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Abstract  

Bacterial diversity and ecosystem functioning (BEF) relationships have received considerable 

attention during the last three decades and tend to be positive in most cases. However, most studies 

were done in closed systems and largely ignored the importance of placing local communities into 

the metacommunity context, in which dispersal can be a crucial factor modifying community 

diversity and composition and ecosystem functioning.  

The aim of this study was to investigate the effects of both diversity and dispersal on the responses 

of bacterial community to a starvation perturbation. To achieve this, we implemented a batch 

culture experiment using the dilution-to-extinction approach to create a diversity gradient of local 

bacterial community richness. Different dispersal rates were manipulated by transferring cells in 

different quantities from a regional source to the cultures, and they were then exposed to a 

perturbation by transferring them into water from another lake which differed in organic carbon 

content and quality. We evaluated the BEF relationship by measuring the bacterial community 

composition using t-RFLP and multiple ecosystem functions. Generally, our results demonstrated 

that diversity and dispersal have an interactive and positive effect on ecosystem functioning. In 

particular, dispersal had a stronger and more pronounced effect on ecosystem functioning when 

bacterial diversity was low. When evaluating the responses of bacterial community respiration, no 

significant difference was observed among different treatments, however, there were clear 

differences in substrate utilization patterns, implying that specific functions, such as decomposing 

certain substrates, are more sensitive to a perturbation than general functions, such as respiration. 

Therefore it is important to include multiple functional parameters when studying BEF relationships 

and, in particular, when applying our knowledge to the conservation of natural environments. 
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Introduction 

An ecosystem is defined as an environment that contains different organisms, the abiotic factors they 

live along with and the dynamic interactions existing between them (Stiling 1992). All these 

components are running together to make the environment a functional unit. The activities of the 

organisms and the effects of these activities on the environment are known as ecosystem functioning, 

such as the services and goods supplied to society (Naeem 1999). However, with a growing number 

of human activities, ecosystem functioning is influenced through fluctuations or perturbations. One 

of the major studying subject from the last decades is how ecosystem functioning responds to a 

perturbation leading to the definition of the stability of an ecosystem. Accordingly, Pimm (1984) 

summarized that stability has three components: resistance, resilience and temporal variability. 

Resistance is a measurement of the degree to which an ecosystem can withstand a perturbation. 

Resilience explains how quick an ecosystem can recover from a perturbation. Finally, temporal 

variability means how much the ecosystem varies over time when being exposed to fluctuations. 

  

Previous investigations found that diversity would decrease as a reaction to a disturbance and then 

unsettle the existing interactions in the communities (Atlas 1984). Positive relationship between 

biodiversity and ecosystem functioning, mostly measured as abundance or biomass of the studied 

group, are frequently observed (Covich et al. 2004, Cardinale et al. 2006), but it is less clear how 

biodiversity and ecosystem functioning relationship (BEF) respond when the ecosystem is perturbed. 

Most studies on BEF relationships were implemented in terrestrial ecosystems, especially grasslands 

(Loreau 2002), whereas less attention has been devoted to aquatic ecosystems. Aquatic ecosystems 

are of particular interest as they represent a large proportion of ecosystem types on Earth, and 

aquatic microcosms offer the advantages of being easily operated, not long generation times and 

realistic species combination (Srivastava et al. 2004), making it is necessary to study aquatic 

microcosms and providing better insights into BEF relationships (Giller et al. 2004).  

Many mechanisms have been proposed to describe the extent about BEF relationship in the face of 

environmental fluctuations, in other words, to explain if ecosystem functioning can be maintained 

stable under perturbation. Among these hypotheses, the insurance hypothesis (Yachi and Loreau 
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1999) is probably the most important one. In a constant or steady environment, high diversity might 

not be crucial to carry out an ecosystem processes (Loreau et al. 2001). However, high diversity will 

supply an insurance or buffering capacity against frequent external perturbations to the environment, 

thereby increasing its stability. Finlay et al. (1997) also mentioned that natural ecosystems always 

had higher diversities than they actually needed to maintain their maximum productivity. Since 

different species respond differently to external fluctuations, this can result in functional 

compensations. Thus with higher diversity, the probability of having more species that can resist a 

perturbation is higher and/or the likelihood to compensate lost functions by ‘refilling’ with species 

that can implement the same or similar functions as the lost species increases. Many studies have 

been done but provided only limited support for the insurance hypothesis (Petchey 2007), and some 

even reported the opposite of what the theory predicts, i.e. found a decrease in stability with 

increasing diversity. For example, Pfisterer and Schmid (2002) found that diversity decreased both 

resistance and resilience.  

 

The metacommunity framework can be used to understand the variation in BEF relationship in the 

above mentioned studies. This framework assumes that a set of local communities are linked by 

dispersal of multiple potentially interacting species (Wilson 1992, Leibold et al. 2004). In such a 

scenario, local communities are placed into a larger spacial scale where both local factors, such as 

water chemistry, quality and quantity of dissolved organic matter, and grazing, as well as regional 

factors, related to dispersal, can regulate biodiversity and thus influence ecosystem functioning 

(Bond and Chase 2002). Basically, there are four conceptual paradigms in metacommunity theory 

including species-sorting, mass-effects, patch-dynamics and the neutral paradigm (Leibold et al. 

2004). Species-sorting is probably the one discussed most (Lindström and Logue 2008), and 

acknowledges that habitat patches are environmentally heterogeneous, but species can co-exist by 

means of niche diversification and differences in resource exploitation while dispersal is not limited. 

Mass-effects also consider the effect of dispersal and assume that heterogeneous habitats are 

connected by high dispersal. Then reproduction in a source habitat can maintain the persistence in 

the sink habitat (Logue et al. 2011). Almost all the previous studies did not treat local communities as 

a part of a regional community, even though it has been shown that within a regional community 
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dispersal can play an important role in modifying community composition (Hillebrand and 

Matthiessen 2009). Dispersal rates among local communities can be different. When dispersal rates 

are limited, the community is more likely to remain the original status (Sale 1977), because the 

competition from immigration in the community is reduced (Shmida and Wilson 1985). When 

dispersal rates are high, mass effects can occur (Shmida and Wilson 1985), and can have strong 

effects on community structure and local conditions (Mouquet 2005). Having too much dispersal can 

increase the homogeneity in the community by decreasing diversity in the local community (Venail et 

al. 2010). 

 

Almost half of the previous studies on BEF relationships focused on the effects of diversity changes 

on one function (Hillebrand and Matthiessen 2009), mainly production. However, ecosystem 

functioning is an even wider concept and considering more ecosystem functions (multifunctionality) 

is needed when applying our knowledge to the management and conservation of natural 

environments. Hector and Bagchi (2007) found that higher species richness was required when 

studying multifunctionality than when one single function was studied. The overlap of functions that 

species can perform is getting less (Rosenfeld 2002) when more functions are considered, meaning 

the function of each species becomes unique in a multi-dimensional function (Petchey and Gaston 

2002). So apparently, biodiversity is even more important for the overall ecosystem functioning 

(Gamfeldt et al. 2008). 

 

Bacteria are very abundant, possess enormous metabolic capabilities and activities and implement 

or contribute to almost all biogeochemical processes (Whitman et al. 1998, Prosser et al. 2007, 

Hallin et al. 2009). For example, they can decompose organic matter which will be used by plants 

and other autotrophs (Lilley et al. 2005). Relating microbial diversity to ecosystem functioning and 

stability is a hot topic of current research (Wohl et al. 2004, Girvan et al. 2005). Girvan et al. (2005) 

used benzene amendments to disturb bacterial communities, which had different levels of diversity, 

and found that more diverse communities were more resistant to benzene perturbation than less 

diverse ones. Furthermore, Wohl et al (2004) provided evidence that functional redundancy may 

play an important role indicating that ecosystem functioning may not necessarily be affected by 
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changes in bacterial diversity. However, all studies that have been implemented on bacterial BEF 

relationships so far have been done in a closed and constant environment, and we lack knowledge 

about the importance of dispersal.  

 

In this study, we therefore studied BEF relationships considering the effect of dispersal. We 

implemented an experiment using a dilution-to-extinction approach to obtain a diversity gradient of 

local microbial communities. Additionally, different dispersal rates were applied by adding different 

amounts of bacteria from a regional pool into the local communities. Subsequently, we perturbed 

local bacterial communities by inoculating them into water from a different lake, which differed in 

terms of the organic carbon content and quality compared with their original environment. 

Community composition and functions were measured. Finally, we investigated responses of 

multiple ecosystem functions, and whether diversity and dispersal play a role for the resistance and 

resilience to a perturbation. This experiment allows us to test the following hypotheses: 

1) Diversity and dispersal will have an interactive and positive effect on ecosystem functioning. 

Ecosystem functioning in communities with lower diversity will be more influenced by dispersal. 

2) Interactive effects of diversity and dispersal will be achieved when testing their effects on the 

ecosystem stability.  

3) Different functions will respond differently to effects of diversity and dispersal and the 

perturbation. Specific functions, such as the decomposition of certain substrates, will be more 

influenced than general functions, such as respiration.   
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Materials and methods 

1 Sampling and experimental set-up 

1.1 Sampling 

Surface water from three lakes was sampled on December 14, 2010. Lötsjön is a eutrophic clear water 

lake, while Långsjön is an oligotrophic clear water and Ekoln a eutrophic moderately humic lake 

(Table 1). Water from Lake Åre in Jämtland, an oligotrophic clear water lake, was collected in July 

2010 and was kept in 15 °C dark room for at least three months. The water of the latter lake was used 

as the perturbation medium because bacteria inoculated into this water faced low quantities of mostly 

recalcitrant organic carbon. Snow was collected two times during December 2010 and kept in the 

15 °C dark room.  

1.2 Experimental set-up 

With water from Lötsjön, Långsjön, Ekoln and the melted snow mixed with lake water from 

Långsjön and Ekoln, respectively, batch cultures were set up where a grazer-free inoculum from 

each source was inoculated into sterile medium at a 10% dilution. Cultures from Lötsjön were 

treated as the ‘local lake’ whereas cultures from Långsjön and Ekoln and their respective 

snow-mixture were treated as regional sources and are named A (Långsjön inoculum + Långsjön 

medium), B (Ekoln inoculum + Ekoln medium), C (snow mix inoculum + Långsjön medium) and D 

(snow mix inoculum + Ekoln medium). 

 

To prepare the medium for the cultures, all filtration units were autoclaved and rinsed with Milli-Q 

water before use. Water from each lake was successively filtered through GF/F (pore size 0.7 μm, 

Whatman) and 0.2 μm membrane filters (Supor○R -200, Pall, Life Science). After incubation overnight 

at room temperature, a second filtration was done and the water was then autoclaved at 121 °C for 20 

minutes. Sterilized water was kept in autoclaved 5L glass bottles at room temperature overnight for 

pH calibration and the pH was re-set to its original value using 1M HCl. The medium was kept at 

15 °C in the dark until future use.  
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To prepare the inocula, water from Långsjön, Ekoln and snow-water mixes was filtered through 0.7 

μm GF/F filters to remove grazers and subsequently 30 ml of the inoculum was inoculated into 

sterilized lake water (10% inoculation v/v). For the local lake (Lötsjön), the dilution-to-extinction 

method was used to obtain cultures with different levels of bacterial diversities. This method uses 

dilution of a diverse community to remove the rare species and thereby creates mixtures differing in 

species richness (Morales et al. 1996). Initially, Lötsjön water was filtered through a 0.7 μm filter and 

afterwards cells were counted using Acridine Orange Direct Counting (AODC) using an 

epifluorescense microscope. Dilutions (1:10) were done by serially inoculating 4 ml inoculum into 

36 ml sterilized Lötsjön media and dilutions with concentrations of 106, 104, 102 cell ml-1 were 

chosen to create a diversity gradient. Volumes of 30 ml of each dilution were transferred into 270 

ml sterilized Lötsjön medium. These cultures were used as pre-cultures for the main experiment 

(see 1.3 below) to ensure that the cultures in the main experiment could be set-up at similar initial 

abundances. The pre-cultures were incubated at 15 °C in the dark until stationary phase was reached 

which was checked by AODC. The regional communities, low (102), medium (104) and high (106) 

diversity cultures were prepared at different time points to account for different community growth 

rates between them. In the case of the 102 cultures, it took around 15 days to reach stationary phase 

whereas the 104 and 106 cultures only needed 4 to 5 days.  

1.3 Dispersal part  

Water from the stationary phase of the pre-cultures was used to set up the cultures for the dispersal 

part (Fig. 1). Nine replicates of local lake cultures were prepared for each diversity treatment using 

three dispersal treatments with 3 replicates each: no dispersal, medium dispersal rate (5% exchange 

of total cell number with cells from the regional cultures) and high dispersal rate (10% exchange of 

total cell number with cells from the regional cultures). One day after inoculation from pre-cultures, 

dispersal was implemented by exchanging 5 or 10% bacteria in the culture with regional sources A, 

B, C, D, which were mixed at an equal ratio. The amount of cells to be added from the regional 

source was calculated according to the AODC cells counted in the local lake cultures, which we did 

every day prior to the dispersal. Dispersal was done once a day and lasted for 4 days. After four 

days of dispersal, all the local lake cultures were incubated for two more days before the dispersal 
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part of the experiment was finished after a total incubation of 7 days and samples were taken (first 

sampling, Figure 1).  

1.4 Perturbation part 

Next, 30 ml of water from the sampling point of the dispersal part were inoculated either into 270 

ml of sterilized water of Lötsjön or lake Åre, resulting in a total of 54 cultures that were then 

incubated at 15 °C in a dark room for 10 days. On the 11th day, the cultures were sampled (second 

sampling, Figure 1).  

 
Figure 1 Experimental set-up and manipulation at each step of the main experiment (dispersal part and perturbation part). 

2 Measurements 

2.1 Bacterial abundance 

Samples for total abundance were taken daily during the dispersal and perturbation part to monitor 

community growth. Subsamples of 200 μl from each culture were preserved with the 37% 

filter-sterilized formaldehyde in 96 wells plates to get a final concentration of 2%, and stored at 

4 °C in darkness until analysis. Nucleic acid stain Syto 13 (20 μl, 25 μM) working solution was 

added to each sample according to del Giorgio et al. (1996). The number of cells was counted using 
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a flow cytometer (CyFlow○R

2.2 Proportion of dead cells 

 space, Partec, Germany).  

The abundance of dead cells in each culture of the perturbation part was quantified by using the 

LIVE/DEAD○R

2.3 Substrate utilization analysis 

 BacLight™ Bacterial Viability and Counting Kit (Invitrogen) according to the 

instructions in the manual, which was measured everyday in the first three days and then every 

other day for the rest of the incubation period. Subsamples of 200 μl from each culture were added 

into 96-wells plates with 100 μl master-mix, which contained two nucleic acid stains, Propidim 

iodide and Syto 9. The concentration of live and dead cells was analyzed by flow cytometry, where 

cells show red fluorescence when the bacterial membrane is broken, while bacteria with complete 

cell membranes emit bright green fluorescence. 

Ecoplates (Biolog) were used to assess and quantify the degree of carbon source utilization 

(Garland 1996) by bacterial communities. Volumes of 125 μl unfiltered sample from each culture 

were inoculated into the plates, which contained 31 different carbon sources besides one blank in 

triplicate. Once inoculated, plates were placed at 20 °C in the dark. When bacteria respire the 

different carbon substrates, reduction of a tetrazolium dye added with each substrate occurs and 

produces a purple color in the corresponding wells (Garland and Mills 1991). The color change was 

quantified by measuring the absorbance at 590 nm with a Tecan ultra evolution microplate reader 

(Tecan) 2 or 3 times per day over a total period of 14 days. Average water color development 

(AWCD) in the whole plate was used to assess the response to carbon sources in the bacterial 

community (Garland 1997). When AWCD reached a reference absorbance of 0.5 ± 0.2, plate 

measurements were stopped, because at this value the biggest difference in substrate utilisation 

patterns is usually observed among different microbial communities (Garland et al. 2001). The 

absorbance value of each carbon source at AWCD=0.5 ± 0.2 was used for following analyses. 

Moreover, the carbon sources with absorbance values above 0.25 when AWCD reached to 0.5 ± 0.2 

were treated as positive substrates (Garland 1997), i.e. substrates that could be used by the bacterial 

communities in the respective wells. In this way the number of positive substrates for the different 
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treatments was calculated. 

2.4 Respiration rate measurements 

Respiration rates were measured as oxygen consumption over time. The measurements were done 

after the first and second sampling and lasted for 7 and 10 days, respectively, until oxygen 

concentration was stable. Autoclaved glass vials were filled with 10 ml subsamples from each 

culture and closed leaving no air in the vial. An oxygen microsensor (Microx Tx3, PreSens) was 

used for the measurements. Respiration rates were calculated as slopes from linear regressions of 

oxygen concentration against time. 

2.5 DNA extraction and terminal restriction fragment length polymorphism analysis (t-RFLP) 

Samples from pre-cultures of local lake Lötsjön and from the end of the dispersal and perturbation 

parts were collected for DNA extraction and subsequent t-RFLP analysis. Subsamples of 150 ml 

from the cultures were filtered onto 0.2 μm membrane filters (Supor○R

For polymerase chain reaction (PCR) amplification of the 16SrRNA gene, 341F-forward primer 

(5’-CCTACGGGAGGCAGCAG-3’) (

-200, Pall Life), and stored at 

– 80 °C until extraction. DNA extractions were done using the PowerSoil DNA Isolation Kit (MO 

BIO Laboratories, Inc.).  

 

Muyzer et al. 1993), labeled with hexachlorofluorescein 

(HEX) at the 5’ end and 805R-universal reverse primer (5’-GACTACCAGGGTATCTAATCC-3’) 

(Lane 1991) were used. One 20 μl and one 50 μl reaction were carried out for each sample and 

pooled. Each reaction consisted of 2 μM of forward and reverse primers, 2.5 mM of each dNTP, 5 

U/μl Taq polymerase (BIOTAG DNA Pol, BIOLINE), 50 mM MgCl2 in 1×NH4 buffer. Reactions 

were started with an initial denaturation at 94 °C for 3 minutes, followed by 25 cycles of 

denaturation at 94 °C for 30 seconds, annealing at 55 °C for 30 seconds, and extension at 72 °C for 

45 seconds. Then a final primer extension at 72 °C for 7 minutes was done. PCR products were 

purified and concentrated by using AcroPrep TM 96-well filter plates 30K oMega (Pall). Purified 

DNA was subsequently quantified with Quant-iTTMPicoGreen® dsDNAReagent Kit (Invitrogen) 

according to manual instructions. PCR products with high DNA concentration were diluted with 
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Milli-Q water to achieve a concentration of approximately 4 ng/μl of PCR product in each sample. 

Next, DNA was digested separately with restriction enzymes HhaI and HaeIII at 37 °C for 18 hours 

in duplicate 10 μl aliquots according to the protocol of the manufacturer. Separation of restricted 

fragments was performed using an ABI3730XL DNA Analyzer in the Rudbeck laboratory in 

Uppsala that was running in GeneScan mode to detect the fluorescence of HEX-labeled fragments, 

using an internal size standard (GeneScan-500 ROX, Applied Biosystems). Further analysis of 

t-RFLP electropherograms was done using GeneMarker (Version 1.95).  

3 Data treatment and statistical analyses 

Generalized linear models (GLIMs) were performed to evaluate differences in functional 

parameters among treatments using statistical software program SPSS statistics (version 17.0). 

Subsequently, Tukey contrast tests were used to do the pair-wise comparisons. Except for ratio of 

dead cells, values used poisson error structure and log as link function. Since the ratio of dead cells 

data was represented as proportions, binomial and logit were used as the error structure and link 

function separately.  

 

For t-RFLP and normalized Biolog data where the blank was subtracted from the raw data values 

and then divided by AWCD, non-metric Multidimensional Scaling (NMDS) was used to observe 

differences in the distribution patterns between treatments using the PAST (Paleontological 

Statistics) software (version 2.03). Bray-Curtis similarities and Euclidean distances were calculated 

for t-RFLP and normalized Biolog data, respectively. Analysis of similarity (ANOSIM) was 

implemented to test whether there were significant differences in community composition and 

substrate utilization profiles between treatments. Mantel tests based on distance matrices, done in 

XLSTAT (version 2011.2.02), were used to test the correlation between dissimilarity matrices, in 

which Pearson correlations are used to evaluate the strength of relationship (Mantel, 1967).  

 

To compare t-RFLP patterns and functional parameters (number of utilized substrates and the 

proportion of dead cells) in cultures of the same dispersal and diversity treatment from lake Lötsjön 

and Åre in the perturbation part, the dissimilarity of the same treatment between Åre and Lötsjön 
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was determined from the respective dissimilarity matrix. After obtaining the dissimilarity value for 

t-RFLP and the functional parameters between the two lakes, t-RFLP dissimilarity values were 

plotted against the dissimilarity values from the functional parameters using GraphPad Prism 5 

(version 5.01). 
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Results 

1 Lake characteristics 

Some physical chemical characteristics of the four lakes that were sampled are shown in Table 1. pH 

in the four lakes was in the same range, while the dissolved organic carbon (DOC) and total 

phosphorus (Tot-P) concentrations varied considerably between them with the highest concentration 

in Ekoln and the lowest in Åre.  

 

Table 1 Some characteristics of the four lakes 

Lake pH DOC (mg/L) Tot-P (μg/L) 

Lötsjön 8.06 9.7 30.8 

Ekoln 7.76 13.3 43.16 

Långsjön 8.30 6.4 13.24 

Åre 7.78 3.15 8.13 

2 Functional parameters 

2.1 Bacterial abundance 

Cultures in the dispersal part were incubated for 7 days and bacterial communities went through an 

exponential phase and then reached stationary phase in both the high and the medium diversity 

treatments, but not in the low diversity treatments (Fig. 2). At the final sampling point, there was a 

significant difference among treatments depending on both diversity (p<0.001, Table 2) and dispersal 

(p=0.018, Table 2) with significantly higher abundance in the low diversity treatments than in the 

high and the medium diversity treatments (low-high diversity: p<0.0001; low-medium diversity: 

p<0.0001). The no dispersal treatment was significantly lower than 5% and 10% dispersal treatment 

(no-5% dispersal: p=0.043; no-10% dispersal: p=0.004). However, in the low diversity treatment, 

abundance in the no dispersal treatment was higher than in the 10% dispersal treatment, which was 

not the case in the high and medium diversity treatment (Fig. 2 (A-C). This was also shown by the 
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statistical analysis since there was a significant interaction between diversity and dispersal (p=0.013). 

When comparing growth rates during the exponential phase, low diversity treatments had 

significantly higher growth rates than the high and medium diversity treatments and the no dispersal 

treatments were lower than 5% and 10% dispersal treatments (Table 2).  

 

In the perturbation part, all the batch cultures reached stationary phase after a total incubation period 

of 11 days. In Lötsjön, abundances among treatments were significantly different. Both diversity and 

dispersal had significant effects on abundance (dispersal: p<0.0001; diversity: p= 0.045; interaction 

of dispersal and diversity: p<0.0001). Multiple comparisons showed that abundance in the low 

diversity treatment was significantly higher than in the medium diversity treatment, and that it was 

lower in the no dispersal treatment compared to the 5% and 10% dispersal treatment (Fig. 2 D-F), 

except at the lowest diversity. Growth rates in Lötsjön were significantly influenced by the dispersal 

treatment (p<0.0001). In the Åre cultures no significant impact of diversity and dispersal was 

observed on abundance (Fig. 2 G-H), but there was a significant effect of dispersal on growth rates 

during exponential phase (p<0.0001), in which similarly high growth rates were observed in the 5% 

and 10% dispersal rate treatments (Table 4). No significant effect was found when considering the 

effect of lake type on bacterial abundance (p=0.785), however, the interaction among lake type, 

diversity and dispersal was significant even if the strength was weak (p= 0.049).  
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Figure 2 Growth of bacterial communities in cultures. A, B and C represent community growth during the dispersal part. 
D, E, and F show cultures inoculated in Lötsjön during the perturbation part, and G, H and I cultures inoculated in Åre 
during the perturbation part. All symbols represent mean values ± SE calculated from triplicate cultures. Circle, square 
and triangle represent the no dispersal, 5% dispersal and 10% dispersal treatments respectively.   
 

2.2 Proportion of dead cells  

The proportion of dead cells was only measured in the perturbation part. Significant differences in the 

proportion of dead cells was observed among treatments depending on diversity in the Lötsjön 

cultures, and in particular the no dispersal and low diversity treatment (NL) had a significantly higher 

proportion of dead cell compared to any of the other treatments (Tukey contrasts test) with a 

percentage of dead cells of 45.69% ±6.89% (Table 3). The effects of the interactions between 

diversity and dispersal were also significant in the Lötsjön cultures. In the Åre cultures, diversity had 

a significant effect on the proportion of dead cells (p=0.017), which in both the medium and low 

diversity treatments were lower than in the high diversity treatment, whereas the impact of dispersal 
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was not significant (Table 4) 

2.3 Substrate utilization analysis 

In the dispersal part Biolog profiles from the no dispersal treatment were different from the rest, 

because AWCD did not reach the applied threshold of 0.5 abs within 14 days of incubation. 

Differences in substrate utilization profiles were then analyzed by NMDS for 5% and 10% dispersal 

treatments excluding the no dispersal treatment (Fig. 3 A-C). The low diversity treatment was 

separated from the other treatments (Fig. 3 A). A two way ANOSIM showed that diversity had an 

effect on substrate utilization profiles (R=0.58, p=0.0005). When analyzing the number of substrates 

utilized (considered an absorbance threshold of 0.25), it was found that both dispersal and diversity 

had significant effects (Table 2). 

 

In the perturbation part (Fig. 3 B and C), no clear differences in substrate utilization profiles were 

observed between treatments, and using ANOSIM no significant differences were found. However, in 

the Lötsjön and Åre cultures both diversity and dispersal had significant effects on the number of 

utilized substrates (Tables 3 and 4, respectively). Taking into account the effect of lake type on the 

number of substrates used, the interaction of lake type and diversity was significant (p<0.0001). The 

number of positive substrates in medium diversity treatment in Lötsjön was higher than in Åre. When 

testing the effect of lake type, significant differences were found with ANOSIM (R=0.46, p<0.0001). 

2.4 Respiration 

There was no significant difference in respiration rates among treatments (Tables 2, 3 and 4).
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Table 2 Different functional parameters measured at the end of the dispersal part. Exponential growth rates (103cell/h) were calculated from the exponential phase of bacterial 
community from day 0 to day 5. ‘Number of substrate used’ represents the number of the positive substrates (AWCD>0.25) in Biolog plates. Respiration rate (10-9mg O2 (L-1 h-1 cell-1 ) 
was calculated from the consumption of oxygen over time divided by cell numbers. All the data is shown as mean ± SD calculated from triplicate cultures.  

Diversity  High    Medium    Low  

Dispersal No 5% 10%  No 5% 10%  No 5% 10% 

Bacterial abundance 0.69±0.031 0.73±0.067 1.12±0.23  0.36±0.04 0.87±0.11 0.98±0.10  1.53±0.91 1.55±0.02 1.28±0.21 

Exponential growth rate 3.31±0.18 3.85±0.34 5.62±0.79  1.62±0.29 5.05±0.44 6.15±0.35  8.31±5.7 8.54±2.10 7.83±0.62 

Number of substrate used 5±1 19±0 24±1  1±1 21±1 22±2  0 21±1 21±1 

Respiration rate 1.52±0.10 1.27±0.21 0.95±0.20  1.17±0.94 1.28±0.44 0.65±0.11  2.61±0.10 0.55±0.03 1.39±0.28 

 
Table 3 Different functional parameters at the end of the perturbation in cultures based on lake Lötsjön. Exponential growth rates (103cell/h) were calculated from the exponential phase 
of bacterial community from day 0 to day 5. ‘Number of substrate used’ represents the number of the positive substrates (AWCD>0.25) in Biolog plates. Respiration rate (10-9mg O2 (L-1 
h-1 cell-1was calculated from the consumption of oxygen over time divided by cell numbers. The ratio of dead cells (%) was calculated by number of dead cells divided by total number 
of bacterial cells. All the data is shown as mean ± SD calculated from triplicate cultures 

Diversity High  Medium  Low 

Dispersal No 5% 10%  No 5% 10%  No 5% 10% 

Bacterial abundance 0.84±0.06 1.29±0.05 1.28±0.06  0.52±0.08 1.31±0.10 1.65±0.24  1.54±0.13 1.01±0.11 1.11±0.26 

Exponential growth rate 4.52±0.30 6.27±0.51 7.05±1.26  2.71±0.16 7.38±0.73 7.77±0.43  7.98±2.61 5.94±0.31 5.59±0.79 

Number of substrate used 4±1 22±1 21±2  1±1 22±3 20±1  4±2 22±1 20±2 

Respiration rate 19.8±8.36 13.1±4.21 2.6±5.53  26.0±7.67 7.46±6.00 6.58±0.42  6.24±1.41 7.14±1.36 7.07±4.21 

Proportion of dead cells 22.33±2.64 25.22±2.09 18.99±7.62  19.62±8.42 22.08±2.02 20.34±3.46  45.69±6.89 24.43±3.25 27.44±7.70 
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Table 4 Different functional parameters at the end of the perturbation in cultures based on lake Åre. Exponential growth rates (103cell/h) were calculated from the exponential phase of 
bacterial community from day 0 to day 5. ‘Number of substrate used’ represents the number of the positive substrates (AWCD>0.25) in Biolog plates. Respiration rate (10-9mg O2 (L-1 
h-1 cell-1was calculated from the consumption of oxygen over time divided by cell numbers. The ratio of dead cells (%) was calculated by number of dead cells divided by total number 
of bacterial cells. All the data is shown as mean ± SD calculated from triplicate cultures. 

Diversity  High    Medium    Low  

Dispersal No 5% 10%  No 5% 10%  No 5% 10% 

Bacterial abundance 0.94±0.08 1.14±0.04 1.26±0.10  0.75±0.13 0.84±0.75 1.43±0.05  1.30±0.38 1.42±0.23 1.44±0.10 

Exponential growth rate 4.26±0.20 6.37±1.46 7.61±2.18  3.83±0.42 7.11±0.061 8.52±0.19  4.87±2.30 8.31±1.70 7.98±0.17 

Number of substrate using 4±2 20±1 20±1  0,1 21±1 20±1  14±2 20±1 20±1 

Respiration rate 8.69±0.85 5.24±4.68 7.51±1.43  18.8±11.4 3.83±6.47 10.8±4.97  15.0±11.7 12.0±3.38 13.2±2.69 

Proportion of dead cells 28.70±5.94 26.70±1.47 21.33±1.79  19.58±3.39 13.53±18.71 22.46±2.84  10.29±4.35 20.66±2.04 22.43±2.72 
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3 Bacterial community composition 

For the dispersal part, a two-way ANOSIM showed that both diversity and dispersal had 

significant effects on bacterial community composition and this was in particular due to the fact 

that the NL treatment was clearly different (Fig. 3 D). 

 

In the perturbation part (Fig. 3 E and F), the patterns were similar to that in the dispersal part 

and also here the NL treatment was separated from the rest. An ANOSIM test with all the 

samples showed that there was a significant difference (Lötsjön: R=0.79, p<0.0001; Åre: 

R=0.60, p<0.0001). Moreover, when doing an ANOSIM without the NL treatment (Fig. 3 G 

and H), significant effects of dispersal and diversity were still observed in Lötsjön (diversity: 

R=0.50, p<0.0001; dispersal: R=0.60, p<0.0001) and Åre cultures (diversity: R = 0.77, p < 

0.0001; dispersal: R = 0.54, p < 0.0001). There were also significant differences in community 

composition between Lötsjön and Åre cultures (R = 0.07, p = 0.016), indicating that different 

communities were selected depending on lake type.  
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Figure 3 Non-metric Multidimensional Scaling (NMDS) of substrate utilization patterns in Biolog plates (circle) 
during the dispersal (A) and perturbation part (B-Lötsjön and C-Åre) and t-RFLP data (triangle) in the dispersal (D) 
and perturbation part (E-Lötsjön and F-Åre). G and H show the NMDS analyses for t-RFLP without the NL 
treatment in Lötsjön and Åre cultures in the perturbation part. All symbols represent mean ± SE from triplicate 
cultures. Symbol labels abbreviation mean: 10: cultures with 10% dispersal, 5: cultures with 5% dispersal, N: 
cultures with no dispersal, L: low diversity, M: medium diversity, H: high diversity. 
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4 Mantel tests 

Mantel tests were used to evaluate the correlation between distance matrices derived from the 

t-RFLP and Biolog data. The t-RFLP matrix and AWCD matrix were positively correlated in 

the dispersal part (r = 0.361, p <0.0001) and the Åre cultures in the perturbation part (r = 0.650, 

p < 0.0001), whereas this was not the case in the Lötsjön cultures (r = 0.125, p = 0.132). 

 

In the perturbation part, similar patterns were observed since a significant correlation was 

observed when comparing the Biolog data (r = 0.30, p = 0.0068), and the t-RFLP data (r = 0.56, 

p < 0.0001) of cultures from Lötsjön and Åre respectively. 

5 Correlation between t-RFLP and functional parameters in cultures based on water from 

Lötsjön and Åre 

Regression plots between the dissimilarity values obtained from t-RFLP against dissimilarity 

value of functional parameters are shown in Fig. 4. There were significant relationships 

between the dissimilarity of t-RFLP and dissimilarity of number of utilized substrates (r2 = 0.46, 

p = 0.045) (Fig. 4 A) and between the proportion of dead cells and number of utilized substrates 

(r2 = 0.99, p < 0.0001) (Fig. 4 B). In both cases the no dispersal and low diversity treatment 

(NL) was quite separated from the other treatments (Fig. 4). When the same regressions were 

plotted without the NL treatments, a significant relationship was found in the case of 

proportion of dead cells and number of utilized substrates (r2 = 0.75, p = 0.006), but not in the 

case of t-RFLP and the number of utilized substrates (Fig. 4 C and D). Regressions between 

t-RFLP and dissimilarities in other functional parameters were much weaker and not 

significant (data not shown). 
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Figure 4 Correlations between t-RFLP dissimilarity and the dissimilarity with regard to (A) the number of utilized 
substrates and (B) the ratio of dead cells. The same correlation was done except NL treatments (C and D). This 
was done comparing differences in responses of the same treatment in the Åre cultures compared to the respective 
Lötsjön cultures. Symbol labels are the same as in Fig.3.  
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Discussion 

In this study, we investigated the importance of microbial diversity for ecosystem functioning 

and stability. A serial range of microbial community diversity was set up using the 

dilution-to-extinction approach, which has been used successfully in previous environments 

studying BEF relationships in various environments (Franklin et al. 2001, Peter et al. 2011). 

At the same time, dispersal into local communities from a regional species pool, which was 

largely ignored in earlier BEF studies, was considered. The BEF relationship was evaluated by 

measuring multiple functional parameters, including bacterial abundance, proportion of dead 

cells, substrate utilization and respiration rate. The results showed that there were interactive 

effects of diversity and dispersal on functional parameters and final community structure. The 

effect of dispersal was especially important when diversity was low.  

 

A positive BEF relationship was found before applying the perturbation to the communities. 

In particular, when looking at substrate utilization, the number of substrates utilized was 

influenced by diversity and dispersal, and higher diversity and dispersal rates resulted in a 

larger number of utilized substrates. The NL treatment was clearly separated from the other 

treatments, which generally had similar numbers of utilized substrates. However, when 

dispersal was applied to the low diversity treatment, a similar number of utilized substrates as 

in the high and medium diversity treatments were achieved. An explanation for this could be 

that dispersal introduces immigrants from the metacommunity into the local community that 

can occupy empty spaces or resources in the habitat, and in this way, increases both the richness 

and number of functions that can be carried out by the community (Cadotte 2006, Cadotte et al. 

2006). Cadotte (2006) also stated that dispersal rates had a non-linear relationship with local 

community richness, but with too low dispersal, many stochastic events or the negative 

interactions in the community can cause the extinction in the community without the rescue 

from the immigrations. A similar effect could therefore explain the high proportion of dead 

cells in the NL treatment in Lötsjön.   

 



25 
 

In previous studies the reduction of microbial community diversity did not have an influence on 

ecosystem functioning and their resilience and resistance under constant environmental 

condition or following soil heating (Mills and Franklin 2006, Wertz et al. 2007), probably 

because the redundancy was high. In our experiments, when dispersal was taken into account, 

the effect of a starvation perturbation on the various functional parameters was most 

pronounced in the NL treatments, whereas the remaining treatments were less affected and were 

functionally similar, especially with regard to the substrate utilization profile analysis. There 

are several possible explanations for this high degree of similarity. Firstly, there might be 

functional compensation carried out by the species remaining in the community after the 

dilution. When a species is lost from the community, other species which can carry out the same 

function may take over, and in this way the ecosystem could maintain the original level of 

functioning even under perturbed conditions. This is the so-called insurance hypothesis (Loreau 

et al. 2001).  In the presence of dispersal, which could increase local diversity (Cadotte 2006), 

there might be a higher chance to have species that can replace the lost species. However, with 

too much dispersal, the homogeneity in the community will increase (Venail et al. 2010), and 

this might be the second reason why there was no difference between the treatments when 

excluding the NL treatment. Thus, dispersal rates of 5% or 10% may already lead to too much 

dispersal into the local communities, and homogenize communities no matter what the 

diversity in the cultures was, so that potential effects of diversity on functioning were masked 

by the ’over-action’ of dispersal. Thirdly, Franklin et al. (2001) also used the 

dilution-to-extinction approach to create a diversity gradient to test the impact of dilution on 

community structure. They observed that clear differences in community structure was only 

achieved when the dilution was more than 10-4, so that this may explain why we did not observe 

differences between the high and medium diversity treatments. However, this is unlikely, 

because clear differences in community structure related to the diversity treatments were found 

in both Lötsjön and Åre cultures in the perturbation parts by ANOSIM analysis even when 

effects from the NL treatment were excluded. 

 



26 
 

Langenheder et al. (2005) stated that the connection between community composition and 

functioning is weak in aquatic bacteria. Kirchman et al. (2004) also found that the ectoenzyme 

activities were mainly affected by the source of the water, and not by community composition. 

This implies that differently composed communities can be functionally similar. In our 

experiment, we found that lake type, i.e. the origin of the lake, was a determinant of 

community composition in the cultures, but also that changes in community composition were 

correlated to changes in substrate utilization patterns of the communities. Fig. 4A shows that 

when larger differences existed in composition, the difference in functioning would be 

correspondingly larger. In addition, it becomes also clear from our study that the interaction of 

diversity and dispersal is maintaining a certain level of functioning and community 

composition, which can be lost if diversity and dispersal fall under a certain threshold levels as, 

for instance in the NL treatment in our experiment. Consequently, the effects of diversity and 

dispersal on ecosystem functioning are closely linked. 

 

In total, four different functional parameters were measured and showed differences in their 

responses to different diversity and dispersal treatments. The interaction of diversity and 

dispersal had a positive effect on number of substrate utilized, but respiration measurements 

showed no difference between treatments, which implies that no matter what the diversity of 

the cultures was, this function would not change. This result was also found by Salonius (1981) 

who monitored respiration after inoculating mixtures of bacteria with different diversities into 

sterilized soil and found that respiration in all treatments was similar over a period of five 

months. If only respiration was taken into account when testing the effect of diversity and 

dispersal, then it would seem that there might be no difference between high and low diversity. 

However, if we consider more functions, for example substrate utilization besides respiration, 

then the conclusion could change. This statement is confirmed by previous studies (Hector and 

Bagchi 2007, Gamfeldt et al. 2008), demonstrating that multifunctionality would increase the 

importance of biodiversity. This should get more attention in the conservation of the natural 

environment, particularly since some studies showed no effect of decreasing diversity on 
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ecosystem functioning under disturbance.  

 

Respiration is fundamental for many organisms and there is a broad range of species that can 

carry out this function, so the functional redundancy should be very high. Compared with 

respiration, decomposition of certain substrates probably can be done only by relatively few 

species. So when diversity is decreasing, the impairment on respiration might be less compared 

to more specific functions like substrate degradation. Therefore specific microbial functions 

may be more sensitive to disturbances than general functions, which was also discussed by 

Griffiths et al. (2000) and Mills and Franklin (2006). This is worth paying attention to when 

studying BEF relationships in the future.  

 

To conclude, our results reveal that diversity has an effect on ecosystem functioning, especially 

taking into account the effect of dispersal at the same time, which is included in the 

metacommunity framework. Multifunctionality is also a new studying direction when 

investigating the BEF relationship, and enhances the importance of biodiversity in the overall 

ecosystem functioning. 
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