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Introduction 

The loss of biological diversity is one of the most profound effects of hu-
mans on the global environment (Vitousek et al. 1997; Sala et al. 2000), and 
it is increasingly pressing to understand how this loss will affect ecosystem 
functioning (Chapin et al. 2000; Hillebrand & Matthiessen 2009; Reiss et al. 
2009). Ecologists have intensively studied the relationship between the 
number of species and a multitude of ecosystem functions, such as the pro-
duction of biomass, the biogeochemical cycling of elements and the ability 
to resist invasion by exotic species. However, the term “ecosystem function-
ing” refers to all processing and transport of energy and matter in an ecosys-
tem, integrating multiple individual functions performed in ecosystems. The 
scientific effort on unraveling the relationship between diversity and func-
tioning has resulted in a substantial body of literature, with the majority of 
studies focused on terrestrial plant communities. These studies have also 
begun to elucidate the mechanism underlying diversity-ecosystem function 
relationships (Tilman et al. 1997; Loreau et al. 2006; Cardinale et al. 2011).  

Pioneering experimental studies used rather simplified ecosystem models 
and short-term observations. More recently, the classical theory has been 
extended to incorporate spatial and temporal heterogeneity (Hillebrand & 
Matthiessen 2009), trophic and non-trophic interactions (Cardinale et al. 
2006; Reiss et al. 2009) and the interplay among multiple ecosystem func-
tions (Hector & Bagchi 2007; Gamfeldt et al. 2008).  

However, despite more than a decade of research on this topic, relatively 
little is known about the relationship between microbial diversity and eco-
system functioning. Bacterial communities are immensely diverse (Torsvik 
et al. 2002; Curtis et al. 2006) and hold key positions in essentially all bio-
geochemical cycles in all habitats, from soils and guts to technical systems. 
In aquatic ecosystems, their importance stems not only from their role as 
degraders and mineralizers of organic compounds but also from the produc-
tion of biomass and the coupling to higher trophic levels. Experimental stu-
dies using aquatic microbial communities have significantly contributed to 
the development of ecological theory (e.g. McGrady-Steed et al. 1997; 
Naeem & Li 1997; Petchey et al. 2002; Bell et al. 2005). Given that inland 
waters are an integral part of global element cycling (Battin et al. 2009; 
Tranvik et al. 2009) and can be used as sentinels for regional and global 
climate change (Williamson et al. 2008), the role of microbes in these eco-
systems is of outstanding scientific interest. 
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My thesis 
I applied a number of experimental designs to elucidate the relationship be-
tween diversity and ecosystem functioning of freshwater bacterial communi-
ties. The thesis is structured according to the publications and manuscripts, 
which provide detailed descriptions of methods, hypotheses and discussion 
of the results. Here, I start by giving a general background and provide a 
discussion of the methodological approaches, rather than a detailed descrip-
tion thereof. I then summarize the most important findings and put those into 
perspective. Throughout, I indicate some of the open questions and ideas 
how they could be addressed.  

Overall, my thesis should help to better understand some aspect of the 
mechanisms creating and sustaining bacterial diversity and to highlight the 
importance of this diversity for ecosystems, of which we humans are part of.  
In the first paper, we aimed to understand the effect of reduced diversity on 
bacterially mediated functions and functional trait diversity of chitin degra-
dation. We manipulated bacterial diversity by dilution and maintained the 
communities in batch cultures, measured several ecosystem functions and 
characterized community composition using 16S rRNA genes and functional 
trait diversity of chitinase genes.  

The second paper addresses the interplay of several functions and the ef-
fects of reduced diversity on the probability that these functions are jointly 
provided. We manipulated diversity of microbial biofilm communities in 
bioreactors and measured the enzymatic activities of the cells colonizing the 
reactor.  

In the third study, we address some of the aspects involved in resistance 
and resilience of bacterial communities and the importance of biodiversity. 
We used continuous cultivation along a gradient of diversity. We applied a 
pulsed perturbation by adding salt, which is a strong structuring factor for 
aquatic bacterial communities and looked at the patterns of co-occurrence of 
bacterial taxa to address the effect of the perturbation. 

The last chapter of this thesis presents a study of the importance of tem-
poral and spatial refuges for aquatic bacterial communities exposed to a sa-
linity perturbation. Continuous cultures were set up provided with a surface 
for colonization to avoid washout from cultures (temporal refuge) and dis-
persal from an undisturbed species pool (spatial refuge).  

Bacterial diversity 
The large extent of prokaryotic diversity evokes spectacular comparisons. 
There are, for example, more bacterial cells on Earth than there are stars in 
the universe (Whitman et al. 1998; Curtis & Sloan 2004). Bacteria also in-
habit the most extreme and exotic environments (Papke et al. 2003) and at 
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the same time every other habitat offers opportunities to find unknown taxa 
(Forney et al. 2004; Curtis et al. 2006). Moreover, prokaryotic diversity is a 
product of roughly 3.8 billion of years of evolution (DeLong & Pace 2001), 
compared to approximately 1.8 billion years of eukaryotic evolution.  

With the development of molecular tools, microbial ecologists have 
started to probe this immense – literally astronomical – diversity (Pedros-
Alio 2006; Newton et al. 2011). Basically two central questions arise – how 
many taxonomic units are there and how does this diversity matter?  

Bacterial diversity is difficult to estimate – the biological species concept 
does not hold for bacteria whose genomes generally contain very little con-
served regions and where lateral gene transfer occurs even between distantly 
related organisms (Doolittle 1999; DeLong & Pace 2001; Philippot et al. 
2010). Since a morphology-based species concept is clearly not applicable to 
prokaryotes, microbial ecologists are virtually bound to infer phylogenies 
and estimate diversity from analysis of the DNA sequence that encodes for 
the small subunit of the ribosomal RNA (16S rRNA, Woese & Fox 1977; 
Rossello-Mora & Amann 2001). Such analyses have proven useful to ex-
plain bacterial biogeographical patterns (Martiny et al. 2006), such as the 
relationship between the number of bacterial taxa in an area and the size of 
that area (Horner-Devine et al. 2004). However, how relevant diversity esti-
mates based on 16S rRNA genes similarities are for functional diversity re-
mains to be seen. 

Throughout my thesis, I focus on different aspects of the effects of the di-
versity of bacteria on the functions they provide. This diversity includes 
aspects such as the number of different taxonomic units (richness), their 
distribution (evenness) and identity (composition).  

Mechanisms of diversity-functioning relationships 
According to our current knowledge a large pool of species is required to 
sustain both assembly and functioning of ecosystems (Balvanera et al. 2006) 
and there are two principal mechanisms for this (e.g. Tilman et al. 1997; 
Hector et al. 1999).  

First, the selection or sampling mechanism (Tilman et al. 1997), where 
species differ regarding their individual effects on processes and because 
species-rich communities are more likely to contain species with a large 
effect on ecosystem functioning they are -on average- more productive. Of-
ten, this sampling effect is coupled to the dominance of a single species, and 
hence at high diversity the ecosystem process might be reflected by the traits 
of a dominant species. After removal of such a dominant species, the process 
would be reflected by the average of the entire community, which is likely to 
be lower (Tilman 1997).  
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Second, the complementarity mechanism, which suggests that species dis-
criminate between resources through niche diversification and species-rich 
communities are more productive because they are able to use more of the 
overall resources (Tilman et al. 1997). The complementarity mechanism 
allows facilitative interactions between species and the coexistence of sever-
al species. Because of species interactions, diverse communities can perform 
better than the best performing species alone. With respect to productivity, 
this has been termed transgressive overyielding, i.e. complex communities 
produce higher yields than the best performing monoculture, in contrast to 
non-transgressive overyielding where complex communities achieve higher 
yields than the sum of the mean monocultures.  

Both, selection and complementarity, however, require differences in 
functional traits among species in a community. Functional traits can be 
morphological (body size), physiological (resource uptake, growth rates, 
biomass accrual) or life history characteristics (resting stages) affecting an 
individual’s fitness (Violle et al. 2007). Functional traits are considered to be 
related to effect traits, i.e., traits directly or indirectly affecting ecosystem 
processes, although the strength of this relationship is debated (Fox & 
Harpole 2008; Hillebrand & Matthiessen 2009). Ecosystem functions are 
based on abundance- or biomass-weighted means of individual functional 
traits and traits allowing for resource partitioning or positive interactions 
underlie the complementarity effects. Likewise, selection effects are based 
on species-specific differences in the performance of particular traits (Loreau 
& Hector 2001).  

The shape of diversity-functioning relationships 
Although there is evidence for a positive relationship between biodiversity 
and several ecosystem functions, the shape of the relationship might be very 
different in different ecosystems, communities and variable over time. 
Communities have been shown to affect ecosystem properties and function-
ing via the effects of keystone species, ecological engineers and niche con-
structionists (Lawton 1994; Jones et al. 1997) and through interactions, such 
as competition, predation or facilitation among species (Chapin et al. 2000; 
Downing & Leibold 2002). Each process likely affects the shape of the rela-
tionship between diversity and functioning. Already early in the study of 
biodiversity-functioning, ecologists recognized more than 50 hypothetical 
trajectories of how ecosystem functioning changes with diversity (Schläpfer 
& Schmid 1999; Loreau et al. 2006), which can roughly be classified into 
three categories: i) species being singular, ii) species being functionally re-
dundant and iii) the relationship between diversity and ecosystem function-
ing being context-specific or idiosyncratic (Figure 1).  
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Figure 1 Relationships between diversity and individual ecosystem functioning can 
be categorized into linear (A), redundant (B) and idiosyncratic (C). (Figure modified 
from: Loreau et al. 2006) 

A linear increase of ecosystem functioning along a diversity gradient sug-
gests that each species contributes in a unique way to ecosystem functioning 
and has been referred to as predictable change hypothesis (Lawton 1994). 
Functional redundancy suggests that there is some degree of overlap in func-
tioning among different species. Such functional redundancy assumes that 
redundant species occupy broad niches, which allows them to co-exist. Once 
a species disappears and the niche opens, the redundant species can occupy 
this niche without changes in functioning (Walker 1992). Idiosyncrasy indi-
cates that the effect of diversity on ecosystem functioning is context-
dependent. Species interactions, such as facilitation, predation or mutualism 
are likely to be involved in cases where ecosystem functioning is a non-
monotonic function of diversity. Hence, such idiosyncratic relationships 
refer to biodiversity loss occurring in a specific order and thus interrupting 
relationships between species.  

Multifunctionality 
Hector and Bagchi (2007) were the first to address the importance of simul-
taneous effects of biodiversity on multiple ecosystem functions. They found 
that the number of plant species required to sustain ecosystem functioning 
increased with the number of ecosystem processes considered. Soon thereaf-
ter, Gamfeldt and coauthors (2008) showed that analyzing a single response 
variable tends to overestimate the amount of functional redundancy (Figure 
2). Redundancy in a single ecosystem function occurs if several species per-
form the same function, however, when multiple functions are performed at 
the same time, complementarity of species across functions is required to 
reduce multifunctional redundancy (Gamfeldt et al. 2008).  
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Figure 2 This graph shows how the probability of sustaining ecosystem functions 
depends on the number of species and the number of functions according to the 
conceptual framework presented in Gamfeldt et al. (2008). If only a single function 
is considered (solid line), overall functioning shows some degree of redundancy and 
hence saturation at some level of diversity. However, this redundancy vanishes if 
several functions are considered jointly. (Figure modified from Gamfeldt et al. 
2008). 

This concept requires trade-offs for species to perform different functions 
(Hillebrand & Matthiessen 2009). Such trade-offs could arise because some 
functions conflict with other functions (e.g. productivity and stress tolerance, 
Zavaleta et al. 2010). Since trade-offs occur more likely when more func-
tions are considered, a lower degree of redundancy is expected to emerge 
when more functions are addressed. Microbial communities are often as-
sumed to be functionally redundant due to their high abundance, immense 
diversity, high dispersal capacity, physiological versatility and horizontal 
gene transfer. However, there are only few previous empirical tests of the 
relationship of biodiversity and multifunctionality (He et al. 2009; Zavaleta 
et al. 2010).  

Environmental heterogeneity  
All natural ecosystems are highly complex in space and time. Aquatic eco-
systems exhibit particularly strong environmental gradients, for example in 
temperature, light and oxygen availability, but at the same time are highly 
coupled internally and with their surrounding (Schindler & Scheuerell 2002; 
Giller et al. 2004). Moreover, they are characterized by large fluxes and 
rapid turnover of material and organisms (Reynolds 2009). Such environ-
mental heterogeneity likely affects the relationship between diversity and 
functioning (Hillebrand & Matthiessen 2009). Isbell et al. (2011) could for 
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example show that different plant species provided ecosystem functioning in 
different environmental contexts. On the temporal scale, transgressive over-
yielding in plant communities, that is that a mixed community performs bet-
ter than the best performing single species, was only found in long-term 
experiments (Cardinale et al. 2006). This is because over extended periods 
of time and under changing environmental conditions more complex com-
munities contain species which react more flexibly to changes (Norberg et 
al. 2001), which allows them to yield higher overall functionality. Also, 
species-specific trade-offs in the ability to exploit different resources might 
enhance complementarity among species and one could expect that function-
ing would increase with increasing biodiversity as well as with increasing 
resource complexity (Langenheder et al. 2010; Jousset et al. 2011). Similar-
ly, spatial complexity influences biodiversity-functioning relationships. 
Singer et al. (2010), for example, provided evidence for the effects of physi-
cal flow heterogeneity in streams on microbial diversity and functioning. 

Incorporating spatial and temporal complexity has implications for our 
understanding of functional redundancy and the importance of sampling 
versus complementarity effects. First, if heterogeneous environments and 
longer periods of times are considered, the amount of redundancy among 
species is reduced (Hillebrand & Matthiessen 2009; Isbell et al. 2011). Al-
though difficult to establish, microbial communities have been suspected to 
harbor large amounts of functionally redundant species, mainly due to the 
enormous diversity and abundance (Allison & Martiny 2008) and weak 
coupling of composition and function (Langenheder et al. 2005; Comte & 
del Giorgio 2010). Experimental evidence for functional redundancy was 
presented by Fernandez et al. (2000). They used methanogenic bioreactors 
and a pulse perturbation and could show that communities after the perturba-
tion reached similar glucose uptake rates, however via different pathways. In 
another experiment, Wohl et al. (2004) assembled cellulose degrading bac-
terial communities of different richness and observed that even under con-
stant environmental conditions richness was maintained. However, consider-
ing the effects of temporal (e.g. Yannarell et al. 2003; Zwisler et al. 2003) 
and spatial gradients (Lindström et al. 2005; Yannarell & Triplett 2005; 
Langenheder et al. 2006) and the range of ecosystem functions which bacte-
ria provide in nature (Newton et al. 2011), it seems reasonable that function-
al redundancy among bacterial communities might be lower than previously 
thought.  

Moreover, if fluctuating environmental conditions are considered, adap-
tive possibilities of diverse communities allow for higher long-term produc-
tivity compared to less diverse communities, since “sampling” of the most 
productive species under contrasting environmental conditions can increase 
overall ecosystem functioning (Norberg et al. 2001). Most research on the 
relationship between diversity and functioning addresses rather uniform en-
vironments. Clearly, there are logistic constrains limiting our abilities to 
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measure diversity-functioning relationships over long periods of time and 
across spatial gradients. However, microbes offer ideal model systems to test 
some of the predictions of ecological theory over many generations or in 
controlled laboratory installations (Langenheder et al. 2010). We used per-
turbations and relatively long-term incubations (several weeks) in conti-
nuous cultivation systems to address some of these aspects. 

Diversity-stability 
Temporal stability of communities, ecosystems and functioning has long 
attracted ecological interest. Expectedly, there is a plethora of definitions 
and meanings available, which tend to confuse the discussion on the effects 
of diversity on stability (McCann 2000). However, one might categorize 
effects of diversity on stability under constant versus variable environmental 
conditions. 

On the one hand, increasing diversity may reduce the variability (e.g. va-
riance or standard deviation) of an ecosystem process under constant envi-
ronmental conditions (Naeem & Li 1997). Such an effect has attracted inter-
est mainly from a modeling perspective (MacArthur 1955; May 1972). The 
mechanisms behind the stabilizing effect has been referred to as the portfolio 
effect or the negative covariance effect (Doak et al. 1998; Tilman et al. 
2006). The portfolio effect refers to the idea that more diversified stock hold-
ings will be less variable over time since the total value will be spread out 
among many stocks, which will vary somewhat differently. Similarly, add-
ing species which show uncorrelated random fluctuations to a community 
leads to statistical averaging irrespective of species interactions. The nega-
tive covariance effect suggests that species interactions lead to temporal co-
variance of species abundance (e.g. negative covariance in case of competi-
tion, positive covariance in case of mutualism) and if diversity increases, 
total covariance decreases, resulting in more stable communities and func-
tioning. 
Moreover, the insurance hypothesis of biodiversity posits that diversity en-
sures ecosystem functioning in the face of environmental fluctuations be-
cause many species provide greater probabilities that some will maintain 
functioning even if others fail (Yachi & Loreau 1999; Cottingham et al. 
2001).  

Here, two important measures of responses to environmental perturba-
tions have to be considered. Resistance describes a systems ability to with-
stand changes due to environmental fluctuations. However, resistance is not 
restricted to abiotic perturbation but also refers to the ability of communities 
to withstand the invasion of an exotic species. Resilience, on the other hand, 
denotes the ability of a community or ecosystem to return to its pre-
perturbation state. Hence, diversity can affect the stability in face of pertur-
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bations either by increasing the odds to include resistant species (Tilman et 
al. 2006) or by increasing response diversity, i.e. include more species with 
divergent responses towards disturbance (Elmqvist et al. 2003). Also, more 
diverse communities are expected to harbor a higher degree of redundancy, 
which allows some species to maintain functions while other species are 
affected by a disturbance (McCann 2000).  
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Methods 

Manipulation of bacterial diversity 
The possibilities to manipulate microbial diversity in order to investigate the 
effects on functioning in experiments are rather limited. First, we are just 
about to unravel the extend of microbial diversity in nature and so far here 
are not very many natural gradients of diversity (e.g. richness) know to exist 
for microbes. An exception might be a gradient along a sequence of commu-
nity assembly i.e. different successional stages of a newly formed habitat. 
Thus, the manipulation of microbial diversity inevitably relies on cultivation 
techniques and despite their great value for microbial ecology research these 
techniques are severely limited. Currently, only a small fraction of the 
known bacterial diversity can be cultivated (Pedros-Alio 2006). We tried to 
circumvent this cultivation bias by applying a re-growing strategy 
(Ammerman et al. 1984; Tranvik & Höfle 1987) in most experiments. Brief-
ly, natural communities were regrown in sterilized lake water from the same 
location. To sterilize the lake water it was passed through 0.2 µm filters, to 
removes most particles including bacterial cells, and thereafter autoclaved to 
kill remaining bacterial cells, spores and viruses. In this way, complex com-
munities could be sustained; however, they should be compared to com-
munities under natural conditions only with caution.  

In order to manipulate diversity, there are basically two approaches avail-
able. First, one could isolate different species in pure cultures and assemble 
different numbers of isolates into complex communities. Although this was 
applied successfully to the study of microbial diversity and ecosystem func-
tioning, for example of bacteria living in water-filled tree holes (Bell et al. 
2005), it remains a tedious approach which allows to manipulate richness 
only at relatively low levels. Moreover, artificial assembly might not render 
processes of community assembly in nature (Diaz et al. 2003), which likely 
reflect the distribution of species in the regional species pool. Hence, most 
studies using this approach do not account for the evenness structure which 
can be observed in natural communities. 
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Figure 3 Effect of dilution on a microbial community with a typical distribution of 
few abundant species and a long tail of rare species (solid line). The horizontal, 
dotted lines indicate the effects of evenly spaced dilution steps, whereas the vertical 
dotted lines reflect the number of species included in the respective treatments. Note 
that the effect of dilution on diversity is not linear and depends on the initial distri-
bution of species in the community. 

We decided to use an alternative approach based on removal of species by 
dilution (Franklin et al. 2001; Wertz et al. 2006; Szabo et al. 2007). Dilu-
tion-to-extinction uses a natural community which is then stepwise diluted 
with sterile medium. The different dilution steps can then be used to inocu-
late cultures which will regrow into communities of different richness. The 
dilution-to-extinction approach typically includes an undiluted inoculum as 
the highest possible diversity treatment and can range to dilutions where 
theoretically only a handful of cells are included. Hence, this approach al-
lows investigating a rather large range of diversities and at the same time it 
conserves the evenness of the original community since with each dilution 
the rare species are removed and only the abundant remain. Hence, the most 
diluted cultures will represent the initially most dominant members of a nat-
ural community. This is also a likely scenario for extinction events, since 
rare species are more prone to extinction than abundant species are. Howev-
er, dilution-to-extinction is also limited in several ways. First, it depends on 
accurate estimates of initial cell numbers. This can be accounted for by ex-
tensively counting stained cells under an epifluorescence microscope. How-
ever, this method does not allow to differentiate between living, dead and 
inactive cells in the original community. Damaged or inactive cells likely 
will not grow in the cultures.  

Moreover, dilution-to-extinction is biased in a very general way towards 
cultivation. Potentially only a relatively small fraction of the original com-
munity is actually growing in the cultures and hence similar communities 
could establish from a wide range of dilutions, especially if the most abun-
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dant members of the original community are those also growing in the cul-
tures. Finally, dilution-to-extinction does not necessarily produce linear gra-
dients in diversity (Figure 3). Depending on initial evenness and number of 
cells, a more diluted inoculum might still include the same number of spe-
cies just with lower abundance. However, dilution-to-extinction represents a 
valuable and reliable technique, which can be easily applied to aquatic 
communities. However, one should always consider its limitations. 

Cultivation techniques 
Most experimental tests of diversity-functioning relationships using bacteria 
rely on cultivation and there is a variety of techniques available. One exam-
ple for an elegant approach is described by (Langenheder et al. 2010), where 
all possible combinations of six different soil bacterial species were culti-
vated on three different substrates in microtiter plates with a dye indicating 
the rates of substrate utilization. A similar experimental approach has been 
described using marine bacterial communities (Gravel et al. 2011). In the 
experiments included in this thesis I used three different cultivation tech-
niques. 

Microcosms 
Batch cultivation in small scale microcosm experiments is probably the sim-
plest of all possible cultivation techniques. Briefly, we used 100 mL glass 
vessels filled with sterilized lake water and inoculated them along a diversity 
gradient (paper I). The cultures were allowed to grow under constant tem-
peratures and in darkness. The growth in such cultures follows a typical pat-
tern, with an initial lag phase, followed by a period of exponential growth 
and saturation. However, since there is no supply of fresh nutrients and me-
tabolic waste products accumulate, bacterial cell numbers typically decreases 
after some time. The obvious advantages are the low costs and the easy 
usage and hence the large number of replicates that can be handled. Moreo-
ver, a relatively large volume can be harvested for molecular characteriza-
tion or measurement of functions at the end of the incubation. On the other 
hand, cells cannot be harvested repeatedly from such cultures, since physiol-
ogy differs considerably in different growth phases. Hence, repeated mea-
surements, comparing for example before and after a perturbation, are not 
feasible using batch cultivation.  
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Continuous cultivation 
There are different methods to keep bacterial cells continuously growing. 
We adopted a system which is described by Posch et al. (1999) where sterile 
medium is constantly pumped into a cultivation vessel by peristaltic pumps 
(Figure 4A). The culture is constantly stirred. Via an overflow, excess me-
dium and bacterial cells are removed from the system at the same rate as 
fresh medium is introduced. We adapted the dilution rates to be slightly low-
er than the average growth rates of cultures in sterilized lake water which we 
expected to allow a large variety of species to co-exist in the cultivation sys-
tem for extended periods of time. With the same argumentation why diversi-
ty should be highest at intermediate disturbance (Connell 1978), one can 
argue that it should be highest at intermediate dilution. An intermediate dilu-
tion rate might allow the maximum number of species to co-exist, whereas at 
low dilution rates some species could out-compete others and at higher dilu-
tion rates only fast growing species would not be removed by the outflow.  

Obviously, the long term cultivation offers great advantages in terms of 
possible experimental durations compared to batch cultivation. However, 
one needs to be aware that such a system selects for populations with a 
growth rate optimized to the dilution rate of the medium. A species with the 
best fit to the dilution rate will, on the long run, always outnumber other 
species (e.g. Taylor & Williams 1975). We run experiments for up to 8 
weeks and could not detect such an effect by the rather low dilution rates. On 
the other hand, the constant inflow of fresh medium offers unique opportuni-
ties to study the effects of perturbations. For paper III and IV, we used the 
fact that a chemical perturbation which is introduced to the system will be 
replaced by the inflow of unaffected medium. The dilution leads to an expo-
nential decline of the concentration of a stressor and hence, the exact trajec-
tory of the perturbation can be calculated.  
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Figure 4 Illustration of the continuous cultivation (A) and bioreactor (B) system. 

Throughout the experiments we chose a sudden change of salinity as a per-
turbation. Admittedly, this is a somehow artificial perturbation since fresh-
water bacteria commonly do not encounter abrupt changes in salinity. How-
ever, this allows us to unambiguously test the effects of perturbations on 
communities irrespective of their history and excluding the possibility that 
communities are shaped through selection of adapted species (del Giorgio & 
Bouvier 2002). Changes in salinity affect bacterial cells by changing their 
osmotic environment, causing stress on the membranes and protein struc-
tures. Prior to the experiments, we tested the ability of bacterial communities 
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to withstand and recover from changes in salinity in a batch culture experi-
ment. We found that bacterial production decreases with increasing salinity, 
however that already after 24h even the most affected communities perform 
similar as an unaffected control (Figure 5). This indicates that at least a sub-
stantial fraction of cells are able to quickly respond to the changes in salini-
ty. Moreover, salinity might be a good model perturbation since the cells do 
not take up salt and store it in their biomass as perturbations with inorganic 
nutrients or dissolved organic carbon might. However, resource pulses offer 
a wide variety of interesting questions to be addressed in the future.  

While we explored the effects of a perturbation in a homogeneous envi-
ronment in paper III, we used a heterogeneous environment in paper IV, to 
provide different refuges that may affect the response of microbial com-
munities to a perturbation. The same experimental system as in paper III was 
used, however, porous cm-sized chips with a large surface for bacterial colo-
nization were kept in the culture vessels. The cells colonizing the surface of 
the chips would experience the same stress as those in the liquid phase of the 
cultivation vessel, however due to their attachment they were not diluted by 
washout from the cultures, and hence potentially able to recover and re-
colonize the cultures once the perturbation was removed. Additionally, a 
spatial refuge was provided by dispersal of active, unaffected cells from 
another continuous culture. This mimics the connectivity within metacom-
munities which is important for community assembly, but also for resistance 
and resilience in face of environmental perturbations.  

Bioreactors 
In paper II, we used flow-through bioreactors (Kaplan and Newbold (1995); 
Figure 4B). Each individual reactor was made of a glass column with a con-
nector for tubing on each end. The reactors were filled with scintillated glass 
beads which offer an immense area for bacterial colonization and biofilm 
formation. Sampling ports at the entrance and the exit of the column allowed 
us to estimate the performance of the biofilms as the difference in DOC or 
oxygen concentrations, which was attributed to the bacterial activity in the 
reactor. This system allowed us to investigate long-term effects of the diver-
sity manipulations of biofilm-forming bacterial communities.  

Statistical approaches 
Throughout the thesis we applied a variety of statistical tools, from descrip-
tive statistics, to comparisons and the analysis of multivariate datasets, 
which is described in detail in the contributing papers. However, for the gen-
eral understanding of the thesis, I would like to briefly explain two statistical 
approaches. 
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Multifunctionality 
In paper II, we addressed the effects of diversity on multiple functions meas-
ured as the activity of extracellular enzymes involved in the degradation of 
dissolved organic carbon. To analyze the simultaneous effects on multiple 
functions, we followed the rationale outlined by Gamfeldt et al. (2008). First, 
we defined a specific level of enzyme activity to be sufficient to sustain 
community functioning. If any of the individual activities would drop below 
the threshold, we would consider this specific function lost and consequently 
the likelihood to sustain multiple functions would be impaired. We started 
with a threshold of 50% of the maximum enzyme activities for each enzyme, 
respectively. This means that as long as the community is able to perform 
50% of the maximum enzyme activity among all samples, we would regard 
the function retained. If functioning for a specific enzyme dropped below 
50%, this was considered as a loss of function. We calculated the probability 
that the activities of all five enzymes reached above the threshold level, in at 
least one of the three positions sampled along the flow path in the bioreactor. 
Hence a value of 1 indicates that all five extracellular enzymes performed 
above the threshold, while a value of 0 indicates that none of the enzyme 
activities reached above the threshold level. Moreover, we investigated the 
effect of increasing the threshold level to 75% and 90% of the maximum 
activity. 

Networks 
In paper III, we were interested in how diversity affects the response of 
communities to perturbations. To address stability of communities over time, 
we calculated temporal correlations among species. This can be done using 
Local Similarity Analysis (Ruan et al. 2006). The results of this analysis can 
then be shown in networks of co-occurring species, in which nodes (points) 
denote different species and edges (lines) denote significant correlations over 
time. Such an analysis allows visualizing the extent of correlation among 
members of a community. Moreover, topological features of such a network, 
like the distribution of edges among nodes, the length of the shortest path 
across the network or the degree of clustering can be used to address the 
stability of networks. Much work has been done on other networks, such as 
the internet, the power grid or ecological networks formed by predators and 
their prey (Albert & Barabasi 2002). More recently, network theory has been 
used to study temporal dynamics of marine (Fuhrman & Steele 2008; Gilbert 
et al. 2011; Steele et al. 2011) and lake (Eiler et al. 2011) bacterioplankton 
communities, to unravel habitat preferences of phylogenetically related mi-
crobes (Chaffron et al. 2010) and to investigate the effects of environmental 
perturbation (Shade et al. 2010). Networks are fragile towards the removal 
of nodes. How exactly this fragility behaves (e.g. fragmentation into several 
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smaller networks) depends mainly on topological properties of networks 
before the removal. If a network was build of random links between nodes, 
removal of links typically does not lead to fragmentation. However, most 
ecological networks show small world behavior, which means that most 
species interact via only few links. Such networks are sensitive towards 
fragmentation if highly connected species are removed. Ecological fragility, 
on the other hand, refers to the inverse of stability (Nilsson & Grelsson 
1995) and relates to the rate of changes in abundance and composition of 
communities following disturbance – fragile communities having high rates 
of species turnover or fluctuations in abundance.  
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Results and Discussion 

Diversity-functioning relationships 
Using a stepwise dilution approach (paper I, II, III), we manipulated bacteri-
al diversity and measured functional performance of the diluted communi-
ties. We measured a range of ecosystem functions such as growth rates, 
biomass accrual (paper I), the activity of extracellular enzyme activities de-
grading chitin, cellulose (paper I), cellobiose, xylobiose, peptides and phe-
nolic compounds (paper II) or carbon metabolism (oxygen consumption and 
DOC degradation, paper II, paper IV).  
We applied the dilution-to-extinction approach to microbial communities 
from lake pelagic habitats (paper I, III) and stream biofilms (paper II). Ter-
minal Restriction Fragment Length Polymorphism, a fingerprinting analysis 
of the 16S rRNA genes (Liu et al. 1997), was used to characterize communi-
ties. In some instances (e.g. paper I), we found a decrease in the number of 
OTUs upon dilution, however, no such decreasing trend could be observed 
in other experiments (e.g. paper III). TRFLP reliably characterizes microbial 
communities based on changes in relative abundance of the most common 
members, however, it is limited in the ability to estimate richness (Bent et al. 
2007).  
In paper I, we found indications of differences between broad-scale and spe-
cific ecosystem functions upon reduction in diversity in the first experiment. 
Broad-scale functions, such as biomass, showed a linear response towards 
dilution of the inoculum, supporting a predictable change scenario and indi-
cating relatively little functional redundancy. This is a rather unexpected 
finding, considering the large number of cells and species in microbial 
communities (e.g. Degens 1998; Comte & del Giorgio 2010). In contrast, we 
found that specialized functions, such as the degradation of chitin or cellu-
lose depend mainly on the presence of certain species – once these species 
were removed from the culture, the function was not performed any more. 
However, as long as these specific strains were present, functions were per-
formed at similar levels in more and less diluted communities, evidence for 
the selection mechanism. Interestingly, we found a great diversity of chiti-
nase genes in the cultures, even in cultures which did not show chitin degra-
dation when measured with the extracellular enzyme assay. This reflects the 
great functional potential among microbial communities, and changes in 
gene expression might have the potential to mask diversity-functioning rela-
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tionships in microbial communities (Jaspers & Overmann 2004; Reiss et al. 
2009). Transcriptional regulation of genes or “phenotypic plasticity” might 
exert a strong control on microbial functionality without any detectable 
changes in the presence or absence of species.  
In paper I, we concluded that the interplay of all processes, including func-
tions driven by specialized members of the community, is of importance for 
ecosystem functioning. Consequently, the roles of both generalist and spe-
cialist species for ecosystem functioning deserve attention. One example for 
a well designed experiment was recently presented by Gravel et al. (2011), 
based on artificially evolved generalist and specialist species of marine bac-
teria. They could show that losing specialists has strong effects on ecosystem 
functioning whereas losing a generalist species might have disproportionate 
effects when redundancy is low. The context-dependency of specific func-
tions reported in our study indicates relatively little functional redundancy in 
freshwater bacteria when specific functions, such as chitin and cellulose 
degradation, are considered.  

Multifunctionality 
In paper II, we addressed the effects of decreasing diversity on several func-
tions related to the degradation of labile and recalcitrant dissolved organic 
matter in stream biofilms. We measured a range of extracellular enzymatic 
activities and the changes in concentrations of DOC and oxygen across bio-
reactors started with differentially diluted inocula.  
The activity of 4 out of 5 extracellular enzymes decreased with decreasing 
diversity. We provided two different kinds of substrates for the biofilm 
communities, one containing labile and recalcitrant sources of carbon, the 
other containing only the recalcitrant carbon substrates. The substrate avail-
ability significantly influenced the rates of extracellular enzyme activities 
and oxygen consumption, with generally higher rates in the presence of la-
bile carbon. Furthermore, the biofilms were allowed to colonize the bioreac-
tors for 4 or 7 weeks. The differences in age of the biofilms had pronounced 
effects on ecosystem functioning, with generally higher levels of functioning 
in older biofilms, despite similar biomass. 
This experiment offered a rare opportunity to test effects of diversity – we 
included three levels – on ecosystem multifunctionality. As outlined above, 
we calculated the probability that the enzyme activity was performed above 
a threshold relative to the maximum activity found in all samples. Interes-
tingly, we could show that even if this threshold was chosen relatively low – 
e.g. half of the maximum enzyme activity –diversity strongly affected the 
probability of sustaining multiple functions. The effect was more pro-
nounced in the absence of the labile carbon source, indicating that there 
might be metabolic constraints associated with the production of extracellu-
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lar enzymes. When increasing the threshold to 75% of the maximum activi-
ty, we found large differences among treatments along the diversity gradient. 
This might reflect the importance of species interactions for multifunctio-
nality –allowing more diverse communities to reach, on average, relatively 
high levels of ecosystem functioning. Inspection of the probability to sustain 
90% of the maximum enzyme activity showed that the likelihood converged 
for different diversity treatments, especially in the treatments providing la-
bile carbon. This might reflect the role of specialized species, and communi-
ties containing such species would perform very well.  
In addition to the effects of substrate availability we could also show that the 
age of biofilms affected the relationship between diversity and multifunctio-
nality. For example, the most diverse biofilms had a higher probability to 
sustain multiple functions when they were older compared to younger ones. 
Likely, this reflects the time needed to establish interactions among species, 
leading to a more efficient use of substrates and production of enzymes. 
Using PLS modeling, we could highlight the relative importance of these 
factors, showing that age and the presence of labile carbon were important 
factors explaining the activity of enzyme activity, oxygen consumption and 
the consumption of labile carbon. 

Diversity-stability 
The third experiment (paper III) was designed to address some of the 
processes involved in the resistance and resilience of bacterial communities 
in the face of perturbations. Similarly to the experiments described above, 
we manipulated diversity using stepwise dilution. We maintained the cul-
tures in a continuous cultivation environment for two weeks before we ap-
plied a pulse perturbation. The salinity pulse was chosen to be a sudden in-
crease of salinity from 0 to 20 ppt. In a pre-study, using batch cultures, we 
found that 1 h after the addition of the salt, bacterial production was signifi-
cantly reduced compared to a control treatment (Figure 5). These findings 
indicate that freshwater bacterial communities can quickly respond to 
changes in salinity (within 24h), despite the fact that salinity is one of the 
strongest structuring factors for aquatic microbial communities 
(Langenheder et al. 2003; Newton et al. 2011) and the infrequence of fresh-
water-marine transition in nature (Logares et al. 2009). Such a response in 
production can either be driven by a collective adaptation or by increased 
production by specialized community members.  
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Figure 5 Effect of changes in salinity on production of bacterial biomass measured 
1h( black bars) and 24 h (grey bars) after addition of NaCl to batch cultures. Error 
bars indicate standard deviation, n=3. 

However, the addition of salt to a continuous culture leads to a sudden in-
crease in salinity followed by an exponential decrease due to the dilution 
with fresh medium (see above). Hence, 24h after addition of the salt to the 
continuous cultures, salinity was reduced to 10.3 ppt.  
We measured bacterial community composition in the reactors at several 
time points before and after the perturbation using TRFLP. Using the rela-
tive abundance of OTUs at these time-intervals, we calculated Local Similar-
ities (Ruan et al. 2006). Local Similarity Analysis calculates pair-wise corre-
lations between OTUs over time. These correlations indicate co-occurrence, 
i.e. if species A occurs at a given time, species B occurs as well, reflecting a 
positive correlation between these species. LSA extracts different kinds of 
significant temporal correlations and allows for a time-lag. The analysis 
produces basically an extensive correlation matrix – and we used network 
theory to visualize and analyze these patterns. The networks visualize corre-
lations between pairs of OTUs as edges between nodes. We analyzed the 
patterns that emerged from these networks by investigating how densely 
clustered and how similar the communities are to randomly assembled net-
works. Before the perturbation, we found highly clustered networks of co-
occurrence which were different from randomized versions with the same 
amount of nodes. Surprisingly, this pattern was similar along the diversity 
gradient, with only a slightly decreasing amount of nodes. The perturbation 
had a strong impact on network topology. Much fewer OTUs had significant 
linkages (fewer nodes and fewer edges). Moreover, after the perturbation, 
the networks were not any longer different to random networks. And whe-
reas the OTUs before the perturbation were all connected to each other, after 
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the perturbation the networks were fragmented into smaller, unconnected 
sub-networks. We attribute this effect to the removal of highly connected 
species from the networks and argue that the pulse perturbation disrupts the 
synchronization of bacterial co-occurrence in a continuous cultivation sys-
tem. The removal of highly connected species, i.e. species which interact 
with many other species, from ecological networks has been shown before to 
cause fragmentation (Montoya et al. 2006), and an interesting question is 
how such fragmentation affects ecosystem functioning.  
In experiment III, we monitored bacterial abundance and detected significant 
negative shifts in the most diverse communities after the perturbation. Bac-
terial abundance in continuous cultures is balanced by the production of new 
cells and the removal of cells via the outflow. Hence, the level of abundance 
reached in such cultures reflects the production of new cells, which is an 
important ecosystem function in aquatic food webs. In accordance to our 
previous findings, before the perturbation more diverse communities reached 
higher abundances. However, after the perturbation bacterial cell numbers 
were similar in all diversity treatments.  
In conclusion, greater diversity in continuous cultivation systems lead to 
higher abundances, probably due to the interactive effects of co-occurring 
species, however, perturbations are able to disrupt these synchronized com-
munities and lead to lower levels of ecosystem functioning. Clearly, there is 
a lack of mechanistic understanding how perturbations affect topological 
features of co-occurrence networks and how this affects ecosystem function-
ing. 

Effect of refuges on resistance and resilience 
In the fourth experiment (paper IV), we were interested in some of the as-
pects which might allow natural communities to be resistant against or to 
recover from an environmental perturbation. From plant communities we 
know that dispersal and dormancy of seeds reduce risks in spatiotemporally 
variable environments (Snyder 2006). Although risk reduction strategies are 
associated to costs, they allow populations to withstand locally adverse envi-
ronmental conditions for a given period of time (e.g. dormancy) or to colon-
ize habitat patches after disturbance events (e.g. dispersal) (Bengtsson et al. 
2003). Little is known about such effects in microbial communities, which 
harbor large amounts of dormant cells (Jones & Lennon 2010; Lennon & 
Jones 2011) and possibly disperse at high rates due to small body sizes and 
large number of individuals (Fenchel & Finlay 2004). Dispersal has attracted 
considerable scientific attention with respect to community assembly, and 
the metacommunity concept provides a powerful tool to study such 
processes (Leibold et al. 2004; Holyoak et al. 2005). In our study we provide 
two different refuges against a pulsed salinity perturbation in a continuous 
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cultivation system, passive dispersal of cells and the attachment to a surface 
which we compared to a treatment without a refuge and an undisturbed 
treatment. We considered the dispersal of active cells to act as a spatial re-
fuge, whereas the attachment to a surface allows the cells to remain in a dis-
turbed site and hence offers a temporal refuge. We compared community 
composition and functioning before the perturbation with that after the per-
turbation and found that the perturbation had profound effects on community 
composition and significantly affected functioning.  
Generally, we found that ecosystem functions such as the utilization of car-
bon substrates or the maintenance of abundance in a continuous cultivation 
system were significantly lower after the perturbation and that both types of 
refuges facilitated recovery from the perturbation. The dispersal of active 
cells from an undisturbed pool of species lead to faster recovery (compared 
to the undisturbed treatment). However, also the provision of a surface to 
colonize allowed the communities to recover from the perturbation more 
readily as compared to the treatment without any refuge. On the one hand, 
the cells attached to the surface will encounter the same perturbation as the 
ones in the liquid phase but due to their attachment they might remain and be 
able to re-colonize the liquid phase. On the other hand, the structure of the 
biofilm, with its dense layers of cells (Battin et al. 2007) might provide some 
protection against changes in salinity in the liquid phase.  

Since such risk reduction strategies are generally associated to costs for 
populations, it seems likely that they are unevenly distributed among mem-
bers of communities. Similarly to generalist and specialist species, there 
might be resistant (dormant, biofilm forming) or resilient (dispersing) spe-
cialists among microbial communities. Dormancy cannot be easily manipu-
lated in experimental systems, although starvation and changes in environ-
mental conditions such as pH, temperature or osmotic pressure can trigger 
spore formation. The effects of dormancy on e.g. diversity-stability relation-
ships might be tested using the relationship between productivity and the 
number of dormant cells in lake ecosystems (with relatively more dormant 
cells in less productive systems) (Jones & Lennon 2010). 
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Conclusions and Perspectives 

Throughout my thesis, I found several indications for a coupling of functions 
and communities obtained from different inoculum sizes. The dilution ap-
proach has its advantages and disadvantages, for example that species rich-
ness is neither clearly defined nor linearly related to dilution. Therefore, it is 
going to be interesting to see the relationship between bacterial diversity and 
ecosystem functioning resolved with a finer resolution of community com-
position, as enabled by next generation sequencing technologies. 

From this work, I hope it became apparent that research on biodiversity-
ecosystem functioning relationships makes only sense from a multifunction-
al perspective. Even if individual functions are performed also when only 
few species are present in a community, overall ecosystem functioning and 
the insurance that future functioning will be sustained can only be achieved 
when diversity is high. In my opinion, natural bacterial communities are 
unlikely to be threatened by species extinctions, but these fast growing and 
immensely diverse organisms offer great opportunities to address some of 
the most pressing issues of ecology and conservation biology.  

Moreover, I hope to contribute a bit to our understanding of the effects of 
perturbations on communities. Despite the long lasting interest in how per-
turbations affect community assembly and composition, there is lot of uncer-
tainty and often a black-box approach has to be applied. Facing global cli-
mate change including possible increases in the frequency and magnitude of 
perturbation events, I believe that we urgently need to better understand 
these mechanisms. One way will be via the analysis of massive dataset, ob-
tained through long-term experimentation and monitoring. Network analysis, 
as applied in this thesis, might allow us to gain a deeper understanding of 
such complex processes, but there might be better, maybe more intuitive 
ways to do so too.  

Finally, I wish to emphasize that ecologists and microbial ecologists in 
particular, need to look beyond the established borders of their discipline. 
For example, the portfolio effect of diversity is based on observations in 
economy – although this discipline has advanced substantially, little has 
been learned from this by ecologist. Another challenge that microbial ecolo-
gy needs to face in the near future is its poor integration with evolutionary 
biology, since, literally, nothing in biology makes sense except in the light of 
evolution (Dobzhansky 1964).  
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Summary 

Bacteria in natural ecosystems are immensely diverse and provide important 
functions. In freshwater ecosystems such as lakes and streams, bacteria form 
the basis of the food web, linking dissolved organic matter and higher troph-
ic levels. Therefore, the mineralization of dissolved organic matter and the 
production of biomass by bacteria is of great importance for the entire eco-
system. Mainly from observations and experiments on plant communities, 
we know that the diversity positively affects ecosystem functions such as 
biomass production, resistance against invasion by non-native species or the 
reliability with which functions are performed under changing conditions. 
In my thesis, I aimed to address similar questions using lake bacterial com-
munities. To do this, we used laboratory based experiments, in which we 
manipulated bacterial diversity and measured the effects on functions such 
as biomass production and resource utilization. Previously, bacteria in lakes 
were considered to perform similarly, i.e. that one bacterial species can func-
tionally replace another species. In our first experiments, we could show 
however, that this so-called functional redundancy might differ for different 
kinds of functions and that the overlap in functionality is reduced if several 
functions are considered simultaneously. However, it is clear that natural 
communities perform a multitude of functions at the same time, and that in 
order to preserve this multifunctionality we need to preserve generally high 
levels of biodiversity. 
Moreover, we could show that bacterial communities are sensitive towards 
changes in environmental conditions in terms of community composition 
and functioning. We addressed this experimentally by using a cultivation 
technique which provides constant environmental conditions by steadily 
supplying fresh medium to the cells. Such constant cultivation systems can 
be used to apply a perturbation which transiently changes the environmental 
conditions. One can calculate the time until the environmental conditions are 
again the same as before the perturbation and by comparing this to the re-
sponse times of bacterial communities we can estimate how quickly they 
recover from a perturbation. We hypothesized that more diverse communi-
ties would recover more quickly compared to less diverse communities. Sur-
prisingly though, we did not find such clear effects of diversity. Instead, we 
could show that under constant environmental conditions, bacterial commun-
ities form a dense network of species occurring at the same times, irrespec-
tive of diversity. This pattern of co-occurrence was destroyed after the envi-
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ronmental perturbation. Many species interact with other species to perform 
functions and microbes often rely on metabolic products produced by other 
species. To allow for such interactions, clearly the contributing species have 
to occur at the same time at the same location. Therefore, if perturbations 
destroy such co-occurrence dynamics, than this might have severe implica-
tions of functions which depend on interactions among species. 

In natural ecosystems it is unlikely that a perturbation affects entire eco-
systems but is rather restricted in space and time. If, for example a lake is 
affected by an environmental perturbation such as pollution, bacteria from 
the catchment will have the possibility to re-colonize the lake after the pollu-
tion was removed. Moreover, organisms themselves can feature different 
strategies to avoid or reduce negative effects of perturbation. Among such 
strategies, bacteria have evolved the formation of spores which allows them 
to survive adverse conditions. We were interested to which extend different 
refuges allow communities to withstand or recover from a perturbation. 
Again we used a continuous cultivation system and provided a large surface 
for the cells to attach to, which allows them to remain and re-colonize the 
liquid phase of the culture after the perturbation. In another treatment we 
dispersed cells from an un-disturbed culture into the disturbed treatment, 
mimicking the process of dispersal in natural ecosystems. We could show 
that both types of refuges allowed the bacterial communities to recover faster 
from the perturbation in terms of composition and functioning. 

In conclusion, this thesis aims to test some of the predictions of ecological 
theory using microbial communities. Microbes are unlikely to go extinct in 
nature but due to their fast growth and their immense diversity, they are 
ideally suited as model organisms. Hence, future studies should make use of 
their unique properties to further test and build ecological theory. 
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Summary in Swedish (Sammanfattning) 

Det finns en oerhörd mångfald av bakterier i naturliga miljöer, och de utför 
en rad viktiga funktioner. I sjöar och vattendrag utgör de en länk mellan löst 
organiskt material och organismer högre upp i näringskedjan. Mineralise-
ringen av organiskt material och produktionen av bakteriebiomassa är därför 
av stor betydelse för ekosystemet. Observationer och experimentella studier 
av framförallt växtsamhällen har visat att biologisk mångfald påverkar olika 
ekosystemfunktioner positivt, till exempel produktion av biomassa, mot-
ståndskraft mot invasioner av främmande arter och upprätthållandet av olika 
ekosystemfunktioner under förändrade förhållanden. 
I den här avhandlingen belyser jag liknande frågor med fokus på bakterie-
samhällen i insjöar. Resultaten är baserade på laboratorieexperiment där 
bakteriernas diversitet manipulerats och där olika effekter av detta mättes, 
inklusive bakteriernas produktion av biomassa och utnyttjande av resurser. 
Olika bakterier har tidigare ansetts till stor del utföra samma funktioner, på 
så sätt att förlust av en art inte medför förlust av en viss funktion, eftersom 
flera andra arter har samma funktionella kapacitet. I det första experimentet i 
avhandlingen kunde jag visa att denna så kallade funktionella redundans 
skiljer sig beroende på vilka funktioner som studeras. Dessutom driver en-
skilda arter av bakterier flera olika funktioner, och olika arter representerar 
olika kombinationer av funktioner. Således är överlappet mellan olika arter 
mindre i förmågan att utföra flera funktioner, jämfört med deras kapacitet att 
utföra en enskild funktion. Därför, när flera funktioner studeras samtidigt, 
blir den funktionella redundansen lägre än när enskilda funktioner studeras. 
Med andra ord, bakteriesamhällens förmåga att upprätthålla ett batteri av 
flera olika funktioner är mer beroende av bakteriesamhällets diversitet, jäm-
fört med deras förmåga att upprätthålla enskilda funktioner. Eftersom natur-
liga samhällen utför ett stort antal funktioner samtidigt, och för att bevara 
denna multifunktionalitet, måste en generellt hög nivå av biologisk mångfald 
upprätthållas.  
Jag kunde också visa att bakteriessamhällens sammansättning och funktion 
är känsliga för förändringar i miljöförhållanden. Detta belystes med hjälp av 
experiment där vi använde bakteriekulturer som fick utvecklas under kon-
stanta förhållanden och kontinuerlig tillförsel av ny näring. Vi kunde med 
hjälp av detta system utsätta bakteriesamhället för en kontrollerad, övergå-
ende störning. Hastigheten med vilken störningen (en puls av ökad salthalt i 
det hör fallet) försvinner ur systemet kan kontrolleras och beräknas, och 
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jämföras med hur fort bakteriesamhället återhämtar sig från störningen. Vår 
hypotes var att samhällen med högre diversitet återhämtar sig snabbare än 
samhällen där diversiteten är lägre. Förvånansvärt nog så fann vi ingen sådan 
tydlig effekt av bakteriernas diversitet på deras återhämtningsförmåga. Vad 
vi istället såg var att bakterierna, under konstanta förhållanden, bildade ett 
tätt nätverk of samexisterande arter, oberoende av diversiteten. Detta möns-
ter bröts upp efter att en störning gjorts av systemet.  
Många arter samverkar med varandra, och mikroorganismer är ofta beroende 
av metaboliska produkter från andra arter. För att sådana interaktioner skall 
var möjliga, måste de samverkande arterna förekomma samtidigt på samma 
plats. Störningar i miljön som bryter upp sådan samexistens kan därför ha 
starka effekter på funktioner som är beroende av interaktioner mellan olika 
arter.  
I naturliga ekosystem är effekterna av störningar generellt begränsade i tid 
och rum. Exempelvis, om en sjö utsätts för en stark störning till följd av 
någon förorening kan bakterier från sjöns avrinningsområde återkolonisera 
sjön efter att effekterna av störningen har klingat av. Dessutom har organis-
merna utvecklat strategier att undvika eller minska effekterna av störningar. 
Vilsporer med hög förmåga att överleva hårda omvärldsförhållanden är ett 
exempel på sådana strategier. Områden som bakterier kan invandra från, 
liksom vilsporer, kan betraktas som refuger (”fristäder”) från störningar. Vi 
undersökte i vilken utsträckning sådana refuger tillåter bakteriersamhällen 
att motstå eller återhämta sig från störningar. Bakteriekulturer försågs med 
ytor som bakterierna kunde kolonisera, och därmed undvika att försvinna ur 
kulturen, så som de annars skulle gjort till följd av det genomflödessystem 
som användes. I en annan del av experimentet tillfördes bakterier som inte 
varit föremål för störning från en källa ”uppströms”. På detta vis efterliknade 
vi spridning mellan olika habitat i naturliga system. Båda typerna av refuger 
underlättade bakteriesamhällenas återhämtning från störning, uttryckt i både 
deras sammansättning och funktion. 
Sammanfattningsvis så testar jag i min avhandling med hjälp av experiment 
med mikroorganismsamhällen ett antal förutsägelser utifrån ekologiska teo-
rier. Det är osannolikt att mikroorganismer är föremål för utrotning i naturen, 
men deras snabba tillväxt och enorma diversitet gör dem till väldigt bra mo-
dellorganismer för att studera den ekologiska betydelsen av diversitet. Fram-
tida studier bär därför i ökad utsträckning dra nytta av deras unika egenska-
per för att vidareutveckla ekologiska teorier och utsätta dem för experimen-
tella tester. 
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