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Abstract 

Eelgrass is a marine flowering plant that creates unique meadows on soft bottoms along coastal waters. 

The meadows provide us with numerous ecosystem services, for instance they store large amounts of 

carbon and increase the biodiversity in coastal waters by providing habitat for a large variety of 

organisms. However, threats to eelgrass ecosystems are numerous and widely driven by human activities. 

Over the last 30 years 60% of the ecosystem has disappeared from the Swedish west coast. One reason for 

this is poor water quality, which is partially caused by dumping of dredged material. Even if dumping is 

prohibited in Swedish waters, exceptions are made regularly. The material is dumped and transported via 

currents to eelgrass meadows where it settles on the leaves, creating a sedimentation layer. A 

sedimentation layer could limit the oxygen supply which would enable toxic sulfide to enter the shoots. 

This study tests the effect of a sedimentation layer, organic content of the bottom sediment and light 

availability on eelgrass health, growth and their ability to withstand toxic sulfide. The results show that 

both a sedimentation layer and limited light availability had negative effects on eelgrass health, growth 

and on their ability to withstand toxic sulfide. The organic content of the sediment showed no significant 

effects on either growth, health or sulfide toxicity. Results from this study imply that dumping of dredged 

material has negative effects on eelgrass that should be further studied before more exceptions on the 

prohibition are granted. This is necessary to prevent the continued loss of eelgrass meadows.  

 

Keywords: Zostera marina, dumping, sulfide intrusion, sediment deposit  

 

Sammanfattning 

Ålgräs är ett marint blommande gräs som skapar unika ängar längst kuster. Ängarna växer på mjuka 

bottnar och utför ett stort antal ekosystemtjänster. De ger mat, boplats och är barnkammare åt diverse 

epifyter, evertebrater och fiskar samtidigt som de minskar växthuseffekten genom att ta upp och lagra 

stora mängder kol. Ålgräsängar utsätts idag för stress från flera nya håll, varav flera kan härledas till 

mänskliga aktiviteter. Stora delar av bestånden har försvunnit, inte minst på den svenska västkusten där de 

har minskat med 60% sedan 80-talet. En orsak är försämrad vattenkvalitet som på den svenska västkusten 

delvis orsakas av dumpning av muddermassor. Även om det enligt Havs- och Vattenmyndigheten är 

förbjudet att dumpa i svenska hav ges det regelbundet ut undantag. Massorna dumpas och sprids sedan via 

strömmar till ålgräsängar där det lägger sig på bladen som ett sedimentationslager. Detta lager skuggar 

bladen och förhindrar fotosyntes och stör diffusionen av syre från vattnet till växten. En viktig funktion 

syre har i växten är att möjliggöra motstånd till giftigt sulfidintrång. I denna studie analyserades 

sedimentationslagrets påverkan på sulfidintrång och morfologi hos ålgräs med tre behandlingar. Växter 

med eller utan ett sedimentationslager växte i ljus eller mörker och i bottnar med hög eller låg organisk 

halt. Resultatet visade att ett sedimentationslager och begränsat ljus har negativa effekter på ålgräsets 

hälsa, tillväxt och förmåga att oxidera sulfid. Studiens resultat tyder på att dumpning har negativa effekter 

på ålgräs som bör undersökas ytterligare innan fler undantag till dumpningsförbudet tas. Detta är 

nödvändigt om förlusten av ålgräsängar ska kunna stoppas.  

 
Nyckelord: Zostera Marina, dumpning, sulfid förgiftning, sedimentations lager 
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1 Introduction 

1.1 General 

The seagrass species Zostera marina (Eelgrass) 

belongs to a unique group of marine flowering 

plants that inhabit coastal waters along the 

northern hemisphere (Short et al., 2007). Their 

rhizomes (root stems) give them the ability to 

grow on soft bottoms such as sand and mud 

(Gullström et al., 2012), a habitat where macro 

algae are unable to live. On the west coast of 

Sweden eelgrass grow under variable 

environmental conditions. From sheltered areas 

where the sediment is rich in organic matter to 

more exposed locations with sandy sediments, 

low in organic content (Holmer et al., 2009). As 

well as enabling them to grow on soft bottoms, 

their rhizomes allow them to reproduce 

vegetatively and in beneficial conditions quickly, 

establishing eelgrass meadows (Short et al., 

2007).  

 

These meadows provide several ecosystem 

services to coastal waters. For instance, the 

meadows provide food, shelter and nursery areas 

for a numerus of associated epiphytes, 

invertebrate and fish (Thormar et al., 2016). 

Eelgrass meadows have a high primary 

production rate that ranks them as one of the 

most productive ecosystem on earth (Duarte et 

al., 2010; Rheuban, 2014). The high productivity 

and faunal diversity makes eelgrass meadows an 

important part of costal food webs (Gullström et 

al., 2012; Thormar et al., 2016). Additionally, 

the meadows have a high capacity to store 

carbon, making them important in their role as a 

carbon sink in the oceanic carbon cycle (Duarte 

et al., 2010; Fourqurean et al., 2012). Eelgrass 

meadows are also found to improve water 

quality by reducing eutrophication as well as 

stabilizing and preventing resuspension of 
bottom sediment (Krause-Jensen, 2008).  

 
Seagrass (e.g. Z. marina) is an indicator for 

nutrient pollution and respond fast to changes in 

water and sediment quality (Kennish & Fertig, 

2012). Due to deteriorating water quality in 

many areas of the world, seagrass ecosystems 

have suffered extensive losses making them one 

of the world’s most threatened ecosystems 

(Boström et al., 2014; Fourqurean et al. 2012; 

Orth et al., 2006; Waycott et al., 2009). They 

experience an annual, and accelerating loss rate 

of 7% (Waycott et al., 2009).  

 

During the last three decades Z. marina has 

declined with up to 60% on the west coast of 

Sweden (Baden et al. 2003). This decline has 

severe effects on coastal waters and have 

resulted in extensive losses of the ecosystem 

services that eelgrass provides, such as fish 

production, carbon and nurtient sequestration 

(Cole & Moksnes, 2016). The threats to eelgrass 

ecosystems are numerous and widely driven by 

human activities that result in reduced light 

conditions due to poor water quality, such as 

high turbidity and epiphyte abundance (Boström 

et al., 2014; Cole & Moksnes 2016). Land runoff 

(Restrepo et al., 2006), recreational boating 

(Moksnes et al., 2019), docks (Eriander et al., 

2017) and sediment dredging- and dumping 

activities (Moksnes et al., 2019) are a few 

examples of such activities or processes. 

 

1.2 Dumping  

One activity that increase turbidity in coastal 

waters is dredging and dumping of dredged 

material. Dredging is carried out, for example, 

during harbor expansion or widening of 

waterways (Moksnes et al., 2019). The dredge 

material is dug or sucked from the sea floor 

(Becker et al., 2015). According to the Swedish 

Environmental Code, dumping at sea is 

prohibited (SAMWM., 2018). However, studies 

have shown that exceptions from this prohibition 

are made regularly along the Swedish west coast, 

and that many dumping grounds are located in 

close proximity to sensitive coastal habitats. 

(SGU., 2016; Eriander et al., Unpublished data). 

 

The two main effects caused by dumping of 

dredged material are covering of the bottom 

substrate and benthos as well as the dispersal of 

suspended clay particles which increases 

turbidity. These are direct causes for poor water 

quality and have a negative effect on eelgrass 

(Hammar et al.,2009).   

 

Covering of the bottom at the dumping ground 

bury the organisms that live there as well as 

change the sediment structure and chemical 

balance (Katsiaras et al., 2015; Stronkhorst et al., 

2003; Witt et al., 2004). However, dumping of 

dredge material might also affect areas further 

away from the dumping ground through 

sediment dispersal via currents (Stockmann et 

al., 2009). Based on hydrodynamic models of 

dumping grounds along the Swedish north west 

coast sediment has been shown to disperse, at 

relatively high concentration (>10 mg/L), up 10 

km from dumping areas (Eriander et al., 



 

 2 

Unpublished data; Fig. 1.A). The dumping area 

shown in Fig. 1.A is located close to 200 meters 

from an eelgrass meadow and the dispersal area 

also includes several other eelgrass meadows, 

which might become affected by turbid water 

(Eriander et al., Unpublished data).  

 

Another effect of sediment dispersal is the 

sedimentation of clay particles on the bottom 

substrate. If the particles settle inside an eelgrass 

meadow the leaves might become covered by a 

sediment layer. Models have reported 

sedimentation of 1 mg cm-2 up to 20 km from 

dumping sites (Fig. 1.B; Eriander et al., 

Unpublished data), demonstrating the far-

reaching effect dumping can have on eelgrass 

meadows. One effect that has been tested is the 

shading caused by the sedimentation layer. In the 

northern Hiroshima Bay, Japan, a layer of 2.27 

mg cm-2 was found on eelgrass leaves in the 

field. The shading effect was shown to be high 

enough to inhibit photosynthesis (Tamaki et al., 

2002). Negative effect on photosynthetic rates 

due to a sedimentation layer has also been 

demonstrated in other studies (Brodersen et al., 

2017). The shading layer of sediment has been 

tested under laboratory conditions in Sweden and 

sediment coverage of 1 mg cm-2 has been shown 

to reduce light conditions by up to 50% (Nilsson, 

2017). Another possible effect caused by 

sedimentation on eelgrass leaves is disruption of 

the diffusion boundary layer (DBL). DBL is a 

layer where gas exchange occurs by diffusion 

between tissue and water (Brodersen et al., 

2017). This will limit the oxygen exchange with 

the surrounding water and possibly enhance 

invasion of toxic sulfide into eelgrass tissue. 

 

1.3 Sulfide intrusion 

Eelgrass on the west coast of Sweden often grow 

in sheltered areas with sediment rich in organic 

matter and sulfide (Holmer et al., 2009). A high 

concentration of sulfide is toxic and is shown to 

have negative effects on growth and survival of 

Z. marina (Holmer & Bondgaard, 2001; Lamers 

et al., 2013). Sulfides (H2S, HS- and S2-) are 

produced as metabolic end-products from 

prokaryotes that oxidize organic compounds 

(Lamers et al., 2013; Martin et al., 2019). The 

molecules are phytotoxins, meaning they are 

toxic to the growth of plants. For example, 

because of H2S strong binding capacity with iron 

it inhibits important metal containing enzymes 

such as cytochrome c oxidase (COX) (Martin et 

al., 2019). A functioning COX is crucial for a 

plants ability to produce energy as it is active in 

the electron transport chain (Lamers et al., 2013). 

All three forms of reduced sulfide (H2S, HS- and 

Figure 1: Results from a hydrodynamic model of A. maximum suspended sediment and B. sediment 

deposition on eelgrass leaves due to dumping of 2 500 m3 dredged material at the dumping area Källödjupet, 

located in A. the red area and B. the black area on the maps (Eriander et al., Unpublished data).  
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S2-) are equally potent phytotoxins (Armstrong & 

Armstrong, 2005). A high concentration sulfide 

can also inhibit photosynthesis and therefore 

reduce plant survival (Holmer & Bondgaard, 

2001). Sulfide intrusion is considered an 

important factor for eelgrass decline 

(Frederiksen et al., 2006; Frederiksen et al., 

2007; Holmer et al., 2009).  

 

However, eelgrass meadows do not only survive, 

they thrive in sediments with phytotoxic levels 

of sulfide (Hasler-Sheetal & Holmer, 2015; 

Martin et al., 2019). This is because of radial 

diffusion of oxygen. Oxygen is released to the 

sediment from young elongating root tips. The 

oxygen oxidizes the sulfide making it non-toxic 

(Hasler-Sheetal & Holmer, 2015; Martin et al., 

2019; Fig. 2). In this way, by releasing oxygen, 

eelgrass avoid sulfide intrusion. If the plants are 

healthy, intruding sulfides can also be oxidized 

inside the plant, where it accumulates as non-

toxic elemental sulfur or is incorporated into 

various sulfur compounds in the plant (Hasler-

Sheetal & Holmer, 2015). Oxygen enters the 

shoot from the DBL and diffuses via the 

aerenchym to the root tissues (Hasler-Sheetal & 

Holmer, 2015). The length and thickness of the 

DBL affect the oxygen supply. During the day, 

in light conditions, eelgrass also produce oxygen 

via photosynthesis, which supply the radial 

diffusion of oxygen. However, during the night 

they rely solely on the diffusion of oxygen from 

the water column (Mascaró et al., 2009).  

 

Under low light conditions were photosynthesis 

is limited, factors that disrupts the DBL has the 

potential to alter eelgrass ability to resist sulfide 

intrusion. Cover of the leaves surface by a 

sedimentation layer could be one such factor. 

Studies have shown a reduction in the oxygen 

diffusion rates of 28-35% when leaves are 
covered by sediment compared to leaves without 

sediment (Brodersen et al., 2017). A disruption 

of the DBL by dredged material may therefore 
result in sulfide intrusion as it limits the oxygen 

supply. 

Activities that lead to sediment dispersal (e.g. 

dredge dumping) could therefore become 

problematic for eelgrass. Particularly if 

sedimentation occurs in sheltered areas, where 

the sediment layer is likely to persist on the leaf 

for a longer period of time and where sulfide 

levels in the sediment is high (Holmer et al., 

2009). Previous laboratory studies from Sweden 

have demonstrated negative effects on several 

morphological parameters in response to 

sediment on eelgrass leaves (Nilsson, 2017). 

However, it is unclear if this effect is caused 

solely by shading and a reduced photosynthetic 

rate or if reduced oxygen exchange and sulfide 

intrusion could also play a role.   

 

1.4 Aim and hypothesis  

The aim with this study was to determine if 

sediment coverage on leaves affects the sulfide 

intrusion in eelgrass grown under variable 

sediment and light conditions. This will provide 

information on how eelgrass react to fine 

sediment dispersion in hopes to improve 

management of dumping activities and eelgrass 

ecosystems in Sweden. 

 

The hypothesis is that a sedimentation layer of 

glacial clay will limit the oxygen flux to the 

rhizosphere and thereby increase the sulfide 

intrusion. Under constant dark conditions the 

intrusion will likely be higher than under 

variable light/dark conditions because of the 

non-existent supply of oxygen via 
photosynthesis. And since sediments with high 

organic matter are likely to contain more sulfide, 

the intrusion is believed to be greater when 

plants are grown in sediment high in organic 

content.  

 

  

Figure 2: Illustration on oxidation of sulfides to 
sulfates in the rhizosphere of eelgrass 

(Illustrated by Louise Eriander) 
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2.Method

 

2.1 General set-up 

Eelgrass from the shallow semi-exposed bay 

Bökeviken in the Gullmar fjord (58°14.92′N, 

11°26.87′E) on the west coast of Sweden was 

used in this study. Plants of the same size, 19.01 

± 5.2 cm with an average of 4.1 ± 1.1 number of 

leaves were picked by hand in the beginning of 

July 2019. Their rhizomes were trimmed to have 

three nodes and a similar length of 7.6 ± 1.9 cm, 

eventual epiphytes were scraped off and side 

shoots were removed to create similar starting 

conditions. The plants were planted with the 

single shoot method described by Orth et al. 

(1999), since it increases growth rate and 
survival compared to other methods (Eriander et 

al., 2016). Shoots were planted into 40 

mesocosm containers (five randomly selected 

shoots in each), containing 10 cm of sieved 

sediment (mesh size: 0.5 cm) and 23 L of surface 

water. Sediment disturbed by planting was given 

time to settle. The experiment was under a 

closed water system, where the temperature of 

the water was 19.4°C ± 0.63 to simulate high 

growth conditions (Eriander, 2017). Air bubbles 
were used for a consistent oxygen supply to 

ensure that limitation of oxygen would  

 

not originate from deficient oxygen in the water 

column, resulting in a total dissolved oxygen 

content of 98.6 % ± 4.4 in the mesocosms.  

 

The containers were randomly divided into eight 

combinations of treatments: two organic content 

treatments (high or low organic matter (OM)), 

two sedimentation treatments (with or without 

sedimentation on the leaves) and two light 

treatments (no light or with light). Each 

combination of treatments was replicated five 

times in a fully orthogonal design (visible in Fig. 

3). The 40 mesocosm were placed randomly in 

six rows. However, due to lack of space the light 
treatments were positioned in rows, as seen in 

Fig. 3. Treatments conditions ran for four weeks. 

 

After four weeks, the plants were harvested from 

the mesocosm and prepared for analysis. 

Morphology was measured on two of the five 

shoots from each mesocosm (randomly selected), 

and sulfide analysis were performed on the three 

remaining shoots. 

 

2.2 Sedimentation treatment 

The two sedimentation treatments consisted of 

‘with’ or ‘without’ sedimentation. To mimic the 

predominant type of material obtained during 

Figure 3: Experimental design of the study. Table show the combination of treatments with the number 

of replicates for each combination. Figure to the right show the set-up in the lab, of light/ no light. 
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dredging in Sweden glacial clay was used 

(Moksnes et al., 2019). The clay was collected at 

Askerön (58°5.031'N 11°44.236'E) in the 

southern Bohuslän. Based on previous studies on 

sediment deposits related to suspended sediment 

(Nilsson, 2017) a concentration of 400 mg (dry 

weight; DW) of clay L-1 water was added to 20 

randomly selected mesocosms to obtain a 

sedimentation layer of around 2 mg cm-2. This 

level of sedimentation was chosen since similar 

amounts have been measured in eelgrass 

meadows affected by turbid water in the field 

(Tamaki et al., 2002). The concentration of clay 

needed to mimic the sedimentation layer 

measured in field were evaluated in pilot tests. A 

concentration of 400 mg clay L-1 resulted in a 

sedimentation layer of 2.5 mg cm-2.  Similar 

results were obtained in the study by Nilsson 

(2017). Clay were stirred with surface water into 

a homogeny fluid and then added to the 

mesocosms at the start of and half way through 

the experiment (after 2 weeks), creating a 

sedimentation layer of the leaves (Fig. 4). To 

measure the amount of sediment deposits on 
leaves resulting from the added sediment 

concentration leaves were sampled in the 

beginning and at the end of the experiment. 

Leaves were sampled by carefully placing a zip-

lock bag over the leaves (in the ‘with 

sedimentation’ treatment) under water and then 

closing the bag, trapping the sediment deposits. 

The part of the leaf inside the zip-lock bag was 

then cut off and its area was measured. Eventual 

sediment on the leaves were scraped of in to the 

bag. The water was filtered onto pre-weight glass 

microfiber filters (GF/F, pore size 0.7 m) in a 

vacuum set-up. The filters were then dried at 

105° for one hour and weighted. To burn away 

organic matter, the filters were burn at 550°C for 

one and a half hours. The filters were then 

weighted. The amount of sediment deposit (mg 

cm-2) was then calculated by dividing the weight 

of the sediment on filters with the measured leaf 

area.  
 

2.3 Light treatment 

Light treatment consisted of ‘no light’ were 

plants were kept in darkness 24 h a day and 

‘light’ were plants were supplied with 12 h of 

light and 12 h of darkness a day. The mesocosms 

under light treatment, which simulates day and 

night conditions was supplied with light from six 

80 W lamps (Osram lumilux cool daylight 80 W/ 

865 6500 K). This resulted in a 

photosynthetically active radiation (PAR) of 95.4 

± 10 μmol photons m-2
 

s-1, which has been 

shown to be above the minimum light 

requirement for maintenance and growth of 

eelgrass (Eriander, 2017; Olesen & Sand-Jensen 

1993). The dark treatment was supplied with 0 

μmol photons m-2
 

s-1 over the experimental 

period.  

 

2.4 Organic content treatment  

Organic content treatments consisted of either 

‘high’ or ‘low’ organic matter (OM). This 

treatment was added since the OM content of the 

sediment has been shown to impact eelgrass 

accumulation of sulfur (Holmer et al., 2009). The 

two types of sediment were collected from 

eelgrass beds in field. Sediment with high OM 

(average OM lost on ignition (LOI): 24.2 ± 0.7% 

and average silt+clay fraction: 53.4%) were 

collected from an sheltered eelgrass meadow at 

Lindholmen (58°15.71′N, 11°29.61′E) and low 

OM sediment (average OM LOI: 0.64 ± 0.02%, 

and average silt+clay fraction: 2.0%) were 

collected from the semi-exposed meadow in 
Bökeviken. The OM content of the sediments 

was measured through the weight loss of dry 

sediment after ignition (LOI) at 520°C for 5 

hours. Grain size of the sediments was measured 

by wet sieving, drying and weighing the different 

fractions.  

 

2.5 Morphology analysis 

Before the start of the experiment the 

morphology (maximum leaf length, leaf width, 

number of leaves, number of side shoots, 

rhizome length, number of nodes and below and 

above ground biomass) were measured on ten 

Figure 4: Sedimentation layer on eelgrass 

leaves created in the ‘with sedimentation’ 

treatment. 
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representative shoots. The biomass was 

measured by separating the shoots into leaves, 

rhizomes and roots and each fraction was placed 

into pre-weight aluminum molds. The tissues 

were dried at 60° C for 12h and weighted.  

 

At the end of the experiment the morphology, 

health and growth was measured on two (if 

available) of the five shoots from each 

mesocosm. The morphology measurements were 

maximum leaf length and leaf width. The health 

indicators were survival rate, number of leaves 

and rhizome biomass/ rhizome length. Number 

of leaves is a proven indicator on the health of 

eelgrass (Biber, Kenworthy & Paerl, 2009; Bintz 

& Nixon, 2001; Eriander, 2017). Rhizome 

biomass/ rhizome length calculated to estimates 

if stored carbohydrates had been used by the 

plants. The weight per length measurement was 

then expected to be lower, since eelgrass is able 

to utilize stored resources for maintenance and 

growth under unfavorable light conditions 

(Kraemer & Alberte, 1995). Growth was 

estimated using the variables: Number of side 

shoots, biomass of the main shoot, biomass of 

the total above ground tissues, biomass of total 

below ground tissues, biomass of rhizome, 

length of rhizome and number of nodes on the 

rhizome.  

 

2.6 Sulfide analysis 

The sulfide analysis was carried out at the 

University of Southern Denmark. The analysis 

was done on eelgrass, sediment and water 

samples collected in field (Lindholmen and 

Bökeviken) and from mesocosms at the end of 

the experiment. The samples were collected and 

prepared by drying the eelgrass tissue, freezing 

the water and by freezing sediment treated with 1 

M zinc acetate before send to Denmark. The 

eelgrass material was divided into three 

categories (leaves, rhizomes and roots). To 

investigate the natural occurrence of sulfide in 

eelgrass growing in the sheltered (Lindholmen) 

and semi-exposed (Bökeviken) site used for 

sediment collection, three replicates with 

material from 4-5 shoots pooled in each replicate 

were collected. Plant material collected from 

mesocosms at the end of the experiment was 

pooled from three shoots (two if lack of shoots) 

from each mesocosm. The pooled material was 

fractioned into leaves, rhizomes and roots, dried 

in paper bags at 60°C over night (12h) before 

sent for analysis. Sediment was collected for 

sulfide analysis from Lindholmen and 

Bökeviken (n=5) and from all mesocosms at the 

end of the experiment. Sediment-samples was 

collected with a 60 ml syringe, taking a 10 cm 

core from the upper layer of sediment. The 

sample was homogenized (by stirring it with a 

spoon) and 10 ml of the homogenized sediment 

was transferred to centrifuge tubes with 10 ml of 

1 M zinc acetate. The tubes were shaken and 

held on ice until frozen and sent for analysis. 

Water samples (n=2) were collected from 

Bökeviken, Lindholmen and from randomly 

selected mesocosms at the end of the experiment. 

Samples were collected in centrifuging tubes and 

held on ice until frozen and sent for analysis. 

 

Sulfide intrusion was measured with three 

parameters: Fsulfide, total sulfur (TS) and sulfur 

isotopic composition (δ34S) (Frederiksen et al., 

2006; Holmer et al. 2009). Fsulfide presents the 

amount (%) of sulfur in the plant that originates 

from the sediment (Frederiksen et al., 2006). TS 

presents the total (%) amount of sulfur in the 

plant. δ34S presents a sulfur isotopic ratio which 

demonstrate where the sulfur in the plants comes 

from. Values close to -25‰ indicates that the 

sulfur originates from the sediment, values close 

to +21‰ indicates that the sulfur originates from 

the water (Holmer et al., 2009) 

 

Samples were analysed according to 

(Frederiksen et al., 2006; Holmer et al., 2009; 

Moksnes et al., 2018). The eelgrass tissue 

(leaves, rhizomes and roots) was grained and 

analyzed for sulfur isotopic composition (δ34S) 

and total sulfur (TS). Tissue was weight into tin 

capsules together with vanadium pentoxide and 

thereafter measured with elemental analyzer 

combustion- continuous flow isotope ratio mass 

spectroscopy (EA-C-CF-IRMS). Parameters 

were reported in standard delta nations (units per 

mill, ‰), were the international standard for δ34S 

(Canyon Diablo Troilite, a meteorite of FeS) was 
used as a standard zero point for the expression 

of sulfur isotopes. Fsulfide was calculated 

according to the equation described by 
Frederiksen et al. (2006; eq. 1). 

 

𝐹𝑠𝑢𝑙𝑓𝑖𝑑𝑒 =  
𝛿34𝑆𝑡𝑖𝑠𝑠𝑢𝑒 – 𝛿34𝑆𝑠𝑢𝑙𝑓𝑎𝑡𝑒  

𝛿34𝑆𝑠𝑢𝑙𝑓𝑖𝑑𝑒 – 𝛿34𝑆𝑠𝑢𝑙𝑓𝑎𝑡𝑒 
×  100 

 

Were δ34Stissue  is the sulfur isotopic composition 

in the eelgrass tissue. δ34Ssulfate is the sulfur 

isotopic composition in the water, which was 

analyzed by boiling the water under acidic 

conditions and precipitation of sulfide with 

BaCl2 and BaSO4. Thereafter the δ34S was 

measured as described above with EA-C-CF-
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IRMS. δ34Ssulfide is the sulfur isotopic 

composition in the sediment. The δ34S in the 

sediment was received by the two-step 

distillation technique described by Fossing et al. 

(1998). Acid volatile sulfides (AVS) and 

chromium reducible sulfides (CRS) was 

retrieved in the 1 M zinc acetate prepared 

sediment samples. The outcome from the two-

step distillation technique was precipitated Ag2S. 

The Ag2S was filtered and analyzed for δ34S as 

described above. 

 

Additionally, the amount of dissolved sulfides in 

the sediment was measured using sticks of silver. 

The silver sticks were placed for two hours in 

randomly selected mesocosms in sediment with 

both ‘high’ and ‘low’ OM. If black precipitation 

of silver sulfates (Ag2S) is present it indicates the 

presence of dissolved sulfides (Fossing et al., 

1998).   

 

2.7 Statistical analysis 

All statistical analysis was carried out by using 

SPSS version 25 statistical software. Cochran’s 

c-test was used to test the homogeneity of 

variance. Data that did not meet the standards for 

homogeneity were square root transformed until 

they met the assumptions. Morphology, health, 

growth and sulfide parameters from the end of 

the experiment were analyzed as dependent 

variables in a three-way analyses of variance 

(ANOVA) with the sedimentation, organic 

content and light treatments as fixed independent 

variables. Post-hoc tests were performed using 

the Tukey´s HSD procedure. eses in sulfide 

parameters between Lindholmen and Bökeviken 

were analyzed as dependent variables in T-tests. 

The differ in amount of sediment deposit on 

eelgrass leaves between the light and organic 

content treatments were also tested using T-tests. 

To test how health effected growth, how the 

amount TS affected growth and how the amount 

of TS affected health, simple linear regressions 

was performed.  

 

3. Results 

The eelgrass generally survived well through the 

experimental period. Epiphytes was present in 

most of the mesocosms in the ‘light’ treatment 

and mostly consisted of different Ulva species. 

There was also species from the taxa Bryozoa, 

Bevalvia and Gastropoda present in the 

mesocosms. The oxygen conditions were high 

(98.6 % dissolved oxygen) and the light (95.4 

μmol photons m-2
 
s-1) and temperature (19.4°C) 

conditions were stable throughout the 

experiment. Shoots from the ‘no light’ treatment 

had a general smell of rotten tissue which was 

noted during the final sampling. 

 

At the end of the experiment, the treatment with 

sedimentation had a sedimentation layer of 3.0 ± 

2.3 mg cm-2. There were no significant 

differences in the amount of sedimentation 

between different light or sediment treatments 

(differences in amount of sedimentation tested 

with a two-sample t test between ‘light’ and ‘no 

light’, P=0.384 and between ‘high’ or ‘low’ OM, 

P=0.617). 

 

There was no difference in morphological 

measurements between treatments at the 

beginning of the experiment since shoots of the 

same size was chosen and their rhizomes 

trimmed. Neither were there any differences in 

sulfide parameters between the eelgrass from the 

different locations (Lindholmen and Bökeviken) 

were sediment was taken, indicating that the 

sulfide pressure was similar at both sites (Table 

1).   

Variables P 

δ34S Root 0.164 

 Rhizome 0.506 

 Leaf 0.408 

TS Root 0.062 

 Rhizome 0.769 

 Leaf 0.767 

Fsulfide Root 0.231 

 Rhizome 0.559 

 Leaf 0.478 

 

Results from the silver stick analysis indicates 

that there were dissolved sulfides in both types 

of sediment treatments, as black precipitation 

was present on sticks that had been inserted in 

both the ‘high’ and ‘low’ OM (Fig. 5).  

Table 1: Two-sample t test results testing for 

differences between sulfide parameters (δ34S, TS 

and Fsulfide) in eelgrass from Lindholmen and 

Bökeviken 
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3.1 Morphology  

The morphological measurements are divided 

into health- and growth estimates. The growth 

estimates are maximum leaf length, number side 

shoots, standing above ground (AG) biomass, 

total AG biomass, total below ground (BG) 

biomass, rhizome dry weight (DW), rhizome 

length and number of nodes. The health 

estimates are survival rate, number of leaves and 

the rhizome DW per rhizome length.  

 

3.1.1 Growth estimates 

Maximum leaf length was significantly different 

in shoots growing under various light and 

organic content treatments. There was also an 

interaction between the light and sediment 

treatments (Table 2). Leaves in ‘light’ were 

longer than in ‘no light’ (on average 27.2 and 
10.2 cm, respectively), independent of the 

organic content of the sediment. However, if 

treated with ‘light’, the leaves from shoots grown 

in sediment with ‘high’ OM were longer than if 

grown in sediment with ‘low’ OM (on average 

31.7 and 22.8 cm, respectively). In the dark 

treatment, the organic content had no effect 

(Table 2).  

 

The number of side shoots always differed 

significantly depending on the light treatment 

(Table 2), were significantly more side shoots 

were found on plants grown in ‘light’ than ‘no 

light’ (on average 1.5 and 0.1, respectively). 

There was also a significant three-way 

interaction between all the treatments (Table 2). 

Under ‘low’ OM and ‘light’, significantly more 

side shoots were found on plants grown ‘without 

sediment’ compared to ‘with sediment’ (on 

average 1.9 and 0.9, respectively). Furthermore, 

under light conditions and plants ‘with 

sedimentation’ significantly more side shoots 

were found under ‘high’ compared to ‘low’ OM 

(on average 1.7 and 0.9, respectively).  

 

The standing above ground (AG) biomass is the 

DW of the main shoot. Analysis showed 

significant differences between plants depending 

on light treatment (Table 2), where the main 

shoot of plants grown in ‘light’ conditions had a 

higher DW than those grown in ‘no light’ 

conditions (on average 0.3 and 0.05 g, 

respectively; Fig 6.A.).  

 

Total AG biomass is the standing AG biomass 

together with DW of side shoots and old shed 

leaves. Significant differences were found 

depending on light treatment (Table 2), were 

plants grown under ‘light’ conditions had a 

significantly greater biomass than plants grown 

under ‘no light’ conditions (on average 0.5 and 

0.3 g, respectively Fig 6.B.).   

 

Total below ground (BG) biomass is the dry 

weight of roots and rhizomes. Both light and 

sedimentation treatments had a significant effect 

on this growth variable, as indicated by the 

significant main effects. There was also a 

significant interaction effect between light and 

sedimentation (Table 2). The total BG biomass 

was higher in ‘light’ than in ‘no light’, under all 

treatment conditions (on average 0.3 and 0.1 g, 

respectively). However, sedimentation only had 

an effect when plants were grown under ‘light’ 

conditions, with significantly higher biomass 
when plants were grown ‘without sedimentation’ 

compared to ‘with sedimentation’ (on average 

0.3 and 0.2 g, respectively; Fig 6.C.). 
 

DW of the rhizomes without roots showed 

similar results and was significantly different 

depending on light treatment (Table 2). DW of 

the rhizomes of plants grown in ‘light’ was 

higher than the DW of the rhizomes of plants 

grown in ‘no light’ (on average 0.2 and 0.08 g, 

respectively; Fig 6.D.). Furthermore, there was a 

significant interaction between the light- and 

sedimentation treatments (Table 2). Similar to 

the total BG biomass, the DW of rhizomes were 

higher if grown ‘without’ compared to if grown 

Figure 5: Results from the silver sticks 

analysis, showing black precipitation of silver 

sulfates (Ag2S). The first four sticks are from 

‘low’ OM and the last three from ‘high’ OM.  
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A 

C 

B 

D 

E F 

Figure 6: Mean (± SE) A) standing above ground (AG) biomass, B) total AG biomass, C) total below ground 

(BG) biomass, D) rhizome dry weight biomass, E) rhizome length and F) number of nodes, of shoots from the 

two light treatments, separated by sedimentation treatments. Asterisks (*) above grids indicate significantly 

different means depending on light treatment and asterisks above bars indicate significantly different means 

between sedimentation treatments within light treatment (p<0.05; Tukey’s HSD, n=10).  
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Dependent variable Source df F P 

Maximum Leaf Length (cm) Sediment (S) 1 0.296 0.591 

 Light (L) 1 90.907 0.000* 

 Organic content (O) 1 7.930 0.009* 

 S X L 1 1.259 0.272 

 S X O 1 0.399 0.533 

 L X O  1 4.885 0.036* 

 S X L X O 1 0.015 0.905 

 Error 27   
Number Side Shoots (no.) Sediment (S) 1 2.872 0.102 

 Light (L) 1 90.077 0.000* 

 Organic content (O) 1 1.034 0.318 

 S X L 1 0.46 0.504 

 S X O 1 2.872 0.102 

 L X O  1 0.000 1.000 

 S X L X O 1 7.353 0.012* 

 Error 27   
Standing AG Biomass (g) Sediment (S) 1 0.960 0.336 

 Light (L) 1 140.604 0.000* 

 Organic content (O) 1 1.096 0.304 

 S X L 1 2.404 0.133 

 S X O 1 0.005 0.943 

 L X O  1 0.059 0.810 

 S X L X O 1 0.223 0.640 

 Error 27   
Total AG Biomass (g) Sediment (S) 1 0.051 0.823 

 Light (L) 1 15.530 0.000* 

 Organic content (O) 1 1.645 0.209 

 S X L 1 0.000 0.992 

 S X O 1 0.214 0.647 

 L X O  1 1.822 0.187 

 S X L X O 1 0.633 0.432 

 Error 32   
Total BG Biomass (g) Sediment (S) 1 5.096 0.032* 

 Light (L) 1 33.144 0.000* 

 Organic content (O) 1 0.088 0.769 

 S X L 1 8.417 0.007* 

 S X O 1 0.007 0.934 

 L X O  1 0.062 0.805 

 S X L X O 1 0.819 0.374 

 Error 27   
Rhizome DW (g) Sediment (S) 1 3.454 0.074 

 Light (L) 1 23.003 0.000* 

 Organic content (O) 1 1.095 0.305 

 S X L 1 4.688 0.039* 

 S X O 1 0.024 0.879 

 L X O  1 0.015 0.905 

 S X L X O 1 0.262 0.613 

 Error 27   
Rhizome Length (cm) Sediment (S) 1 6.765 0.015* 

 Light (L) 1 11.026 0.003* 

 Organic content (O) 1 0.149 0.703 

 S X L 1 3.737 0.064 

 S X O 1 1.040 0.317 

Table 2: ANOVA results for measurements of maximum leaf length, number side shoots, standing AG 

biomass, total AG biomass, total BG biomass, rhizome DW, rhizome length and number of nodes after four 

weeks of treatment testing for differences between sedimentation, light and organic content, and the 

interaction between them. *P < 0.05.  
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 L X O  1 0.021 0.885 

 S X L X O 1 0.112 0.740 

 Error 27   
Number of Nodes (no.) Sediment (S) 1 2.228 0.147 

 Light (L) 1 25.756 0,000* 

 Organic content (O) 1 0.000 1.000 

 S X L 1 0.397 0.534 

 S X O 1 0.440 0.513 

 L X O  1 0.634 0.433 

 S X L X O 1 0.018 0.895 

 Error 27   
As for the DW of the rhizomes, the length of 

rhizomes was significantly different depending 

on light treatment. Furthermore, there was a 

significant difference length depending on 

sedimentation treatment (Table 2). The length of 

rhizomes was greater for plants grown in ‘light’ 

compared to ‘no light’ conditions (on average 

11.0 and 7.9 cm, respectively) and for plants 

grown ‘without’ compared to ‘with’ 

sedimentation (on average 11.0 and 8.4 cm, 

respectively; Fig 6.E).  

 

The number of nodes, which indicates the 

number of produced leaves, was significantly 

different depending on light treatment (Table 2). 

In ‘light’ the number of nodes was greater than 

in ‘no light’ (on average 6.5 and 4.5, 

respectively; Fig 6.F).  

 

3.1.2 Health estimates 

The survival rate was generally high throughout 

the four week experimental period, but 

significantly greater in ‘light’ compared to ‘no 

light’ conditions (mean survival of 98 and 72%, 

respectively; Table 3, Fig. 7A), as well in 

sediment with ‘high’ OM compared to ‘low’ OM 

(mean survival of 90 and 80%, respectively; 

Table 3, Fig. 7A). There was however a 

significant interaction effect between light and 

organic content, as well as a three-way 

interaction between light, organic content and 

sedimentation (Table 3). The interaction between 

light and organic content imply that the effect of 

organic content on survival rate is only found in 

the ‘no light’ treatment. However, the three-way 

interaction between light, organic content and 

sedimentation implies that this is only seen when 

there is no sedimentation layer on the leaves. 

This means that the survival rate is always 

greater in ‘light’, and under ‘no light’ conditions 

the survival rate is greater in ‘low’ OM than in 

‘high’ OM if there is no sedimentation on the 

leaves (Fig. 7.A).   
 

The number of leaves on an eelgrass plant has 

been shown to be a reliable indicator for the 

health of eelgrass, affected by various light 

treatment conditions (Biber et al., 2009; Bintz & 

Nixon, 2001; Eriander, 2017). In the present  

study, there were significantly more leaves on 

plants grown in ‘light’ than in ‘no light’ 

conditions (mean number of 6.6 and 3.0 leaves, 

respectively; Table 3, Fig. 7.B). The main effect 

of sedimentation was not significant. However, 

the interaction between sedimentation and light 

was close to significant (p=0.095; Table 3), and a 

post-hoc test revealed a significant effect of 
sedimentation under the ‘light’ condition 

(p=0.048), with less leaves on plants with a 

sedimentation layer (mean number of 6.1 and 7.2 

leaves in the ‘with sedimentation’ and ‘without 

sedimentation’ treatment, respectively; Fig. 7.B).  

 

The rhizome DW per rhizome length could 

indicate if stored carbohydrates have been used 

by the plants. A significant difference was found 

between light treatments (Table 3), and plants 

grown under ‘light’ conditions had rhizomes that 

weights more per cm than plants grown under 

‘no light’ conditions (on average 0.02 and 0.01 

g/cm, respectively; Fig 7.C). 

To see the correlation between growth and health 

a regression between them was made. The 

growth estimate was BG biomass and the health 

estimate was number of leaves. A significant 

positive relationship was seen between them (Fig 

8; Table 4), indicating that with greater health 

eelgrass has a greater growth.  Which 

demonstrate that number of leaves is a good 

indicator on eelgrass health and growth potential. 

 

3.2 Sulfide intrusion 

3.2.1 Sulfide parameters  

The δ34S in roots was found to differ 

significantly between plants grown in ‘light’ 

compared ‘no light’, and between plants grown 

in sediment with ‘high’ or ‘low’ OM (Table 5). 

The δ34S values was higher in ‘no light’ (-1.56 

‰) compared to ‘light’ (-14.84 ‰), indicating  
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Dependent variable Source df F P 

Survival (%) Sediment (S) 1 0.178 0.676 

 Light (L) 1 30.044 0.000* 

 Organic content (O) 1 4.444 0.043* 

 S X L 1 0.178 0.676 

 S X O 1 1.600 0.215 

 L X O  1 4.444 0.043* 

 S X L X O 1 4.444 0.043* 

 Error 32   
Number of Leaves (no.) Sediment (S) 1 0.804 0.378 

 Light (L) 1 123.533 0.000* 

 Organic content (O) 1 2.345 0.137 

 S X L 1 2.986 0.095 

 S X O 1 0.887 0.355 

 L X O  1 0.707 0.408 

 S X L X O 1 0.15 0.903 

 Error 27   
Rhizome DW/ Rhizome length (g/cm) Sediment (S) 1 0.075 0.786 

 Light (L) 1 17.346 0.000* 

 Organic content (O) 1 2.113 0.158 

 S X L 1 0.894 0.353 

 S X O 1 0.822 0.373 

 L X O  1 0.019 0.892 

 S X L X O 1 0.579 0.453 

 Error 27   

C 

A B 

Figure 7: Mean (± SE) A) survival, B) 

number of leaves, C) rhizome biomass/ 

rhizome length, of shoots from the two 

light treatments, separated by A) organic 

content and B,C) sedimentation 

treatments. Asterisks (*) above grids 

indicate significantly different means 

depending light treatment and asterisks 

above bars indicate significantly different 

means between sedimentation/ organic 

content treatments within light treatment 

(p<0.05; Tukey’s HSD, n=10).  

 

Without 
Sedimentation 

Table 3: ANOVA results for measurements of survival, number of leaves and rhizome biomass/ rhizome length 

after four weeks of treatment testing for differences between sedimentation, light and organic content, and the 

interaction between them. *P < 0.05. 
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that sulfur originates in a higher concentration 

from the sediment in plants grown under light 

conditions. Further, the δ34S values were higher 

in roots of plants grown in ‘low’ OM (-4,51 ‰) 

than in ‘high’ OM (-11.89 ‰; Table 5) 

indicating that the sulfur in the eelgrass 

originates in a higher concentration from the 

sediment in plants grown in sediment with ‘high’ 

OM than plants grown in ‘low’ OM.  

 

The total sulfur (TS) in the roots differed 

significantly depending on sedimentation and 

light treatments (Table 5; Fig. 9.A.). There was 

also a significant interaction effects between 

sedimentation and organic content (Table 5) 

Plants grown ‘with sedimentation’ had a lower 

TS content in their roots compared with plants 

grown ‘without sedimentation’. However, the 

interaction effect suggests that this was only the 

case for plants grown in ‘low’ OM sediment. 

Therefore, plants grown ‘with sedimentation’ 

had a lower TS content in their roots than plants 

grown ‘without sedimentation’ if they grew in 

sediment with ‘low’ OM content. Plants grown 

in ‘light’ had a higher percent of TS in their roots 

compared to plants grown in ‘no light’, 

independent of organic content or sedimentation 

(on average 1.7 and 0.8 %, respectively; Fig. 

9.A.). 

 

The TS in the rhizomes differed significantly 

between plants depending on light and organic  

content treatment, with a significant interaction 

effect between the two variables (Table 5). TS 

was higher in plants grown under ‘no light’ 

compared to ‘light’ (on average 0.9 and 0.8 %, 

respectively; Fig. 9.B.) and in plants grown in 

‘low’ OM compared to ‘high’ OM (on average 

1.0 and 0.6 %, respectively; Fig. 9.B). However, 

the interaction indicate that the difference found 

between organic content treatment was only 

present in plants grown under ‘light’ conditions 

(Fig 9.B). Further, the interaction indicates that 

the difference between plants grown in ‘light’ or 

‘no light’ was only present in plants grown in 

sediment with ‘high’ OM (Fig. 9.B). 

 

The TS in the leaves was significantly different 

between plants grown in ‘light’ compared to ‘no 

light’ (Table 5). TS was higher in the leaf tissue 

of plants grown under the ‘no light’ treatment 

compared to ‘light’ (on average 0.7 and 0.5 %, 

respectively; Fig. 9.C).  

 

The amount of Fsulfide in the roots differed 

between plants grown under different light and 

organic content treatments (Table 5). A larger 

amount of Fsulfide was found in the root of plants 

grown in ‘light’ compared to ‘no light’ (on 

average 92.4 and 60.0 ‰, respectively) and in 

sediment with ‘high’ OM compared to ‘low’ OM 

(on average 83.3 and 68.7 ‰, respectively; Fig 

10.A). 

 

Dependent Variable Independent Variable F1.33 P R2 

BG Biomass (g) Number of Leaves 57.29 0.000* 0.63 

     

     

Figure 8: Mean BG biomass plotted against 

mean number of leaves (eq: y=0.044*x – 

0.034) 

 

 

  

 

 

 

 

Table 4: Results from simple linear regression analyses between BG biomass and number of leaves. 

 *P < 0.05. 
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Fsulfide in the rhizome differed between light  

Figure 9: Mean (± SE) A) TS root, B) TS 

rhizome, C) TS leaf, of shoots from the two 

light treatments, separated by A,C) and B) 
organic content sedimentation treatments. 

Asterisks (*) above grids indicate significantly 

different means depending light treatment and 

asterisks above bars indicate significantly 

different means between sedimentation/ 

organic content treatments within light 

treatment (p<0.05; Tukey’s HSD, n=10).  

 

 

A B 

C 

Figure 10: Mean (± SE) A) Fsulfide root, B) 

Fsulfide rhizome, C) Fsulfide leaf, of shoots from 

the two light treatments, separated by 

organic content treatments. Asterisks (*) 

above grids indicate significantly different 

means depending light treatment and 
asterisks above bars indicate significantly 

different means between organic content 

treatments within light treatment (p<0.05; 

Tukey’s HSD, n=10).  

 

A B 

C 
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Dependent variable Source df F P 

δ34S Root (‰) Sediment (S) 1 2.024 0.164 

 Light (L) 1 41.284 0.000* 

 Organic content (O) 1 12.758 0.001* 

 S X L 1 1.144 0.293 

 S X O 1 0.977 0.330 

 L X O  1 1.781 0.191 

 S X L X O 1 0.129 0.722 

 Error 32   
δ34S Rhizome (‰) Sediment (S) 1 0.052 0.821 

 Light (L) 1 13.314 0.001* 

 Organic content (O) 1 0.720 0.403 

 S X L 1 1.115 0.299 

 S X O 1 0.112 0.740 

 L X O  1 3.877 0.058 

 S X L X O 1 0.717 0.403 

 Error 32   
δ34S Leaf (‰) Sediment (S) 1 0.471 0.498 

 Light (L) 1 4.626 0.039* 

 Organic content (O) 1 0.114 0.738 

 S X L 1 4.497 0.042* 

 S X O 1 0.039 0.846 

 L X O  1 0.055 0.815 

 S X L X O 1 1.426 0.241 

 Error 32   
TS Root (%) Sediment (S) 1 4.326 0.046* 

 Light (L) 1 30.008 0.000* 

 Organic content (O) 1 0.263 0.612 

 S X L 1 0.017 0.898 

 S X O 1 6.243 0.018* 

 L X O  1 1.626 0.211 

 S X L X O 1 0.801 0.378 

 Error 32   
TS Rhizome (%) Sediment (S) 1 3.578 0.068 

 Light (L) 1 14.285 0.001* 

 Organic content (O) 1 11.697 0.002* 

 S X L 1 3.212 0.083 

 S X O 1 0.044 0.835 

 L X O  1 11.518 0.002* 

 S X L X O 1 0.793 0.380 

 Error 32   
TS Leaf (%) Sediment (S) 1 1.416 0.243 

 Light (L) 1 26.268 0.000* 

 Organic content (O) 1 1.016 0.321 

 S X L 1 2.381 0.133 

 S X O 1 0.369 0.548 

 L X O  1 0.003 0.953 

 S X L X O 1 2.597 0.117 

 Error 32   
Fsulfide Root (‰) Sediment (S) 1 0.735 0.398 

 Light (L) 1 29.756 0.000* 

 Organic content (O) 1 6.638 0.015* 

 S X L 1 0.112 0.740 

 S X O 1 0.988 0.328 

 L X O  1 0.046 0.831 

Table 5: ANOVA results for measurements of δ34S in roots, δ34S in rhizomes, δ34S in leaves, TS in 

roots, TS in rhizomes, TS in leaves, Fsulfide in roots, Fsulfide in rhizomes and Fsulfide in leaves after four 

weeks of treatment testing for differences between sedimentation, light and organic content, and the 

interaction between them. *p < 0.05. 
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 S X L X O 1 0.274 0.604 

 Error 32   
Fsulfide Rhizome (‰) Sediment (S) 1 0.068 0.796 

 Light (L) 1 13.349 0.001* 

 Organic content (O) 1 0.054 0.817 

 S X L 1 0.673 0.418 

 S X O 1 0.135 0.716 

 L X O  1 4.882 0.034* 

 S X L X O 1 0.236 0.631 

 Error 32   
Fsulfide Leaf (‰) Sediment (S) 1 0.681 0.415 

 Light (L) 1 3.576 0.068 

 Organic content (O) 1 1.633 0.211 

 S X L 1 3.450 0.072 

 S X O 1 0.050 0.824 

 L X O  1 0.029 0.867 

 S X L X O 1 0.599 0.445 

 Error 32   

treatments and was higher in plants grown under 

‘light’ compared to ‘no light’ conditions. 

However, a significant interaction between the 

light and organic content treatments indicates 

that the difference between light treatments were 

only found in plants grown in sediment with 

‘low’ OM (on average 73.8 and 44.4 ‰, 

respectively; Table 5; Fig 10.B).   

There was no significant difference found on 

Fsulfide in the leaves between treatments (Table 5; 

Fig. 10.C). 

 

3.2.2 The effect of sulfide on growth and health 

Too see the effect of sulfide on growth and 

health regressions between BG biomass and TS 

in roots and between number of leaves and TS in 

roots were made. Significant positive 

relationships were seen between both BG 

biomass and TS in roots (Table 6; Fig. 11.A.) 

and between number of leaves and TS in roots 

(Table 6; Fig. 11). Results from the regression 

indicate that higher TS is present in eelgrass with 

greater health and growth. 

 

Dependent variable Independent variable F1.33 P R2 

BG Biomass (g) TS root (%) 13.05 0.001* 0.28 
Number of leaves TS root (%) 15.97 0.00003* 0.33 

Figure 11: A) Mean BG biomass plotted against TS in roots (eq: y= 0.083*x + 0.081) and B) Mean number 

of leaves plotted against TS in roots (eq: y= 1.614*x + 2.970).  

 

 

A B 

Table 6: Results from simple linear regression analyses between BG biomass and TS in roots and 

number of leaves and TS in roots. *P < 0.05. 
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4. Discussion  

The results from the present study provides 

important information about the effects of 

sediment deposits on eelgrass leaves, which can 

be helpful in future managements of dumping of 

dredge material in Swedish coastal waters. 

Sediment deposits on leaves was seen to impact 

eelgrass morphology and development 

negatively and the results furthermore 

demonstrate how the deposits could result in 

sulfide toxicity. 

 

4.1 Interpreting TS and Fsulfide 

In this study, measurements of Total sulfur (TS) 

and Fsulfide were used to interpret sulfide stress. 

δ34S was used to calculate Fsulfide (fredriksen). 

The shoots used in the experiment were of the 

same size and were collected from the same 

meadow and thereby they can be assumed to 

have the same ability to resist sulfide toxicity 

and intrusion. This means that the differences in 

sulfide measurements (TS and Fsulfide) found at 

the end of the experiment are a results of the 

treatments applied.  

 

To interpret the results of sulfide toxicity the 

sulfide parameters must be compared to the 

plants health and growth (Mascaró et al., 2009). 

TS indicates the total amount of sulfur, which 

includes the oxidized sulfide but not the toxic 

sulfide. Fsulfide is a measurement of how much of 

the TS comes from the sediment (sulfur from the 

sediment is sulfide). Together TS and Fsulfide 

show how much sulfide a plant has been able to 

oxidize. To interpret sulfide toxicity, TS and 

Fsulfide must therefore be compared to the fitness 

of the plants. Shoots with low performance have 

a low capacity to oxidize and accumulate sulfide, 

leading to sulfide toxicity as sulfide diffuses 

from the sediment into the tissues. Plants with 
high performance have a higher capacity to 

oxidize the sulfur making it non-toxic 
(Frederiksen et al., 2006). Results from the 

regressions between growth/ health and TS in 

roots suggest this as they show that eelgrass with 

higher performance have a higher capacity to 

oxidize sulfide, as TS increases with 

performance (Fig. 11).  

 

4.2 The effects of a sedimentation layer on 

morphology and sulfide toxicity 

As stated before, the sedimentation layer results 

in two possible scenarios that could affect sulfide 

intrusion and eelgrass morphology. First, the 

sedimentation layer limits photosynthesis by 

shading at the leaf surface (Nilsson, 2017). 

Second, the sedimentation layer limits the 

diffusion of oxygen from the water column to the 

plant during non-photosynthetic conditions 

(Brodersen et al., 2017).  

 

The results from the present study demonstrated 

that shoots within the ‘light’ treatment differed 

between ‘with’ and ‘without’ sedimentation in 

BG biomass, rhizome DW and rhizome length 

(Table 2), whereas shoots within the ‘no light’ 

treatment showed no effect of ‘with’ or ‘without’ 

sedimentation. The results therefore suggest that 

the effects caused by a sediment deposit on 

leaves was mainly due to blockage of light. This 

would imply that the effect on disturbance in 

diffusion off oxygen did not have a negative 

effect under these experimental conditions, and 

that the blockage of light (and thereby reduced 

photosynthesis) could be the main driver behind 

the negative sedimentation effects observed. 

Previous studies documented a decrease in the 

light availability with 75% due to a 

sedimentation layer of approximately 3 mg cm-2 

(Nilsson, 2017). A sedimentation layer may 

therefore cause damages similar to the ones seen 

in the ‘no light’ treatment. Additionally, the 

sediment deposit on the leaves only created a 

layer on the side of the leaves facing the light, 

the other side (facing the bottom) were free from 

a sedimentation layer and could therefor still 

diffuse oxygen, which likely is why the effect on 

sedimentation is mainly seen as blockage of light 

(seen in Fig. 4.).  

 

Another possible explanation for why there is no 

difference between ‘with’ or ‘without’ 

sedimentation in ‘no light’ can be that total 

darkness during four weeks is so extreme that a 

sediment deposit does not affect the plants 
ability to resist sulfide intrusion. All shoots from 

the ‘no light’ treatment were under sulfide 

toxicity (they smelled of rotten tissue, had bad 
performance and low amounts of oxidized 

sulfide compared to the ‘light’ treatment), 

therefore the effect of the sedimentation layer 

was not seen there. 

 

Further, as the deposit of sediment only created a 

sedimentation layer on one side of the leaves, the 

diffusion of oxygen was not entirely inhibited. 

This might have more substantial consequences 

in natural conditions than seen in this present 

experiment, as there is no constant oxygen 

supply in natural eelgrass meadows. In natural 
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eelgrass meadows limitations of oxygen from the 

water column is seen during night, and since the 

eelgrass are unable to photosynthesize during the 

night sulfide intrusion was documented 

(Mascaró et al., 2009). Therefore a 

sedimentation layer might still have an effect 

under natural condition, where the oxygen levels 

in the water column fluctuates.   

 

The sedimentation layers affected growth 

negatively by reducing the BG biomass with 

33%, the rhizome DW with 50% and the 

rhizome length by 24% and it possibly had a 

negative effect on health by reducing the number 

of leaves with 15 % (Table 2.; Table 3). Similar 

results were obtained in a study by Nilsson 

(2017), which showed a reducing effect of 29 % 

on total DW of leaves and 25% on the DW of 

rhizomes. TS in roots was higher in plants under 

the ‘without sedimentation’ treatment than in 

‘with sedimentation’ (Table 5) and since the 

performance was higher in shoots ‘without’ 

sedimentation (Table 2; Table 3) it can be 

assumed that these plants had a higher ability to 

oxidize sulfide, as well as that the plants in ‘with 

sedimentation’ were under more sulfide stress. 

The results from this study provides evidence 

that a sedimentation layer affects eelgrass 

morphology and growth negatively due to 

shadowing and inhabitation of photosynthesis as 

well as by reducing the plants ability to oxidize 

sulfide.  

 

4.3 The effect of light on morphology and 

sulfide toxicity 

The results from the present study demonstrates 

that ‘no light’ conditions had a negative impact 

on all the morphological measurements 

connected to both growth and health, e.g. the 

shoots grown in ‘no light’ had 55% less leaves, 

their maximum leaf length were 63% shorter and 

their rhizomes weighed 60 % less than shoots in 

‘light’ (Table 2; Table 3).  This could be 

explained by a lack of photosynthesis and shows 

that eelgrass is sensitive to longer periods of 

blockage of light, consistent with previous 

studies (Eriander, 2017; Olesen & Sand-Jensen 

1993). If the plant cannot create oxygen via 

photosynthesis they rely solely on the diffusion 

of oxygen from the water through the tissues of 

the plant. In limited oxygen conditions, this has 

been seen to cause sulfide intrusion in natural 

meadows (Mascaró et al. 2009). And although 

oxygen levels in the water column was high, the 

prolonged period of darkness and thereby lack of 

photosynthesis might still have negatively 

affected the plants ability to supply the root zone 

with oxygen. Given that the plants under ‘no 

light’ had low performance, we can assume that 

the oxidation capacity of the rhizosphere and the 

below-ground tissue was low. This means that 

sulfide can enter the plants via diffusion at a high 

rate and diffuse up through the roots and 

rhizomes into the meristem where it damages the 

tissue (Mascaró et al., 2009). Results from the 

present study implies that shoots in ‘no light’ 

were damaged due to sulfide toxicity as their TS 

and performance were low. Results from the 

present experiment also demonstrate that plants 

grown under ‘light’ have a high capacity to 

oxidize sulfide since they had higher TS and at 

the same time higher growth and better health 

than plants grown under ‘no light’. Fsulfide in the 

eelgrass roots were significantly higher under 

‘light’ conditions, which also indicates the 

ability these plants had to oxidize and 

accumulate the sulfide from the sediment.  

 

However, this study could not show if the effects 

seen on health and growth where solely caused 

by sulfide toxicity or by insufficient 

photosynthesis, or by a combination of them. 

However, results from the present study gave 

proof on that insufficient photosynthesis was 

enough to cause damage in eelgrass, as stored 

carbohydrates appears to have been used under 

‘no light’ conditions (Fig. 7.C).  

  

4.4 The effect of organic content in sediment 

on morphology and sulfide toxicity 

The impact of organic content on health is hard 

to interpret since the only effect seen was a 

significant three- way interaction in survival rate 

(Table 3). The leaf length was significantly 

longer in shoots grown in sediment with ‘high’ 

OM if grown under ‘light’. Organic content 

significantly affected TS in the rhizome and in 

Fsulfide in the roots, however, since the organic 

content did not show any severe effects on the 

morphology it is hard to interpret if this caused 

by differences in sulfide stress for the plants 

grown in different sediment.  

 

Previous studies (Holmer et al., 2009) have 

documented that sediments with a high organic 

content lead to an increase in sulfide intrusion, 

which surprisingly was not shown in this present 

study. The results from this study might differ 

from earlier studies in choice of sediment, as the 

sediments used in this study differed in organic 

content, but where shown to have similar 

amounts of free sulfide, as indicated by the silver 
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stick analysis (Fig. 5). The equal amount of free 

sulfide in the sediment could be due to iron 

binding some of the free sulfide in the sediment 

with high organic content. This could explain 

why the results were so similar between the 

organic content treatments. 

 

As for sulfide intrusion, there was no substantial 

difference in morphology between the organic 

content treatments, even if the sediments (‘high’ 

or ‘low’ OM) were different from each other 

(mud versus sand). A difference between the 

shoots was expected, as e.g. grain size, chemical 

structure and density of the sediment would be 

expected to affect the eelgrass ability to grow. 

This result however demonstrates the strong 

ability eelgrass has to inhabit different sediments 

as long as the light conditions is favorable.  

 

4.5 Implications for natural eelgrass 

meadows 

Since the effects of ‘no light’ was so drastic on 

both morphology and sulfide toxicity a deposit 

of sediment on eelgrass leaves may have severe 

consequences if present in eelgrass meadows for 

a longer period than in this experiment, as the 

sedimentation layer inhibits light. Especially in 

sheltered habitats where the water flow is limited 

and sediment deposits would hypothetically have 

a higher risk of staying on the leaves, or in areas 

where light conditions are already reduced due to 

poor water quality. The results from this study 

show that eelgrass meadows that experience a 

long period (four weeks or more) with a 

sediment deposit on their leaves have a risk of 

sulfide toxicity and that their growth would be 

negatively affected, together with their health. 

The negative effect on growth could in a long-

term perspective affect the survival of eelgrass 

meadows, as a slower growth could for example 

affect recovery potential from disturbances or 

natural winter losses. And if the yearly loss rate 

would increase, meadows could reach a critical 

size where they lose their engineering capacity 

and negative feedback mechanisms could speed 

up losses which could prevent recovery of 

eelgrass (Moksnes et al., 2018). Although the 

survival was not affected by the four week 

exposure to sedimentation layers a longer 

exposure combined with natural stressors (e.g. 

high summer temperatures, low oxygen levels in 

the water, grazors or turbid waters due to 

sediment resuspension) could potentially have an 

effect on plant survival.  

 

5. Conclusions 

The hypothesis was that ‘with sedimentation’, 

‘no light’ and sediment with ‘high’ OM would 

increase the sulfide intrusion and toxicity and 

thereby affect eelgrass morphology through 

reduced health and growth. The results from this 

study indicate that there was no difference in 

sulfide intrusion between the two types of 

sediment that were used. Plants grown under ‘no 

light’ showed signs of sulfide toxicity and the 

health and growth of the plants was negatively 

affected. A sedimentation layer on the leaf 

further seemed to increase sulfide toxicity and 

negatively affected eelgrass health and growth.  

  

In conclusion, the results from this study 

demonstrates that dumping of degraded material 

that settle inside eelgrass meadows can cause 

negative effect on growth and health, which can 

lead to long term effects on eelgrass meadows. 

Additionally, the results indicate that dumping 

could lead to increased sulfide toxicity in 

eelgrass. Further studies should investigate how 

the sediment deposit on leaves affect sulfide 

toxicity when the oxygen is limited as well as 

include a low sulfide control to make the 

interpretation of the effects of sulfide toxicity 

easier. 

 

Based on the results from this study it is 

important to prohibit dredge dumping in 

locations where the sediment dispersal could 

reach eelgrass meadows. This is necessary to 

stop the ongoing decline of eelgrass meadows 

along the Swedish west coast. 
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