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Abstract

Aquatic sediments are, by surface, the largest habitat on Earth. A wide
diversity of organisms inhabit these sediments and by their actions
they have a large influence on and also mediate many ecosystem
processes. Several of these processes, such as decomposition and
remineralisation of organic matter are important on a global scale and
are essential to sustain life on Earth. The main aim of this thesis was
to use an experimental ecosystem ecology approach in order to study
some of these ecosystem processes in marine sediments and how they
are linked to biodiversity.

Paper I and II found that an increased species richness of sediment
deposit feeders increases the processing of organic matter from
phytoplankton settled on the sea-floor, and that species-rich
communities have a more efficient resource utilization of deposited
organic matter. The results in paper IV and V also suggest that there
is a link between microbial diversity in sediments and the degradation
of organic contaminants. Paper V also shows that antibiotic pollution
is a potential threat to natural microbial diversity and microbially
mediated ecosystem services. The introduction of invasive species to
ecosystems is another major threat to biodiversity and was studied in
Paper II and III, by investigating the ecology of Marenzelleria arctia, a
polychaete worm recently introduced in the Baltic Sea. Paper II
suggests that M. arctia mainly utilize food resources not used by native
deposit feeders, thus potentially increasing the benthic production in
the Baltic Sea by increasing resource use efficiency. Paper III,
however, show that M. arctia is protected from predation by the native
benthic invertebrate predators, due to its ability to burrow deep in the
sediment, suggesting that predation on M. arctia by higher trophic
levels is restricted, thereby limiting trophic transfer.

In conclusion, this thesis gives some examples of the importance of
marine biodiversity for the generation of a few key ecosystem
processes, such as organic matter processing and the degradation of
harmful contaminants.

Keywords: Biodiversity « Soft-bottom sediment « Ecosystem processes o
Ecosystem function « Benthic-pelagic coupling « Baltic Sea ¢ Trophic
interactions e Pollutant biodegradation e Organic matter
mineralization e Deposit feeder e Detritivore « Invasive species
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Introduction

Oceans cover approximately 70 % of our planet. Under the water
surface, lies the sea floor, mainly in the form of soft-bottom
sediments. This constitutes, by area, the largest ecosystem on Earth
in terms of spatial coverage (Snelgrove, 1997), and a wide range of
ecological processes is taking place here. These ecosystem processes
are essential for the maintenance of a well functioning ecosystem,
and allow the continuous transfer of energy and nutrients between
biotic and abiotic compartments of the ecosystem. All organisms
within ecosystems, including humans, are dependent on functions
generated by ecosystem processes, such as recycling of organic
matter and the maintenance of clean air and water. In order to
ensure well-functioning ecosystems, that provide ecosystem services
to human society, it is necessary that we understand how key
ecosystem processes function. With a proper understanding how
important ecosystem services are generated, we can hopefully one
day achieve a sustainable management of Earth’s ecosystems. In
several cases around the world today, anthropogenic disturbance
(e.g. eutrophication, overfishing, habitat destruction and pollution)
due to improper or absent management, have caused large-scale
changes in marine ecosystems.

The main aim of this thesis was to study a few key ecosystem
processes in marine sediments and how these processes are linked
to biological diversity. More specifically, I have:

e Experimentally tested how biodiversity in the form of species
richness and community composition affect the cycling of
carbon and nitrogen deposited from settling phytoplankton
blooms (I-1II)

e Investigated the ecology of the, by humans, introduced species
Marenzelleria arctia and how it has affected a few ecosystem
processes in the Baltic Sea ecosystem (II-III)

e Experimentally studied the degradation of organic pollutants
in sediments and how this process is linked to the diversity of
bacteria (IV-V) and the abundance of meiofauna (IV) and how
anthropogenic pollution by pharmaceuticals may affect the
degradation of other organic pollutants (V).




Organic (IV-V)
pollutants

PHOTIC ZONE

Trophic (.
Sedimentation ’rransm“er(III V)
Mineralization  (I-1I, 1V)

incorporation
(I-11, IV)

Burial (-1, IV)

Figure 1. A schematic overview of the major sediment ecosystem processes examined and
discussed within this thesis. Modified from Karlson (2010).



Ecosystem processes in marine sediments

An ecosystem is composed of organisms that interact with each
other and their environment (Tansley, 1935). Physical, chemical
and biological actions or events that occur at the ecosystem level
can be defined as ecosystem processes. These processes link
organisms and their environment together, forming an ecosystem,
where energy is transformed and matter is cycled. At a basic
functional level, ecosystems contain primary producers that harvest
an energy source, such as sunlight, and convert it into chemical
energy by transforming inorganic compounds into organic matter.
Consumers feed on the organic matter created by primary
producers, and so do decomposers, who also break the organic
matter back into its inorganic components.

A majority of the world’s sea floor is situated below the photic zone,
where the light levels are too low for photosynthesis. Since only a
small amount of primary production occurs below the photic zone in
oceans (by chemoautotrophs), sediment ecosystems are fundamen-
tally dependent on imported energy in the form of organic matter to
maintain their structure. Mostly, organic matter input is supplied
from settling phytoplankton, produced in the photic zone. Con-
sumers living in and on the sea floor process organic matter that
sediments down to and settles on the sea floor (Paper I-II, IV). The
energy and matter originating from the settled organic matter is
then available for further transfer to secondary consumers and
predators at higher trophic levels (Paper III), constituting the
marine food web. Decomposers eventually process and recycle
organic matter into inorganic compounds (e.g. nutrients) that can
be transferred back to the photic zone (Paper I-II, IV-V). This
coupling of energy and matter between the benthic and pelagic
system is commonly referred to as benthic-pelagic coupling, and it is
a fundamental process for the functioning of marine ecosystems.

All nutrient cycles on Earth are by majority driven by microbial
activity. For example, bacteria and fungi perform almost all of the
carbon mineralization on earth (90 %) in addition to playing a
leading role in the nitrogen, phosphorous and sulphur
biogeochemical cycles (Atlas and Bartha, 1998). Microorganisms
also play a crucial role in the degradation of organic contaminants
in sediments (Eggleton and Thomas, 2004; Gilbert et al., 1996;
Helm et al., 2000, Paper IV-V), helping to maintain clean water and
sediments. The activity of microbes can be controlled by a set of
environmental factors such as temperature, pH, Eh (redox
potential) and nutrient availability (Atlas and Bartha, 1998;
Eggleton and Thomas, 2004), of which some can in turn be affected
by organisms living within the ecosystem.
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Sediment-living fauna modify and
rework soft sediments by their ac-
tivities, often summarized by the
term bioturbation. This term in-
cludes all types of faunal activity, for
example burrowing, feeding, defeca-
tion, ventilation and irrigation of
biogenic constructions. Bioturbation
has been accepted as a key process
that modify biological (e.g. other
fauna and bacteria), chemical (e.g.
nutrient concentrations) and physic-
cal (e.g. grain size) properties of ma-
rine sediments (Rhoads, 1974). Bio-
turbation also increases particle and
water transport within sediments,
allowing the burial of organic matter
and harmful contaminants, as well
as influencing the transport of sol- Figure 2. Bioturbating Marenzelleria

utes such as inorganic nutrients. arctia with biogenic constructions
(burrows)

Marine biodiversity in sediments and the link to
ecosystem processes

Biodiversity (biological diversity) is a wide term, encompassing all
measures of biological variability from genes to ecosystems. The
number of species present is the most common measure of
biodiversity, usually referred to as "species richness". Other types of
biodiversity, for example at genetic, community or landscape level
are naturally also of major importance, depending on the temporal
and spatial scale, or which processes that are considered.

Microorganisms are by abundance the far most dominant in all
ecosystems on Earth. The total number of prokaryotes (Bacteria
and Archaea) present on Earth has been estimated to 4-6 x 10%
individuals (Whitman et al., 1998), which, on a total carbon basis,
equals the biomass of all plants on Earth. Microorganisms are
generally classified as organisms too small to be seen with the
human eye, which generally includes Bacteria, Archaea, viruses,
Fungi, Algae, protozoans and small metazoans (Lim, 1998).
However, this definition is problematic as there are several species
and groups that are in a grey zone, for example the world’s largest
known bacteria, Thiomargarita namibiensis, can reach a size of 750
pum (Schulz et al., 1999), which makes it observable by eye only.
Many metazoans are also too small to be seen without a microscope
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(e.g. many nematodes) but are mostly referred to as meiofauna
when smaller than 500-1000 um. Many organisms also go through
microscopic juvenile stages, thus functioning as temporary
microorganisms/meiofauna. Regardless of what is included in the
term, it is clear that the microbial diversity is outstanding and at
present time it is likely that we only have discovered a fraction of
the total biodiversity of organisms on Earth. This is clearly
displayed by extrapolation estimates on the total number of
Prokaryote species (Archaea and Bacteria) that has been made by
using molecular techniques in combination with statistics (Curtis
and Sloan, 2004; Pedros-Alio, 2006; Torsvik et al., 1998; Torsvik et
al., 2002; Ward, 2002). These estimates are staggering and range up
to 10° species. Considering this large species richness, it is even
more fascinating that an extensive genetic and functional versatility
can exist within a single bacterial species (see e.g. Walsh et al.,
2009), highlighting the magnitude of the fact that all species are
unique.

The question of what limits Earth’s overwhelming species diversity
was brought up early in natural history. Historically, the major
assumption has been that biodiversity is a dependent variable
responding to changes in the environment or in the ecosystems’
processes (Naeem, 2002). For example the microbial ecologist Baas
Becking, claimed in the 1930s that “everything is everywhere, but,
the environment selects” (de Wit and Bouvier, 2006). Similarly,
much research has been done on the effect of various abiotic
environmental factors on biodiversity, for example factors such as
oxygen and nutrient availability, sediment type, organic matter
content, climate and pH (Buckley et al., 2006; Freitag et al., 2006;
Hewson et al., 2003; Hunter et al., 2006; Moss et al., 2006), just to
name a few. Environmental factors, such as low oxygen
concentrations in benthic habitats can also be negative on a local
scale for biodiversity but on the other hand, may be positive on a
larger scale as it creates habitat heterogeneity (Gooday et al., 2010;
Vanreusel et al., 2010), and actually increases the biodiversity on a
larger scale. A large spatial and temporal heterogeneity has also
been shown to be necessary in order to sustain a high microbial
diversity (Lozupone and Knight, 2007; Torsvik et al., 2002) allowing
a higher biodiversity in more complex environments.

The role of abiotic factors in regulating the occurrence and
abundance of organisms was described in the early 1900s by
Shelford (Shelford, 1913) in his “law of toleration”, which states
that for survival and growth each organism requires a complex set
of conditions to be fulfilled, and gave examples of limiting factors
such as temperature and low nutrient conditions. These thoughts
were developed later-on by other ecologists, and in 1958,
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Hutchinson defined the n-dimensional niche concept, where each
dimension is represented by an environmental variable that limits
the survival of a specific species. These environmental restrictions
equate to the fundamental niche, which defines the space and
resources a species can utilize in the absence of biotic interactions.

Biotic interactions such as competition
and predation are, however, present in
the real environment, and restrict the
fundamental niche space to the
realized niche (Krebs, 2001).

That species may utilize resources with
varying degree of efficiency, thereby
implying that biodiversity is important
for ecosystem processes, has been rec-
ognised and studied for a long time in
science with described experimental
studies dating back at least as far as
1825 (Sinclair, 1826). Due to the re-
cent, rapid speed of biodiversity loss
caused by human activities, research
has intensified during the last decades
in order to better understand the con-
sequences of biodiversity loss on eco-
system function and the provision of
ecosystem services. Three main hy-
potheses have been suggested on the
relationship between biodiversity (spe-
cies richness) and ecosystem function
(see e.g. Lawton, 1994): 1) All species
contribute to ecosystem function - the
“rivet hypothesis”. 2) Species can be
lost without consequences, as long as
the functional groups are still present —
the “redundancy hypothesis” 3) Spe-
cies contribution to ecosystem function
is unpredictable, due to context-
dependency and the complexity of eco-
systems — the “idiosyncratic hypothe-
sis”. See Figure 3 for a graphic illustra-
tion of these three hypotheses.

Most of the research on the
relationship between biodiversity and

Ecosystem function (rate)

Rivet hypothesis

rS 4
w""
(304
o*

Idiosyncratic hypothesis

Species richness

Figure 3. Three hypotheses on the
relationship between species rich-

ness

and ecosystem function.

Adapted from Lawton (1994).

ecosystem function has been performed on a relatively small scale,
and mostly by manipulating species richness at a single trophic
level. Microbial species richness has for example been positively
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linked to community respiration rates (Bell et al., 2005; McGrady-
Steed et al., 1997) and to the range of organic substrates that can be
decomposed (Naeem et al., 2000). The importance of species
richness of burrowing macrofauna in sediments for ecosystem
processes such as oxygen and nutrient fluxes has also been shown
(e.g. Waldbusser et al., 2004). Some, however, have argued that only
the functional diversity (i.e. number of species traits) is important,
not the species richness per se, for these processes (e.g. Raffaelli et
al., 2003), in accordance to the redundancy hypothesis. To a large
degree, this is based on the assumption that species can perform the
same roles in an ecosystem and have completely overlapping
fundamental niches. However, even if this assumption would be
true, this does not mean that species (for which the ecosystem
potentially possess functional redundancy) may be lost without
consequences, because species will always differ to some extent in
some specific function or characteristic (Jax, 2005; Rosenfeld, 2002),
e.g. the species being lost might be tolerant to a specific pollutant
(and the replacer might not be).

The argument that mainly functional diversity is important, and
the validity of the "functional redundancy hypothesis", is likely on a
narrow or limited scale, but as the scale of focus increases and when
several ecosystem processes/functions are considered simultaneous-
ly (Stachowicz et al., 2007; Stachowicz et al., 2008), it is more likely
that species richness is positively linked to ecosystem function
(rivet hypothesis). Recently, it has also been shown that food-web
structure can interact to affect the relationship between
biodiversity and ecosystem function (Duffy et al., 2005), stressing
the importance of increasing the complexity within biodiversity-
ecosystem function research. An increased complexity can be
achieved through several approaches, e.g. by including a food-web
ecology perspective (Srivastava et al., 2009) or include an increased
spatial and temporal heterogeneity (Hillebrand and Matthiessen,
2009).

The last decades of biodiversity research have nevertheless
accumulated evidence that there is a positive relationship between
biodiversity (species richness) and ecosystem processes (Cardinale et
al., 2006; Duffy, 2009). This has successfully challenged one of
ecology's central beliefs, namely that biodiversity is primarily a
consequence of environmental factors and ecosystem processes,
secondarily structured by community interactions (Naeem, 2002). A
recent view on the relationship between environment, biodiversity
and ecosystem processes is illustrated in Figure 4.
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Biodiversity:
Species richness, genetic
diversity, community
composition, habitat
diversity, species traits, etc.

Environment: Ecosystem processes:
Sediment food quality (TOC, Carbon mineralisation,
lipids, amino acids etc), confaminant degradation,
contaminants, oxygen, nutrient remineralisation,
salinity, sediment particle productivity, particle
organisation, etc. transport, etc.

Figure 4. The links between biodiversity, ecosystem processes and the environment in
marine sediment ecosystems. Adapted from Loreau (2010).

Marine ecosystems, like any other ecosystem have a capacity to
resist and recover from various types of disturbance. The term
resilience has been used as a definition for the amount of
disturbances an ecosystem can absorb (or resist or buffer against
changes) before changing into an alternative stable state
(Gunderson et al., 2002; Holling, 1973). Some evidence point
towards that biodiversity may be even more strongly linked to
stability (i.e. resistance, resilience, reduced variability) than
ecosystem processes themselves (Stachowicz et al., 2007). This may
in part be explained by differences in species’ response to
environmental fluctuations, allowing a stabilization of community
and ecosystem dynamics (Elmqvist et al., 2003; Leary and Petchey,
2009).
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Study system: The Baltic Sea

The Baltic Sea is one of the world’s largest brackish water bodies
with a surface area of more than 400 000 km? (Weaver, 2003). The
Baltic Sea is divided into several basins with the Baltic Proper being
the largest, occupying the southern half of the Baltic Sea. The other
major basins are Bothnian Bay, Bothnian Sea, Gulf of Finland, Gulf
of Riga and Kattegat (see Figure 5). The Baltic Sea can be seen as
an “estuarine-type water body” (Reid and Orlova, 2002) with a
salinity regime driven by a balance between freshwater inflow,
mostly from rivers in the North, and inflow of saltwater from the
North Sea, via the narrow Danish Straits (Reid and Orlova, 2002;
Weaver, 2003). Because of the large catchment area of
approximately 1.7 million km? (indicated in grey in Fig 6), more
than four times than the Sea itself, the freshwater input to the
Baltic Sea is large, compared to the intrusions of salt water from
the North Sea, which only take place at very specific weather
conditions that occur irregularly (Schinke and Matthaus, 1998).

Because of its special bathymetry, the Baltic Sea's water exchange
through the Danish Straits creates a strong salinity stratification
(halocline) at approximately 60-80 m depth. This generates a
stagnant water layer below the halocline that is oxygen-poor
throughout much of the deeper Baltic Proper due to the limited
water mixing. A salinity gradient also occurs in the surface water,
with salinities ranging from approximately 1-2 (expressed using the
practical salinity scale) in the Bothnian Bay to 20 in the Danish
Straits (Reid and Orlova, 2002; Weaver, 2003). A sharp thermocline
also develops in the surface waters during the summer, and divides
the surface waters into two distinct layers: the top layer down to 10-
25 m depth, which is mixed by winds and a deeper and colder layer
that extends down to the halocline or the bottom (Weaver 2003).
The water temperature in deeper waters is generally around 4-6°C
throughout the year. During the winter months, ice forms and
usually covers a significant part of the Baltic, especially in the
northern, colder parts that also have a lower salinity (Reid and
Orlova 2002).

Soft mud is the most dominant bottom type and covers most of the
Baltic Sea seafloor (Jansson, 1980), with accumulation bottoms
dominating below 50 metres depth (Hakanson, 1993). The benthic
macrofaunal diversity is low with a handful species, constituting a
low number of functional groups (Ankar, 1977; Bonsdorff and Pear-
son, 1999). The meiofauna community is more species rich with

16




about 50-60 dominant species in the Baltic Proper, with nematodes,
copepods and ostracods dominating in biomass (Ankar and Elm-
gren, 1976; Elmgren, 1978). Salinity is one of the main factors that
affects the distribution patterns of Baltic Sea metazoans, as only a
few species of marine origin thrive in the low salinity waters of the
northern parts and only a few species of freshwater origin thrive in
the salty southern parts (Foberg, 1994) (Laine, 2003; Weaver,
2003). The microbial diversity within the Baltic Sea is not as exten-
sively studied as the diversity of larger organisms, but studies have
shown that the Baltic Sea contain diverse and unique communities
of bacteria, ciliates and OV
flagellates (Edlund, 2007, N T
Edlund et al., 2008; Stock
et al., 2009). Studies of
pelagic bacteria have also Y o

shown that it is most like- ’ 4

ly that Baltic Sea microbi- Y
al communities have both ¥ > MY
a marine and freshwater o7 FINLAND
origin (Riemann et al., Bothnian Seq S

g W 4
2008; Sivonen et al., SWIEQ?N,.__--.'} Gulf of Finland

2007). SR N
'? ESTO"‘“A(1 RUSSIA

The nutrient status of the G If f RT

Baltic Sea has been 1] ,I! i ° '9a “

,Baltic Proper v

greatly altered during the
last century, due to an-
thropogenic and natural
causes, resulting in a eu-
trophication situation.
The major anthropogenic
cause contributing to the
eutrophication is the
demographic increase in
modern time; approxi-
mately 85 million people
live in the Baltic's catch-
ment area today. In addi-
tion to the last century’s
increased pollution from industries, agriculture and sewage, large
saltwater inflows during the 1950s caused a mass release of phos-
phorous from the bottom sediments. The release of phosphorous in
turn induced a high level of nitrogen fixation from phosphorous
limited cyanobacteria, thus causing a large increase in primary pro-
duction and sedimenting organic matter, starting the eutrophica-
tion cycle (Osterblom, 2006). Large areas of the Baltic Sea seafloor
are today either seasonally or permanently affected by low oxygen

BEII_'ARUS

RN

{ UKRAINE

Figure 5. The six major basins of the Baltic Sea with their
respective drainage area in light grey.
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levels (hypoxia) or anoxia (oxygen free conditions), which has had
large effects on sediment living fauna (Karlson et al., 2002; Pearson
and Rosenberg, 1978).

A large number of non-indigenous species have been introduced by
humans into the Baltic Sea, mainly by unintentional transport
through shipping and release of ballast water. The rate of species
introduction into the Baltic Sea today is fast, with about 70
identified species that have established a reproducing population
only during the last decades (Leppékoski et al., 2002; Olenin and
Leppékoski, 1999). These invading species have had effects on the
Baltic Sea ecosystem such as altered food-web structure,
community composition and ecosystem processes. The high invasion
success of many species into the Baltic Sea may potentially be
explained by the relatively low native species diversity, as higher
biodiversity is known to enhance invasion resistance (Stachowicz et
al., 1999).

Anthropogenic pollution is also a major threat to the organisms of
the Baltic Sea. Many man-made contaminants have been released in
the past for example DDT and PCBs, and many are still released
e.g. PAHs (polyaromatic hydrocarbons), dioxins, TBT (tributyltin),
PBDEs (brominated flame retardants), lead, copper, cadmium,
radioactive compounds and mercury (Helcom, 2005; Weaver, 2003).
The concentrations of contaminants in fauna and sediments are
high in comparison to other marine environments and the current
levels of dioxin in several fish species exceed the limit set by the
European Union for human consumption (Isosaari et al., 2006;
Wiberg et al., 2009). Luckily, pollution loads into the Baltic Sea
have decreased greatly during the last 30 years thanks to enhanced
management and technology, and the situation has improved
somewhat, although the pollution situation is still problematic
(Bignert et al., 1998; Helcom, 2004; Wiberg et al., 2009).
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Methods used

Experimental ecosystems (1-V)

Ecosystem ecology is often studied to-
day using experimental methods of
science, either by using field studies
that manipulate some component of
natural ecosystems or by constructing
ecosystems in the laboratory. Ecosys-
tems constructed in the laboratory are
often called micro- or mesocosms, de-
pending on the spatial scale used.
Laboratory ecosystems contain suitable
environmental constituents together
with interacting organisms. As natural
ecosystems are very challenging to rec-
reate in laboratory conditions due to
their innate complexity, experimental
ecosystems are often forced to be rela-

tively sirpple and limited in siz.e, and it Figure 6. A few of the microcosms
can be difficult to draw conclusions that g in paper I, approximately 45
are applicable on lar ger scales (i.e. SPa-  cm in height and 8 cm in diameter.
tial or temporal). The main advantage

of laboratory ecosystems, however, is that they allow the study of
effects of one or several treatments, while maintaining all other
variables constant. It is thus easier to study cause-effect relation-
ships, compared to field studies, which often rely to large extents on
correlational data, or where many unknown variables may con-
found the results. Furthermore, laboratory ecosystems can also be
manipulated in ways that are either difficult or ethically very ques-
tionable to do in natural ecosystems (e.g. deliberately polluting the
ecosystem with nutrients or harmful contaminants).

Mechanistic interpretation of biodiversity-
ecosystem function experiments (I-1I)

The analysis and interpretation of experiments on the relationship
between biodiversity and ecosystem function has developed from

simple observations and comparisons of primary production
(Sinclair, 1826) to examining changes in relative yield (or
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performance) within and among treatments for a range of
communities and ecosystems. Yield can be defined as the outcome
(amount) of the measured process, for example biomass increase or
degradation of organic matter.

A challenge within this research field has been to acquire ecological
understanding of the mechanisms responsible for observed
relationships. Three general ecological mechanisms have been
proposed: (1) Facilitation, where coexisting species enhance a
process through direct interaction (Cardinale et al., 2002) (2) Niche
differentiation, where interspecific competition is reduced by e.g.
resource partitioning of food (Griffin et al., 2008) (3) Dominance, or
selection effect, in which dominant species through selective
processes such as interspecific competition outperform other species
(Fox, 2005; Loreau and Hector, 2001). Facilitation and niche
differentiation are commonly collectively referred to as
complementarity effects. In experiments, an artefact called
sampling effect also exists, which refers to the increased probability
of including a species with particular traits as species richness
increase (Huston, 1997). An underlying question in this research
has been to identify and quantify the cause of observed over-
yielding by communities with higher species richness. Over-yielding
(when positive) and under-yielding (when negative) refer to the
deviation between the total community yield in a mixed-species
community and the sum of expected yields based on species’ yields
in monocultures (single species communities).

In order to calculate the relative performances of individual species
in a community, the process studied must be possible to measure on
species level (e.g. production or incorporation of labelled
compounds). The relative performances of species can then further
be used to partition the net diversity effect (the difference between
observed and expected yield in the mixed community) into
complementarity (trait-dependent and trait-independent) and
dominance components, in order allow an ecological interpretation
of the observed effects (Fox, 2005; Loreau and Hector, 2001). The
partitioning of the net diversity effect according to the tripartite
equation proposed by Fox (2005) is summarized in Box 1, and the
(mechanistic) ecological interpretations of the resulting diversity
components are given in Box 2.
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Tripartite partitioning of the net diversity effect
The net diversity effect, AY, is calculated as the difference between the observed yield of a
multi-species community and its expected yield. The diversity effect can be partitioned into

community

three diversity components according to the following equation:

AY =Yy Y, =
NARY S+ Ncov S0 _ RY |+ Ncov| S,RY, _ R |_
> RY,, RY,;
T-IC + Dominance + TDC

AY =Y, - Y, = deviation from total expected yield in the multi-species community

Yo = %Yo; = total observed yield of the multi-species community

Yo; = observed yield of species i in the multi-species community

Yr = XYg; = total expected yield of the multi-species community

Yr; = RYg;S; = expected yield of species i in the multi-species community

RYy; = expected relative yield of species i in the mixture, which is simply its original fre-
quency in the community

S, = yield of species i in the single species community

RY(; = Yo/Yo = observed relative yield of species i in the multi-species community

ARY; = RY,; - RYy; = deviation from expected relative yield of species i in the multi-species

N = number of species in the multi-species community

Box 1. Ecological interpretations the of the diversity components calculated from the tripartite

partitioning equation (Fox, 2005). S; = yield of species i in a single species community.

Positive value
(contributes to over-
yielding)

Negative value
(contributes to under-
yielding)

Trait-independent
complementarity

Facilitation and/or
niche differentiation
Species increase their yield

without affecting other

species’ yield.

Competition and/or
inhibition
Species decrease their yield
at the expense of other
species’ yield.

Trait-dependent

Nested niches
Species with a high S; increase

Nested niches
Species with a low S; increase

of other species’ yields.

complementarity their yield without affecting their yield without affecting
other species’ yield. other species’ yield.
Overlapping niches Overlapping niches
Dominance Species with a high S; domi- Species with a low S; domi-
(selection) nate mixtures at the expense nate mixtures at the expense

of other species’ yields.

Box 2. Tripartite partitioning of the net diversity effect, after Fox (2005). T-IC =
Trait-independent complementarity, TDC = Trait-dependent complementarity.
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Isotope tracing (I-1l & IV-V)

Isotope tracing involves a powerful set of techniques for studying
ecosystem processes and are commonly used in ecological studies in
order to follow biogeochemical cycles and examine food web
structures (Fry, 2006). Isotopes are atoms that have the same
number of protons but differ in the number of neutrons, thus
leading to atoms of the same element that vary in mass. Natural
carbon for example, is a mixture of three isotopes, '?C, 3C and C.
Isotopes are either stable (e.g. 12C or *C) or unstable (e.g. **C or 3H),
depending on if they decay with time or not. Isotopes that are
unstable (radioactive) are generally quantified through the energy
they release as they decay, for example by using a scintillation
counter. Stable isotopes, on the other hand, are quantified by using
a high accuracy mass spectrometer, and the ratio between the heavy
and light isotopes is determined. The resulting isotopic ratio is
thereafter compared to an international reference standard in order
to describe the isotopic signature (normally expressed in %o, or 9).
Both stable (**C and ®N) and radioactive (**C) isotopes have been
used as tracers in this thesis, in order to follow the cycling of
phytodetritus and organic contaminants.

Assessing microbial diversity (IV-V)

An obvious question when studying microbial organisms and their
activity is “How do you study something that you cannot see?”.
Early in microbial ecology research, microorganisms were isolated
from their natural environment, and subsequently cultured and
studied in the laboratory. However, recently it has been shown that
not even 1 % of all bacteria can be grown using current cultivation
methods (Beebee and Rowe, 2004). Microorganisms can also be
studied using microscopes, for example by counting the total
number of bacteria. However, microscopic investigations of bacteria
give little information on what type of bacteria is being studied and
is difficult for soil and sediment samples due to the presence of
interfering particles.
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A common strategy today is to assess microbial diversity and
abundance using DNA or RNA extracted from environmental
samples. These nucleic acids can be studied using several molecular
methods, of which most studies involve ribosomal rRNA genes (16S
or 18S) but it is also possible to study other genes, such as those
involved in specific functions. The 16S rRNA gene is the most
commonly used gene to identify different bacterial groups or species
(Weisburg et al., 1991) and methods that assess the microbial
community profile, for example (DGGE) (Muyzer et al., 1993),
terminal restriction fragment length polymorphism (T-RFLP) (Liu
et al., 1997) are also applicable. T-RFLP was used in Paper IV-V in
order to assess the microbial community of sediments, see Figure 7
for an illustration of the method. Most of the recent community
profiling methods are based on the amplification of a specific gene
(by PCR), from the total genes of the community present in the
sample. Usually bacterial community analyses are made using the
16S rRNA gene. However, the limited length of the 16S rRNA gene
as well as the possibility that multiple copies of the same gene are
present in the same individual bacteria can be a problem, therefore,
the use of other genes has been suggested (Dahlléf et al., 2000).

o
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Figure 7. An overview of T-RFLP. 1) Sampling of the community 2) DNA extraction and
purification 3) PCR-amplification of the gene of interest using a fluorescently labelled pri-
mer 4) Amplicon cutting using a restriction enzyme recognizing four specific bases (e.g.
GGCC) 5) Fragment separation by using e.g. capillarary electrophoresis 6) Fragment

detection and quantification of the fluorescently labelled fragments.

The relative fluorescence for each peak (A, B, C) depends on the relative abundances of gene

copies present in the sampled community.
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Summary of the thesis’
research papers and major
findings

Paper I and II found that an increased biodiversity of benthic
deposit feeders increases the processing of organic matter settled on
the sea-floor, suggesting that species-rich communities utilize this
resource (i.e. sedimented organic matter) more efficiently. Paper II
and III investigated the ecology of the recently introduced species
Marenczelleria arctia, a polychaete spionid worm introduced with
ballast water into the Baltic Sea. Our results show that both the
ability to use different food resources than native fauna, and the
lack of natural predators may have contributed to its invasion
success in the Baltic Sea. In paper IV and V we studied the
degradation of organic contaminants, and the results from Paper IV
indicate that the structure of the food web in sediments is linked to
this ecosystem process and may also affect the bacterial community
diversity. @ Paper V shows that anthropogenic pollution by
pharmaceuticals pollution is a potential threat for both microbial
diversity and microbially mediated ecosystem processes.

Paper |

Higher diversity of deposit-feeding macrofauna enhances
phytodetritus processing

This paper focuses on the link between cycling of organic matter
and species diversity of benthic deposit feeding macrofauna. A
natural phytoplankton bloom was enriched with stable isotopes, *C
and N, and the fate of the enriched phytodetritus was followed in
benthic communities with varying species richness and composition,
representing the natural communities found in sediments of the
species-poor Baltic Sea. The use of stable isotopes allowed a
quantification of the resource use (incorporation of *C and '°N) at
the species level, in both single- and multi-species communities. The
incorporation rate of carbon and nitrogen, originating from settled
phytodetritus, were different among all three species and
communities with higher species diversity incorporated more C and
N than expected from their respective single-species treatments.
The incorporation of N in the most species-rich community also
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exceeded N incorporation of the best-performing single-species
community, which is evidence of transgressive over-yielding. This
transgressive over-yielding was primarily due to a positive
complementarity effect in all treatments. The results suggest that
benthic communities of the Baltic Sea with a higher diversity of
deposit feeders have higher phytodetritus processing rates and use
organic-matter deposited carbon and nitrogen at higher efficiency,
thus mainly supporting the rivet hypothesis. These findings
highlight the importance of biodiversity for ecosystem processes of
major importance for marine ecosystem function.

Paper Il

Effects of a polychaete invader on soft-bottom ecosystem
functions

Much due to a large increase in shipping, and transport of ballast
water, the introduction of non-indigenous species is considered one
of the major threats to marine ecosystems today. This paper
examines the ecology of the recently introduced polychaete
Marenzelleria arctia, now spread throughout the Baltic Sea, and
investigates its potential effects on a few key benthic ecosystem
processes. Stable isotope tracers were utilized in order to measure
the incorporation and burial of carbon and nitrogen from a
simulated spring phytoplankton bloom in different benthic
communities, containing various combinations of one to four species
of deposit-feeding macrofauna. Macrofaunal growth was also
assessed in order to quantify community biomass production. The
results showed that the non-indigenous M. arctia increased more
rapidly in biomass than the native species, Monoporeia affinis,
Pontoporeia femorata (Amphipoda) and Macoma balthica (Bivalvia),
but incorporated and buried carbon and nitrogen, originating from
the settled phytodetritus, at rates similar to the native species.
Communities with higher species richness generally had higher
incorporation values of carbon and nitrogen than what can be
expected from the yields obtained in single-species communities
(over-yielding). The mechanism behind the observed over-yielding
was mainly facilitation and/or niche differentiation and was more
evident in communities including M. arctia. In contrast, multi-
species treatments generally had lower biomass production than
expected due to competition and negative dominance effects. These
contrasting results suggest that there is a low niche overlap in
resource utilization of deposited phytodetritus between M. arctia
and native species, but indicates a greater inter-specific competition
for old organic material in sediments. The reliance on old organic
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material for M. arctia was further supported by its low natural §'3C-
values. In conclusion, the results indicate that the invasive species
M. arctia may potentially enhance benthic productivity by
increasing resource use efficiency in Baltic Sea sediments. However,
whether this potential increase in resource efficiency use is valid at
larger spatial and temporal scales, and whether M. arctia is
efficiently preyed upon by higher trophic levels in the Baltic Sea
ecosystem remain to be studied.

Paper Il

The enemy release hypothesis may contribute to explain the
invasion success of Marenzelleria arctia (Polychaeta) in the
Baltic Sea

Several hypotheses have been suggested for the great invasion
success of the non-indigenous Marenzelleria arctia in the Baltic Sea.
Predation experiments containing the three major invertebrate
predators in the area, Saduria entomon (Isopoda), Halicryptus
spinulosus (Priapulida) and Bylgides sarsi (Polychaeta) were
performed in order to test if the enemy release hypothesis (lack of
natural predators in the new ecosystem) may potentially explain the
invasion success of M. arctia. The results showed that due to its
ability to bury deep down in the sediment, M. arctia was protected
from all three native invertebrate predators, and the enemy release
hypothesis may thus potentially explain its successful invasion into
the Baltic Sea. Furthermore, this paper describes the current
community interactions among Baltic Sea sedimentary macrofauna,
after the introduction and successful establishment of a reprod-
ucing population of M. arctia and discusses the consequences this
introduction has had on the benthic community interactions. The
results question if M. arctia is efficiently preyed upon by higher
trophic levels, potentially leading to large implications in Baltic Sea
food-web dynamics.

Paper IV

Meiofauna reduces bacterial mineralization of naphthalene in
marine sediment

In paper 1V, the degradation of organic pollutants in sediments was
studied, by investigating the role of sediment-living meiofauna.
Studies on the significance of meiofauna for benthic ecosystems are
lacking, and their potential importance for several important
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ecosystem processes in sediments are largely unknown. In this
paper, we studied the role of meiofauna on the mineralization of
naphthalene, a polycyclic aromatic hydrocarbon. A method to
extract live meiofauna from sediments using density gradient
extraction was developed. This method was applied in order to
experimentally modify the sediment food web structure by changing
the abundance and diversity of native meiofauna. In addition to
quantification of the naphthalene mineralization rate, we assessed
the number of cultivable naphthalene-degrading bacteria as well as
the microbial community diversity in the sediment. Results showed
that meiofauna had a significant effect on the bacterial community
composition and that the naphthalene mineralization rate was
negatively related to meiofauna abundance and biomass, due to top-
down control by meiofauna on pollutant degrading bacteria. This
study suggests that sediment-living meiofauna may significantly
affect microbial community structure and microbially mediated
ecosystem processes, stressing their potential functional importance
in benthic ecosystems.

Paper V

Effects of the antibiotic ciprofloxacin on the bacterial community
structure and degradation of pyrene in marine sediment

The antibiotic use worldwide is increasing and was estimated to 100
000 - 200 000 tonnes in 2002 (Wise, 2002). Antibiotics are used
within human and veterinary medicine, aquaculture and
agriculture and often pass through metabolic systems without being
particularly degraded or transformed and have been found in the
environment. The ecological consequences of antibiotic pollution for
the aquatic environment is a recent issue of concern due to the
potential risk for negative effects in the environment on microbial
diversity and microbially mediated ecosystem processes. In this
study, natural communities of sediment microorganisms were
exposed to five different concentrations (0-2 mgL?!) of the
fluoroquinolone antibiotic ciprofloxacin in order to assess the
potential effects on the microbial community diversity (determined
using molecular methods) and the ecosystem’s capacity to degrade
the organic pollutant pyrene (traced by using '*C-labelled pyrene).
The results showed a significant dose-dependent inhibition of
pyrene mineralization as well as significant effects on the bacterial
community structure due to exposure to ciprofloxacin. Our results
show that antibiotic pollution can potentially be a threat to both
microbially mediated ecosystem processes and bacterial diversity in
aquatic sediments.
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Final remarks

The sediment ecosystem processes studied in this thesis such as
decomposition of organic matter and degradation of harmful
contaminants are crucial for human society and are supplied by
marine ecosystems worldwide. In this thesis I have studied how
these ecosystem services are linked to various types of biological
diversity in marine sediments (Paper I-V).

Paper I and II are, to my knowledge, the first studies to
experimentally test the importance of macrofaunal deposit feeder
diversity on the burial and incorporation of nitrogen and carbon of
settled phytoplankton blooms. The results show that a higher
richness of deposit feeders increases the processing of organic
matter settled on the sea-floor, and that diverse communities have a
more efficient resource utilization of the deposited resources. These
results imply that a high biodiversity in marine sediments increases
the efficiency of benthic-pelagic coupling of elements, thus
potentially increasing both primary production in the photic zone
and the trophic transfer of nutrients to secondary consumers and
predators. The low species diversity and the distribution gradient of
deposit feeders in the Baltic Sea along its salinity gradient presents
an interesting aquatic ecosystem that is more simple to study and
manipulate experimentally than more species-rich benthic
ecosystems. Results from laboratory studies on Baltic Sea soft-
bottom systems are also easier to extrapolate to actual field
situations, since experimental communities can easily be
manipulated to represent actual species compositions found in the
field. The importance of deposit-feeder richness for benthic-pelagic
coupling processes is probably also valid in other sediment systems,
where detritivores drive organic matter processing. Community
composition was also significant for the studied processes, due to
species-specific differences in yield among the four species. This
suggests that the four species of Baltic Sea deposit feeding
macrofauna all belong to different functional groups, mainly
supporting the “rivet hypothesis”. However, the low species
richness in the Baltic Sea also makes it difficult to test the validity
of the “redundancy hypothesis” in this system.

Paper II and III investigate possible reasons why the invading
species Marenzelleria arctia has successfully colonized the Baltic
Sea. In paper II, the positive complementarity in communities
containing M. arctia suggest a low niche overlap with native deposit
feeders for newly deposited organic matter, supporting the
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suggestion that M. arctia may use a previously empty niche in the
Baltic Sea. This is further supported by both the observed ability of
M. arctia to grow fast when only supplied old organic matter as food
resource and the natural 6'®C-values close to bulk sediment. It is
thus possible that the introduction of M. arctic has had a positive
effect on the secondary production of benthic deposit feeders in the
Baltic Sea, as it is not dependent on newly settled phytodetritus to
the same extent as the native species. However, as shown in Paper
III, M. arctia is also well protected from the native invertebrate
predators, suggesting that protection from predation is another
factor that may help explain its invasion success. The ability to
avoid at least some of the Baltic Sea predators also highlights the
questions of “To what extent is M. arctia predated upon in the
Baltic Sea?” and “Is the trophic transfer limited?”. Even if the
introduction of M. arctia has not caused an increased interspecific
competition among deposit feeders for food resources, competition
for space may be significant. The negative effects of M. arctia on
biomass production observed in Paper II may be due to an increased
competition for space and/or interference competition. M. arctia is
also likely to have a competitive advantage compared to the native
species due to its superior ability to avoid predators. However, it is
difficult to couple potential negative effects from increased
interspecific competition on the native species in the field as large
scale population declines of the amphipods Monoporeia affinis and
Pontoporeia femorata occurred before the introduction of
Marenczelleria spp. to the Baltic Sea. This stresses the fact that
other factors than interspecific competition are also important for
determining the abundance and distribution of fauna.

In paper IV, we describe a method we developed in order to extract
live meiofauna from sediments, allowing experimental manipulation
of meiofauna abundance. The results suggest that this commonly
overlooked faunal group of the sediment ecosystem is of significant
importance, by affecting both the microbial community diversity
and the system’s ability to degrade organic contaminants. This
study provides new information on the understanding of the degra-
dation of organic contaminants in sediments. Paper V also investi-
gates the degradation of organic contaminants by sediment bacte-
ria, and shows that antibiotic pollution may be a threat to both mi-
crobial diversity and essential ecosystem services provided my mi-
croorganisms. Paper V also draws attention to the Ilarge
anthropogenic influence on Earth’s ecosystems, which has caused
large losses in global biodiversity and negative effects on the gen-
eration of ecological services (Chapin et al., 2000). Anthropogenic
disturbance on marine ecosystems is considerable across all scales
and is caused by many factors, such as overharvesting of resources,
eutrophication, the spreading of harmful contaminants, habitat
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destruction and introduction of non-indigenous species (Snelgrove
et al., 2004). 1t is difficult to predict how these disturbances interact
in the field and how large the cumulative effects are (Crain et al.,
2008). It is difficult to rank which anthropogenic disturbances that
are most severe, due to variation in scales, the complexity of ecosys-
tems and the question of the subjectivity of value(s). Nevertheless,
the introduction of non-indigenous species (studied in paper II-III)
has been ranked as one of the major threats to marine biodiversity,
with large historical impacts on marine ecosystems and accelerating
invasion rates (Carlton, 2001; Snelgrove et al., 2004). Pollution by
nutrients and environmental contaminants (studied in paper IV-V)
are other high ranked threats to biodiversity, and despite our in-
creasing ecological awareness and knowledge, new chemicals of en-
vironmental concern continue to emerge, and to be released into the
environment. One of the main issues regarding current pollution
levels is management, and much of the current global pollution is
due to poor or non-existing management of waste in large parts of
the world (Corcoran, 2010). Marine fisheries are likewise poorly or
foolishly managed, and excessive fishing has altered the marine food

webs on a global r \
scale (Pauly et al., Global changes Human
1998; Richardson Climate activities
et al., 2009; Worm biogeocherﬁicol )
et al, 2006). Hu- | | gdslndue
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Figure 8. A conceptual model illustrating how anthropogenic

activities is linked to sediment ecosystem processes and the provi-
sioning of ecosystem services. Adapted from Chapin et al. (2000).
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Four general reasons have been proposed in arguing that
biodiversity is highly valuable and necessary to protect from
extinction by humans (Ehrlich and Ehrlich, 1992): (1) Ethical
reasons, i.e. what right do humans have to exterminate species for
all eternity? (2) Esthetics, i.e. the beauty of nature’s diversity is
worth preserving (3) Economic value, i.e. nature provides
innumerable resources of economic value to human society (4)
Biodiversity provides essential supporting and regulating ecosystem
services. This thesis is mainly focused on the role of biodiversity to
supply ecosystem services, although I would argue that all of the
four reasons above are valid for Baltic Sea sediment biodiversity.
And after all, economic calculations will never be reasonable, due to
the difficulty in making economic valuations based on ethical or
esthetic measures, and the impossibility of predicting potential
future values, questioning the sense in making economic
calculations (Nunes and van den Bergh, 2001). However,
estimations such as the ones made by Costanza et al. (1997), on the
incredible economic value of marine ecosystem services worldwide,
provide quite convincing economic arguments, why preserving
biodiversity should be a prioritized issue for human society. Large
economic benefits are also to be expected when restoring diversity,
as exemplified by benefits gained in the creation of marine
protected areas, where large increases in productivity, ecosystem
stability and generation of tourism revenues have been observed
(Worm et al., 2006).

This thesis, in summary, illustrates in various ways, how
biodiversity may influence a few selected ecosystem processes that
occur in the Baltic Sea, and in other aquatic sediments across the
world. It highlights the need to preserve marine biodiversity, which
is important due to a number of reasons, one of which is the beauty
of sedimentary organisms. The preservation of biodiversity is also
undoubtedly beneficial for human society, both in a short and long-
term perspective.

e

31



References

Ankar S (1977). The soft bottom ecosys-
tem of the northern Baltic proper
with special reference to the macro-
fauna. Contributions from the Asko
Laboratory 19. Ask6 laboratory:
Trosa, Sweden, 62pp.

Ankar S, Elmgren R (1976). The Ben-
thic Macro-and Meiofauna of the
Asko-Landsort Area (Northern Bal-
tic Proper): A Stratified Random
Sampling Survey. Contributions
from the Asko6 Laboratory 11. Asko
laboratory: Trosa, Sweden, 115pp.

Atlas R, Bartha R (1998). Microbial
Ecology: Fundamentals and Appli-
cations, 4th edn. Benjamin Cum-
mings: Menlo Park, USA, 694pp.

Beebee T, Rowe G (2004). An intro-
duction to molecular ecology, 1st
edn. Oxford University press: New
York, USA, 346pp.

Bell T, Newman JA, Silverman BW,
Turner SL, Lilley AK (2005). The
contribution of species richness and

composition to bacterial services.
Nature 436: 1157-1160.

Bignert A, Olsson M, Persson W, Jen-
sen S, Zakrisson S, Litzén K et al
(1998). Temporal trends of or-
ganochlorines in Northern Europe,
1967-1995. Relation to global frac-
tionation, leakage from sediments
and international measures. Envi-
ronmental Pollution 99: 177-198.

Bonsdorff E, Pearson TH (1999).
Variation in the sublittoral macro-
zoobenthos of the Baltic Sea along
environmental gradients: A func-
tional-group approach. Australian
Journal of Ecology 24: 312-326.

Buckley DH, Huangyutitham V, Nel-
son TA, Rumberger A, Thies JE
(2006). Diversity of Planctomycetes
in soil in relation to soil history and
environmental heterogeneity. Ap-

32

plied and Environmental Microbi-
ology 72: 4522-4531.

Cardinale BJ, Palmer MA, Collins SL
(2002). Species diversity enhances
ecosystem functioning through in-
terspecific facilitation. Nature 415:
426-429.

Cardinale BJ, Srivastava DS, Emmett
Duffy J, Wright JP, Downing AL,
Sankaran M et al (2006). Effects of
biodiversity on the functioning of
trophic groups and ecosystems. Na-
ture 443: 989-992.

Carlton J (2001). Introduced species in
US coastal waters: environmental
impacts and management priorities.
Pew Oceans Commission: Arling-
ton, Virginia, USA, 28pp.

Chapin FS, Zavaleta ES, Eviner VT,
Naylor RL, Vitousek PM, Reynolds
HL et al (2000). Consequences of
changing biodiversity. Nature 405:
234-242.

Corcoran E, C. Nellemann, E. Baker,
R. Bos, D. Osborn, H. Savelli (ed.)
(2010) Sick Water? The central role
of wastewater management in Ssus-
tainable development. United Na-
tions Environment Programme,
UN-HABITAT, GRID-Arendal,
Norway, 86pp.

Crain CM, Kroeker K, Halpern BS
(2008). Interactive and cumulative
effects of multiple human stressors
in marine systems. Ecology Letters
11: 1304-1315.

Curtis TP, Sloan WT (2004). Prokary-
otic diversity and its limits: micro-
bial community structure in nature
and implications for microbial ecol-
ogy. Current Opinion in Microbiol-
ogy 7: 221-226.

Dahlléf I, Baillie H, Kjelleberg S
(2000). rpoB-based microbial com-
munity analysis avoids limitations




inherent in 16S rRNA gene intras-
pecies heterogeneity. Applied Envi-
ronmental Microbiology 66: 3376-
3380.

de Wit R, Bouvier T (2006). 'Every-
thing is everywhere, but, the envi-
ronment selects'; what did Baas
Becking and Beijerinck really say?
Environmental Microbiology 8: 755-
758.

Duffy JE (2009). Why biodiversity is
important to the functioning of
real-world ecosystems. Frontiers in
Ecology and the Environment T:
437-444.

Dufty JE, Richardson JP, France KE
(2005). Ecosystem consequences of
diversity depend on food chain
length in estuarine vegetation.
Ecology Letters 8: 301-309.

Edlund A (2007). Microbial diversity
in Baltic Sea sediments. Doctoral
Thesis. Department of Microbiol-
ogy, Swedish University of Agricul-
tural Sciences: Uppsala, Sweden,

36pp.

Edlund A, Hirdeman F, Jansson JK,
Sjoling S (2008). Active bacterial
community structure along vertical
redox gradients in Baltic Sea sedi-
ment. Environmental Microbiology
10: 2051-2063.

Eggleton J, Thomas KV (2004). A
review of factors affecting the re-
lease and bioavailability of con-
taminants during sediment distur-
bance events. Environment Interna-
tional 30: 973-973.

Ehrlich PR, Ehrlich AH (1992). The
Value of Biodiversity. Ambio 21:
219-226.

Elmgren R (1978). Structure and
dynamics of Balthic benthos com-
munities, with particular reference
to the relationship between macro-
and meiofauna. Kieler Meeres-
forschungen Sonderheft 4: 1-22.

Elmqvist T, Folke C, Nystrom M,
Peterson G, Bengtsson J, Walker B
et al (2003). Response diversity,

ecosystem change, and resilience.
Frontiers in Ecology and the Envi-
ronment 1: 488-494.

Foberg M (1994). Vixter och djur i
bottniska viken (in Swedish).
Stockholms marina forsknings-
centrum:  Stockholm, Sweden,
220pp.

Fox J, W. (2005). Interpreting the
'selection effect' of biodiversity on
ecosystem function. Ecology Letters
8: 846-856.

Freitag TE, Chang L, Prosser JI
(2006). Changes in the community
structure and activity of betapro-
teobacterial ammonia-oxidizing
sediment bacteria along a freshwa-
ter-marine  gradient.  Environ-
mental Microbiology 8: 684.

Fry B (2006). Stable isotope ecology.
Springer Verlag: New York, USA,
308pp.

Gilbert F, Stora G, Bertrand JC
(1996). In situ bioturbation and hy-
drocarbon fate in an experimental
contaminated Mediterranean

coastal ecosystem. Chemosphere 33:
1449-1449.

Gooday AJ, Bett BJ, Escobar E, Ingole
B, Levin LA, Neira C et al (2010).
Habitat heterogeneity and its influ-
ence on benthic biodiversity in oxy-
gen minimum zones. Marine Ecol-
ogy 31: 125-147.

Griffin JN, De la Haye KL, Hawkins
SJ, Thompson RC, dJenkins SR
(2008). Predator diversity and eco-
system functioning: Density modi-
fies the effect of resource partition-
ing. Ecology 89: 298-305.

Gunderson L, Holling C, Pritchard L,
Peterson G (2002). Resilience. In:
Mooney H and Canadell J (eds).
Volume 2, The Earth system: bio-
logical and ecological dimensions of
global environmental change. Ency-
clopedia of global change: environ-
mental change and human society.
Oxford University Press. pp 530-
531.

33



Hassan R, Scholes R, Ash N (eds)
(2005) Ecosystems and human well-
being: current state and trends:
findings of the condition and
Trends Working Group. Millenium
ecosystem  assessment.  Island
Press: Washington, USA, 917pp.

Helcom (2004). 30 years of protecting
the Baltic Sea. Helsinki Commision:
Helsinki, Finland, 27pp.

Helcom (2005). Nutrient pollution to
the Baltic Sea in 2000 (BSEP 100).
Helsinki Commision: Helsinki, Fin-
land, 22pp.

Helm PA, Diamond ML, Semkin R,
Bidleman TF (2000). Degradation
as a Loss Mechanism in the Fate of
Hexachlorocyclohexane in Arctic
Watersheds. Environmental Science
& Technology 34: 812-818.

Hewson I, Vargo GA, Fuhrman JA
(2003). Bacterial diversity in shal-
low oligotrophic marine benthos
and overlying waters: effects of vi-
rus infection, containment, and nu-
trient enrichment. Microbial Ecol-
ogy 46: 322-336.

Hillebrand H, Matthiessen B (2009).
Biodiversity in a complex world:
consolidation and progress in func-
tional biodiversity research. Ecology
Letters 12: 1405-1419.

Holling CS (1973). Resilience and
stability of ecological systems. An-
nual Review of Ecology & Systemat-
ics 4: 1-23.

Hooper DU, Chapin FS, Ewel JJ,
Hector A, Inchausti P, Lavorel S et
al (2005). Effects of biodiversity on
ecosystem functioning: A consensus
of current knowledge. Ecological
Monographs 75: 3-35.

Hunter EM, Mills HJ, Kostka JE
(2006). Microbial community diver-
sity associated with carbon and ni-
trogen cycling in permeable shelf
sediments. Applied and Environ-
mental Microbiology 72: 5689-5701.

Huston MA (1997). Hidden treatments
in ecological experiments: Re-

34

evaluating the ecosystem function
of biodiversity. Oecologia 110: 449-
460.

Hakanson L (1993). Physical geogra-
phy of the Baltic. Uppsala Universi-
ty: Uppsala, Sweden, 35pp.

Isosaari P, Hallikainen A, Kiviranta H,
Vuorinen PJ, Parmanne R, Koisti-
nen J et al (2006). Polychlorinated
dibenzo-p-dioxins, dibenzofurans,
biphenyls, naphthalenes and poly-
brominated diphenyl ethers in the
edible fish caught from the Baltic
Sea and lakes in Finland. Environ-
mental Pollution 141: 213-225.

Jansson BO (1980). Natural systems
of the Baltic Sea. Ambio 9: 128-136.

Jax K (2005). Function and "function-
ing" in ecology: what does it mean?
Oikos 111: 641-648.

Karlson AML (2010). Benthic use of
phytoplankton blooms: uptake, bur-
tal and biodiversity effects in a spe-
cies-poor system. Doctoral Thesis.
Department of Systems Ecology,
Stockholm University: Stockholm,
Sweden, 39pp.

Karlson K, Rosenberg R, Bonsdorff E
(2002). Temporal and spatial large-
scale effects of eutrophication and
oxygen deficiency on benthic fauna
in Scandinavian and Baltic waters:
A review. Oceanography and Ma-
rine Biology 40: 427-489.

Krebs CJ (2001). Ecology: The experi-
mental analysis of distribution and
abundance. Benjamin Cummings,
695pp.

Laine AO (2003). Distribution of soft-
bottom macrofauna in the deep
open Baltic Sea in relation to envi-
ronmental variability. Estuarine,
Coastal and Shelf Science 57: 87-97.

Lawton JH (1994). What Do Species
Do in Ecosystems? Oikos 71: 367-
374.

Leary DdJ, Petchey OL (2009). Testing
a biological mechanism of the in-
surance hypothesis in experimental




aquatic communities. Journal of
Animal Ecology 78: 1143-1151.

Leppékoski E, Gollasch S, Gruszka P,
Ojaveer H, Olenin S, Panov V
(2002). The Baltic - a sea of invad-
ers. Canadian Journal of Fisheries
and Aquatic Sciences 59: 1175-
1188.

Lim DV (1998). Microbiology, 2nd edn.
WCB/McGraw-Hill: Boston, USA,
720pp.

Liu WT, Marsh TL, Cheng H, Forney
LJ (1997). Characterization of mi-
crobial diversity by determining
terminal  restriction fragment
length polymorphisms of genes en-
coding 16S rRNA. Applied and En-
vironmental Microbiology 63: 4516-
4522,

Loreau M (2010). Linking biodiversity
and ecosystems: towards a unifying
ecological theory. Philosophical
Transactions of the Royal Society B-
Biological Sciences 365: 49-60.

Loreau M, Hector A (2001). Partition-
ing selection and complementarity
in biodiversity experiments. Nature
412: 72-76.

Lozupone CA, Knight R (2007). Global
patterns in bacterial diversity. Pro-
ceedings of the National Academy of
Sciences 104: 11436-11440.

McGrady-Steed J, Harris PM, Morin
PJ (1997). Biodiversity regulates
ecosystem predictability. Nature
390: 162-164.

Moss JA, Nocker A, Lepo JE, Snyder
RA (2006). Stability and change in
estuarine biofilm bacterial commu-
nity diversity. Applied and Enuvi-
ronmental Microbiology 72: 5679-
5688.

Muyzer G, de Waal EC, Uitterlinden
AG (1993). Profiling of complex mi-
crobial populations by denaturing
gradient gel electrophoresis analy-
sis of polymerase chain reaction-
amplified genes coding for 16S
rRNA. Applied and Environmental
Microbiology 59: 695-700.

Naeem S (2002). Ecosystem conse-
quences of biodiversity loss: The
evolution of a paradigm. Ecology
83: 1537-1552.

Naeem S, Hahn DR, Schuurman G
(2000). Producer-decomposer co-
dependency influences biodiversity
effects. Nature 403: 762-764.

Nunes PALD, van den Bergh JCJM
(2001). Economic valuation of bio-
diversity: sense or nonsense? Eco-
logical Economics 39: 203-222.

Olenin S, Leppédkoski E (1999). Non-
native animals in the Baltic Sea: al-
teration of benthic habitats in
coastal inlets and lagoons. Hydrobi-
ologia 393: 233-243.

Pauly D, Christensen V, Dalsgaard J,
Froese R, Torres Jr F (1998). Fish-
ing down marine food webs. Science
2179: 860-863.

Pearson T, Rosenberg R (1978). Mac-
robenthic succession in relation to
organic enrichment and pollution of
the marine environment. Oceanog-
raphy and Marine Biology: An An-
nual Review 16: 229-311.

Pedros-Alio C (2006). Marine micro-
bial diversity: can it be determined?
Trends in Microbiology 14: 257-263.

Raffaelli D, Emmerson M, Solan M,
Biles C, Paterson D (2003). Biodi-
versity and ecosystem processes in
shallow coastal waters: an experi-
mental approach. Journal of Sea
Research 49: 133-141.

Reid DF, Orlova MI (2002). Geological
and evolutionary underpinnings for
the success of Ponto-Caspian spe-
cies invasions in the Baltic Sea and
North American Great Lakes. Ca-
nadian Journal of Fisheries and
Aquatic Sciences 59: 1144-1158.

Rhoads D (1974). Organism-sediment
relations on the muddy sea floor.
Oceanography and Marine Biology
12: 263-300.

Richardson K, Rockstréom J, Steffen
W, Noone K, Persson A, Chapin F
et al (2009). Planetary Boundaries:

35



Exploring the Safe Operating Space
for Humanity. Ecology and Society
14: 32 [online] URL: http:/www.
ecologyandsociety.org/vol14/iss2/
art32/.

Riemann L, Leitet C, Pommier T,
Simu K, Holmfeldt K, Larsson U et
al (2008). The Native Bacterio-
plankton Community in the Cen-
tral Baltic Sea Is Influenced by
Freshwater Bacterial Species. Appl.
Environ. Microbiol. 74: 503-515.

Rosenfeld JS (2002). Functional re-
dundancy in ecology and conserva-
tion. Oikos 98: 156-162.

Schinke H, Matthaus W (1998). On
the causes of major Baltic inflows-
an analysis of long time series-
trends, errors and discontinuities.
Continental Shelf Research 18: 67-
97.

Schulz HN, Brinkhoff T, Ferdelman
TG, Marin, eacute, Hern M et al
(1999). Dense Populations of a Gi-
ant Sulfur Bacterium in Namibian
Shelf Sediments. Science 284: 493-
495,

Shelford VE (1913). Animal communi-
ties in temperate America : as illus-
trated in the Chicago region :@ a
study in animal ecology. Published
for the Geographic Society of Chi-
cago by the University of Chicago
Press: Chicago, USA, 362pp.

Sinclair G (1826). On cultivating a
collection of grasses in pleasure-
grounds or flower-gardens, and on
the utility of studying the
Gramineae. London Gardener's
Magazine 1: 26-29, 112-116.

Sivonen K, Halinen K, Sihvonen LM,
Koskenniemi K, Sinkko H, Rantas
et al (2007). Bacterial Diversity and
Function in the Baltic Sea with an
Emphasis on Cyanobacteria. Ambio
36: 180-185.

Snelgrove P (1997). The importance of
marine sediment biodiversity in
ecosystem processes. Ambio 26:
578-583.

36

Snelgrove P, Austen M, Iliffe S, Kneib
R, Levin L, Weslawski J et al
(2004). Vulnerability of marine
sedimentary ecosystem services to
human activities. In: Wall D (ed).
Sustaining Biodiversity and Ecosys-
tem Services in Soils and Sedi-
ments. Island Press: Washington,
USA. pp 161-183.

Srivastava DS, Cardinale BJ, Downing
AL, Duffy JE, Jouseau C, Sankaran
M et al (2009). Diversity has
stronger top-down than bottom-up
effects on decomposition. Ecology
90: 1073-1083.

Stachowicz JdJ, Best RJ, Bracken MES,
Graham MH (2008). Complemen-
tarity in marine biodiversity ma-
nipulations: Reconciling divergent
evidence from field and mesocosm
experiments. Proceedings of the Na-
tional Academy of Sciences 105:
18842-18847.

Stachowicz JJ, Bruno JF, Duffy JE
(2007). Understanding the Effects
of Marine Biodiversity on Commu-
nities and Ecosystems. Annual Re-
view of Ecology, Evolution, and Sys-
tematics 38: 739-766.

Stachowicz JJ, Whitlatch RB, Osman
RW (1999). Species diversity and
invasion resistance in a marine eco-
system. Science 286: 1577-1579.

Stock A, Jiirgens K, Bunge J, Stoeck T
(2009). Protistan diversity in
suboxic and anoxic waters of the
Gotland Deep (Baltic Sea) as re-
vealed by 18S rRNA clone libraries.
Aquatic Microbial Ecology 55: 267-
284.

Tansley AG (1935). The Use and
Abuse of Vegetational Concepts and
Terms. Ecology 16: 284-307.

Torsvik V, Daae FL, Sandaa R-A,
Oslash, vreas L (1998). Novel tech-
niques for analysing microbial di-
versity in natural and perturbed
environments. Journal of Biotech-
nology 64: 53-62.

Torsvik V, Ovreas L, Thingstad TF
(2002).  Prokaryotic  Diversity-




Magnitude, Dynamics, and Control-
ling Factors. Science 296: 1064-
1066.

Waldbusser GG, Marinelli RL, Whit-
latch RB, Visscher PT (2004). The
effects of infaunal biodiversity on
biogeochemistry of coastal marine
sediments. Limnology and Ocean-
ography 49: 1482-1492.

Walsh DA, Zaikova E, Howes CG,
Song YC, Wright JJ, Tringe SG et
al (2009). Metagenome of a Versa-
tile Chemolithoautotroph from Ex-
panding Oceanic Dead Zones. Sci-
ence 326: 578-582.

Vanreusel A, Fonseca G, Danovaro R,
Silva MCd, Esteves AM, Ferrero T
et al (2010). The contribution of
deep-sea macrohabitat heterogene-
ity to global nematode diversity.
Marine Ecology 31: 6-20.

Ward BB (2002). How many species of
prokaryotes are there? Proceedings
of the National Academy of Sciences
of the United States of America 99:
10234-10236.

Weaver F (ed.) (2003) The Baltic Ma-
rine Environment 1999-2002, BSEP
87. HELCOM: Helsinki, Finland,

4Tpp.

Weisburg W, Barns S, Pelletier D,
Lane D (1991). 16S ribosomal DNA
amplification  for  phylogenetic
study. Journal of Bacteriology 173:
697-703.

Whitman WB, Coleman DC, Wiebe WJ
(1998). Prokaryotes: The unseen
majority. PNAS 95: 6578-6583.

Wiberg K, McLachlan M, Jonsson P,
Johansson N, Josefsson S, Knekta
E et al (2009). Sources, transport,
reservoirs and fate of dioxins, PCBs
and HCB in the Baltic Sea enuvi-
ronment (Report 5912). Swedish
Environmental Protection Agency:
Stockholm, Sweden, 143pp.

Wise R (2002). Antimicrobial resis-
tance: priorities for action. Journal
of Antimicrobial Chemotherapy 49:
585-586.

Worm B, Barbier EB, Beaumont N,
Duffy JE, Folke C, Halpern BS et al
(2006). Impacts of Biodiversity Loss
on Ocean Ecosystem Services. Sci-
ence 314: 787-790.

Osterblom H (2006). Complexity and
Change in a Simple Food Web:
Studies in the Baltic Sea. Doctoral
Thesis. Department of Systems
Ecology, Stockholm University:
Stockholm, Sweden, 36pp.

37



