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Abstract

Lakes with increased water colour levels have been observed in many locations in the northern
hemisphere, a phenomenon that is called brownification. The driving components of
brownification are dissolved organic matter (DOM) and iron, which are affected by rainfall
patterns as a large fraction originates from terrestrial sources. Brownification has many
detrimental effects for the ecosystem, among which increased costs for drinking water
production. Lake Bolmen, southwestern Sweden, is a drinking water source for nearly 600.000
citizens in Skéne. This study simulated three run-off scenarios with DOM and nutrients pulses
of different intensity and frequency, and specifically looked at the effect on bacterial
production, respiration and nutrient limitation. For this, a mesocosm experiment was executed
on lake Bolmen during April and May 2023. The study found that different precipitation
patterns do not affect bacterial production and respiration differently, but the addition of DOM
and nutrients increased bacterial production and respiration. However, after a two-week
recovery period the bacterial respiration dropped and bacterial production increased
significantly. Moreover, bacteria were phosphorus limited at the start of the experiment but
their response to P addition disappeared as soon as DOM and nutrients were added. A possible
reason for the lack of differentiation between the treatment responses could be that lake
Bolmen has already been suffering from brownification since the 1980’s and the bacteria are
therefore more tolerant to DOM additions.

Keywords

Introduction

Anthropogenic activities greatly impact the
world and cause global warming, with the
average surface temperature in 2011 — 2020
being 1.1°C above that of 1850 — 1900
(IPCC, 2023). Globally increasing
temperatures influence spatial precipitation
patterns with increased rainfall in the higher
regions of the world (Jeppesen et al., 2009),
affecting the aquatic environments in those
regions. Moreover, due to a higher level of
water run-off in catchment areas and
subsequent lower water retention times,
increased concentrations of dissolved
organic matter (DOM) and iron (Fe) have
been observed in aquatic environments
(Kritzberg & Ekstrom, 2012; Weyhenmeyer
et al., 2014). Iron has also been shown to
form complexes with dissolved organic
carbon (DOC), which heightens water
colour to a dark brown colour (Heikkinen &
Ihme, 1995).

Brownification - DOM - Bacterial production - Bacterial respiration - Nutrient limitation

Brownification is the process of increasing
water colour in aquatic systems due to
higher concentrations of DOM in the water
(Kritzberg et al., 2020). Iron, together with
humic substances called coloured DOM
(cDOM), is one of the major causes of
darkening water (Maloney et al., 2005).
Brownification =~ has  been  mainly
documented in water bodies in the boreal
and temperate regions of the northern
hemisphere (De Wit et al., 2016). It has
detrimental consequences for aquatic
environments which include: decreased
light penetration resulting in increased
benthic respiration which leads to anoxic
and hypoxic zones (Brothers et al., 2014),
more costly and less sustainable drinking
water production (Keucken et al.,2017) and
increased greenhouse gas emissions
(Tranvik et al., 2009). Moreover, an internal
loading process of phosphate due to
hypoxic or anoxic areas can be triggered
and could push the aquatic system towards
a net-heterotrophic state, which could shift
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lakes from being a carbon sink to a carbon
source, releasing CO> into the atmosphere
(Brothers et al., 2014). With the internal
loading process, the phosphate — iron bonds
are broken down and iron is released
(Bronmark & Hansson, 2018), which too
can lead to increased brownification.

Increases in DOM concentrations depend
on, among others: increased temperatures
and precipitation levels due to climate
change (De Wit et al., 2016; Kritzberg et al.,
2020), reduced soil acidity due to recovery
from atmospheric sulphur deposition
(Evans et al., 2012) and changes in land-use
(Kritzberg, 2017; Meyer-Jacob et al.,
2015). Changing rainfall patterns influence
the amount and loading patterns of organic
matter and nutrients deposited into aquatic
ecosystems (Klante et al., 2021). Water
retention time (WRT) has a strong influence
on the impact of DOM on aquatic systems,
since in systems with a high WRT there is
more time for DOM to be broken down by
UV-light or lost through sedimentation
(Soares et al., 2019), making water bodies
with a low WRT more susceptible to
brownification.

DOM can originate from  both
autochthonous (produced within the aquatic
system) and allochthonous (produced
outside of aquatic system) sources (Helms
et al., 2008). Allochthonous terrestrial
DOM (tDOM) is derived from terrestrial
plant material, which then gets deposited
into waterways through run-off through the
soil. Catchment area can greatly influence
tDOM transfer, e.g. wet soils have a
reduced capacity of mineralization and thus
deposit a greater amount of tDOM into
aquatic environments (Solomon et al.,
2015). DOM consists mainly of carbon,
nitrogen and phosphorus (Voss et al., 2021)

and is the main source of DOC in aquatic
environments (Hessen & Tranvik, 1998).
The carbon composition in DOC can vary
greatly depending on the source (Spilling et
al., 2022), which influences the
bioavailability of the carbon and its
readiness to be utilised by bacteria (Farjalla
et al., 2002).

Bacteria play a major role in the carbon and
nutrient cycles, they produce new biomass
(bacterial production, BP), and respire
organic carbon to inorganic carbon
(bacterial respiration, BR) (Del Giorgio &
Cole, 1998). Bacterial production is
essential for the functioning of limnic
ecosystems and is the basis of the food web
(Figure 1)(Bronmark & Hansson, 2018).
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Figure 1 Overview aquatic food web (Creed et
al., 2018).
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Increased input of allochthonous DOM
supports the heterotrophic metabolism of
the bacterial community (Ask et al., 2009).
DOM is almost exclusively taken up by
bacteria, where most of it is respired as CO»
while a fraction is used for biomass
production and so re-introduced into the
classical food chain (Bronmark & Hansson,
2018). Bacteria need nitrogen and
phosphorus, as well as other trace elements,
in order to grow. In limnic ecosystems,
phosphorus is generally the nutrient which
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limits bacterial growth, due to the
phosphate-iron barrier where phosphate is
bound to iron and precipitated and stored in
the sediment (Bronmark & Hansson, 2018).

Aside from biogeological implications,
there are also certain socio-economic
consequences of brownification. It has been
proven that the recreational value of lakes
with brown water is reduced (Keeler et al.,
2015), which is unfavourable to both
society and the economy. Moreover, lakes
provide several important ecosystem
services, among which the supply of
drinking water. This is also the case for lake
Bolmen, a lake in southwestern Sweden
(Figure 2), which serves as a drinking water
reservoir for 17 municipalities in Skane, the
southernmost province of Sweden. Since
the mid-1980°s there has been a
brownification trend ongoing in the lake
(Borgstrom, 2020; Klante et al.,, 2021).
Brownification can increase treatment costs
for transforming water into drinking water
(Klante et al., 2021). Furthermore, there is
a potential for internal phosphorus loading
in lake Bolmen. For now however, the
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oxygenation of the lake is classified as good
by  Vatteninformationsystem  Sverige
(VISS, 2023a) and the lake is classified as
oligotrophic. Nitrogen concentrations in the
lake have been at a relatively constant level
over the last 50 years (Borgstrom, 2020),
albeit at a mild level of eutrophication. Next
to functioning as a drinking water reservoir,
lake Bolmen holds a large cultural and
economic value to the people living in the
area as it serves as a source of income for
many of them. Therefore, it is of significant
value that the brownification trend ongoing
in lake Bolmen is further investigated so as
to determine the effect on society.

This study was part of a bigger project
called AquaCosm+ run by the Swedish
Infrastructure for Ecosystem Science
(SITES). The goal of the experiment was to
simulate three DOM run-off scenarios: (1)
a wet season with small daily pulses of
DOM and nutrients, (2) a “normal” scenario
with intermediate and irregular pulses of
DOM and nutrients and (3) extreme
weather events with an extreme pulse of
DOM and nutrients. Furthermore, in order
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Figure 2 Lake Bolmen and its position in relation to southern Sweden. © Google Maps



to understand the growth dynamics of
bacteria it is necessary to know which
nutrient, nitrogen or phosphorus, is the
limiting factor. The objectives of this study
were to investigate how  bacterial
production, respiration and nutrient
limitation is affected by DOM and nutrients
additions of different frequency and
intensity.

It was hypothesised that (1) bacterial
production and respiration would increase
in response to DOM and nutrient additions.
Specifically, BP and BR would increase in
the mesocosms with daily additions of
DOM and nutrients. The gradual increase of
available carbon during daily additions
might lead the bacterial community to be
more adapted to utilise carbon than if
carbon is added less regularly or in more
extreme doses. (2) the bacteria were limited
by phosphorus at the start of the
experiment, but that a lower or no degree of
nutrient limitation would occur later on.
This is due to the fact that over the course
of the experiment, phosphorus and nitrogen
have been added as part of the treatment.
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Material and methods

Study site

This experiment was performed at lake
Bolmen (Figure 2), located in a hemiboreal
climate (Peel et al., 2007). The lake is
divided between three counties: Halland,
Kronoberg and Jonkoping. It is part of the
Lagan River basin and has a catchment area
of 1650 km?, and the lake itself has a
surface area of 173 km? (Borgstrom, 2020),
making it the 12 largest lake in Sweden.
Overall it is considered to be a shallow lake
with an average depth of 6.2 m and deepest
point of 38 m. Its main tributaries are
Storan, Lillan and Lidhultsan, which
together provide 71% of the water input.
The water in the lake has a residence time
of approximately 1.6 years (Klante, 2023).
The catchment composition of Lake
Bolmen consist mainly of industrial forest
(64%), but also water (15%), wetlands
(8%), agriculture (8%), fields (4%) and
urban areas (1%). The soil in the catchment
area consists mostly of till and peat. The
lake is classified as an oligotrophic and
dimictic lake and has a good ecological
status (Klante, 2023; VISS, 2023a).
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Figure 3 The addition schedule for the three run-off scenarios. The x-axis represents the day of the experiment
and the y-axis shows the percentage of total DOM and nutrient additions. The green circles under the x-axis
signal the days on which bacterial production, respiration and nutrient limitation samples were taken. © Silke

Langenheder
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Experimental setup

This experiment was part of the
AquaCosm+ project executed by SITES. A
mesocosm experiment was set up with a
control (C, no addition of DOM and
nutrients) and three treatments: daily (D,
every day a small amount of DOM and
nutrients were added), intermediate (I, the
DOM and nutrients were added in different
amounts in different time intervals) and
extreme (E, all DOM and nutrients were
added at one time)(Figure 3). In total the
same amount of DOM and nutrients were
added in all treatments (D, I and E). The
control and treatments had four replicates
and were equally distributed over the
platform (Figure 4). The 16 mesocosms
were filled with approximately 550 L of
lake water, using a pump. Each mesocosm
was equipped with three sensors; oxygen,
PAR and chlorophyll, which sent
continuous data over the course of the
experiment. The mesocosms were cleaned
daily by brushing the sensors.

Pool 4 Pool 3 Pool 2 Pool 1

Figure 4 Layout of platform with designated
treatments in the mesocosms. © Silke
Langenheder

The DOM used in this experiment was an
extract made from peat according to
Mustaffa et al. (2020). In order to make the
peat extract, terrigenous dissolved organic
matter (tDOM) was extracted from
commercial peat (Hasselfors Naturtorv ®)

by alkaline extraction (Gall et al., 2017,
Riedel et al., 2012). The solution was then
filtered through steel-mesh sieves, the
smallest 0.2 um, to remove particles (Gall
et al., 2017). Each mesocosm got a total
amount of 277.8 mL of peat extract.
Phosphorus was added to the mesocosms as
a KH;PO4 solution and nitrogen as a
NaNOs solution. The experiment ran during
the springtime, from 25/04/2023 until
31/05/2023. Daily measurements were
taken at 09h00 with a PAR sensor and Y SI
multiprobe.

Mesocosm sampling

Sampling from the mesocosms was
performed 6 times over the course of the
experiment (Figure 3). During sampling,
3,5L of water was collected into a 5L
container from each mesocosm with a
Ruttner sampler. The water was then
divided for the different measurements.

Bacterial production, bacterial respiration
and water colour

Bacterial production was analysed using the
leucine incorporation method as described
by Smith and Azam (1992). L-(4,5-3H)
leucine (PerkinElmer, Boston, USA) was
diluted to a 20% solution with cold leucine
(PerkinElmer, Boston, USA). Samples and
blanks were incubated for 1 hour at 20°C.
DPM was measured in a liquid scintillation
analyser (Tri-Carb ® 2910 TR,
PerkinElmer, Boston, USA), after which
bacterial carbon production (ng C “'1 h'!)
was calculated (Kirchman, 1993).

Bacterial respiration was analysed with the
Winkler method (Murray et al.,, 1968).
Samples were incubated for 72 hours after
which the concentration of oxygen was
determined at wavelength a450 using a
spectrophotometer (Labasque et al., 2004)
(UV-VIS Spectrophotometer, Shimadzu,
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Japan). Carbon respiration was calculated
in ng C L' h'!. Bacterial growth efficiency
(BGE) was calculated based on BP and BR
data (BGE =BP/(BP + BR)) and represents
the amount of new bacterial biomass
produced per unit of organic C substrate
assimilated (Del Giorgio & Cole, 1998).

Water colour (mg Pt L") was estimated
using a spectrophotometer (UV-2600,
Shimadzu, Japan) by  multiplying
absorbance 420 values with 500 (Pennanen
et al., 1986).

Nutrient limitation

For the nutrient limitation experiment, four
50 mL Falcon tubes per mesocosm were
filled with 30 mL of the sampled water. One
control (C) and three treatments were
implemented to test by which nutrient the
bacteria in the mesocosms were limited:
nitrogen (N), phosphorus (P) and nitrogen
+ phosphorus (NP). Nutrients were added in
excess according to the Redfield-ratio.
Nitrogen was added to a final concentration
of 16 uM (48 puL 10 mM NaNOs) and
phosphorus to a concentration of 1 uM (30
uL 1 mM KH2POg). In the NP-treatment the
concentrations were 16 uM and 1 puM for
nitrogen and phosphorus, respectively.
Since the 16 mesocosms were already
replicates of the four run-off treatments, no
additional replicates were done for nutrient
limitation. To determine nutrient limitation,
bacterial production was determined before
and after a 72 hour incubation period.

Statistical analysis

Statistical differences between treatments
for bacterial production, respiration and
nutrient limitation were assessed using two-
way repeated measures ANOVAs and
repeated measures mixed-effects models
(REMLs), followed by a wuncorrected
Fisher’s LSD. Statistical analysis was

performed using GraphPad Prism version
10.0.3 (GraphPad Software,
www.graphpad.com). An outlier test was

executed and all outliers were removed
from the dataset. Before performing the
aforementioned  statistical tests, the
normality of the dataset was confirmed
using a Shapiro-Wilk test. Graphs were
created with R version 4.1.1 (R Core Team,
2021), specifically with the package
ggplot2 (Wickham, 2016).

Results

In this study it was investigated how
bacterial utilization (Experiment 1) and
nutrient limitation (Experiment 2) were
affected by DOM and nutrient pulses of
varying intensity and frequency.

Environmental parameters

All environmental parameters (watercolour,
chlorophyll, pH and dissolved oxygen)
have a significant effect of treatment, time
and the interaction between treatment and
time (Two-way RM ANOVA, p < 0.01).
Graphs for chlorophyll, pH and dissolved
oxygen can be found in the supplementary
information (Figures S1, S2 and S3).

The watercolour in the control and all
treatments did not differ on the first
sampling day (Figure 5). On the last
sampling day, 30-May, there was no
significant ~ difference  between  the
treatments, but all treatments differed
significantly from the control (p < 0.0011).
A large increase in water colour for the
extreme treatment is visible on 03-May (p
<0.0001).
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Figure 5 Watercolour over time (average, SD) with sampling dates on the x-axis and watercolour in mg Pt per
litre on the y-axis. C is control, D is daily pulses, I is intermediate pulses and E is the extreme pulse of DOM and

nutrients (n = 4).

Experiment 1. Run-off

There was a significant effect of time on
bacterial  production (two-way RM
ANOVA; p = 0.018) and a signification
interaction between time and treatment (p <
0.001). No significant effect of treatment
alone was detected. Bacterial production in
all treatments, except the control, increased
over time in response to the DOM and
nutrient additions (Figure 6a; p < 0.02; 25-
Apr vs. 30-May). Specifically, a significant
increase in bacterial production in all
treatments, except the control, is observed
after the recovery period between 15-May
and 30-May (p <0.05).

There is no effect of the treatments on
bacterial respiration, however there is an
effect of time (REML; p < 0.0001) and an
interaction effect of treatment and time (p =
0.003). A significant increase in BR was
observed in the extreme treatment on 03-
May (p < 0.01; 29-Apr vs. 03-May).
However, there is a decrease in BR between
15-May and 30-May (Figure 6b), with a
significant reduction in the intermediate
treatment (p = 0.02), but statistics did not
indicate a significant difference in the daily
and extreme treatments.
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Figure 6 (A) Bacterial production over time (median, whiskers extend to 1.5 * inter-quartile range) with
sampling dates on the x-axis and bacterial production in ng carbon per litre per hour on the y-axis. (B) Bacterial
respiration over time (median, whiskers extend to 1.5 * inter-quartile range) with sampling dates on the x-axis
and bacterial respiration in ng carbon per litre per hour on the y-axis. Sampling dates are grouped in treatments,
where C is control, D is daily pulses, I is intermediate pulses and E is the extreme pulse of DOM and nutrients

(n=4).

There is no effect of treatment on bacterial
growth efficiency on any sampling day and
neither is there an interaction effect
between time and treatment. However,
there is a significant effect of time on BGE

(REML; p < 0.0001). During the recovery
period between 15-May and 30-May, a
significant increase in BGE is observed in

all treatments except control (Figure 7; p <
0.03).
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Experiment 2: Nutrient limitation

On 25-Apr, before any additions of DOM
and nutrients were made, there is
phosphorus limitation of the bacteria as
shown by the significant increase in
bacterial production for all treatments in
response to P addition (Figure 8a-d; REML;
p < 0.01). No -co-limitation between
nitrogen and phosphorus was detected.

The control treatment remains phosphorus
limited until 15-May (p < 0.005; Con vs. P),
however after the recovery period there is
no longer a significant increase in BP in
response to the P addition. For both the
daily and intermediate treatment the
nutrient limitation ceased on the second
sampling day, 29-Apr, after the first
pulse(s) of DOM and nutrients, as there was
no longer a significant difference between
the control and P addition. The first nutrient
pulse in the extreme treatment was on 02-
May, and on the third sampling day, 03-
May, no nutrient limitation (response to N
or P addition) was observed in the extreme

treatment either. On the last sampling day,
30-May, production
significantly lower in all treatments at the
end of the incubation compared to the start

bacterial was

of the incubation, resulting in negative ABP
values (Figure 8a-d; 0.0005 <p <0.015).

Discussion

DOM and nutrient additions caused an
increase in bacterial production and
bacterial respiration. However, there was
no significant effect of the different run-off
treatments on BP and BR. The hypothesis
that daily additions of DOM and nutrients
caused an increased carbon utilisation
compared to the intermediate and extreme
treatments was therefore not confirmed.
The bacteria in the nutrient limitation
experiment were phosphorus limited at the
start of the experiment, which disappeared
over time with the addition of DOM and
nutrients. This finding confirms the
hypothesis, namely that the bacteria were
phosphorus, not nitrogen, limited and that a
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lower or no degree of nutrient limitation
would be present later on during the
experiment.

Effect of DOM pulses on BP and BR

In the daily and intermediate treatments
both BP and BR increased directly as a
response to the DOM and nutrient
additions. However, in the extreme
treatment where the DOM and nutrient
additions were given as a single large pulse
there seemed to be a delay in the response
of BP. The large pulse of DOM and
nutrients was given to the extreme
treatment on (02-May, which was
immediately utilised for BR on 03-May, but
not for BP, for which the increase was only
measured on 07-May. Most likely, the
bacteria will have used the big pulse of
terrestrial DOM (tDOM) for respiration as
it seems they prefer autochthonous carbon
for production (Pérez & Sommaruga,
2006). Additionally, the BP might have
increased earlier than 07-May, but since no
sample was taken sooner this cannot be
confirmed. Similar delays were not
observed in the daily or intermediate
treatment.

There is an opposite response of BP and BR
during the recovery period between 15-May
and 30-May. BP drastically increased
during this period, whereas BR reduced
severely. tDOM consists of different types
of carbon with varying chemical
characteristics, which leads to different
levels of utilisation by bacteria (Spilling et
al., 2022). Labile carbon, with simple
chemical structures such as aliphatic
compounds, is easy for bacteria to utilise
whereas refractory carbon, with a more
complex chemical structure like aromatic
compounds, is harder for bacteria to
breakdown and utilise (Tranvik et al.,

2009). The labile carbon pool will be
utilised first, and next the refractory carbon
pool is broken down and utilised. Under the
influence of UV-light and through
photodegradation, refractory carbon is
broken down into labile carbon (Soares et
al., 2019). May 2023 was very sunny
(SMHI, 2023), possibly leading to a high
level of photodegradation. Therefore, there
could be an increased amount of labile
carbon available, resulting in a spike in BP.
Moreover, chlorophyll concentrations and
pH increased over time (Figures S1 and
S2), which means more phytoplankton that
release labile carbon (Bertilsson & Jones,
2003; Pérez & Sommaruga, 2006) which
bacteria can utilise. Pérez and Sommaruga
(2006) also suggest that bacteria utilise
tDOM  more for respiration, but
autochthonous DOM more for production.
Consequently, it could be that during the
recovery period phytoplankton produced a
lot of Ilabile carbon, which boosted
production but not respiration.

Another reason for the forementioned trend
could be a change in the bacterial
community composition that occurred
during the recovery period which selected
for bacteria which are able to utilise
refractory carbon more efficiently, leading
to a spike in BP and BGE. Studies have
shown  that  bacterial = community
composition changes with the addition of
terrestrial DOM (Jones et al., 2009; Judd et
al., 2006). The significant increase in
bacterial growth efficiency (BGE) from 15-
May to 30-May shows that the bacteria
have increased, possibly adapted, their
ability to wutilise carbon for biomass
production instead of  respiration.
Alternatively, the bacteria could have been
channelling the majority of energy into BP
at the time of sampling, and BR spiked
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before, as seen in the extreme treatment
earlier during the experiment. However,
since other samples were not taken during
the recovery period, we might have missed
these dynamics.

Effect of nutrient pulses on bacterial
nutrient limitation

Directly after the first pulse of DOM and
nutrients, limitation in response to N and/or
P could not be detected anymore. The
negative response to nutrient addition in all
treatments, including the control, on 30-
May is surprising. An explanation could be
that there were zooplankton present in the
samples during the 3 day incubation period,
leading to lower bacterial production after
incubation due to grazing (Karlsson et al.,
2003). It is known that there were
zooplankton present, specifically filter-
feeding Daphnia spp., in the samples
during incubation on 07-May. Data on
zooplankton levels in the mesocosms is so
far unavailable, but zooplankton are
efficient grazers and can drastically reduce
bacterial biomass (Karlsson et al., 2003).
One more explanation could be that during
the recovery period the bacteria were no
longer nitrogen or phosphorus limited, but
carbon limited, based on the pool of
available carbon as discussed before. No
experiment was performed on carbon
limitation, as it was assumed that this would
not be the case as lake Bolmen already has
a high concentration of carbon (Borgstrom,
2020) and carbon was added to the
mesocosms during the run-off experiment.

Considering other lakes and catchment
areas

A possible reason for the lack of
differentiation between the treatment
responses could be that brownification has
been ongoing in lake Bolmen since the

1980’s (Klante et al., 2021). Therefore, the
pulse variation in DOM simulated by the
treatments might not prove to have any
influence as the bacteria were already
adapted to brownification. The bacterial
community could have been adapted from
the start to utilise tDOM, resulting in no
differences between the treatments, as seen
in the data. Due to this experiment being
part of a bigger project, AquaCosm+ by
SITES, the same experiment was executed
in lake Erken near Uppsala in Sweden.
Lake Erken is a clear water, meso-eutrophic
lake (VISS, 2023b) and differs from lake
Bolmen in many aspects, so treatment
effects could be larger in this lake. In an
overall study data from lake Bolmen will be
compared with data from lake Erken, but
this falls outside the scope of this study.

From a broader perspective, both the type
of lake and the composition of the
catchment area can affect the response to
the DOM and nutrient pulses. Especially
lakes with more agricultural land will most
likely experience eutrophication, possibly
leading to increased bacterial activity.
Additionally, it would also mean there is
less forest in the catchment area, which
most likely lead to less brownification
(Kritzberg et al., 2020).

Further implications

There are certain parameters that, when
known, would  provide  essential
information about the processes observed in
these experiments. Firstly, the bacterial
community composition holds crucial
information about the utilisation of carbon
and nutrients added to the mesocosms
(Jones et al., 2009). It is possible that during
the experiment, or more precisely during
the recovery period, the bacterial
community composition shifted leading to
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the decrease in Dbacterial respiration
observed during the recovery period.
Secondly, dissolved organic carbon
concentrations  together  with  a254
measurements, would give insight into the
carbon composition and its utilisation
potential (Goodman et al., 2011). Lastly, the
continuing increase in watercolour during
the recovery period (Figure 5) might not
have originated from browning effects. The
weather during the recovery period was
warm, sunny and with very little
precipitation (SMHI, 2023), leading to a
high level of evaporation in the mesocosms.
Thus the watercolour could be more
concentrated with no necessary relation to
biological processes occurring. Absorbance
measurements would provide more
framework to the change in watercolour
over time.

Some criticisms and possible
improvements to this study should be raised
and discussed. Firstly, since the mesocosms
were out in the lake, conditions were quite
variable among individual mesocosms,
leading to a large variation in the data.
However, mesocosms do simulate
experimental conditions most similar to
actual lake conditions, which add more
natural dynamics to the study. Secondly,
this experiment did not include fish, which
are an important part of the aquatic
ecosystem as their presence influences the
entire food web (Figure 1)(Bronmark &
Hansson, 2018). For instance, the presence
of fish leads to predation on zooplankton,
which would decrease grazing pressure on
bacteria. In this experiment zooplankton
could continue to grow without any top-
down restraint, which could have led to
detrimental effects on the bacterial
community, both in biomass and
composition.

This experiment gives rise to several
possibilities for further investigation and
research. Firstly, it is evident that data on
bacterial community composition would
provide necessary insights into the effects
of different precipitation patterns on
bacterial processes in aquatic ecosystems.
As well as to see the effect of nutrient
limitation on  bacterial community
composition. Furthermore, it would be
interesting to perform an experiment
investigating the effects of
photodegradation by UV-light on tDOM
carbon composition and subsequently the
bacterial community. Studies have shown
that water retention time (WRT) plays an
important role in the breakdown of tDOM
as increased WRT provides a larger window
of time for photodegradation of carbon,
possibly reducing brownification (Soares et
al., 2019).

Conclusion

It is clear that brownification, and therefore
increased carbon concentration in aquatic
systems, lead to higher levels of bacterial
production and respiration (Figure 6). In
turn, this leads to an increased production
of CO2 which could shift lakes from carbon
sinks to carbon sources (Brothers et al.,
2014). It seems that despite the DOM and
nutrient additions, the mesocosms were at
the end still dominated by primary
production, since dissolved oxygen
concentrations did not vary a lot over the
course of the experiment (Figure S3).
Hypoxic or anoxic zones would not form in
the mesocosms because they were
continuously mixed by hand and wave
action. However, when considering the
entire lake, brownification can lead to
reduced benthic primary production, which
results in anoxic zones and phosphorus
loading (Brothers et al., 2014). Increased
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phosphorus loading would stimulate
bacterial growth if they are phosphorus
limited.

The results from this study show that
increased precipitation and tDOM transport
will increase bacterial activity in lake
Bolmen, however the pattern, intensity and
frequency of pulses, will not necessarily
result in different responses of this. It is
hard to make general conclusions from this
data since for instance clear water lakes will
probably be affected in other ways. Lakes
with hypoxic or anoxic areas might
experience a boost in bacterial activity due
to the bacteria being phosphorus limited,
but in lakes with sufficient oxygenation this
may not be a problem. All in all, more

Supplementary information

detailed information is necessary to make
more precise statements about the effect of
precipitation patterns, especially about the
bacterial community composition. Every
lake 1is different and the effects of
brownification with possible remedies
should be tailor made to each one of them.
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