalgae biomass increases 

the threshold velocity to initialize movement 

(drifting) will decrease as well. In the end Fucus 

vesiculosus will end floating in the water 

column.  

The majority of drifting macroalgae both 

opportunistic and non opportunistic species 

moves near the bed and create a ballistic 

disturbance of the sediment and any surface 

living organism. This ballistic impact results in 

sediment resuspension and a reduction of light 

availability.  

A number of models include description 

of both attached and/or unattached macroalgae 

growth dynamics (Duarte & Ferreira 1997, 

Flindt & Kamp-Nielsen 1997, Trancoso et al. 

2005, Brush & Nixon 2010), but the focus has 

mainly been on the macroalgae production and 

how this affects the nutrients turnover and mass 
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balance of the system. Just a reduced number of 

models, have focus on macroalgae mobility and 

their dispersion, and the implication of this 

transport on the ecosystem (Salomonsen et al. 

1999, Flindt et al. 2004,Yñiguez et al. 2008, 

Canal-Vergés et al in prep.). Is the present 

paper, we present a lagrangian type of model, 

agent based model (ABM), applied in 

combination with a hydrodynamical model and 

an eulerian eutrophication model to study the 

transport of both attached and unattached 

macroalgae and their physical disturbance of 

sediment surfaces in the Odense Fjord estuary.  

2. Site description 

Odense Fjord is located on the island of Fyn, 

Denmark, and has an extension of 62 km
2
 

(Figure 1). It is a shallow estuary with an 

average water depth of about 2 m. It is exposed 

to a micro-tidal (0.4 m) regime. As many 

Danish estuaries this Fjord has been heavily 

loaded with nutrients (2.85 and 0.072 10
6
 kg yr

-1
 

total nitrogen and phosphorus).  

Salinity and temperature ranges between 

10-23 and 3-19 °C. The main freshwater input 

of this estuary is dominated by Odense River 

with a catchment area of 1057 km
2
. The Fjord is 

subdivided in two areas. The outer fjord has a 

residence time of about 7 days, and generally it 

is dominated by silty sand and mud-sand mixed 

sediments. The inner part of the fjord has a 

slightly higher residence time, lower salinity 

(due to input of freshwater from Odense River), 

higher concentrations of nutrients and it is 

dominated by cohesive sediments. (Glob et al 

2006, Cartensen et al. 2007, Riisgård et al. 

2008).  The benthic vegetation in the fjord has 

shifted from Zostera marina dominated beds to 

macroalgae dominated habitats (Ulva lactuca, 

Enteromorpha sp., Ceramium sp., Gracillaria 

vermiculophila or Fucus vesiculosus). The high 

area specific nutrient loading of the inner fjord, 

create an euthrophic environment characterized 

by dense mats of ephemeral macroalgae, while 

other species as Fucus sp., are more dominating 

in the outer fjord (Environment Center Odense 

2007, data collected by Danish Nature Agency, 

Odense monitored monthly from July to 

November from 1997 to the present, personal 

observations 2009-2011). 

3. The model 

The software applied for the ABM 

development, implementation and execution is 

the integrated 3-HD hydrodynamical and 

ecological modeling system MIKE 3 FM 

ECOLab; a commercial software system 

 

    

Figure 1: Map of Denmark with a close up of Odense fjord in the island of Fiona. The black dots represent the 

transects monitored by Danish National Environmental Research Institute, in Odense. 
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developed by DHI (DHI 2011a, DHI 2011b). As 

an add-on module ECOLab provides full access 

through an open source environment for 

equation development, implementation and 

execution on top of DHIs 3-D HD model, MIKE 

3 FM. ECOLab supports both Eulerian and 

Lagrangian representation and interaction (DHI 

2011c) for combining simulations of ABM, 

water quality modeling and hydrodynamical 

modeling. 

The model consists of two hierarchical 

levels, individuals and environment.  The 

environment is simulated by the hydrodynamic 

(HD) model and a eutrophicaton (EU) model.  

Individual growth and movement of macroalgae 

are simulated using an agent based model 

(ABM) applying stored HD and EU results as 

driving forces.   

The model description below is prepared 

according to the ODD protocol for describing 

individual and agent-based models proposed by 

Grimm et al. (2006) and Grimm et al. (2010). 

3.1. Purpose: 

Canal-Vergés et al. (2010 in prep.), denoted the 

importance of drifting macroalgae on the light 

climate. The aim of this model is: 

 To understand and predict the mobility 

of opportunistic (Chaetomorpha linum) 

and non-ephemeral (Fucus vesiculosus) 

macroalgae. 

 To mathematically describe and quantify 

the intensity and spatial distribution of 

bottom substrate physically affected by 

drifting macroalge.  

3.2. State variables and scales 

Two species of macroalgae (agents) are 

simulated representing an opportunistic and 

slower growing attached macroalgae. Each 

individual is characterized by variables 

describing the: identity number, age (time since 

simulation start), algae biomass (g ww), 

position (x,y,z coordinates) and distance 

travelled (m). For the non-ephemeral 

macroalgae species, 2 additional stare variables 

are included: anchor mass (g) and density of the 

complex macroalgae+anchor (g cm
-3

). 

The spatial environment is defined by a 

3D flexible triangular mesh (finite element 

solution). Each grid cell area is ranging between 

0.01 and 0.07 km
2
. The environment simulated 

by the HD and EU models is defined by 

bathymetry, water level, horizontal and vertical 

current velocities and directions, bed roughness, 

light irradiation, water temperature, water 

column concentrations of nutrients (NH4, NO3 

and PO4), chlorophyll and suspended particulate 

matter (SPM). The bathymetry is divided in 21 

vertical layers, 2 surface layers with varying 

thickness and 19 deeper layers with each 1 m 

thickness. Current velocities and directions, 

water level and bed shear stress were extracted 

from a hydrodynamic model setup for Odense 

Fjord (Abbott et al 1981, Vested et al. 1992, 

DHI 1998 a, b). Nutrients, chlorophyll and SPM 

concentrations were extracted from ecological 

model simulations of Odense fjord (Rasmussen 

et al 2000, 2009). 

Eulerian HD and EU variables applied in 

the ABM simulation were stored every 5
th

 

minute. Eulerian variables were interpolated 

linearly in time between stored time steps.  

Agent state variables and positions were 

in a fixed order and updated synchronously at 

each time step. 
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Figure 2: Conceptual model. State variables are represented as white rectangles; the main processes are 

shown as arrows. Help processes appear as circles, and forcings are shown as elliptic shapes. 

3.3. Process overview and scheduling 

The temporal resolution of each simulation is 

five minutes time steps. Within each time step, 

the following processes were calculated in the 

following order: biomass growth, grazing, 

density change, horizontal movement, vertical 

movement, distance travelled by each 

individual, benthic area affected by macroalgae 

drifting movements and algal biomass exported 

out of the fjord. An overview of state variables 

and processes are shown in Figure 2. 

3.4. Design concepts 

3.4.1. Basic principles 

The macroalgae movements are regulated by 

two parameters: The shear stress at the bottom, 

which initiates and stops the movement of the 

macroalgae, and the horizontal current velocity, 

that regulates the velocity and direction of the 

macroalgae movement. The description of 

macroalgae movement is based on the critical 

shear stress because this parameter includes bed 

roughness, wave and current action. Shear stress 

is usually measured in N m
-2

, but can be 

converted into a free stream velocity (e.g. m s
-1

) 

(Pedersen 1996). Nevertheless, since the critical 

shear stress describes a circular movement, it 

will overestimate an equivalent horizontal 

speed, therefore. When detached from the 

bottom the actual speed and directions of the 

particle’s movement are based on the horizontal 

and vertical water current velocities.  

Brown macroalgae in this model always 

appear attached to an anchor (stone) thus the 

threshold for movement depend on the 

buoyancy of the combined macroalgae biomass-

stone complex. The mobility threshold of the 

combined macroalgae biomass-stone complex 

was studied by Wendelboe & Egelund. 2010. In 

this study they performed flume experiments 

with a wide range of Fucus vesiculosus attached 

to different sizes of stones collected from the 

study site /Odense fjord and stepwise increased 

the velocity, until the macroalgae started to 

drift. They also sampled numerous Fucus 

vesiculosus individuals anchored to stones and 

studied the relation between the mass of the 

stone and the macroalgae biomass, volume and 

their relative density (or buoyancy). In the 



  PhD thesis by Paula Canal Vergés 

 

85 

 

model this relation was used to describe the 

threshold for macroalgae movement. 

3.4.2. Emergence 

The accumulated physical stress on the bottom 

created by drifting macroalgae can be described 

as: growth of macroalgae biomass, changing the 

stone-algae densities and the movement 

predicted by current and wave induces shear 

stress during the varying current velocities 

created by tidal action and meteorological 

forcing. However complex these interactions are 

predictable and cannot be reckoned as emergent 

properties of the system.  

3.4.3. Stochasticity 

Stochasticity is included to describe dispersion 

processes reflecting the unresolved 

hydrodynamical turbulence of the HD model. 

Additionally, stochasticity is also applied to 

establish the start condition of the macroalgae 

biomass and the mass of the attached stones (the 

latter for non ephemeral macroalgae only). 

3.4.4 .Observations 

The output consist of the accumulated physical 

impact on the bottom exert by drifting 

macroalgae. Over time this is described by the 

complex interaction of macroalgae growth, the 

growth related change in stone-algae densities 

(for non epheral species only) and the 

movement predicted by simulated current and 

wave induced shear stress and current velocities. 

This output is collected at each time step by 

calculating the distance travelled by each 

drifting macroalgae and transferring (~adding) 

the distance to a defined eulerian state variable. 

Hereby the complete macroalgae journey is 

recorded as the simulation progresses and 

distances are divided by the area of each 

eulerian grid cell to achieve the unit “m/m
2
”.  

3.4.5. Other concepts 

The agents (macroalgae) have no adaptive 

abilities in relation to drift since their 

movements are simply based on rules and 

processes related to observed biological and 

physical mechanisms. Thus as proposed in the 

ODD protocol to describe concepts of 

emergence, objectives, learning, prediction, 

sensing and collectives is not relevant in the 

current context. Although interaction between 

drifting and/or floating macroalgae may 

potentially affect the movement of individual 

macroalgae include cohesion and filtration of 

macroalgae this is not included in the model.  

3.5. Initialization 

The initial distribution of macroalgae was 

designed following two approaches: random 

distribution over the entire fjord 

(Homogeneous) and distribution within targeted 

areas (Areas). To create these target areas, the 

fjord was divided in areas with different 

coverage, introducing a proportion of 10 

particles for each 1% macroalgae coverage. 

These areas and their coverage were selected 

based on monitoring data obtained by the 

Danish Nature Agency, Odense (monitored 

monthly from July to November from 1997 to 

the present, Figure 1), and processed with the 

GIS tool MapInfo Ver. 10.0.   

The initial macroalgae biomass follows a 

uniform distribution, ranging between a 

minimum and maximum value, which was 

estimated from field data (brown macroalgae: 

11-704 g, green macroalgae: 1-100 g 

(Wendelboe & Egelund 2010, personal 

measurements).  

The initial stone mass follows a uniform 

distribution, ranging between a maximum and 

minimum mass, which was estimated from field 

data (8-400 g). The initial values for macroalgae 

biomass, and stone biomasses, were based on an 

intense survey of macroalgae wrack in 

Enebærodde, Odense fjord (Wendelboe & 

Egelund 2010). 

The evaluation of each simulation started 

at the beginning of the growth season (April), 

and finished at the end (October). Once 

macroalgae had left the fjord, the particle was 

considered lost and did not return to the system. 

3.6. Input 

The forcing functions used in this ABM model 

were extracted from Mike 3 HD and EU 

modules (Rasmussen et al 2000, 2009). Data 

extracted from the HD module was: horizontal 

and vertical current velocity and direction, 
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temperature and shear stress at the sea bed. 

From the EU module, SPM, chlorophyll, nitrate, 

ammonium and phosphate concentrations were 

used as forcing functions. Light attenuation was 

modelled according to Lambert-Beer’s law 

(Table 1). Light irradiation was obtained from  

the Danish Meteorological Institute. The 

freshwater discharge and external nutrient 

loading used as forcing functions in the HD and 

EU model was collected by the Danish Nature 

Agency Odense

. 

Euler State variables Value / Equation Unit 

Algae coverage (Algae_cov) ((ABM*1000*24*60)/5) mg WW m
-2

 d
-1

 

Sediment area affected by drift 

(Area_A) 

IF ( DAS < 1.1, 0, IF ( DAS > 

2.1, 0, Sum(dist / Bed_area))) 
m m

-2
 

Lagrange State variables Value / Equation Unit 

Algae biomass (AlBM)  (Growth - Grazing) g WW 

Stone mass (SM) 0 g 

Distance +sum_distance m 

Arithmetical expressions Equation Unit 

Total SPM (TSPM) 
((Chlorophyll*D)*Chl_C) + 

((SPM *D)*SPM_C) 
NU 

Light at the macroalgae location 

(LCA) 

( ( ( L0*Php) * EXP ( - TSPM* 

depth at the macroalgae 

location) ) ) 

µE m
2
 s

-1
 

Light limitation for growth (LL) ( LCA / ( LCA+ L km ) ) No Units (NU) 

Temperature limitation for growth 

(TL) 
ARRHENIUS20 (1.02, Temp) NU 

Nitrogen limitation for growth 

(NL) 

MAX(( NH4_conc / ( NH4_conc 

+ FKm_NH4 ) ),( NO3_conc / ( 

NO3_conc + FKm_NO3 ) ) ) 

NU 

Phosphorus limitation for growth ( POH_conc / ( POH_conc + NU 
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(PL) FKm_POH ) ) 

Growth 

( ( ( Max_G - AlBM ) / Max_G 

)* AlBM * LL * TL * NL * PL* 

Vmax_G ) 

gWW d
-1

 

Grazing Degradation GDF * Growth gWW d
-1

 

Density of macroalgae and stone 

(DAS) 

(AlBM + SM)/((AlBM *0.9912) 

+ (SM * 0.3843)) 
g cm 

-3
 

Shear stress needed for the 

initialization of macroalgae drift 

(Tau_need) 

((0.4338554 * DAS) - 

0.20399831) 
N m

-2
 

Vertical speed factor (VSF) 

- IF( DAS < 1.1, -0.1,IF ( DAS < 

2.1, 0.1, 0)) (NO) 

- IF( Tau < 0.00773, 0.1,IF ( Tau 

< 0.06963, 0.1, -0.1)) (O) 

m s
-1

 

Horizontal speed factor (HSF) 

- IF( DAS < 1.1, 1, IF(DAS > 

2.1, 0, IF (Tau_need < Tau, 0.6, 

0))) (NO) 

- IF( Tau < 0.00773, 0, IF ( Tau 

> 0.06963, 1, 0.8)) (O) 

m s
-1

 

Distance (Dist)) 

GetDistance ( [XPOS], [YPOS], 

[ZPOS], [PREV_XPOS], 

[PREV_YPOS], 

[PREV_ZPOS]) 

m 

Checks the position of the 

macroalgae  in the x axis 

(Check_X) 

IF(([XPOS] > 598090), 

IF(([YPOS] > 6153958), 

IF(([XPOS] < 598963), 

IF(([YPOS] < 6154085), 1, 0), 

0), 0), 0) 

NU 
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Checks the position of the 

macroalgae  in the y axis 

(Check_Y) 

( IF(([XPOS] > 598963), 

IF(([YPOS] < 6154085), 0, 1), 

1) 

NU 

Check if the particle is leaving the 

Fjord 
check_Leave_x*check_Leave_y NU 

Kill/Stop the particle when the it 

exceeds the Fjord 

IF( check_Leave > 0,  

DO_DIE_OFF{ (Fucus, -1, 0}, 

0) 

NU 

Sum of the distance travelled by 

the macroalgae 
distance * 86400 / timestep m d

-1
 

Vertical movement VS * VSF m s
-1

 

Horizontal movement HS * HSF m s
-1

 

Coverage 
Algae_cov::=(((ABM*1000*24*

60)/5) 
mg WW m

-2
 d

-1
 

Sediment affected 

IF ( DAS < 1.1, 0, IF ( DAS > 

2.1, 0, Area_A ::+(dist / 

Bed_area))) 

m m
-2

 

Forcings Value Unit 

Horizontal current direction (HD) 
Varying on time and space 

(VTS) 
Degrees 

Horizontal current speed (HS) VTS m s
-1

 

Vertical current speed (VS) VTS m s
-1

 

Temperature (T) VTS °C 

Light Irradiation at the surface (L0) VTS µE m
-2

 s
-1

 

Chlorophyll  in the water column 

(Chl) 
VTS mg Chl l

-1
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Suspended particulate matter 

carbon (SPM) 
VTS mg C l

-1
 

Ammonium concentration N VTS mg N l
-1

 

Nitrate concentration VTS mg N l
-1

 

Phosphorus concentration VTS mg P l
-1

 

Shear stress (tau) VTS N m
-2

 

Bed Area (BA) VS m
-2

 

Water depth  (D) VTS m 

Euler constants Value Unit 

Time step 5 min 

Lagrange constants Value Unit 

Maximal growth rate (VMax_G) 

0.07  (NO) 

0.67  (O) 

d
-1

 

Maximal biomass (Max_B) 1000 g  WW 

Grazing-Degradation factor (GDF) 

Random (0-50) (NO) 

Random (0-100) (O) 

NU 

Light Km (L km) 200 µE s
-1

 

Nitrate Km (N km) 

0.01 (NO) 

0.02 (O) 

mg N l
-1 

Ammonium Km (A km) 

0.004 (NO) 

0.011 (O) 

mg N l
-1 

Phosphate Km (P km) 0.001 mg P l
-1 

Chlorophyll light attenuation 13.80 m
2 

g
-1 
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coefficient (Chl_C) 

SPM (Carbon ) light attenuation 

coefficient (SPM_C) 
0.089 m

2 
g

-1
 

Tabel 1:Mathematical formulations of the macroalgae model. VTS stands for Varying in time and space, VS: 

varying in space, NO: non-opportunistic algae and O: opportunistic algae. 

3.7. Submodels 

3.7.1. Growth 

Growth dynamics are based on Monod 

saturation kinetics, where the limiting factors 

are, light, nutrient availability and temperature. 

The description of a maximal obtainable 

macroalgae biomass was introduced to simulate 

self shading (Figure 2, Table 1).  

The half saturation constant for nitrogen 

and phosphorus were taken from Pedersen & 

Borum (1997) and Nan Chung-Rong (2003). 

Maximal growth rate constants were taken 

from Flindt et al. (2004).  

Light attenuation coefficient for 

chlorophyll and SPM carbon, were obtained 

from Lorenzen (1972). The description of 

grazing and decomposition are calculated as a 

function of growth, where a uniform random 

percentage of the production is lost (Figure 2, 

Table 1).  

3.7.2. Movement 

Movement is dependent on the total shear stress 

at the bottom, the horizontal and vertical 

velocities (see design concepts) and, for non-

ephemeral macroalgae, the combined 

macroalgae and stone density (just for non-

ephemeral macroalgae). The shear velocity 

thresholds to initialize drift were extracted from 

Flindt et al. (2007) and Canal-Vergés et al. 

(2010).  

Initiation of macroalgae movement is 

restricted to the shear stress. If the shear stress 

at the bed is lower than the minimum required 

(0.00773 N m
-2

) the macroalgae will not move. 

If the shear stress is higher that a maximum 

value (0.069N m
-2

) the agent will float. Finally, 

when the shear stress is within this range the 

agent will drift on top of the sediment. On the 

vertical axis, once the macroalgae starts floating 

they are launched to the surface layer of the 

model (Table 1). In the horizontal axis floating 

agents will move with the current speed and 

direction of the water. When agents sink or 

move as bed load (i.e. when shear stress is 

below the 0.069 N/m
2
) the agent will be 

launched to the bottom layer on top of the sea 

bed. On the horizontal axis a drifting particle 

will move with the 80% of the horizontal 

current speed at that layer (Flindt et al 2004). 

Here the reduction in speed is due to the friction 

created by the bed, when the macroalgae is 

plowing along the sediment. The macroalgae 

biomass does not affect the movement (Flindt 

2004). 

In the model, non-opportunistic 

macroalgae always appear attached to an 

anchor. Their movement is therefore controlled 

by their buoyancy. To estimate the particle 

buoyancy, we calculate the density of the total 

macroalgae-anchor mass (Table 1). Then, 

initiation of the movement in this case depends 

on both the particle density and the shear stress. 

If the macroalgae-anchor density is below 1.1 

then the particle will float. If the macroalgae-

anchor density is higher than 2.1 the particle 

will not move. Finally, if the density is within 

this range the particle will move when shear 

stress allow it. The shear stress needed for 

movement is a function of the particle density 

(see design concepts). The minimum and 

maximum densities determining the range of 

macroalgae mobility was based on the same set 

of experiments, (Wendelboe & Egelund, 2010). 

For values larger than 2.1 there is no data 

available, so it was not included in this model. 

 



  PhD thesis by Paula Canal Vergés 

 

91 

 

  

.

 BA BHT BH1 BG+10 BG+50 BG-10 BG-50 

Area                Km
2               17.3 32.72 1.8(32.49) 2.3(32.49) 3.3(32.5) 1.7(32.6) 0.04(32.80) 

Total area  

affected              % 
27.9 52.77 2.9(52.46) 3.7(52.40) 5.3(52.4) 2.7(52.59) 0.065(52.83) 

Max. Algae  

impact             m m
-2      

0.43 0.36 0.44(0.46) 0.43(0.44) 0.16(0.48) 0.17(0.50) 0.012(0.49) 

 
GA GFT GF1 GG+10 GG+50 GG-10 GG-50 

Area                Km
2               16.84 61.47 59.7 59.7 59.7 59.7 59.7 

Total area  

affected              % 
27.16 99.15 96.36 96.36 96.36 96.36 96.36 

Max. Algae  

impact             m m
-2      

28.52 17.70 14.85 14.85 14.85 14.85 14.85 

Table 2: Sensitivity analysis I.  From the following abbreviations B and G stands for brown and 

green macroalgae: BA meaning brown macroalgae(agents) distributed in fixed areas of the 

fjord; BH agents homogeneously distributed in the fjord, released within the first 1000 time 

steps; BH1 agents distributed homogeneously in the fjord, released in the first time step; 

BG+10/ BG+50 Agents forced to 10 and 50% growth increment, fixed initial biomass, in 

brackets, same scenario with initial biomass of the agents from field measurements; BG -

10/BG- Agents forced to 10 and 50% growth decrement, fixed initial biomass, in brackets, 

same scenario with initial biomass of the agents from field measurements.  

4. Sensitivity analyses 

The sensitivity of the most relevant settings and 

processes was studied. They were: initial 

particle distribution, number of particles, the 

temporal resolution of particle release, 

macroalgae growth and. The effect of changing 

these parameters were calculated as 

accumulated macroalgae impacted area per area 

grid cell (m m
-2

). Hereby the sensitivity appears 

as a regional impact distribution and maximal 

distance travelled by a particle. See table 2. 

The sensitivity analyses were simulated 

based on the ecological and hydrodynamic data 

of 2009. The model was sensitive to changes on 

the initial particle distribution within the fjord; 

changes on this parameter affected the maximal 

impact, percentage of the area of fjord affected 

by macroalgae drift, and on the distribution of 

these areas. The percentage of area affected by 

drift increased between 25 to 72 % when the 

areas were distributed homogeneously instead 

of in targeted areas. The maximal impact 

increased as well from 0.07 to 11 m m
-2

 (Table 

2).  Nevertheless, there were areas of the fjord 

that remained unaffected by macroalgae drift, 

regardless the initial particle distribution. 

Temporal resolution was tested by 

releasing the particles with different frequency; 

particles were released either in a single time 

step, or during the first 1000 time steps. The 

model was not highly sensitive to changes on 

the temporal resolution in which particles were 

released. The percentage of   the fjord affected 

by macroalgae drift changed with only 0.3-1.77 

%, while the maximal impact generated by 

macroalgae drift oscillated between 0.09-17.7 m 

m
-2

 (Table 2). In all cases, the release of 

particles took place twice over the simulated 
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period, at the start and in the middle of the 

simulation. 

In order to test macroalgae growth, the 

growth rate constant was increased and 

decreased by 10 and 50 %. The brown 

macroalgae model was moderately sensitive to 

changes in the growth rate when we introduced 

all particles with a constant biomass. When the 

growth expression was increased on a 10 and 50 

% the area of fjord affected by drift varied from 

about 2.7 to 5 % while the maximal stress 

varied from 0.44 to 0.48 m m
-2

 with increasing 

growth. On the other hand with a 10 and 50 % 

decrease of growth, the area of the fjord affected 

by drift and the maximal impact varied from 

~2.7 to ~0.07 % and from 0.44 to 0.012 m m
-2

 

respectively with decreasing growth (Table 2). 

This was an effect caused by the relation 

between the weight of the macroalgae and its 

buoyancy, which at the same time affected the 

macroalgae threshold to drift or float mode. A 

faster growth rate will promote the time where 

macroalgae starts to float, and therefore become 

more mobile, but without any ballistic effect on 

the sediment. Furthermore, a slower growth rate 

will trigger that many of the introduced particles 

stay fixed at the bottom not moving at all. 

Nevertheless, when we used the measured initial 

biomass ranges recorded during survey 

(Wendelboe & Egelund, 2010) as initial 

biomass values there was a buffer effect created 

by the wide range of defined macroalgae 

biomasses/stone ratios. These variations 

decreased the sensitivity of the investigated 

parameters. In the green macroalgae model the 

movement is independent of the macroalgae 

biomass and therefore, the model was not 

sensitive to settings of the growth rate constant. 

Additionally, we tested the sensitivity of 

initial introduced particles on the modelled 

affected area (%), estimated total area affected 

(calculated from the modelled affected areas 

extrapolated from the modelled macroalgae 

biomass to the total biomass found in the fjord, 

see below). We performed the sensitivity 

analyses with 1000, 10 000 and 100 000 

particles. Generally, the studied parameters 

were not sensitive to the changes. The 

percentage of modelled affected area by 

macroalgae drift increased from 52.5 to 61.6 

and to 65.6 % from 1000, 10 000 and 100 000 

particles, in the brown macroalgae model and 

from 96.4 to 99.7 to 100 % in the green 

macroalgae model. The average estimated 

impact did not varied at any of the scenarios. 

Nevertheless, the maximum values varied 

slightly from 1 to 0.7 and 12 to 13 m
2
 m

-2
 d

-1
 for 

1000 to 10 000 introduced particles in the 

brown and green models, respectively, but did 

not change further. Finally, the loss of 

macroalgae varied only from ~5 to ~7 %in 

brown macroalgae model, and varied only from 

9.2 to ~ 9.5 in the green macroalgae model 

(Table 3). 

 

 
BH1 GH1 

Agents                     n° 1000 10000 100000 1000 10000 100000 

Loss                         % 4.78 7.01 6.89 9.20 9.50 9.47 

Tot. area affected   % 52.46 61.59 65.56 96.38 99.97 100 

Extrap. impact  
m

2
 m

-2
 d

-1 
0.03(0-1.09) 0.03(0-0.77) 0.03(0-0.75) 0.07(0-12.1) 0.071(0-13.4) 0.07(0-13.3) 

Table 3: Sensitivity analysis II. BH1 and GH1 represent scenarios performed with brown and green algae 

distributed homogeneously within fjord area and released in the first time step. Loss stands for total algae 

biomass loss from the fjord area. Tot. area affected, represent the total area of the fjord affected by algae drift. 

Extrap. impact corresponds to average (Min.-Max.) of the intensity in which algae drift affected the sea bed 

areas in relation with the total algae measured in Odense fjord. 
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5. Scenarios and discussion 

5.1. Description 

The aim of the present model was to estimate 

the macroalgae mobility in Odense Fjord. 

Furthermore, this model also intends to predict 

the geographical areas subjected to impact of 

drifting macroalgae.  

To evaluate the results of the ABM model the 

following derived output parameters was 

analyzed: 

- Modelled area affected, referring to the 

total area of the fjord affected by any 

degree of macroalgae drift (%). This 

parameter gives an indication of the 

percentage of the area of the fjord that 

has been affected by any degree of 

macroalgae drift at the end of the 

simulation. 

- Intensity of benthic stress, meaning the 

accumulated average, minimum and 

maximum macroalgae drift (m) per grid 

cell area (m
-2

). 

- Estimated area affected average (min-

max.). As stated before refers to an 

extrapolation between the accumulated 

area affected by the modelled 

macroalgae biomass drift and the 

accumulated area affected by the 

measured macroalgae biomass drift in 

Odense fjord. This parameter was 

calculated considering two assumptions. 

First, we considered an average diameter 

from the drifting macroalgae of 5 cm 

(this value is taken from field 

observations), the second is that the total 

macroalgae biomass introduced in our 

model was estimated with the total 

brown, or green macroalgae biomass 

found in the fjord in May (Min.), August 

(mean) and October (Max.). 

- Maximum distance travelled. Measured 

as maximum accumulated distance (m) 

of macroalgae drift by a single agent. 

- Algae biomass exported from the fjord. 

Represent the total macroalgae loss from 

the fjord. Here we have to mention that 

an agent is lost just when leaving the 

fjord, but losses due to macroalgae 

accumulation in the shores inside of the 

fjord area are not accounted. Therefore 

the total macroalgae loss is expected to 

be underestimated. 

5.2. Scenarios 

Scenarios were performed for the years 2004 

and 2009 during the growth season for brown 

and green macroalgae species, independently. 

Two types of scenarios were run for each year 

and macroalgae type, differing by the initial 

macroalgae distribution (Homogenous or 

Areas). In the first type, the macroalgae were 

distributed homogeneously over the entire fjord 

(Figure 3). In the second type the macroalgae 

were distributed following the distribution 

found by field mapping at the beginning of the 

growth season of the years. These macroalgae 

maps were interpolated (IDW) from monitoring 

data obtained by the Danish Nature Agency, 

Odense (Figure 1), using MapInfo 10.0.  

All scenarios were compared to monitored 

data taken at the end of the growth season of 

2004 and 2009 (monitored monthly from July to 

November from 1997 to the present by the 

Danish Ministry of the Environment- 

Environment center Odense, Mapinfo 10.0), and 

field observations and measurements obtained 

within two field monitoring campaigns 

performed in the growth seasons of 2009 and 

2010 (Valdemarsen et al 2010, Valdemarsen et 

al in preparation). 
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Figure 3: Area affected by macroalgae drift measured as m of macroalgae drift per m
2
. A) Area affected by 

macroalgae drift from April to October with an initial homogeneous distribution of brown macroalgae. B) 

Area affected by macroalgae drift accumulated from April to October with an initial targeted distribution of 

brown macroalgae. The detail on the right corner of the map shows the initial particle distribution on the 

fjord. C) Area affected by macroalgae drift accumulated from April to October with an initial homogeneous 

distribution of green macroalgae. D) Area affected by macroalgae drift accumulated from April to October 

with an initial targeted distribution of green macroalgae. The detail on the right corner of the map shows the 

initial particle distribution on the fjord. 

A B

  
A 

C

  
A 

D

  
A 
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Figure 4: Macroalgae coverage. A) Fucus coverage (in %) found in Odense fjord September 2009. B) Green 

algae coverage (in %) found in Odense fjord, September 2009. Values are interpolated from survey transects 

(black dots) 

5.3 Results 

Four scenarios were simulated for 2009. The 

two scenarios were parameterized with the 

brown macroalgae description; they differed on 

the initial distribution of macroalgae. In the first 

scenario (BH), the macroalgae were distributed 

homogeneously in the full fjord’s area. In the 

second scenario (BA), the macroalgae were 

placed due to the observation made by Danish 

Nature Agency, Odense in the month of May-

June (first data set of the growth season 

available) (Figure 3). Within the monitoring 

transects performed, no Fucus was observed in 

the inner fjord. Both BA and BH showed very 

low losses of macroalgae biomass ~2% within 

the simulation period, their maximal agent 

velocity was also similar 12 and 13 km day
-1

 

respectively (Table 4). On the contrary, the 

maximal distance travelled by an individual, the 

total area of the fjord affected by macroalgae 

drift and the values (mean, max and min) for 

area proportion affected and estimated daily 

area affected differed widely, being higher in all 

cases the values for BH (Table 4). As for the 

geographical distribution of the affected areas 

(Figure 4), the outer part of the fjord showed 

quite similar pattern, but in the inner fjord, there 

was not found any area affected in BA, contrary 

to the findings in BH (Figure 4). 

In the two green macroalgae scenarios, the 

same patterns were repeated. GA and GH had 

equally low macroalgae biomass loss and the 

same maximal particle velocity 12 km day
-1

. 

Again maximal distance travelled by an 

individual, the total area of the fjord affected by 

macroalgae drift showed higher values for GH, 

but in this case the values (mean, max and min) 

for area proportion affected and estimated daily 

area affected were generally higher in GA 

(Table 4). As for the geographical distribution 

of the affected area, the inner part of the fjord, 

shower similar pattern in both scenarios, while 

there wasn’t found any affected area in the outer 

fjord in GA, but there was in GH (Figure 4). 

In the scenarios of 2004, the patterns were 

the same, except that the differences between 

area proportion affected and estimated daily 

area affected were lower between the BA and 

BH as well as between GA and GH (Table 4). In 

the green macroalgae model, there were 

differences in the loss of macroalgae biomass 

with the highest losses in the GH simulation 

(Table 4). 

 

A B 
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Total 

Export 

Maximal 

distance 

Maximal 

speed 

Modelled 

area affected 

Algae  

impact  

Estimated daily 

area affected 

  
% km Km day-1 % m m-2 m2 m-2 day-1 

2009 

BA 7 84 12 27.9 0.006 (0-0.43) 0.008 (0-0.98) 

BH 4.7 270 13.3 52.5 0.020 (0-0.45) 0.032 (0- 1.09) 

GA 0 143 12 27.2 0.400 (0-28.50) 1.542 (0-471.16) 

GH 9.2 170 12 96.5 0.350 (0-14.28) 0.071 (0-12.10) 

2004 

BA 11 109 12 15.7 0.003 (0-0.30) 0.003 (0-0.47) 

BH 9.9 183 13 36.3 0.004 (0-0.29) 0.004 (0-0.42) 

GA 0 149 12 28.7 0.350 (0-15.30) 0.072 (0-12.99) 

GH 8.6 186 13 96.6 0.260 (0-7.60) 0.053 (0-6.41) 

  
      

Table4: Scenarios performed for Odense in 2004 and 2009. From the following abbreviations, 

B and G stands for brown and green macroalgae.BA and GA: brown  and green macroalgae 

distributed within fixed areas in the fjord; BH and GH: brown and green macroalgae 

distribute homogeneously within fjord; Total export, stands for loss of macroalgae biomass 

within the growth season; Maximal distance travelled by an agent; Maximal speed travelled by 

an agent; Modelled area affected, percentage of the fjord’s area affected by macroalgae drift; 

Area impact accumulated meters of macroalgae drift per m
2
, mean(Min.-Max.); Estimated 

daily area affected number of times or (m
2
m

-2
) as mean (Min.-Max.) 

5.4. Discussion 

5.4.1 Macroalgae mobility 

The maximal speed of the individual 

movements in Odense Fjord was about 12 and 

13 km day
-1

 (~0.5 km hour
-1

). The threshold for 

algae drifting is much lower in the green algae 

(~2 cm s
-1

)model than in the brown algae model 

(~25-37 cm s
-1

), nevertheless, while moving as 

bedload, green algae velocities (20 % delay) are 

closer to the free stream velocities than brown 

algae (40% delay). Both macroalgae moves with 

the stream velocity once suspended in the water 

column. Therefore maximum values did not 

varied widely from models. Minchinton 2006 

found a maximal velocity of macrophytes wrack 

drift in estuaries and salt marshes of 1.1 to 2.5 

km h
-1

. This study was performed from a river 

to the neighbor salt marsh; therefore free stream 

velocity was expected to be higher.  

The longest travelled distance by 

macroalgae was found to be 270 and 170 km for 

brown and green macroalgae respectively, 

within the simulation period. This gives short 

average distance of ~1.5 and 0.9 km day
-1

 

Nevertheless, macroalgae movement does not 

necessary occur daily, creating the differences 

between the maximal velocities and the records 

of travelled distances. On the other hand the raw 

270 km ex. does not represent a unidirectional 

movement (Table 4). Furthermore, since the 

model record the position of each individual 

agent observed during distinct periods, 

macroalgae skate around in specific areas (hot 

spots), and following for instance tidal currents 

(Figure 3). This forth and backward movements, 

are partially linked to tidal action, and become a 

more establish pattern in shallower areas, where 

the macroalgae remains immobile during calm 

weather, but becomes mobilized during harsh 

weather conditions. If this meteorological 

forcing becomes strong enough, macroalgae 

wrack will accumulate along the shoreline, but 

on its way it will affect the sediment and 

everything lying on top. Parts of the 

accumulated wrack will remain on the coast and 

decompose, while the rest will be washed back 
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to the estuary. Nevertheless, most nutrients will 

go back to the system.  

5.4.2. Export from the fjord 

The relative macroalgae lost as export were not 

in any case higher than 11 %. (Table 4).The 

model, did not considered macroalgae wrack 

accumulation on the coast line around the fjord, 

as a loss. Therefore these loss rates might be 

underestimating the total macroalgae export.   

Total biomass of rooted vegetation and 

green and brown macroalgae in Odense fjord for 

May, August and October was roughly 

estimated according to the data of benthic 

vegetation given by the Danish Nature Agency 

Odense. Here the coverage was converted to 

biomass assuming 1% macroalgae coverage 

corresponded to 1 g of macroalgae carbon. The 

seasonal development in biomasses varied 

between 239-1200, 240-1100 and 400-1700 ton 

carbon for rooted vegetation and green and 

brown macroalgae respectively. To estimate the 

plant bound nutrient export of the fjord, C/N 

ratios of 25, 11 and 16 was used for rooted 

vegetation, green and brown macroalgae. The 

maximal simulated export of brown and green 

macroalgae during the growth season was 11 

and 9.2 % respectively. Thereafter, we 

calculated a plant bound nitrogen export at 0.99 

and 0.77 ton N month
-1

 for brown and green 

macroalgae respectively. Finally, we considered 

that rooted vegetation have a maximal export 

similar to brown and green macroalgae species 

~9%. Hence, we estimated that benthic 

macrophytes contributed with a maximum of 

~1.8 ton N month
-1 

to the total nitrogen export 

during the growth season in Odense fjord. In 

Roskilde Fjord, Flindt et al. (2004) measured a 

comparable plant bound nitrogen export of ~2.6 

ton N month
-1

. 5.4.3. Benthic area affected 

The modelled area affected in the 

simulations varied between 16 and 96.5 % of 

the system. The degree of impact varied 

regionally, from 0.01 to 28.5 m of macroalgae 

track per meter square (Table 4). The initial 

distribution of macroalgae had a big influence 

on the modelled area affected by drift. These 

differences might be due to the variation in 

residence time of the inner and outer part of the 

fjord. Fucus, for instance did not intrude the 

inner fjord if it was initially released in areas of 

the outer fjord (distribution found in the field). 

On the other hand, if Fucus was homogeneously 

distributed, the movements of these macroalgae 

severely affected the inner fjord. Ulva followed 

the same but reverse pattern, once it was placed 

on the inner fjord (distribution found in the 

field) it accumulated in different areas, but did 

not leave the inner fjord. The picture was much 

different once the agents were initially placed 

homogeneously. Nevertheless, the model 

showed a net macroalgae accumulation in the 

navigation channel connecting the inner and 

outer fjord. This material should have been 

wash out, hence this phenomenon will just 

influence the macroalgae export, but not the 

areas affected, or the particles track (Figure 3).  

Considering that the drifting macroalgae 

have an anchor with a diameter of 5 cm, and 

knowing the proportion of simulated biomass in 

relation to the mapped biomasses in the fjords, it 

was possible to estimate the intensity of the 

macroalgae drift. The values, ranged between 

0.003 and 13 m
2
 per m

2
 per day (471 as extreme 

value). The high values of benthic impact were 

found in areas with 100 % coverage of 

macroalgae, which was moving back and 

forward over a full day. The consequences of 

these macroalgae rework for the sediment will 

not be as striking as it might look, since the 

macroalgae will be able to resuspend just a 

couple of the top cm of the sediment surface, 

and erosion will not continuo further (Table 4). 

Nevertheless, the average impact due to 

macroalgae drift among all scenarios was ~0.2 

m
2
 per m

2
 per day, meaning a total areal rework 

in 5 days. Such high values for sea bed 

disturbances, will have a major impact on the 

light climate due to sediment resuspension in 

bare bottoms. Potentially such a high ballistic 

impact may also disturb the reestablishment of 

eelgrass due to extra high losses of seedlings. 

The simulated drift distribution and hot 

spots of brown macroalgae fitted the field 

distribution remarkably good in the outer fjord 

regardless the initial particle distribution. For 

the years 2004 and 2009, there were no records 

of brown macroalgae in the inner fjord, 

therefore, an initial homogeneous distribution in 

the inner fjord did not make sense. 

Nevertheless, with the further reduction of 
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nutrient loadings, the inner fjord is expected to 

gradually decrease the opportunistic macroalgae 

production, and potentially brown macroalgae 

will have the chance for colonization. In such 

case, we can theoretical postulate macroalgae 

distribution in the inner fjord.  

For the green macroalgae, the 

homogeneous distribution fitted best the field 

distribution. On the Areas scenario no 

macroalgae were found in the outer fjord, which 

might be a question of temporal resolution 

between samplings, since green macroalgae 

often was seen in the outer fjord (personal field 

observations 2009-2011). 

Canal-Vergés et al (2010) have shown that 

macroalgae drift resuspend up to 12-178 mg 

DW l
-1 

increasing the light attenuation at a depth 

of 2 m to 51 - 100 % of the surface insolation.  

Canal-Vergés et al. in preparation, has also 

shown that green macroalgae drift might explain 

up to 75% of the light attenuation at varying 

coverage (max. 50% coverage) and climate 

regimes in Odense fjord from 2004 - 2009. With 

this model, we have shown that macroalgae drift 

in Odense fjord is a very common phenomenon, 

and unattached macroalgae might cause 

frequent and important light dampening in 

shallow waters through direct shading or as a 

result of bedload induced turbidity. The reduced 

benthic light availability might cause light 

limitations for the rooted vegetation in Odense 

fjord. In addition, the probability of drifting 

macroalgae inducing physical stress and damage 

to eelgrass seedlings might be high. Such 

physical effects have been shown in 

Valdemarsen et al. (2010) where macroalgae 

drift was positively correlated with the losses of 

seedling. Based on the presented model results 

we postulate that drifting macroalgae might be a 

general problem in the fjord. Further it has been 

shown that the simulated hot spots for 

macroalgae drift fitted the field distribution, 

fairly well, both in the case of brown and green 

macroalgae (Figures 3 and 4). Most of the 

affected areas are located in shallow areas of the 

fjord.  It is in such shallow areas rooted 

vegetation should have a better chance to re-

establish. Unfortunately, heavy macroalgae drift 

in these areas might act, as mentioned before as 

physical disturbance for seagrass recolonization 

due to their effect on sediment resuspension and 

direct plant uprooting. Therefore, these hot 

spots for macroalgae drift should be taking in 

consideration if active seagrass (eelgrass?) 

reestablishment activities are planned.  
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Development of a 3D dynamic model able to simulate reestablishment of eelgrass in 

estuaries! 
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Abstract: 

Eelgrass (Zostera marina) was expected to reestablish in Danish coastal areas after the water quality 

improvement, experienced in the last decades. Nevertheless, this expected reestablishment is not 

occurring. Terefore, at least in Danish waters, eelgrass reestablishment cannot be explained by 

conventional pelagic models. In the present study, three stressors affecting eelgrass recovery, has 

been successfully implemented into an existing 3D ecologic model. The considered stressors were: 1) 

Sediment bioturbation and seed burial cause by Arenicola marina. 2) Sediment resuspension and 

ballistic impacts generated by macroalgae bedload drift. 3) Sediment biostabilization created by 

diatom development. The implemented 3D ecological model was able to simulate successfully, 

eelgrass distribution and areas of recolonization in Odense fjord. Furthermore, the different included 

stressors help explaining the lack of eelgrass reestablishment in targeted areas of the fjord. It is 

therefore expected that the created model would be able to predict eelgrass reestablishment in similar 

systems or eelgrass populations affected by the same stressors. 

 

Keywords: Eelgrass, modelling, reestablishment, recolonization, macroalgae, resuspension, Arenicola 

marina, sediment stabilization. 
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1. Introduction 

 The last 20 years effort to reduce 

nutrient loading of Danish estuaries is now 

paying off as reduced pelagic nutrient 

concentration levels. As a consequence, light 

climate has improved and light now reaches 

sediments that were in the dark some years ago. 

Coastal managers have, therefore, expected that 

eelgrass should re-establish its coverage 

according to these newly improved light 

conditions. This did not happen although much 

effort has been spent to elucidate the lacking 

reestablishment. Our understanding of the main 

processes and mechanisms of reestablishment is 

still limited. Quite a contradiction that eelgrass 

is chosen as a key element in the EU Water 

Frame Directive by several member states, 

when the plant do not responds on changes in 

nutrient loading, and we do not understand the 

lacking reestablishment ! 

 Therefore, we have in the REELGRASS 

project during the last years examined this 

problem from a new point of view. Our 

hypothesis was that processes involved in the 

reestablishment of eelgrass are different from 

those affecting eelgrass mortality and decline in 

coverage. We have therefore spatially and 

temporally linked observations of eelgrass 

reestablishment, and lack thereof, with studies 

of physical, chemical and biological factors 

related to sediment properties. These include 

current and wave induces stress, cohesive 

behaviour of sediments, sediment anchoring 

capacity, ballistic impact from macroalgae, 

sediment reworking and grazing of macrofauna. 

These studies have partly been conducted in the 

field and partly in the laboratory, and we have 

managed to find the main obstructing processes 

for eelgrass reestablishment in micro-tidal 

estuaries.  

 In deeper and/or wave protected areas the 

sediment has lost its anchoring capacity so 

seedlings easier become uprooted. Sediment 

organic content has during the eutrophication 

increased to about 15-20% keeping a content of 

water up to 97%. This sediment can be 

characterized as fluid mud (Flindt et al. 2007, 

Lillebø et al. in press.). At these most impacted 

sites uprooting thresholds measured as free 

stream velocity are down to 4-6 cm s
-1

 which is 

current velocity pattern that happens all the time 

even in micro tidal estuaries. The same muddy 

sediment has also low critical shear stress and 

high erosion rates. If the light penetration down 

to these cohesive sediments is sufficient high 

(>25µE m
-2

 s
-1

), then the benthic diatoms are 

able to create the essential stabilization of the 

surface sediment through their production 

(Frederiksen et al. in prep.), but if light becomes 

limiting the sediment becomes less stable 

(Lundkvist 2007 a). The mechanism is that the 

diatoms excrete new extracellular polymeric 

substances (EPS) that glues the sediment 

particles together and hereby increases the 

critical shear stress and decreases the erosion 

rate (Paterson 1989, Yallop et al. 1994, 

Frederiksen et al in prep.). Thus, 

bbiostabilization of the sediment surface is a 

dynamic process depending on light and 

nutrient availability as well as temperature. 

Sediment destabilization occurs during periods 

of resuspension induced by wind or currents, or 

as a result of the ballistic impact of drifting 

macroalgae (Canal-Vergés et al 2010), 

macrofaunal grazing (Andersen et al., 2002) or 

by macrofaunal sediment rework (Valdemarsen 

et al. 2010, Valdemarsen et al. 2011). A delicate 

balance exists between stabilization and 

destabilization. If frequent resuspension events 

occur, the time between events is not sufficient 

to keep a strong biofilm. Lundkvist (2007b) 

found that the benthic diatoms in the estuary 

were able to triple the sediment stability - from 

a threshold of 14 cm s
-1

 measured just after a 

resuspension event to about 42 cm s
-1

 after 10 

days in a 12:12h light/dark cycles.  

 The ballistic impact from macroalgae has 

several effects on the eelgrass reestablishment. 

Many macroalgae species live unattached or 

loosely attached to stones or shells and they 

start drifting at current velocities down to 2-3 

cm s
-1

, so they are more mobile then what is 

generally acknowledged (Flindt et al. 2007). 

Canal-Vergés et al. (2010) showed that drifting 

mats of Chaetomorpha sp. was able to increase 

the concentration of SPM to 5-10 fold the 

results of the controls, which has a huge 

negative impact on the light conditions. Besides, 

macroalgae do also physically uproot seedlings 

when they are drifting around in the estuaries as 

bed load transport (Valdemarsen et al. 2010) 
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and they may periodically cover seedlings so 

their light conditions become limited (personal 

field observations).  Altogether it seems like the 

macroalgae are able to reduce or completely 

hinder reestablishment of eelgrass.  

 During the period of eutrophication 

eelgrass lost extended areas (Olesen and Sand-

Jensen 1994). The sandy non cohesive areas 

were afterwards invaded by the lugworm 

Arenicola marina. Observations and 

experiments with A. marina have shown that 

sediment reworking lead to rapid burial of 

eelgrass seeds and seedlings. Within 1–2 

months, 95% of seeds and 75% of seedlings 

were buried below critical depth, where the 

seedlings do not keep sufficient energy to grow 

up to the light at the sediment surface 

(Valdemarsen et al. 2011). The eelgrass 

recovery may be severely impaired, even when 

water quality favors eelgrass recolonization. 

 Most complex dynamic estuarine models 

include independent carbon, nitrogen and 

phosphorus cycles and keep mass conservation 

in the models. Most models have a pelagic focus 

(Fitz et al. 1996, Bocci et al. 1997, Behm 2004) 

and they have state variables and processes that 

describe nutrient and light dependent 

phytoplankton growth as saturation kinetics. 

The phytoplankton is either exported across the 

outer boundary, settle or become grazed or 

filtered by zooplankton or mussels. The more 

advanced models do also include alternative 

primary producers as benthic macroalgae and 

rooted vegetation. The problem is that the 

models not are able to simulate the transient 

dynamics phase of eelgrass reestablishment. 

The reason is that eelgrass growth also is 

described by the classical saturation kinetics 

regulated by availability of light and nutrient 

that either is taken up from the water column or 

the sediment porewater. The consequence of 

this dynamics is that simulations of reduced 

nutrient loading towards pristine condition gives 

a reduced grow and coverage of eelgrass. This is 

not how eelgrass reacts in nature – it grows very 

nice in pristine system and do almost never 

show sign on nutrient limitation, but develop its 

coverage to extended submersed meadows. The 

problem here is most likely the ability to 

simulate the right settling patterns of particles 

and associated nutrients inside the eelgrass beds 

that act as sedimentation traps.  The other 

problem is the simplistic description of loss 

rates, these are most often described by a 

temperature dependent loss. In advanced models 

there might be a competition on light between 

macroalgae and eelgrass. No of the above 

described essential loss processes are included. 

Our aim was therefore to develop the 

Mike 3 to include these new observations and 

carefully present the successes and weaknesses 

by applying each of the recovery stressing 

processes stepwise. 

The intention is that the model should be 

able to simulate potential areas for eelgrass 

recolonization. By adding the stressing 

processes on by on we hoped to gain important 

information about the system and the impact of 

each stressor – dependent on loading condition, 

physical exposure, sediment conditions, 

macroalgae and lugworm availability etc. 

1.2. Model site 

 Odense Fjord is a shallow estuary with an 

area of 62 km
2
, located in the northeastern area 

of the island of Fyn, Denmark (Fig. 1). The 

average depth is 2.2 m, and the tidal amplitude 

is about 0.4 m, together resulting in a residence 

time of about 7 days and 21 days in respectively 

the northern and southern part. The catchment 

area, Odense River Basin, encompasses an area 

of approx. 1050 km
2
 and includes approx. 1015 

km of watercourse. The land use is dominated 

by 68% of farmland, 16% of built up areas, 10% 

of woodland and only 6% of protected nature 

(heath, meadows, moors, commons, lakes and 

coastal meadows). Today the yearly nutrient 

loading is about 2000 ton N and about 40 ton P, 

with yearly variation depending on 

precipitation. The area specific yearly nutrient 

loading is 33 g N m
-2

, 0.7 g P m
-2

. 

 In 1983, a fjord-wide survey of 

submerged macrophytes showed that ~15 km
2
 

of the outer fjord was covered with Zostera 

marina. Since then ~90% of the Z. marina has 

been lost (Fyns Amt 2006), probably due to 

excessive nutrient loading from the watershed 

and the associated reduced light levels, 

competition from opportunistic macroalgae (e.g. 

Ulva lactuca and Chaetomorpha sp.) (e.g. 

Hauxwell et al. 2001) and anoxic events (e.g. 
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Greve et al. 2005) that characterized the 1990s. 

However, the nutrient loading has gradually 

been reduced (especially for P) since 1990 and 

water quality has improved, as evidenced by 

higher water transparency and decrease of 

opportunistic macroalgae (Danish Nature 

Agency, Odense 2007, Petersen et al. 2009). 

Furthermore, hypoxic conditions were last 

reported in October 2000 (monitored monthly 

from July to November from 1997 to the present 

by the Danish National Environmental Research 

Institute).  Despite these improvements, no 

recovery of Z. marina has occurred. 

2. Methods 

A tree dimensional model system has been 

applied to describe the hydrodynamic and 

biogeochemical conditions, simulating water 

level, flow, salinity, temperature and 

biogeochemical parameters in the fjord. The 

model is based on DHI’s general modelling 

system MIKE zero, which includes MIKE 3 

flexible mesh (FM) for 3D hydrodynamic 

modelling (DHI 2011a, DHI 2011b), MIKEsw 

for simulation waves (DHI 2011c) and ECOlab 

for ecological modelling (DHI 2011d). MIKE 3 

FM uses a flexible mesh with a fine mesh along 

the shores and at the boundary and larger mesh 

elements in the open part of the fjord.  

Significant wave height and wave period is 

modelled by MIKEsw and used together with 

simulated current in the bottom layer as forcing 

function in the ecological model to calculate the 

bottom shear stress.   

In the present setup, the 

bathymetric mesh consists of 2388 triangular 

elements in the horizontal plane with sizes 

ranging from 50 m to 2000 m. In the vertical 

plane a sigma – Z layer solution have been used. 

The 3 uppermost elements are sigma layers with 

varying cell height and below up to 18 layers of 

1 m thickness are applied. The hydrodynamic 

model use an adaptive time stepping technique, 

where the time step varies from 0.01 sec to 300 

seconds during a simulation. The ecological 

model is solved decoupled from the 

hydrodynamic part of the model using a fixed 

time step of 1800 sec. This enables a significant 

gain in efficiency of the total model. 

                                 

                                  

Figure 1: Odense Fjord. Bathymetric map of Odense fjord. The stars represent the monitored 

sites 8 and 17.  
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The model needs data to force the 

hydrodynamic model, the wave model and the 

ecological model. The forcing data to the 

hydrodynamic model and the wave model are 

meteorological data, wind speeds, atmospheric 

pressure, air temperature, humidity and 

incoming solar radiation for calculation of heat 

exchange with the atmosphere, water levels, 

temperature and salinity at model boundaries 

and freshwater inflow from riverine sources. 

Forcing data for the ecological model are 

boundary concentrations in the sea for all 

pelagic state variables, initial maps of benthic 

state variables and load of nutrients, fine 

sediment from the land. The forcing data used 

for the simulations in Odense fjord, was 

obtained from the Danish Nature Agency in 

Odense and the Danish meteorological institute 

(DMI). 

Ecological model  

The model system describing the ecology 

utilizes the current speed and directions, 

temperatures and salinities calculated by the 

hydrodynamic model and waves from the wave 

model. The ecological model a merged model 

consisting of an eutrophication model (EU) and 

selected parts of a mud transport model (MT) 

(DHI, 2011e; DHI, 2011f). The EU-MT model 

includes 22 state variables in the pelagic system 

and 26 state variables in the benthic system.  

The pelagic system includes: 

Phytoplankton (C, N & P), chlorophyll-a, 

zooplankton, detritus (C, N & P), inorganic 

nutrients (NOx-N, NH4-N & PO4-P), DO, 

suspended fine inorganic solids, PO4 adsorbed 

to inorganic fine sediment, dissolved organic C, 

N and P in an inert and labile form. Three 

benthic autotrophic plant groups are included, 

submerged rooted vegetation (C, N & P) like 

Zostera marina, macroalgae (C, N & P) and 

microbenthic algae (C, N & P) (Fig. 2).  

 

                      

            

Figure 2: Conceptual diagram of the C, N and P cycles in the ecological model including pelagic part and 

benthic submerged plants (macroalgae, rooted vegetation and microbentic algae) . In red the new connection 

of the implemented model. 
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Figure 3.Structure of the sediment part of the EU_MT model. The model simulates sedimentation and 

resuspension of fine inorganic sediment, POC, PON and POP. It describes the mineralization of organic C in 

the sediment and exchange of inorganic dissolved N and P nutrients between water and sediment (from 

Rasmussen et al 2009). 

The sediment consists of two layers: An 

upper unconsolidated layer (about 0-1 cm) and a 

harder consolidated layer (about 1-10 cm) (Fig. 

3). In each of these layers the following state 

variables are considered: Organic carbon (g C 

m
-2

), organic N, (g N m
-2

), organic P, (g P m
-2

) 

and inorganic fine sediment (silt and clay, g m
-

2
). Porewater concentrations of nutrients (NOx, 

NH4 & PO4) are included as state variables as 

well. The upper oxidized layer is expressed as 

the NO3 penetration depth into the sediment 

(KDOX), which determines the layer where PO4 

is adsorbed to oxidized Fe.  

The model is able to simulate deposition 

and resuspension of organic as well as inorganic 

matter to and from the bottom as function of a 

shear stress generated by current and waves 

(Fig. 3). The bottom shear stress is calculated as 

the sum of shear stress from current in the 

bottom layer and orbital waves current. The 

above ecological model has previously been 

used to simulate the ecological condition of 

Ghar El Mehl lagoon, Tunisia (Rasmussen E. K. 

et al 2009). 

The ecological model has been improved 

on several points. A new description of micro 

benthic algae influence on the critical shear 

stress has been included. As well, the ballistic 

effects of rolling unattached macroalgae (Ulva 

& filamentous algae) on the resuspension 

expressions and an increment on eelgrass 

seedling mortality by drifting bladderwrack 

(Fucus vesiculosus) is introduced. Finally, 

Arenicola marina (lugworm) has been included 

in the model by reducing germination of 
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eelgrass seeds by seed burial and impoverishing 

of fine sediment. 

The critical shear stress for resuspension 

is described as a function of micro benthic algae 

production and the sediment organic content. 

Data from flume experiments (Fredriksen et al 

in prep., Kristiansen M. D. & Schmidt T.R. 

2009) have been fitted to a Lassiter expression 

resulting in the below equation, with the critical 

shear stress as independent variable and 

accumulated micro benthic algae production 

since last resuspension and surface sediment 

loss by ignition (LOI, %) as dependent 

variables( eq.1).  

Uopt is a function of the accumulated 

microbentic production since last resuspension. 

Flume experiments indicate that max Uopt is 

reached after 5 days of production. The 

formulation between flume current and shear 

stress described by (Pedersen 1996) have been 

used(eq.2).

 

 

 (eq. 1) 

  

(eq. 2) 

Where: 

 

 

The resulting curve for Uc is a dome shaped 

curve with a maximum Uc at LOIopt after 5 days 

production.     

Flume experiments have shown that bedload 

transport of ephemeral macroalgae like Ulva 

lactuca, Ceramium sp., Chaetomorpha linum 

and Gracilaria vermiculophila increase 

resuspension of both consolidated and 

unconsolidated sediment (Canal-Vergés et al. 

2010). The algae facilitate the transport of 

energy from the water flow into the sediment or 

in other words bedload transport of macroalgae 

increase the shear stress. At increasing free 

stream velocities the algae tend to float, 

depending on the specie, the threshold to float 

starts at about 0.15-0.25 m s
-1

 whereby the 

ballistic effect by the macroalgae on the 

Uc:       Critical current velocity for resuspension, m s
-1

  

Uopt:     Optimal or max current velocity for resuspension (function of micro benthic algae production since last 

resuspension), m s
-1

  

LOI:     Surface sediment loss by ignition, % of dry weight 

LOIopt:  LOI at Uopt (5.5), % of dry weight. 

LOImax: LOI where micro benthic algae production have no effect on Uc (22), % of dry weight 

Ub:        Critical current velocity for resuspension of unconsolidated sediment without micro benthic algae production 

(0.08), m s
-1

 

τc:         Critical shear stress, N m
-2

 

ρ:           Density of water, kg m
-3

 

h:          Distance above sediment for measurement of Uc (in flume: 0.2-0.3), m 

kn:         Bed roughness (0.005), m 

Constants used in given in ( ) 
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sediment stops. The flume experiment show an 

2 to 5 times increase in shear stress with 

macroalgae than without macroalgae. 

In the model this effect is described as an 

increase in the current generated shear stress 

(τcur) as function of areal biomass of ephemeral 

macroalgae (BCe).  

 

 

 

  (eq. 3) 

Where: 

 

 

 

Arenicola lives in U shaped burrows in 

the sediment. It reworks the sediment by 

digestion of microalgae enriched surface 

sediment and pumping actions. It expels the 

finer sediment particles to the surface whereas 

larger particles are deposited below the burrow 

base. Eelgrass seeds are bigger than 1-2 mm, 

disregarded as food source for Arenicola (Jones 

& Jago 1993) in this respect are therefore, 

regarded as larger particles, becoming 

potentially buried, as stated in the studies 

performed by Valdemarsen et al 2010 and 2011.  

Eelgrass seeds germination success is reduces 

dramatically below 5 cm in the sediment (Greve 

et al. 2005, Harrison 1993).  

To be able to mimic the burial of eelgrass seeds 

by lugworms the density or biomass of 

lugworms has to be defined. Sediment organic 

content presented by LOI is used as proxy for 

distribution of lugworm biomass (g wet weight 

m
-2

). The model calculates dynamically the LOI 

in unconsolidated layer 1 and consolidated layer 

2. The biomass of lugworms is assumed to be 

10% of an average biomass above a LOI of 3 % 

and below LOI of 0.3 %. Data from Odense 

outer fjord indicate a maximum biomass of 20-

40 g wet weight m
-2

. The sediment flats with 

LOI between 0.3-3 % are the silty and sandy 

sediment also potentially occupied by eelgrass.  

The specific burial activity or sediment rework 

between 5-20 C° is defined as a linear relation 

with temperature (Wendelboe & Egelund 2010) 

(eq.4).

 

 (eq. 4) 

  

τcur2:   Current generated shear stress with ballistic effect, N m
-2

  

τcur1:   Current generated shear stress without ballistic effect, N m
-2

  

BCe:   Ephemeral macroalgae,  BCe<1 & max(10), g C m
-2

 

Kft:    Biomass specific increase in ballistic generated shear stress (0.3), m
2
 g C

-1
 

fTau:  Auxiliary function for floating macroalge, 1 for u< 0.2 m s
-1

, else 0  
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The loss or burial of eelgrass seeds below 0.06 m is defined as (eq.5) 

 (eq. 5) 

Where: 

         

 

 

 

After seed germination the 

eelgrass seedling may be exposed to mechanical 

damage by drifting F. vesiculosus 

(bladderwrack) which are attached to stone or 

mussel shells. The drifting bladderwrack has 

two effects: (1) it increases resuspension and (2) 

potentially it damages eelgrass seedlings. 

Drifting of stone plus bladderwrack is 

dependent on the density of the stone and algae 

and a critical shear stress for the density. 

Wendelboe & Egelund (2010) measured the 

density of stone plus algae and established a 

relation between density and critical current 

(critical shear stress) for discontinuous and 

continuous drift. Further they investigated the 

stone size distribution of bladderwrack on a 

shoreline in Odense Fjord, see figure 4. 

Valdemarsen et al. (2010) found a linear 

relation between seedling mortality and biomass 

of drifting macroalgae. 

  
 

 

                                    

Figure 4 Stones washed ashore at Enebærodde grouped by volume (Wendelboe & Egelund 2010)

Temp:  Temperature, deg. C° 

K1bur:  Proportionalitet factor (~1) 

ES:       Eelgrass seeds, no. m
-2
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Using these relations and the associated 

data, it is possible to calculate critical shear 

stress for bladderwrack drift. Applying these 

critical shear stress, it is possible to calculate 

daily biomass of drifting algae and finally to 

estimate the daily seedling mortality for a range 

of shear stress scenarios (Figure 5).  

Provided with a map of stone cover it is 

possible to estimate eelgrass seedling mortality 

in the area. A map is generated based on a 

sediment map over Danish waters. (Hermansen 

B. & Jensen J.B. 2000) combined with data 

provided by NERI on Danish stone reefs. It has 

been necessary to edit the inner part of Seden 

Strand that not was included on the national 

sediment map, see figure 6. 

Further the seasonal development 

bladderwrack should be known. The latter is 

calculated by the model. 

All the following results are based on 

simulations run in Odense fjord, 2009. The 

initial ecological data was obtained from 

monitored data collected by the Danish Nature 

Agency Odense. The hydrodynamic data was 

extracted from an existing HD model calibrated 

and validated for Odense fjord (ref).  

In order to understand and analyze the newly 

introduced state variables and mathematical 

expression affecting eelgrass reestablishment 

we tested the model switching on and off the 

different state variables and/or expressions.  

 

    

                                   

Figure 5 Estimated eelgrass seedling mortality from drifting bladderwrack based on data and relations from 

(Wendelboe & Egelund 2010; Valdemarsen et. al. 2010) and an empirical model with shear stress and 

biomass of bladderwrack as dependent variables.  
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Figure 6: Map of stone cover in Odense Fjord (%). 

3. Results 

The main state variables preventing eelgrass 

recolonization were abundances of macroalgae, 

Arenicola marina and diatoms.  Macroalgae and 

Arenicola affected eelgrass in two ways, (1) by 

a direct ballistic impact on eelgrass seedlings, 

and (2) by sediment resuspension (SPM) 

generated by either macroalgae bedload 

transport or Arenicola sediment rework. 

Diatoms supported eelgrass seedling growth by 

developing a sediment biofilm, which increases 

sediment stabilization and decreasing SPM. 

The matrix defined to test our model was as 

follows: 

- New model year 1 (New_year1). 1 year 

scenario with the complete ECOlab 

including all new state variables and 

arithmetical expressions. 

- New model year 5 (New_year5). 5 years 

scenario with the complete ECOlab 

including all new state variables and 

arithmetical expressions. 

- Control model year 1 (Control_year1). 

1 year simulated with a complete 

ECOlab where all newly introduced 

expressions affecting eelgrass are 

switched off (which mimic the earlier 

developed ECOlab model). Therefore 

macroalgae and Arenicola, does not 

affect eelgrass ballistically or inducing 

sediment resuspension. However 

nutrient competition and light shading 

generated by both macroalgae, is 

considered. 

- Control model year 5 (Control_year5). 

5 years scenario with a complete 

ECOlab where all newly introduced 

expressions affecting eelgrass are 

switched off (which mimic the earlier 

developed ECOlab model). Therefore 

macroalgae and Arenicola, does not 

affect eelgrass ballistically or inducing 

sediment resuspension. However 

nutrient competition and light shading 

generated by both macroalgae, is 

considered. 

- No stresses year 1 (NS_year1). 1 year 

scenario with a complete ECOlab where 

all newly introduced expressions and 

their respective state variables affecting 

eelgrass have been switched off. This 

model differed from the Control model, 

on the total elimination of both 

macroalgae and Arenicola marina. 

Therefore, the two mentioned state 
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variable, does not account either in the 

nutrients balances and light shading. 

- No stresses year 5 (NS_year5). 5 years 

scenario with a complete ECOlab where 

all newly introduced expressions and 

their respective state variables affecting 

eelgrass have been switched off. This 

model differed from the Control model, 

on the total elimination of both 

macroalgae and Arenicola marina. 

Therefore, the two mentioned state 

variable, does not account either in the 

nutrients balances and light shading. 

- No macroalgae erosion (NM_erosion). 1 

year scenario with a complete ECOlab 

where expressions controlling SPM 

generated by macroalgae bedload 

transport have been switched off. 

- No macroalgae seedling ballistics 

(NM_sdl_loss). 1 year scenario with a 

complete ECOlab where expressions 

controlling the seedling losses generated 

by macroalgae bedload transport have 

been switched off. 

- No Arenicola marina erosion 

(NA_erosion). 1 year scenario with a 

complete ECOlab where arithmetical 

expressions controlling SPM generated 

by Arenicola marina rework have been 

switched off. 

- No Arenicola marina seedling ballistics 

(NA_sdl_loss). 1 year scenario with a 

complete ECOlab where expressions 

controlling the seedling losses generated 

by Arenicola marina have been switched 

off. 

- No Diatom development (ND). 1 year 

scenario with a complete ECOlab where 

expressions controlling diatom 

development have been switched off. 

3.1. Re-validation 

This model was built on an existing validated 

ecological model of Odense fjord (Rasmussen et 

al 2000). However, a re-validation exercise was 

performed, in order to evaluate the impact of the 

newly introduce parameters. Moreover, such re-

validation was performed representatively for 

the inner and outer fjord against data from 

stations 8 and 17 (Figure 1) collected by the 

Danish Nature Agency Odense (Canal-Vergés et 

al in preparation). This exercise was performed 

for the complete ECOlab model (New_year1), 

and for a control ECOlab model 

(Control_year1) where the newly introduced 

arithmetical stresses were switched off.   

The data included in the comparison was 

concentration of: chlorophyll a, total 

phosphorus, total nitrogen, ammonia, nitrate, 

phosphate and light conditions measured as 

secchi depth) (Figures 7 and 8).  

In the inner and outer fjord, all parameters 

fitted fairly well with the measured values at 

station 8 and 17 (Figures 7 and 8). The new 

model, reached closer sechhi depth values than 

the control model, which overestimated at some 

points. Chlorophyll a simulated and measured 

values oscillated within the same ranges, 

although did not followed the precise same 

tendency. Simulations of total nitrogen and 

nitrate followed the measurements. Ammonium 

measurements fitted better the control model, 

while the new model underestimated them. 

Simulations of total phosphorus and phosphate 

fitted the measured values in both models, 

although at the end of the simulation the 

modelled concentrations varied slightly from 

measured values (Figure s 7 and 8).  

 

 

 

  



  PhD thesis by Paula Canal Vergés 

 

116 

 

 

 

 Figure 7: Validation inner fjord. In grey scale, from darkest to lighter color, measured data, 

modelled with new ECOlab model and control ECOlab model. A) Chlorophyll a concentration. 

B) Secchi depth, C) Total nitrogen concentrations, D) Total phosphorus concentration, E) 

Ammonium concentration, F) Nitrate concentration F) Phosphate concentration.   
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Figure 8: Validation outer station. In grey scale, from darkest to lighter color, measured, modelled with new 

ECOlab model and control ECOlab model. A) Chlorophyll a concentration, B) Secchi depth. C) Total nitrogen 

concentration, D) Total phosphorus concentration E) Ammonium concentration F) Nitrate concentration F).  
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3.2. Scenarios/models results 

The presented data follows the format Average 

(Minimum-Maximum) unless stated otherwise. 

The presented data is extracted from the last 

layer of the water column, meaning bedload 

values. 

3.2.1. Phytoplankton 

The highest concentrations were found in the 

Nd model 0.3 (0.02 -1.3) mg l
-1

, followed by the 

NS model with simulation of 0.2 (0.02-1.1) mg 

l
-1

. On the other hand the control and 

NM_erosion models, showed the lowest 

phytoplankton concentrations of 0.1 (0.02-0.6) 

mg l
-1 

(Figure 9A). 

3.2.2. Macroalgae 

No macroalgae were introduced in the NS 

model. In all the rest of the models, there was an 

initial biomass of 4 g macroalgae C m
-2

. After 

all the simulations run during 1 year, 

macroalgae biomass did not vary. All 

simulations ended with macroalgae abundances 

about ~9.5 (0.05 - ~27) g macroalgae C m
-2

. The 

values of macroalgae simulated after 5 year 

were slightly lower than the model runs for 1 

year ~6.4 g macroalgae C m
-2

 (0.04 - ~20). The 

ND model showed the highest macroalgae 

biomass ~31 g macroalgae C m
-2

 (Figure 9B). 

3.2.3. Detritus 

The lower concentration of carbon detritus were 

founded in the control, NS and NM_erosion 

~0.6 mg detritus C l
-1

. The concentration 

simulated in the rest of the models were 

generally higher ~1.3 mg detritus C l
-1

 and 

substantially higher at some stations ~30 mg 

detritus C l
-1

 (maximum values) (Figure 9C).  

3.2.4. Dissolved Oxygen 

Oxygen values did not vary among the different 

models and scenarios, where the simulated 

minimum values always were above 6 mg DO l
-

1 
(Figure 9D). 

1
. 

 
Figure 9: Average minimum and maximum values of the basic parameter for the models 

and scenarios run in Odense fjord, 2009. A) Phytoplankton concentration in mg l
-1

. B) 

Macroalgae biomass in gC m
-2

. C) Detritus C concentration. D) Dissolved oxygen in mg 

DO l
-1
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3.2.5. Eelgrass 

Initially all models were set with a 

homogeneous initial eelgrass coverage of 2 g C 

m
-2

. Therefore all coverage higher than 2 g 

eelgrass C m
-2

 should be considered as 

simulated reestablishment of eelgrass. The 

following results are based on the eelgrass 

results at the end of the simulated period, and 

not an average over the year and locations. 

For all the scenarios simulated over 1 

year, the highest biomass of maximal eelgrass 

biomass were found in the control and 

NM_erosion models ~11 g eelgrass C m
-2

, 

followed closely by the NS model ~9.5 eelgrass 

g C m
-2

, and the rest of the models ~7 g eelgrass 

C m
-2

, while in the ND simulation showed the 

lowest biomass 2.8g eelgrass C m
-2 

(Figure 

10A). Similarly, total eelgrass biomass in 

Odense fjord simulated over 1 year was the 

highest in the control model 190 ton eelgrass C, 

closely followed by NM_erosion model with 

183ton eelgrass C, and the NS model with ~127 

ton eelgrass C; the rest of the model showed 

biomasses of ~78 ton eelgrass C, except the ND 

model that simulated the lowest eelgrass 

biomass of ~28 ton eelgrass C (Figure 9B). 

Eelgrass coverage after the first year of 

simulation was the highest in the control model 

with 49.4 % coverage followed by the 

NM_erosion model with 49.3 % coverage, the 

NS model with 33% coverage while the rest of 

the models coverage varied within 13-14 %, 

except the ND model showing the lowest 

coverage of ~2% coverage (Figures 10C, 11, 12, 

13, 14).  
 

 

 
Figure 10 : Reestablished coverage, maximal biomass and total biomass of eelgrass the 

scenarios run in Odense fjord, 2009. A) Total eelgrass biomass  B) Maximal eelgrass biomass 

C) Reestablished coverage of eelgrass. 
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Comparing the results obtained between the 

models for 1 and 5 years respectively; NS 

model showed the highest eelgrass maximal 

biomass (39 g eelgrass C m
-2

) development over 

time, becoming the model with highest values 

for these two values after 5 years (Figures 10 

and 13). It also showed the higher increment of 

total eelgrass biomass over time, ~127 to 337 

ton eelgrass C in simulations 1 and 5 years 

respectively. Nevertheless, recovered eelgrass 

area due to reestablishment and total eelgrass 

biomass ~50% coverage,  and ~336 ton eelgrass 

C  was higher in both the control 5 years 

simulations compared with NS (Figures 10, 11, 

12, 13, 14). The new model, showed a large 

improvement within the simulated maximal 

eelgrass biomass over time ~7 to ~25 g eelgrass 

C m-2 within the 5 years simulation period, 

although, it did not show a large improvement 

in the total eelgrass biomass or area of eelgrass 

reestablishment (Figures 10, 11). Finally, the 

control model showed increase in both the 

maximal eelgrass biomass from 11 to 25 g 

eelgrass C m
-2

 and in the total biomass of 

eelgrass from 190 to 362 ton eelgrass C 

respectively. Nevertheless, it did not show 

major improvement in the reestablished area 

coverage, which remained the highest from the 

beginning ~50 % of the fjord covered by more 

than 2 g C m
-2

 of eelgrass (Figures 10, 12).  
 

 

             

Figure 11: Eelgrass distribution and biomass in Odense Fjord after simulations generated 

with the new and complete ECOLab model (New model). A) Eelgrass distribution and biomass 

generated after 1 year simulation. B) Eelgrass distribution and biomass  generated after a 5 

years of simulation.   
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Figure 12: Eelgrass distribution and biomass in Odense Fjord after simulations with Control 

model. A) Eelgrass distribution and biomass generated after 1 year simulation. B) Eelgrass 

distribution and biomass  generated after a 5 years of simulation.   

 

                  

Figure 13:  Eelgrass distribution and biomass in Odense Fjord after simulations with NS model. A) Eelgrass 

distribution and biomass generated after 1 year simulation. B) Eelgrass distribution and biomass generated 

after a 5 years of simulation.  
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 Figure 14: Eelgrass distribution and biomass in Odense Fjord after simulations with NM_erosion, 

NM_sdl_loss, NA_erosion and NA_sdl_loss. A) Eelgrass distribution and biomass generated after 1 year 

simulation NM_erosion model. B) Eelgrass distribution and biomass generated after 1 year simulation 

NM_sdl model. C) Eelgrass distribution and biomass generated after 1 year simulation NA_erosion model. D) 

Eelgrass distribution and biomass generated after 1 year simulation NA_sdl model. E) Eelgrass distribution 

and biomass generated after 1 year simulation the ND model. 

4. Discussion 

The New model was able to predict a rough 

eelgrass distribution after one year of 

simulation. Further, after 5 years of simulation 

the simulated eelgrass dynamic was very close 

to the monitored distribution in Odense fjord 

(Figure 10, B). However, the model generally 

underestimates the inner fjords distribution, and 

overestimates slightly the monitored coverage in 

the outer eastern part. 

The initial coverage introduced into the 

model was very low (2 g m
-2

) compared to the 

monitored densities in Odense fjord in the ‘80s. 

The reason for this was due to the need on 

keeping the actual carbon mass conservation at 

the fjord. Therefore, in this model, we 

considered re-establishment all seagrass 

coverage over this initial eelgrass coverage, in 

the awareness of the low densities represented 

by this coverage. Simulated areas where 

densities increase to above the initial biomass 

are considered as potential reestablishment area. 

In areas, where the eelgrass biomass decreases 

below the initial biomass, are considered as 

areas where the stress on the seedlings is too 

high for an eelgrass recovery.  Nevertheless, the 

A B C 

D E 
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simulated densities of eelgrass in Odense fjord 

will attend the monitored densities when longer 

simulations are performed.  

Comparing the New model with the 

control and the No stress model-scenarios, the 

No stress model simulated a much higher 

coverage and biomass of eelgrass after five 

years. The simulated values were much higher 

than the ones found in Odense fjord. Moreover, 

in the No stress model, where all the stressors 

(macroalgae and Arenicola) were completely 

eliminated (expressions and state variables = 0), 

eelgrass coverage decreased and the maximum 

eelgrass biomass increased comparable to the 

Control scenario (arithmetical expression = 0, 

state variables ≠0). In this case, the decrease in 

eelgrass coverage was a consequence of an 

increment of phytoplankton concentrations, 

caused by an excess amount of available 

dissolved inorganic nutrient, due to the lack of 

macroalgae nutrient uptake. This increased 

concentration of phytoplankton seems to have 

reduced light availability in the deeper part of 

the eelgrass distribution and hereby reduced the 

recolonization to shallower parts of the fjord. 

On the other hand, in shallow areas, where the 

phytoplankton bloom not alone was enough to 

dampen the light availability, nutrient 

availability might have stimulated both eelgrass 

development and diatom growth and 

consequently increasing sediment stability and 

reducing the current/wave driven resuspension 

events. Therefore, eelgrass biomass in the 

shallowest areas was higher in the No stress 

scenario compared with the Control scenario.  

Nevertheless, the No stress scenario can just be 

taken as a theoretical scenario, since moderately 

high dissolved nutrient concentrations in the 

water column, will naturally enhance algae 

production, in the fjord, which further will 

reduce nutrient in the water column and balance 

phytoplankton blooms (Figures 11 and 12). 

Once diatoms were removed from our 

model, no eelgrass developed after one year 

simulation (Figure 13E). The lack of sediment 

biostabilization might have resulted in a very 

unstable sediment matrix, exposed to constant 

or very frequent resuspension events which 

maintained light limitation at the sediment 

surface. Furthermore, constant resuspension 

event might release inorganic nutrients trapped 

in the sediment, becoming available for the 

phytoplankton and macroalgae community, and 

further dampening light availability (Flindt & 

Nielsen 1998). Thus the content of organic 

matter in the sediment will potentially affect the 

biostabilization of the bed (Frederiksen et al in 

prep.), as well as eelgrass anchoring capacity, 

becoming an important parameter to take in 

consideration when trying to predict eelgrass 

reestablishment. 

Focusing on the macroalgae effects on 

Odense fjord eelgrass community, the model 

was highly sensitive to resuspensions generated 

by drifting macroalgae dampening light 

availability near the sea bed (Figure 13A). 

There was also a negative, although less intense, 

effect on seedling losses created by Fucus 

vesiculosus (Figure 13B). Canal-Vergés et al in 

prep. generated an Agent Based model to 

simulate macroalgae movements in Odense 

fjord. This model showed hot spots areas 

affected by brown and green algae drift in 

Odense fjord coinciding with the areas where 

eelgrass had potential for reestablishment 

(Control and No stress).The areas in which 

eelgrass was most disturbed by macroalgae 

impacts was the same in both the ABM and the 

present model study. To get a more accurate 

distribution or lack of eelgrass development, 

better maps for macroalgae distribution, species 

composition and stones sizes and distribution 

are needed. Furthermore, the already mentioned 

underestimation of coverage in the outer fjord 

might be at least partially due to algae 

composition. I the inner fjord macroalgae 

composition would for instance be narrowed to 

the lighter opportunistic species as Ulva lactuca 

so the corresponding resuspension generated by 

a certain macroalgae might be lower than the 

one parameterized in the present model. The 

overestimation of eelgrass coverage in the outer 

part could be related to lack of accuracy on the 

initial maps of stone coverage, but field 

campaigns in REELGRASS did not include 

stone mapping !  

Finally, Arenicola marina, affected 

eelgrass reestablishments both by sediment 

bioturbation, which increased sediment 

resuspension, and by sediment rework, 

enhancing seed and seedling burial. The 

modelled results a did not indicate extreme high 
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impacts by lugworm, nevertheless, the model 

based Arenicola abundances on sediment 

characteristics and not by the observed 

densities. Arenicola abundances are based on 

sediment LOI (organic matter). Valdemarsen et 

al 2011 observed densities of 1–8 ind.m
−2

 of 

Arenicola in Odense fjord. In this study it is also 

suggested that relative low densities (5-10 

ind.m
−2

) might dramatically affect seed burial, 

and therefore eelgrass reestablishment. 

The initial densities of this model might 

be underestimated, and therefore, the effect of 

lugworm in eelgrass recovery might have to be 

underestimated in the present manuscript and 

reviser in the future. 

The introduced equations have created a 

new frame for simulating reestablishment of 

eelgrass in estuaries. The introduced 

mathematical expression includes specific 

stresses affecting both light climate and direct 

eelgrass losses. Model concepts only holding 

conventional benthic and pelagic process are not 

able to simulate reestablishment of eelgrass. The 

reason is that eelgrass development does not 

react on nutrient saturation kinetics or shorter 

periods of suboptimal light conditions, but 

seems much more sensitive to the physical or 

biophysical environment they have to recover. 

Generally, the biophysical stressors included in 

this model, provided a valid explanation for this 

lack of reestablishment, both as an increment of 

bedload turbidity, and direct seedling and seed 

losses. 
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Abstract 

There has been a wide debate about the validity of extracellular polymeric substances (EPS) 

measures obtained from natural sediments using a variety of extraction methods. A common EPS 

extraction approach for sandy and cohesive sediment consists of a two step procedure: A water-

based extraction of colloidal EPS followed by an EDTA-based extraction of EPS. In this study, we 

evaluate how pretreatment of sediment, first extractant and extraction time affect the apparent EPS 

yield from cohesive and sandy marine sediments. Four sediment storage procedures (fresh, freeze 

drying and freezing at -20 and -70 ºC) were tested along with two extractants for colloidal 

extraction (distilled water and 1.9 % saline solution) and three extraction times (20, 40, 60 min). 

EPS obtained by the extraction procedures is operationally defined and mainly detected as 

carbohydrates, which are found both free in solution, bound to organic matter and intracellularly in 

sediment associated microorganisms. DNA and proteins were therefore measured in parallel to 

carbohydrates to test cellular lyses. The optimal EPS results were obtained using fresh sediment. 

Sediment storage after freeze drying and freezing at -20 and -70 ºC generally caused excess DNA 

and protein yield due to cellular lyses, although minimal for cohesive sediment.  Extraction with 

distilled water resulted in a higher intracellular leakage than extraction with 1.9 % saline solution. 

Furthermore, a trend for progressive cellular lysis was evident when both saline and EDTA 

extraction time exceeded 40 minutes. We therefore advise that EPS results obtained by water and 

EDTA extractions are interpreted with caution due to the unknown origin of carbohydrates 

obtained. When this method is applied, we recommend using fresh sediment, 1.9% saline water in 

the first extraction and 40 min duration for both extraction steps. 

Keywords: Extracellular polymeric substances; Extraction; Diatom; Sediment storage 
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1. Introduction 

The upper millimeter of intertidal and shallow 

coastal sediments is ubiquitously inhabited by 

various autotrophic and heterotrophic 

microorganisms. Most of these produce and 

excrete extracellular polymeric substances 

(EPS) for various purposes, such as cell 

motility, adherence and nutrient exchange 

processes as well as gene exchange between 

cells (Decho, 1990; Wingender et al., 1999; 

Underwood and Paterson, 2003). Microbially 

generated EPS in axenic laboratory cultures is 

generally defined as polymers residing outside 

of cells, while EPS extracted from sediments 

also include compounds sorbed to the sediment 

matrix. Microbial EPS is mainly composed of 

carbohydrates with small amounts of 

embedded proteins, lipids, nucleic acids, and 

humic substances to form heteropolymeric 

glycoproteins, lipoproteins and polysaccharides 

with organic (such as acetyl, succinyl, pyruvyl) 

and inorganic substituents (such as sulfate) 

(Nielsen and Jahn, 1999). The chemical 

composition of EPS depend on the type of 

microorganism (de Brouwer and Stal, 2002), its 

physiological condition, the light environment 

(Smith and Underwood, 2000), and nutrient 

availability (Magaletti et al., 2004). The 

physical description of EPS varies from 

dissolved or amorphous forms over loose 

mucilaginous slimes to tight gels, and fibrillar 

capsules (Decho, 2000). However, EPS in 

sediments is composed of a complex mixture 

of newly produced and partly degraded 

molecules with no well-defined overall 

chemical and physical structure (Stal, 2003; 

Bellinger et al., 2005).  

EPS are conceived to play an important 

role in coastal benthic ecosystems by e.g. 

increasing the stability of sediment surfaces 

(Yallop et al., 1994, Perkins et al., 2004, 

Lundkvist et al., 2007), providing a nutrient 

sources (Goto et al., 2001) and mediating 

chemical interactions with minerals 

(Wingender et al., 1999).  

Appropriate techniques to extract and 

analyze EPS are an essential prerequisite for a 

better understanding of its function. 

Techniques, such as low-temperature scanning 

electron microscopy (LTSEM), confocal laser 

scanning microscopy (CLSM) and infrared 

spectroscopy (FT-IR) (Neu and Lawrence, 

1999; Decho, 2000), have provided insightful 

information on EPS structure. However, 

extraction techniques for quantitative and 

chemical analysis of EPS from environmental 

samples are still not fully developed. Water 

extraction of sediment has become an accepted 

method for obtaining water-extractable EPS 

(Underwood et al., 1995; de Winder et al., 

1999; Staats et al., 1999; de Brouwer et al., 

2002; Underwood and Paterson, 2003). This 

operationally defined fraction represents any 

carbohydrates that are not tightly bound to the 

sediment. Subsequently, sediments are 

commonly extracted by 0.1 M of EDTA. This 

yields the operationally defined EDTA-

extractable EPS material that consists of 

carbohydrates more tightly bound to the 

sediment, probably through bridging with 

divalent cations. More recently, alternative 

extraction protocols developed for culture 

studies (Wustman et al., 1997; Chiovitti et al., 

2003, 2004) have been applied to estuarine 

diatoms and biofilms (Bellinger et al., 2005).  

EPS extractions are mostly reported from 

diatom biofilms (Smith and Underwood, 2000; 

Underwood and Paterson, 2003; Stal and 

Défarge, 2005; Takahashi et al., 2009), 

cyanobacterial mats (Klock et al., 2007), sludge 

from waste water treatment (Liu and Fang, 

2002), and axenic microbial cultures (Staats et 

al., 1999; Smith and Underwood, 2000; Parikh 

and Madamwar, 2006), while only few studies 

have addressed the reliability of EPS 

extractions in sandy and cohesive sediments 

from shallow coastal areas (Madsen et al., 
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1993; Wulff, et al., 1997; Lundkvist et al., 

2007 ).  

The present study compares standard 

EPS extractions of organic-poor sandy and 

organic-rich cohesive sediments. Our aim was 

to provide a critical evaluation of EPS 

extraction for the two sediment types using the 

most commonly used protocol in the literature. 

We tested the yield as a function of sediment 

storage, choice of extractant and extraction 

time and based our evaluation on the degree of 

contamination from intracellular organic 

substances (DNA and protein). 

2. Materials and methods 

2.1. Sediment sampling and handling 

Intact cores of sandy sediment were taken by 

hand in December 2007 using Plexiglas corers 

(8 cm i.d., 33 cm long) in the shallow (0.5–1.0 

m) marine lagoon, Fællesstrand, Denmark. 

Cohesive sediment from the top 5 cm of the 

sediment column was collected in January 

2009 by scuba diving at 5-6 m water depth in 

Odense Fjord, Denmark. Both sampling sites 

are devoid of macrophytes and benthic diatoms 

are the main primary producers. Consult 

Kristensen (1993) and Lundkvist (2007) for a 

detailed description of the study areas. 

The sandy sediment cores were 

defaunated in the laboratory by asphyxiation 

for 24 h, while the fauna-free cohesive 

sediment was homogenized and transferred to 

core tubes similar to those use for sandy 

sediment. All cores were kept submerged in 

aerated seawater (17 ± 0.5°C, salinity 19) in a 

100-L tank with vertically illumination (250 

µmol m
-2

 s
-1

) by a greenhouse lamp (PHILIPS, 

SON-T ARGO 400 W) adjusted to 12h:12h 

light: dark cycles. The cores were acclimated to 

the laboratory controlled conditions for 5 

(sandy sediment) and 3 (cohesive sediment) 

weeks to assure sufficient growth of 

microphytobenthos at the surface. The upper 5 

mm surface sediment for extractions was sub-

sampled with mini-core tubes (i.d. 2.6 cm) after 

2 hours of illumination. 

 

2.2 Basic sediment parameters  

The uppermost 5 mm of the sediment was 

examined for grain size, water content, organic 

content (Loss Of Ignition, LOI) and 

Chlorophyll a (Chl a) concentration, and all 

parameters, except for grain size analysis, were 

determined in triplicates. Subsamples for grain 

size analysis were wet sieved through a 

Wentworth series of sieves (1000, 500, 250, 

125, 63 µm mesh). The fractions retained by 

sieves were dried before weighing and grain 

size analysis was conducted according to 

Inman (1952). Water content was determined 

as weight loss after drying sediment overnight 

at 105°C. LOI was determined as weight loss 

of dry sediment after combustion 6 hours at 

520°C and converted to carbon equivalents by 

a factor of 0.45. Chl a was extracted from 

sediment subsamples by 96% ethanol in 

darkness at 5°C for 16 hours. After 

centrifugation at 2000 rpm for 10 min, the 

absorbance of the supernatant was measured at 

665 nm and 750 nm (GENESYS 10UV) before 

and after acidification. The Chl a concentration 

was calculated according to Parsons et al. 

(1984) and expressed against sediment dry 

weight.  
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Table 1. EPS extraction pr0ocedures used for evaluating various sediment storage, extractant type and 

extraction time approaches. 

2.3. EPS extraction tests 

The standard procedure for extracting EPS 

from sediments includes two steps. The 

sediment is first extracted by distilled water or 

saline (NaCl) solution followed by ethylene 

diamine tetraacetic acid (EDTA) extraction 

(Underwood et al., 1995). The EPS obtained 

from the first extraction is here denoted as 

EPSH2O and EPSNaCl, respectively. The EPS 

obtained from the corresponding EDTA 

extractions are denoted EPSEDTA-H2O and 

EPSEDTA-NaCl. Previous studies have indicated 

that the extraction yield is dependent on 

sediment storage, type of first extractant used 

and time of first extraction (Zhang et al., 1999; 

Perkins et al., 2004; Klock et al., 2007). We 

therefore conducted three test experiments to 

determine the validity of various extraction 

protocols. For the sediment storage test we 

used either fresh, frozen (-20°C or -70°C) or 

freeze-dried sediment. Two extractants, 

distilled water and saline solution (1.9% iso-

osmotic NaCl solution), were tested for the first 

extraction step using only fresh sediment and 

40 min extraction time. The first extraction 

time was subsequently tested using 20, 40 and 

60 min extractions, while the EDTA extraction 

was tested using 40 min and 16 h periods 

(Table 1). 
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Figure 1: Schematic flow diagram of the experimental procedure used to evaluate the selected EPS 

extraction method on sandy and cohesive sediments. 

2.4. Extraction procedure 

In the first extraction step (Fig. 1), 5 ml of the 

selected extractant (1.9% NaCl solution if not 

otherwise stated) was added to about 1.5 g 

sediment samples (fresh sediment if not 

otherwise stated) followed by shaking at 22°C 

for the selected extraction time (40 min if not 

otherwise stated). The extracted samples were 

centrifuged (4000 rpm) for 10 minutes and the 

supernatant was removed and filtered (0.2 µm). 

In the second step (Fig. 1), the same sediment 

samples were further extracted in 5 ml of 40 

mM EDTA for 40 min (if not otherwise stated) 

using the same procedure. A 2.5 ml subsample 

of the filtered supernatant from both 

extractions was mixed with 6.7 ml of 96% 

ethanol (final concentration, 70%) and kept at 

4°C for 20 h to precipitate polymeric 

substances (Decho, 1990). After centrifugation 

at 4000 rpm for 10 min and removal of the 

supernatant, the precipitate was re-dissolved in 

2.5 ml distilled water and kept at -20°C for 

later polymeric carbohydrate analysis. The 

remaining filtered supernatant was stored at -

20°C for later analysis of total carbohydrate, 

protein and DNA content (Fig. 1). The yield of 

polymeric carbohydrates, total carbohydrates, 

DNA and proteins are denoted POLY, TOT, 

DNA and PROT, respectively, with subscripts 

indicating each specific extraction type as 

noted above for EPS in general. 

The POLY and TOT were analyzed as 

glucose units by the phenol-sulfuric acid 

method (Dubois et al., 1956). DNA was 

analyzed by the diphenylamine colorimetric 



  PhD thesis by Paula Canal Vergés 

147 

 

method (Burton, 1956) using calf thyme DNA 

(Sigma) as standard. PROT was analyzed by 

the Bradford micro-assay procedure (Bio-Rad 

protein assay kit) using bovine serum albumin 

(Sigma) as standard. 

To compare the yield of extractable 

compounds in the two sediment types, the 

content of TOT, POLY, DNA and PROT was 

transformed into carbon units, by the 

conversion factors of 0.4, for TOT and POLY 

(carbon content of glucose), 0.49 for PROT 

(Dell'Anno et al., 2002) and 0.37 for DNA 

(Levene and London 1929) and normalized to 

the total carbon present in the sediment 

(Fichez, 1991; Dell'Anno et al., 2002). 

2.5. Statistical analysis  

The normalized TOT, POLY, DNA and PROT 

results within each treatment (Storage, 

Extractant, and Time of extraction) were 

analyzed by one-way ANOVA (Sigmastat 

2.03) with multiple comparison and posthoc 

Tukey’s test whenever the ANOVA was 

significant.  

3. Results 

3.1. Sediment parameters 

The uppermost 5 mm of the sandy sediment 

was well-sorted medium sand (mean grain size, 

190 µm) with 6.1% silt+clay content, while the 

cohesive sediment was poorly sorted medium 

fine sand (mean grain size 87 µm) with 7.2 % 

silt+clay content. Water and organic content 

was 3 times higher in cohesive (63-65%) than 

sandy (22-23%) sediment, and organic content 

was roughly 10 times higher in cohesive 

(~6.5%) than sandy (0.6-0.8%) sediment 

(Table 2). There was no significant difference 

in these two parameters among the three tests 

for each sediment type.  

Chl a varied from 18 to 49 µg (g dw)
-1

 

among the tests with cohesive sediment. No 

such variation was observed in sandy sediment 

where Chl a remained at a low level of about 

10 µg (g dw
-1

).  

The absolute yield of TOT, POLY, DNA 

and PROT was higher for cohesive than sandy 

sediment as exemplified for saline and EDTA 

extractions of fresh sediment for 40 min in Fig 

2. The difference for all compounds was a 

factor of 2.5-4 in the saline extraction, and 10-

15 in the EDTA extraction, except for a factor 

of 29 for DNAEDTA-NaCl. The yield of all 

compounds was higher for EDTA than saline 

extraction by a factor of 2-8 in sandy sediment 

(highest for PROT and lowest for DNA) and 

17-37 in cohesive sediment (highest for PROT 

and lowest for POLY).  

 

 

Table 2. Sediment characteristics of sandy and cohesive sediment used in three groups of comparative 

assays (mean ±SD, n = 3) 
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.

  

                                                
 

Figure 2: Yield of TOT, POLY, DNA and PROT in µg C (g dw)
-1 

for saline (open bars) and EDTA (solid 

bars) extraction on sandy (upper panels) and cohesive (lower panels) sediment. Results are given as average 

± SE (n = 3).  

  

3.2. Extractant test 

Both sediment types had lower yield of POLY 

and TOT extracted by saline than in water 

(Fig. 3). The difference ranged from a factor 

of 1.3 to 1.5 and was only significant for 

POLY (P < 0.05).  DNA and PROT showed 

the same pattern for sandy sediment with a 

non-significant 1.5-1.9 times higher yield in 

water than saline. DNA and PROT in the 

colloidal extraction of cohesive sediment 

were low and showed no difference between 

extractants. EDTA extraction efficiency of 

both sediment types was not significantly 

affected by the two different extractants 

during the first extraction. However, cohesive 

sediment showed a trend for higher DNAEDTA 

and PROTEDTA yield when pre-treated with 

water than saline (Fig. 3). 
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Figure 3: Extractant experiment. Yield of TOT, POLY, DNA and PROT after extraction of sediment with 

deionized water (H2O) or 1.9 % NaCl solution (NaCl) for 40 min followed by 40 min EDTA extraction. The 

unit is percent carbon equivalents relative to organic carbon content of the sediments. Solid bars represent 

cohesive sediment and open bars represent sandy sediment. Results are given as average ± SE (n = 3).  

 

             

Figure 4: Extraction time experiment. Yield of TOT, POLY, DNA and PROT after extraction of sediment with 

1.9 % NaCl solution (NaCl) for 20, 40 and 60 min followed by 40 min EDTA extraction. The unit is percent 

carbon equivalents relative to organic carbon content of the sediments. Solid symbols represent cohesive 

sediment and open symbols represent sandy sediment. Results are given as average ± SE (n = 3).  
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3.3. Extraction time test 

Sandy sediment showed a significantly 

increasing yield of POLYNaCl (3 times), 

DNANaCl (1.8 times) and PROTNaCl (2.3 times) 

when the saline extraction time increased from 

20 to 60 min (P < 0.05) (Fig. 4). No such time 

dependence was observed for TOTNaCl from 

sandy sediment and any compounds class 

extracted by saline from cohesive sediment. 

The initial saline extraction time had no 

effect on POLYEDTA-NaCl and TOTEDTA-NaCl 

yield by the subsequent EDTA extraction for 

neither sandy nor cohesive sediment. 

PROTEDTA-NaCl yield was also unaffected, while 

DNAEDTA-NaCl yield after 60 min saline 

extraction was 1.8 times higher than after 40 

and 20 min extractions for both sediment types 

(Fig. 4). 

POLYEDTA-NaCl and DNAEDTA-NaCl yield 

in sandy and cohesive sediments increased 

significantly 1.7 – 2.8 and 2.1 - 6 times (p < 

0.01), respectively, when the EDTA extraction 

was extended to 16 h compared with 40 min. 

There was no similar effect of extending EDTA 

extraction to 16 h for TOTEDTA-NaCl and 

PROTEDTA-NaCl yield. 

        

Figure 5: Storage experiment. Yield of TOT, POLY, DNA and PROT after extraction of sediment with 1.9% 

NaCl solution (NaCl) for 40 min followed by 40 min EDTA extraction. Identical sediment samples were 

either stored at -20 °C; -70 °C; freeze dried (FD) or kept as fresh. The unit is percent carbon equivalents 

relative to organic carbon content of the sediments. Solid symbols represent cohesive sediment and open 

symbols represent sandy sediment. Results are given as average ± SE (n = 3). 
 

  

3.4. Sediment storage test  

The relative yield of TOTNaCl, POLYNaCl, 

DNANaCl and PROTNaCl was always lowest for 

fresh sediment irrespective of sediment type 

(Fig. 5). The excess yield by freezing (-20º and 

-70ºC) and freeze drying ranged from 1.2-1.7 

(POLY) to 3.7-5.6 (TOT) times for sandy 
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sediment (p < 0.05) and 2.3-3.1 (DNA) to 5.6-

8.5 (TOT) times for cohesive sediment. The 

difference was most pronounced for TOTNaCl in 

sandy sediment, while differences were rarely 

significant for cohesive sediment due to the 

generally low and variable yield. The type of 

storage did not affect the yield of TOTEDTA-NaCl 

and POLYEDTA-NaCl significantly from sandy 

sediment. DNAEDTA-NaCl and PROTEDTA-NaCl, on 

the other hand, were lowest for fresh sandy 

sediment. The difference was most pronounced 

for DNAEDTA-NaCl with 2 times higher yield in 

frozen (-20º and -70ºC) and 6 times higher in 

freeze dried than fresh sandy sediment. EDTA 

extractions of cohesive sediment behaved 

differently with 30-60 % lower yield for all 

compounds in freeze dried sediment than other 

treatments; even fresh sediment.  

  

Figure 6: Yield of polymeric carbohydrates in 

percent of the total carbohydrate yield (%POLY of 

TOT) as a function of the relative DNA yield 

(percent carbon equivalents relative to organic 

carbon content of the sediments).  Upper panel 

shows water or saline extractions (H2O/NaCl) and 

lower panel shows EDTA extractions. All 

extractions conducted in the present study are 

included irrespective of treatment. Solid symbols 

represent cohesive sediment and open symbols 

represent sandy sediment. The correlation 

coefficient (r) is shown for each dataset. The trend 

lines are shown for significant (*, p < 0.05) 

regressions. 

  

Figure 7: Yield of polymeric carbohydrates in 

percent of the total carbohydrate yield (%POLY of 

TOT) as a function of the relative PROT yield 

(percent carbon equivalents relative to organic 

carbon content of the sediments).  Upper panel 

shows water or saline extractions (H2O/NaCl) and 

lower panel shows EDTA extractions. All 

extractions conducted in the present study are 

included irrespective of treatment. Solid symbols 

represent cohesive sediment and open symbols 

represent sandy sediment. The correlation 

coefficient (r) is shown for each dataset. The trend 

lines are shown for significant (*, p < 0.05) 

regressions. 
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4. Discussion 

The most likely contributors to EPS production 

in the uppermost millimeters of coastal 

sediments are epiphytic diatoms and bacteria 

(Underwood and Paterson, 2003; Lundkvist et 

al., 2007; Stal, 2003). To obtain a reliable 

measurement of the EPS produced by these 

organisms, sediment must be handled and 

extracted carefully. Live cells must remain 

intact during the entire process to avoid 

contamination from intracellular pools of 

polymeric substances. In this context, it is 

essential with a clear definition of EPS to 

evaluate what is extracted by any chosen 

procedure. Most studies on EPS target recently 

excreted and high reactive microbial polymers 

of sticky nature with the capacity to increase 

sediment stability (Underwood and Paterson, 

2003).  

Polymeric carbohydrates are considered 

the main component of diatom and bacterial 

EPS (Decho, 1990; Hoagland et al., 1993) with 

proteins as an integrated part of the molecular 

structure (Wingender et al., 1999; Underwood 

and Paterson, 2003). However, easily 

extractable non-EPS proteins, which are always 

present in low concentrations in surface 

sediments (Zhang et al., 1999; Staats et al., 

1999), will unavoidably end up in EPS 

extracts. Although there is an open debate 

about the importance of proteins in EPS from 

various sources (Wingender et al., 1999; 

Underwood and Paterson, 2003), it is evident 

that excessive amounts of proteins in EPS 

extracts may imply leakage of intracellular 

substances. Low amounts of DNA are similarly 

found as a normal constituent of sediments due 

to release from dead cells and natural secretion 

by bacteria, but abnormally high levels of DNA 

in EPS extracts can also be regarded as a 

quantitive indication of cell lysis (Zhang et al., 

1999). Thus, by including both protein and 

DNA in our analysis we can provide a dual 

indicator of cell lysis.  

Basically, we quantified EPS yield from 

extracted total carbohydrates (TOT) and 

polymeric carbohydrates (POLY). If we 

comply with the general opinion that EPS 

primarily consists of polymeric carbohydrates, 

not all the excess carbohydrates retrieved in the 

TOT pool (~20-80% depending on treatment 

and extraction scheme) may originate from true 

EPS, but rather from various sources in the 

sediment matrix including cellular lysis. This 

contention appears generally valid for the first 

H2O/NaCl extractions as indicated by the 

significant negative relationships of DNA and 

PROT yield with POLY (%POLY) as a 

fraction of TOT (Fig. 6 & 7). Both DNA and 

PROT approach a background level when the 

polymeric carbohydrates (%PROT) exceed 

50% of total carbohydrates, indicating that a 

large fraction of the non-polymeric 

carbohydrates are of intracellular origin. The 

contamination appears more pronounced for 

sandy than cohesive sediment. No such general 

relationships were evident for the EDTA 

extractions, except that considerably more 

DNA and PROT were achieved particularly 

from cohesive sediment than during the initial 

H2O/NaCl extractions. Furthermore, we found 

that sediment extracted in EDTA for 16 h 

increase the DNA yield 2-6 fold compared with 

40 min extractions. This contradicts the finding 

of Klock et al. (2007), that EDTA had no effect 

on the cell lyses. Decho (1990), on the other 

hand, suggested that EDTA concentrations 

should not be greater than 40 mM and that 

extraction time should be within 1 hour for 

marine samples. Our results concurred with 

this point.  

To assess the potential role of microbial 

cell lysis for the excess DNA yield in EPS 

extractions, we estimated the total DNA 

content of diatoms and bacteria in the 

sediment. If we assume that bacterial 

abundance in coastal sediments is within the 

range of 10
8
 -10

9
 cells (g dw

-1
) (Dell'Anno et 

al., 1998), carbon content of bacteria is around 

46 fg C cell
-1

 (Andresen and Kristensen, 2002) 

and DNA carbon accounts for roughly 3% of 

the total carbon content (Canfield et al., 2005), 

bacterial DNA content in both sediment types 

is 0.1-1.4 µg C (g dw
-1

). For benthic 

microalgae (i.e. diatoms) we convert the 
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extracted Chl a into carbon assuming a 

conversion factor of 43 (Andresen and 

Kristensen, 2002) and into DNA assuming it 

contributes about 2 % of the carbon content 

(Veldhuis et al., 1997). The potential 

microalgal DNA in the sediments is then 8-9 

µg C (g dw)
-1

 for sandy sediment and 15-42 µg 

C (g dw
-1

) for cohesive sediment. The 

estimated maximum extractable DNA carbon 

of bacteria and diatoms for sandy and cohesive 

sediments (~10 and ~40 µg C (g dw
-1

), 

respectively) is comparable to, but in the low 

range of that obtained in our extractions (0-22 

and 0-387 µg C (g dw
-1

) for sandy and 

cohesive sediments, respectively). It must be 

noted that other organisms, such as small 

macrofauna, meiofauna and protozoa, may also 

contribute to the DNA yield in the extraction; 

particularly in cohesive sediment. 

The contamination of EPS is most 

pronounced when sediments are stored frozen 

or freeze dried (Fig. 5). Our results show that 

optimum EPS extractions require fresh 

sediment as indicated by the low yield of DNA 

and PROT. This conclusion is particularly 

valid for sandy sediment and saline extractions 

of cohesive sediment, while EDTA extractions 

of cohesive sediment in general provided high 

DNA and PROT yields, although lowest for 

freeze dried sediment. It is unclear why 

cohesive sediment provides such opposing 

results from the EDTA extractions, but points 

to a general problem with the origin of 

carbohydrates from EDTA extractions 

(Underwood and Paterson 2003). More studies 

are needed to clarify if these pools can be 

considered part of EPS. 

It is often logistically impractical or 

impossible to perform EPS extractions 

immediately on fresh sediment, which 

necessitates some forms of storage. Freeze 

drying has been recommended by some 

studies, while others prefer freezing at different 

temperatures (Underwood et al., 1995; de 

Winder et al., 1999; Yallop et al., 2000; Klock 

et al., 2007). We show that all means of 

sediment storage involving freezing can affect 

the reliability of EPS extractions greatly as 

indicated by the high yields of DNA and 

PROT. It is therefore highly recommended 

using fresh sediment if  possible.  

Since most microbial extracellular 

polysaccharides are water soluble, freshwater, 

natural and artificial sea water and NaCl 

solutions are commonly used extractants in the 

EPS colloidal extraction from marine 

sediments and microalgal mats (Underwood et 

al., 1995; Sutherland, 1999; Klock et al., 2007). 

The benefit of using iso-osmotic NaCl solution 

as extractant is that cell lysis due to osmotic 

stress during extraction is avoided. Perkins et al 

(2004) suggested, however, that EPS polymers 

have higher solubility at low salinity. 

Nevertheless, our results suggest and increment 

in DNA and PROT (Fig. 3) due to cell lysis 

with fresh water, although not significant. It 

appears therefore that many marine diatoms 

and bacteria have sufficient osmo-regulatory 

ability to survive the adverse osmotic condition 

in pure water during the 40 min extraction 

period (Kirst, 1989; Kunte, 2006). Anyway, 

our recommendation is to use iso-osmotic NaCl 

solution to avoid cell lysis. 

NaCl extraction time between 20 and 60 

min has only limited effect on extraction yield 

(Fig. 4). Our results showed that only POLY 

and PROT yield in sandy increased with 

extraction time, while TOT and DNA appeared 

almost unaffected. No measurable effect of 

NaCl extraction time was evident for cohesive 

sediment. The subsequent 40 min EDTA 

extractions were also relatively unaffected by 

the previous NaCl extraction time, except for 

an increase in POLY and DNA from 40 to 60 

min for cohesive sediment. The time 

dependence increase in polymeric carbohydrate 

during NaCl extractions can be attributed to a 

time-dependent increase in extraction 

efficiency and gradual accumulation of cell 

secretion during extraction. Since the 

extraction was conducted on fresh sediment 

samples, the non-polymeric total carbohydrates 

represent a limited standing pool, but it is 

likely that the turnover through secretions and 
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degradation by exoenzymes and other 

heterotrophic activities continues during NaCl 

extraction (Smith and Underwood, 1998). 

Considering the limited impact of time on EPS 

yield during NaCl extractions, the errors 

introduced using 20 to 60 min extraction time 

are small, but 40 min seems to be an adequate 

handling compromise when a large number of 

samples are processed simultaneously. 
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Abstract 

Effects of drifting macroalgae in eelgrass ecosystems – a case study from Odense Fjord 
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Abstract  

It has been suggested that current-driven macroalge transport in shallow lagoons and estuaries may 

negatively impact eelgrass through increased turbidity and physical stress. Increased turbidity and 

lower light availability for eelgrass may result when drifting macroalgae erode surface sediment and 

physical damage on eelgrass can occur when macroalgae are drifting as bedload. The ballistic effect 

of moving macroalgae on surface sediment was tested in the field as well as in a series of annular 

flume experiments, where simultaneous measurements of macroalgae transport and turbidity were 

measured at increasing current velocity. In flume experiments with macroalgae, sediment erosion 

always started at lower current velocities (2-4 cm s-1) than in control experiments without 

macroalgae (18-27 cm s-1). When macroalgae started to move, the turbidity increased immediately 

from a background concentration of 7–10 mg suspended particulate matter (SPM) L-1 to 30–50 mg 

SPM L 

1 for Ceramium sp., Ulva lactuca and Chaetomorpha linum, respectively, while the more rigid 

Gracilaria sp. and Fucus vesiculosus lead to much higher turbidity (50–180 mg SPM L−1). 

Preliminary results from Odense Fjord (Denmark) confirm these results, since high sediment 

transport (>5000 g sediment m-2 d-1) and turbidity (>120 mg SPM L-1) were measured during 

periods of intense macroalgae drift. Furthermore, drifting macroalgae (primarily F. vesciculosus) 

damaged eelgrass beds and increased mortality of seedlings. Therefore high turbidity and light 

limitation of seagrasses may occur as a result of drifting macroalgae even in the absence of strong 

current forcing. The impact of drifting macroalgae in Odense Fjord was evaluated for Odense Fjord 

with a  

3-D hydrodynamic model with a built-in particle tracking module, and it was concluded that 

macroalge driven resuspension occurs during most of the eelgrass growth season and that particle 

tracking models can be used to simulate macroalgae transport. 
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