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Understanding the mechanisms that shape microbial community stability and assembly is
essential for predicting ecosystem responses to environmental change. In this thesis, the
influence of abiotic factors (e.g., nutrients, salinity, and temperature) and biotic interactions
(e.g., grazing) on freshwater bacterial communities was investigated. Using a combination of
in situ and laboratory experiments, community responses were assessed through measures of
growth, biomass production, and community composition. Community dissimilarity and null
modelling were further used to quantify the relative roles of deterministic (predictable) and
stochastic (random) assembly processes. Results showed that repeated inputs of nutrients and
dissolved organic matter led to greater changes in bacterial responses than single disturbances.
Furthermore, communities with a disturbance history responded less strongly to a subsequent
perturbation than those without such history, while the role of stochastic processes increased,
particularly when time between disturbance events was short. In addition, nutrient enrichment
in larger communities promoted stochastic assembly, likely by reducing competitive exclusion
under high-resource conditions, thereby allowing more species with similar fitness to coexist
and increasing the role of random colonization and drift. Top-down control by grazing promoted
deterministic assembly despite increased variability among communities. Overall, this thesis
demonstrates that the balance between stochastic and deterministic processes can shift with
environmental context, disturbance regimes, and biotic interactions. These findings highlight
the importance of considering multiple interacting drivers when studying microbial community
dynamics. Improving our understanding of these processes is critical for predicting how
freshwater ecosystems will respond to ongoing environmental change, with implications for
ecosystem functioning, water quality, and resource management.
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Introduction

Bacteria in freshwater ecosystems

Bacteria are integral to freshwater ecosystem functioning as they play a central
role in biogeochemical cycling. In particular, heterotrophic bacteria are key
drivers of organic matter degradation, transforming dissolved organic matter
into biomass and inorganic nutrients that can be reused within the food web
(Rousk and Bengtson 2014). Through these processes, bacteria contribute to
carbon cycling and energy flow in lakes (Cole et al. 1988). In Scandinavia,
humic lakes are widespread due to the dominance of forested catchments and
peat-rich soils, which supply large amounts of terrestrial dissolved organic
matter (DOM) to inland waters (Kothawala et al. 2014). This can lead to a
brown coloration of lake water caused by humic substances, which are aro-
matic organic compounds derived from the incomplete decomposition of plant
material in soils and wetlands (Kritzberg and Ekstrom 2012). Humic lakes are
typically dominated by allochthonous organic matter from terrestrial inputs,
rather than autochthonous material produced within the system (Wetzel 2001).
Elevated DOM concentrations can reduce light penetration, limit phytoplank-
ton primary production and promote heterotrophic processes (Karlsson et al.
2009; Kritzberg et al. 2020). The high availability of terrestrial carbon further
enhances bacterial production, strengthening heterotrophy and the role of bac-
teria in processing organic matter and linking terrestrial and aquatic carbon
cycles (Ask et al. 2009; Tranvik et al. 2009). These important bacterial func-
tions are supported by the high diversity of freshwater bacterial communities,
which encompass a wide range of metabolic capabilities (Zwart et al. 2002;
Madigan et al. 2003). Despite this diversity, most bacterial taxa are typically
present at low abundances, forming a large “rare biosphere”, which may con-
tribute to community assembly dynamics by enabling taxa to increase in abun-
dance when conditions become favourable (Sogin et al. 2006; Pedros-Alid
2012). The spatial and temporal mechanisms underlying community compo-
sition and therefore diversity of bacterial communities still remain elusive
(Zhou and Ning 2017; Langenheder and Lindstrom 2019), making this a cen-
tral question in microbial ecology.
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Disturbance effects and stability in bacterial
communities

Disturbances can be drivers of bacterial community dynamics, altering both
community composition and ecosystem functioning by disrupting environ-
mental conditions and resource availability (Shade et al. 2012). In community
ecology, the ability of a community to maintain its structure and function
when subjected to environmental disturbances, is referred to as stability (Hol-
ling 1973). In bacteria, disturbances such as nutrient pulses, temperature
shifts, or changes in salinity can restructure communities by modifying selec-
tion pressures and promoting shifts in dominant taxa (Allison and Martiny
2008; Shade et al. 2012). Salinity represents a particularly strong environmen-
tal filter for bacteria, as it imposes physiological constraints that can rapidly
alter community composition and metabolic activity (Martiny et al. 2006).
Bacterial communities in nature are generally functionally more redundant
compared to other types of communities, which means that several bacterial
taxa share the same function (Yin et al. 2000; Allison and Martiny 2008). High
bacterial diversity and functional variability allow rapid responses to changes
in environmental conditions, while functional redundancy may buffer the ef-
fects of disturbance on ecosystem functions (Allison and Martiny 2008;
Lindstrom and Langenheder 2012). However, bacterial functioning can also
be altered under persistent or repeated disturbances and may not return to pre-
disturbance conditions (Santillan et al. 2020). For example, changes in salinity
have been shown to reduce diversity, shift taxonomic composition, and affect
processes such as respiration and organic matter degradation (Lozupone and
Knight 2007; Herlemann et al. 2011). Disturbance effects may further persist
over time through legacy effects, where previous environmental conditions
influence the response of communities to subsequent disturbances, thereby
shaping present-day community structure and function (Hawkes and Keitt
2015; Jurburg et al. 2017; Thayne et al. 2022). Most experimental studies have
focused on single environmental drivers, and we still know relatively little
about how multiple abiotic factors acting simultaneously influence microbial
communities (Philippot et al. 2021).

Lakes under global change

Climate change increases the magnitude and frequency of extreme weather
events, such as heat waves and heavy precipitation events, which can act as
strong disturbances for ecosystems (Havens et al. 2016; IPCC 2023). They
can for example impact freshwater systems by increasing water temperature
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and concentrations of nutrients and DOM through runoff (Beniston et al.
2007). Such changes affect planktonic communities that form the base of
aquatic food webs, including both primary producers and heterotrophic mi-
croorganisms that drive carbon cycling and energy transfer (Field et al.
1998; Wetzel 2001). Increasing water temperature can decrease plankton di-
versity, promote blooms of cyanobacteria and lead to oxygen depletion
(Paerl and Huisman 2009; Graham and Vinebrooke 2009). In addition,
northern lakes are particularly sensitive to increased precipitation, through
the enhanced transport of terrestrial DOM into aquatic systems which can
promote browning and reduce light availability (Solomon et al. 2015;
Kasprzak et al. 2017). Elevated concentrations of coloured dissolved organic
carbon (¢cDOM) can drive major compositional and functional shifts in mi-
crobial communities (Tranvik et al. 2009). As browning limits light, com-
munities may shift from autotrophic to heterotrophic systems, as primary
production through photosynthesis is limited (Karlsson et al. 2009; Ask et
al. 2009). These interconnected changes highlight how global change can
simultaneously affect environmental conditions and microbial community
dynamics in freshwater systems.

Community assembly processes in bacteria

To understand how bacterial communities are structured and maintained, it is
necessary to consider the processes that govern their assembly. Four main
community assembly processes are commonly described (Hubbell 2011;
Chase and Myers 2011; Vellend 2016): Selection, dispersal, diversification,
and drift. Selection refers to the process by which environmental conditions
act as a filter, favouring species that are adapted to local conditions while ex-
cluding those that are not (Hubbell 2011). Dispersal is the movement of or-
ganisms across space, allowing species to colonize new communities through
active motility or passive transport via physical forces (Vellend 2010). How-
ever, dispersal is often limited, referred to as dispersal limitation, where envi-
ronmental gradients and physical barriers restrict the arrival of taxa, thereby
influencing community composition (Hanson et al. 2012). Beyond dispersal,
community composition can also change through diversification (or specia-
tion), which generates new species or genetic variation within a community
and typically occurs over larger spatial and temporal scales (Morlon 2014).
Ecological drift reflects stochastic changes in community composition, where
species may go extinct due to random birth and death events (Vellend 2010).
Additionally, historical contingency can further influence community
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assembly, as the order and timing of species arrivals may shape subsequent
community structure through priority effects (Fukami 2015).

To better understand and predict patterns in community composition, these
assembly processes are often grouped into deterministic and stochastic com-
ponents. Deterministic processes generate predictable variation in community
composition driven by abiotic and biotic factors; for example, selection is con-
sidered a purely deterministic process (Fig. 1; Vellend 2010, 2016).

Time point 0 Time point 1 Time point 2
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Figure 1: Conceptual figure showing stochastic (top blue box) and deterministic
(bottom orange box) community assembly over three time points (0, 1 and 2). Each
lake represents one community, where shapes and colours represent different taxa.
Environmental conditions in all lakes are assumed to be the same. Scenario 1 (sto-
chasticity): The three lakes start with the identical community composition at time
point 0, but then diverge into different communities by, e.g., ecological drift. Here
one individual of a species dies out, and another one reproduces randomly and takes
its spot. At time point 2 the three lakes differ completely in their community com-
position. Scenario 2 (determinism): The three lakes start with the identical com-
munity composition at time point 0, but only the green species reproduces at time
point 1 because of abiotic or biotic conditions that lead to selection pressure,
whereas the yellow and blue species die out. By time point 2 all communities have
the same community composition.

In contrast, stochastic processes account for variation in community compo-
sition that cannot be explained by measured environmental factors, making
patterns of bacterial diversity more difficult to predict (Albright et al. 2019).
Ecological drift represents a purely stochastic process, arising from random
fluctuations in species abundances (Fig. 1). In contrast, dispersal and
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diversification can be influenced by both deterministic and stochastic mecha-
nisms, depending on environmental context and spatial scale (Chase and My-
ers 2011). Additionally, depending on the underlying mechanisms, priority
effects can be categorized as either deterministic or stochastic as well. Deter-
ministic priority effects occur when differences in species traits or environ-
mental conditions lead to consistent outcomes, whereas stochastic priority ef-
fects arise from random variation in the timing or order of species arrival, re-
sulting in different community compositions under similar conditions (Van-
nette and Fukami 2014).

Drivers and importance of stochastic assembly in
bacterial communities

The relative importance of different community assembly processes in bacte-
rial communities is a widely discussed question in community ecology, and
evidence supports that both deterministic and stochastic processes contribute
to community structure (Stegen et al. 2012; Nemergut et al. 2013; Zhou and
Ning 2017; Wang et al. 2023). While environmental selection can strongly
influence bacterial community composition, particularly across environmen-
tal gradients, stochastic processes such as dispersal limitation and ecological
drift often play a substantial role (Stegen et al. 2012). As most bacterial taxa
are rare they can be more prone to stochastic population dynamics that cannot
be explained by any abiotic or biotic factors (Fig. 1; Vellend 2010, 2016).
Further, it has been found that large parts of variation in community compo-
sition in bacteria remain unexplained, suggesting a role of stochasticity (Ped-
ros-Alié 2012; Nemergut et al. 2013; Liu et al. 2021). Stochasticity can be
especially dominant under conditions where selection pressure is weak, dis-
persal is limited, and environmental conditions are relatively stable (Evans et
al. 2017; Albright et al. 2019). Moreover, stochasticity is important under in-
creased productivity, e.g., enhanced nutrient availability or warming (Chase
2010; Ren et al. 2017; Cao et al. 2021). This is due to higher resource availa-
bility and enhanced metabolic rates that can weaken resource competition and
promote overall population growth, in turn leading to random fluctuations in
species abundances (Chase and Leibold 2002; Zhou et al. 2014). Disturbances
can further lead to stochasticity, through reducing community size or bio-
mass of a community (Siqueira et al. 2020). In smaller communities, random
birth and death events have a stronger influence, because each individual
represents a larger proportion of the community, making shifts in commu-
nity composition more sensitive to change (Orrock and Fletcher Jr. 2005;

15



Orrock and Watling 2010). Grazing can produce similar effects by altering
community size and structure. Experimental studies on assembly processes
have so far primarily focused on bacterial communities only and excluded
grazers (Lindstrom and Langenheder 2012; Langenheder and Lindstrom
2019). Selective grazers can, however, remove dominant taxa and therefore
promote the occurrence of less competitive taxa which can lead to more sto-
chasticity (Pernthaler 2005; Zhou and Ning 2017). However, the opposite
effect in which determinism was promoted by grazing effects, has also been
observed (Lumpi et al. 2023). Thus, the interaction between bacteria and
their grazers in terms of assembly processes, especially under environmental
changes, remains unknown.

Quantifying community assembly in bacteria

Quantifying community assembly processes remains challenging, as pro-
cesses cannot be directly observed, but instead have to be inferred from pat-
terns in community composition. Deterministic processes are typically asso-
ciated with variation explained by environmental conditions, whereas stochas-
tic processes are the unexplained variation after accounting for environmen-
tal and spatial factors (Stegen et al. 2012; Zhou and Ning 2017). In
observational studies, variation partitioning, typically based on constrained
ordination methods, is used to separate total variation into fractions ex-
plained by environmental variables, spatial variables, their shared effects,
and unexplained variation (Borcard et al. 1992; Legendre et al. 2005; Peres-
Neto et al. 2006). In contrast, experimental studies allow specific mecha-
nisms to be isolated and tested directly while minimizing other factors
(Jessup et al. 2005; Fukami 2010; Chase 2010). Experimental studies pro-
vide manipulation of environmental conditions and spatial processes such
as dispersal or migration in controlled systems.

To quantify community assembly processes in bacteria, two complementary
metrics were used in this thesis: Within-treatment community dissimilarity
(beta-diversity) and null modelling. As the thesis is based on experimental
work with replicated treatments, it was possible to compare replicate commu-
nities exposed to identical conditions. This within-treatment dissimilarity
(beta-diversity), assessed by calculating pairwise Aitchison distances, pro-
vided a measure of how communities assembled under identical conditions
(Fig. 2; Chase 2010; Chase and Myers 2011). Here, greater dissimilarity
among replicates, was quantified as higher pairwise Aitchison distances and
indicated a stronger influence of stochasticity (Fig. 2; Aitchison 1982; Stegen
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et al. 2013). Conversely, lower dissimilarity (i.e., lower Aitchison distances)
reflected more similar community composition among replicates, suggesting
a greater role of deterministic processes (Fig. 2).

To assess whether observed community dissimilarity arose from stochastic or
deterministic processes, null modelling was applied (Nemergut et al. 2013).
Null models generate randomized community data while maintaining specific
constraints (e.g., species richness or total abundance) and compare these ran-
domized communities to observed patterns (Stegen et al. 2012, 2013). Here,
stochasticity was quantified using the Normalized Stochasticity Ratio (NST;
Ning et al. 2020), which estimates the relative importance of stochastic pro-
cesses based on deviations in community composition from null expectations.
NST values range from 0 to 1, with values > 0.5 indicating a greater influence
of stochastic processes, whereas values < 0.5 suggest a stronger role of deter-
ministic processes (Fig. 2). Phylogeny-based metrics that use relatedness as a
proxy for ecological similarity (Stegen et al. 2013) may be less reliable in
bacterial communities, where horizontal gene transfer can decouple phylog-
eny from function (Martiny et al. 2015) potentially leading to misinterpreta-
tion of deterministic assembly processes.
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Figure 2: Conceptual figure of a) expected temporal trends for beta-diversity, based
on community dissimilarity and b) the relative importance of stochasticity based on
null modeling by, e.g., normalized stochasticity ratio (NST). Negative trends (orange)
indicate increasing community similarity and deterministic control, whereas positive
trends (blue) indicate increasing community dissimilarity and stochasticity over time.
If beta-diversity and the relative importance of stochasticity decrease, results indicate
determinism. On the contrary, increasing beta-diversity and relative importance of
stochasticity were interpreted as enhanced stochasticity. In the case of beta-diversity
increasing, but relative importance of stochasticity decreasing over time, results indi-
cate communities becoming more dissimilar over time, due to deterministic processes.
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Aims of this thesis

The overall aim of this thesis was to investigate how global environmental
change influences the assembly of freshwater bacterial communities. This
work focused on how key drivers associated with environmental change, such
as altered nutrient concentrations, dissolved organic matter concentrations, sa-
linity, temperature, and changes in biotic interactions (e.g., grazing), affect bac-
terial growth, community composition, and assembly processes. A central ob-
jective was to understand how bacterial communities respond in their growth
and community composition to disturbances in for example salinity or resource
availability. Furthermore, this thesis aimed to identify the mechanisms promot-
ing stochasticity in community assembly and to assess how both disturbance
regimes (e.g., frequency, magnitude, and history of disturbances) and shifts in
abiotic and biotic conditions influence the balance between stochastic and de-
terministic processes. Ultimately, this work sought to evaluate how these factors
shape the predictability of bacterial community dynamics under changing envi-
ronmental conditions. This leads to four objectives studied across the four pa-
pers which comprise this thesis:

Paper I:  How do runoff scenarios, that differ in their magnitude and fre-
quency of nutrients and cDOM pulses, affect bacterial growth,
community assembly and stability?

Paper II: How do repeated disturbances and disturbance history influence
the relative importance of stochastic and deterministic processes
in bacterial community assembly?

Paper III: How do bacterial communities assemble under combined nutri-
ent enrichment and reduction in community size?

Paper IV: How do grazing and combined nutrient and temperature pulses
shape community assembly in bacteria?
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Methods

Experimental procedures

Mesocosm experiments

In Paper 1, in situ lake mesocosm experiments were used to manipulate dif-
ferent magnitudes and frequencies of runoff scenarios. In general, mesocosm
experiments offer the opportunity to conduct manipulations of specific envi-
ronmental parameters while keeping other conditions as close to the natural
system as possible (Urrutia-Cordero et al. 2021b). Here, the SITES AquaNet
infrastructure was used at three field stations (Erken, Bolmen and Skogaryd)
situated at Lakes Erken, Bolmen, and Erssjon respectively. From here on-
wards the lakes will be referred to as their station names to be consistent with
other mesocosm studies (Urrutia-Cordero et al. 2021b). The experiments were
replicated in time and space and carried out in summer 2022 in Erken and
Bolmen and in Erken, Bolmen and Skogaryd during spring 2023. The three
lakes differed in trophic status and physicochemical characteristics: Bolmen
being oligotrophic with low nutrient and DOC concentrations, Erken meso-
trophic to eutrophic with intermediate values, and Skogaryd a shallow humic
system with high DOC and nutrient concentrations. The mesocosm set-ups at
the three stations encompassed a floating platform equipped with 16 cylindri-
cal polyethylene containers filled with 550 L water from the surrounding lake.
Different runoff scenarios (extreme, intermittent and daily), were created by
adding the same amount of inorganic nutrients (N in the inorganic form as
NOs~, P as inorganic PO+—P) and cDOM in form of a peat extract in different
frequencies (Fig. 3; Langenheder et al. 2024). The daily treatments received
daily additions with 5% of the total amount of nutrients and cDOM, whereas
intermittent treatments received 7 pulses in total with variable intensity (5-
30% of total nutrients and cDOM) and extreme treatments received the total
amount of nutrients and cDOM in one event (Fig. 3). Each treatment and a
control, that did not receive any additions, was replicated 4 times. Each exper-
iment lasted for 37 days, of which the first 20 days encompassed additions of
N, P and cDOM (Fig. 3). During the last 17 days no additions were made, and
results obtained were used to assess community recovery. Samples for bacte-
rial abundance were taken every fourth day (1, 5, 9, 13, 17, 21, 25, 29, 33, 37)
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and bacterial community composition was assessed at five time points (day 1,
9, 13, 21, 37), with the exception of the Erken summer experiment where the
second last sampling (day 33) was used instead due to the loss of samples.

100 W daily
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Addition (%)
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Day of experiment

Figure 3: Schematic set-up of the mesocosm experiments (Paper I). Three runoff sce-
narios (daily, intermittent, extreme) were applied over a 37-day experimental period,
including 20 days of cDOM and nutrient additions, followed by a 17-day recovery
phase. The grey dashed line indicates the end of the runoff period during which nutri-
ents were added. The y-axis shows the fraction of total added cDOM, and nutrients
added in percentage (see Langenheder et al. 2024), and the x-axis represents the day
of the experiment.

Laboratory experiment with continuous cultures

Paper II investigated the response of bacterial communities to salinity dis-
turbances and whether these responses were influenced by prior disturbance
history. For that, a laboratory experiment with a continuous culture set-up was
used. A 3 x 2 factorial design, with three recovery treatments (background,
long, short) and two pulse treatments (pulse and no pulse) was applied, with 4
replicates each, resulting in 24 vessels in total. In the first 27 days of the ex-
periment different exposure histories were created (Fig. 4): (1) Long recovery
treatments received 3 minor salinity disturbances (5 ppt NaCl each) at the start
of the experiment and had a two-week recovery phase; (2) short recovery treat-
ments received the same minor salinity disturbances and a one-week recovery
period thereafter and (3) control treatments did not receive any salinity dis-
turbances. At day 27, some of the treatments were exposed to an additional
stronger salinity pulse of 15 ppt NaCl (Fig. 4). Following, all cultures were
allowed to grow without further disturbances for an additional 23 days,
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resulting in a total experimental duration of 50 days. (Fig. 4). Bacterial com-
munity composition samples were taken every second day.

additional pulse ‘ n=4 ‘ 15 ppt NaCl
Control no additional pulse n=4 & 5 ppiNaCl
YY) &
Long recovery 6606
YYER
Short recovery 666
0 27 50

Day of experiment

Figure 4: Set-up of the continuous culture experiment (Paper II), showing the 3 x 2
treatment groups, three different exposure histories (control, long and short recovery
time) with additional pulse and no additional pulse conditions. Each treatment was
replicated 4 times. Exposure histories are indicated by small water drop symbols and
the additional pulse on day 27 with a large water drop symbol.

Laboratory experiments with semi-continuous cultures

Both Papers III and IV used semi-continuous laboratory experiments. For
this, microcosms were set-up in 1 L Borosilicate glass bottles with 500 mL
of a mixture of bacterial inoculum (20%) and sterile medium (80%). Water
was collected from Lake Erken for Paper III and from Lake Siggeforasjon
for Paper IV. The water was filtered through GF/F filters (0.7 um) to re-
move grazers and used as an inoculum, which was pre-incubated under la-
boratory conditions to allow acclimatization prior to the start of the exper-
iment. For the sterile medium, water was filtered (0.1 um) and autoclaved
(at 121°C for 20 min.). To ensure nutrient exchange and to compensate for
volume loss during sampling, water in the microcosms was regularly ex-
changed. Sampling of microcosms was carried out under sterile conditions,
and all bottles were shaken for homogenization before taking samples. In
Paper II1, I investigated effects of community size and nutrient pulse ef-
fects on bacterial communities. For that three different nutrient regimes
(low, intermediate and high) were created by adding Na,HPO4 to the growth
medium, NH4C1 was further added accordingly to the Redfield ratio to avoid
nitrogen depletion (Fig. 5; Redfield 1934). To manipulate community size,
different volume ratios of inoculate and medium were prepared, to create
small (2% of inoculum) and large communities (20% of inoculum; Fig. 5).
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Therefore, the experiment resulted in a 2 x 3 factorial design, with 6 repli-
cates per treatment, resulting in 36 experimental units.

Community size

small large
(~40 000 cells) (~400 000 cells)

(~15ug/L TP)

Nutrient concentration
intermediate

low
(~5ug/L TP)
=
Il
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=
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Figure 5: Set-up of microcosm experiment (Paper III), based on a 2 x 3 factorial
design with two community sizes (small, and large) and three nutrient concentrations
(low, intermediate, and high). Each treatment consisted of six replicate microcosms.
Small community size microcosms contained 10 mL and large community sizes 100
mL of bacterial inoculum and 490 mL and 400 mL of sterile lake water medium, re-
spectively. Low nutrient concentrations encompassed 5 pg/L, intermediate 15 pg/L,
and high 25 pg/L of total phosphorus (TP).

In Paper IV effects of grazing and environmental (temperature and nutrient)
pulses were tested. For that, microcosms received nutrient pulses for which
medium was exchanged at four time points with enhanced N and P concen-
trations (Fig. 6). Na,HPO, and NH4C1 were added to the medium in the same
way as in Paper II1. Additionally, temperature pulses were induced at four
time points by moving microcosms from a from 15°C to a 25°C temperature-
controlled chamber for 15 h for each pulse (Fig. 6). Additionally, we manip-
ulated predator presence by establishing treatments with either bacteria
alone or bacteria in combination with heterotrophic nanoflagellates. To
achieve this, lake water was first filtered (5 pm) and pre-incubated under
laboratory conditions, after which it was divided into two inocula; for which
one inoculum was further filtered through 0.7 um to remove grazers for the
treatments without predation.
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Figure 6: Experimental set-up of Paper IV. The x-axis represents time (in days),
and the y-axis shows different treatments: Treatments included communities with
and without grazers and nutrient (green droplet), temperature (red thermometer
symbol), and combined nutrient and temperature pulses. Each microcosm was rep-
licated six times.

Measurement of bacterial abundance & biomass production

In Papers I-IV bacterial growth was estimated as cell abundance over time,
measured with Flow Cytometry. For that, samples were preserved with for-
maldehyde (1.85 % in sample), stained with 1.25 uM fluorescent nucleic acid
stain SYTO13 (Invitrogen) and measured with a CytoFLEX flow cytometer
(Beckman Coulter; Giorgio et al. 1996). Bacterial biomass production was es-
timated in paper III-IV by incubating samples with radioactively labelled L-
(4,5-*H) Leucine (Perkin Elmer), measuring disintegrations per minute by a
liquid scintillation and recalculating values into biomass production rates
(Kemp et al. 2018).

Bacterial community composition

In Papers I-IV bacterial community composition was determined by 16S
rRNA amplicon sequencing. For that, 100-200 mL of water samples were fil-
tered onto 0.2 um SUPOR membrane filters, DNA was extracted with the
DNeasy PowerSoil Pro Kit (Qiagen) and amplifications carried out in a 2-step
protocol after Vass et al. 2021. Thereafter, amplicons were purified, pooled in
equimolar volumes and sent to SciLifeLab Uppsala or Stockholm for Ilumina
Miseq v3 sequencing of the 16S rRNA region. Removal of primers, quality
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filtering and trimming was carried out in cutadapt using resources hosted by
the Uppsala Multidisciplinary Center for Advanced Computational Science
(UPPMAX). Further, Taxonomic classification of Amplicon Sequencing Var-
iants (ASVs) was conducted against the SILVA reference database.

Data analysis

Community composition and assembly processes

Differences in bacterial community composition were assessed using ordina-
tion analyses. Principal Coordinates Analysis (PCoA) was performed based
on a robust Aitchison distance matrix calculated from the full dataset to visu-
alize overall patterns in community dissimilarity among treatments and time.
In addition, Canonical Correspondence Analysis (CCA) was applied to
Hellinger-transformed community data in Paper I to assess the relationship
between community composition and environmental variables. The Hellinger
transformation was used to reduce the influence of highly abundant taxa and
to make the data suitable for ordination based on Euclidean distances. Addi-
tionally, community composition was summarized as the relative abundances
of major taxonomic groups (e.g., phyla) to describe broad shifts in community
structure.

To quantify the relative importance of stochastic and deterministic assembly
processes, two complementary approaches were used. First, within-treatment
community dissimilarity was calculated as the pairwise Aitchison distance be-
tween replicate samples within the same treatment. Aitchison distance is a
measure of dissimilarity for compositional data, such as bacterial community
data obtained from high-throughput sequencing, where abundances are ex-
pressed as relative proportions rather than absolute counts. It is calculated as
the Euclidean distance after applying a centred log-ratio (CLR) transfor-
mation, which converts relative abundances into log ratios between taxa
(Aitchison 1982; Aitchison et al. 2000). This transformation accounts for the
compositional nature of the data, where only relative, not absolute, abun-
dances are known and avoids misleading results that can arise when standard
distance measures are applied directly to proportional data (Gloor et al. 2017).
Higher within-treatment dissimilarity indicates a stronger influence of sto-
chasticity, whereas lower dissimilarity suggests more deterministic assembly
leading to similar community composition among replicates (Chase 2010;
Chase and Myers 2011).

Second, a null modelling approach was applied to further disentangle stochas-

tic and deterministic processes. Specifically, the normalized stochasticity ratio
(NST) following Ning et al. (2020), which compares observed community
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dissimilarity to null expectations while maintaining key constraints such as
species richness. NST values range from 0 to 1, where values < 0.5 indicate
predominantly deterministic assembly and values > 0.5 indicate predomi-
nantly stochastic assembly.

Stability metrics

To quantify stability to disturbances, we used different metrics in Paper I
following the approach of Urrutia-Cordero et al. 2021a; 2022. For that, we
estimated differences in responses in bacterial abundance and community
composition of treatments compared to controls at each sampling point. For
bacterial abundance we computed log response ratios (LRR), which is the
logarithm of bacterial abundance in each treatment divided by the mean bac-
terial abundance in the controls for each time point. Values close to 0 indi-
cate that abundances are similar to controls, and higher stability whereas
larger, positive or negative values indicate stronger deviation from controls,
and higher instability. To estimate differences in community composition,
we calculated community dissimilarity indices between each experimental
and control unit for each time point. Here, higher community dissimilarity
indices represent larger compositional instability and lower values larger
compositional stability.

To estimate stability over the whole experimental duration, we used the over-
all ecological vulnerability (OEV; Urrutia-Cordero et al. 2022). OEV is a met-
ric which integrates abundance LRR and community dissimilarity index over
time. For this, the total accumulated value (of abundance LRR / community
dissimilarity index) is divided by the length of time of the experiment. Here,
higher OEV values mean higher instability, and lower values higher stability.

Statistical tests

To test for treatment effects on response variables measured during experi-
ments, a range of statistical approaches were applied depending on the data
type and structure. Generalized additive mixed models (GAMMSs) were used
to analyse non-linear temporal dynamics, while linear mixed-effects models
(LMESs) were applied to test for treatment effects on response variables with
hierarchical or repeated-measures structure. Differences in community com-
position among treatments were assessed using permutational multivariate
analysis of variance (PERMANOVA).
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Main results

Runoff effects on bacterial stability and assembly

In Paper I the effects of runoff scenarios that differed in their magnitude and
frequency of nutrients and cDOM additions on bacterial abundance and com-
munity composition were studied. Results showed that runoff treatments af-
fected the log response ratios of abundance and the community dissimilarity
index of bacteria over time compared to control conditions. Moreover, OEV
(overall ecological vulnerability) a metric for overall stability in both abun-
dance and community composition showed clear treatment effects, with
stronger deviations in daily and intermittent compared to extreme treatments
from controls (Fig. 7). However, treatments explained only a small part of the
variation in bacterial community composition and showed no effects on as-
sembly processes. On the contrary, factors such as lake type, season, and time
shaped community variation and assembly to a larger extent. Environmental
variables explained up to 14% in bacterial community composition, with dis-
solved organic carbon (DOC) emerging as a key driver during spring and nu-
trients during summer. Within-treatment dissimilarity increased over time
during all experiments, except for Skogaryd (Fig. 8). Determinism was the
main process shaping bacterial communities, though stochastic assembly was
observed in Bolmen (Fig. 8). Assembly was more stochastic during summer
than spring, and more deterministic in the humic lake (Skogaryd; Fig. 8). For
community composition, differences in relative abundances were observed in
Cyanobacteria being more dominant in daily and intermittent treatments com-
pared to controls in Erken during summer.
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Figure 7: Results of OEV (Overall ecological vulnerability) of abundance log re-
sponse ratio (LRR; top two rows) and community dissimilarity index (bottom two
rows) for the different treatments (control = black, daily = green, extreme= red, inter-
mittent = blue) across lakes (Bolmen, Erken, Skogaryd) and seasons (spring and sum-
mer; Paper I). The horizontal dashed line indicates 0, which means null variation
from control conditions.
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Figure 8: Temporal changes in within-treatment community dissimilarity and normal-
ized stochasticity ratio (NST) across lakes, seasons, and treatments (Paper I). Points
represent replicate-level pairwise distances at each sampling day, and lines with
shaded bands indicate fitted trends + 95% CI.
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Effects of repeated disturbances and disturbance history
influence on bacterial community assembly

In Paper II, effects of repeated disturbances and disturbance history were
tested on bacterial community composition and assembly. Bacterial commu-
nities with a disturbance history showed higher richness and more within-
treatment dissimilarity in response to an additional major pulse. Richness in
treatments without disturbance history decreased after experiencing the addi-
tional major pulse. Both within-treatment dissimilarity and NST indicated that
community assembly was predominantly stochastic across treatments, partic-
ularly prior to the major pulse and in communities exposed to the major pulse
(Fig. 9). The short recovery treatment showed stronger responses to disturb-
ance, with higher increases in ASV richness and greater within-treatment dis-
similarity, while the long recovery treatment exhibited more moderate
changes (Fig. 9).
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Figure 9: Temporal trends of a) within-treatment dissimilarity (measured as pairwise
Aitchison distance) and b) normalized stochasticity ratio (NST) in Paper II. The top
figures show control treatments without a recovery history, the middle figures treat-
ment with a long recovery history and the bottom figure treatment with short recovery
history. Squares indicate treatments before the major pulse on day 27, triangles treat-
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ments that did and circles that did not experience the major pulse. The blue shaded
area shows the timing of the minor salinity pulses for the long recovery history and
red for the short recovery history. Lines with shaded bands indicate fitted trends +
95% CI.

Combined nutrient enrichment and community size
effects on bacterial communities

Paper I1I studied effects of a nutrient concentration gradient and community
size on assembly processes, biomass production and growth in bacterial com-
munities. The results show that nutrient concentration and community size
strongly influenced bacterial community composition, biomass production,
and abundance over time. Both bacterial production and abundance increased
with higher nutrient concentrations, with the strongest responses observed un-
der intermediate and high nutrient concentrations and in large communities.
Community composition diverged among treatments, with clear clustering by
nutrient levels and community size, and greater variability in larger commu-
nities. Within-treatment community dissimilarity increased under intermedi-
ate and high nutrient concentrations, particularly in large communities,
whereas it decreased under low nutrient concentrations (Fig. 10). NST showed
deterministic assembly, especially in small communities and at the beginning
of the experiment (Fig. 10). In large communities, the role of stochasticity
increased among high nutrient concentration treatments over time (Fig. 10).
Overall, both high nutrient concentration and larger community size promoted
greater within-treatment dissimilarity and increased the importance of sto-
chastic assembly processes over time.
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Figure 10: Trends of a) within-treatment dissimilarity (pairwise Aitchison distance;
top figure) and b) NST (normalized stochasticity ratio; bottom figure) over time in
Paper II1. Treatments with different nutrient concentrations are indicated by colour
(yellow = low, light green = intermediate, dark green = high) and small community
size treatments are shown on the left and large community size treatment on the right
side. Dots show pairwise Aitchison distances; lines represent linear regression with
95% confidence interval (grey area).

Effects of environmental pulses and grazing on
community assembly in bacteria

Paper IV studied the effects of combined environmental pulses (warming and
nutrient concentration) and grazing on community assembly in bacteria. Re-
sults of the paper show that bacterial growth was strongly influenced by graz-
ing and time, with bacterial abundance increasing rapidly and reaching higher
levels in the absence of grazers, while remaining lower and more variable
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under grazing. Bacterial biomass production also differed between treatments,
peaking earlier under grazing and later in no-grazing conditions, with higher
per-cell production observed in grazing treatments. Bacterial alpha diversity
responded differently depending on grazer presence, with richness and even-
ness declining in no-grazing treatments but increasing and remaining higher
in grazing treatments. Community composition was significantly structured
by grazing and time, with clear temporal trajectories but no consistent cluster-
ing by environmental pulse treatments. Within-treatment dissimilarity in-
creased over time, particularly in the presence of grazers, indicating stronger
divergence among replicate communities (Fig. 11). NST showed that commu-
nity assembly differed between treatments, with higher stochasticity in no-
grazing treatments and lower, more stable values under grazing (Fig. 11).
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Figure 11: Within-treatment community dissimilarity a) and normalized stochasticity
ratios (NST); b) in Paper IV. Symbol colours indicate pulse treatments (grey = no
pulse, green = nutrient pulse, red = temperature pulse, blue = combined temperature
and nutrient pulse. Values are means + SE and lines with shaded bands indicate fitted
trends + 95% CI.
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Discussion

How are runoff scenarios, that differ in their magnitude
and frequency of nutrients and cDOM, affecting
bacterial growth, community assembly and stability?

In Paper I, effects of runoff scenarios on bacterial abundance and community
composition were studied and the overall responses were primarily driven by
lake-specific conditions, seasonal dynamics, and temporal changes rather than
by differences in runoff magnitude and frequency. However, daily and inter-
mittent additions of cDOM and nutrients led to stronger and more persistent
shifts in community composition, consistent with previous studies showing
cumulative effects of perturbations (Berga et al. 2012; Urrutia-Cordero et al.
2021a). This pattern was also observed in differences of relative abundances
of different Phyla, where Cyanobacteria were promoted in daily and intermit-
tent treatments in Erken during summer. Moreover, both bacterial abundance
and community composition deviated from control conditions among treat-
ments until the end of the experiment. This could indicate nutrients and cDOM
additions persistently shaped bacterial abundance and composition (Allison
and Martiny 2008; Shade et al. 2012) or that the duration of the experiment
was not long enough for bacteria to return to control conditions. Lake-specific
characteristics further shaped bacterial community responses, with the humic
system Skogaryd showing the weakest compositional changes and strong de-
terministic assembly, likely due to persistent environmental filtering under
high DOC concentration and light limitation (Karlsson et al. 2009; Logue et
al. 2016). Further, seasonal differences revealed a shift in carbon structuring
variation in bacterial community composition in spring and nutrients during
summer. This likely reflects seasonal differences in resource limitation: in
spring, low primary production led to carbon limitation of bacteria (Cotner
and Biddanda 2002), whereas in summer, primary production was nutrient-
limited, making carbon supply dependent on nutrient availability and thereby
indirectly shaping bacterial communities (Sommer et al. 1986).

Despite statistically significant treatment effects on community composition,
assembly processes were only shaped by variables Lake, Season, and Time.
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Mainly, within-treatment dissimilarity increased during the duration of the ex-
periment, making replicate communities more dissimilar to each other over
time (Vellend et al. 2014; Zhou and Ning 2017). Thus, communities became
more similar to each other by deterministic assembly in the humic system,
Skogaryd. This was likely driven by light limitation and high humic concen-
trations exerting selection pressure on bacterial communities in this lake
(Stegen et al. 2012). Differences during seasons showed that stochasticity was
more dominant in summer compared to spring, indicating stronger environ-
mental filtering by, e.g., lower primary production and therefore lower quality
in carbon for bacteria to utilize during the early season (Sommer et al. 1986;
Kritzberg et al. 2004; Stegen et al. 2012). Overall, these findings highlight that
the effects of runoff depend on both lake characteristics and seasonal dynam-
ics that regulate bacterial community assembly and stability. This is particu-
larly important for predicting microbial responses to increasing heavy rainfall
under climate change, especially in the context of drinking water management,
as elevated humic substances and the presence of toxic cyanobacteria can
complicate water treatment.

How do repeated disturbances and disturbance
history influence the relative importance of stochastic
and deterministic processes in bacterial community
assembly?

Paper II demonstrates that both disturbance history and timing of disturbance
influence bacterial community responses to a subsequent, major disturbance.
The results showed that bacterial communities with prior disturbance expo-
sure showed increased richness following the additional disturbance. Whereas
richness declined in communities without disturbance history, indicating that
legacy effects can buffer communities against further stress, likely through
prior selection for tolerant taxa (Hawkes and Keitt 2015; Jurburg et al. 2017).
Dissimilarity among replicates increased over time, accompanied by higher
stochasticity ratios, suggesting a growing influence of stochastic processes un-
der dispersal limitation (Vellend et al. 2014). Contrary to expectations that
disturbances strengthen deterministic assembly, communities with prior dis-
turbance history showed weaker responses to the additional disturbance. This
could indicate that disturbance history pre-filtered taxa, and that with repeated
disturbance, selection played a reduced role in shaping communities, while
increasing the relative importance of stochastic processes (Chase and Myers
2011; Nemergut et al. 2013). Thus, the effect of this disturbance history likely
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depended on the time interval between disturbances, as effects were stronger
at shorter intervals, due to limited recovery time that constrained community
reassembly and maintained the influence of the prior disturbances.

How do bacterial communities assemble under
combined nutrient enrichment and reduction 1n
community size?

Effects of combined productivity and community size on bacterial assembly
processes were tested in Paper I11. The results of the paper demonstrate that
nutrient availability and community size jointly regulated bacterial commu-
nity assembly. Deterministic assembly dominated under low nutrient condi-
tions, where strong resource limitation increased environmental filtering and
reduced diversity, leading to more similar communities (Chase and Leibold
2002; Stegen et al. 2012). In contrast, higher nutrient availability promoted
increased bacterial abundance, diversity, and biomass production, which in
turn enhanced stochasticity and divergence among communities. This likely
occurred because high resource availability reduced the strength of environ-
mental filtering and competition, allowing a larger number of taxa with similar
fitness to coexist, thereby increasing the influence of stochastic processes such
as ecological drift and random colonization (Chase 2010; Huang et al. 2023).

Contrary to expectations, stochasticity was higher in larger communities un-
der high nutrient conditions, contrary to theoretical predictions that smaller
communities should be more strongly influenced by stochastic processes (Si-
queira et al. 2020). This pattern is likely driven by stochastic variation during
early population growth, where high resource availability enables multiple
taxa to proliferate rapidly, increasing the chance that different taxa dominate
across replicate communities (Svoboda et al. 2018; Hayashi et al. 2024). Over-
all, the paper showed that productivity and changes in community size can
shift microbial communities towards more stochastic assembly, with im-
portant implications for predicting community dynamics and ecosystem func-
tioning under environmental change.
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Are grazing and combined nutrient and temperature
pulses promoting stochasticity or determinism in
bacteria?

In Paper IV combined effects of environmental pulses and grazing on bacte-
rial community assembly was observed. Grazing had a strong top-down con-
trol on bacterial communities, shaping bacterial abundance, diversity, and as-
sembly processes. While bacterial abundance remained lower under grazing,
biomass production was higher, indicating compensatory growth and meta-
bolic adaptation to predation pressure (Maloufi et al. 2016; Hu et al. 2021).
Grazing further increased bacterial richness and evenness likely by reducing
the dominance of fast-growing taxa and promoting the persistence of less
competitive species (Winter et al. 2010; Kurm et al. 2019), whereas commu-
nities without grazers were dominated by a few abundant taxa (Burian et al.
2022), although this was not directly measured.

Grazing further altered bacterial community assembly by increasing diver-
gence among replicate communities while at the same time strengthening de-
terministic processes, as indicated by lower NST values. The determinism was
likely due to selective grazing that acted as an environmental filter, favouring
grazing-resistant and slower-growing bacterial taxa (Salcher et al. 2015; Hu
et al. 2021). While at the same time, replicate communities became more dis-
similar to each other, which could have been due to small initial differences
in community composition between replicates (Gralka et al. 2020). Here, pat-
terns were primarily driven by abundant taxa, which could have been more
prone to grazing (Pernthaler 2005), and rare taxa were more shaped by sto-
chastic processes, though this was not directly measured (Jousset 2012; Ped-
r6s-Alié 2012). In contrast, communities without grazers showed higher sto-
chasticity, indicating a stronger role of ecological drift in the absence of top-
down control. Compared to grazing, environmental pulses had relatively weak
effects on community composition and assembly and were mainly observed
in combination with grazing. Overall, these results highlight that biotic inter-
actions can outweigh short-term abiotic disturbances in structuring bacterial
communities and determining the balance between deterministic and stochas-
tic assembly processes.
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Conclusion & outlook

In this thesis, I aimed to investigate, which factors shape the stability (Papers
I-IT) and assembly (Papers I-IV) of freshwater bacterial communities under
environmental change. To do this, I conducted a series of in-situ and labora-
tory experiments in which bacterial communities were exposed to various abi-
otic and biotic manipulations mimicking environmental change. I assessed
patterns of bacterial community stability and assembly using multiple analyt-
ical approaches based on bacterial growth, biomass production, and commu-
nity composition. Overall, I found that repeated nutrient and cDOM inputs led
to greater changes in bacterial responses than single events (Paper I). Bacte-
rial responses depended on season, and lake properties, indicating the im-
portance to study global change effects on microbial communities within sea-
sonal and spatial context. Further, disturbance history increased community
resilience and shifted assembly towards stochasticity, especially when disturb-
ances occurred close in time (Paper II). This indicates, that repeated disturb-
ance can shift communities in a more unpredictable matter, when time be-
tween events is short. Moreover, higher nutrient availability and larger com-
munity size promoted stochastic assembly, whereas low nutrients led to
stronger determinism (Paper III). Contrary to our expectations, larger com-
munities showed higher stochastic assembly compared to smaller ones, which
was likely due to initial random growth between communities. Lastly, grazing
exerted strong top-down control, promoting deterministic assembly despite
increased community divergence, while abiotic pulses had comparatively
weak effects (Paper 1V), indicating the importance of biotic factors when
studying assembly processes.

In more detail, Paper I, in which runoff scenarios were tested on bacterial
stability and assembly, showed that more frequent and low-intensity cDOM
and nutrient inputs can lead to larger changes in both growth and commu-
nity composition. Compared to one-time high-intensity inputs which
showed smaller effects. Furthermore, bacterial growth and community
composition differed between seasons and lakes, and variation in commu-
nity composition was primarily driven by carbon-related factors during
spring and nutrients during summer. Additionally, bacterial community
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composition in the humic lake was less impacted by the inputs and assembly
was highly deterministic. In contrast, stochastic assembly was more pro-
nounced during summer than spring.

Further, Paper II showed that disturbance history mattered in bacterial com-
munities when exposed to further disturbances. Communities with disturbance
history showed higher diversity and within-treatment dissimilarity. Thus, the
strength of this effect depended on the time between disturbances, with shorter
intervals leading to stronger effects. Stochastic processes dominated more in
communities with than in those without a disturbance history.

In Paper II1, I examined interactive effects of nutrient levels and community
size on bacterial community assembly. The results supported nutrient enrich-
ment increasing stochasticity in bacterial communities, likely due to increased
growth and reduced competition. Contrary to expectations, stochasticity was
more important in the assembly of large compared to small communities,
which might have been due to stochastic initial growth.

Grazing further shaped assembly processes and outweighed abiotic effects as
shown in Paper IV. Here, grazing increased bacterial diversity, dissimilarity
between replicate communities and promoted deterministic assembly, espe-
cially among abundant taxa. Replicate communities becoming more dissimilar
under determinism was likely due to small initial differences in their community
composition. In contrast, in the absence of grazers, stochastic processes played
a greater role, primarily in rare taxa. Despite grazing reducing bacterial abun-
dance, biomass production was less impacted, indicating metabolic adaptation
to top-down control. Effects of environmental pulses of nutrients and tempera-
ture were neglectable compared to grazing effects on bacterial assembly.

When interpreting the findings of the papers of this thesis, it is important to
acknowledge potential methodological limitations. In general, all laboratory
experiments (Papers II-IV) were conducted in enclosed systems that ex-
cluded dispersal, which can be an important ecological process in the balance
between deterministic and stochastic assembly (Evans et al. 2017; Le Moigne
et al. 2023). As a result, the relative importance of stochasticity observed in
these experiments may be overestimated compared to natural, open systems
where dispersal can buffer community divergence (Zhou and Ning 2017).
Moreover, Papers I-1V did not directly assess ecosystem functioning, so that
conclusions were limited to patterns in biomass production and growth, which
may not fully capture functional responses. Although grazing was identified
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as an important driver of bacterial community assembly (Paper IV; see also
Pernthaler 2005 & Lumpi et al. 2023), Papers II and I1I focused on bacteria
in isolation, potentially overlooking how trophic interactions could modify as-
sembly processes in more complex communities. Finally, in Paper IV only
bacterial community composition was analysed, and the lack of data on grazer
community dynamics limited the ability to fully resolve the mechanisms un-
derlying observed top-down effects. Together, these limitations highlight the
need for future studies that incorporate dispersal, trophic complexity, and
functional measurements, like respiration or decomposition rates, to better un-
derstand bacterial community responses in natural ecosystems.

All in all, this thesis shows that bacterial community stability and especially
assembly can be shaped by a complex interplay of environmental conditions,
disturbance regimes, and biotic interactions, with outcomes varying across
systems and contexts. These context-dependent responses highlight that no
single mechanism can universally explain bacterial community dynamics, em-
phasizing the need for more controlled experimental studies to disentangle the
relative roles of stochastic and deterministic processes. Improving our under-
standing of community assembly is particularly important in the face of ongo-
ing climate and environmental change, as freshwater microbial communities
underpin key ecosystem functions such as nutrient cycling, carbon processing,
and water quality. Strengthening this knowledge will be essential for predict-
ing and managing ecosystem responses in a rapidly changing world.
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Popularvetenskaplig Sammanfattning

Klimatforandringar kan leda till hdgre temperaturer och mer nederbord, vilket
kan paverka sjoar och deras ekosystem. Sma organismer som lever i sjoar,
plankton, ar sérskilt viktiga eftersom de utgoér grunden i néringsviven. Vissa
plankton anvénder solljus for att producera organiskt material genom en pro-
cess som kallas fotosyntes, precis som vixter pa land. Dessa organismer fun-
gerar som foda for storre plankton, sa kallade djurplankton, som 1 sin tur &ts
av fisk. Pa sa vis fors energi vidare genom hela ekosystemet. Mer nederbord
kan péverka sjdar genom att féra med sig ndringsdmnen fran omgivande mark,
sdrskilt fran jordbruk dér godsel anvidnds. Detta kan leda till att vissa organ-
ismer véxer snabbare dn andra och stor balansen i ekosystemet. Regn kan dven
fora med sig jarn och organiskt material som gor vattnet brunare, ett fenomen
som ibland kallas “foérbruning”.

Bakterier spelar viktiga roller i sjoekosystem. De bryter ner organiskt material
och aterfor niringsdmnen, som fosfor och kvéve, till vattnet. Dessa nérings-
dmnen fungerar som byggstenar som andra organismer behdver for att vixa.
Bakteriesamhéllen dr mycket mangfaldiga, och vi kdnner fortfarande inte till
alla arter eller hur de fungerar i olika miljder. Vi vet att faktorer som tempe-
ratur och néringsdmnen péverkar deras tillvéxt, men manga processer &r fort-
farande inte klarlagda. Detta gor det svart att forutsdga exakt hur bakteriesam-
hillen skulle kunna reagera, till exempel, pa klimatférandringar. For att béttre
forsta detta undersokte jag i denna avhandling, genom flera experiment, hur
bakterier paverkas av olika miljofaktorer. Bakteriesamhéllen i sjoar formas av
bade miljon och slumpen. Ibland styrs vilka bakterier som finns av forutsig-
bara faktorer som nédring, temperatur eller ljus. Ofta spelar ocksa slumpen en
stor roll, till exempel pa grund av vilka bakterier som rakar finnas pé en viss
plats vid en viss tidpunkt. Till exempel, nir miljon dr rik pa resurser kan
manga olika bakterier vixa samtidigt, och da blir det mer slumpmassigt vilka
arter som kommer att dominera. Darfor kan tva till synes identiska miljoer
dnd4 innehalla olika bakteriesamhaéllen.

I artikel I genomfordes flera experiment i tre olika sjoar, bdde under vér och
sommar. [ experimenten undersdkte jag effekten av intensiteten och
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magnituden av avrinning (runoff), alltsa nar nederbord skoljer ner naringsam-
nen och brunt organiskt material fran land till sjoar. I experimentet varierade
jag hur mycket och hur ofta dessa d&mnen tillfordes, for att efterlikna olika
scenarier av regn och avrinning. Stora behéllare (sé kallade mesokosmer), som
placerades direkt i sjoar och fylldes med sjovatten, anvdndes for experimen-
ten. Resultaten visade att mer frekvent och lagintensiv avrinning kan leda till
storre fordndringar i bade tillvdxt och samhillssammansittning jamfort med
enstaka hogintensiv avrinning. Dessutom paverkades bakteriesamhéllen i
brunfirgade sjoar mindre av avrinning &n i andra sjéar. Slumpméssigt bakte-
riell sammanséttning var storre under sommarn &n under varen, nér det finns
mindre organiskt material for bakterier.

I artikel II undersokte jag hur bakteriesamhéllen reagerar pa upprepade stor-
ningar i form av férdndrad salthalt. Jag ville ta reda pa om tidigare stdrningar
paverkar hur bakterier klarar en ny, storre storning. Dérfor utsatte jag bakteri-
esamhéllena for flera mindre saltstorningar och 14t dem sedan aterhdmta sig
under olika 14ng tid, innan jag gav en sista, kraftigare saltstorning. Pa sa sétt
kunde jag jamfora hur bakterier reagerar beroende pa hur lang tid de haft for
aterhdmtning. Resultatet visade att bakterier kan anpassa sig till stérningar, till
exempel fordndringar i salthalt. Om samma storning intréffar igen paverkas
bakterierna mindre an forsta gdngen och slumpmaéssigt bakteriell ssammansétt-
ning storre, men effekten var storre nér tiden mellan stérningarna var kortare.

I artikel III undersokte jag hur tillgdngen pa niring och storleken pé bakterie-
samhallet paverkar hur samhillen férdandras over tid. Jag varierade mangden
ndring som tillsattes och hur stora bakteriesamhéllena var i borjan av experi-
mentet. P4 sé sitt kunde jag ta reda pa om bakterier beter sig mer forutsagbart
eller mer slumpmassigt under olika forhallanden. Malet var att forstd hur re-
surser och samhallsstorlek tillsammans paverkar hur bakteriesamhallen byggs
upp och forandras. Resultaten visade att mdngden néring och storleken pa bak-
teriesamhéllet paverkar hur forutsdgbart samhallet utvecklas. Vid ldga na-
ringsnivéer i mindre samhillen fanns férre bakterier och férre arter, vilket
ledde till mer lika samhéllen och mer forutsdgbara resultat. Vid hogre nérings-
nivéer i storre samhéllen fanns fler bakterier och storre méangfald, vilket gjorde
att utvecklingen blev mindre forutsdgbar och mer beroende av slumpen.

Slutligen undersokte jag i artikel IV hur bakterier paverkas av predation fran
sa kallade nanoflagellater. Jag jamforde bakteriesamhéllen med och utan pre-
dation och utsatte dem dven for kortvariga storningar i form av fordndringar i
temperatur och niring. Malet var att forstd hur samspelet mellan biologiska
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faktorer (som predation) och miljéférandringar paverkar hur bakteriesam-
hillen utvecklas och fordndras dver tid. Resultaten visade att bakterier paver-
kas starkt av predation men i mindre utstrickning av fordndringar i niring och
temperatur. Predation gjorde att bakteriesamhallena blev mindre forutsidgbara,
eftersom olika arter kunde paverkas olika mycket. Detta tyder pa att predatorer
spelar en viktig roll i att styra vilka bakterier som finns i en sjé och hur de
reagerar pa fordndringarna i miljon.

Sammanfattningsvis visar detta arbete att bakteriesamhaéllen i sjoar paver-
kas av bade miljofaktorer och biologiska interaktioner. Faktorer som tem-
peratur, naringsdmnen och predation kan férdndra hur bakterier vixer och
vilka arter som dominerar. Samtidigt spelar d4ven slumpmaéssiga processer
en viktig roll, sdrskilt under hdgre nédringshalter och i nérvaro av predatorer.
P& grund av klimatfériandringar kan sjoar bli varmare och innehélla mer
naringsdmnen i framtiden. Detta kan leda till att bakteriesamhillen blir
ofdrutsdgbara och kan paverka bade vattenkvaliteten och ekosystemens
funktion. Att béttre forstd dessa processer dr darfor viktigt for att kunna
skydda och forvalta vara sj6ar i framtiden.
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Popular summary

Climate change is expected to increase temperature and rainfall, which can
strongly affect lake ecosystems. In lakes, organisms called plankton form the
foundation of the food web and are essential for ecosystem functioning. Phyto-
plankton are small, plant-like organisms that use sunlight to produce oxygen,
much like plants on land. They are fed on by zooplankton, slightly larger organ-
isms, which are in turn consumed by fish, transferring energy through the food
web. Even smaller organisms, such as bacteria, play a crucial role in lake eco-
systems by breaking down and recycling nutrients and by that supporting the
growth of other organisms. Increased rainfall can flush nutrients and organic
material from the surrounding land into lakes. This can in turn promote cyano-
bacteria growth, which can produce toxins and affect the whole ecosystem.
Moreover, organic material can turn the water colour darker, a process called
“brownification”, which can reduce the sunlight needed by phytoplankton.

Bacteria are very diverse, and we still do not know all species or how they
behave in different environments. This makes it hard to predict how they will
respond to environmental changes by, e.g., climate change. To better under-
stand these processes, this thesis focused on the influence of different envi-
ronmental changes on bacteria. Bacterial communities are shaped over time
and space by different processes called community assembly. These processes
can be driven by environmental factors, such as nutrients or temperature, but
also by random events, known as stochasticity. Stochasticity means that com-
munities can have different individuals of a species to die or reproduce by
chance. Especially under resource rich conditions, where many bacteria can
grow at the same time, these random processes can become more important.
This means that even in similar environments, bacterial communities can de-
velop in different ways, making them harder to predict.

In paper [, I wanted to understand how different intensities and magnitudes of
runoff, meaning the rainwater flushing nutrients and organic material into
lakes, influence bacteria. For that I conducted experiments in large containers
placed in lakes, so-called mesocosms, filled with natural lake water. In the
experiment different runoff scenarios were simulated by adding nutrients and
organic matter in varying amounts and frequencies. The results showed that
smaller but more frequent additions had stronger effects on bacterial growth
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and community composition than a large one-time addition, additionally pro-
moting the abundance of cyanobacteria. Moreover, the most humic lake in the
experiment showed the lowest effects of runoff in community composition,
indicating adaptation of bacteria to low light conditions and high humic con-
centrations in this system. Runoff did not show any effects on assembly pro-
cesses, but stochasticity was higher during summer compared to spring. This
could have been due to less organic material being available for bacteria dur-
ing spring compared to summer, leading to more predictable outcomes of bac-
terial assembly.

In Paper II, I explored whether bacteria have a “disturbance memory”. I
wanted to know how bacterial communities are affected by a disturbance if
they have previously experienced disturbances of the same kind. For that, an
experiment was done with bacterial communities that were repeatedly ex-
posed to increased salt levels and then after each a long and a short recovery
time exposed to another salt pulse, while other communities had no prior salt
exposure. This allowed me to compare how previous disturbance exposure
affected their response to an additional disturbance. I found that bacteria can
become less sensitive to disturbances if they have experienced them before,
and additionally their assembly becomes more stochastic. This effect de-
pended on how much time was between the disturbances, as this “memory”
faded over time. This shows, that bacterial communities can become more
resistant to disturbances, but that this effect depended on the time between
disturbance events.

Paper III examined how nutrient availability and community size influence
how bacterial communities assemble over time. The goal was to study if bac-
terial communities become more influenced by stochastic or deterministic as-
sembly under different nutrient concentrations and different initial community
sizes. For that, I carried out an experiment with bacterial cultures and manip-
ulated both the nutrient concentration and the initial size of the bacterial com-
munity. I found that the smaller communities that were exposed to low nutri-
ents behaved more deterministic, therefore more predictable. While larger
communities in nutrient rich conditions were more influenced by random pro-
cesses and were less predictable.

Finally, in paper IV, I studied how bacterial communities behave under the
combined effects of predation, here grazing and environmental changes. |
wanted to know if grazing and environmental changes, in temperature and
nutrient availability, drive assembly processes in bacteria to more determin-
ism or stochasticity. For that I conducted an experiment with cultures of
bacterial communities without and with predators, known as heterotrophic
nanoflagellates, and short pulses in increased temperature and nutrients. The
results showed that grazing had a stronger effect on bacterial communities
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than the short-term changes in temperature and nutrients. Bacteria were
more diverse and more predictable when exposed to grazers. While the bac-
terial communities without grazers behaved more stochastic. This shows the
great importance of biological factors, like predation, when studying com-
munity assembly in bacteria.

Overall, this work shows that bacterial communities in lakes are influenced
by both environmental changes and biological interactions. Factors like pre-
dation, smaller community size and low nutrient concentration showed
stronger deterministic processes in bacterial communities. Contrary, higher
nutrient concentrations, larger communities, and the absence of grazers led to
more stochasticity. Additionally, the response of bacterial communities to dis-
turbances depended on time between disturbance events, on environmental
conditions and seasonality. The study shows that predictability of bacterial
communities is driven by a complex combination of factors and that both bi-
ological and environmental conditions play a role. As climate change contin-
ues, lakes are likely to experience warmer temperatures and more nutrient in-
puts, which can make it harder to predict how bacterial communities behave.
Understanding these processes is important, as bacteria affect water quality
and the functioning of lake ecosystems.
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Populidrwissenschaftliche Zusammenfassung

Der Klimawandel kann das Auftreten von Extremwetterereignissen wie Hit-
zewellen und Starkregen erhdhen und dabei Lebensrdaume wie beispielsweise
Seen stark beeinflussen. Seen bilden wichtige Lebensrdume, auch genannt
Okosysteme, die wir zum Beispiel zur Trinkwassergewinnung oder fiir Frei-
zeitaktivitdten nutzen. Erhohte Wassertemperaturen konnen jedoch diese
Okosysteme beeinflussen und das Wachstum von giftigen Blaualgen, auch
Cyanobakterien genannt, begiinstigen und dadurch die Aufbereitung fir
Trinkwasser stark erschweren. Zudem konnen Nahrstoffe wie Phosphor und
Stickstoff bei Starkregen aus umliegenden, landwirtschaftlich genutzten Fla-
chen in Seen eingetragen werden, und zusitzlich das Okosystem beeinflussen.
In borealen Seen, wie beispielsweise in Schweden, kann Starkregen humin-
haltiges, organisches Material in Seen eintragen. Dieses Material setzt sich aus
Stoffen zusammen, die beim Abbau von Pflanzenresten entstehen, chemisch
sehr komplex und fiir viele Bakterien nur schwer abbaubar sind. Gleichzeitig
geben sie dem Wasser eine dunkelbraune Farbung, sodass weniger Sonnen-
licht in tiefere Wasserschichten eindringen kann. Dadurch werden lichtabhén-
gige Prozesse wie die Photosynthese von Algen eingeschrankt, wahrend bak-
terielle Abbauprozesse an Bedeutung gewinnen. In der Folge kann der Sauer-
stoffgehalt sinken und es kommt zu Verénderungen in den Stoffkreisldufen
und der Zusammensetzung der Lebensgemeinschaft.

Bakterien sind wichtige Organismen in Seen, da sie Néhrstoffe abbauen und
somit fiir andere Organismen verfligbar machen. Sie weisen eine sehr hohe
Artenvielfalt auf, von der bislang nur ein kleiner Teil erfasst ist. Wahrend be-
kannt ist, dass Umweltfaktoren wie Temperatur und Nahrstoffverfiigbarkeit
die Zusammensetzung bakterieller Gemeinschaften beeinflussen, sind viele
der zugrundeliegenden Prozesse noch unzureichend erforscht. Dies erschwert
Vorhersagen dariiber, wie bakterielle Gemeinschaften auf Umweltverdnde-
rungen reagieren. Die Struktur und Dynamik bakterieller Gemeinschaften
werden durch das Zusammenwirken verschiedener Prozesse bestimmt. Dazu
zdhlen sowohl deterministische als auch stochastische Prozesse. Determinis-
tische Prozesse fithren zu besser vorhersagbaren Mustern in der Zusammen-
setzung bakterieller Gemeinschaften, da sie durch messbare Umweltfaktoren
gesteuert werden. Im Gegensatz dazu umfassen stochastische Prozesse zu-
fallige Ereignisse, etwa die Vermehrung oder das Aussterben einzelner
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Individuen einer Art und fithren zu einer geringeren Vorhersagbarkeit. Da
stochastische Prozesse nicht direkt aus Umweltbedingungen ableitbar sind,
konnen sich bakterielle Gemeinschaften selbst unter gleichen Bedingungen
unterschiedlich entwickeln. Dies stellt eine zentrale Herausforderung fiir das
Verstindnis und die Vorhersage von Veridnderungen in bakteriellen Gemein-
schaften dar.

In dieser Arbeit wurden verschiedene Umwelteinfliisse auf Bakterien vor al-
lem im Hinblick auf stochastische Prozesse mithilfe von Experimenten unter-
sucht: In Fachartikel 1 wurde analysiert, wie unterschiedliche Nieder-
schlagsereignisse, mit ihrem Eintrag von Nihrstoffen und huminhaltigem, or-
ganischen Material bakterielle Gemeinschaften in Seen beeinflussen. Dabei
lag der Fokus auf dem Vergleich verschiedener Niederschlagsszenarien mit
unterschiedlicher Intensitdt und Haufigkeit. Es wurden Experimente in drei
schwedischen Seen jeweils im Friihling und Sommer durchgefiihrt. Behalter,
sogenannte Mesokosmen, wurden in Seen platziert und mit Seewasser gefiillt.
AnschlieBend, wurden Néhrstoffe und huminhaltiges, organisches Material in
unterschiedlichen Mengen und zu unterschiedlichen Zeitpunkten den Meso-
kosmen zugefiigt um verschiedene Niederschlagsszenarien zu simulieren. Die
Ergebnisse zeigten, dass kleine, regelmifBig auftretende Niederschlagsereig-
nisse stiarkere Auswirkungen auf das Wachstum und die Verdnderung der
Bakteriengemeinschaften hatten als ein einmaliges, intensives Niederschlags-
ereignis. Unter diesen Bedingungen konnte auch eine erhéhte Anzahl an
Cyanobakterien festgestellt werden. In dem See mit der hochsten Konzentra-
tion an Huminstoffen waren die Effekte auf die Gemeinschaften am gerings-
ten. Dies konnte auf eine Anpassung der dortigen Bakteriengemeinschaft an
die Wasserfarbung hindeuten. Zudem wurde die Zusammensetzung der bak-
teriellen Gemeinschaften im Sommer vor allem durch Néhrstoffe beeinflusst,
wihrend im Friihling der Einfluss des organischen Materials stérker war. Zu-
sammenfassend zeigen die Ergebnisse, dass Niederschlagsszenarien unter-
schiedliche Auswirkungen auf bakterielle Gemeinschaften haben konnen und
stark von Umweltbedingungen sowie Jahreszeiten abhidngen.

Fachartikel II untersuchte die Anpassungsfahigkeit von Bakteriengemeinschaf-
ten in Bezug auf wiederholte Stérungen mit dem Ziel eine mogliche Wider-
standsfahigkeit zu erforschen. Ziel war hierbei zu verstehen, ob Bakterienge-
meinschaften sich durch vorangegangene Stérungen anpassen und somit weni-
ger stark von einer weiteren Storung beeinflusst werden. Hierflir wurden Bak-
teriengemeinschaften in einem Experiment wiederholt hoherem Salzgehalt
ausgesetzt und erhielten anschlieend nach unterschiedlich langen Erholungs-
phasen eine stérkere, einmalige Salzstdrung. Dabei lassen die Ergebnisse darauf
deuten, dass sich zunehmend Arten durchgesetzt haben, die an die verdnderten
Bedingungen angepasst waren, wihrend weniger angepasste Arten verdrangt
wurden. Infolgedessen fiel der Effekt einer erneuten Stérung geringer aus, wenn
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die Gemeinschaft zuvor bereits dhnlichen Stérungen ausgesetzt wurde. Dieser
Effekt hing jedoch von der Dauer der Erholungsphase ab, da die Widerstands-
fahigkeit an frithere Stérungen mit der Zeit abnehmen kann. Insgesamt weisen
die Ergebnisse darauf hin, dass bakterielle Gemeinschaften durch wiederholte
Storungen eine erhohte Widerstandsfahigkeit gegeniiber weiteren Storungen
entwickeln konnen, diese jedoch zeitlich begrenzt ist.

In Fachartikel III wurde der Einfluss von Nahrstoffverfiigbarkeit und Gréfe der
Bakteriengemeinschaften auf deren Entwicklung und Zusammensetzung unter-
sucht. Ziel war es zu verstehen, unter welchen Bedingungen die Zusammenset-
zung bakterieller Gemeinschaften eher deterministisch oder stirker durch
stochastische Prozesse bestimmt wird. Dazu wurden sowohl die Néhrstoffkon-
zentrationen als auch die Ausgangsgrof3e der Bakteriengemeinschaften experi-
mentell manipuliert. Die Ergebnisse zeigten, dass unter niedrigeren Néhrstoff-
konzentrationen in kleineren Gemeinschaften die Diversitdt der Bakterien ge-
ringer war und die Prozesse eher deterministisch gepragt waren. Bei hoheren
Néhrstoffmengen in groBeren Gemeinschaften gab es dagegen eine hohere Ar-
tenvielfalt. AuBerdem war hier die Zusammensetzung der Gemeinschaften pri-
mdr von zufalligen Prozessen beeinflusst und lie sich schlechter vorausbestim-
men. Insgesamt zeigen die Ergebnisse, dass die Bedeutung deterministischer
und stochastischer Prozesse von den Umweltbedingungen und der GroBe der
Gemeinschaft abhidngen kann.

SchlieBlich wurde in Paper IV erforscht, wie bakterielle Gemeinschaften
durch biologische Faktoren und Umweltverdnderungen beeinflusst wer-
den. Biologische Faktoren wurden durch Fressfeinde, sogenannte Prédatoren
reprasentiert. Um Umweltverdnderungen darzustellen wurden die Gemein-
schaften kurzzeitigen Erhhungen von Temperatur und Néhrstoffen ausge-
setzt. Ziel war es zu verstehen, wie stark biologische Faktoren wie Pradation
im Vergleich zu Umwelteinfliissen auf deterministische und stochastische
Prozesse in Bakteriengemeinschaften wirken. Dazu wurden Bakteriengemein-
schaften entweder mit oder ohne Prédation von sogenannte Nanoflagellaten
kultiviert und zusétzlich kurzfristigen Verdnderungen in Temperatur und
Néhrstoffverfiigbarkeit ausgesetzt. Es zeigte sich, dass Bakterien stérker
durch Prédation als durch die Verdnderungen in Umwelteinflissen gepragt
wurden. Zudem zeigte sich, dass die Zusammensetzung bakterieller Gemein-
schaften unter Pradation starker deterministisch und besser vorhersagbar war.
Dies deutet darauf hin, dass Fressfeinde einen signifikanten Einfluss auf die
Entwicklung und Vorhersehbarkeit der Bakteriengemeinschaften haben.

Insgesamt zeigt diese Arbeit, dass stochastische Prozesse von Bakterienge-
meinschaften in Seen sowohl durch Umweltverdnderungen als auch durch bi-
ologische Wechselwirkungen beeinflusst werden. Priddation und niedrige
Néhrstoffkonzentrationen haben deterministische Prozesse verstarkt und ihre
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Vorhersehbarkeit erhoht. Wahrend die Bedeutung stochastischer Prozesse un-
ter hoherer Nahrstoffverfiigbarkeit, in groleren Gemeinschaften und in der
Abwesenheit von Pridatoren hoher war. Gleichzeitig zeigte sich, dass Anpas-
sungseffekte der Gemeinschaften auf Stérungen zeitlich begrenzt waren und
stark vom jeweiligen Umweltkontext abhingen. Diese Ergebnisse verdeutli-
chen, dass Vorhersagen iiber bakterielle Gemeinschaften nur unter Berlick-
sichtigung mehrerer gleichzeitig wirkender Faktoren mdglich sind und dabei
biologische Faktoren sowie Umwelteinfliisse eine wichtige Rolle spielen. Mit
fortschreitendem Klimawandel werden Seen wahrscheinlich wérmer und stér-
ker mit Néhrstoffen belastet, was zu einer schlechteren Prognose von Bakte-
riengemeinschaften fithren kann. Ein besseres Verstindnis dieser Prozesse ist
wichtig, da Bakterien die Wasserqualitit und die Funktion von Seedkosyste-
men mafigeblich beeinflussen.
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