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Abstract
More than 70% of the Earth is covered by water, and most of the sea floor consists of soft sediments, such as mud, clay and 
sand. Thus, soft sediments form one of the most important habitats on Earth, with a high diversity of organisms. However, 
the sediments in coastal areas are often subject to anthropogenic pollutants, and current remediation methods are often both 
costly and destructive on the ecosystem. Benthic macrofauna, i.e., sediment-living invertebrates larger than 1 mm, sustain 
a variety of ecosystem functions in the sediment by their activities; they oxygenate the sediment, redistribute particles and 
nutrients, and are also important secondary producers. Therefore, it is essential to maintain healthy benthic ecosystems and 
to study effects of various disturbances on benthic species composition and their recovery trajectory after disturbance, a 
process called ecological succession.

The aims of this PhD thesis were to investigate: 1) how benthic marine invertebrate communities in a Norwegian fjord 
respond to thin-layer capping with activated carbon, a recently proposed technique to remediate contaminated sediments in 
situ in a more cost-efficient and less ecosystem destructive manner, 2) how benthic community composition in sediments 
from the Baltic Sea is explained by environmental variables and concentrations of polycyclic aromatic hydrocarbons 
(PAHs) and metals, and 3) how well current benthic quality assessment indices as well as functional indices represent 
these disturbances.

The remediation method with activated carbon had long-term negative effects on the benthic macrofauna (paper I-III). 
Up to nine years after the capping, the communities were still severely affected, with lower species diversity, abundance 
and biomass. Recolonization of key species, such as the brittle star Amphiura filiformis, did not occur in the capped 
fields. Further, functional indices calculating bioturbation and bioirrigation estimated significantly lower activities in the 
communities exposed to activated carbon. Other studies have shown promising results in reducing contaminant fluxes and 
bioaccumulation of dioxins, but the long-term side-effects observed here on the benthic communities after capping show 
that the remediation method needs to be improved before application on a large scale.

The benthic community composition was also studied in the Baltic Sea (paper IV). The significant factors to explain 
the benthic community structure were PAHs, even at medium to low concentrations in the sediment,  together with the 
environmental variables salinity, temperature and depth. These variables also explained the Benthic Quality Index (BQI), 
used for ecological status assessments in coastal areas of Sweden and in the open Baltic Sea.

 However, several ecological indices commonly used to assess the benthic environmental status were not able to detect 
the disturbance caused by activated carbon in the Norwegian fjord (paper III), although clear effects on the benthic 
community in terms of lower species diversity and abundance were evident. Thus, current status assessment indices may 
need to be revised, or at least used with caution, in management evaluation of the sediments after disturbances other than 
eutrophication.

Keywords: Activated carbon, Benthos, Bioturbation, Contaminants, Environmental indices, Environmental monitoring, 
Environmental quality, Seafloor integrity, Sediment remediation.
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SAMMANFATTNING 

Omkring 70% av jordens yta är täckt av vatten, vars botten domineras av 
mjukt sediment såsom lera, gyttja och sand. Detta habitat utgör en viktig 
livsmiljö för många organismer. Sediment i framför allt kustnära områden är 
ofta påverkade av föroreningar som människan har släppt ut i naturen, och 
nuvarande metoder för att efterbehandla förorenade områden är ofta både dyra 
och destruktiva för ekosystemet. Bentisk makrofauna, dvs bottenlevande 
evertebrater större än 1 mm (såsom maskar, musslor och kräftdjur), 
upprätthåller flera viktiga funktioner i sedimentet. Till exempel så syresätter 
de sedimentet, omfördelar partiklar och näringsämnen, och de utgör även 
viktig föda för andra organismer. Det är därför väsentligt att studera den 
bentiska makrofaunans ekologiska succession, dvs förändringen i 
sammansättningen av arter i ett samhälle, efter störningar av miljön på 
havsbottnen. 

Syftet med den här avhandlingen var att undersöka 1) hur bentiska marina 
evertebratsamhällen i en norsk fjord påverkas av ett tunt lager täckande aktivt 
kol på botten, en relativt ny teknik för att efterbehandla förorenade sediment 
på plats (in situ) genom att binda föroreningarna i sedimentet och därmed 
minska deras spridning och toxicitet i miljön på ett mer kostnadseffektivt och 
mindre destruktivt sätt, 2) hur bentiska artstrukturen i Östersjön förklaras av 
miljömässiga variabler och koncentrationen av polycykliska aromatiska 
kolväten (PAH:er) och metaller i sedimentet, och 3) hur väl dessa störningar 
återspeglas i bentiska index som används för att utvärdera status i vår miljö, 
samt i funktionella index som mäter aktiviteten av bioturbation. 
 Metoden att efterbehandla förorenade sediment genom täckning med ett 
tunt lager aktivt kol medförde negativa långtidseffekter på den bentiska 
makrofaunan (artikel I-III). De bentiska samhällena var ännu efter nio år 
påverkade av tillsättningen av aktivt kol, med utebliven återkolonisering av 
nyckelarter som till exempel ormstjärnan Amphiura filiformis. Funktionella 
index som beräknar bioturbation och bioirrigation visade lägre värden för de 
bentiska samhällena som utsatts för aktivt kol. Metoden att efterbehandla 
förorenade sediment med ett tunt lager aktivt kol har i andra studier minskat 
läckage och bioackumulation av dioxiner, men de långvariga negativa 
effekterna som uppmättes här på de bentiska samhällena visar att metoden 
måste förbättras innan den kan användas i större skala. 

Påverkan av föroreningar och deras samband med det bentiska samhällets 
struktur studerades också i Östersjön (artikel IV). Även om nivåerna av 
PAH:er var relativt låga var de en av förklaringsvariablerna till 
artsammansättningen av bottenfaunan, tillsammans med miljövariablerna 
salinitet, temperatur och djup. Samma variabler förklarade också det bentiska 
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kvalitetsindexet BQI, som används för att utvärdera den ekologiska statusen i 
kustnära områden i Sverige och Östersjöns utsjöområden.  

Flera bentiska index användes också för att utvärdera den ekologiska 
statusen efter tillsättningen av aktivt kol på bottnarna i den norska fjorden 
(artikel III). Flertalet av indexen hade svårt att fånga störningen som 
inducerades på de bentiska samhällena, trots tydliga effekter i form av lägre 
artrikedom och abundans. Detta visar att de nuvarande indexen som används 
för att utvärdera status av vår miljö måste revideras, eller i alla fall användas 
med försiktighet, i förvaltningen av sediment efter andra störningar än 
övergödning. 
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ABSTRACT 

More than 70% of the Earth is covered by water, and most of the sea floor 
consists of soft sediments, such as mud, clay and sand. Thus, soft sediments 
form one of the most important habitats on Earth, with a high diversity of 
organisms. However, the sediments in coastal areas are often subject to an-
thropogenic pollutants, and current remediation methods are often both costly 
and destructive on the ecosystem. Benthic macrofauna, i.e., sediment-living 
invertebrates larger than 1 mm, sustain a variety of ecosystem functions in the 
sediment by their activities; they oxygenate the sediment, redistribute particles 
and nutrients, and are also important secondary producers. Therefore, it is es-
sential to maintain healthy benthic ecosystems and to study effects of various 
disturbances on benthic species composition and their recovery trajectory after 
disturbance, a process called ecological succession. 

The aims of this PhD thesis were to investigate: 1) how benthic marine 
invertebrate communities in a Norwegian fjord respond to thin-layer capping 
with activated carbon, a recently proposed technique to remediate contami-
nated sediments in situ in a more cost-efficient and less ecosystem destructive 
manner, 2) how benthic community composition in sediments from the Baltic 
Sea is explained by environmental variables and concentrations of polycyclic 
aromatic hydrocarbons (PAHs) and metals, and 3) how well current benthic 
quality assessment indices as well as functional indices represent these dis-
turbances. 

The remediation method with activated carbon had long-term negative ef-
fects on the benthic macrofauna (paper I-III). Up to nine years after the cap-
ping, the communities were still severely affected, with lower species diver-
sity, abundance and biomass. Recolonization of key species, such as the brittle 
star Amphiura filiformis, did not occur in the capped fields. Further, functional 
indices calculating bioturbation and bioirrigation estimated significantly 
lower activities in the communities exposed to activated carbon. Other studies 
have shown promising results in reducing contaminant fluxes and bioaccumu-
lation of dioxins, but the long-term side-effects observed here on the benthic 
communities after capping show that the remediation method needs to be im-
proved before application on a large scale.  

The benthic community composition was also studied in the Baltic Sea (pa-
per IV). The significant factors to explain the benthic community structure 
were PAHs, even at medium to low concentrations in the sediment, together 
with the environmental variables salinity, temperature and depth. These vari-
ables also explained the Benthic Quality Index (BQI), used for ecological sta-
tus assessments in coastal areas of Sweden and in the open Baltic Sea. 
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 However, several ecological indices commonly used to assess the benthic 
environmental status were not able to detect the disturbance caused by acti-
vated carbon in the Norwegian fjord (paper III), although clear effects on the 
benthic community in terms of lower species diversity and abundance were 
evident. Thus, current status assessment indices may need to be revised, or at 
least used with caution, in management evaluation of the sediments after dis-
turbances other than eutrophication. 
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INTRODUCTION 

Overview 

One of the most important habitats on Earth is soft sediment. The soft sedi-
ment seascape might appear monotonous, but under the surface it can hold a 
diversity of fauna (Gray 1997). These organisms sustain a variety of functions 
in the sediment such as recycling and storage of organic carbon, nutrients, 
solutes and metals, as well as oxygenation of the sediment (Rhoads 1974, Gray 
and Elliott 2009). Benthic macrofauna, in this thesis defined as invertebrates 
larger than 1 mm, is one of the most important actors in the sediment sustain-
ing these functions. Benthic species are generally rather stationary and often 
have life cycles that span several years. They often respond differently to var-
ious stressors, and changes in the community composition are therefore used 
as indication of environmental disturbances, such as eutrophication and pol-
lution (Pearson and Rosenberg 1978). Coastal sediments are especially ex-
posed to pollutants, since many compounds are released in these areas by an-
thropogenic activities. Today, increased awareness of pollution has led to de-
creased emissions of many pollutants, but previously released persistent con-
taminants are still a cause for concern. 
 
Although the sediments can contain many contaminants, their effects on ben-
thic organisms are not always apparent or easy to assess. Experiments often 
evaluate single compounds, but since most anthropogenic activities release 
pollutants there is often a cocktail of many substances in the sediments that 
together can have severe effects, even at low concentrations (Esbaugh et al. 
2018). Further, some organic pollutants are highly persistent and can biomag-
nify, which means they pose higher risk to top consumers in the food web, 
e.g., humans or in the oceans predatory fish and seals (Kelly et al. 2007). Areas 
that historically have been exposed to pollutants may recover naturally, as new 
clean sediment accumulates over time. However, this can take decades or even 
centuries and it is therefore of highest interest to find sustainable remediation 
options for polluted areas (Förstner and Apitz 2007). 
 
The overall aims of this thesis have been to get a greater understanding of the 
effects of contaminants and remediation methods on benthic macrofauna, and 
how such effects can be evaluated using functional and ecological indices. The 
succession of benthic species was studied over nine years in a remediation 
field experiment in a Norwegian fjord system (paper I-III). Further, concen-
trations of polycyclic aromatic hydrocarbons (PAHs) and metals in relation to 
the benthic community were investigated in reference areas along the Swedish 
east coast in the Baltic Sea (paper IV).  
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Ecological functions of benthic macrofauna 

The benthic ecosystem holds a diversity of species that sustain a variety of 
ecological functions in the sediments (Gray 1997). Benthic macrofauna 
usually dominate the biomass in sediments, with high diversity of species 
including for example polychaetes, molluscs, crustaceans and echinoderms. 
Benthic species’ activities in the sediment, such as searching for food, 
defecation, oxygenation, and the building, maintenance and ventilation of 
burrows, are important for the sediment structure (Rhoads 1974, Levinton 
1995). Bioturbation and bioirrigation activities (i.e., mixing and ventilation of 
the sediment) structure the microbial community and enhance geochemical 
processes, e.g., cycling of carbon, nitrogen and sulfur, as well as burial and 
metabolism of pollutants (Aller 1994, Snelgrove et al. 1997, Kristensen et al. 
2012). These processes are of relevance for the biogeochemical cycling at a 
global scale (Solan et al. 2004, Glud 2008). Benthic macrofauna are also 
important for the oceans’ secondary production by converting organic 
material reaching the sea floor into food for bottom-feeding predators and 
humans (Snelgrove 1998).  
 
Many benthic organisms have limited mobility, and therefore rely on food 
supply from the overlying water. The functions benthic species sustain in the 
sediment are mainly connected to direct or indirect activities for finding food, 
and their feeding activities affect the physical characteristics of the sediment 
(Snelgrove et al. 1997). A majority of benthic macrofauna species are classi-
fied as suspension feeders or deposit feeders (Rhoads 1974). Benthic suspen-
sion feeders actively or passively collect particles from overlying water and 
transfer them to their feeding organs. Deposit feeders can be divided into sur-
face deposit feeders that ingest microbes and organic matter from the sediment 
surface, and in subsurface deposit feeders that ingest particles directly from 
the sediment. Deposit feeders can ingest large amounts of sediments (several-
fold their body weight per day), and process it to organically-enriched fecal 
particles or pseudofeces (Rhoads 1974, Lopez and Levinton 1987). 
 
A major challenge for benthic organisms is the oxygen supply, and many spe-
cies have developed strategies for surviving in oxygen poor sediments, such 
as ventilating their burrows with overlying oxygenated water (Glud 2008). 
The oxygenation strategy is strongly connected to species feeding behavior, 
but also to other traits connected to species mobility and their burrowing and 
ventilation activities (Fauchald and Jumars 1979, Pearson 2001, Kristensen et 
al. 2012). These traits can be used to categorize benthic species particle re-
working modes in the sediment, for example as biodiffusers, upward convey-
ors, downward conveyors, and regenerators (François et al. 1997, Kristensen 
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et al. 2012) (Figure 1). Biodiffusers transport and redistribute particles ran-
domly, for example as part of burrowing activities. Examples of biodiffusers 
are the clams Limecola balthica and Mya arenaria, and this group also in-
cludes the subcategory gallery biodiffusers, such as the polychaetes Maren-
zelleria spp. and Nereis virens. Upward conveyors feed at the lower end of the 
tube, which transfers processed sediment from deeper sediment layers back to 
the sediment surface, such as many species within the family Maldanidae. 
Downward conveyors are on the other hand positioned vertically with their 
heads up, feeding by selecting and ingesting particles from the surface, such 
as species within the phylum Sipuncula. Regenerators redistribute particles by 
digging and continuously maintaining their burrows, which results in transport 
of sediment from depth to the surface, for example done by the sea urchin 
Brissopsis lyrifera. The magnitude of bioturbation in a benthic community is 
mainly dependent on what species that sustain these functions are represented. 
 
 

 

Figure 1. Illustration of particle reworking modes exemplified by species, such 
as a) biodiffusers (Mya arenaria), b) gallery biodiffusers (Nereis virens), c) up-
ward conveyors (Maldanidae), d) downward conveyors (Sipuncula), and e) re-
generators (Brissopsis lyrifera). Arrows indicate particle transport. 

Disturbances, ecosystem changes and succession  

Our ecosystems are today under constant pressure from disturbances 
(Rockström et al. 2009). Climate change has put higher pressure on all eco-
systems, and the marine environment is challenged for example by tempera-
ture increase, oxygen decrease and acidification (Halpern et al. 2008, Brierley 
and Kingsford 2009, Mora et al. 2013, Steffen et al. 2015, Bianchi et al. 2021). 
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Besides directly changing the species’ environment, these disturbances can 
also change species’ behavior, which indirectly can have cascading effects on 
the food web (Van Colen et al. 2020). Another challenge is the introduction 
of non-indigenous species, which has become more frequent, for example by 
increased shipping world-wide connected to species capacity to survive in bal-
last water discharges (Cariton and Geller 1993, Elmgren 2001, Jackson 2008). 
Further, anthropogenic activities have resulted in eutrophication and other 
types of pollution by contaminants, especially in coastal areas (Elmgren 2001, 
Rabalais et al. 2009).  
 
Ecosystems are constantly changing, and can therefore absorb some disturb-
ances without vital functions being lost (Sousa 1984). Benthic communities 
abilities to withstand disturbances are connected to the capacity of the species 
constituent to adapt to the changed environment (Pearson and Rosenberg 
1978). However, the ecosystems resilience, i.e., the ability of the system to 
absorb disturbances before its structure changes, can be variable depending on 
the scale and timing of the disturbance (Holling 1973, Paine et al. 1998). In 
theory, a more diverse ecosystem is expected to have higher resilience. How-
ever, there is no fixed relationship between diversity and ecosystem resilience. 
Another central concept is therefore functional redundancy, i.e., the presence 
of several species performing similar functions in an ecosystem, such that one 
species can substitute for another (Walker 1992). In some ecosystems, most 
of the ecosystem functions are sustained by one or a few key species, making 
these ecosystems more vulnerable to various disturbances (Snelgrove 1999, 
Bolam et al. 2002, Lohrer et al. 2004, Thrush et al. 2006). In ecosystems with 
generally low diversity, such as the Baltic Sea, ecosystem functions are main-
tained by only few species with limited redundancy (Karlson et al. 2010, 
Villnäs and Norkko 2011, Villnäs et al. 2012). The removal of a system’s 
characterizing species can in worst case result in a changed biotope (Paine 
1966, Frank et al. 2005). Some environmental changes are not easily detected 
and an ecosystem might change into another state before management has 
given results (Folke et al. 2004, Knowlton 2004). 
 
Marine benthic communities are structured by depth and sediment properties 
together with biotic factors and food availability (Gray 1974, Rosenberg 
1995). For example, food limitation can reduce the diversity of benthic fauna 
and change the ecosystem functioning (Rosenberg 1995, Herman et al. 1999), 
which can result in altered sediment properties if the bioturbation activity is 
affected (Krantzberg 1985). The sediment characteristics are also important 
for larval settlement. Many invertebrate larvae have the ability to postpone 
their metamorphosis until a suitable sediment type is found (Thorson 1946), 
such as preferred grain sizes in the larval settlement of many tube-building 
polychaetes (Gray 1974). Further, the success of recolonization of species is 
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highly dependent on larval development and life strategies. For example, pol-
ychaetes within the Capitella capitata complex are known for early coloniza-
tion in polluted areas (Heip 1995). Species within this complex are short-lived 
(<1 year), reach sexual maturity within a few months, and can reproduce all 
year around; some species with planktotrophic larvae which can give wide 
dispersion, and some species with benthic larvae brooded within the adult tube 
which can populate an unoccupied area quickly (Tillin 2016). These traits are 
found among many opportunistic species and are favored in early recoloniza-
tion. 
 
 

 
Figure 2. The faunal ecological successional stages along a disturbance gradient 
of organic enrichment. High organic enrichment consumes oxygen resulting in a 
reduced sediment with limited possibilities for macrofauna to survive; only a few 
opportunistic species can tolerate this environment. As distance to source in-
crease, macrofauna get more present. The final and highly diverse community is 
made up by large burrowing species. Model after Pearson and Rosenberg, 1978. 

 
The benthic community can be classified into different stages depending on 
species presence. Pearson and Rosenberg (1978) presented a successional 
model showing a continuous succession of species changes along a gradient 
of increasing organic enrichment (Figure 2). In short, this model proposed that 
with no organic enrichment the community includes large burrowing species, 
such as the sea urchin Brissopsis lyrifera, the brittle star Amphiura filiformis 
and polychaetes such as Terebellides. With increasing organic enrichment, 
these large, deep-burrowing species decline and are replaced by suspension 
feeders and surface deposit feeders, such as the bivalves Thyasira and Cor-
bula, together with conveyor-belt annelids. With high organic enrichment, 
only few species are found, all of which can be classified as opportunists, such 
as the small non-selective deposit feeding annelids Capitella and Scolelepis. 
Along the gradient of increasing organic input, and the shift of sensitive to 
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tolerant species, there is a decline in individual size. This decrease in biomass, 
together with decreasing abundance of bioturbating species, has a negative 
effect on the sediment structure and oxygenation. The pioneer community, as 
well as the final highly diverse community, seems to be highly predictable in 
a succession model. However, the transitory community in between is unpre-
dictable, mainly depending on seasonal recruitment (Zajac and Whitlatch 
1982). Similar successional patterns, as in the Pearson and Rosenberg model, 
have been observed in benthic communities exposed to other types of disturb-
ances, e.g. succession along a gradient of physical disturbance (dredged dis-
posal; Rhoads et al. 1978), sediment toxicity (Swartz et al. 1985), and oxygen 
deficiency (Rosenberg et al. 2002). 

Benthic community assessments 

Benthic macrofauna species have several attributes that make them suitable as 
indicators of the environment. For example, benthic species are relatively sed-
entary, often have life cycles that span several years, and have species-specific 
tolerances to stressors, which together can reflect oxygen stress and habitat 
quality changes over time (Pearson and Rosenberg 1978, Dauer 1993, Reiss 
and Kröncke 2005). Another useful feature is that benthic species response 
time to disturbances is often practical to measure (i.e. not too fast or too slow). 
Thus, benthic community structure has long been used in monitoring pro-
grams for evaluation of environmental status.  
 
Within Europe, the Water Framework Directive (WFD) and Marine Strategy 
Framework Directive (MSFD) provide a general framework for monitoring of 
biological, hydromorphological and physiochemical characteristics of water 
bodies (Council directive 2000/60/EC 2000, Council directive 2008/56/EC 
2008). The measured indicators should be classified on a scale of ecological 
quality status, ranging from high to bad. This has resulted in a variety of eco-
logical indices for assessing environmental status using benthic fauna as indi-
cators (Diaz et al. 2004, Pinto et al. 2009). The AZTI Marine Biotic Index 
(AMBI; Borja et al. 2000) is one of the most widely used benthic indices in 
Europe (Muxika et al. 2005, Borja et al. 2019), but it has also been tested in 
other regions, such as in the US (Pelletier et al. 2018), Japan (Umehara et al. 
2022), Brazil and Uruguay (Muniz et al. 2005). Further, there are several in-
dices derived from AMBI (Borja et al. 2019). The AMBI index is based on 
the percentage of abundance in each ecological group (Borja et al. 2000), and 
species are classified into five ecological groups depending on their sensitivity 
to organic enrichment, similarly to the theoretical background from the suc-
cession model by Pearson and Rosenberg (1978). However, the classification 
of species mainly according to eutrophication can introduce biased into the 
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status assessments of benthic habitats when used in communities exposed to 
other stressors, for example toxic pollution by mining (Marín-Guirao et al. 
2005).  
 
In the species-poor Baltic Sea, the species community structure is mainly de-
pendent on the strong salinity gradient together with habitat characteristics 
such as depth and sediment type (Elmgren 1984, Leppäkoski and Bonsdorff 
1989, Rumohr et al. 1996). Due to this, no single benthic index has been found 
to be applicable across the entire region (HELCOM 2009). For example, the 
AMBI index has been shown not to capture benthic changes in the low-saline 
northern part of the Baltic Sea due to the low number of taxa and/or low num-
ber of individuals in the samples, and is therefore not used (Perus et al. 2007). 
This problem with AMBI was addressed in Muxika et al. (2007) using habitat 
measures of species richness and diversity into multivariate AMBI (M-
AMBI). Despite the proposed adaptation to the index, M-AMBI has not been 
used to any larger extent in the Baltic Sea. Most of the central and northern 
parts of the Baltic Sea border on Finland and Sweden, in which two similar 
indices are used to assess the benthic status in coastal zones; the Brackish-
water Benthic Index (BBI; Perus et al. 2007) in Finland and the Benthic Qual-
ity Index (BQI; Leonardsson et al. 2009) in Sweden. These indices are based 
on the abundance of species classified according to their sensitivity to eutroph-
ication and oxygen depletion, together with the number of species within the 
community (Perus et al. 2007, Leonardsson et al. 2009). The BBI is more 
complex than BQI, for example BBI includes the use of abundance and biodi-
versity in their relation to calculated maximum values in area specific type 
and depth intervals (Perus et al. 2007). However, to meet the criteria in the 
MSFD the BQI is proposed for use in the open Baltic Sea, although with 
slightly different criteria than in the strict recommendation of the WFD 
(HELCOM 2018). 

Pollution and remediation strategies of coastal sediments 

Coastal sediments are often affected by anthropogenic pollutants (Gray 1997, 
Islam and Tanaka 2004, Jackson 2008). Eutrophication is one of the major 
threats, another is contamination by industrial and mining activities that, at 
least in the past, have released metals and persistent organic pollutants (POPs), 
such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyl 
(PCBs), dichlorodiphenyltrichloroethane (DDT) and polychlorinated 
dibenzo-para-dioxins and dibenzofurans (PCDDs/PCDFs). Ecosystems can 
be affected from nearby point sources, but also from diffuse sources such as 
long-distance atmospheric transport (Wania and Mackay 1996, Elmgren 2001, 
Dachs and Méjanelle 2010). Emissions of metals have decreased in northern 
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Europe since the 1970s (Elmgren 2001), and since 2001 over 152 countries 
have ratified a United Nations treaty for POPs; the Stockholm convention on 
Persistent Organic Pollutants (UNEP 2001). However, due to the persistence 
of metals and POPs and their often strong sorption to particulate matter, high 
concentrations can still be found in the sediments.  
 
Pollutants can be directly lethal to benthic organisms, or act disturbing for 
their reproduction or behavior (Wania and Mackay 1996, Snelgrove 1999, 
Islam and Tanaka 2004). Pollutants can also be transferred higher up in the 
food web if they biomagnify, i.e., are incorporated into the diet in for example 
benthic organisms that in turn are eaten by predators (Snelgrove et al. 1997, 
Kelly et al. 2007, Wikoff et al. 2012). Thus, many pollutants can affect the 
entire ecosystem and there is an urgent need to decrease new emissions of 
POPs and for cost-efficient and sustainable methods to remediate sediments 
that are highly polluted with previous released POPs (i.e. legacy pollutants). 
 
Remediation strategies for contaminated sediments are often destructive on 
the ecosystem and only relatively small areas can be treated. One of the most 
used methods is dredging, but applied with the risk of resuspension of pollu-
tants and the requirement that the dredged contaminated sediment must be 
disposed in areas where it can be assumed to cause less disturbance (Bolam et 
al. 2006, Förstner and Apitz 2007, Bridges et al. 2010, Fathollahzadeh et al. 
2015). An alternative is to treat the polluted area on site with some kind of 
covering isolation layer, such as geotextiles or capping (Palermo 1998). Con-
ventional capping with a thick layer (>50 cm) is very material consuming. 
Besides, a layer of covering isolation physically separates the contaminated 
sediments from the benthic organisms (Reible et al. 2008), but with the side 
effect that this will eliminate the existing fauna, and benthic species have to 
recolonize the treated area. 
 
An alternative to dredging and conventional capping is in situ remediation 
through a thin-layer capping (1-10 cm) with strong sorbents to contaminants 
such as activated carbon, which reduces contaminants release from sediments 
and uptake into organisms. One advantage of thin-layer capping is that less 
material is needed than in conventional capping. Besides, benthic fauna can 
survive a thin cap and actually facilitate the mixing of the active sorbent into 
the sediment (Ghosh et al. 2011) (Figure 3). The first time the method using 
thin-layer capping with activated carbon was tested in a field experiment was 
in 2004, on PCB contaminated sediment at the Hunters Point tidal mudflat in 
the San Francisco Bay (Cho et al. 2007). Other early field studies using the 
remediation method were performed in 2006 on PCB contaminated river sed-
iment at the Grasse River, New York (Ghosh et al. 2011), and in 2007 on PAH 
contaminated ocean sediment in the Trondheim harbor, Norway (Cornelissen 
et al. 2011). The fourth field study using thin-layer capping with activated 
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carbon is presented in this thesis and was launched in 2009 in the Grenland 
fjords, Norway, using larger test plots and at greater depths compared to the 
previous studies.  
 
Most of the studies testing thin-layer capping with activated carbon have re-
ported positive results in reducing sediment-to water fluxes of dioxins and 
other organic pollutants. However, some studies have reported negative ef-
fects on benthic macrofauna when exposed to activated carbon. Janssen and 
Beckingham (2013) presented a review of biological effects of activated car-
bon and found that out of 82 tests with 18 benthic species, 18% of the tests 
with 6 species had reported negative effects. Several of the reported effects 
were severe, e.g., inhibited growth, disturbed reproduction, changed behavior, 
lower survival, decreased lipid content, and reduced feeding and food assimi-
lation (Millward et al. 2005, McLeod et al. 2008, Kupryianchyk et al. 2011, 
Janssen et al. 2012, Nybom et al. 2012, Kupryianchyk et al. 2013, Nybom et 
al. 2015). Further, activated carbon has been reported to increase mortality of 
meiofauna, i.e. invertebrates between 40 µm-1 mm, and alter their community 
composition (Näslund et al. 2012, Bonaglia et al. 2019). Thus, thin-layer cap-
ping with activated carbon has a potential to change the benthic species diver-
sity and function, which should be taken into consideration along with the 
positive effects of chemical sequestration. Most studies on the potential effects 
of activated carbon on benthos have been performed in laboratory experi-
ments, often at small scales and with relatively short exposure of a few weeks 
up to a few months. Thus, there is a research gap of the long-term exposure of 
benthic communities to activated carbon. 
 
 
 

 

Figure 3. Conceptual picture of thin-layer capping with activated carbon: a) Un-
treated sediment leaks contaminants to the ecosystem, b) Thin-layer capping ad-
sorbs contaminants from the sediment, c) Macrofauna can survive a thin cap, and 
their bioturbation activities enhance mixing of the activated carbon, increasing 
sorption of contaminants in the sediment. Modified from Trannum et al. (2021). 
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OBJECTIVES OF THE THESIS 

Within the scope of this thesis, I have investigated benthic community re-
sponses to disturbances such as remediation with activated carbon in a highly 
contaminated Norwegian fjord system (paper I-III), as well as the effects of 
medium-low concentrations of PAHs and metals in the sediment of the Baltic 
Sea (paper IV). The community responses to these disturbances have been 
evaluated by using a variety of functional and ecological indices.  
 
In the Norwegian fjord system, a large-scale field experiment using thin-layer 
capping with activated carbon was carried out at two different depths: 30 m 
(10,000 m2 capping) and 95 m (40,000 m2 capping). The remediation method 
using thin-layer capping with activated carbon had not been tested in marine 
environments on this scale prior to this experiment. It is also unique that we 
have been able to follow the benthic succession for nine years. Further, con-
taminants in the sediment are usually investigated in areas with high pollution, 
such as outside industries with known concentrations of contaminations. Low 
to medium concentrations of contaminations in reference areas have not pre-
viously been tested in models explaining the benthic community in the Baltic 
Sea. Thus, the aim of this thesis has been to fill these research gaps. 
 
The specific objectives of the thesis were: 

 
1. To identify short and long-term effects of powdered activated 

carbon on benthic fauna in situ in two different communities in a 
marine fjord (paper I, II, III). 
 
We hypothesized that the activated carbon would have minor short-
term effects on the benthic fauna but that the communities would be 
recolonized after one year. However, as this was proven false in paper 
I, we hypothesized that it would be fully recolonized after four years 
in paper II, and later after nine years in paper III. Further, we were 
interested in assessing if activated carbon would have different effects 
on the two communities; a shallow community at 30 m depth domi-
nated by the brittle star Amphiura filiformis known to be rather pollu-
tant tolerant, and an other, more diverse community at 95 m depth 
dominated by worms that in many cases have shown negative re-
sponses to powdered activated carbon. Thus, we tested the two com-
munities’ ecological succession after disturbance of capping with 
powdered activated carbon. 
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2. To test if the macrobenthic community composition in reference 
areas in the Baltic Sea could be better explained by models in-
corporating concentrations of PAHs and metals in the sediment 
(paper IV). 
 
We hypothesized that concentrations of both PAHs and metals, to-
gether with environmental variables such as oxygen and salinity, 
would structure the benthic community. This assumption was mainly 
based on knowledge that the sentinel amphipod Monoporeia affinis 
is sensitive to contaminants and metals, and has a great influence on 
the benthic community structure in the Baltic Sea. 

 

3. To evaluate macrofauna community responses to these disturb-
ances using ecological and functional indices (paper II, III, IV). 
 
Most of the current ecological indices are mainly constructed to re-
spond to eutrophication, and we therefore hypothesized that they 
would not capture other disturbances on the benthic communities. 
However, functional indices estimating bioturbation and bioirriga-
tion are highly connected to species traits, and here we hypothesized 
that functional indices would capture disturbances. 
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METHODS 

Study systems 

Two different marine environments were studied in this thesis (Figure 4). Pa-
pers I-III were conducted in the Grenland fjords in southeast Norway, where 
the sediment is contaminated with high concentrations of dioxins and mercury 
(Hg) from a defunct magnesium plant. A sediment remediation field trial with 
activated carbon was carried out in a cooperation between Norwegian and 
Swedish researchers, to test whether sediment capping in situ could be used 
large-scale in the fjord area to minimize contaminant release from the sedi-
ment. My PhD studies (papers I, II, III) have been part of this large research 
project and have focused on evaluating secondary effects on the benthic fauna 
from thin-layer capping with activated carbon. Paper IV was conducted in the 
species-poor Baltic Sea, to find out if the benthic community structure could 
be better explained in models by including concentrations of sediment con-
taminants such as PAHs and metals. Thus, the benthic fauna in the two differ-
ent marine environments studied here are exposed to different anthropogenic 
pressures. 
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The Grenland fjord system in Norway has an area of 53 km2, most of which 
has contaminated sediments. The highest concentrations of contaminants are 
found in the innermost branch where an industrial area is situated. The 
concentration of dioxins in the sediment reach in this area the highest 
contaminant classification of very bad (TEQ PCDD/F >0.5 µg/kg dwt), and 
most of the outer fjord area is also classified to very bad or bad, with 
concentrations of TEQ PCDD/F >0.1 µg/kg dwt (Klif 2007, Olsen 2012). A 
magnesium smelter, active in 1951-2002, was the source of most of the 
dioxins and Hg, but other industrial activities have also released contaminants, 
e.g., PCBs (Knutsen et al 2003). Due to the high concentrations of 
contaminants, commercial species such as cod and crab caught in the Grenland 
fjords have dietary restrictions based on health advisories (Saloranta et al. 
2008). Despite the contaminants in the sediments, the benthic communities in 
the two fjord branches where the remediation project took place showed good 
ecological status, with benthic communities typical for the environment depth 
and substrate (Pearson and Rosenberg 1978, 1986). Crustaceans were 
generally scarce which may be a consequence of the contaminants in the 
sediment, since many crustaceans are sensitive to contaminant exposure 
(Rodríguez et al. 2007, Esbaugh et al. 2018). The shallower fjord branch at 30 
m depth was characterized as a transport bottom with silty clay sediment. The 
benthic fauna in the area was dominated by the brittle star Amphiura filiformis, 
other species structuring the community were for example the bivalve Corbula 
gibba, the polychaete Scalibregma inflatum, and the sea urchins Brissopsis 
lyrifera and Echinocardium cordatum. The deeper fjord branch at 80-95 m 
depth was characterized as an accumulation bottom with silty-clayey mud 
sediment. The benthic fauna in the deeper area had a greater species diversity, 
and the community was mainly structured by polychaetes such as Spiophanes 
kroeyeri, Paramphinome jeffreysii, Chaetozone sp., Heteromastus filiformis 
and Aphelochaeta marioni, but also by bivalves such as Abra nitida and 
Thyasira equalis. Approximately 200 species have been identified during our 
sampling in the area. 
 
The Baltic Sea is a semi-enclosed postglacial sea, characterized by a strong 
salinity gradient. The salinity is decreasing northwards to nearly freshwater in 
the most northern parts, and the brackish conditions have resulted in naturally 
low species diversity (Segerstråle 1949, Elmgren 1984). A handful of species 
dominate the macrobenthic community below 20 m; the tellinid clam 
Limecola balthica, two species of semelparous amphipods, Monoporeia 
affinis (a glacial relict) and Pontoporeia femorata (of marine origin), and in 
recent decades also the non-indigenous polychaetes Marenzelleria (three 
morphologically similar species; Bastrop and Blank 2006). Anthropogenic 
activities have put high pressures on the Baltic Sea (Reckermann et al. 2022). 
Nutrient enrichment in combination with limited water exchange to Kattegat 
has resulted in extensive eutrophication (Karlson et al. 2002, HELCOM 
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2009). The long residence time for the water in the Baltic Sea also makes this 
environment vulnerable to pollution by hazardous substances (HELCOM 
2010). For example, there is dietary restrictions based on health advisories for 
fat fish from the Baltic Sea (Glynn et al. 2013). In the latest Baltic Sea Action 
Plan (BSAP) 2021 update, the flame retardants polybrominated diphenyl 
ethers (PBDEs) and mercury are pointed out as having particularly elevated 
concentrations in all parts of the Baltic Sea (HELCOM 2021). The southern 
part of the Baltic Sea, the Baltic Proper, also has vertical stratification of the 
water masses, which causes increasing areas of oxygen depletion below the 
permanent halocline at 60-80 m (Karlson et al. 2002, Conley et al. 2009, 
Conley et al. 2011). Thus, organisms in the Baltic Sea face several challenges. 
 

Study design paper I-III 

In the Grenland fjords in Norway, a large-scale field experiment was con-
ducted to test the effectiveness of sediment remediation with a thin-layer cap 
(<5 cm) of powdered activated carbon mixed with clay. In September 2009, 
two experimental areas were capped with powdered activated carbon in two 
branches of the fjord system; one field of 10,000 m2 at 30 m depth in the Or-
merfjord, and another field of 40,000 m2 at 95 m depth in the Eidangerfjord. 
The capping material consisted of suction-dredged clay mixed with powdered 
activated carbon (Jacobi Carbons, BP2 fine powder; average particle size 20 
µm, 80% smaller than 45 µm). At 30 m depth, the capping material was 
pumped out 5 m above the sediment surface in 100 m long lines with 7.5 m 
distance between (due to expected spreading of the material with this dis-
tance). At 95 m depth, the capping material was pumped out 10 m above the 
sediment surface in irregular pattern over the field. The capping thickness was 
measured one month after capping with sediment profile imagery (SPI) and 
showed good evenness of the capped material over the fields; 11±6 mm and 
12±3 mm at 30 m and 95 m, respectively (Eek et al. 2011). In each fjord, an 
uncapped reference field of the same size as the treated fields was defined. 
Initially, two more capping treatments were tested at 30 m depth in the Or-
merfjord, also of the size of 10,000 m2. One of these treatments was capped 
with clay only, and used as cap control to separate the cap effect from the 
treatment that used activated carbon. Another treatment was crushed lime-
stone, obtained from a nearby quarry (NOAH, Langøya, Norway). However, 
the most novelty and promising treatment was the one with activated carbon 
capping, and only these results are discussed in the section for ‘Results and 
discussion’ in this PhD-thesis.  
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The biological consequences of thin-layer capping with powdered activated 
carbon on the benthic macrofaunal community (on both benthic community 
structure and function) were investigated in three studies over nine years (pa-
per I, II, III). Bottom samples were collected with a van Veen grab (0.1 m2) 
in each field at four times after the capping; at one month (n=3), one year 
(n=5), four years (n=5) and nine years (n=4). The grab samples were at each 
sampling randomly distributed within the fields. The response of the benthic 
communities at 30 m and 95 m depths to activated carbon was investigated 
with univariate statistics on abundance, biomass and number of species, as 
well as multivariate statistics on the communities. The benthic communities 
in the capped fields were compared to communities in uncapped reference 
fields to account for natural variation. Due to budgetary constraints, it was 
decided within the Norwegian research consortium in the start-up process of 
the project, that no formal pre-cap macrofauna samples could be taken. In-
stead, the areas were initially documented with SPI, Day grab samples (0.025 
m2) and existing benthic community data from regional monitoring programs. 
This is a limitation to the studies, as it is recommended in control-impact stud-
ies that initial samples of the studied area are taken before the manipula-
tion/impact is applied (Stewart-Oaten et al. 1986). 
 
In May 2009, before the experiment started, the experimental field areas were 
investigated with SPI. This method can be used to calculate the benthic habitat 
quality index (BHQ; Nilsson and Rosenberg 1997), that is related to the faunal 
successional stages in the Pearson-Rosenberg model (Pearson and Rosenberg 
1978, Rosenberg et al. 2004). The advantage of the SPI method is that it gives 
quicker results than analyses of quantitative macrofauna samples, and that it 
is less time consuming, which allows sampling at more stations. The SPI 
showed no significant differences between the fields before capping 
(Schaanning et al. 2011). In addition, macrofauna samples were taken with a 
Day grab sampler (0.025 m2) the day before capping in September 2009, with 
the intention to serve as before-cap samples. These Day grab samples were 
taken by hand from a small boat without a winch. Thus, it was only possible 
to get samples from the shallower fjord at 30 m depth. The deeper fjord at 95 
m depth was too deep to sample by hand. However, when comparing the Day 
grab samples with the van Veen samples (0.1 m2) taken one month after cap-
ping, we found larger variation between the Day grab samples and less of 
deep-living fauna. This can be expected since the Day grab sampler has a 
smaller area, which gives a smaller quantitative sample, and has lower pene-
tration depth, missing deeper-living species. To investigate the differences be-
tween the two grab samplers, we took parallel Day grab and van Veen samples 
one year after capping. These samples confirmed the difference in species 
community between the sampling gears, and as a consequence we have not 
reported the pre-cap macrofauna results in paper I-III. However, the Day grab 
samples can be used separately from the van Veen to compare the fields before 
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the capping treatment and the development after one year, and these results 
are presented under ‘Results and discussion’ in this PhD-thesis.  
 
In the deeper fjord, the capped field is situated at 95 m depth and the original 
reference field at 80 m depth. This depth differences of 15 m is due to that 
several trawling tracks were found in May 2009 when the bottom was inves-
tigated (pers. communication Morten Schaanning). To avoid any previous and 
ongoing disturbances from trawling, it was decided that both the experimental 
field and the reference field must be situated in areas with no trawling. How-
ever, it was difficult to find two unaffected areas at the exact same depth, large 
enough and with homogeneous bottom conditions for representative sampling, 
but spatially separated so as to be independent of the activated carbon treat-
ment (i.e. so the reference field not could be affected by spreading of the acti-
vated carbon treatment). Hence, a differences in depth of 15 m had to be ac-
cepted. During the second monitoring campaign one year after capping, we 
added an additional reference field at the same depth as the capped field in 
order to assess whether there were any differences in species diversity due to 
the depth difference. This second reference field is situated in an area where 
trawling has been carried out which may affect the benthic community 
(Snelgrove 1999). As mentioned above, more pre-cap samples could have 
sorted out some uncertainties between the reference and capped areas.  
 

Study design paper IV 

The study design in paper IV uses benthic community data from the Swedish 
national and regional monitoring program for benthic macrofauna. Environ-
mental variables were extracted from DAS (Data Assimilation System; 
Sokolov et al. 1997, Savchuk 2018) for spatial covering. Sediment samples 
for analysis of concentrations of PAHs and metals were collected in January 
2012, obtained from the program for biological effect monitoring of contam-
inants. The design of the study was restricted to data where the two monitoring 
programs overlap. This resulted in 30 stations divided into eight regions along 
the Swedish east coast in the Baltic Sea. However, the number of stations in 
each region is not fixed and varies from one (the most northern and southern 
regions) up to seven (in the Stockholm region). This design of the study does 
not allow analyses of difference among regions.  
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Benthic macrofauna collection  

The benthic fauna in all the papers in this thesis were collected with a van 
Veen grab (0.1 m2). Samples were immediately washed onto a 1 mm sieve and 
all material collected and stored in 4% formaldehyde stained with Rose Ben-
gal. Benthic fauna were sorted out and analyzed under a stereo microscope in 
the laboratory. Paper I-III are based on four collection campaigns over nine 
years. The species list consists of over 200 taxa, and was harmonized and up-
dated according to the Swedish taxonomic database Dyntaxa 
(www.dyntaxa.se) after every collection campaign. Paper IV uses benthic 
monitoring data from two areas in the Baltic Sea; the Bothnian Sea, collected 
by Umeå University and the Baltic Proper, collected by Stockholm University 
(in the latter I have been involved in data collection, species analysis and data 
quality control). The two universities have yearly sampling within the Swe-
dish monitoring program for sediment living macrofauna in the Baltic Sea, 
use the same methods for sampling and data analysis and have participated in 
intercalibration campaigns with very good results. Thus, there is no reason to 
expect differences in data quality between the two laboratories. Field collec-
tion, species analysis and data handling in all papers follow the international 
standard ISO 16665:2014. 
 
Collection with van Veen grab gives a quantitative sample of the bottom. This 
method has been used for about a century and is one of the most commonly 
used gear types in macrofauna sampling (Gray and Elliott 2009, Souza and 
Barros 2015). However, sampling with van Veen has some drawbacks; the 
grabs can be asymmetrical in firmer sediments and sediment type also deter-
mines penetration depth (Eleftheriou 2013). An alternative could be to collect 
samples with a box-corer, preferably with larger sampling size than 0.1 m2 to 
better reflect bottom condition (Blomqvist et al. 2015). However, with a box-
corer it can be problematic to take quantitative samples in firmer sediment 
types, e.g., compact silty/sandy sediments and more gravelly bottoms. Be-
sides, samples taken with larger sampling area are more time-consuming to 
analyze meaning there is a trade-off between number of samples and sample 
size. Paper IV uses benthic macrofauna data from the Swedish monitoring 
program and to be able to compare changes in time, it is important to keep the 
same sampling gear and method until they are validated. Besides, many areas 
within the monitoring program in the Baltic Sea have sediments where van 
Veen is most suitable. In paper I-III, the van Veen grab was also used to be 
able to evaluate data and status classification according to the recommenda-
tions of samples of 0.1 m2 also used by monitoring programs in Norway and 
Sweden (Veileder 02:18 , Leonardsson et al. 2009). 
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Ecological and functional evaluations 

The effects of remediation and contaminants on benthic fauna were assessed 
with functional classifications of species and environmental evaluation with 
ecological indices. In paper I, the species were classified into four feeding 
guilds; subsurface deposit feeders, deposit feeders, suspension/filter feeders, 
and carnivores. Several species can use different feeding modes depending on 
environment and substrate (Brafield and Newell 1961, Taghon and Greene 
1992). We made the species’ classifications mainly according to the depths 
and substrate in our system based on information we found in the literature 
and by consulting experts. In paper II, species were classified into bioturba-
tion and bioirrigation traits using the community bioturbation potential, BPc 
(Solan et al. 2004), and the community bioirrigation potentials BIPc (Renz et 
al. 2018) and IPc (Wrede et al. 2018). An extensive species classification of 
species mobility and reworking mode used in the bioturbation index BPc has 
been presented by Queirós et al. (2013), but nearly 30% of our species had no 
previous scores. For most of the species, we could use values from closely 
related species, and for the remaining ones we searched the literature and con-
sulted experts. We also adjusted some mobility and reworking values from 
Queirós et al. (2013) to better account for species behavior according to our 
systems depths and substrate from information we found in the literature, but 
this had only minor effect on the results (presented in the supplementary ma-
terial to paper II). The two irrigation indices both use classifications of species 
feeding type, burrow type and burrow depth, but with different categorical 
classifications. Only few of our species had been previously classified accord-
ing to these two irrigation indices, and we therefore classified species accord-
ing to our earlier findings of feeding guilds, classifications from the bioturba-
tion index BPc, and new information from literature and expert knowledge for 
burrow type and burrow depth. As in the case of the feeding guild classifica-
tions in paper I, species can have several modes depending on substrate, sea-
sons and environmental conditions, and also in this case we classified accord-
ing to our system conditions. In paper III and IV, the community effects were 
assessed using benthic environmental indices. In Sweden, the benthic envi-
ronment is assessed with the benthic quality index (BQI; Leonardsson et al. 
2009). In Norway, several indices are used for assessing coastal waters and in 
paper III we have calculated: the Shannon-Wiener diversity index (H’log2), 
Hurlbert’s diversity index (ES100), the Norwegian quality index (NQI1), the 
indicator species index (ISI2012), and the Norwegian sensitivity index (NSI). 
The results from these Norwegian indices were also compared to the Swedish 
BQI. The reference for each index is presented in Table 1. 
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Table 1. List of indices used in this thesis. The first three indices calculate poten-
tial bioturbation and bioirrigation activities (paper II), and number four to nine 
are used for assessing environmental status in Sweden and Norway (papers III 
and IV). 

# Index name Abbr. Reference 
1 Community bioturbation potential BPc Solan et al. (2004) 
2 Community bioirrigation potential (1) BIPc Renz et al. (2018) 
3 Community bioirrigation potential (2) IPc Wrede et al. (2018) 
4 Benthic quality index BQI Leonardsson et al. (2009) 
5 Shannon-Wiener diversity index H' Shannon and Weaver (1963) 
6 Hurlbert's divesity index ES100 Hurlbert (1971) 
7 Norwegian quality index NQI1 Rygg (2006) 
8 Indicator species index ISI2012 Rygg and Norling (2013) 
9 Norwegian sensitivity index NSI Rygg and Norling (2013) 
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RESULTS AND DISCUSSION 

The marine environment is today under constant pressure from biological, 
chemical and physical disturbances. This threaten marine ecosystems and the 
functions and services they provide. The focus of this thesis has been to study 
short and long-term effects of thin-layer capping with powdered activated car-
bon in a remediation project in two marine fjords at 30 and 95 m depth (paper 
I-III), as well as to assess effects of relatively low concentrations of PAHs 
and metals on benthic communities in the Baltic Sea (paper IV). The re-
sponses of benthic communities to disturbances have been evaluated using 
species feeding guilds, functional indices calculating bioturbation and bioirri-
gation, as well as assessing environmental status using different benthic eco-
logical indices.  

Benthic community response to thin-layer capping with 
activated carbon 

A general trend in paper I-III was that thin-layer capping with activated car-
bon had greater negative effects on the community at 30 m than on the more 
species-rich community at 95 m depth. In the activated carbon field at 30 m 
depth, the abundance, biomass and number of species were surprisingly low 
after one year (Figure 5). The biomass remained low up to nine years after 
capping, but abundance and number of species increased after four years, alt-
hough the numbers were still much lower than in the reference field. However, 
the abundance and number of species did not increase further between four 
and nine years. The biomass in the activated carbon field at 95 m depth was 
also notably low throughout the nine years post-capping. The abundance and 
number of species increased over time in a parallel development to the refer-
ence, although the numbers were much lower. 
 
The papers I-III use different approaches to assess community disturbances. 
In paper I, all species were grouped into four feeding guilds; subsurface de-
posit feeders, deposit feeders, suspension/filter feeders, and carnivores. At 30 
m depth, the initial decrease in abundance mainly reduced numbers of suspen-
sion and filter feeders, such as the brittle star Amphiura filiformis and the bi-
valve Corbula gibba. At 95 m depth, the community consisted mainly of de-
posit and subsurface deposit feeders, and after one year increased numbers of 
carnivores. No specific feeding guild was obviously affected in this deeper 
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field, instead a general disturbance was observed in 71% of the species abun-
dance or biomass. For example, worms (polychaetes and nemerteans) showed 
an overall reduction in mean individual weight after one year. 
 

 
Figure 5. Number of species, abundance and biomass for the activated carbon 
fields (black circles) and reference fields (green squares). Filled symbols show 
the mean value, while open symbols show the value for each replicate. Year 2009 
= one month after capping, 2010 = one year after capping, 2013 = four years after 
capping, and 2018 = nine years after capping. Note different scales on the y-axes. 
Modified from Trannum et al. (2021). 

 
In paper II, the effect of thin-layer capping with activated carbon was evalu-
ated after four years. Effects on community function were estimated using bi-
oturbation and bioirrigation indices (BPc, BIPc and IPc). The altered commu-
nity at 30 m depth had very low estimated bioturbation and bioirrigation ac-
tivities. The key species, the brittle star A. filiformis, is classified as a very 
important actor for maintaining bioturbation and bioirrigation activities. With 
the local eradication of this species, together with an overall disturbance on 
the community, it is likely that this depleted community cannot sustain im-
portant functions in the sediment, such as bioturbation and bioirrigation. It is 
likely that this occurs in the community in the deeper field as well. Although 
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the number of species and the abundance were higher here than in the shal-
lower field, the estimated bioturbation and bioirrigation activities were at sim-
ilar levels in the fields. This highlights the importance of species-specific 
functions for maintaining bioturbation and bioirrigation, and that not only di-
versity as such is important in a community. In paper III, the long-term ef-
fects on the benthic community were investigated after nearly a decade of cap-
ping with activated carbon. In this study, ecological indices were used to as-
sess environmental status in the capped fields (H’, ES100, ISI2012, NSI2012, 
NQI1, and BQI). Despite depauperate benthic communities in the activated 
carbon fields at both 30 m and 95 m depth, nearly all indices classified the 
fields as having good ecological status. Only the Swedish benthic quality in-
dex, BQI, captured poor status in the activated carbon field at 30 m depth; 
however, this index classified the disturbed community from the activated car-
bon field at 95 m depth as having good-high status.  
 
The evaluation with species feeding guilds in paper I clearly demonstrates 
that the two communities at 30 and 95 m depth were different. This could to 
some degree explain the dissimilar developments in the communities after 
capping with powdered activated carbon, where the key species at 30 m depth 
mainly consisted of suspension and filter feeders that seems to be more vul-
nerable to the activated carbon capping. The differences between the commu-
nities were further explored in paper II, which showed that the different com-
munity structures and their response to capping with activated carbon affected 
ecosystem functions such as bioturbation and bioirrigation. This highlights the 
importance of studying community structure, and the functions different spe-
cies provide in the sediment, and not only univariate variables such as total 
number of species, their abundance and biomass. The importance of under-
standing effects on community structure is also emphasized in paper III, 
where the ecological status in the fields was examined. Almost all indices 
failed to capture the negative effects on the benthic communities, although the 
community at least at 30 m depth was depauperate. Ecological indices have 
been developed mainly for assessing eutrophication, but they are often used 
to assess effects of other disturbances for management considerations. The 
generally poor performance of the indices observed here for capturing the im-
poverished communities in the activated carbon field clearly stress the diffi-
culties of evaluation and management of sediments using current indices. 
 
In previous studies assessing the effect of activated carbon on organisms, only 
one fifth of 82 tests reported negative effects (reviewed by Janssen and 
Beckingham 2013). However, some of the negative effects reported in re-
sponse to activated carbon are severe, for example reduced survival and in-
hibited growth (McLeod et al. 2008, Kupryianchyk et al. 2011), as well as 
reproduction interference and morphological changes (Nybom et al. 2012, 
Nybom et al. 2015). None of these studies have been conducted over several 
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years, and paper I-III thus add new information regarding long-time negative 
biological effects of activated carbon on benthic macrofauna. Although we did 
not study behavioral changes, we observed decreased individual weight in 
worms in the activated carbon fields and lower larvae recruitment than in the 
reference areas. The benthic community in the deeper field at 95 m depth was 
dominated by worms, and worms (oligochaetes and polychaetes) have in the 
previous studies mentioned above shown reduced growth when exposed to 
activated carbon. Thus, we expected larger negative consequences on the ben-
thic community in the deeper fjord dependent on the community structure, but 
apparently the brittle star Amphiura filiformis that dominated the community 
at 30 m depth was more vulnerable to activated carbon. Several factors have 
been suggested to cause negative biological effects by activated carbon. For 
instance, the dose of the activated carbon and its particle size influence its 
effects on benthos, but also other factors in the environment, such as if it is 
limnic or marine system, depth, available food resources, and study set-up in 
the laboratory or in the field. In general, lower concentrations and larger par-
ticle size of activated carbon in combination with high food availability (TOC) 
have resulted in less negative effects. This can be compared to the study sys-
tem in paper I-III where relatively high doses of activated carbon were ap-
plied (target concentration 10% of dry weight sediment, but with dilution both 
in mixing and application), the particles of the activated carbon type were very 
small (average size 20 µm, 80%<45µm), and added to a system with relatively 
low food availability (TOC 1.4-2.7%). Thus, many factors can contribute to 
the severe effect that was measured on the benthic communities after the cap-
ping with powdered activated carbon in the Grenland fjords.  
 
The focus in paper I, II and III was to evaluate the biological effects of thin-
layer capping with activated carbon on benthic communities. The capping ef-
ficiency on contaminant fluxes and bioaccumulation has been presented in 
companion studies by Cornelissen et al. (2012), Cornelissen et al. (2015) and 
Schaanning et al. (2020). In short, these studies report promising results, such 
as significant reduction of contaminant fluxes and on bioaccumulation of di-
oxins, both in the short-term (69-88% reduction during the first two years) and 
in the long-term (54-66% reduction after nine years). However, the positive 
findings in these studies on contaminant fluxes and bioavailability should be 
weighed against the long-lasting negative effects found on the benthic com-
munities. Besides, altered species communities affect the sediment bioturba-
tion, processes that either can retain or release contaminants from the sediment 
(Krantzberg 1985, Ciarelli et al. 1999, Ciutat and Boudou 2003). 
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Responses of benthic communities to PAHs and metals in the 
sediment 

Contaminants in the sediment are most often measured in areas with known 
point sources of contaminants, such as the Grenland fjords in Norway. How-
ever, contaminants can also be found in other areas, due to diffuse sources or 
slow, long-term spreading. In paper IV, we were interested to find whether 
incorporation of concentrations of PAHs and metals in the sediment from ref-
erence areas in the Baltic Sea could improve models of explanation for the 
benthic community in general and the abundance of Monoporeia affinis in 
particular. Further, we also tested the same variables on the benthic quality 
index BQI used for assessing ecological status in the area. Both the commu-
nity composition and the BQI had the same combination of explanatory vari-
ables; salinity, depth, temperature and PAH concentrations. The abundance of 
Monoporeia affinis was explained solely by PAH concentrations. Thus, the 
PAH concentration in the sediment seems to influence the benthic community 
and status assessments made on these, although the PAH concentrations in the 
sediment were classified as medium to low levels according to the Swedish 
EPA (SEPA 1999, Josefsson 2017) (Figure 6). This finding should be taken 
into consideration when benthic macrofauna is used as an indicator of eutroph-
ication. The concentrations of metals did not appear as an explanatory factor 
in any of the models. However, concentrations of metals should not be ne-
glected in the ecosystem since several metals, for example cadmium, zinc and 
copper, can result in species reproduction disorder, give sublethal effects and 
increase mortality (Sundelin 1983, Löf et al. 2016a, Bighiu et al. 2017a, 
Bighiu et al. 2017b). 
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Figure 6. Concentrations of PAHs in the sediment at the individual stations. The 
red lines indicates classification for PAH contamination in relation to pristine sta-
tus, based on the Swedish EPA guidelines (SEPA 1999, Josefsson 2017); the 
thresholds are set to 170 and 440 between very low to low levels and low to me-
dium high levels, respectively (in total five levels in the classification system, the 
two highest contamination levels were not reached). 

 
The concentration of PAHs and total organic carbon (TOC) in the sediment 
were positively correlated (r=0.87). This was expected since PAHs have high 
affinity to organic matter to which they sorb. However, the two variables can 
be expected to have different impacts on the benthic community (see Figure 7 
and details below). The organic carbon content was relatively low (ranging 
0.3-6.1%) and in this range we expected a positive effect of increased organic 
carbon on the species abundance (Cederwall and Elmgren 1980). The concen-
tration of PAHs was also relatively low, according to the Swedish EPA clas-
sification ranging from very low to medium high contamination (Figure 6), 
but still in concentrations that could be expected to be negatively associated 
to the benthic species abundance, at least for sensitive species such as Mono-
poreia affinis (Löf et al. 2016a). This can be exemplified in a comparison of 
the abundance of the more tolerant clam Limecola balthica and the abundance 
of the more sensitive amphipod M. affinis, and their correlation to concentra-
tions of PAHs and organic carbon in the sediment (Figure 7). The abundance 
of the more tolerant clam L. balthica showed no clear correlation to the con-
centration of PAHs nor to the organic carbon content. However, the more sen-
sitive amphipod M. affinis showed negative correlations between its abun-
dance and both PAHs and organic carbon (Spearman’s correlation, rho=-0.5, 
p<0.05). Hence, the negative association to PAHs seems to be a more likely 
explanation. We also tested to correlate the abundance of M. affinis with the 
ratio of PAHs/TOC, which could indicate concentration of PAHs regardless 
the organic carbon in the sediment, and this also showed a negative correla-
tion, although not statistically significant (but on the border to be; Spearman’s 
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correlation, rho=-0.4, p=0.06). Moreover, the concentration of PAHs, but not 
organic carbon, was included in all the final DistLM models (community com-
position, BQI and M. affinis). We also tested models with PAHs force-ex-
cluded, which resulted in that PAHs were replaced by organic carbon, but with 
lower explanatory values. Various transformations (e.g. log-transformation of 
PAHs, square-root of abundance) did not change the results. Thus, even if it 
is difficult to separate the effects of PAHs and organic content, we propose 
that the negative effects of PAHs have stronger explanatory in the structuring 
of benthic communities than the organic carbon. 
 
 

 
Figure 7. Correlations between abundance of Limecola balthica/Monoporeia af-
finis and sediment concentrations of PAHs (Σ 11, µg/g dry weight (dwt) sediment) 
and total organic carbon (TOC, % dwt sediment). Correlations between a) L. 
balthica and PAHs, b) L. balthica and organic carbon, c) M. affinis and PAHs, 
and d) M. affinis and organic carbon. The grey dotted lines indicate expected ef-
fects of PAHs and organic carbon (for figure a with L. balthica we had no ex-
pected effect of PAHs). Significant negative correlations were found in the abun-
dance of M. affinis and concentrations of PAHs and organic carbon (Spearman’s 
correlation, rho=-0.5, p<0.05). 
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Ecosystem functions, succession and resilience 

A healthy benthic community sustains many ecosystem functions, such as sed-
iment oxygenation and nutrient recycling (Gray 1997, Snelgrove et al. 1997, 
Kristensen et al. 2012). However, these functions are reduced in depauperate 
communities (Pearson and Rosenberg 1978, Villnäs et al. 2012). Various dis-
turbances can change benthic communities, and among the most studied under 
natural conditions are eutrophication and hypoxia. The successional model by 
Pearson and Rosenberg (1978) is an example based on a gradient of eutroph-
ication. In this model, the benthic community is classified according to a con-
tinuous succession model from a depauperate community with just a few op-
portunistic species, to a fully developed community with large species known 
to sustain high rates of bioturbation. In relation to this model, the disturbance 
by activated carbon resulted in a very slow succession. The community at 30 
m depth was still in an intermediate succession stage after nine years, with 
low abundance, biomass and number of species. No signs of recovery were 
detected between four and nine years.  
 
This remarkably slow succession indicates that activated carbon must be ham-
pering the recolonization of species. This could be due to several reasons. One 
theory is that activated carbon creates food shortage since it can bind to all 
types of organic nutriments (Aitcheson et al. 2000, Sessa and Palmquist 2008). 
This would be expected to decrease with time as new organic material reaches 
the bottom, and the activated carbon should with time also be buried. How-
ever, the TOC values in paper III indicate that activated carbon is still present 
in the top layer of the sediment nine years after capping. Powdered activated 
carbon, as used in this study (average particle size 20 µm), can be resuspended 
and probably stay in the upper sediment surface layer for a very long time 
(Rämö et al. In prep.). The bottom at 30 m depth is classified as a transport 
bottom, where it is plausible that some of the powdered activated carbon par-
ticles are continuously resuspended to the sediment surface, and therefore 
could still be disturbing for larval settling or survival nine years after capping. 
 
Another explanation for the slow succession in the activated carbon field 
could be changed sediment properties. Nine years after capping, Schaanning 
et al. (2020) found elevated nitrogen levels as well as higher water contents in 
the activated carbon fields. This could be a consequence of the altered benthic 
communities. Fewer species maintain functions such as bioturbation (e.g. pa-
per II), which in turn alter sediment properties making it less suitable for re-
colonization. Especially the important bioturbators, such as sea urchins and 
brittle stars, were locally eradicated from the activated carbon field up to nine 
years after capping, which can reduce the recruitment of other species 
(Widdicombe et al. 2004). Further, capping with activated carbon can alter the 



28 

benthic microbial community. For example, Bonaglia et al. (2019) found a 
significant decrease in nitrification, mainly as a consequence of elevated pH, 
in an experiment with activated carbon. On the other hand, Näslund et al. 
(2012) found an increased microbial diversity and production following cap-
ping with activated carbon. These two studies also reported changes in the 
community structure for meiofauna (40 µm-1 mm) after capping with acti-
vated carbon (Näslund et al. 2012, Bonaglia et al. 2019). Thus, several pro-
cesses affecting the sediment properties after capping with activated carbon 
can have consequences for benthic succession. 
 
In the capping experiment in paper I-III, the shallower system at 30 m was 
less resilient to the disturbance by capping with activated carbon than the 
deeper system at 95 m. This follows the theory of functional redundancy in a 
system (Holling 1973, Walker 1992). In the deeper area, a higher number of 
species with similar functions could sustain for example bioturbation and bi-
oirrigation, compared to the shallower area where one species, the brittle star 
Amphiura filiformis, contributed most of the abundance as well as vital bio-
turbation and bioirrigation functions in the sediment. As the key species in the 
system was eradicated, and still had not returned after nine years, the loss has 
a potentially severe effect on the ecosystem, since no other species maintained 
their function. This is also captured by the bioturbation and bioirrigation indi-
ces (BPc, BIPc and IPc) in paper II. Important traits to estimate these functions 
are species feeding guilds, their reworking activities and mobility (thus or-
dered in different categories in the three indices). The number of species that 
sustain these traits from the activated carbon and reference fields over time 
are shown in a n-MDS ordination in Figure 8. The reference fields showed no 
clear pattern over time in any of these traits. In the activated carbon fields, 
however, a clear difference is shown both compared to the reference fields and 
over time. Most prominent is the separation between samples after one year at 
30 m depth in all three traits. This is followed after four and nine years by the 
community traits moving closer towards the reference, even if they still are 
separated from the reference. The separation between fields shows that there 
are community differences in sustaining ecosystem functions in the activated 
carbon field compared to the reference field, which could result in less resili-
ence towards other disturbances, such as hypoxia, acidification or inter-and 
intraspecific competition. In the deeper fjord, it can be noted that the activated 
carbon and reference fields are separated in time, but that the samples after 
nine years are closer to the reference field in all three traits. This indicates a 
more similar function in the fields at this time. 
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Figure 8. nMDS-ordination of the traits reworking, mobility and feeding guilds 
represented in the communities in the activated carbon fields (AC) and reference 
fields (Ref), figures a-c at 30 m depth, and d-f at 80-95 m depth. The traits re-
working and mobility are from BPc classifications (Solan et al. 2004), while the 
feeding guild classification is from BIPc (Renz et al. 2018).  

 

Pearson and Rosenberg (1978) proposed that the capacity of communities to 
withstand disturbances is connected mainly to the ability of the species con-
stituent to adapt to the changed environment. With this theory, the species 
exposed to activated carbon at 30 m depth were not able to adapt to the new 
environment capping provided, while the species exposed to capping at 95 m 
depth were better to adapt. However, when species adapt to changes they 
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might change their behavior, which can give cascading effects on the ecosys-
tem. For example, the bivalve Scrobicularia plana showed changed feeding 
preference after adaptation to warming and acidification, which in turn had 
negative consequences on the nutrient cycling (Van Colen et al. 2020). Fur-
ther, acidification has resulted in increased respiration rates in for example 
echinoderms, which in turn put higher pressure on energetic demand for vital 
biological processes (Bednaršek et al. 2021). Thus, the function species pro-
vide under certain conditions is crucial for a functioning ecosystem. Also pa-
per IV showed community changes along the PAH gradient (CAP analyses), 
which potentially reduce the community function. The amphipods Mono-
poreia affinis and Pontoporeia femorata are found in the upper 5 cm of the 
sediment performing functions such as oxygenation of the sediment as well as 
recycling of organic matter and nitrogen mineralization (Lehtonen and 
Andersin 1998, Byrén et al. 2002, Karlson et al. 2010). They are also im-
portant prey for example to the isopod Saduria entomon and several fish spe-
cies such as herring, cod and ruffe (Hansson 1984, Arrhenius and Hansson 
1993, Ejdung and Elmgren 2001, Englund et al. 2008). All the functions these 
two amphipods sustain in the ecosystem can be threatened by increased con-
taminant loading, since they have been found to be sensitive to a range of 
contaminants, including metals and PAHs (Elmgren et al. 1983, Sundelin 
1983, Löf et al. 2016a, Löf et al. 2016b). 

Indices assessments of disturbances 

Several indices have been used to assess the effects of disturbance on benthic 
community composition in this thesis. The three functional indices for esti-
mating bioturbation and bioirrigation (BPc, BIPc and IPc) all captured the dis-
turbed communities following activated carbon capping. However, the eco-
logical indices used to assess environmental status (H’, ES100, ISI2012, NSI2012, 
NQI1, and BQI) did not capture the disturbances in the communities. One ex-
planation for these differences could be the use of biomass in the functional 
indices compared to only abundance and number of species in the ecological 
indices. Disturbed communities often have reduced biomass (Pearson and 
Rosenberg 1978), and organism body mass is also associated with functions 
within the sediment (Reiss et al. 2009, Norkko et al. 2013). One improvement 
that could make ecological indices perform better could therefore be to incor-
porate biomass, as in the functional indices. However, eutrophication can ini-
tially result in higher biomass (Cederwall and Elmgren 1990), so it is im-
portant that it is combined with species tolerance-sensitivity values and num-
ber of species. Today, it is not a common practice to measure biomass in all 
surveys of benthic macrofauna. For instance, it is rarely done in the Norwegian 
monitoring programs for sediment living macrofauna, since biomass is not 
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used in the status classifications (Veileder 02:18). Our results from paper I-
III clearly show reduced biomass after capping with activated carbon. Thus, 
the use of biomass should be further developed in environmental classifica-
tions for better management evaluations. 
 
Many of the classical diversity indices, such as Shannon-Wiener (H’) and 
Hurlbert (ES100), do not account for species sensitivity to disturbance, instead 
they focus on the relation of species within a sample. This can give misleading 
results in depleted communities as the one we found after capping with acti-
vated carbon (paper I-III). This was also noted in the successional model by 
Pearson and Rosenberg (1978), where Shannon-Wiener diversity did not show 
any continuous trend along the eutrophication gradient and associated com-
munity structures. Indices developed later often include species’ sensitivity-
tolerance to disturbance, based on the theory that tolerant species dominate in 
disturbed habitats, whereas sensitive species are present in non-disturbed hab-
itats. One of the most widely used benthic indices in Europe is the AZTI’s 
Marine Biotic Index (AMBI; Borja et al. 2000). This index is for example 
incorporated as a parameter in one of the Norwegian indices; the NQI1 (Rygg 
2006). AMBI classifies species into five ecological groups on the sensitivity-
tolerant scale according to expert-based classification. The index used in Swe-
den, the BQI (Leonardsson et al. 2009), uses two systems for species classifi-
cation depending on the salinity; in marine environment species sensitivity 
values have been mathematically set by ES500.05, while in the brackish Baltic 
Sea species are expert-based classified into five groups. Studies comparing 
AMBI and BQI sensitivity values in marine environments have identified sev-
eral differences in species sensitivity-tolerate classification (Grémare et al. 
2009, Labrune et al. 2012). Further, in BQI the species number is relevant, 
whereas it is not in AMBI (only species ecological group and its abundance). 
The number of species is highly relevant in poor communities, for example in 
the Baltic Sea. Thus, the number of species in BQI can explain the better per-
formance of this index in the depleted community at 30 m depth after capping 
with activated carbon (paper III). Further, this can also explain why AMBI 
is not performing so well when used in the species-poor Baltic Sea (Muxika 
et al. 2005, Zettler et al. 2007). One problem to solve with ecological status 
classification based on indices is how species should be classified according 
to their sensitivity to different disturbances. Both AMBI and BQI use classi-
fication mainly according to eutrophication (Borja et al. 2000, Leonardsson et 
al. 2009). The BQI was also explained by the concentration of PAHs in paper 
IV, but may not respond to other disturbances. It might be too optimistic to 
create a single scale of species sensitivity-tolerance values, since different spe-
cies can be sensitive to different disturbances. A possible way forward could 
be to create a set of different sensitivity-tolerance values, which together can 
be used to capture the variety of potential anthropogenic activities that can 
affect benthic communities.  
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Concerning the functional indices, it is important to bear in mind that the val-
ues of bioturbation and bioirrigation activities used are estimated, not meas-
ured. For example, Queirós et al. (2015) found that bioturbation depth, activity 
and biodiffusive transports were mainly impacted by seasonal food availabil-
ity. Further, paper II uses two bioirrigation indices, BIPc and IPc (Renz et al. 
2018, Wrede et al. 2018). These indices were both proposed in the end of 
2018, and we used both since we had no own measurements and could not 
validate which of them that would perform best. This is something that should 
be further investigated. For example, the two bioirrigation indices BIPc and 
IPc weigh individual biomass in different ways. In BIPc (as well as in the bio-
turbation index BPc), the biomass and abundance are set to contribute equally, 
while the IPc weigh biomass three orders of magnitude higher than abundance. 
In our study (paper II), the upscaled biomass result in that the IPc index value 
correlate very strong to AFDW biomass (R2=0.93-0.94). With this high corre-
lation to one factor in the index, it would be easier to just look at the biomass 
instead of using an index. How to scale the biomass (and the other factors) 
needs to be further investigated with experiments to capture the bioirrigation 
in the best way. 

Pre-cap field assessments 

The study design in the experiment using thin-layer capping with activated 
carbon in paper I-III compares treated and untreated areas. However, as men-
tioned in the study design, this set-up ideally requires assessments of the area 
before treatment to show that observed differences are solely due to treatment 
and to rule out difference due to local natural variability. This experimental 
design is often called the Before-After-Control-Impact (BACI) design 
(Stewart-Oaten et al. 1986). Pre-cap samples were taken with a Day grab sam-
pler from the activated carbon field and the reference field at 30 m depth, and 
the same grab sampler was also used one year after capping to compare Day 
grab samples with van Veen samples. From this, it was concluded that it would 
make no sense to do a comparison with Day grab samples and van Veen 
mixed. However, the pre-cap samples on their own can still be used with the 
Day grab samples after one year to analyze community differences between 
the fields and in time. 
 
Results from the Day grab samples showed no differences in number of spe-
cies between the two fields before capping (Table 2, Figure 9). The abundance 
was significantly higher in the reference field due to very high number of the 
bivalve Thyasira flexuosa compared to the pre-cap activated carbon field. The 
bivalve T. flexuosa is known for patchy populations and can reach very high 
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abundances where it is present (>22,000 ind./m2; López-Jamar et al. 1987). 
There were no findings of T. flexuosa (or other Thyasiridae) in the van Veen 
samples one month later in the reference area. Thus, we have analyzed species 
community both with and without Thyasiridae (findings of T. equalis and T. 
sarsii after one year were also excluded to follow the same principle, but this 
had no effect on the results). If Thyasiridae are excluded from the analysis 
there were no differences in abundance between the fields, but including 
Thyasiridae there is higher abundance in the reference field compared to pre-
cap activated carbon (Table 2). Five sea urchins (Brissopsis lyrifera and Echi-
nocardium cordatum) were found in the pre-activated carbon field but only 
one sea urchin (E. flavescens) was found in the reference field. Due to their 
large size, sea urchins constitute most of the biomass when they are present, 
and the biomass was therefore significantly higher in the pre-cap activated 
carbon field than in the reference field. Sea urchins were also present in the 
activated carbon field after one month in the van Veen grabs, but in later sam-
plings the biomass has been low in the field. The brittle star Amphiura fili-
formis, a key species in this system, was present in both fields before capping. 
It had slightly higher densities in the pre-cap activated carbon fields than in 
the reference field. This can be compared to the sampling after one year where 
only one A. filiformis was found in the activated carbon field compared to 46 
in the reference from the Day grab samples. The same pattern is found in the 
van Veen grabs after one year; one A. filiformis was found in the activated 
carbon field, while 41 were found in the reference field.  
 
 

Table 2. Univariate variables of number of species, abundance and biomass from 
Day grab samples between the reference and activated carbon fields at 30 m depth, 
pre-cap (n=7) and 1 year after capping (n=12). Results from PERMANOVA post 
hoc test between fields. Significant p values are shown in bold numbers, α = 0.05.  
  With Thyasira spp.   Without Thyasira spp. 
  Pre-cap 1 year   Pre-cap 1 year 

Number of species 0.5877 0.0001   0.3718 0.0001 
Abundance 0.0157 0.0001   0.6664 0.0001 
Biomass 0.0143 0.0001   0.0325 0.0005 
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Figure 9. Number of species (mean per sample), abundance (ind. per m2) and 
biomass (g wet weight per m2) from Day grab samples in reference (Ref) and 
activated carbon (AC) fields at 30 m depth, pre-cap (n=7) and 1 year after capping 
(n=12). Figures a-c are with the bivalve Thyasira spp. and figures e-f are without 
Thyasira spp. Mean ±SE. 

 
The nMDS-ordination (Figure 10) shows some initial similarities between the 
pre-cap samples in the two fields. After one year, the fields are clearly sepa-
rated indicating different communities. The smaller size of the Day grab sam-
pler result in a large variation between the samples in highly diverse commu-
nities such as this, compared to samples from the larger van Veen grab. We 
increased the number of samples from 7 to 12 in each field in the sampling 
one year after capping to increase statistical power and to be able to pool sam-
ples to reach a sampling area comparable to van Veen. However, when we 
compared pooled samples from the Day grab with samples from the van Veen, 
we found that the area in the Day grab sampler is only one factor, another is 
the penetration depth of the sampler. Species that live deeper in the sediment 
are not sampled by the Day grab due to its lower depth of penetration. There-
fore, Day grab samples will miss or underrepresent macrofaunal species that 
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live deeper in the sediment, and are thus not as representative as samples taken 
with the larger and deeper-digging van Veen grab. 
 
 

 
Figure 10. nMDS-ordination of the benthic communities from Day grab samples 
in the reference (Ref) and activated carbon (AC) fields at 30 m depth, pre-cap 
(n=7) and one year after capping (n=12). 

 
The macrofauna results can also be compared to the results from the SPI. The 
benthic habitat quality index (BHQ) derived from SPI showed no significant 
differences between the fields before capping (Schaanning et al. 2011). How-
ever, after one year the BHQ is notably lower in the activated carbon fields. 
The BHQ result is well in concordance with the findings from the benthic 
macrofauna samples. 

Limits of field experiments 

The papers in this thesis are all based on field experiments and data collected 
within monitoring programs. Being a part of the long-term field experiment in 
the project using thin-layer capping with activated carbon has given me a great 
opportunity to follow the macrofauna succession over nine years in a marine 
environment. I have also had the chance to go on yearly cruises in the Baltic 
Sea within the monitoring program. All this field experience has given me a 
better understanding of the sea floor environment and the diversity of fauna 
that it holds. However, I have also learnt that field experiments are followed 
with some uncertainties, and the importance to design experiments to mini-
mize some of these uncertainties. For example, it is a limitation in the capping 
experiment that we do not have van Veen grab samples from the fields before 
capping. Besides, only one field at the two depths was treated, and the repli-
cates were consequently not fully independent (Hurlbert 1984). This results in 
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some uncertainties in the hypothesis testing that the measured differences de-
pend on the capping treatment and not on natural variability in the environ-
ment. Hurlbert (1984) defined this statistical problem under the term ´pseu-
doreplication´. 
 
Pseudoreplication is a serious but unfortunately common problem in experi-
mental designs (Heffner et al. 1996). When Hurlbert (1984) introduced the 
term, he found 27% of pseudoreplication out of 176 experiments. However, 
the treated fields in our experiment are rather large (10,000 and 40,000 m2) 
and the 3-5 van Veen samples (0.1 m2) were at each sampling randomly dis-
tributed within the fields to increase their independence. Another design could 
have been to have fixed stations within the fields. However, we increased the 
number of replicate grabs from 3 to 5 grab samples between one month and 
one year, to better account for the variation in the inherent patchiness in spe-
cies distribution and to improve the statistical power. Due to the increased 
number of samples, we decided that a design with randomized distribution 
would be better suited. As mentioned earlier, a study design with pre-cap sam-
ples is central for BACI design, and could have solved the uncertainty here, 
of whether there were any differences between the fields before the start of 
the experiment (Stewart-Oaten et al. 1986). This is also stressed by others, for 
example by Underwood (1992) that in addition raise the need for spatial rep-
lication, and propose at least two reference areas for one impacted to minimize 
local natural changes through time. Although the design in our study does not 
have comparable before treatment samples, we do have spatial replication of 
the reference fields. At 30 m depth, the treatment with only clay serves as an 
additional capping control field, and in the deeper fjord an additional reference 
field was added after one year. These additional fields are presented in paper 
I and II, where the fields were compared to each other, but with no consistent 
significant differences between the reference/capping control fields. 
 
An alternative experimental design for the capping project could have been to 
test several fields with the same treatment. Pre-treatment samples would still 
be needed, but using several fields at the same depth would have minimized 
the possibility for local differences in the benthic communities and other fac-
tors, such as sediment type, settling of organic matter and local patchiness in 
fauna. However, this project was a pilot-study for the technique to apply thin-
layer capping at the depths used in this study, as no previous project had tested 
it at depths below 6 m. Several uncertainties were included in the placement, 
for example how the capping material would settle on to the sea floor and in 
what quantity it would spread outside the fields due to bottom currents (Eek 
et al. 2011). Besides, the fields had to be large enough to minimize edge effect 
dilutions. The placement of the treated fields was also reported to users of the 
fjord area to restrict other possible bottom activities. For these practical rea-
sons, only one large field could be capped at each depth. 
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SYNTHESIS OF RESULTS 

Contaminated sediments are still, after decades of awareness of pollution, af-
fecting the marine environment. To a large extent this is due to many com-
pounds’ persistence in nature, where historic emissions from decades back in 
time still can cause negative effects on biota. Besides, new contaminants are 
constantly developed to replace banned ones, causing concerns about effects 
they might have in the future (Rosenfeld and Feng 2011, Morin-Crini et al. 
2021). Further, remediation of contaminated areas is costly and often very de-
structive on the ecosystem. In dredging, which currently is one of the most 
commonly used methods, there is for example an obvious risk of recontami-
nation due to resuspension and relocation of the contaminated sediments 
(Bolam et al. 2006, Bridges et al. 2010). 
 
Contaminated sediments can influence the benthic macrofauna in various 
ways. Some species are known to be more sensitive than others to contami-
nants, particularly many crustaceans are sensitive to disturbances (Rodríguez 
et al. 2007, Esbaugh et al. 2018). For example, the sentinel amphipod Mono-
poreia affinis in the Baltic Sea has been found to have increased frequency of 
embryo malformations when exposed to contaminated sediments (Sundelin 
1983, Sundelin and Eriksson 1998, Reutgard et al. 2014, Löf et al. 2016a). 
This was also evident in paper IV, where the abundance of M. affinis was 
explained only by the concentration of PAHs as explanatory variable. In the 
highly contaminated fjord in Norway, where the remediation project took 
place (paper I-III), crustaceans were generally scarce, probably because of 
the contaminants in the sediment. However, many other benthic species typi-
cal for the depths and substrates were found in the reference areas, and despite 
the high concentrations of contaminants the benthic macrofauna communities 
had high diversity and showed good ecological status. At the same time, the 
contaminated sediments in the area have resulted in dietary restrictions based 
on health advisories for commercial species such as cod and crab (Saloranta 
et al. 2008). This shows the complexity of contaminants in the ecosystem, 
where they often pose a high risk for consumers higher up in the food web 
even if the toxicity risks to the benthic organisms are relatively low. 
 
The remediation project in Norway using thin-layer capping with activated 
carbon (paper I-III) was initiated to speed up the natural recovery of the area. 
The results of capping on contaminant fluxes and bioaccumulation are prom-
ising, with significant reduction of dioxins (Cornelissen et al. 2012, 
Cornelissen et al. 2015, Schaanning et al. 2020). However, these positive re-
sults should be weighed against the negative biological effects on the benthic 
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communities found in paper I-III, which imply that major negative conse-
quences on the entire ecosystem would follow, if a larger area were to be 
capped. The magnitude of disturbance on the benthic ecosystem is dependent 
on the community resilience and redundancy (Holling 1973, Sousa 1984, 
Walker 1992). For example, the more diverse benthic community at 95 m 
depths showed less impact of thin-layer capping with activated carbon than 
the less diverse community at 30 m depth (paper I-III). This highlights that 
the same disturbance can result in different outcomes, depending on commu-
nity composition and environment conditions, such as available sedimentary 
organic matter. This can to some extent explain the contradictory results in 
other studies on the benthic fauna after capping with activated carbon, where 
no or even positive effects were reported (Janssen and Beckingham 2013). 
 
Ecological indices are often used to determine if actions to manage the envi-
ronment should be carried out. However, when we used several ecological 
indices to evaluate status after the severe effects on the benthic communities 
using thin-layer capping with activated carbon (paper III), few of the indices 
could distinguish impacted areas from un-impacted ones. The index BQI has 
previously correlated better to a gradient of organic carbon compared to 
AMBI (Labrune et al. 2006), and BQI was also the only index in our study 
that showed less than good status in the depleted community at 30 m depth 
after capping with activated carbon. However, the same index did not capture 
community disturbances in the more diverse community at 95 m depth, so the 
outcome seems to be highly dependent on the community composition. BQI 
was also used in paper IV and tested against environmental and contaminant 
explanatory variables. In this study, BQI had the same explanatory variables 
as the community (salinity, temperature, depth and PAH concentrations), so it 
seems that the index can respond to disturbances such as PAHs. Altogether, I 
have shown that among the ecological indices, BQI has the potential to capture 
disturbances other than eutrophication, but not in highly diverse communities. 
Other indices measuring ecological status should be used carefully in environ-
ments where benthic communities have been exposed to other stressors than 
eutrophication. This is especially important if management decisions are to be 
based on the results of ecological indices. 
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FUTURE PERSPECTIVES 

This thesis has explored research gaps regarding short and long-term biologi-
cal effects of in situ sediment remediation with activated carbon, as well as 
explored if explanatory variables for benthic communities can be improved 
by including contaminant data. However, more research gaps should be filled 
within these research fields. I have listed three areas where I think it would be 
important to increase our understanding based on the findings of this thesis: 
1) a deeper understanding of how activated carbon affects benthic species and 
method development to minimize negative effects, 2) mapping of contami-
nants in the sediments in areas where benthic monitoring is carried out, and 
connecting the results with the community structure, 3) improve the develop-
ment of ecological status classifications by also including disturbances other 
than eutrophication. 

Effects of activated carbon on benthic species 

The severe and long-term response of benthic fauna to the remediation strat-
egy with powdered activated carbon (paper I-III) was a surprise for everyone 
involved in the project. Within the scope of this thesis, we have not been able 
to study the mechanism behind the severe and long-lasting effect of powdered 
activated carbon on benthic fauna. For example, we cannot explain why the 
brittle star Amphiura filiformis was locally eradicated and did not return for 
up to nine years after the capping. We have speculated on various reasons to 
why activated carbon has this severe effect, and this should be further inves-
tigated to find a method that can mitigate pollutants but be less destructive to 
the benthic fauna. However, species do not always respond in laboratory ex-
periments as they do in field studies. For example, I have tested behavior and 
growth of the brittle star A. filiformis exposed to 0-10% powdered activated 
carbon dry weight in a small-scale laboratory experiment, but found no differ-
ences between treatments (results not published). The brittle stars did not try 
to avoid or leave sediment areas amended with powdered activated carbon, 
and I found no differences in their arm regeneration. Maybe a better experi-
mental set-up with larger boxcores and a set flow-through system more similar 
to the nature at 30 m depth could give some answers to A. filiformis behavior 
in contact with thin-layer capping with activated carbon. However, it clearly 
highlights the need for in situ experiments, since nature seems to respond in 
ways we cannot always mimic properly in the laboratory.  
 
We also found that powdered activated carbon must have negative impacts on 
the succession. During the last field campaign in Norway, we were able to 
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collect samples along a transect from the activated carbon field at 30 m depth 
and out to an undisturbed area. This transect can be used as a proxy for suc-
cession along a gradient of activated carbon. Both macrofauna and meiofauna 
composition has been analyzed and shows a clear successional gradient from 
the activated carbon field towards the untreated areas (manuscript in prep.). 
These results will hopefully give a better understanding of the effects on the 
benthic succession process. Another possible future study could be to follow 
the succession in a field experiment with boxes placed on the sea floor with 
different concentrations or types of activated carbon, and compare the settling 
of new larvae, which should give important supplementary information on this 
crucial research gap. 
 
With the effects we have found on benthic fauna up to nine years after cap-
ping, it could be devastating for the entire ecosystem if a larger area were to 
be treated with powdered activated carbon. Therefore, more sustainable reme-
diation options with activated carbon should be evaluated. We have speculated 
in paper I-III that a larger particle size than used in this experiment (average 
size 20 µm, 80% of the particles smaller than 45 µm) might reduce the nega-
tive effects. Prof. Jonas Gunnarsson’s lab at Stockholm University is currently 
working on experiments in which slightly larger particle sizes have been 
tested. The challenge is to find a size spectrum that is less biologically disrup-
tive, but still efficient for contaminant sequestration (since coarse granular ac-
tivated carbon is found to be less efficient). Results from laboratory experi-
ments are promising (Rämö et al. 2021, Rämö et al. In prep.), and it would be 
interesting to test this further in situ in an environment such as the fjord at 30 
m in paper I-III to observe if milder effects on the benthic fauna can be 
achieved, while still maintaining the efficiency of the capping on contaminant 
immobilization. 

Contaminant concentrations in benthic ecology assessment 

The results in paper IV showed that medium to low concentrations of PAHs 
affected the benthic community in the Baltic Sea. This shows the importance 
of analyzing contaminant concentrations also in sediment samples from refer-
ence areas, since the sediment can hold a diversity of anthropogenic pollutants 
that can potentially affect the benthic communities. The monitoring program 
for sediment-living macrofauna in Sweden is designed to mainly account for 
eutrophication, but this can in worst case lead to erroneous assumptions, if 
sediment pollutants are not included in the analysis. Another finding in the 
study was that there were differences in concentrations at regional scale, mak-
ing it important to measure sediment pollutants on station level. For example, 
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several stations in the Askö region, an area south of Stockholm where the ma-
rine research station Askö laboratory is situated, showed relatively high con-
centrations of both PAHs and metals. In this area, one of longest time-series 
of benthic macrofauna exists – yearly samples at 18 stations since 1981 up to 
today, and four of these stations were sampled already during the 1970s. Thus, 
it would be important to measure local concentrations of contaminants in the 
sediment to get a greater understanding of the consequences on benthic spe-
cies but also to scale up on regional ecosystem level. 

Indices development 

Several indices have been used in this thesis to evaluate disturbances in the 
benthic communities, some with better result than others. In paper III, a hand-
ful of ecological indices were used, but none of them proved good enough to 
fully capture the depleted community resulting from capping with activated 
carbon. This is alarming, since management often relies on ecological classi-
fications. In worst case, this could lead to destructive impacts of anthropo-
genic activities, which could have devastating effects on the ecosystem before 
management reacts. Therefore, it is crucial to find better indices for capturing 
disturbances other than eutrophication. Some ideas have been discussed in this 
thesis, for example to include biomass or to use sensitivity-tolerance values 
that are species-specific for different disturbances. However, it is clear that 
more research should be done within this area, and it also highlights the im-
portance of expert knowledge that can evaluate community disturbances be-
yond indices classifications. The ecosystem is vulnerable and must be man-
aged in the right way. 
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du är, finaste lilla hjärtat! ❤ 
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