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ABSTRACT 
 
Shallow-water sediment systems are continuously exposed to a range of 
anthropogenic stressors, including increased nutrient loading, physical 
disturbance and toxicants. Superimposed on these local stressors are stressors 
related to the on-going climate change. Interacting stressors may strengthen or 
weaken effects of individual stressors, resulting in – often unexpected – non-
additive effects. Thus, the combined effect from several simultaneous stressors 
in shallow-water sediment systems is the main topic of this thesis. Individual and 
combined stressor effects were studied on intact sediment cores placed in an 
outdoor flow-through facility and in the laboratory. Both functional (primary and 
bacterial production, community respiration, meiofaunal grazing, denitrification, 
nitrogen mineralization and sediment-water fluxes of oxygen and nutrients) and 
structural (biomass and composition of microphytobenthos and meiofauna) were 
studied in order to assess effects of multiple stressors. 

It has been suggested that global warming can shift the trophic status of 
ecosystems from net autotrophy to net heterotrophy. A spring experiment (Paper 
I) showed, however, that the presence and activity of a well-developed 
microphytobenthic mat already in early spring sustained net autotrophy during 
simulated warming. The effects of increased temperature on the structure and 
function of the sediment systems were generally rather moderate. Consequently, 
it is possible that the presence and activity of microphytobenthos can buffer 
changes induced by seawater temperature. An autumn experiment (Paper II) 
suggested that warming combined with nutrient enrichment can induce shorter, 
intensive, heterotrophic periods that can be followed by longer autotrophic 
periods because initially increased mineralization induces a shortage of labile 
organic matter. Even though warming increased nutrient availability through 
increased mineralization, warming did not exacerbate the stimulatory effects of 
nutrient enrichment. The lack of interactive temperature-nutrient effects was 
mainly explained by a sustained filter function by microphytobenthos.  

It has also been suggested that future warming will exacerbate the effect of 
toxicants. However, in paper III the combined effects of an antifouling 
compound (Cupper pyrithione) and warming resulted in antagonistic rather than 
synergistic effects. The two types of microalgal communities present at the end 
of the experiment, a typical benthic mat and a floating periphyhtic mat, were 
both significantly affected by the toxicant, but in opposite ways; the biomass of 
the benthic mat was stimulated by the toxicant, whereas the floating periphytic 
mat was negatively affected. Thus, autotrophic communities within the same 
ecosystem can respond differently. Also the nutrient status of an ecosystem can 
change toxicant effects. This was shown in paper IV, where the combination of 
pyrene (a polycyclic aromatic hydrocarbon) and nutrient enrichment 
synergistically reduced the grazing pressure of meiofauna on 
microphytobenthos, exerting a cascading effect on the primary producers.  

In paper V we studied whether herbivores can mediate effects of ocean 
warming and acidification on microphytobenthos in a seagrass meadow, and 
how these effects were related to the biomass of Zostera marina, filamentous 
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macroalgae and sediment-associated fauna. Analysis of variance and structural 
equation modeling (SEM) were used to partition net effects of warming and 
ocean acidification into direct and indirect effects. This statistical approach 
showed that the absence of stressor effects on microphytobenthos was actually a 
combination of direct and indirect effects mediated via grazers on filamentous 
macroalgae and sediment associated fauna.  

Overall, the main results in my thesis is that even though changes in 
temperature, pH, toxin and nutrient availability, will occur in present time as 
well as the near future, the main function of shallow-water sediment ecosystems 
will be sustained given that microphytobenthos are present. My results also show 
that environmental alterations need to be studied together on an ecosystem level 
rather than on individual species level and that indirect effects always need to be 
taken into consideration when interpreting experimental results.   
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
 
 
Ett ökat nyttjande av haven som födoresurs, soptipp, transportsträcka och 
turistattraktion resulterar i enorma störningar på de organismer som lever i, eller 
angränsande till haven. Vidare förutspås stora förändringar i det globala 
klimatet, varav vissa av dessa förändringar redan nu börjar bli märkbara. Hittills 
har många av dessa störningar studerats en och en, och inte sällan på enskilda 
arter. I verkligheten sker det många störningar samtidigt. Effekten av en störning 
då är svår att förutsäga eftersom den kan bli förstärkt eller försvagad av andra 
störningar. Även om antalet studier som kombinerar störningar ökar så är det 
fortfarande få som inkluderar flera arter och nivåer i näringskedjan samtidigt.  
 

Jag har studerat hur förändringar i klimatet, tillsammans med lokala 
störningar påverkar organismer och dess funktion i grunda mjukbottnar. Grunda 
mjukbottnar kan vara allt ifrån sandstränder till leriga vikar och de fungerar ofta 
som uppväxt- och födoområden för många djur och kommersiellt viktiga 
fiskarter. Det är också dessa områden som är ”filtret” mellan land och hav, och 
får således ta emot en hel del skräp, gifter och näringsämnen från jordbruk och 
industrier. En förutsättning för att grunda mjukbottnar ska fungera som ett filter 
är att bottenlevande mikroalger är närvarande. Dessa mikroalger bildar ofta en 
tunn hinna på sediment botten där de producerar syre genom fotosyntesen och 
bidrar med över 50 procent av den totala primärproduktionen. Produktionen av 
syre styr flera biogeokemiska processer i sedimentet och avgör bland annat om 
näringsämnen tas upp eller släpps ut i den överliggande vattenmassan. Skulle de 
bottenlevande mikroalgerna försvinna, kommer flödet av näringsämnen och 
organismer som befinner sig på en högre trofinivå (fisk, krabbor etc) riskera att 
bli utan föda. Detta skulle få förödande konsekvenser för haven som livsmiljö 
och som en resurs för människa.  
 

I mina studier fann jag att en förhöjning av vattentemperaturen i grunda 
mjukbottnar har en effekt på både bottenlevande mikroalger och djur. Denna 
effekt är dock inte tillräckligt starkt för att skapa några större förändringar i hur 
systemet fungerar strukturellt och funktionellt. En förhöjd vattentemperatur i 
kombination med tillförsel av näringsämnen som exempelvis kväve och fosfor så 
kommer det att ske förändringar i kvävets kretslopp. Dessa effekter kan på sikt 
bidra till en ökad övergödningseffekt, men återigen så är dessa effekter på 
ekosystem-nivå relativt svaga. I dessa fall är det närvaron av bottenlevande 
mikroalger som reglerar effekterna av störningar genom att bibehålla systemet 
autotroft (självförsörjande). På så sätt kan de grunda mjukbottnarnas funktion 
bibehållas relativt intakta. Det mest överraskande är att effekten av ett 
båtbottengift på processer styrda av bottenlevande mikroalger (framförallt 
primärproduktion) helt och hållet försvinner när vattentemperaturen höjs med 
fyra grader. I just detta fall hade närvaron av bottenlevande mikroalger en 
motverkande effekt mot toxinet. Toxin-effekter är specifika och styrs ofta av 
andra miljöfaktorer. Exempelvis så kan toxiner resultera i oförutsägbara 
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indirekta effekter genom att påverka betningstrycket av organismer som livnär 
sig på bottenlevande mikroalger. Eftersom betydelsen av indirekta effekter är 
lika viktiga som de direkta, undersöktes den relative betydelsen av dessa genom 
att använda primärproducenter i en ålgräsäng som modellsystem. Resultaten från 
denna studie visar att styrkan av de indirekta effekterna kan bli lika stor som de 
direkta. Således kan direkta och indirekta effekter ta ut varandra så att 
nettoeffekten blir noll.  
 

Resultaten av mina experiment visar att även om stora förändringar 
kommer att ske i vår havsmiljö de närmaste årtionden så kan den huvudsakliga 
funktionen av de grunda mjukbottnarna bestå, under förutsättning att 
bottenlevande mikroalger är närvarande. En viktig slutsats är också att 
kombinerande miljöstörningar bör studeras samtidigt på systemnivå, och att både 
direkta och indirekta effekter tas i beaktande för att inte fel slutsatser dras om vår 
framtida havsmiljö.        
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BACKGROUND 
 
 

FUNCTION OF SHALLOW-WATER SEDIMENT SYSTEMS 
 
At the interface between land and sea, sandy beaches and muddy bays are 
important parts of the coastal marine ecosystem. On the sediment surface there is 
a thin, brown layer of benthic microalgae, also known as microphytobenthos 
(MPB). Microphytobenthos consist mainly of pennate diatoms, however, 
cyanobacteria, green algae and dinoflagellates are also present in large numbers 
(Colijn & Dejonge 1984). In estuarine ecosystems, MPB has been estimated to 
contribute with over 50 % of the total primary production (Underwood & 
Kromkamp 1999), thus its presence is not trivial. Shallow-water sediment 
systems (SWS) are also the home of seagrass meadows forming one of the most 
productive, yet threatened coastal ecosystems (Waycott et al. 2009). The 
presence of microphytobenthos and Zostera marina meadows in shallow-water 
sediment systems therefore constitute an important function for both the primary 
and secondary production of marine ecosystem.  
 

In unvegetated sediment systems microphytobenthos are at the base of the 
food web (Admiraal 1984, Middelburg et al. 2000). When suspended by water 
movements, MPB likewise contributes to the pelagic primary and secondary 
production (de Jonge et al. 2012). The presence of microphytobenthos can 
therefore support an entire food-web, both benthic and pelagic, in SWS 
(Middelburg et al. 2000) and several meio- and macrofaunal species are even 
known to exert a strong top-down control on MPB biomass (Coull 1999, 
Burkepile & Hay 2006, Weerman et al. 2011). Through the production of 
oxygen via photosynthesis, microphytobenthos also ‘indirectly’ controls 
important biogeochemical processes in the sediment (Sundbäck et al. 2000, 
Dalsgaard 2003). Oxygen is the most energy favorable electron acceptor. Hence, 
the presence or absence of oxygen is an important determinant for the many 
redox sensitive biogeochemical processes occurring in the sediments 
(nitrification, denitrification, mineralization, sulfate reduction etc.) (Froelich et 
al. 1979). Usually the scale between oxic and anoxic layers in shallow sediments 
is within a few millimeters. Thus, any change in the trophic state (the balance 
between autotrophy and heterotrophy) can have large effects on nutrient cycling 
and mineralization processes (Engelsen et al. 2008). Because of the tight 
coupling between nutrient cycling and the activity of microphytobenthos, 
shallow-water sediment systems constitute an important functional component of 
the coastal filter by transforming, storing and removing nutrients from the 
environment (Sundbäck & Miles 2000, McGlathery et al. 2007, Cook et al. 
2009). Microphytobenthos therefore have the capacity to buffer against abiotic 
nutrient discharges and hence counteract coastal eutrophication (McGlathery et 
al. 2007). In vegetated sediment systems such as Zostera meadows, 
microphytobenthos also constitute an important food source for crustacean and 
gastropod herbivores (Jaschinski et al. 2011).  
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Zostera marina is a clonal angiosperm that forms large underwater 

meadows and in shallow-water sediment systems they are typically found at 
depths around 2-4 meters on the Swedish west coast (Baden et al. 2010). 
Seagrass meadows support a wide array of trophic interactions between 
herbivores feeding on epiphytic and free-floating macroalgae, but they also 
function as nursery and feeding grounds for fish (Moksnes et al. 2008, Baden et 
al. 2012, Eklöf et al. 2012). There also seems to be a strong coupling between 
microbial activity and seagrass productivity, mainly through the oxygenation of 
sediments by seagrass rhizomes and roots (Pedersen et al. 1998). Thus, the 
microbial activity are higher in seagrass meadows when compared to 
unvegetated sediments (Lee & Dunton 2000). Regardless if the sediment system 
is unvegetated or vegetated, seasonal aspects need to be taken into consideration 
when studying structural and functional processes in temperate SWS. In general, 
SWS in Sweden turns net heterotrophic in late autumn and net autotrophic in 
spring. Thus, nutrients are taken up during spring and early summer, whereas in 
autumn nutrients are directed out of the sediment (Sundbäck et al. 2000). Zostera 
marina is a perennial plant, but during winter only roots and rhizomes are 
present in the sediments. Also, all the biogeochemical processes and trophic 
interactions are modified by the seasonal presence of macro- and meiofauna 
(Kristensen et al. 2012, Nascimento et al. 2012).  
 
 

MULTIPLE STRESSORS AND COMMUNITY RESPONSES 
 

Today, shallow-water sediment systems are increasingly exposed to local 
anthropogenic stressors like nutrient loading, toxicants, physical disturbance and 
overharvest of organisms (Halpern et al. 2008, Defeo et al. 2009). Superimposed 
on these local stressors is climate change such as elevated CO2 concentrations 
and warming (IPCC 2007, Crain et al. 2008). The problem with any stressor, 
singly or in combination, is that they often cause both direct and indirect effects, 
making it very difficult to draw any firm conclusions from the results without an 
appropriate approach (Folt et al. 1999, Vinebrooke et al. 2004). Thus, climate 
change may interact with local stressor and cause unexpected ecological 
'surprises' like ecosystem shifts and trophic cascades (Folt et al. 1999, 
Christensen et al. 2006, Crain et al. 2008).  
 

In order to understand how several stressors simultaneously influence 
shallow-water marine sediment systems, stressors have to be studied in 
combination (Folt et al. 1999, Crain et al. 2008). However, evaluating effects of 
multiple stressors is difficult because of the complexity of marine ecosystems 
and often a multidisciplinary approach is needed (Adams 2005). The combined 
effects of stressors often depend on the specific stressors, the ecosystem studied, 
species diversity and trophic level (Breitburg et al. 1999, Vinebrooke et al. 2004, 
Larson et al. 2007). Depending on several ecological factors, stressors – singly or 
together – affect marine ecosystems on different scales, which lead to the 
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question: Are stressors more harmful in combination than alone? Folt et al. 
(1999) highlight this question and discuss three models: Simple comparative (the 
effect of several stressors equals the strongest single stressor), multiplicative (the 
effect of one stressor controls the effect of another stressor) and additive (the 
combined effect of two stressors are smaller or larger than the sum of effect from 
those two stressors) to describe synergism and antagonism among multiple 
stressors. Folt et al. (1999) also emphasize the importance of describing which of 
the models is used during the experiment, because otherwise results might be 
difficult to interpret. The additive model is most frequently used, and was also 
used in this thesis, simply because it is easy to test with variance of analysis 
(ANOVA) and the model also discriminates between synergistic and antagonistic 
effects. Thus the model depends on the combined effect of stressors, i.e. whether 
it is less or more than the sum of the individual stressors (Folt et al. 1999). For 
example, temperature–toxicant interactions are complicated and the effects of 
toxins on aquatic and terrestrial organisms are very toxin and species specific, 
but in general a synergistic interactions would be expected, thus strengthening 
the toxicant effect beyond the individual effects (Heugens et al. 2001). This 
example highlights the fact that we need to complement the single-species and 
single-stressor tests, though they also are of great importance. 
 

Microphytobenthos have been studied in several multiple-stressor 
experiments and despite the observed changes in diversity and primary 
production, MPB seem to be less sensitive to stressors compared to sediment 
bacteria and meiofauna (Alsterberg et al. 2007, Larson et al. 2007, Sundbäck et 
al. 2007). Among bacteria, it is especially those involved with nitrogen cycling 
that appears to be sensitive when exposed to multiple stressors (Petersen et al. 
2004), and in general heterotrophs are more sensitive than autotrophs 
(Christensen et al. 2006, Sundbäck et al. 2007, Alsterberg et al. 2011). The aim 
of my research was therefore to clarify the combined effects of several 
environmental alterations and also to gain further basic knowledge about the 
biology and ecology of shallow-water sediment systems, and microphytobenthos 
in particular.  

 
 

ENVIRONMENTAL ALTERATIONS INCLUDED IN THIS THESIS 
 
Even though the number of environmental alternations on shallow-water 
sediment systems is numerous (Defeo et al. 2009), I have chosen to include, in 
this thesis, stressors that are predicted to have major impacts on the marine 
environment (IPCC 2007, Crain et al. 2008, Halpern et al. 2008).   
 
Global warming. One of the major stressors associated with climate change is 
environmental warming, which is expected to increase the growth of fast-
growing plants (Walther 2004), but also alter species size and composition 
(Sommer & Lengfellner 2008, Woodward et al. 2010). Changes in temperature 
will affect autotrophs and heterotrophs differently, primarily because 
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heterotrophic metabolism are more sensitivity towards changed temperature 
(Brown et al. 2004). Consequently, herbivore-plant interactions can be 
strengthened (O'Connor 2009) and trophic mismatches in spring blooms can be 
induced (Woodward et al. 2010). Further, changes in the metabolic balance can 
turn shallow-water sediment systems net heterotrophic (Hancke & Glud 2004, 
Yvon-Durocher et al. 2010) with direct consequences on nutrient cycling 
(Engelsen et al. 2008). In seagrass meadows warming is even predicted to have a 
direct negative effect on Zostera plants (Reusch et al. 2005), potentially resulting 
in ecosystem shifts (Connell & Russell 2010). Overall, warming is predicted to 
synergistically interact with other stressors, primarily due to the extra input of 
energy into the system, thus strengthening the effect of the other stressor (Crain 
et al. 2008).     
 
Elevated CO2 concentrations. Increased concentrations of CO2 will in the 
marine environment reduce the pH via a process known as 'ocean acidification' 
(Doney et al. 2009, Doney et al. 2012). Acidification may impact biofilm 
community composition by shifting from a bacterial- towards an algal 
dominance, thus affecting productivity and nutrient cycling (Rost et al. 2008). In 
general, acidification (and thus an increased availability to CO2) seems to 
stimulate benthic microalgal and Zostera growth, probably due to carbon 
limitation (Kroeker et al. 2010, Hicks et al. 2011). However, a lowered pH can 
potentially induce sublethal negative effects on herbivores and predators (Hurd 
et al. 2011). Thus, the effects of ocean acidification on herbivore-plant 
interactions are likely to depend more on the specific responses of different 
species involved, compared to global warming. If herbivores are resistant to 
ocean acidification their presence can weaken effects of ocean acidification 
(Anthony et al. 2011). If, however, herbivores are negatively impacted, ocean 
acidification can stimulate plant growth via the combined effect of increased 
bottom-up stimulation and reduced top-down control.   
  
Nutrient enrichment. Coastal eutrophication is the consequence of nutrient 
enrichment (Cloern 2001). Increased concentrations of nutrients and the 
consequence of eutrophication have large effects on shallow-water coastal 
ecosystems, mainly trough the formation of floating macroalgal mats that 
suffocates ecosystems such as eelgrass meadows and rocky shores (Cloern 
2001). In shallow areas and estuaries there will even be a shift in primary 
production from the bottom to the pelagic zone (McGlathery et al. 2007), which 
in turn will affect the metabolic balance, i.e. turning the sediment systems more 
heterotrophic (Borum & SandJensen 1996). Still, nutrient enrichment and 
consequently the presence of floating macroalgal mats have only small effects on 
microphytobenthos in unvegetated sediment communities. Probably because 
microphytobenthos can withstand periods of darkness and anoxia (Kamp et al. 
2011). However, for other groups of organism such as fish, sediment-associated 
fauna, macroalgae and eelgrass, floating algal mats can have devastating effects 
(Isaksson & Pihl 1992, Everett 1994, Norkko & Bonsdorff 1996).  
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Toxicants. The effects of toxins found in the marine environment can be very 
dramatic or hardly noticeable (Heugens et al. 2001, Chapman 2004, Turley et al. 
2005, Porsbring et al. 2010, Johansson et al. 2012). There are, however, some 
common observed effects in shallow-water sediment systems, particular on 
microphytobenthos and meiofauna. For example, toxicants can often induce 
food-web mediated indirect effects through the ‘removal’ of one trophic level in 
the system (Fleeger et al. 2003, Chapman 2004). In shallow-water sediment 
systems microphytobenthos seems to be fairly tolerant to toxins, at least when 
compared to heterotrophic bacteria and meiofauna (Carman & Todaro 1996, 
Sundbäck et al. 2007, Sundbäck et al. 2010). The toxins used were Polycyclic 
Aromatic Hydrocarbons (PAH), which usually originate from oil spill and 
combustion in boat engines, and Copper Pyrithione (CuPT), which is an 
antifouling toxin, used in boatpaints. Both toxins have been studied with 
ecotoxicological approaches before (such as EC50, multiple concentration levels 
etc.) and are able to generate both direct and indirect effects in shallow-water 
sediment systems (Carman & Todaro 1996, Maraldo & Dahllöf 2004, Alsterberg 
et al. 2007, Larson et al. 2007).  
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AIM OF THIS THESIS 
 
To date, there are a large number of stressor-related studies in terrestrial and 
aquatic environments. A large number of these studies, in the marine 
environment, are on species level (Crain et al. 2008), but the number of studies 
under ecologically more relevant conditions (i.e. several trophic levels included 
simultaneously) has started to increase during the last decade (Christensen et al. 
2006, Dueri et al. 2009, Fitch & Crowe 2011). Even though single-species 
experiments are highly valuable for the understanding of ecological systems, 
there is still a growing need of stressor experiment under ecological more 
relevant conditions. Further, stressors seldom operate individually; ecosystems 
are rather exposed to a multiple array of different stressors simultaneously. With 
the exception of paper I, dealing only with one stressor, increased seawater 
temperature, all papers presented in this thesis involves multiple stressors on 
several trophic levels simultaneously. The results from this thesis will try to 
clarify the combined effects of multiple stressors and also generate basic 
knowledge about the biology and ecology of shallow-water sediment systems. 
Specific aim for each paper were:  
 
Paper I: How will the autotrophic and heterotrophic compartments in 
unvegetated sediment systems respond to increased seawater temperature of 4 
°C? Will net heterotrophy be induced and thus consequently change the nutrient 
cycling? 
 
Paper II: Will an increased seawater temperature of 4 degrees Celsius 
exacerbate the direct consequences of nutrient enrichment in shallow-water 
sediment systems? Also, will there be non-additive effects (synergistic or 
antagonistic) on the nitrogen cycling?  
 
Paper III: Are effects of the toxicant cupper pyrithione (CuPT) strengthened, 
i.e. synergistic, on the structure and function of SWS when the seawater 
temperature is increased with 4 °C?  
 
Paper IV: Are effects of the toxicant pyrene dependent on nutrient status? And 
will pyrene induce sublethal effects on the meiofauna that affects their grazing 
rate on microphytobenthos?  
 
Paper V: Will the effects of warming and acidification on benthic microalgae be 
regulated by mesograzers, because respiration by the mesograzers is more 
temperature-dependent than plant photosynthesis? Secondly, will the indirect 
effects of warming and acidification on benthic primary producers be at least as 
strong as the direct effects?  
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METHODS 
 
Both functional (primary and bacterial production, community respiration, 
meiofaunal grazing, denitrification, nitrogen mineralization and sediment-water 
fluxes of oxygen, nutrients and alkalinity) and structural (biomass and 
composition of microphytobenthos and meiofauna) variables were studied. Many 
of these variables describes metabolic rates of shallow-water sediment systems 
as well as uptake and removal of nitrogen and are thus considered key ecosystem 
variables (e.g. Sundbäck et al. 2007). Also, performing experiments with 
realistic changes in the environment and using undisturbed sediment 
communities combined with methods from both ecology and biogeochemistry 
will make it easier to assess possible interactions between trophic levels as well 
as detecting both direct and indirect effects of environmental alterations. 
Nitrogen was of special interest in this thesis since it is usually considered to be 
limiting in marine environments (e.g. Howarth 1988, Antia et al. 1991) and also 
occurs in many forms and oxidation states caused by a variety of different 
transformation processes (Carpenter & Capone 1983). Individual and combined 
stressor effects were studied on intact sediment cores, which were placed in an 
outdoor flow-through facility with focus on the community response. When 
stressors were studied in the laboratory, homogenized sediment was used and 
focus was rather on mechanistic processes such as grazing by meiofauna on 
microphytobenthos.  
 
 

SEDIMENT COLLECTION 
 
Sediment to be used for experiments was collected at three different locations 
and also with different sampling techniques on the west coast of Sweden. In 
paper I, II and III the sediment was collected using an Olausson box corer (30 
cm x 30 cm) at a depth of ca 2 meters. Cylinders of black Acrylonitrile 
Butadiene Styrene plastics (height = 25 cm, i.d. = 25 cm) were used to sample 
one core from each box-core sample and later also used for sediment-water 
incubations. The use of intact, not sieved or homogenized sediments, add to the 
ecological relevance of our mesocosm experiment in the outdoor flow-through 
system since we have all indigenous organisms as well as trophic levels, which 
also can allow for indirect food-web mediated effects. In paper IV the top 3 mm 
of surface sediment was scraped off using a plastic plate and later sieved, 
homogenized and placed on top of cleaned beach sand in 350 ml crystallization 
dishes. Sand was used as a foundation for the surface sediment but also to avoid 
the build up of too much organic matter. In the last paper, sediment was 
collected from a Zostera marina meadow in the Gullmar Fjord and mixed with 
cleaned beach sand and placed in 30L semi-transparent buckets. On top of the 
sand–sediment mix, a layer of surface sediment (<0.5 cm), also collected from 
the Zostera meadow, were placed to initiate a diatom biofilm. 
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EXPERIMENTAL SYSTEMS 
 
In order to study the effects of 
changes in water temperature, 
alone and in combination with 
other stressors on intact sediment 
cores I constructed a flow-through 
system inside a green-house to 
allow close to natural light and 
temperature conditions, as well as 
protection from precipitation and 
birds (Fig. 1). The water was 
supplied directly from the Gullmar 
Fjord and was first entering two 
isolated and covered plastic 
containers of 1000L each. Water 
was bubbled to ensure no 
stratification and also filtered through cartridge filters before supplying water to 
each individual cylinder with a flow of 20 L h-1 (Fig 2). Experimental 
manipulation of temperature was performed using an immersion heater that was 
mounted in one of two larger containers. Two sensors inside the green house was 
placed in two cylinders or buckets (heated or ambient) and connected to a 
computerized united that controlled the immersion heater. A surveillance system 
of the temperature manipulation was installed and connected to my mobile 
phone. This system enabled me to monitor the heating of incoming water but 
also to make sure that all electrical components functioned correctly. Incoming 
water was monitored by measurements of temperature, pH, nutrients and oxygen 
to exclude possible side effects of rapid heating of the seawater. The temperature 
system was used in all papers, except for paper IV. However, besides heating 
incoming seawater, other manipulations were also performed. 	
  

 
In paper II, heated seawater 

was combined with nutrient 
addition. Nutrients were added by 
applying an in-situ enrichment 
technique using fertilizer pellets 
(Worm et al. 2000), with a total 
load of ∼ 80 mmol N m-2 day-1 
and ∼ 20 mmol P m-2 day-1. The 
pellets were placed in mesh bags 
at the water inlet of each cylinder, 
where inorganic nutrients where 
released to the surrounding water. 
In paper III heated seawater was Figure 2. The flow-through system used in papers 

I, II, III and V. 

Figure 1. Temperature manipulation on incoming 
seawater (Figure from paper II). 
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instead combined with a toxicant. I used cupper pyrithione (CuPT) to simulate a 
toxicant exposure, with a low and natural occurring concentration (Petersen et al. 
2004). For this I used a slurry technique to ensure that the toxicant came in rapid 
contact with the sediment, and was not dissipated in the water column (Sundbäck 
et al. 2007). The flow-through system was further developed in paper V by 
installing and connecting additional tanks (80 L) where the incoming seawater 
could be bubbled with enriched air or CO2 using a Beckman Coulter pHi 460 
data logger to manipulate seawater pH. Paper VI was rather a mechanistic 
grazing study, where I constructed a mini flow-through system using peristaltic 
pumps, placed inside a thermo-constant room. Pyrene (a PAH) was used as the 
toxicant and was mixed with the surface sediment slurry before placed in the 
glass vials. Nutrients were added as a spike to one of the two water-supply 
containers, corresponding to concentrations of ∼ 34 mmol N m-2 day-1 and ∼ 3.4 
mmol P m-2 day-1   
 
 

RESPONSE VARIABLES 
 
Structural variables. In all papers chlorophyll a (Chl a) concentration from the 
top 3 mm of sediment surface was used as a proxy for microphytobenthos 
biomass. Chl a was extracted with acetone over night and then measured 
spectrophotometrically (UV-2401PC, SHIMADZU) using the methods and 
equations by (Lorenzen 1967), which corrects for degradation products of chl a. 
In paper IV, living cells were also counted and measured (cell volume) in a 
Bürker counting chamber using epifluorescense microscopy at 500× 
magnification to complement Chl a data. Epifluorescense microscopy was used 
to look at the relative abundance and size group of species and cells were 
identified to the nearest taxon level possible. If floating algal mats were present 
(paper I, III and V) they were collected, wet and dry weights were measured as 
well as the carbon and nitrogen content using an Element Analyzer EA1108. 
Zostera leaves, roots and rhizomes were cleaned, dried, weighed and pooled to 
total Zostera marina biomass.    
 

Meiofaunal biomass was assessed through staining sediment samples with 
formalin containing Bengal rose in room temperature for 24 hours. The sediment 
was then sieved through 500-, 200-, 100- and 40-um sieves and after each 
sieving step, all meiofauna were counted and allocated to major taxonomic 
groups and converted to ash-free dry weight according to (Widbom 1984). 
Meiofauna was further converted to carbon using a conversion factor of 0.43 
(Båmstedt 1986). Macrofauna was collected by sieving the sediment of each 
cylinder/bucked through a 1-mm sieve and sorted, counted, dried and weighed.   
 

Sediment variables included, loss on ignition (LOI), which is a 
measurement of organic content, as well as porosity to characterize the sediment 
as either sandy or silty.  
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Functional variables. Sediment-water fluxes of oxygen and total alkalinity in 
light and dark were used to measure net and gross primary production and 
community respiration (paper I – III). During all flux incubations the water 
flow was turned off and cylinders were sealed with transparent lids with an 
Teflon coated stirring bar attached to the inside of the lid enabling mixing while 
doing the incubations. Also, sediment-water fluxes were always measured before 
sediment variables were sampled. Concentration of oxygen was determined 
using the Winkler technique. For practical reasons I assumed that CR in light 
equaled CR in dark. Even though CR in light probably is higher than in the dark 
(Kühl et al. 1996), which probably means that the GPP values were somewhat 
underestimated, but this fact should not influence the interpretation of the results. 
Trophic state has been found to be a good proxy for the nutrient balance as well 
as net flux of nutrients between the sediment and overlaying water (Engelsen et 
al. 2008, Eyre et al. 2011). Thus, the trophic state was further determined by 
calculating net 24-h oxygen fluxes and if the net oxygen flux were negative, the 
system was considered to be net heterotrophic. Total alkalinity was measured 
using potentiometric titration and Gran evaluation, following the increase of H+ 
after the second equivalence point. Sediment water fluxes of inorganic nutrients 
(ammonium, nitrate + nitrite, DIP and silicate) in light and dark were, as with 
oxygen, determined by start–stop incubations, assuming a linear 
increase/decrease of concentrations. Nutrients were analyzed using an automatic 
analyzer (Smart Chem; Westco Scientific Instruments) according standard 
colorimetric procedures (Strickland & Parsons 1972).  
 

Primary production in paper V was measured by incubating sediment 
slurries in scintillation vials with 14C-sodium bicarbonate under natural light and 
temperature conditions. Sediment bacterial production in paper I and III was 
measured with 3H-leucin according to (Ask et al. 2009). To enable a good dpm 
reading (disintegrations per minute – a measure of radioactivity intensity) all 
scintillation vials were ultrasonicated (Branson 2510) for 10 min and then 
counted in a liquid scintillation analyzer (TRI-CARB 2900TR, software: Quanta 
Smart V 1.1). 
 

In paper II I was also particular interested in the cycling of nitrogen since 
this experiment investigated the combined effects of nutrient enrichment and 
warming, and the effects on nitrogen cycling during nutrient enrichment is not 
completely understood (McGlathery et al. 2007).  Thus I measured potential 
denitrification and nitrogen mineralization as a complement to fluxes of 
inorganic nutrients. Potential denitrification was measured with 15NO3 on 
preincubated sediments (with helium removing the oxygen) in darkness and 
calculated according to (Thamdrup & Dalsgaard 2002). Nitrogen mineralization 
(ammonification) was measured in two ways (1) through closed sediment 
incubation i.e. changes in pore-water ammonium concentration and (2) 
calculated from measured sediment-water nitrogen fluxes and denitrification.    
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Meiofaunal grazing. In order to investigate potential sublethal effects of PAH 
and nutrient enrichment, meiofaunal species were allowed to graze on pre-
labeled 14C microphytobenthos pellets (paper IV). Microphytobenthos was 
cultivated with f/2 medium in cultivations flasks (Nunc®). The grazing pressure 
was assessed through DPM data for each major meiofaunal taxon when 
corrected for biomass (Nilsson et al. 1993). With this approach only meiofauna 
was exposed to experimental treatments and not microphytobenthos, which was 
done in a previous study (Alsterberg et al. 2007). All samples were counted in a 
liquid scintillation analyzer (TRI-CARB 2900TR, software: Quanta Smart V 
1.1). 
 
 

STATISTICS USED 
 
In all papers I used an orthogonal design and differences between treatments 
were analyzed using model I (fixed factors) and model 3 (mixed factors) analysis 
of variance (ANOVA), permutational multivariate analysis of variance 
(PERMANOVA) and structural equation modeling (SEM). The combined use of 
ANOVA and PERMANOVA allowed me to test treatment effects on individual 
variables as well as the integrated community response, which showed a more 
general response of the community to experimental treatments. Further, by 
including SEM analysis, net effects analyzed with ANOVA could be allocated 
into direct and indirect effects. Analyzing indirect effects is of great importance 
considering the fact that they are just as important in structuring aquatic 
communities as direct effects (Wootton 2002, Harley 2011, Wernberg et al. 
2012). In paper I and IV time were treated as fixed factors, thus I had a specific 
interest in the chosen days. In paper II time was treated as a random factor 
because I was more interested in a general temporal variation. I did not use 
repeated measurements, so after each sampling occasion the sampled mesocosms 
was discarded. All data were checked for normality and homogeneity of variance 
using box, residual and Q-Q plots. ANOVA were run in the R-environment 
(Development Core Team 2010).  
 
Permutational multivariate analysis of variance. To analyze the integrated 
community responses to experimental treatments I used PERMANOVA in 
papers I – VI, which is a multivariate approach of ANOVA (Anderson 2001, 
McArdle & Anderson 2001). PERMANOVA partitions multivariate variation 
according to individual factors in balanced ANOVA designs. Thus, 
PERMANOVA tests simultaneous responses of one or more variables to one or 
more factors in an ANOVA design on the basis of a distance measure. The main 
difference, compared to ANOVA, is that PERMANOVA calculates P-values 
using permutations (Anderson 2001). Permutations are a mathematical, random, 
rearrangement of the observations to each treatment groups under each variable, 
which results in a number of recalculations of the F statistics. Hence, repeated 
permutations create distributions of F-values that can be compared with the F-
values from the original data set, instead of using tabulated values. In all 
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analyzes I used the Euclidean distances and raw data was never transformed but 
standardized through normalization. A total of 9999 unrestricted permutations of 
raw data were used in all tests. To detect differences in within-group dispersion 
between treatment groups, data was also analyzed with permdist, based on the 
sample distance to the group centroid. In paper III and IV principal coordinate 
analysis (PCO) was calculated and the replicate locations were plotted in a two-
dimensional plot explaining the main part of the variation. Analyzes were run 
using the programs PERMANOVA v.1.6, PERMDIST and PCO3 (Anderson 
2001). 
 
Structural equation modeling. In paper V the observed net effects of warming 
and acidification on microphytobenthos was allocated into direct and indirect 
effects using structural equation modeling (SEM). The major advantage with 
SEM is that it incorporates casual processes, making it possible to distinguish 
between direct and indirect effects, as well as graphical and mathematical 
representations of the model(s) (Grace et al. 2012). Structural equation models, 
in a simplified explanation, consist of several structural equations (representing a 
univariate equation showing that x has a causal effect on y) that are modeled 
with multivariate relationships. Assessment of model fit and parameter 
estimation is performed through comparison between actual covariance matrices 
and estimated covariance matrices of the best model fit using maximum 
likelihood and Chi-squares as goodness of fit. A low p-value means that the 
model is significantly different from the observed data, hence p-values above 0.3 
is usually accepted as probable (e.g. Arhonditsis et al. 2007). I further used a 
multigroup analysis, which is an extension to the use of structural equation and 
greatly enhances the applicability for experimental data (Grace 2003). A 
multigroup analysis permits determination of the degree to which two subsets of 
the data fit a common model and can be used to further investigate what 
parameters are the same or different across groups as well as comparisons 
between group means and intercepts (Grace & Jutila 1999). Hence, in paper V I 
used the multigroup SEM analysis to identify direct and indirect effects of 
warming and acidification, but also to test if the relationships between 
microphytobenthos, sediment fauna, filamentous macroalgae and Zostera 
differed between seagrass meadows having mesograzers present or absent. All 
SE models were run in AMOS (version 20).  
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THE RESPONSE OF SHALLOW-WATER SEDIMENT SYSTEMS TO 
ENVIRONMENTAL ALTERATIONS 

 
The response of shallow-water sediment systems depend of the type of 

stressor being studied and in most cases there were very few interactive effects 
between stressors. However, there seemed to be a general pattern of response of 
processes and organisms being studied: heterotrophs, such as bacteria, meio- and 
macrofauna were more sensitive to all types of stressors, while autotrophs, 
appeared less sensitive. The apparent lack of individual and combined effects of 
stressors, particularly on microphytobenthos could however have been due to 
several direct and indirect effects counteracting each other. Regardless, the 
function of shallow-water sediment systems as a nutrient filter between the 
sediment and overlaying water, as well as sustaining net autotrophy was 
maintained due to the presence and activity of microphytobenthos.  
 
 

CHANGES IN TROPHIC STATE AND NUTRIENT CYCLING WERE 
BUFFERED BY THE ACTIVITY OF MICROPHYTOBENTHOS 

 
Changes in seawater temperature affected heterotrophic activity by 

increasing the respiration, bacterial production and faunal biomass. 
Heterotrophic activity is predicted to increase during warming (Brown et al. 
2004) and this also means that the trophic state of ecosystems can be pushed 
from net autotrophic to net heterotrophic (Brown et al. 2004, Hancke & Glud 
2004, Yvon-Durocher et al. 2010). Further, even small changes in the trophic 
state can affect the overall dynamics of nutrients in shallow-water sediment 
systems (Engelsen et al. 2008). Thus, warming can change the functions of SWS 
as a nutrient filter. However, the trophic state of SWS also varies with season in 
cold-temperate areas, and in general turns autotrophic during spring and 
heterotrophic during autumn (Sundbäck et al. 2000). Two studies, one in spring 
and one in autumn, were therefore performed in order to detect if warming 
affected the trophic state and consequently the nutrient cycling.  

During spring, warming increased community respiration and likewise 
heterotrophic mineralization in the sediment. Dark and light fluxes of alkalinity 
indicated that warming stimulated anoxygenic mineralization, which is fueled 
with other electron acceptors than oxygen. Warming consequently challenged 
the net autotrophic state by decreasing the oxygenated zone in the surface 
sediment. But the sediment never turned net heterotrophic. Rather, warming 
strengthened the autotrophy even more, probably due to a high activity and 
biomass of microphytobenthos. Since the activity of microphytobenthos 
increased with warming, the filter function was likewise strengthened, 
particularly through an increased demand of inorganic nutrients by diatoms and 
bacteria, thus cutting of the supply of pore-water nutrients to the water column 
(Sundbäck & McGlathery 2005). During autumn, the combined and individual 
effects of warming and nutrient enrichment also stimulated community 
respiration and in this case actually induced net heterotrophy – but not during the 
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entire experimental period. The trophic state was therefore, with a few 
exceptions, maintained net autotrophic during autumn. Probably an increased 
temperature initially increased the mineralization of the organic matter 
(strengthening heterotrophy), but later the mineralization was instead reduced 
through a shortage of labile organic matter (reducing heterotrophy). Since 
microphytobenthos was present and active, the trophic state therefore, once 
again was turning net autotrophic.  

The presence of a well-developed diatom mat sustained net autotrophy in 
the shallow-water sediment systems. Since microbial mats usually are dominated 
by species with short generation times, adaptation to changes can be quick and 
hence hinder or buffer changes in environmental conditions (Admiraal et al. 
1999, Witt et al. 2011). Previous experiments (Alsterberg et al. 2007, Larson et 
al. 2007, Montserrat et al. 2008) have already shown that microphytobenthos can 
quickly recover after perturbations. Thus, considering the importance of the 
autotrophic system in terms of its buffering capacity (de Wit et al. 2001), the 
presence of microphytobenthos can be suggested to contribute to the overall 
buffering of shallow-water sediment systems to environmental alterations.   
 

 
WARMING AND SIMULTANEOUS NUTRIENT ENRICHMENT 

INCREASED THE INTERNAL LOADING OF NUTRIENTS TO THE 
OVERLAYING WATER – BUT NOT ALWAYS… 

 
Warming combined with nutrient enrichment synergistically increased nitrogen 
mineralization and denitrification, which consequently resulted in an increased 
efflux of ammonium and denitrification. However, nitrogen mineralization and 
nitrification probably became temporally separated due to a faster response of 
nitrogen mineralization during warming, thus channeling ammonium to the 
water column rather than fueling nitrification. The stimulated denitrification, 
fueled by nitrates in the water column, contributed to counteract the nutrient 
enrichment by transforming nitrates to nitrogenous gas. However, denitrification 
in shallow sediments is seldom high enough to counteract nutrient enrichment 
(McGlathery et al. 2007), and this was also the case in this experiment. Thus, the 
combined effects of warming and nutrient enrichment have the potential to 
strengthen coastal eutrophication through the production of redundant amounts 
of ammonium in the sediment. However, the production of ammonium (through 
mineralization) and the actual loss of ammonium (sediment-water fluxes, 
adsorption to particles and bacterial uptake) were compared with the calculated 
nitrogen demand of microphytobenthos. These comparisons showed that the 
efflux of ammonium would have been much higher without an uptake by 
microphytobenthos. At larger water depths in the photic zone, however, 
microphytobenthos become less active due to lower light availability (Sundbäck 
et al. 2004), and hence the combined effects of warming and nutrient enrichment 
can be expected be stronger along with increasing heterotrophy of the sediment.	
  
In the very shallow-water, however, microphytobenthos will probably continue 
to sustain the filter-function. 
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WARMING MAY REMOVE THE TOXICANT EFFECT 
 
An accelerated effect of 

warming was the flaking of sediment, 
which actually resulted in a formation 
of floating algal mats (Fig. 3). 
Flaking of diatom biofilms in shallow 
sediment areas is a fairly common 
phenomenon and usually occurs due 
to air bubbles trapped inside the 
microalgal mat (Admiraal 1984, 
Sutherland et al. 1998). The floating 
algal mats consisted not only of 
benthic, but also of pelagic and 
epiphytic microalgal species, which 
probably came from outside the flow-through system. Interestingly, however, 
was that the floating algal mats were negatively affected by a toxicant (CuPT), 
whereas microphytobenthos was not. Also, when warming was combined with 
the toxicant, antagonistic effects were observed. Hence, warming removed the 
toxicant effect. Tolerant species probably dominated in the sediment, whereas 
less tolerant species dominated in the floating algal mat, which suggests that 
warming accelerated pollution-induced community tolerance of the 
microphytobenthos by selecting for CuPT tolerant species (Admiraal et al. 1999, 
Blanck 2002). Further, the floating algal mat can be regarded as detached 
periphyton living in a planktonic environment, thus the habitat of seemingly 
similar communities can decide the mode of response to environmental 
alterations. The antagonism induced by warming can only be speculated about, 
but most likely there was an increased turnover due to warming, leading to a 
dilution effect and a lower bioavailability of the toxicant to individual cells 
(Heugens et al. 2001). Actually, since most temperature effects on 
microphytobenthos were rather modest, flaking might have been the most 
obvious direct temperature effect on microphytobenthos. Flaking of surface 
sediments also show that the effects of warming can induce a translocation of 
primary production from benthos to the pelagic zone, which actually resembles 
the same shift of primary producers observed in eutrophied shallow bays 
(Sundbäck & Snoeijs 1991, Cloern 2001, McGlathery et al. 2007).  

 
  

TOXICANTS CAN INDUCE FOOD-WEB MEDIATED EFFECTS 
ON MICROPHYTOBENTHOS VIA MEIOFAUNA 

 
The biomass of microphytobenthos increased during the exposure of a 

toxicant (pyrene). However, the increased biomass of microphytobenthos was 
interpreted as an indirect effect of the toxicant, caused by a sublethal effect on 

Figure 3. Floating algal mat (paper III). 
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the meiofaunal grazing pressure. Difference in sensitivity to stressors both within 
and between trophic levels can result in food web mediated effects (Petchey et 
al. 1999, Wootton 2002, Fleeger et al. 2003). In shallow sediments, both 
meiofauna and macrofauna are known to graze (Blanchard 1991, Nilsson et al. 
1993), and sometimes even exert a top-down control on microphytobenthos 
(Coull 1999). Thus, it was shown that toxicants can induce food-web mediated 
effects through sublethal effects on meiofaunal grazing pressure and also that 
increased concentrations of inorganic nutrients can exacerbate the toxicant 
effects. Copepods are usually the most sensitive meiofaunal taxa to toxicants 
(Carman et al. 2000), but in the experiment with pyrene and nutrient enrichment 
it was actually the temporary meiofauna, i.e. juvenile polychaetes that 
experienced a reduced grazing rate when exposed to pyrene. These results 
emphasize temporary meiofauna as important grazers on microphytobenthos, 
and also that microphytobenthos is an important food resource for higher trophic 
levels in shallow-water sediment systems. An increased grazing pressure by 
temporary meiofauna could therefore also explain the absence of warming 
effects on microphytobenthos biomass during spring, since the biomass of 
polychaete worms significantly increased by warming. Thus the direct positive 
effects by warming on microphytobenthos would have been masked by the 
increased grazing (indirect) by temporarily meiofauna.    

 
 

HETEROTROPHS APPEAR MORE SENSITIVE THAN 
AUTOTROPHS 

 
In general, it seems that autotrophs, primarily microphytobenthos, are less 

affected by environmental alternations when compared to heterotrophs, such as 
bacteria and meiofauna.  

 The effects of environmental alterations on microphytobenthos biomass and 
composition were in general quite week. The environmental alterations included 
in thesis all had a positive effect on microphytobenthos biomass, including 
positive effects of toxicants, which is quite in contrast to what would have been 
expected (Heugens et al. 2001). However, many of these effects were probably 
indirect effects (see discussions in previous paragraphs) rather than direct 
effects, with the exception of nutrient enrichment, which probably directly 
stimulated the growth of microphytobenthos. Low net effects of environmental 
alterations are quite in contrast to observations from phytoplankton communities 
(Sommer & Lengfellner 2008, Lewandowska & Sommer 2010, Sommer & 
Lewandowska 2011). However, similar responses in the benthic and pelagic 
zones are perhaps not to be expected because of large physical, as well as 
biological differences between the two habitats. Macroalgae and Zostera 
benefited from acidification, probably due to CO2 limitation (Kroeker et al. 
2010). For Zostera this effect disappeared when increased CO2 was combined 
with warming, whereas acidification and warming synergistically increased the 
biomass of macroalgae. Since temperature dependence of photosynthesis is 
weaker than that of respiration (e.g. Brown et al. 2004, Yvon-Durocher et al. 
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2010), especially for aquatic ecosystems (Yvon-Durocher et al. 2012), it would 
have been natural to find more pure temperature effects for heterotrophic 
variables. Also, previous experiments exposing intact sediment to single and 
combined stressors have suggested that the heterotrophic compartments are more 
sensitive than the autotrophic compartments (Larson et al. 2007, Sundbäck et al. 
2007). 

 Among heterotrophic compartments, warming stimulated bacterial 
production, meiofaunal biomass and community respiration. Sediment bacteria, 
in general, have a higher Q10 than benthic diatoms (Hancke and Glud 2004), and 
an increased bacterial production can be a direct effect of warming (Sander & 
Kalff 1993). However, the stimulation of bacteria could also partly be a bottom-
up effect, since bacteria are known to use dissolved organic matter (DOM) 
produced by microphytobenthos (Goto et al. 1999, Evrard et al. 2008). 
Considering that temperature, together with organic matter content, is one of the 
main controlling factors of bacterial production (Sander & Kalff 1993), it was 
surprising to find that warming also decreased bacterial production. This result 
was the complete opposite of what was expected, but it could have been caused 
by a temperature-induced indirect effect mediated by food-web interactions 
(Kordas et al. 2011). Thus, a strengthened grazing pressure could have 
counteracted the potential stimulatory effect of warming on bacterial production 
(Nydahl et al. 2013). Apart from directly measuring bacterial production, it was 
apparent from the increased sediment-water nitrogen fluxes in darkness 
(primarily NO3

–), as well as from denitrification and nitrogen mineralization that 
the microbial heterotrophic activity was affected by warming as well as warming 
combined with nutrient enrichment.   

An increased meiofaunal biomass due to warming was mainly caused by the 
growth of temporary meiofauna (in our experiment mainly polychaete larvae). 
Typical meiofauna (e.g., harpacticoid copepods and nematodes) were, however, 
not affected by temperature, which also accords with observations by Baulch et 
al. (2005). On the basis of these results, short-term periods of warming, even 
when water temperatures are naturally high, are not expected to lead to any 
changes in the composition of the meiofauna community. This could be due to 
the fact that meiofauna within the littoral zone already are adapted to natural 
diurnal and annual fluctuations in water temperature.	
  On the other hand, in situ, 
higher seawater temperatures can directly increase the recruitment of temporary 
meiofauna. But the increase in biomass may also be a consequence of increased 
food availability, larval settling or biomass production (Costil & Daguzan 1995, 
Feuchtmayr et al. 2007). Warming also increased the biomass of sediment-
associated fauna such as Corophium sp. and Hydrobia sp., whereas acidification 
did not seem to have any effect on either sediment-associated fauna or 
mesograzers such as Gammarus locusta and Littorina littorea. As previously 
mentioned, an increased activity and biomass of fauna is expected during 
warming (O'Connor 2009, Kordas et al. 2011). However, the response of 
meiofauna to toxicants seems more difficult to predict. Exposing meiofauna to 
toxicants induced lethal, sublethal and non-lethal effects. Sublethal effects were 
observed as reduced grazing pressure on microphytobenthos (see previous 
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paragraph). However, sublethal effects can eventually be lethal, thus the time of 
toxicant exposure does matter for the detection of lethal or sublethal effects 
(Fleeger et al. 2003). Further, CuPT did not affect meiofauna, not even when 
CuPT was combined with warming. However, previous studies have shown that 
CuPT can decrease meiofaunal biomass (Alsterberg et al. 2007). On the other 
hand, pyrene affected both the biomass and grazing pressure of meiofauna. Also, 
the mode of response by pyrene was dependent on the nutrient status of the 
sediment, mainly by strengthening the negative effects on meiofaunal grazing. 
This could be explained by a higher metabolic turnover rate with more efficient 
transport of the toxicant (Koelmans et al. 2001, Hjorth et al. 2008). One 
additional plausible explanation is that toxicant effects are easier to detect in a 
“richer system” because of a higher response potential (Larson et al. 2007). To 
conclude, the sensitivity of meiofauna to toxicants has been found to vary with 
taxonomic group and species, as well as with the toxicant and its concentration. 
Also, the generation time of meiofauna lies within days or months (Kennedy & 
Jacoby 1999), making it possible for the meiofauna community to respond 
quickly to environmental differences such as toxicants and to adapt and recover. 

 
 

DIRECT AND INDIRECT EFFECTS OF CLIMATE CHANGE CAN  
COUNTERACT EACH OTHER 

 
The direct positive effects of warming combined with ocean acidification 

on microphytobenthos in a seagrass ecosystem were counteracted by food-web 
mediated indirect effects. Actually, the strength of indirect effects even resulted 
in a net zero effect of warming and acidification on microphytobenthos. 
Warming is predicted to strengthen herbivore–plant interactions and 
consequently induce food-web mediated indirect effects (Brown et al. 2004, 
O'Connor 2009). Thus, in this study warming increased faunal activity, such as 
grazing, as well as the biomass of both consumers and algae, and hence 
strengthening the top-down control on microphytobenthos. No negative effects 
of ocean acidification on grazers were observed and macroalgae were stimulated 
by the availability of extra carbon with the exception of microphytobenthos, the 
only autotrophic component unaffected by acidification alone. But when 
acidification was combined with warming, microphytobenthos biomass was 
stimulated, and in general, acidification can have major effects on autotrophs 
when combined with warming (Connell & Russell 2010). This is due to 
temperature-induced changes in autotrophic metabolism, which increases the 
need of CO2 for the build up of biomass (Walther 2004, Connell & Russell 
2010). In this study the mesograzers (Gammarus, Littorina, Rissoa) grazed on 
filamentous macroalgae (affecting light availability and competition of nutrients) 
as well as on sediment-associated fauna (Corophium, Hydrobia, Nereis; grazing 
on microphytobenthos). 

Thus, depending on the complexity of the system, i.e. the number of trophic 
levels, the effects of warming and ocean acidification were either abundant or 
completely absent. Using structural equation modeling (SEM), the strength of 
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direct and indirect effects by warming and acidification was evaluated between 
groups with or without mesograzer. Results from the analysis showed that 
several stronger direct effects of warming and acidification actually were 
counteracted by indirect effects mediated by trophic interactions, but only in the 
group with no consumers present. Hence, the consumers acted as buffers towards 
environmental alterations, by removing the direct and indirect effects of 
warming and acidification on microphytobenthos. This also highlights the fact 
that indirect effects of climate change may often exceed direct effects in terms of 
their relative importance (Wootton 2002, Harley 2011, Wernberg et al. 2012). 
Thus, for understanding effects of climate change from a more multi-trophic and 
multi-factor perspective, we need to manipulate factors separately and jointly, 
and apply statistical analyses that can discriminate between direct and indirect 
effects. 
 
 

CONCLUSIONS 
 

Results presented in this thesis highlight the complexity behind effects of 
environmental alterations and emphasize the importance of understanding the 
consequences of climate change combined with abiotic stressors in a multi-
trophic and multiple-stressor perspective. Global warming may, like 
eutrophication, contribute to a shift in the type of primary producers (i.e. from 
benthic to pelagic) with the formation of floating microalgal mats with similar 
ecological implications as green-algal mats. However, changes in trophic status 
are less likely, even though small changes in trophic status can have strong 
effects on nutrient cycling. The effects of toxicants on aquatic organisms under a 
warmer climate do not need to be amplified. Thus, different photoautotrophic 
communities can respond very differently to stressors, even within the same 
ecosystem, and the habitat of seemingly similar communities can decide the 
mode of response. Still, stressor effects will depend on how many trophic levels 
that is present in the system and the sensitivity or direction of effects will also 
vary with trophic- and species level. Hence, unexpected indirect effects can be 
expected.  

 
Throughout this thesis I have also, several times, stressed that 

microphytobenthos seems to be particularly resistant to single and multiple 
environmental alterations. Although microphytobenthos are no group of super 
organisms, I do believe that they feature a number of characteristics that protects 
them for environmental alterations and hence contributes to the overall buffering 
of shallow-water sediment systems. First of all, microphytobenthos exist with a 
high compositional diversity; hence a moderate stressor cannot cause any 
substantial change in the composition. Secondly, microphytobenthos usually 
consist of well-developed and fully dense communities capsuled in a coating of 
extracellular polysaccharides substances (EPS). Living at high densities often 
lowers the risk of mortality in physical harsh environments because the presence 
of neighbors directly or indirectly buffers environmental extremes (Hay 1981, 
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Bertness & Leonard 1997). Also, the EPS protects the microphytobenthos 
community by stabilizing the sediment environment (Underwood & Paterson 
2003, de Brouwer et al. 2005). Thirdly, microphytobenthos can survive in both 
dark and anoxic conditions by respiring nitrate and quickly starting to produce 
oxygen again when environmental conditions improve (Kamp et al. 2011, 
Larson & Sundbäck 2012). Finally, many species among microphytobenthos 
have the ability to move up and down within the sediment, especially the 
pennate diatoms, thus if environmental conditions change these species will 
simply escape and later return when conditions have improved.  

 Therefore, compared to other ecosystems such as the pelagic, shallow-
water sediment systems are probably more protected and less sensitive to 
environmental alterations, mainly because of the presence and activity of 
microphytobenthos.  
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FUTURE OUTLOOK 
 
The results presented in this thesis, and other papers dealing with stressor 
experiments, are two-fold; firstly, they show the actual response of shallow-
water sediment systems when exposed to environmental alterations; secondly, 
they give further basic knowledge about the biology and ecology of these 
ecosystems. Thus, performing experiments with realistic changes in the 
environment and using undisturbed sediment communities will generate a 
broader perspective in terms of ecosystem function and the effects of interactive 
stressors. Such studies will also emphasize the vitality and resilience of valued 
ecosystems, which in the end will be highly valuable for scientific and 
management considerations.  
 

In order to extend the knowledge of environmental alterations I believe that 
controlled manipulative experiments need to be complemented with field data. 
Although this is not an easy task, it could for example be possible to work with 
natural gradients of disturbance such as salinity, nutrients, trophic state and 
temperature. Also, the use of several levels within one disturbance could help in 
predicting the actual consequences of environmental alterations and show if the 
effects can be extrapolated over a wider scale of variation. As mentioned in 
paper V, taking both the direct and indirect effects into consideration with 
various statistical and experimental methods will also be very valuable and most 
likely change our current knowledge about the consequences of environmental 
alterations in aquatic and terrestrial ecosystems.           
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