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Abstract
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Dissolved organic matter (DOM) is a central component of the global carbon cycle. Thus,
small changes to the amount of DOM imported, processed and produced within lakes can have
a large effect on regional carbon budgets. In addition to being a vital energy source at the
base of the aquatic food web, DOM is physico-chemically reactive. However, identifying and
understanding the controls of DOM processing has remained challenging due to the complex
composition of DOM. DOM comprises a mixture of decomposition by-products of terrestrial
origin as well as newly synthesized material from in situ production. DOM compounds form
gradients of reactivity to biogeochemical processes, such as photodegradation, biodegradation,
and flocculation, and they perform a suite of functions in aquatic systems. The overarching
goal of this thesis was to investigate controls of DOM processing in Swedish lakes. We do
this in two ways: 1) by characterizing the molecular-level composition of DOM in lakes, and
2) by investigating interactions between very labile and relatively recalcitrant DOM. The first
three chapters utilize ultrahigh resolution mass spectrometry to show that the detailed chemical
composition of DOM varies along a hydrology gradient, and secondarily along a temperature
gradient that co-varies with agriculture and nutrients. Next, we illustrate the coherence between
molecular-level characteristics and bulk optical characteristics. Together, these studies suggest
that protein-like fluorescence, aliphatic compounds, and N-containing compounds are either
resistant to degradation or tightly cycled in the system, and thus persist at long water residence
times. The most oxidized compounds, such as vascular plant-derived polyphenolic compounds,
are abundant in areas with high precipitation and are lost with increasing water residence time.
Vascular plant-derived polyphenolic compounds were most strongly related to DOM with high
apparent molecular weight, suggesting that hydrophobic interactions drive aggregate formation.
Furthermore, the association of high molecular weight DOM with polyphenolic compounds
suggests that aggregates are hotspots of reactivity in aquatic systems. Finally, we find no
indication that the addition of labile organic matter enhances the biodegradation of less reactive
DOM. Thus, we suggest that in freshwaters, intrinsic molecular properties, such as the basic
structural features of compounds, dominate over extrinsic factors.
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to DOC concentration 
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FT-ICR-MS 15-Tesla ultrahigh resolution Fourier transform 

ion cyclotron resonance mass spectrometry 
HPSEC  High-pressure size exclusion chromatography 
NMDS  Non-metric multidimensional scaling 
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Introduction 

From lake ooze to the global carbon cycle 
In 1942, Raymond Lindeman described organic matter as the “non-living 

nascent ooze” at the center of his lake food web (Lindeman 1942). Even 
though Lindeman was not the first to recognize organic matter as an im-
portant player in trophic interactions, he did have the foresight to place our 
“great modulator”, as described by (Prairie 2008), at the center of his semi-
nal work.   

Until recently, inland waters were all but ignored by global carbon cy-
cling models (Alley et al. 2007). Although lakes only occupy about 4% of 
continental surface area (Downing et al. 2006, Verpoorter et al. 2014), they 
are hotspots of carbon cycling (Cole et al. 2007, Tranvik et al. 2009, 
Aufdenkampe et al. 2011). The active role lakes play in carbon cycling was 
highlighted by Cole et al. (2007), where they show that even though rivers 
transport 0.9 Pg C to the oceans every year, this delivery is not passive: dis-
solved organic matter (DOM) is also processed along the aquatic continuum. 
Current estimates suggest that at least three times as much carbon is pro-
cessed in inland waters than originally estimated, suggesting terrestrial ex-
ports of carbon exceed 3 Pg C yr-1 (Cole et al. 2007, Battin et al. 2009, 
Tranvik et al. 2009, Aufdenkampe et al. 2011, Raymond et al. 2013). In 
2013, the Intergovernmental Panel on Climate Change incorporated inland 
waters in the global carbon cycle (IPCC 2013), acknowledging the signifi-
cant role inland waters play in global biogeochemical cycles.  

DOM, operationally defined as the fraction that passes through a filter of 
0.2-0.7 µm pore size, accounts for over 90% of the total organic carbon in 
lakes, with the remaining 10% being particulate organic matter (Birge and 
Juday 1926, Wetzel 2001, Steinberg 2003). Globally, the concentration of 
dissolved organic carbon (DOC)* varies widely in freshwater systems, from 
0.1-332 mg C l-1 (Sobek et al. 2007) and constitutes the largest carbon pool 
in aquatic systems by at least an order of magnitude (Prairie 2008). DOM is 
the “man of many hats” in aquatic systems. As Lindeman noted, this materi-
al forms the base of the food web, with terrestrially derived organic matter 

                                                
* DOC and DOM are often used interchangeably, but DOC usually refers to the carbon con-
centration of a sample quantified through combustion or other oxidation techniques. In this 
text, I will use DOC only when specifically discussing the concentration.  
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subsidizing DOM that is produced within the aquatic system (Tranvik 1992, 
Pace et al. 2004). DOM absorbs light, limits the depth of the photic zone and 
acts as a natural UV-protectant (Morris 1995, Molot et al. 2004). DOM can 
enhance the mobilization of heavy metals from soils (Kalbitz and Wennrich 
1998) and affects the reactivity and bioavailability of metals in aquatic sys-
tems (Aiken et al. 2011). DOM in freshwater systems can be transformed in 
a number of ways along its flow path to the ocean: mineralization via micro-
bial or photochemical degradation, sedimentation out of the water column 
via flocculation (Tranvik et al. 2009), or incorporation into higher trophic 
levels (Pace et al. 2004). Moreover, there is current interest in the possibility 
of interactions among different constituents of DOM affecting its overall 
dynamics. Specifically, the presence of a small amount of labile carbon sub-
strates has been suggested to trigger the degradation of a large amount of 
recalcitrant DOM, a so-called priming effect (Blagodatsky et al. 2010, 
Kuzyakov 2010). However, the controls of DOM transformations and the 
interactions therein are not well defined.  

Characterization of dissolved organic matter 
Due to the large size of the DOM pool in inland waters, small changes in 
what controls DOM mineralization and storage could have large implications 
on global processes. However, DOM itself is highly heterogeneous and 
complex. Natural DOM mixtures comprise thousands of unique molecular 
masses, with numerous potential isomers at each mass (Hertkorn et al. 
2008). These molecules make up gradients of reactivity, from photolabile to 
photoresistant and biolabile to recalcitrant. Due to the complex and hetero-
geneous composition of DOM, and the diverse characteristics of lakes them-
selves, detangling the controls of its fate and reactivity in aquatic systems 
remains challenging.  

In order to describe the dynamics of DOM, different methods for charac-
terizing, or describing the quality of DOM have emerged. However, describ-
ing the quality of DOM has remained challenging for the same reasons as 
describing the reactivity of DOM: there are thousands of unique molecules 
in each sample, limiting the power of a variety of separation techniques. 
Optical characterization techniques, such as absorbance and fluorescence 
spectroscopy, have proven to be accessible and powerful tools in describing 
qualitative changes in DOM composition. From metrics like spectral slope, 
absorbance ratios (De Haan and De Boer 1987, Helms et al. 2008) and DOC 
specific UV absorbance (SUVA; Weishaar et al. 2003), to multi-component 
deconvolution techniques (Stedmon et al. 2003, Stedmon and Bro 2008, 
Carter et al. 2012), we have improved our understanding of qualitative shifts 
in DOM composition.  
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DOM can also be characterized by describing its apparent molecular 
weight distribution. Techniques to achieve this include, but are not limited 
to, fractionation via ultrafiltration (e.g. Helms et al. 2008) and high-pressure 
size exclusion chromatography (HPSEC; Yau et al. 1979, Kothawala et al. 
2006, Maie et al. 2007, Köhler et al. 2013). Both techniques separate DOM 
according to the hydrodynamic volume of its constituents. Separating DOM 
via ultrafiltration has yielded insights about the source and molecular charac-
teristics of DOM as well as its photoreactivity (Helms et al. 2008) and bio-
availability (Tranvik 1990, Amon and Benner 1996). The most common 
HPSEC detector is absorbance at 254 nm; however, differences in specific 
absorptivity, such as transparent DOM molecules, may introduce bias. Using 
an HPSEC with a DOC detector could circumvent this problem (Huber and 
Frimmel 1994, Fischer et al. 2006); nevertheless, detectors with sufficient 
resolution for the analysis of HPSEC are rare. Fluorescence, Fourier trans-
form infrared spectroscopy and nuclear magnetic resonance have been used 
recently in combination with HPSEC to obtain more qualitative insight on 
molecules that may have a low specific absorption (e.g. Cuss and Gueguen 
2014, Landry and Tremblay 2012, and Woods et al. 2010, respectively). 
Characteristics of the molecular weight distribution have been related to 
source (Cuss and Gueguen 2014), molecular characteristics such as aroma-
ticity and aliphatic content (Landry and Tremblay 2012), and carboxylic-rich 
alicyclic molecules and linear terpenoid derivatives (Woods et al. 2010).  

The use of ultrahigh resolution mass spectrometry has exploded in the last 
decade as a method for the detailed characterization of DOM. The impetus 
for the increasing use of ultrahigh resolution spectrometry is two-fold: 1) the 
resolving power has increased to the point where ultrahigh resolution mass 
spectrometry is now the only technique that can separate DOM down to the 
level of individual masses and 2) recent developments in data processing 
allow us to compare mass spectra from a wide range of samples, across ex-
periments or large environmental gradients (e.g. Kellerman et al. 2014, 
Stubbins et al. 2014, Singer et al. 2012, Spencer et al. 2014). As a result of 
the high mass accuracy, we are able to precisely and unambiguously assign 
molecular formula from which we can deduce basic structural features about 
the molecules (Koch et al. 2007). Molecular-level studies have already ad-
vanced our understanding of both biological and photochemical processes in 
natural systems (Kujawinski et al. 2004, Seitzinger et al. 2005, Gonsior et al. 
2009, Stubbins et al. 2010). However, much work still remains to identify 
and understand the controls of DOM processing, particularly those that de-
termine bioavailability and the interactions between photochemical degrada-
tion, flocculation and bioavailability.  
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Chemodiversity 
The molecular-level chemical characterization of DOM allows us to investi-
gate the relevance of the chemical diversity of individual DOM compounds, 
or chemodiversity, to the overall reactivity and stability of DOM in aquatic 
systems. First, like biodiversity, chemodiversity can be thought of as a con-
cept of the molecular composition and molecular distribution across scales, 
the drivers of this composition, and ecosystem-level implications of this 
composition. Also like biodiversity, indices can be developed to describe 
chemodiversity in and across sites. Previous studies have shown that the 
chemical composition of DOM constrains its processing in aquatic systems 
(Sun et al. 1997). We now have the capability to assess chemical composi-
tion across the suite of molecules in a sample, i.e. the chemodiversity, across 
wide gradients or experiments, and test if DOM composition does in fact 
constrain its processing.  
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Aims of the Thesis 

The primary goal of my dissertation was to identify controls of DOM pro-
cessing in Swedish lakes. More specifically: 
 

• What controls chemodiversity at the landscape level? (Paper I) 
• What determines the persistence of DOM in freshwater systems? 

(Papers I and II) 
• Does molecular-level insight enhance our understanding of optical 

characterization techniques? (Paper II and III) 
• Is the molecular weight of DOM linked to elemental composition 

and does DOM exist primarily as aggregates? (Paper III) 
• Do interactions among different substrates affect DOM dynamics? 

(Paper IV) 
 
In Paper I, we investigate how molecular-level DOM composition varies 
across Sweden and how the composition varies with landscape-level varia-
bles. Here, we find a ubiquitous core of dissolved organic molecules that 
varies with mean annual precipitation, water residence time and mean annual 
temperature. Furthermore, we find that the diversity of molecules is related 
to organic carbon and nitrogen concentrations.  

In Paper II, we look at the relationships between optical and FT-ICR-MS 
derived DOM characteristics and argue that the persistence of organic matter 
in freshwater systems is largely related to its chemical composition. DOM 
with optical properties that persist in freshwater systems largely co-vary with 
molecules that have a high H/C and those that are lost have a low H/C and 
are highly aromatic.  

Paper III assesses the discrepancy between HPSEC and FT-ICR-MS de-
rived molecular weight. Here we show that the molecular weight distribution 
is highly associated with the elemental composition of the molecules, but not 
the FT-ICR-MS derived mass. Our results suggest that high molecular 
weight DOM exists as aggregates of several smaller molecules and that the 
aggregation is driven by hydrophobic interactions. 

For Paper IV, we changed tack and investigated the interactions between 
labile and recalcitrant pools of DOM. In this study, we found no evidence for 
priming, although additions of inorganic nutrients and increased surface 
availability enhanced degradation in many of the treatments.  
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Methods 

Study sites and environmental variables 
Lake water samples for Papers I-III were collected by helicopter at a 1-m 
depth between September 26 and November 25, 2010, progressing from the 
north to south of Sweden. The sampling was part of an annual national lake 
monitoring program carried out by the Swedish Agricultural University 
(SLU) that is funded by the Swedish Environmental Protection Agency 
(Fölster et al. 2014). The subset of samples where the detailed DOM compo-
sition was characterized represented the broad environmental gradients 
spanning Sweden including mean annual precipitation, mean annual temper-
ature, hydrology (runoff, water residence time), land cover, and lake water 
chemistry. Water chemistry was analyzed according to standard methods at 
the accredited lab located at the Department of Aquatic Sciences and As-
sessment, SLU, Uppsala, Sweden. Water chemistry included dissolved or-
ganic carbon, total nitrogen, total inorganic nitrogen, total phosphorus, solu-
ble reactive phosphorus, pH, conductivity, alkalinity, and metal and non-
metal ions (see Table 1). Water samples were filtered and stored in the dark 
at 4°C before detailed DOM characterization.  

Mean annual temperature and mean annual precipitation were obtained 
from the Swedish Meteorological and Hydrological Institute. Mean annual 
temperature was corrected for elevation (-0.6°C per 100 m) to obtain lake-
specific values (Weyhenmeyer and Karlsson 2009). The Swedish National 
Land Survey provided geographic (latitude, longitude, and elevation) and 
land cover data (simplified to the percent of the catchment covered by agri-
culture, wetlands, forest, water and other). Water residence time was calcu-
lated as lake volume divided by mean long-term discharge (Kothawala et al. 
2014).  

In Paper IV, three lakes were selected to represent different pools of 
DOM and trophic levels and included the lakes Ljustjärn, Valloxen, and 
Svarttjärn, along with an aged DOM extract. Ljustjärn is a clear, low DOC, 
oligotrophic lake. Valloxen is a eutrophic lake with intermediate DOC, and 
Svarttjärn is a humic, mesotrophic lake, with high DOC. The DOC concen-
trate represented a recalcitrant DOM source and was collected from the river 
Örälven via reverse osmosis and aged in the dark at 4ºC for 12 years.  
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DOM Characterization 
Absorbance and fluorescence 
Absorbance and fluorescence spectra were collected on filtered water. We 
utilized three absorbance indices: A254, S250-600, and SUVA. A254 is the ab-
sorbance at 254 nm and is often correlated to DOC concentration in freshwa-
ters (Graneli et al. 1998, Spencer et al. 2009). S250-600 is the slope of the ab-
sorbance spectrum from 250-600 nm and has been related to photochemical 
processing and apparent molecular weight determined by ultrafiltration 
(Helms et al. 2008). SUVA is related to aromaticity and apparent molecular 
weight (Weishaar et al. 2003). 

Excitation-emission matrices (EEMs) were collected using a fluorescence 
spectrophotometer. EEMs were produced by measuring the emission intensi-
ty from 300-600 nm at excitation wavelengths of 250-445 nm in 4- and 5-nm 
increments, respectively (Kothawala et al. 2014). EEMs were blank sub-
tracted, corrected for inner-filter effects, and normalized to the Raman area 
(Kothawala et al. 2013).  

Three fluorescence-based indices, the biological, humification, and fluo-
rescence indices, along with parallel factor analysis (PARAFAC) were used 
to interpret the EEMs. Biological index, also referred to as the freshness 
index or β/α, has been found to be associated with recent biological produc-
tion (Parlanti et al. 2000). Humification index relates to the decrease in H/C 
as the degree of humification in a sample intensifies (Zsolnay et al. 1999, 
Ohno 2002, Fellman et al. 2010). Fluorescence index is used to differentiate 
between microbial and terrestrial sources of DOM (McKnight et al. 2001). 
PARAFAC analysis was used to decompose broad regions of the EEM that 
vary independently across the dataset (Stedmon et al. 2003, Stedmon and 
Bro 2008). As reported previously, PARAFAC analysis identified six com-
ponents, including four with humic-like characteristics with long wavelength 
emission, one suggestive of in situ production with intermediate wavelength 
emission, and one similar to tryptophan-like fluorescence with short wave-
length emission (Kothawala et al. 2014). The first five components were 
positively correlated to DOC concentration, thus we normalized component 
intensities to the total fluorescence intensity to determine how the relative 
abundance of each component varied across our dataset. 

High-pressure size exclusion chromatography 
HPSEC was used to analyze the apparent molecular weight distribution of 
DOM absorbing at 254 nm. Apparent molecular weight was determined 
from retention time using a calibration of polystyrene sulfonate standards 
(Kothawala et al. 2006, Köhler et al. 2013). The molecular weight distribu-
tion was described using the number mean and the weighted mean molecular 
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weight. Apparent molecular weight was grouped into size fractions in two 
ways. In Paper II, we divided the chromatogram into previously used size 
fractions: very large (>4 kDa), large (1-4 kDa), medium (0.2-1 kDa) and 
small (<0.2 kDa). In Paper III, we employed chronological clustering 
(Juggins 2014), a statistical tool to identify regions of the chromatogram 
with differing dynamics across the dataset. The four resultant clusters were 
very large (> 7.2 kDa), large (3.4-7.2 kDa), medium (0.74-3.4 kDa), and 
small (< 0.74 kDa).  

Ultrahigh resolution mass spectrometry 
Detailed methods can be found elsewhere (Dittmar et al. 2008, Kellerman et 
al. 2014), but briefly, to concentrate DOM and remove any salts, DOM was 
solid-phase extracted (SPE). It was necessary to concentrate DOM to mini-
mize artifacts created by differences in DOM concentrations in our wide 
range of samples (2.40-51.3 mg C l-1). The concentrates were adjusted to a 
target concentration of 20 µg C ml-1 and analyzed on a 15-Tesla ultrahigh 
resolution Fourier transform ion cyclotron resonance mass spectrometer (FT-
ICR-MS; Bruker Daltonics, Bremen, Germany) in Oldenburg, Germany.  

Mass spectra of DOM were produced using electrospray ionization in 
negative mode. Peaks with a signal to noise ratio (S/N) less than four were 
not considered. Molecular formulae were assigned within the limits of 
C1-100H1-250O1-100N0-4P0-1S0-1 (Koch et al. 2007). Molecules with extreme het-
eroatom assignment (N = 4 and S = 1) were excluded. No systematic trends 
in P-containing compounds or compounds with N > 2 were found. FT-ICR-
MS signal intensities were normalized to the total signal intensity in a sam-
ple (sum-normalized intensity) after removing contaminations detected in 
procedural blanks. A dataset detection limit was then applied and only peaks 
present in three or more samples were included in statistical analyses. 

H/C, O/C, N/C, aromaticity index (AI; Koch and Dittmar 2006), and the 
nominal oxidation state of carbon (Riedel et al. 2012) were calculated for 
each molecular formula. Molecules were assigned to compound categories 
according to their elemental composition. AI and H/C delineated combus-
tion-derived polycyclic aromatics (AI > 0.66), vascular plant-derived poly-
phenolic compounds (0.66 ≥ AI > 0.50), phenolic and high unsaturated ali-
phatic compounds (AI ≤ 0.50 and H/C < 1.5), and aliphatic compounds (2.0 
≥ H/C ≥ 1.5; Koch and Dittmar 2006, Santl-Temkiv et al. 2013).  

Reproducibility is discussed in detail in Paper I. The deep North Pacific 
reference sample was run at the beginning and end of each day of analysis, 
and replicate samples were highly reproducible [average r ± s.d., 0.98 ± 0.01 
and 0.97 ± 0.03, n = 31 (26% of the dataset), respectively]. Selectivity of 
solid-phase extractions and mass spectra is discussed in the extended meth-
ods of Paper II. Briefly, the extraction efficiency of a subset of our samples 
was 69 ± 8% (n = 8). The agreement between FT-ICR-MS characteristics 
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and bulk properties were not biased along any gradient. For example, using 
linear regression we found that the intensity weighted N/C was highly corre-
lated to bulk DON/DOC (R2 = 0.72, P-value < 0.0001). Additionally, the 
aromaticity index of solid-phase extracted samples run on the FT-ICR-MS 
was highly correlated to optical characteristics run on whole water samples, 
such as SUVA (R2 = 0.71, P-value < 0.0001) and humification index (R2 = 
0.58. P-value < 0.0001).  

Statistical Analyses 

Molecular distributions and multivariate analyses 
Molecular distributions and characteristics were analyzed using compound 
accumulation, rank abundance of compounds (Paper I), and non-metric mul-
tidimensional scaling with permuted fitting of variables (NMDS; Papers I 
and II), and by developing a chemodiversity index to determine how the 
diversity of molecules varied across our dataset (Paper I). These approaches 
were adapted from procedures commonly used in microbial ecology, treating 
the FT-ICR-MS derived peaks as molecular species, and the relative intensi-
ty of the peaks as species abundance. Additionally, chronological clustering 
was used in Paper III to identify regions of the size exclusion chromatogram 
with distinct patterns of variability across the dataset.   
 
Molecular associations with environmental parameters and 
optical measurements 
After initial multivariate analyses were used to identify key patterns and 
variables related to DOM composition, we assessed individual molecular 
associations with environmental parameters. In Paper I, we used the Spear-
man rank correlation coefficient (Spearman correlation) to determine how 
molecular composition changed with water residence time, mean annual 
precipitation, mean annual temperature, and chemodiversity. Additionally, 
we put our findings in the context of previously identified photolabile and 
photoresistant compounds (Stubbins et al. 2010). 

In Paper II, after determining how optical properties vary with molecular 
composition across Sweden, we look at the molecular-level relationships 
between the six components derived from PARAFAC analysis and six opti-
cal indices: S250-600, fluorescence index, biological index, A254, SUVA, and 
humification index.  We highlight the differences in molecular associations 
by calculating the average H/C and O/C of the uppermost 2.5% (n = 63) of 
molecules that correlate most strongly with each of the optical components 
and indices.  



 20 

In Paper III, we assess the relationships between apparent (HPSEC) and 
actual (FT-ICR-MS) molecular weight using Spearman correlation. This is 
visualized in a heatmap where the color corresponds to the correlation be-
tween each apparent molecular weight (HPSEC timepoint) and each actual 
molecular weight (FT-ICR-MS peak). Additionally, we determine the rela-
tionship between different size fractions and individual molecules. To visu-
alize patterns of molecular-level relationships across compound groups in 
Papers I-III, we plotted the significant Spearman correlations in van 
Krevelen space (Kim et al. 2003). 

In all four papers, we applied a false discovery rate correction to compen-
sate for alpha inflation due to multiple testing (Benjamini and Hochberg 
1995). This procedure corrects the fraction of expected false discoveries due 
to the large number of correlations, as opposed to assuring that there are 
absolutely no Type I errors. In Papers I-III, we report the maximum original 
P-value that is considered significant after the FDR correction.  

Priming 
We conducted a factorial experiment to test different scenarios in which 
priming could occur. Four DOM sources were used, from lakes Valloxen, 
Ljustjärn, and Svarttjärn, and a DOC extract from the river Örälven. The 
DOC extract was filtered and mixed with organic-free artificial lake water to 
achieve a final concentration of 10 mg C l-1. For lakes Ljustjärn and Svart-
tjärn, a full factorial experiment of nutrients and porous glass beads was 
carried out. The experiment with DOM extract was conducted only with 
nutrients added, and the Valloxen experiment, as Valloxen is a eutrophic 
lake, was carried out with only primers added. DOC concentration for Paper 
IV was determined using a Sievers 900 Total Organic Carbon Analyzer 
(General Electric Analytical Instruments), which measures the conductivity 
of CO2 after UV/persulfate oxidation.  

We added primers at four concentrations: 0.05%, 0.2%, 1% and 5% of the 
initial DOC concentration of each DOM source in replicates of four. We also 
included incubations without any primer added as controls in replicates of 
five. We tested for the occurrence of priming in three ways. First, we tested 
whether priming occurred by comparing DOC consumption (∆DOC) in 
treatments with no primer and the four different added concentrations of 
primer. Assuming a linear increase in ∆DOC with increasing total DOC (i.e. 
original DOC plus the DOC added as primer), we could extrapolate from the 
samples with added primer to the ∆DOC when no primer is added. If the 
extrapolated value differed from the actual measured value in incubations 
with no primer added, we considered priming to have occurred.  
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Results and Discussion 

Controls of DOM composition across Sweden (Papers I 
& II) 
In Paper I, we investigated the landscape level patterns of chemodiversity. 
Initially, we assessed the distribution of dissolved organic molecules across 
120 Swedish lakes. We found, using rank abundance and species accumula-
tion approaches, that there is a ubiquitous core of molecules in Swedish 
lakes, where 95% of the molecular diversity is reached within 45 lakes. Thus 
the variability in molecular composition was well represented in our study of 
120 lakes, providing confidence that the dataset was highly representative of 
boreal lakes. Additionally, the highest-ranking compounds (i.e. the most 
abundant across the dataset) were pervasive, with the highest ranking 20% of 
molecules in ≥ 90% of samples.  

From the NMDS we identified two major gradients that co-varied with 
molecular variation across Sweden, with hydrology being the dominant fac-
tor, and temperature being of secondary importance. Significant hydrological 
variables formed a gradient from wet (high mean annual precipitation) to dry 
conditions (long water residence times). The gradient related to temperature 
ranged from southern Sweden which experiences higher mean annual tem-
perature, along with more agriculture and nutrient deposition, to northern 
Sweden with higher elevation. 

We used Spearman correlation to determine the relationships between 
these gradients and dissolved organic molecules. High mean annual precipi-
tation was related to molecules with formulae typical of vascular plant-
derived polyphenolic compounds. These molecules contain aromatic struc-
tures and were negatively associated with water residence time, suggesting 
they were processed out of the system through biodegradation, photodegra-
dation or sedimentation via flocculation. Phenolic and aliphatic compounds 
with H/C > 1 were negatively correlated with mean annual precipitation, but 
positively correlated with water residence time. This suggests that these 
compounds become more dominant with longer residence time. Molecules 
positively associated with mean annual temperatures were more aliphatic 
and oxygen-rich, whereas the molecules negatively associated with mean 
annual temperature were either more aromatic (low H/C), or more aliphatic 
and oxygen-depleted (O/C < 0.5). This second group of compounds nega-
tively correlated with mean annual temperature (H/C > 1.0, O/C < 0.5) has 
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greater relative abundance in northern lakes where wetlands play a larger 
role in the catchment.  

To assess our findings, we compared our results to an independent photo-
degradation study (Stubbins et al. 2010). We found that compounds nega-
tively and positively associated with water residence time were almost en-
tirely found to be photo-labile and photo-resistant, respectively. This sup-
ports photo-oxidation as degradation pathway for the molecules negatively 
associated with water residence time in our study, i.e. increasing accumulat-
ed exposure to sunlight may cause their disappearance with longer water 
residence time. The photodegradation experiment was conducted on water 
from the Congo River, a terrestrially influenced system from a different bi-
ome. Regardless, at least 98% of compounds from our top ranking 90% of 
compounds were also found in Congo River water, with a susceptibility to 
photodegradation that could be predicted from landscape-level patterns in 
the boreal zone. This not only suggests there is a ubiquitous core of dis-
solved organic molecules but also indicates coherent degradation potential 
despite completely different DOM sources and conditions. In particular, 
climate and hydrology control the composition of DOM in lakes – for exam-
ple, a change towards wetter conditions would lead to shorter water resi-
dence time, which would shorten the time for in-lake processing of DOM, 
enhancing the terrestrial signature. 

While we show that the composition of DOM in lakes is influenced by 
climate and hydrology (Paper I), the persistence of DOM in freshwater sys-
tems is highly related to its elemental composition (Paper II). The molecular-
level characteristics of DOM were highly related to optical characteristics of 
whole water DOM. Molecules were preferentially lost along a gradient from 
high to low nominal oxidation state of carbon. Furthermore, molecules con-
taining aromatic and condensed aromatic structures such as vascular plant-
derived polyphenolic compounds and combustion-derived polycyclic aro-
matics, as well as some phenolic compounds with H/C < 1 were associated 
with long fluorescence emission wavelengths, A254, and SUVA. Molecules 
more characteristic of in situ production, such as aliphatic compounds and 
highly unsaturated aliphatic compounds with H/C > 1, were associated with 
protein-like fluorescence and optical indices previously related to recent 
biological activity and microbial and photochemical processing of organic 
matter. The patterns we observe on the molecular level are highly coherent 
with those observed from bulk-level analyses, however, our molecular-level 
analyses suggest that chemodiversity and N/C cannot be adequately assessed 
through bulk optical measurements.  

Our findings suggest that basic structural features derived from the ele-
mental composition of compounds (i.e. intrinsic molecular properties) con-
strain how dissolved organic molecules can be acted upon by environmental 
variables (i.e. extrinsic factors; Paper II). Emerging paradigms in both soil 
and the deep ocean suggest physical disconnection limits degradation inde-
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pendent of organic matter composition (Schmidt et al. 2011, Arrieta et al. 
2015). In soils, physical factors like the stable structure of soils and adsorp-
tion to mineral surfaces prevent organic matter from degradation, often re-
gardless of its chemical composition (Schmidt et al. 2011). In the deep 
ocean, organic matter persists that can support bacterial production when 
present at higher concentrations (Arrieta et al. 2015). Thus, although DOM 
appears recalcitrant, it can, in fact, be degraded by bacteria but escapes deg-
radation because it is physically too disperse to support bacterial production 
(Arrieta et al. 2015). Unlike deep ocean DOC concentrations, DOC in 
freshwater boreal lakes is on the order of magnitude of 10 mg C l-1. Without 
the stable structure or the abundance of mineral surfaces in soils to protect 
DOM from degradation, but with concentrations high enough to support 
abundant bacterial communities and the enhanced importance of photo-
degradation in transparent surface waters, we show that intrinsic properties 
of DOM emerge as the dominant factor limiting degradation (Paper II). 

Do we have a weight problem? The discrepancy 
between actual and apparent molecular weight of 
dissolved organic matter (Paper III) 
Although HPSEC and FT-ICR-MS are both ways to characterize the mo-
lecular size distribution of DOM, they have not previously been compared 
systematically. In a comparison across 95 lakes, we find that the two meth-
ods give wildly incompatible size ranges and average molecular weights. As 
weak molecular forces may hold DOM molecules together during HPSEC, 
we refer to HPSEC as determining the apparent molecular weight. Alterna-
tively, FT-ICR-MS coupled with electrospray ionization separates DOM into 
individual molecules, thus we use this method to determine the actual mo-
lecular weight.  

While the weighted average apparent molecular weight was 11,000 ± 
1,100 Da (average ± s.e.), the weighted average actual molecular weight was 
336.1 ± 1.3 Da. Although the apparent and actual molecular weights are not 
related, we found that the associations of individual molecules to regions of 
the chromatogram are highly dependent on the molecular properties of the 
molecules. This suggests that DOM with high apparent molecular weight 
(i.e. determined by HPSEC) comprises aggregations of small molecules, as 
opposed to single molecules being tens to hundreds of thousands of Daltons.  

Higher molecular weight fractions (%Large and %VeryLarge) were posi-
tively related to DOC concentration and the smaller fractions (%Small and 
%Medium) were negatively related to DOC concentration. These fractions 
were related to distinct regions of the chromatogram. Vascular plant-derived 
polyphenolic compounds were highly related to larger apparent size fractions 
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whereas more aliphatic molecules were related to %Small and %Medium. 
Together this suggests that at high DOC concentrations in our systems, poly-
phenolic compounds are more abundant, and due to the high concentration 
of DOM and the higher relative abundance of aromatic compounds, aggrega-
tion is more likely to occur.  

Absence of a priming effect on DOC degradation (Paper 
IV) 
In Paper IV, we assessed priming as a possible mechanism for DOM degra-
dation, using four complex DOM sources (three lakes and an aged DOM 
concentrate), three primers, with and without the addition of inorganic nutri-
ents and increasing the surface area for bacterial attachment (by adding po-
rous glass beads). 

In general, we found no evidence of priming as a mechanism that would 
increase DOM degradation in freshwater pelagic environments. In a few 
instances (Valloxen, and Svarttjärn without nutrients but with or without 
glass beads), the bacterial community degraded DOM at a higher rate with 
increased cellobiose addition. However, this did not result in a ∆DOC (loss 
of DOC) greater than the control plus the amount of primer added. For 
Ljustjärn without nutrients but with beads, the bacterial community degraded 
DOM at a higher rate with increasing glucose addition. Despite this differ-
ence in some treatments, ∆DOC in the treatment was not larger than ∆DOC 
in the control plus the amount of primer added, suggesting the effect was not 
quantitatively significant. In two instances, we found a significant difference 
between treatments and controls (Ljustjärn with nutrients/without beads, and 
without nutrients/with beads); however, in these instances, primer addition 
resulted in decreased DOC degradation. Thus, even though some treatments 
exhibited minor differences in their response to labile carbon additions, it 
could not be attributed to the enhanced degradation of recalcitrant carbon.  

This study was the first systematic assessment of priming in pelagic 
freshwater systems, specifically designed to test for the occurrence of prim-
ing, and we show limited and unconvincing evidence of it. In fact, the lim-
ited evidence for priming in our study is for negative priming and suggests 
labile carbon additions detract marginally from the degradation of more re-
calcitrant carbon forms. Priming is currently an accepted mechanism of 
DOM degradation in soils (Blagodatskaya and Kuzyakov 2008, Schmidt et 
al. 2011); however, our results are supported by recent work in hyporheic 
biofilms that also did not detect priming (Bengtsson et al. 2014). 
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General Discussion 

Mechanisms of DOM transformations 
revealed by cross-lake comparisons 
Combining our findings from Papers I 
and II, we suggest that the persistence 
of organic matter in pelagic freshwa-
ters is highly related to its chemical 
composition. In Paper I, we show how 
the detailed molecular composition 
varies with landscape level variables 
and how aliphatic compounds increase 
in relative abundance with increasing 
water residence time (Conceptual Fig. 
1a) whereas polyphenolic compounds 
are abundant in areas with high mean 
annual precipitation and preferentially 
removed with increasing water resi-
dence time (Conceptual Fig. 1b). In 
Paper II, we show that these same 
compounds are highly related to opti-
cal properties that are also lost as 
DOM is processed from highly con-
centrated to increasingly dilute sys-
tems. One thing to consider is that the 
data we present from ultrahigh resolu-
tion mass spectrometry is given in 
relative abundances. This was done 
for two reasons: 1) we needed to nor-
malize the DOC concentration in the 
measured samples to limit methodo-
logical artifacts so we could compare 
samples across wide DOM concentra-
tion and quality gradients and 2) peak 
intensity is not directly comparable to 
initial DOC concentrations due to the 
variable and unknown ionization effi-
ciencies in complex DOM mixtures.  

As we report in Papers I and II, the 
relative abundances of aliphatic, high-
ly unsaturated aliphatic, and phenolic 
compounds with H/C > 1 increased 
with longer water residence time 
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Conceptual Figure 1 | Schematic of rela-
tionships between relative abundances 
of (a) aliphatic and (b) aromatic com-
pounds, and average (c) actual and (d) 
apparent molecular weight change with 
increasing water residence time and 
decreasing mean annual precipitation. 
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(Conceptual Fig. 2a), i.e. they 
make up an increasing fraction of 
the DOM pool in lakes with in-
creasing water residence time. 
Alternatively, the relative abun-
dance of polyphenolic and com-
bustion-derived compounds de-
creases with increasing water 
residence time (Conceptual Fig. 
2a), processed via photominerali-
zation, biodegradation or sedi-
mentation via flocculation. How-
ever, the overall DOC concentra-
tion in boreal lakes decreases with 
increasing water residence time 
(Dillon and Molot 1997, 
Weyhenmeyer et al. 2012, 
Kellerman et al. 2014). Thus, 
even though the relative abun-
dance of aliphatic compounds 
increases, the overall concentra-
tion may decrease. We used the 
original DOC concentration of 
lakes and the relative abundance 
of the four compound groups 
dominant in our samples, to get 
an idea of the potential concentra-
tion of each compound group 
across our lakes. As peak intensi-
ty is not directly comparable to 
the concentration of any given 
mass, we do not suggest this 

should be taken as a real measure of DOC concentration and thus refer to our 
resultant values as “pseudo-concentrations”. Despite the potential bias intro-
duced by differing ionization efficiencies, we can see that, generally, the 
amount of DOC from each compound group decreased with increasing water 
residence time, with the exception of aliphatic compounds, which does not 
change, even as other molecules are processed out of the system (Conceptual 
Fig. 2b). The relatively constant pseudo-concentration of aliphatic com-
pounds across our dataset is remarkably similar to a constant non-absorbing 
fraction of DOM (0.80 mg C l-1) modeled across 1700 freshwater samples 
(Carter et al. 2012) and near the range of DOC concentrations in the open 
ocean (Hansell et al. 2009).  

log (water residence time)

Re
l. 

Ab
un

d.
 (%

)
Ps

eu
do

-c
on

ce
nt

ra
tio

n 
(m

g/
l)

log (water residence time)
0

10

0

60

15

1

2

3

4

Combustion-derived

Aliphatic
Polyphenolic

Highly unsaturated and phenolic

Combustion-derived

Aliphatic

Polyphenolic

Highly unsaturated and phenolic

50

10

5

a

b

Conceptual Figure 2 | Relationships between 
the four major compound groups in our 
dataset and water residence time in (a) rela-
tive abundance and (b) pseudo-
concentration.  



 27 

Our findings support that the major variability in DOM composition 
across Sweden can be described using hydrology and temperature gradients 
(Kothawala et al. 2014) and that terrestrial fluorescence was generally relat-
ed to formulae typical of plant-derived compounds. In Paper II, we show that 
the covariance between optical properties and molecules is largely related to 
the elemental composition of the molecules (e.g. NOSC, H/C). Terrestrial-
like components based on optical measurements are largely related to mole-
cules with formula typical of vascular plant-derived compounds with abun-
dant aromatic structures. Accordingly, protein-like fluorescence is associated 
with many N-containing compounds; however, these N-containing com-
pounds are all < 900 Daltons. Protein-like fluorescence is also associated 
with many compounds with formula typical of lignin and carboxylic-rich 
alicyclic molecules. The covariance between protein-like fluorescence and 
lignin has been previously reported (Hernes et al. 2009), but our study sug-
gests that, at larger scales, the lignin associated with protein-like fluores-
cence may be limited to lignin phenols with H/C > 1. Additionally, we show 
that fluorescent DOM co-varies with a suite of other molecules, many of 
them without fluorescent characteristics.  

Paper III suggests that the molecules that make up the complex mixture of 
DOM do not exist in the pelagic habitat of lakes as a true molecular solution. 
Instead, they form supramolecular assemblages across a continuum of ap-
parent molecular weight. The tendency for molecular aggregation depends 
on molecular characteristics, which vary across lakes. Although the actual 
molecular weight of DOM does not vary systematically across lakes (Con-
ceptual Fig. 1c), both the apparent molecular weight and aromatic content 
decrease with longer water residence time (Conceptual Figs. 1b,d). In partic-
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ular, oxygenated, aromatic compounds are lost preferentially with time. In 
Paper II, we suggest there is a reactivity gradient from high O/C and low 
H/C (or high nominal oxidation state of carbon) to low O/C and high H/C 
(low nominal oxidation state of carbon; Conceptual Fig. 3a). Accordingly, 
we find that molecules with high H/C and low O/C (or molecules with a low 
nominal oxidation state of carbon) are the most persistent (Conceptual Fig. 
3a). Molecules that co-vary with terrestrial fluorescence in Paper II, with low 
persistence in freshwater systems, were associated with high apparent mo-
lecular weight in Paper III. The mismatch between actual and apparent mo-
lecular weight suggests that, on average, DOM exists as aggregates of 5-30 
molecules, and we show that DOM likely exists as a continuum of aggregate 
and colloid sizes in freshwater systems. The strong associations between 
polyphenolic compounds and DOM with high apparent molecular weight, 
and the decrease of molecular weight with increasing water residence time, 
suggest that reactivity increases with aggregate size. Thus, supramolecular 
assemblies formed by intermolecular interactions of multiple DOM com-
pounds may constitute the most reactive part of the DOM community (Con-
ceptual Fig. 3b). 

We propose that the constraints on DOM reactivity are different in fresh-
waters compared to soils and the deep ocean (Paper II). In soils and the deep 
ocean, emerging paradigms suggests extrinsic factors like physical separa-
tion are the dominant factors limiting DOM degradation over long time-
scales (Schmidt et al. 2011, Dungait et al. 2012, Arrieta et al. 2015). The 
stable structure of soils, limiting connectivity between decomposers and 
target molecules, molecular sorption to mineral surfaces and freezing are all 
mechanisms proposed to protect DOM from degradation in soils (Schmidt et 
al. 2011). Additionally, limited oxygen diffusion in saturated soils can quick-
ly result in anoxic conditions, which limits degradation. Many of these fac-
tors do not play a significant role in freshwater systems. The open water of 
aquatic systems have limited mineral and particle interfaces. Furthermore, 
experimental evidence suggests that as long as anoxic lake water is re-
exposed to oxygen, total DOM mineralization is not affected (Bastviken et 
al. 2004). In boreal lakes, this oxygen re-exposure in the hypolimnion occurs 
in most lakes during seasonal turnover. Additionally, photochemical degra-
dation of DOM is a quantitatively relevant removal and transformation pro-
cess in freshwater systems (Graneli et al. 1996, Cory et al. 2014, Koehler et 
al. 2014). In the deep ocean, DOM degradation may be limited by dilution, 
i.e. the distance between molecules of a particular substrate makes its utiliza-
tion energetically inefficient for bacteria (Arrieta et al. 2015). However, 
experimental evidence suggests that, even for relatively recalcitrant DOM, 
the concentrations at which dilution limits DOM degradation is much lower 
than concentrations found in most Swedish boreal lakes (Eiler et al. 2003). 
The reduced role of mineral interfaces, increased role of sunlight in surface 
waters, seasonal renewal of oxygen, and relatively high DOC concentrations 
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compared to the deep ocean support alternative controls of DOM processing 
in inland waters. We suggest, after organic matter is mobilized into aquatic 
systems, the dominant factors controlling DOM degradation switch from 
extrinsic to intrinsic, particularly in the relatively short residence times of 
boreal lakes (Conceptual Fig. 4). Particularly, we suggest that in freshwater 
boreal lakes the reactivity of DOM is highly related to its composition. From 
Papers I and II, and an additional study of a larger dataset of fluorescence 
measurements (Kothawala et al. 2014), we find that parameters such as tem-
perature, nutrients and land use are secondary to water residence time. These 
large-scale patterns observed between DOM composition, concentration, and 
environmental variables further imply intrinsic controls dominate over ex-
trinsic controls in boreal lakes. However, extrinsic and intrinsic controls are 
not mutually exclusive and likely vary within system types. We propose that 
the least variability in controls is in the deep ocean (Conceptual Fig. 4). The 
deep ocean has a dark, stable environment, and the only access to increased 
concentrations of organic matter comes from settling particles (Follett et al. 
2014). We propose that variability may be highest in soils due to the hetero-
geneous composition and distribution of soil types and horizons (Kalbitz et 
al. 2000). Additionally, changes in land-use and urbanization disrupt the 
stable structure of soils, potentially enhancing mineralization. In freshwater 
systems, we propose there is a predictable variability, with anthropogenic 
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sic and intrinsic controls suggesting that once DOM is mobilized 
from soils, physical barriers play a less dominant role in control-
ling DOM composition and controls consequently shift from ex-
trinsic to intrinsic in lakes. By the time DOM reaches the deep 
ocean, DOC concentrations have reached limiting levels and thus, 
controls are again extrinsic. Vertical bars indicate proposed range 
of variability. 
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activities enhancing the variability. For example, the partial pressure of CO2 
in lakes strongly correlates with DOC concentration and catchment charac-
teristics (Sobek et al. 2003, Sobek et al. 2005). These findings are likely a 
result of intrinsic constraints dominating DOM degradation. However, when 
tropical lakes are better represented, the partial pressure of CO2 becomes 
more variable with increasing temperature (Marotta et al. 2009), suggesting 
that extrinsic factors such as temperature may play a more dominant role in 
tropical systems. Additionally, in systems with extreme water residence 
times, controlling factors may switch from intrinsic to extrinsic, as has been 
suggested for the deep ocean (Arrieta et al. 2015).  

Lack of evidence for priming as a dynamic factor behind DOM degradation 
Theoretically, if priming occurs in freshwater pelagic systems, the loss of 
terrestrially derived molecules in freshwaters could be at least partially due 
to priming. However, we find no evidence of priming in Paper IV or in the 
landscape-level patterns of Papers I-III. If allochthonous DOM degradation 
is primed by internally produced labile DOM systematically, one might ex-
pect an increasing loss of recalcitrant DOM due to priming with water resi-
dence time. Alternatively, the potential for priming may be exhausted at an 
early stage, and thus not reflected in increasing priming-related loss of DOM 
with water residence time. If so, priming is not an added dynamic factor that 
contributes to variability among lakes, it is universal. 

Priming assumes an interaction between the microbial metabolism of dif-
ferent pools of DOM; however, DOM comprises thousands of molecules 
forming gradients of reactivity to photodegradation and biodegradation. For 
priming to occur, the presence of different substrates, i.e. higher chemodi-
versity, should influence ecosystem functioning. We find in Paper I that 
chemodiversity is highest in lakes with high DOC and high nutrients. In the 
Swedish boreal zone, these lakes have a high influence from the catchment, 
resulting in high relative abundances of vascular plant-derived polyphenolic 
compounds, combustion-derived polycyclic aromatics, and phenolic com-
pounds with low H/C. These lakes are also located in southern Sweden, 
where there is more agriculture, temperatures are warmer, and there is more 
nitrogen deposition. With the combined presence of both terrestrially derived 
organic matter and the availability of nutrients and warm temperatures for 
the production of fresh labile DOM, these lakes are “primed” for priming to 
occur. And yet, the molecules in these lakes are associated with one of the 
more persistent fluorescence components (Kothawala et al. 2014, Kellerman 
et al. in press). 

Although we did not find priming to significantly enhance DOM degrada-
tion, compositional diversity itself (i.e. if molecules come from many com-
pound groups) may still be relevant for assessing the degradation potential of 
a system. Other studies have suggested that the molecular structure itself can 
prevent DOM from being degraded (Arnosti 2004), suggesting that molecu-
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lar diversity on the structural level may be most useful in determining how 
chemodiversity informs our understanding of ecosystem-level dynamics. 
Our chemodiversity measure does not account for compositional diversity 
(e.g. across compounds groups) or isomeric diversity. While FT-ICR-MS 
can separate DOM into thousands of its constituent masses, it does not re-
flect the isomeric composition of each mass, i.e. each mass can be composed 
of hundreds or even thousands of molecules with different structures 
(Hertkorn et al. 2008). Thus, investigating the compositional diversity, as 
well as the detailed structural diversity present in each mass, may provide a 
more nuanced understanding of how chemodiversity affects ecosystem func-
tioning. The strong patterns we observe in our dataset with water residence 
time and mean annual precipitation and temperature suggests that infor-
mation on structural isomers could be most interesting for masses that are 
not significantly related to a particular variable. Combustion-derived polycy-
clic aromatics and vascular plant-derived polyphenolic compounds are 
strongly negatively associated with water residence time and positively asso-
ciated with mean annual precipitation and humic-like fluorescence. The 
strong associations suggest that the basic structural features of these mole-
cules are enough to predict their patterns in the environment. The same may 
be true for more aliphatic molecules positively associated with water resi-
dence time and protein-like fluorescence and negatively associated with 
mean annual precipitation: their broad characteristics are enough to predict 
their persistence in freshwaters. Alternatively, many molecules that fall with-
in the category of phenolic and highly unsaturated aliphatic compounds were 
not significantly correlated to various parameters, made apparent by gaps in 
the van Krevelen diagram around H/C ≈ 1 (see Figure 3 in Paper I for an 
example). These regions in the van Krevelen diagram may be where investi-
gations into the structural diversity of freshwater DOM may provide further 
insights into the controls of molecular-level biogeochemical cycling. 
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Conclusions and Perspectives 

The main conclusions of this thesis are as follows: 
 

1. Landscape-level patterns in molecular-level DOM composition 
can be observed using ultrahigh resolution mass spectrometry.  

2. A ubiquitous core of dissolved organic molecules exists with simi-
lar reactivity across biomes. 

3. The chemical diversity of DOM in lakes is captured within a rela-
tively few number of sites.  

4. Major variation in molecular-level DOM composition co-varies 
with hydrology and climate as a result of terrestrial inputs and in-
lake processing.  

5. Intrinsic controls on DOM processing dominate over extrinsic 
controls, such as temperature, nutrients and land-use, which are 
secondary. 

6. How long DOM persists in terrestrial-dominated freshwater sys-
tems can be largely attributed to basic structural features derived 
from elemental composition. 

7. Comparing ultrahigh resolution mass spectrometry and size exclu-
sion chromatography suggest a substantial degree of aggregation 
in high molecular weight DOM. 

8. Actual and apparent molecular weights are not related; apparent 
molecular weight is related to molecular composition whereas ac-
tual molecular weight is not. 

9. Interactions between different pools of DOM are unlikely to have 
an effect on the ability of microorganisms to degrade DOM in pe-
lagic freshwater systems. 
 

This thesis shows that a ubiquitous core of DOM, along with more peripher-
al molecules, is increasingly processed with cumulative water residence time 
as a function of its molecular composition. Aliphatic compounds, with little 
to no color, increase in their relative abundance with increasing water resi-
dence time and thus are either tightly cycled or persist in aquatic systems. 
Colored DOM, including polyphenolic compounds, on the other hand, is 
preferentially degraded with increasing water residence time. Both of these 
patterns are congruent with findings from bulk optical analyses. Additional-
ly, polyphenolic compounds are highly related to high molecular weight 
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DOM, suggesting their presence facilitates aggregation. Together, this work 
presents evidence that intrinsic factors dominate over extrinsic in pelagic 
freshwater systems. 

This thesis demonstrates for the first time how DOM in lakes varies at the 
scale of detailed molecular patterns across large sets of lakes covering wide 
geographic regions and environmental gradients. Continued progress based 
on this work could take a number of directions. First are works that would 
complement the large-landscape nature of the majority of this thesis: exper-
iments. While we can compare the patterns found in the first three chapters 
to other studies, experiments in the lab as well as microcosm and whole eco-
system experiments would help us detangle the drivers, patterns and interac-
tions of the three DOM removal processes: biodegradation, photochemical 
oxidation, and sedimentation via flocculation. Ideally, these experiments 
could help determine the sources of persistent molecules and sinks of reac-
tive molecules. One of the most remarkable properties of the biogeosphere is 
its large and persistent organic matter pools, and what regulates their size 
and turnover. This thesis contributes to our understanding of these properties 
in inland waters, which constitute an important component of the biogeo-
sphere, connecting land, oceans, and the atmosphere. 
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Summary for caffeine addicts 

Dissolved organic matter is not a topic of general interest. However, bever-
ages are. In our department, hundreds of cups of coffee and tea are con-
sumed each day. Coffee and tea are examples of dissolved organic matter 
and adding ingredients changes how it tastes. In lakes, dissolved organic 
matter “looks” similar to bacteria, as bacteria really like some ingredients 
and others they cannot digest, just like someone who is lactose intolerant 
cannot digest milk. But everyone needs something to drink. Some people 
drink anything; others need five cups of coffee a day with a particular ratio 
of milk and sugar. The same goes for bacteria. Some are generalists and can 
“eat” a range of compounds; others eat very specific things.  

Just like coffee, most of the organic matter in Swedish lakes comes from 
plants grown on land. Water runs through the landscape around the lake, 
passing through leaves and soil, and brings organic matter into the lakes. In 
lakes, algae can produce compounds that are like candy for bacteria (this 
could be sugar or milk in our coffee). And the settings on the coffee pot mat-
ter! The temperature, the water (whether it is hard or soft), and the type and 
roast of the beans change the flavor. If you use water that is too hot, you will 
get a bitter cup of coffee. If the beans are not roasted properly or you add too 
much water, you will get disappointing drivel. The amount and style of cof-
fee consumed around the world varies significantly. If you order a coffee in 
Sweden, you will likely get a small, strong, dark (almost burnt) roast. If you 
order a coffee in the US, you might get a huge thermos of relatively weak 
coffee. In Swedish lakes, organic matter is concentrated and dark, just like 
how the Swedes prefer their coffee. 

My research focuses on how the “settings” like temperature, land use (for 
example, bean roast), and precipitation change dissolved organic matter in 
lakes and what happens once it’s there. Is someone drinking the coffee? If 
you add milk, does someone drink the coffee? Sugar? Again, like coffee, 
these patterns can change over space and time. What we find is that if you 
wait long enough, someone drinks most of the coffee. Also, the aromatic 
quality of the organic matter decreases with increasing time in lakes. Aro-
matic compounds are what give coffee its amazing smell and color. Light 
and bacteria can both degrade and make organic matter lighter in color. In 
other words, the coffee is getting weaker and less flavorful. Eventually, or-
ganic matter is degraded into CO2 and goes into the atmosphere. Luckily, 
this doesn’t happen very quickly or we would be drinking carbonated coffee! 
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Popular Summary 

Organisms, including bacteria, plants, and animals consist of organic matter. 
However, the vast majority of the organic matter in nature is dead and is a 
mixture of compounds freshly produced by photosynthesis, as well as partly 
degraded vegetation. Dissolved organic matter is vastly abundant in nature 
and can be present in wet soils, puddles, the ocean, and even your swimming 
pool that a few leaves fell into. For this thesis, we are interested in the organ-
ic compounds that are present in lake water. In Sweden, these compounds 
mainly enter lakes from the surrounding landscape, but can also be produced 
by algae and bacteria in the lake itself.  

What determines how much and what kind of organic matter is in lakes is 
a central question to understanding the earth’s natural cycles. The stock of 
organic matter is very large on land, in lakes and the ocean, so small changes 
to how it is made, transported and degraded can have a big effect on the 
global carbon cycle. Organic matter plays many important roles in lakes. It 
can be food for bacteria, it can act as a natural sunscreen for animals living 
in the lake, and it can help heavy metals remain in lakes before being taken 
up by fish. In lakes, some organic matter is preserved in lake sediments, 
some is broken down into carbon dioxide by either sunlight or bacteria, and 
some makes it to the ocean. In lakes, most bacteria use organic matter for 
energy, and release carbon dioxide as a waste product, similar to a person 
digesting food and exhaling carbon dioxide. In Sweden, most of the lakes are 
like people in that we use external energy sources and break down organic 
matter, until eventually we exhale carbon dioxide. 

This thesis looks at the mixture of organic matter on the most basic level: 
the individual molecule. To do this, we use an advanced type of mass spec-
trometer that can precisely separate molecules by weight. With this ap-
proach, we can see in great detail the building blocks of organic matter, and 
how it is degraded in different situations. Essentially, it is like breaking or-
ganic matter down into its ingredient list. From this, we want to understand 
what conditions are most important to organic matter composition. We are 
particularly interested in how changing conditions like precipitation, temper-
ature, and land use can alter organic matter in lakes and what happens once 
it’s in the lake. These conditions are change over space and time, so we 
looked at the organic matter in 120 lakes across Sweden. We find that pre-
cipitation and the time that a molecule spends in the lake are most important 
for changing the molecules that make up organic matter. Colored molecules, 
like what you get in over-steeped tea, are increasingly degraded over time, 
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and transparent molecules remain. In this way, lakes are a lot like drinking a 
glass of wine, the effect of the alcohol wears off, but the extra calories can 
add up. Sunlight and bacteria can both degrade and make organic matter 
lighter in color. Eventually, most organic matter is degraded into carbon 
dioxide and goes back into the atmosphere. We also find that temperature, 
although not as important, changes the composition of molecules in the lake. 
This could be because the landscape around the lakes in northern Sweden is 
frozen most of the year, and the cold temperatures in the lake slow bacteria 
down. In southern Sweden, it is warmer, there is more farming and lots of 
nutrients in the lakes, which allow bacteria to degrade more organic matter. 

We find that some molecules are everywhere. What’s maybe more sur-
prising is that the molecules that are most abundant in Swedish lakes, are 
also present in the Congo River. These molecules also show similar respons-
es to environmental conditions, despite the organic matter coming from dif-
ferent places under different conditions.  

We can compare the structure of a molecule to characteristics like how 
colored organic matter is. A lot of the color in organic matter comes from 
land plants, which contain rigid structures such as aromatic compounds. 
Aromatic compounds are also what give coffee its distinctive color and 
smell. We find that most aromatic molecules are lost rapidly with time. In 
contrast, molecules like proteins remain at similar levels in lakes. This could 
either be because they are not consumed or because they are replaced as 
quickly as they are eaten. This suggests that basic structural features, like 
how intensely colored a molecule is, are very important to how molecules 
are degraded across large geographic scales.  

We also look at the relationships between individual molecules in natural 
systems, to find out how well they dissolve in water as free molecules. Mol-
ecules that are harder to dissolve in water are hydrophobic, or “scared of 
water”, and tend to clump together. Essentially, we want to know if the mol-
ecules are social or if they are more introverted and prefer to be by them-
selves. We found that the same aromatic compounds that are lost over time 
in the lakes are more social molecules, grouping together in the water. Aro-
matic molecules may bring a diverse set of friends into the group, mainly 
because aromatic molecules are somewhat afraid of the water. Other mole-
cules love being in the water, meaning they are hydrophilic, and are more 
likely to stay in the water even by themselves. We show that there is a whole 
range of molecules, from big, extroverted, water hating groups of molecules 
to single, introverted, water-loving molecules. The molecules that make up 
the big groups are among the molecules that are lost most quickly in lakes. 
This could be for three reasons. Because they do not like water and they are 
quite large, they could sink to the bottom of the lake. Secondly, because they 
are high in color, they can absorb a lot of energy from sunlight and be de-
graded by it. We also suggest that the big groups of molecules are most at-
tractive for bacteria to gather around. This may be because there are many 
diverse molecules, acting as food sources, in a small space. One could think 
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of this as going to a molecular buffet; there are so many options that bacteria 
are more likely to find something they like to eat. Also, if bacteria are close 
to each other, they may be able to eat the leftovers of nearby bacteria.   

We also used an experimental approach to see if the presence of different 
types of molecules changes what bacteria consume. Bacteria can consume 
many molecules, from things bacteria like to consume quickly, like sugar, to 
those that they find repulsive and difficult to digest – analogous to candy 
versus broccoli. This can be because the bacteria cannot degrade them or 
because they prefer not to. Just like a cheese sauce can make vegetables 
tastier, we wanted to see if adding simple compounds like sugar could make 
bacteria degrade these undesirable leftover compounds more quickly. This 
so-called “priming” is considered important for the fate of organic matter in 
soil, but has not been well studied in water. We found that it is more like 
giving a kid a candy bar. Bacteria degraded compounds more quickly with 
added sugar, but they did not eat any more of their vegetables.   

In the end, we found that the type of molecules that make up organic mat-
ter in freshwaters is most important in understanding its fate. This is differ-
ent to what we currently understand in soils and the deep ocean, where envi-
ronmental conditions often limit what can be degraded. 
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Summary in Swedish (Sammanfattning) 

Levande organismer, växter och djur såväl som mikroorganismer, består av 
organiskt material, det vill säga föreningar av huvudsakligen kol, syre och 
väte som ursprungligen bildas genom växternas fotosyntes. Den domine-
rande delen av det organiska materialet i naturen är dock dött. Det utgörs av 
en blandning av föreningar som nyligen läckt ur färska växtdelar, såväl som 
mer eller mindre nedbrutet material. Organiskt material finns inte bara i fast 
form i jord och sediment, utan en stor del av det är löst i vattnet i hav och 
sjöar. Denna avhandling handlar om det organiska materialet i svenska in-
sjöars vatten. Det organiska materialet härstammar till största delen från 
jord, myrar med mera i sjöarnas omgivande landskap, men kan delvis också 
bildas i själva sjövattnet, med hjälp av växtplanktons fotosyntes. 

För att förstå de olika ämneskretsloppen i naturen behöver man veta vad 
som bestämmer hur mycket och vilken typ av organiskt material som finns 
på en plats, t ex i en viss sjö. Förrådet av organiskt material är mycket stort 
på land, i inlandsvattnen och i oceanerna. Därför kan små förändringar i hur 
det organiska materialet bildas, transporteras och bryts ner ha stora effekter 
på det övergripande globala kolkretsloppet. Organiskt material spelar många 
viktiga roller i sjöars ekosystem. Det kan utgöra föda för bakterier, och det 
kan fungera som ett naturligt solskydd för olika organismer i vattnet genom 
att absorbera UV-strålning. Det kan också absorbera tungmetaller som finns 
i vattnet, och därmed skydda fisk från att ta upp dem. Det organiska materi-
alet omvandlas med tiden i sjövattnet; en del bildar partiklar som lagras i 
sedimenten på sjöns botten, och en del bryts ner till koldioxid av bakterier 
och solljus, och lämnar sjövattnet upp i atmosfären. De flesta insjöar bryter 
ner stora mängder organiskt material på detta sätt – det kan liknas vid att 
sjöarna andas ut koldioxid till atmosfären efter att ha brutit ner organiskt 
material på samma sätt som människor andas ut koldioxid efter att ha för-
bränt maten. 

Den här avhandlingen fokuserar på insjövattnets komplexa organiska 
material på molekylnivå. Vi har använt en metod som fastställer de olika 
ingående molekylernas massa med mycket hög upplösning, och gör det möj-
ligt att bestämma deras sammansättning (en avancerad mass-spektrometer, 
så kallad ESI FT-ICR-MS). Vi har också använt en metod att karakteriserar 
organiskt material med hjälp av dess fluorescens (fluorescens-spektrometri). 
Resultaten bygger på analys av prover från mer än hundra olika insjöar 
spridda över hela Sverige, i olika klimatzoner, och med olika karaktär på det 
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omgivande landskapet. På detta sätt kan vi med stor detaljrikedom studera 
det organiska materialets byggstenar, och hur de förändras och bryts ner i 
olika situationer. Det organiska materialet i varje vattenprov består av flera 
tusen olika molekyler. I grund och botten handlar det om att finna den lista 
av ingredienser som ligger bakom det organiska materialet som helhet. Med 
denna utgångspunkt, och genom att jämföra listan av ingredienser i ett stort 
antal sjöar som är utsatta för olika förhållanden, undersöker vi vilka faktorer 
som är viktigast för att forma det organiska materialets sammansättning. Vi 
är särskilt intresserade av hur förändrade omvärldsfaktorer, som nederbörd, 
temperatur, och markanvändning förändrar det organiska materialet i sjöar-
na, och även hur det förändras i själva sjön. 

Avhandlingen visar att nederbörd och den tid det organiska materialet 
tillbringar i sjön (vilket motsvaras av vattnets uppehållstid) är de viktigaste 
faktorerna som reglerar vilka molekyler som det organiska materialet består 
av. Färgade organiska föreningar, humusämnen, liknande dem man finner i 
överbryggt te, försvinner med tiden genom nedbrytning, medan ofärgade 
föreningar stannar kvar. Sjöarna kan liknas vid kaffe – kaffets uppiggande 
effekt avtar snabbt, medan effekten av sockret i det hänger kvar lite längre. 
Både solljus och bakterier bryter företrädesvis ned det färgade materialet, 
och gör det organiska materialet som helhet mer genomskinligt. Efter hand 
bryts det mesta av det organiska materialet ned och återvänder som koldi-
oxid till atmosfären. Vi har också funnit att temperatur, även om det inte är 
lika viktigt som nederbörd och vattnets uppehållstid i sjön, är en väsentlig 
styrande faktor för det organiska materialets sammansättning. Detta beror 
troligen på skillnader i transport och sammansättning såväl som bakteriers 
nedbrytning av organiskt material i kalla och varmare klimat. I södra Sve-
rige, med högre temperatur, mer intensiv markanvändning (t ex jordbruk) 
och högre halter av näringsämnen i vattnet, kan bakterierna bryta ner orga-
niskt material snabbare. 

Många av det organiska materialets tusentals olika molekyler finns i de 
flesta sjöar. Vi har till och med funnit att de föreningar vi finner i svenska 
sjöar också återfinns i Kongofloden, och att de både i Kongo och i Sverige 
reagerar på liknande vis gentemot miljöförhållanden, trots att de bildats på 
geografisk och klimatiskt väldigt olika platser. Samma molekyler som tycks 
minska med ökande nedbrytning från solljus i svenska sjöar, bryts ner i ex-
periment där vatten från Kongofloden utsätts för solljus. 

Vi kan också jämföra sammansättningen av individuella molekyler med 
färg och andra optiska egenskaper hos det organiska materialet som helhet. En 
stor del av färgen i det organiska materialet härstammar från växter på land, 
som innehåller så kallade aromatiska strukturer. Aromatiska strukturer är 
också vad som ger kaffet dess speciella färg och lukt. Vi har funnit att de flesta 
av de aromatiska molekylerna försvinner snabbt med tiden, när vi jämför vat-
ten i sjöar med olika uppehållstid. Samtidigt blir molekyler såsom proteiner 
kvar i vattnet med i stort sett oförändrad koncentration. Detta kan bero anting-
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en på att de inte förbrukas, eller att de återbildas lika snabbt som de bryts ner. 
Grundläggande kemiska strukturer är därmed viktiga för hur molekyler bryts 
ner eller bevaras över stora geografiska områden (sjölandskap). 

En av avhandlingens delar behandlar förhållandet mellan olika samexiste-
rande molekyler i naturliga vatten, och hur pass väl de är lösta som fria mole-
kyler i vattnet. Egenskaper som gör molekyler hydrofoba, eller ”vattenavstö-
tande”, tenderar att få dem att klumpa ihop sig. Vi fann att de aromatiska mo-
lekyler som företrädesvis försvinner med ökad uppehållstid i vattnet också har 
störst tendens att klumpa ihop sig. De molekyler som är mer vattenlösliga, de 
vill säga hydrofila, uppträdde i större utsträckning som fria lösta molekyler. 
Avhandlingen visar att molekylerna utgör en gradient av molekyler, från hyd-
rofoba till hydrofila. Stora, hydrofoba molekyler förekommer i större utsträck-
ning i sjöar med kort uppehållstid för vattnet, och minskar snabbare än hydro-
fila molekyler med ökande uppehållstid. Detta kan ha flera olika orsaker. De 
kan klumpa ihop sig till större partiklar som sedimenterar, det vill säga faller 
ner till bottnen av sjön och därmed försvinner ur vattnet. Dessa molekyler är 
också de som är kraftigast färgade, och därmed absorberar solljus mest effek-
tivt. Därmed är de särskilt utsatta för så kallad fotokemisk nedbrytning med 
hjälp av solljus. Vi föreslår också att dessa molekyler är mest utsatta för att 
brytas ner av bakterier. Detta kan bero på att de aggregat de bildar innehåller 
en mångfald av olika molekyler som bakterierna kan använda som en energi-
källa. Man kan föreställa sig det som ett ”molekylärt smörgåsbord”, med 
många möjligheter.  

Avhandlingens sista kapitel presenterar ett experiment för att studera hur 
närvaron av olika typer av organiskt material påverkar vilka molekyler bakte-
rier bryter ner. Olika molekyler kan vara mer eller mindre lättnedbrytbara, från 
föreningar som konsumeras snabbt, som enkla sockerarter, till föreningar som 
blir kvar i vattnet under lång tid. Att föreningarna motstår nedbrytning under 
lång tid kan bero på att deras kemiska struktur ger dem en inneboende mot-
ståndskraft, eller att bakterierna av andra anledningar inte bryter ner dem. Så 
kallad ”priming” är en process där svårnedbrytbara föreningar ändå kan brytas 
ner i stor omfattning. Den röner stort intresse inom forskning kring hur orga-
niskt material bryts ner i jordar. Priming innebär att en liten mängd av ett lätt-
nedbrytbart ämne sätter igång nedbrytningen av en stor mängd annars svår-
nedbrytbart material. Det kan liknas vid en ostsås som gör grönsakerna intres-
santare att äta. I ett experiment som testade många olika förhållanden fann vi 
inget stöd för att priming är av betydelse i vattenmiljöer. Det var snarare som 
att ge barn godis – om det hade någon effekt alls på bakteriernas utnyttjande 
av svårnedbrytbara substanser, så var effekten snarast negativt. 

Avhandlingen visar att den främsta faktorn som styr hur organiskt material 
bryts ner i insjöar är det organiska materialets inneboende kemiska struktur. 
Detta skiljer sig från den moderna uppfattningen om nedbrytning både i mark 
och i oceanerna, där omvärldsfaktorer i första hand anses begränsa nedbryt-
ningen. 
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