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Abstract 

Recent studies have begun to explore the molecular-level link between terrestrial and 

aquatic dissolved organic matter (DOM) in rivers and estuaries and their receiving oceans 

or lakes. This is of interest because of DOM‟s roles in carbon, nitrogen and phosphorus 

cycles and its reactivity with trace metals and anthropogenic organic molecules. These 

recent studies, primarily in brackish or salt-water systems, have shown that allochthonous 

components of DOM contain more aromatic compounds, while autochthonous 

components contain more aliphatic compounds. Here we extend these techniques to a 

temperate oligotrophic large lake (Lake Superior). Samples from the lake and watershed, 

including swamp, creek, river, near-shore lake, and offshore lake sites are compared 

using Fourier transform ion cyclotron resonance mass spectroscopy.  In addition, 

replicate analyses on the instrument allow us to study reproducibility of the instrument 

method. Results are analyzed using cluster analysis, non-metric multidimensional scaling, 

Van Krevelen diagrams, and carbon versus mass diagrams. We find interesting 

similarities and differences between sites based on hydrological proximity of sites, storm 

events, and terrestrial impact. 
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1. Introduction 

 

Understanding the carbon cycle in aquatic systems is important to the 

understanding of the global carbon cycle; for example, organic carbon (OC) in aquatic 

ecosystems is equal in amount to carbon in atmospheric carbon dioxide (Hedges, 2002).  

Aquatic carbon is present in a broad category of dissolved natural organic matter (DOM), 

which is a complex mixture of the compounds dissolved in waters, in addition to 

particulate organic matter, dissolved inorganic carbon, and particulate inorganic carbon.  

While dissolved organic carbon may remain in the water column over years to centuries, 

its ultimate fate in natural waters is export downstream, incorporation into particles and 

subsequent sequestration in sedimentary organic matter, respiration to atmospheric 

carbon dioxide, or photochemical oxidization in the surface waters.  Understanding the 

fate of organic carbon, and the balance among these sink terms or removal processes will 

contribute significantly to the understanding of global biogeochemical carbon cycles.  To 

further understand the fate of organic carbon the source, physical transport mechanisms, 

and biogeochemical transformations must be understood.  One key step toward this 

understanding is seeing how DOM composition changes at the molecular level over 

spatial and temporal scales and or source/sink perturbations. 

In this study we are focusing upon compositional trends in dissolved organic 

carbon in the western Lake Superior watershed.  Lake Superior is the largest freshwater 

lake by area (Herdendorf, 1982) and exhibits a biogeochemistry similar to oceans.  This 

lake is of particular importance to study because of its ultra-oligotrophic environment and 

long residence time compared with other great lakes, meaning that anthropogenic stresses 
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(while lower due to low population pressures in the Lake Superior watershed) will be 

amplified relative to their inputs and will have a longer effect (Cotner et al., 2004). 

Dissolved organic matter is derived primarily from decaying vegetation, and thus 

contains a wide range of polar and nonpolar functional groups.  DOM is operationally 

defined as compounds that can pass through a filter with a pore size ranging from 0.1 to 

1.0 μm, and is primarily composed of the elements carbon (C), hydrogen (H), and oxygen 

(O), in addition to the heteroatoms sulfur (S), nitrogen (N), and phosphorus (P).  Many of 

the individual biologically-derived compounds of DOM are believed to interact to form 

large geomolecules or intermolecular aggregates called humic substances, which are 

further classified as humic acids (base-soluble, acid-insoluble), fulvic acids (acid- and 

base-soluble), and humin (insoluble). 

DOM is important to study because it contains a large proportion of the organic 

carbon in aquatic systems including 97% of organic carbon in oceans and 94% of organic 

carbon in Lake Superior (Benner et al., 2002; Urban et al., 2005).  The composition of 

DOM, containing functional group classes including condensed hydrocarbons, lipids, 

proteins, lignins, carbohydrates, tannins, and cellulose, are primarily determined by the 

ecological characteristics of the watershed.  Factors affecting the composition of DOM in 

temperate freshwater regions include the amount and type of wetlands present, as well as 

the lake area and watershed slope (Xenopoulos et al., 2003).  

Many studies have explored the link between terrestrially-derived and aquatically-

derived DOM in rivers, estuaries and their receiving basins (either oceans or lakes) but 

have been hampered by the heterogeneity of DOM and difficulties in isolating 
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representative samples for detailed analyses.  The link between terrestrially and 

aquatically-derived DOM is of interest ecologically for understanding energy exchange 

and interdependence between ecosystems.  It is of interest chemically because the 

compound class composition of DOM, which is affected by source, determines the 

solubility and bioavailability of trace metals and other organic compounds in waters 

(Shiller et al., 2006).  DOM also plays a role in many photochemical reactions and is a 

major food source for many aquatic organisms (Pomeroy et al., 1979; Mopper et al., 

1991, among many others).  In oligotrophic lakes such as Lake Superior, DOM plays a 

role in absorbing most of the sunlight (Miller et al., 1998).   

A large portion of DOM compounds appear conservative across a wide variety of 

aquatic environments, while each location also has unique DOM constituents (Koch et 

al., 2005; Repeta et al., 2002).  The DOM in marine systems and freshwater rivers and 

lakes is observed to include terrestrially as well as autochthonously derived components 

(Repeta et al., 2002).  Previous studies have examined how location or environment can 

affect the components of DOM, with much focus upon optical characteristics, changes in 

the relative molecular-weight of DOM in different environments, or detailed analysis on 

selected fractions of the DOM pool, such as the solid-phase extractable portion, the 

ultrafiltered high molecular weight fraction, or the portion isolatable by coupled reverse-

osmosis/electrodialysis (RO/ED).  

Only recently have detailed analyses been able to address molecular-level rather 

than compound-class level variations without extensive wet chemical processing and its 

concurrent sample fractionation (as described in Benner et al., 2002), though these 



 

 4 

analyses, the latest of which employ high resolution Fourier transform mass spectrometry 

(FT-MS), are still focused upon the isolatable (in most cases) and ionizable (in all mass 

spectrometry studies) fractions of the extremely heterogeneous DOM pool.  These FT-

MS studies have included a river to ocean transect of solid-phase (C18) extracted DOM 

from the lower Chesapeake Bay (Sleighter et al., 2008), comparisons of primarily 

terrigenous (mangrove-derived) versus primarily marine (Weddell Sea, Antarctica) C18-

extracted DOM (Koch et al., 2005), and reverse-osmosis/electrodialysis isolations from 

marine (Atlantic Ocean off Georgia, USA) and terrestrial (Ogeechee River) samples 

(Koprivnjak et al., 2009).  It has been shown that DOM containing more terrestrially-

derived material contains more compounds with H:C ratios <1 and more aromatic 

character, while aquatic components contain more alkyl/aliphatic character (e.g., 

Sleighter and Hatcher, 2008; Koprivnjak et al., 2009).  This is consistent with known 

source structure as terrestrial environments are rich in woody, vascular plants having high 

levels of aromatic polymers such as lignin and tannin while aquatic environments are rich 

in plankton and have high levels of lipids and proteins (Hedges, 1990).   

When comparing terrestrial and marine DOM, terrestrial DOM has been shown to 

contain more molecular formulae and homologous series, indicating greater structural 

complexity (Koch et al., 2005).  A study examining aged DOM in the hydrophobic 

fraction (
14

C age of 5100 years) and hydrophilic fraction by looking at freshwater as well 

as deep ocean DOM found that a large fraction of molecules were homogenous across 

these differing aquatic systems, potentially indicating that although various fractions of 

DOM may have different origins, the uniqueness of each site is lost by reworking of the 
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DOM over a long time to comparatively stable structures. (Reemtsma et al., 2008).  The 

high degree of regularity within DOM was also shown in a study comparing fulvic acids 

from diverse source materials, proposing that reworking of source materials leads to a 

large similarity amongst formulas (Reemtsma et al., 2005, 2006).   

The studies discussed above illustrate the usefulness of ultra-high resolution 

electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry 

(ESI FT-ICR-MS) in identifying molecular components of DOM.  This method is able to 

resolve DOM and identify upwards of 6,000 unique peaks for each sample (Sleighter and 

Hatcher, 2007).  While ESI preferentially ionizes specific types of molecules (e.g., 

Hockaday et al., 2009), it is still a useful tool for DOM characterization, providing the 

broadest available view of the composition of relatively small DOM samples. 

This study takes advantage of the strength of the ESI FT-ICR-MS approach to 

more clearly characterize DOM from Lake Superior, the largest freshwater lake by area 

in the world (Herdendorf, 1982).  It thus provides unique information on a large-volume 

freshwater lentic system, for comparison with FT-ICR-MS characterization of DOM 

from marine, estuarine and freshwater lotic systems (e.g., Koch et al., 2005; Sleighter and 

Hatcher, 2008; Kim et al., 2006).  For this study, C18 extracts were taken from several 

sites from the Lake Superior watershed, including a swamp, a creek, two rivers, and 

nearshore and offshore lake sites.  The isolated natural organic matter and its changes are 

then assessed on both a spatial and temporal scale.  Cluster analysis and non-metric 

multidimensional scaling are used to show the similarity and reproducibility of samples.  

Molecular level characterization allows comparisons of the chemical composition 
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between sites, which are visualized with Van Krevelen diagrams and carbon versus mass 

diagrams.  As one of the first ESI FT-ICR-MS studies of DOM from a large lake and its 

watershed, this study contributes to the understanding of global biogeochemical cycling 

of carbon.   

1.1. Previous Lake Superior Studies 

 

Large lakes contain 60% of Earth‟s freshwater, sequester carbon through 

sediment burial, and release carbon as atmospheric CO2.  In the local environment, large 

lakes moderate climate and affect the carbon cycle.  Because of characteristic 

intermediate water residence times, water column mixing, and intermediate effects of 

terrestrial inputs, large lakes serve as an interesting comparison to both small lake and 

ocean ecosystems.    

 Lake Superior is the largest freshwater lake by area and contains 10% of Earth‟s 

surface freshwater (Cotner et al., 2004).  It has a surface area of 8.2x10
10

 m
2
, mean depth 

of 150 m, water residence time of 180 years, and is dimictic, mixing twice annually.  The 

oligotrophic environment, low watershed to lake-surface-area ratio, and microbial 

activity of Lake Superior makes it an interesting analog to ocean waters (Cotner et al., 

2004).  It has a particulate organic carbon concentration of 0.08 mg/L, a dissolved 

organic carbon concentration ranging from 0.8-3.2 mg C/L (Urban et al., 2005), and low 

allochthonous organic matter inputs (Cotner et al., 2004).  Dissolved organic carbon is 

estimated to account for half the molecular weight of DOM and contains 94% of the 

organic carbon in Lake Superior (Urban et al., 2005).  Lake Superior is extremely clear 

and differences in DOM between the lake and its tributaries may be accounted for in part 
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by the process of photodegradation (Minor and Stephens, 2008).  The ratio of the 

watershed drainage area to the lake‟s surface area is approximately 1.55 which is 

relatively low for a lake giving it comparatively less influence from watershed inputs 

than other lakes and a greater influence of the „airshed‟ inputs (Cotner et al., 2004).   

 Lake Superior is considered ultra-oligotrophic.  It has a low annual production (65 

gC/m
2
year) compared with other large lakes in the world (Guildford et al., 2000).  It is a 

„trophic end-member‟ because its conditions and processes involve the smallest microbial 

organisms (Cotner et al., 2004). Despite its low annual autochthonous production, 

organic matter in Lake Superior does appear to be primarily derived from in situ primary 

production (Ostrom et al., 2008; Cotner et al., 2004).  Low productivity is a result of low 

mean annual temperatures, low seasonal light due to its higher latitude location, and 

phosphorus (and possibly iron) limitation (Sterner et al., 2004).  Organic carbon inputs 

from tributary streams represent approximately 10% of the total annual photoautotrophic 

production in Lake Superior (Cotner et al., 2004).  The major sink for organic matter is 

through respiration of DOC by heterotrophic bacteria (Cotner et al., 2004).  Less than 5% 

of organic carbon that sinks from the surface waters accumulates in sediment (Baker et 

al., 1991).  Photodegradation may be another process that shifts the characteristics of 

DOM (Larson et al., 2007).  The carbon cycle for Lake Superior is not very well 

understood, as estimates indicate twice as much organic matter loss per year as compared 

to annual input (Cotner et al., 2004).   

 A study of the characteristics of DOM in the western arm of Lake Superior and its 

tributaries using UV-visible spectroscopy, nominal-resolution electrospray mass 
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spectrometry and Fourier transform infrared spectroscopy (FT IR) of bulk DOM in 

addition to FT IR and direct temperature-resolved mass spectrometry (DT MS) of C18 

extracts provides insight into the molecular level characteristics of DOM in the 

watershed.  For the Lake Superior watershed, DOC analysis showed tributaries to have 

five times higher DOC concentrations than lake sites.  Tributary sites have a greater 

molecular size compared with lake sites as shown by lower E2/E3 values and greater 

aromaticity as shown by higher SUVA values from UV-visible spectrophotometry 

(Minor and Stephens, 2008).  SUVA (specific UV absorbance) is an indicator for 

aromaticity and is absorbance at 254 nm (a254) normalized to the DOC concentration (mg 

C L
-1

).  The E2/E3 ratio is inversely correlated with molecular size, and is found by 

dividing a254 by a365 (Minor and Stephens, 2008). 

 Lake and tributary samples differ in compound classes as shown by DT MS and 

FT IR data.  Tributary DOM contains higher levels of aromatics from protein and lignin.  

Lake sites contain higher levels of polymeric carbohydrates with aliphatic and carboxylic 

components, especially alkanes, alkenes, and fatty acids (Minor and Stephens, 2008).  

Compared with the mesohaline Elizabeth River/Chesapeake Bay system (VA) extractable 

freshwater DOM in Lake Superior contains more terrestrial components as indicated by a 

large contribution of carboxylic structures and aromatic compound classes  (Minor and 

Stephens, 2008).  Though Lake Superior has higher proportions of terrestrial DOM than 

open water marine systems, it still is shown to contain a different composition than the 

tributary DOM (Minor and Stephens, 2008). 
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Table 1:  Data from Minor and Stephens, 2008. 

 

1.2. Electrospray Ionization 

 

Electrospray ionization (ESI) is an optimal method for the study of DOM because 

it ionizes acidic and basic functional groups at atmospheric pressure.  Using both positive 

and negative ionization modes, a wide range of molecules abundant in DOM can be 

detected.  Electrospray ionization is a soft ionization technique, so it results in low 

fragmentation (de Hoffman and Stroobant, 2007).  While electrospray ionization can 

result in multiply charged species, the majority of ions obtained in DOM are singly 

charged as shown in high resolution mass spectrometry by the difference in isotopic 

distribution:  for a singly charged ion, the first isotope peak will occur 1 m/z unit away 

from the main ion for the original compound (Kujawinski et al., 2002a; Stenson et al., 

2002). 

While the qualitative aspects of using ESI MS to characterize DOM and other 

complex mixtures have been studied to some extent, many areas remain to be considered.  

Samples run on the mass spectrometer must be tuned to maximize the peak intensity of 

the spectra.  This is an important step because different compound classes preferentially 

ionize under different instrument conditions.  Spray voltage, capillary temperature, and 

tube lens offset play the largest role in affecting intensity on the total ion chromatogram.   

Site Location Collection DOC 

(umol/L) 

E2/E3 SUVA CDOM recovery 

within C18 extracts 

St. Louis River July 2006 1090(11) 

1120 +/- 40 

6.26 

5.7 +/- 0.5 

8.4 

8.3 +/- 0.6 

50% 

53 +/- 3% 

Canal Park June 2006 198 (0.8) 6.94 5.0 40% 

Lake Superior 

Surface 

September 

2006 

210 (19) 13.08 1.3 42% 



 

 10 

Reproducibility within replicate ESI FT-ICR-MS analyses of DOM has not been 

studied much, although this critical issue has recently been addressed using ultrahigh 

resolution ESI FT-ICR-MS analyses of both Suwannee River fulvic acid and DOM from 

laboratory cultures of a ubiquitous marine bacterium (Soule et al., 2010).  Soule and co-

workers compared peak reproducibility in wide and narrow selected-ion-monitoring 

(SIM) scan and full scan modes.  Peak height variability and percentage of peaks formed 

between three replicates of a sample showed that spectral reproducibility was highest 

with full scan conditions.  Although SIM scanning detects more peaks, the additional 

peaks unique to SIM scans are multiply charged in the negative mode.  For studies 

requiring highest peak coverage, SIM scan is the best choice, while for studies requiring 

repeatability and high throughput, full scan is best (Soule et al., 2010).  A range of 50-

70% methanol (in water) was found to be the solvent composition that yielded the best 

reproducibility to balance high peak detection (Soule et al., 2010).   

 Because of its critical importance to comparative work, reproducibility is an issue 

we also address here.  In our study, reproducibility was investigated in terms of peak 

presence/absence in a Suwanee River Fulvic Acid standard as well as instrument 

replicates.  Instrument replicates were taken on two of our samples, Canal Park and 

Amity Creek Low Flow.  These samples were prepared as described (Section 2.2) and run 

on the instrument three times; triplicates were then used to compare instrument 

reproducibility.   

Quantitative aspects of ESI MS spectra, especially ESI FT-ICR-MS spectra, are 

currently used with caution because matrix effects of compounds in a complex mixture 
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are not well understood.  Ion suppression issues can vary from sample to sample as a 

function of matrix effects and sample concentration.  While peak intensity is considered, 

most ESI FT-ICR-MS-based interpretations of the compounds present in DOM focus on 

the presence or absence of peaks, and that is the approach we focus upon here.   

The ionization process has been shown to exhibit selectivity in the detection of 

DOM molecules as illustrated by electrospray ionization (ESI), atmospheric pressure 

chemical ionization (APCI), and atmospheric pressure photoionization (APPI) applied to 

aliquots of the same sample of Suwanee River Fulvic Acid using both positive and 

negative mode (Hertkorn et al., 2008).  In negative ionization mode, APCI tends to 

preferentially ionize small and oxygen deficient molecules compared to ESI and APPI, 

which preferentially ionize oxygen-rich molecules (Hertkorn et al., 2008).  Negative 

ionization mode also represents a larger range of chemical compositions than positive 

ionization mode (Hertkorn et al., 2008).    

1.3. Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 

 

Developments in ultra-high resolution Fourier transform ion cyclotron resonance 

mass spectrometry (FT-ICR-MS) make it possible to characterize the complex mixtures 

of DOM to the molecular level, though the resulting data is so complex that it is best 

coupled to automated analysis programs.  By using a high magnetic field magnet and 

optimizing density within the ion cyclotron resonance cell, FT-ICR-MS is capable of 

ultra-high resolution (up to 400,000) (Sleighter and Hatcher, 2007). 

FT-ICR-MS is capable of high levels of resolution because its superconducting 

magnets offer more stability than the RF voltage used in less sophisticated 



 

 12 

instrumentation.  FT-ICR-MS works by using an ion cyclotron to accelerate charged 

particles in the magnetic field.  After molecules are ionized, they move into the analyzer 

cell, called a Penning trap, in the center of the superconducting magnet.  Ions circle 

around the magnetic field at a cyclotron frequency determined by their mass.  Lighter 

ions orbit at a faster speed and thus have a higher cyclotron frequency.  With a higher 

powered magnet, cyclotron frequencies increase resulting in higher resolving power.  All 

the ions circle very close to each other and interspersed.  To make detection possible, 

excitation plates use chirp to send a series of oscillating radio frequency pulses at 

increasing frequencies.  Lower cyclotron frequency ions with a high mass respond first 

and coalesce with an increasing orbit size.  Once the orbit is large enough it is possible to 

be read by the detector.  The analyzer cell has a detector plate on the bottom and top of 

the cell.  As ions approach the detector plate a stream of electrons travel outside the cell 

in a circuit.  They travel back and forth as the ions orbit between the two plates.  A 

resistor measures the voltage of the electrons and records the cyclotron frequencies of all 

the particles.  The detected frequency signals are converted to particle mass using a 

Fourier transform mathematical algorithm.  

For high-resolution characterization of natural organic matter, FT ICR MS is 

usually used on ions formed by electrospray ionization.  The resulting mass spectra from 

DOM samples are composed of upwards of 6,000 unique peaks, depending upon the 

environment from which the DOM sample was taken (Sleighter and Hatcher, 2007).  

Therefore, automated analysis programs are required to assign chemical formulas and 

compare samples.  Once formulas are assigned, statistical techniques can be used to 
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explore the diversity between different environments.  Initial studies in characterizing 

DOM focused simply on the validity of assigning peaks to different samples of humic 

and fulvic acids.  Now that these methods are well developed, it is possible to use the 

technique to compare a suite of samples (Sleighter et al., 2008; Kujawinski, 2002).    

A caution concerning FT ICR MS is that the average molecular mass of C18 

extracted samples tends to be lower than the average mass of natural DOM as determined 

by other techniques.  This could be attributed to the electrospray ionization process which 

can result in noncovalently bound complexes disaggregating, leading to smaller 

macromolecules as decomposition occurs (Kujawinski, 2002). 

1.4.  Statistical Methods 

1.4.A.  Distance Measure Choice  

 The choice of which distance measure to use in data analysis is very important as 

the distance measure reflects what information will be shown in results, and how much 

influence noise and outliers are given.  Often, distance measures are selected based on 

what has worked well for similar types of data.   

Bray-Curtis dissimilarity has been shown to work very well for ecological data, 

such as relationships between environmental variables and biological species 

distributions (which are believed to have similar data structure to natural organic 

compound distributions).  Bray-Curtis is a proportion coefficient measurement in which 

city-block distances are divided by total distance.  The distances are measured on the 

outside of species spaces, in contrast with Euclidean distances in which the straight-line 

distance segment can pass through areas of species space that are uninhabitable for the 
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species, or can be extremely species rich.  With regards to outliers, Euclidean distance 

places a high weight on large differences.  In contrast, with the proportion coefficient 

used by Sorensen,(Sorensen similarity is the similarity expression related to Bray Curtis 

dissimilarity) a large weight is given to the gradient that has a large proportion of species 

responding to it and less weight is given to outliers. 

 For example, since Bray-Curtis dissimilarity expresses species turnover divided 

by total abundance, it does not matter if the number of species, respectively, is 1:3, 10:30, 

or 100:300.  All have the same ratio of 1:3 and result in the same distance.  The same 

distances expressed using the Euclidean distance would be 1, 10, and 100 respectively, as 

it does not reflect proportions.  

1.4.B.  Bray-Curtis Dissimilarity  

 

     Bray-Curtis dissimilarity is a statistical tool which reflects the dissimilarity of 

samples.  It is related to the Sorenson similarity measurement which reflects shared 

abundance of samples (Bray-Curtis Dissimilarity = 1 – Sorenson Similarity).  The Bray-

Curtis dissimilarity measure can be used for any data set with positive numbers ranging 

from 0-100%.  This technique can be used to calculate distance with either binary data 

(presence/absence) or quantitative data (the intensity of peaks).  

The measure uses proportion coefficients to measure distance, meaning distances 

are given as a proportion of the maximum distance possible.  The Sorenson similarity is 

analogous to area under curves:  the similarity measurement is the overlap of the two 

sample sets.  Where Sorensen similarity is the shared abundance divided by the total 
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abundance, Bray-Curtis dissimilarity (CBij) is the number of unique species divided by 

total abundance as shown in Equation 1.   

(1)       
     

          
 

In Equation (1) Cij is the number of species that are common between sites i and j, while 

ui and uj are the sums of the number of species that are unique to the respective sites.  In 

ecological terms, the Bray-Curtis dissimilarity can be thought of as the number of unique 

species divided by the total number of species, while the Sorensen similarity is the 

number of shared species in samples i and j (2Cij) divided by the total number of species.  

To measure sample similarity, McCune and Grace (2002) site the Sorensen index to be 

one of the most effective methods repeatedly in a variety of studies.    

1.4.C.  Classification versus Ordination 
 

Classification and ordination are the two most common multivariate methods used 

in the ecological community.  Both serve to find patterns in data sets using different 

approaches.  Classification serves to find groups using clustering:  this can prove 

complex with continuous communities.  Ordination uses axes to arrange data across 

gradients and can provide more detail on group relationships.  Nonmetric 

multidimensional scaling (NMS) is a common ordination technique.  Clustering arranges 

data sets into groups, whereas NMS arranges data on axes to summarize relationships and 

reveal patterns.  The two approaches are often found complimentary to each other. 

1.4.D.  Hierarchical Clustering  

 

     Clustering creates a classification by merging groups of data together.  It is 

agglomerative so it builds groups from the bottom up through a series of calculations that 
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combine samples into groups.  The resultant dendrogram plot represents a measurement 

of the information that is lost at each fusion step.  

     Hierarchical clustering represents groups nested within groups in a dendrogram 

plot.  Clustering works by creating an n x n distance matrix (where n is the number of 

groups/samples) in p-dimensional space (where p is the attributes).  By finding minimum 

dissimilarity, two groups are merged and the attributes are combined.  This process 

repeats and is shown as a dendrogram (McCune and Grace, 2002)  

     For our data, we use the Bray-Curtis distance measure, and the group 

average/average linkage method for clustering.  The distance between two groups is 

measured by taking the average of the distance of each object in a statistical sample (or 

group) to each object in the opposing statistical sample, hence "group average".  The 

group average method is a combinatorial strategy, meaning that the two groups with the 

smallest dissimilarity (or minimum) are merged together.  The dissimilarity between this 

new group and all other groups is then measured.  Thus new dissimilarities are based on 

weighted parameters.  This is also a space-conserving method, meaning that as groups 

form, the original properties of the space remain constant (with other methods, the 

nearest or farthest objects in a group are used to measure distance, which can result in 

peripheral objects to become further expanded or contracted and more likely to join 

existing groups or form new outlying groups).  Historically, the group average strategy 

was the first to take group structure into account.   

     Part of the rationale for choosing the group average method is that it is the only 

space-conserving method compatible with Bray-Curtis distances.  It uses the average 
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between-group distance for all distances from all pairs of groups, and thus finds spherical 

groups.  This method has a tendency to join groups with small variances, is relatively 

robust, and takes a close account to structure compared with other methods (Everitt et al., 

2001). 

 One issue associated with agglomerative hierarchical methods, which includes the 

group average strategy, is chaining.  Chaining occurs when single groups are successively 

added so little structure is displayed.  While outliers can still be identified, information is 

provided not about grouping of data.  

1.4.E.  Nonmetric Multidimensional Scaling (NMS) 

 

     NMS is an ordination, or ordering, technique.  This is a useful method to visually 

extract and display dominant patterns.  Although NMS is compatible with any distance 

measure, we use the Bray-Curtis Dissimilarity to display structure.  NMS seeks to display 

the strongest structure using iterative optimization methods.  Compared with Principal 

Component Analysis (another common ordination technique) NMS differs in design and 

the fit is not limited to an underlying model allowing the model to „see‟ a wider range of 

structure (McCune and Grace, 2002).   The iterative optimization methods and 

computational power of NMS make an appropriate choice for the large data set we are 

using.  NMS differs from other ordination methods in that it has no assumption that a 

linear relationship exists, it uses ranked distances, and it can be used with any distance 

measure.  The use of ranked distances reduces the “zero-truncation problem” often 

associated with heterogeneous community data by linearizing the relationship between 

the distances measured in species space and the environmental space (McCune and 
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Grace, 2002).   Advances in technology have made the issues for the large computational 

power nearly obsolete.  

 NMS seeks to position the groups (n) on axes (k) to minimize stress.  It 

accomplishes this with the use of several iterations for the n*p data matrix to calculate 

the n*n distance matrix.  In the iterations, points are moved a small amount to achieve a 

lower stress, and this is repeated until the stress does not lower.  Several iterations are 

necessary to ensure data converges to a global rather than a local minimum (Everritt et 

al., 2001).  Dissimilarity measures the relationship between the original p-dimensional 

space and the new k-dimensional space which reduces distance.  Stress measures the 

departure of monotonicity in this dissimilarity.   

 Selecting the number of dimensions is an important part of NMS.  Generally, a 

two-dimensional solution is the simplest way to represent information, but for some data 

sets more dimensions better represent the complexity of the data so this must be checked.  

To check this, the stress value for a range of dimensions is checked with a Scree plot 

using the Monte Carlo test.   While it is relative, a stress value of below 5% is typically 

considered “good” (Everitt et al., 2001).  When choosing the number of dimensions, the 

Scree plot should be evaluated at the elbow, or point of lowest stress.  Table 2 shows the 

Goodness-of-fit for stress values in a Scree plot, as outlined by Kruskal (1964). 

Stress (%) Goodness-of-fit 

20 Poor 

10 Fair 

5 Good 

2.5 Excellent 

0 Perfect 
 

Table 2:  Goodness of Fit for stress values in a Scree plot. 
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1.5.  Data Visualization 

 

1.5.A.  Van Krevelen Diagrams 

Van Krevelen diagrams are used to investigate composition within complex 

natural organic matter samples such as petroleum, kerogen and bulk DOM.  A Van 

Krevelen diagram (which is a cross-plot of H/C and O/C atomic ratios) constrains the 

types of compound classes and the chemical history of the complex OM.  Each major 

biogeochemical class of compounds has a range of characteristic H/C and O/C ratios and 

can be correlated with the diagram (Kim et al., 2003).  Common biogeochemical 

diagenetic reactions resulting in a change in C, H, O, or N atoms can also be traced by 

unique trajectories on a Van Krevelen diagram.  This method works well at exposing 

compositional differences within and between complex organic mixtures, and was first 

used to separate different classes of coal and petroleum samples.  It has proved useful in 

distinguishing fossil fuels according to their nature, maturation, and processing stage. 

Recently it has been coupled with high resolution mass spectrometry data (instead of 

pyrolysis or elemental analysis data) as a useful data visualization tool and has been used 

to analyze DOM from a number of aquatic systems (Wu et al., 2004; Sleighter and 

Hatcher, 2007). 
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Figure 1:  Van Krevelen diagrams used to characterize dissolved organic natural matter.  DOM is taken 

from the Dismal Swamp in VA.  Compound classes are overlain with circles and lines represent chemical 

reactions:  (A) +/-CH2 (B) +/- H2 (C) +/- H2O (D) +/- O (from Sleighter and Hatcher, 2007). 

 

1.5.B. Carbon versus Mass Diagrams 

A carbon versus mass diagram is a method to visually represent the chemical 

composition of a sample while retaining information on the size of molecules.  A plot of 

the atomic mass of a molecule versus the number of carbon atoms is generated.  Signal 

intensity can also be represented on a third dimension.  When these plots are generated, 

molecules in a series (with a constant number of carbon and oxygen atoms) are arranged 

horizontally in „island shapes‟ with a stepwise increase in H2 (changes in unsaturation).  

Stepwise increases vertically represent the addition of CH4 and loss of O (changes in the 

degree of oxygenation) (Reemtsma et al., 2010).  Diagonals are represented by alkyl 

chain homologs.  Each island is represented by an identical sum of carbon and oxygen 

atoms, which increases between islands (Reemtsma et al., 2008).   
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 As with Van Krevelen diagrams, carbon vs. mass diagrams have regions that 

indicate the compound class present by the molecule (or, rather formula) location.  

Compound class can be deduced by looking at the range of formulas for a sample (as 

some compound classes cover a broad range) or by looking at extreme regions which are 

unique for one compound class (Reemtsma et al., 2010).  When data from a sample is 

represented by a circular or ellipsoid form, this is an indication of moderate elemental 

compositions, whereas molecular formula groupings shown by a triangle indicate more 

formulas with extreme elemental compositions (Reemtsma et al., 2010).  Molecules that 

contain various heteroatoms can also be differentiated by placement on the diagram.  For 

example, compared with C, H, O-only molecules, molecules with C, H, O, N, S have 

lower carbon numbers and higher oxygen numbers.  The sulfur and nitrogen are in 

oxidized forms thereby increasing the O/C ratio.  Also, molecules with heteroatoms tend 

to have a smaller range of molecular mass because there are fewer allowable degrees of 

unsaturation (Reemtsma et al., 2010). Characteristic DOM removal processes can affect 

the composition of DOM compounds.  For example, photochemical and oxidation 

reactions react with reduced and aromatic compounds, leaving DOM that is highly 

oxygenated and aliphatic (Reemtsma et al., 2008).  

 The carbon vs. mass diagram can be useful in comparing different sample sites.  

When riverine, marine, and atmospheric DOM are compared, it is shown that a large 

portion of these three isolates have shared DOM, while also containing a unique range of 

DOM (Reemtsma et al., 2010).  This method can also be used to look at small differences 

in sample sites within the watershed studied.  
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2. Sampling and Procedures 

 

2.1. Sampling Methods & Study Sites 

 

A suite of samples was collected during summer 2006 in the western Lake 

Superior watershed.  Locations (Figure 2), all in Minnesota, USA, include the confluence 

of the St. Louis River and Lake Superior at Canal Park, sampled in the Duluth Harbor 

Basin just before the water enters Lake Superior (Duluth, MN), off-shore Lake Superior, 

Toivola Swamp, St. Louis River, and Amity Creek during high and low flow.  In 

addition, a Brule River sample (Wisconsin, MN) was collected during the summer of 

2009.  A C18 extracted MilliQ water blank was also included within the sample set.  

Samples accessible by land were collected with acid-washed steel or polypropylene 

buckets which were rinsed with sample three times before collection.  The offshore Lake 

Superior sample was collected aboard the R/V Blue Heron with a 12-bottle General 

Oceanics rosette.  Samples were transported to lab after collection and stored at 4
o
C until 

further processing.   One liter water samples were filtered (<0.1 or <0.2 um), acidified to 

pH 2 using hydrochloric acid, and solid phase C18 extracted (using 3M Empore disks) and 

eluted with methanol and MilliQ water (90:10 v/v) following the procedure of Simjouw 

et al. (2005). The resulting eluent was dried in a vacuum oven at approximately 40°C and 

stored in the dark until analysis with ESI FT-ICR-MS.  All glassware used in processing 

was acid-washed and baked in a muffle furnace at 450
o
C for four hours and plastics were 

acid-washed. 

Samples are from the western arm of Lake Superior, which is shown to have a 

higher rate of primary production and higher inputs of allochthonous carbon compared 
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with the rest of the lake (McManus et al., 2003).  Toivola Swamp is a large blackwater 

swamp dominated by black spruce and ericaceous shrubs located within the watershed 

with a large source of terrestrial DOM (Bridgham et al., 1998).  The Toivola Swamp 

sample was taken at a location where the swamp was 20m across and 200m from the 

nearest roadway.  The Lake Superior surface sample was taken at an offshore site with a 

depth of greater than 300m and the sample was collected at a depth of 5m.  St. Louis 

River is a fourth-order brown river which has high amounts of chromophoric material 

derived from the surrounding wetlands including Toivola Swamp.  The sampling site was 

located at a fishing pier where the river had a width of 120m and depth of 1.2m with 

nearby vegetation consisting of birch trees and sedges.  The Canal Park sampling site was 

located in the Duluth Harbor Basin, with anthropogenic influences from its proximity to 

shipping, industry, as well as urban development from Duluth, Minnesota and Superior, 

Wisconsin.  The Brule River is a south shore river that was sampled before the water 

enters Lake Superior. The Amity Creek site was located on a creek running through 

rural/suburban Duluth and into the Lester River just before the river enters Lake Superior.  

This creek is subject to flash flooding following storm events.  To evaluate changes in 

organic matter delivered to Lake Superior during base flow versus storm event, this creek 

was sampled at the same location during both high flow and low flow periods. 
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Figure 2:  Station Map including Toivola Swamp, St. Louis River, Canal Park, Amity Creek, Lake Superior 

Surface, and Brule River.  From GIS. 

 

2.2. Sample Preparation 

 

Before FT-ICR-MS analysis, the dry samples were dissolved in ultrapure water at 

a concentration of 1mg/ml.  A 1 to 4 dilution of each aqueous sample in 50:50 

methanol:water was prepared for analysis in negative mode, and a 1 to 4 dilution in 50:50 

methanol:water plus 0.1% formic acid was prepared for analysis in positive mode. These 

dilutions were prepared immediately before analysis to limit ester formation (McIntyre 

and McRae, 2005)  A standard of Suwanee River fulvic acid (International Humic 

Substances Society standard) was also analyzed to test instrument reproducibility 

between the March 2009 and March 2010 analytical runs, and additionally used at a 
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range of dilutions to study the effect of concentration on peak intensities.  All samples 

were run on instrument settings optimized by tuning on the Suwanee River fulvic acid 

standard. 

Recovery during extraction of samples collected during the summer of 2006 was 

determined using mass balance from UV-visible spectrophotometry experiments.  The 

summed absorption coefficients of initial samples, C18 filtrates, and C18 retentates 

indicate roughly 10% of colored dissolved organic matter is lost by irreversible sorption 

to the C18 disk during the extraction phase or to the atmosphere in the vacuum drying 

process.  Recovery of the eluent retentate ranged from 40-55% (Minor and Stephens, 

2008).   

2.3.  Ultra-high Resolution Mass Spectrometry 

 

Ultra-high-resolution mass spectrometry was performed on a Thermo Scientific 7 

Tesla Electrospray Ionization Fourier Transform Ion Cyclotron Resonance Mass 

Spectrometer located at the Woods Hole Oceanographic Institution.  The instrument is 

externally calibrated weekly with a standard solution from Thermo Fisher Scientific, 

which calibrates to a mass accuracy of < 2 ppm.  The average resolving power was 

300,000 at m/z 400, where resolving power is calculated as the m/z value divided by the 

peak width at 50% peak height: M/ ΔM50% (Marshall et al., 1998).  A scan range of 150-

1000 m/z was used and each run collected 200 scans. Scans were then co-added using 

MIDAS (Modular ICR Data Acquisition and Analysis) Analysis (version 3.2) from the 

National High Magnetic Field Lab at Florida State University to yield one spectrum for 

each run.  The summed signals were processed after being zero-filled once and Hanning 
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apodized.  Fourier transformation was performed in magnitude computation mode to 

yield a time domain spectrum from which m/z data could be extracted.   

Since certain compound types are more preferentially ionizable in positive or 

negative mode, for this study each sample was scanned in both modes. However, since 

the positive mode samples contained a contamination that suppressed the DOM peaks, 

negative mode information was used here to compare data.  Another problem that can 

occur in positive mode is the presence of sodiated complexes (Kujawinski et al., 2006).  

This appears primarily in samples that are extracted with NaOH-based extractions and 

was not observed with the C18 extraction used in this study.   

Electrospray ionization is a soft ionization technique.  When used to analyze and 

detect DOM, it is shown to generate singly charged species and produce little 

fragmentation (Stenson et al., 2002; Kujawinski and Behn, 2006).  These are important 

characteristics because they simplify the mass spectra allowing us to more easily compare 

compounds between sample sites and lowering the resolution needed for us to separate 

individual moieties in the mass spectrum. 

2.4.  Dilution Factor and Reproducibility 

 

A standard suite of DOM samples is available from the International Humic 

Substances Society.  These samples are widely available to many researchers, and 

Suwanee River Fulvic Acid, which comes from a peat swamp in Southern Georgia, was 

used in this study as a reference for tuning and comparison. 

The reproducibility of DOM samples by FT ICR MS has only recently been 

studied (Soule et al., 2010), and was not studied prior to our analysis. Therefore, to 
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confirm reproducibility, the acquisition of scans and subsequent Fourier-transformation 

was repeated three times for our Canal Park and Amity Creek Low Flow samples.   

Data for the ideal dilution of C18 extracted samples has also not been reported in 

the literature.  Suwanee River Fulvic Acid samples were therefore analyzed in both 

positive and negative mode at 1:4, 1:10, and 1:20 dilutions. 

The north shore and Lake Superior samples in our data set were run over the span 

of a week in March 2009, and the Brule River sample was analyzed in March 2010.  To 

ensure that samples analyzed at different times can be compared, SRFA was included in 

both the 2009 and 2010 sample sets.  The SRFA results can then be compared across 

sample sets to identify variations in instrument performance that could affect our 

comparisons of samples. 

2.5.  Formula assignment 

 

Thousands of peaks can be resolved using ultra-high resolution mass spectrometry 

of DOM; therefore automated analysis was used to assign compounds to peaks for each 

spectrum.  The program used to assign chemical formulas was written on MATLAB by 

Elizabeth Kujawinski and Mark Behn at Woods Hole Oceanographic Institution 

(Kujawinski and Behn, 2006).  Once scans were averaged, the data was Hanning 

apodized, zero-filled once, and Fourier transformed.  A peak list was created containing 

all peaks with a signal to noise ratio greater than three.  A number of compounds 

commonly found in DOM throughout the 150-1000 m/z range were used to calibrate the 

peak list.  The MATLAB program was used to align all peaks in the spectra to be 

compared.  A compound identification algorithm assigned elemental formulas by sorting 
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masses, looking for chemical relationships, and assigning elemental formulas based on 

the sorting.  The relationships used by the algorithm included differing by 

presence/absence of the following groups:  CH2, CH4, O2, H2, CH2O, H2O, C2H2O, O, 

CH, and CO.  Due to high resolution and small molecule size, peaks under the mass limit 

of 500 Da were assigned first as there is much less ambiguity in these assignments.  

Formulas were assigned to peaks without relation by choosing the formula with the 

lowest error to start the „master matrix‟.  For peaks with relations, the algorithm checks 

for formulas in the series that result in the lowest error.  For peaks above the mass limit, 

formulas are checked with lower masses and the Kendrick mass defect to assign 

elemental formulas. The algorithm takes into account the error between the calculated 

mass and measured mass for a given compound, and the number of C, H, O, N, S, and P 

atoms that are reasonable for a compound with a given m/z value.  Another code is 

subsequently run on MATLAB to account for the presence of 
13

C isotopes.  The 

maximum allowed formula error was 1.0 ppm, the relation error was 20 ppm, the mass 

limit was 500 Da, and mass defect limit was 0.8 ppm.  If no chemical formula matched 

closely to an m/z value within reasonable error, the mass was not included in the resulting 

data set.  Typically over 95% of compounds can be assigned, and the algorithm works 

especially well when there is high mass accuracy.  Studies with synthetic data sets by 

Kujawinski have indicated this formula assignment method has low error.  

Kendrick mass defect analysis was used by the compound identification algorithm 

applied in this study.  Kendrick mass defect is a method used to display homologous 

series and was originally used for the identification of formulas in crude oil samples 



 

 29 

(Hughey et. al, 2001).  It works by identifying compounds that are in the same compound 

class, but varying in the degree of alkylation.  For example, a compound with the same 

number of rings and double bonds differing only by the addition or subtraction of a CH2 

unit will occur 14.01565 mass units apart.  This is a useful tool in formula assignment for 

addressing higher molecular weight peaks. Peaks at low molecular weights can be more 

accurately assigned since there are fewer possible formulas within the error window.  The 

information on formulas for compounds at low molecular weight can be extrapolated to 

formulas at high molecular weight by using Kendrick mass to assign formulas in 

homologous series through sorting.  More specifically, this is accomplished by plotting 

the Kendrick mass against the mass defect.  Kendrick mass is found by multiplying the 

IUPAC mass by (14/14.01565), thus converting the exact mass of CH2 to 14 so 

compounds in homologous series have identical mass defect.  Kendrick mass defect is the 

nominal Kendrick mass minus the exact Kendrick mass, where the nominal mass is the 

observed mass rounded to the nearest integer. 

Once formulas were assigned for all the masses, several programs were run on 

MATLAB to study the differences between samples using multivariate statistics.  In 

addition, trends based on elemental ratios, peak intensity, and double bond equivalents 

were also evaluated.  Our data were investigated using cluster analysis and non-metric 

multidimensional scaling (NMS) to display similarity among samples (McCune and 

Grace, 2002) (see Figure 6).  Presence/absence of peaks was the data input used for the 

analyses described below.  NMS coordinates were found using the Bray Curtis 
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dissimilarity, and a Monte Carlo test was run with minimum and maximum real and 

random stress to indicate the randomization of the datasets. 

2.6.  Van Krevelen Diagram  

Once chemical formulas were assigned, Van Krevelen plots were used display the 

H/C and O/C ratios.  Van Krevelen plots were created in MATLAB using a program 

written by the Kujawinski Lab at Woods Hole Oceanographic Institution using the 

assigned molecular formulas for peak list for each sample.  In such plots, when elemental 

compositions vary by quantized ratios of C, H, and O (with O/C on the x-axis and H/C on 

the y-axis) , line patterns with characteristic slopes become clear.  Methylation is 

identified by the addition or loss of CH2 and has a slope of -2, oxidation-reduction is 

identified by O and has a slope of 0, hydrogenation is identified by H2 and has a vertical 

slope, and hydration is identified by H2O and has a slope of ½. (Kujawinski et al., 2003; 

Sleighter and Hatcher, 2007).  Low H/C ratios are indicative of a higher degree of 

condensation for aromatic ring systems.  More specifically, a value of ~0.3 indicates a 

highly condensed aromatic ring system, ~0.7 indicates a noncondensed aromatic 

structure, ~0.7-1.5 indicates an aromatic system with an aliphatic side chain, ~1.5-1.7 

indicates a cyclic aliphatic compound, and ~ 2 indicates a paraffin (Visser et al., 1983).  

Van Krevelen plots are useful in studying DOM data to provide a rapid overview of 

compound classes in samples, however the approach is limited.  Because the position of a 

molecule is based only on H/C and O/C ratios, mass dependent information is not 

displayed (Reemtsma et al., 2010).  Also, multiple compound classes may fall within the 

same space in a Van Krevelen diagram. 
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2.7. Carbon versus Mass Diagram 

 To extend our visualization to include mass dependent information, carbon versus 

mass diagrams (Reemtsma et al., 2010) were employed.  Carbon versus mass diagrams 

were generated using MATLAB and use the formula assignments generated for each 

sample, as well as the molecular masses. 

3.  Results and Discussion 

 

3.1.  Dilution Factor 

 

Suwanee River Fulvic Acid (IHSS) was used to identify the dilution factor to use 

for analysis as it is known to broadly represent compounds present in aquatic DOM.  The 

sample was run at three dilution levels, 1 to 4, 1 to 10, and 1 to 20 by diluting the initial 1 

mg/ml aqueous sample to create a solution of 50:50 methanol:MilliQ water at the proper 

dilution.  The total ion abundance, signal to noise ratio, and number of peaks were 

evaluated to determine the best dilution level for our Lake Superior watershed samples. 

 Referring to the table, it is evident that as the 1 mg/ml sample is further diluted, 

the ion abundance decreases, noise threshold increases and the number of peaks decrease. 

The noise threshold was manually chosen using MIDAS Analysis software by zooming 

in to different regions of the processed spectra (such as Figure 3) and identifying the 

magnitude of the background signal:  peaks were chosen by setting the abundance 

threshold as three times the noise threshold. The 1 to 4 dilution results in the lowest noise 

and highest ion abundance.  We used this dilution level to analyze our samples from the 

Lake Superior watershed. 
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  Normalize 
Number 

of Peaks 
Noise 

Threshold 

SRFA 1to4 9660 3554 1.4 

SRFA 1to10 2750 2119 2.3 

SRFA 1to20 2890 1293 4.3 
 
Table 3:  Dilution factor for natural samples:  Ion Abundance, Number of peaks, and Noise Threshold for 

Suwanee River Fulvic Acid at various concentrations. 

 

3.2.  Positive and Negative Ion Mode 

 

Different ionization modes have been known to preferentially ionize certain 

compound classes.  For this reason, all samples were run in both positive and negative 

mode.  In all positive mode samples, including our Suwanee River Fulvic Acid standard 

as well as natural samples, a contamination signal appeared with peaks spaced 

approximately 44 m/z values apart.  This plasticizer contamination was present in all 

positive ion mode samples and suppressed the DOM signal. 

Samples in negative ionization mode yielded spectra with a high relative 

abundance for DOM peaks; blank spectra were generally low in peak abundance and 

amplitude, though there was a significant peak at m/z 412.96643 in the process blank that 

also appeared in our watershed samples.  This peak has previously been identified as an 

artifact from extraction with C18 disks (Sleighter and Hatcher, 2008, report its m/z value 

as 412.96638), though we do not see its companion artifact peak (m/z 368.97651) as a 

significant component in our method blank or samples.  Because of better sample 

response and low blank response, all data presented in this paper are based upon negative 

ionization mode mass spectra.   
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The majority of the peaks from negative ionization ESI-MS were in the range of 

250-600 m/z (see Figure 2).  Our results are similar to those presented previously in 

showing multiple ions within integer m/z values (e.g., Brown and Rice, 2000; Kujawinski 

et al., 2002).  All DOM peaks were singly-charged as determined using the isotopic 

distribution of carbon (as shown in Stenson et al., 2002).  Integer m/z units in each mass 

spectrum contained multiple peaks illustrating the extreme heterogeneity of the samples 

and the need for very high resolution mass spectrometry. When an abundance threshold 

of 3x the noise threshold was applied, more than 2,000 peaks were identified for each 

sample.  Peaks found in the blank contributed between 21 and 87 peaks to this total 

number, depending upon sample. As these blank peaks constituted less than 5% of each 

sample‟s peaks, and with the exception of  m/z 412.96643, had low peak amplitudes, no 

further action was taken concerning blank correction of the samples. 

 Negative ionization electrospray FT-ICR-MS has been shown to generate more 

m/z peaks in natural organic matter samples (e.g., Hertkorn et al., 2008). The better 

response of natural DOM to negative ionization conditions may explain why we have 

good sample response and little distinguishable blank contribution in negative ionization 

mode as compared to significant blank/contamination contributions to our analyses in 

positive ionization mode.  
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Figure 3:  Negation ionization mode spectrum of DOM from Canal Park. 

3.3.  Instrument Reproducibility 

 The data from Suwanee River Fulvic Acid standards run in March 2009 and 

March 2010, as well as the replicate analyses of Canal Park and Amity Creek Low Flow 

samples were used to assess instrument reproducibility with our given methods.  Cluster 

analysis (Figure 4) was used to give an initial overview of the similarity of replicate 

samples relative to the total sample set.  From the aligned peak list, the proportion of 

peaks shared between replicates samples also shows instrument reproducibility (Table 2).  

While all the sample sites in the Lake Superior watershed share 22% of peaks, the Canal 

Park and Amity Creek Low Flow sites share 69% and 64% of peaks.  The Suwanee River 

Fulvic Acid standard shares 62% of peaks, when diluted to the same concentration but 

analyzed on the instrument after a year of other mass spectral measurements. 
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The number of peaks identified in our samples, including SRFA (Table 2) 

matches with the range previously found for SRFA (2120 to 3180) using negative 

ionization and full scans, and our replication (% peaks shared) for SRFA (obtained on 

samples analyzed 1 year apart) match that for optimum ACG settings, i.e., optimum 

number of ions transferred from ion trap into ICR cell (Soule et al., 2010).  The 

percentage of peaks shared by replicate injections of our lake samples (64 to 69%) is 

similar to the range reported for replicate extractions of DOM isolated from a bacterial 

culture (68 to 69%, Soule et al., 2010).   

 Interestingly the percentage of peaks shared by our Lake Superior watershed 

samples (22%) is similar to the percentage of peaks shared by solid phase extraction 

(SPE)-extracts from swamp, offshore coastal water, and mid-river water in a study in the 

lower Chesapeake Bay (29%, Sleighter and Hatcher, 2008) and to that shared by SPE 

extracts of mangrove pore-water and Weddell Sea DOM (approximately 32%, Koch et 

al., 2005). While shared formula assignments do not indicate shared structural formulas, 

they do indicate a portion of the DOM that may be conservative in structure across 

aquatic regimes, either due to inherent refractoriness or because it is generated through 

reworking of organic matter from different sources (as hypothesized by Reemtsma et al., 

2008). 

Sample Site Treatment Mean # Peaks (SD) Percent Peaks Shared 

Canal Park Triplicates 3393 (745) 69 
Amity Creek (Low 

Flow) Triplicates 3462 (407) 64 
Suwanee River Fulvic 

Acid (IHSS) 
March 2009 & 

March 2010 3613 (83) 62 

All Sites Single  3035 (619) 22 

Table 4:  Proportion of peaks shared between replicate samples. 
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 That the St. Louis River and Canal Park samples (in close hydrological proximity) 

are very similar in classification and ordination, as well as elemental formula analysis, 

additionally indicate that instrument and analysis methods are reproducible.  The samples 

have similar organic matter sources as well as water residence time, and very little 

difference between these sites is expected. 

Looking at the triplicate measurements (Table 5), the sensitivity of the instrument 

is shown by comparing the formula assignment of our replicates (see Section 3.6).  A two 

tailed t-test was used to test a significant difference between Canal Park and Amity Creek 

Low Flow samples replicates (α = 0.05).  A p-value of less than 0.05 indicates there is a 

significant difference between the Amity Creek and Canal Park samples.  A significant 

difference is shown for the DBE, %P, %CHO, %CHON, %CHONP, N/Cw, and P/Cw 

values.  While this does not mean differences between values in other samples are not 

significant, assessing the differences in the replicate measurements is useful in studying 

the variability in replicate measurements.   
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  Amity Creek Amity Creek Amity Creek Canal  Canal Canal p-value 

  Low Flow 1 Low Flow 2 Low Flow 3 Park 1 Park 2 Park 3  

Peaks 3510 3842 3033 2316 2763 3215  

%Formulas 98.60 99.32 99.57 99.180 98.950 99.129  

DBE 12.384 12.495 12.456 11.487 11.727 11.805 0.02 

DBE/C 0.5139 0.5388 0.5160 0.5024 0.5040 0.5108 0.18 

%S 2.14 2.57 1.92 1.52 1.61 2.10 0.15 

%N 20.7 34.6 28.5 18.9 22.9 25.1 0.29 

%P 7.54 7.76 6.66 3.44 5.23 5.96 0.06 

%C13 20.69 20.13 20.20 18.68 19.71 20.83 0.45 

%CHO 68.1 64.2 70.8 80.6 76.6 73.9 0.03 

%CHON 23.66 26.36 21.42 14.80 16.97 18.45 0.02 

%CHOS 0.578 0.655 0.464 0.392 0.366 0.565 0.21 

%CHONS 0.289 0.445 0.232 0.044 0.219 0.345 0.33 

%CHOP 0.058 0.131 0.099 0.044 0.037 0.220 0.95 

%CHONP 6.13 6.18 5.40 2.35 4.06 4.52 0.05 

%CHONSP 0.982 0.943 1.026 1.001 0.988 0.941 0.82 

H/Cw 1.205 1.141 1.198 1.275 1.232 1.216 0.09 

O/Cw 0.4062 0.3939 0.4075 0.4026 0.4062 0.4002 0.93 

N/Cw 0.4347 0.4314 0.4628 0.5184 0.4904 0.4786 0.03 

P/Cw 0.0580 0.0428 0.0453 0.0739 0.0643 0.0629 0.03 

S/Cw 0.0638 0.0682 0.0684 0.0801 0.0791 0.0643 0.28 

 

Table 5:  Formula assignment of triplicate samples.  P-value is calculated using a t-test for unequal variance 

with a 95% confidence interval. 

 

3.4. Peak Assignment 

 

Peaks were assigned as described above (Section 2.5).  In addition to external 

calibration, an internal calibration was applied to the aligned peak list (using MATLAB) 

prior to final peak assignment.  Three series of compounds differing only by a CH2 group 

were chosen for internal calibration based on their presence in all samples, low error, and 

high average peak intensity.   
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Calibration Peaks 

m/z C H O Error Molecular Ion 
Average 

Intensity 

279.050986429 13 12 7 0.1423183 279.051026286 8.310629167 

321.097946429 16 18 7 0.0932907 321.097976478 20.33312917 

363.144913571 19 24 7 0.0359700 363.144926670 47.22496667 

405.082724286 19 18 10 0.0097065 405.082720344 18.94285000 

445.114028571 22 22 10 0.0181552 445.114020472 17.99414167 

487.160982857 25 28 10 0.0249773 487.160970664 22.26351667 

541.156263077 24 30 14 0.0297679 541.156279216 10.19364167 

583.203237692 27 36 14 0.0141803 583.203229408 11.29638929 

625.250173333 30 42 14 0.0100065 625.250179600 8.226457143 
 

Table 6:  Peaks and formula assignments used to calibrate aligned peaks in MATLAB 

 

Peaks were assigned with a high degree of identification (>97%).  The formula 

assignment looked for the elements C, 
13

C, H, O, N, S, and P.  When heteroatoms are 

included in formula assignment a greater number of elemental formulas are possible 

within error for each peak, and they may result in slightly lower accuracy in formula 

assignment (Kujawinski et al., 2006).  The elemental ratios H/C, O/C, N/C, P/C, and S/C 

were calculated by the formula assignment within each sample.  The ratio was calculated 

for each formula and the nonzero ratios were averaged for each sample (i.e. only 

formulas containing at least one N atom are included in the average N/C ratio).  The 

elemental ratios allow comparison of the composition of molecules between sample sites.  

The elemental percentages %S, %N, %P, %C13 are determined for each sample as the 

percentage of formulas in a sample containing at least one atom of the specific element.  

This allows us to compare the bulk composition of molecules between sample sites.  The 

elemental formula percentages %CHO, %CHON, %CHOS, %CHONS, %CHOP, 

%CHONP, %CHONSP represent possible combinations of elements included in the 

compound identification algorithm.  For each sample, the percent of assigned formulas 
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containing only the given elements was calculated.  This provides more detail in the 

composition of molecules at each sample site.  For the samples run in triplicate (Amity 

Creek Low Flow and Canal Park), data from the first analysis is used to represent the 

sample.   In Table 7, which displays a summary of the information from formula 

assignment, sites are organized by the similarity trends displayed in the non-metric 

multidimensional scaling diagram (see below for further information). 

 Lake 
Superior 

Amity 
Creek Low 
Flow 1 

Brule  
River 

St. Louis 
River 

Canal  
Park 1 

Toivola 
Swamp 

Amity Creek 
High Flow 

%Formulas 98.63 98.60 97.63 99.44 99.18 98.63 99.15 

DBE/C 0.544 0.517 0.518 0.517 0.502 0.591 0.527 

DBE 13.20 12.63 10.88 12.63 11.49 14.29 12.16 

H/Cw 1.22 1.21 1.29 1.21 1.28 1.09 1.19 

O/Cw 0.38 0.41 0.43 0.40 0.41 0.39 0.41 

N/Cw 0.46 0.44 0.49 0.48 0.52 0.41 0.51 

P/Cw 0.11 0.06 0.07 0.06 0.07 0.07 0.07 

S/Cw 0.07 0.06 0.09 0.08 0.08 0.08 0.06 

% S 3.32 2.14 2.61 1.50 1.52 2.75 1.46 

% N 41.71 31.72 32.40 23.32 18.85 34.19 22.42 

% P 11.39 7.54 12.73 5.44 3.44 10.84 4.64 

% C13 20.16 20.69 18.94 21.42 18.68 11.86 18.08 

% CHO 55.81 68.10 66.32 76.44 80.63 63.87 77.06 

% CHON 30.39 23.66 18.76 17.28 14.80 23.13 17.14 

% CHOS 1.18 0.58 0.64 0.13 0.39 1.24 0.34 

 % CHONS 0.48 0.29 0.64 0.20 0.04 0.22 0.21 

% CHOP 0.53 0.06 0.36 0.03 0.04 0.15 0.13 

% CHONP 9.08 6.13 10.43 4.20 2.35 9.67 3.65 

% CHONSP 0.86 0.98 0.82 0.97 1.00 0.86 0.82 

 

Table 7: Represents formulas assignment of sites within the Lake Superior watershed. 
 

In Table 8, sample sites are organized by the trends represented by sample sites 

with each elemental comparison method.  This allows a more detailed approach to 

analyzing the trends between sites.   
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  Brule Canal 

Amity 

Creek 

Amity 

Creek 

St. 

Louis Lake Toivola  Standard 

  River Park 1 

High 

Flow 

Low 

Flow 1 River Superior Swamp Deviation 

Peaks 4008 2316 2348 3510 3014 4220 3283 744 

%Formulas 97.63 99.18 99.15 98.60 99.44 98.63 98.63 0.59 

DBE 10.88 11.49 12.16 12.38 12.63 13.20 14.29 1.11 

DBE/C 0.52 0.50 0.53 0.51 0.59 0.54 0.59 0.04 

         

  Canal 

Amity 

Creek 

Amity 

Creek 

St. 

Louis Brule Toivola Lake Standard 

  Park 1 

Low 

Flow 1 

High 

Flow River River Swamp Superior Deviation 

%S 1.52 2.14 1.46 1.50 2.61 2.75 3.32 0.73 

%N 18.85 20.69 22.42 23.32 32.40 34.19 41.71 8.51 

%P 3.44 7.54 4.64 5.44 12.73 10.84 11.39 3.67 

%C13 18.68 20.69 18.08 21.42 18.94 11.86 20.16 3.18 

         

  Canal 

Amity 

Creek St. Louis 

Amity 

Creek Brule Toivola  Lake Standard 

  Park 1 

High 

Flow River 

Low 

Flow 1 River Swamp Superior Deviation 

%CHO 80.63 77.06 76.44 68.10 66.32 63.87 55.81 8.75 

%CHON 14.80 17.14 17.28 23.66 18.76 23.13 30.39 5.35 

%CHOS 0.39 0.34 0.13 0.58 0.64 1.24 1.18 0.42 

%CHONS 0.04 0.21 0.20 0.29 0.64 0.22 0.48 0.20 

%CHOP 0.04 0.13 0.03 0.06 0.36 0.15 0.53 0.19 

%CHONP 2.35 3.65 4.20 6.13 10.43 9.67 9.08 3.24 

%CHONSP 1.00 0.82 0.97 0.98 0.82 0.86 0.86 0.08 

         

  Toivola  

Amity 

Creek St. Louis 

 Amity 

Creek Canal Brule Lake Standard 

  Swamp 

High 

Flow River 

Low 

Flow 1 Park 1 River Superior Deviation 

H/Cw 1.09 1.19 1.20 1.20 1.27 1.29 1.31 0.08 

O/Cw 0.39 0.41 0.40 0.41 0.40 0.43 0.10 0.12 

N/Cw 0.41 0.51 0.48 0.43 0.52 0.49 0.10 0.15 

P/Cw 0.07 0.07 0.06 0.06 0.07 0.07 0.00 0.03 

S/Cw 0.08 0.06 0.08 0.06 0.08 0.09 0.00 0.03 

   
Table 8:  Formula assignment trends of sample sites.  Standard deviation is displayed for all sites. 
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Figure 4:  Elemental formal percentages for sample sites. 

 

 Amity Creek Low Flow  

Average (StDev) 

Canal Park 

 Average (StDev) 

% Formulas  99.2 (0.5) 99.1 (0.1) 

DBE/C  0.52 (0.01) 0.506 (0.004) 

DBE 12.22 (0.06) 11.7 (0.2) 

H/Cw  1.18 (0.03) 1.24 (0.03) 

O/Cw  0.40 (0.007) 0.403 (0.003) 

N/Cw  0.44 (0.02) 0.50 (0.02) 

P/Cw  0.049 (0.008) 0.067 (0.006) 

S/Cw  0.067 (0.003) 0.075 (0.009) 

% S 2.2 (0.3) 1.7 (0.3) 

% N 28 (7) 22 (3) 

% P 7.3 (0.6) 5 (1) 

% C13 20.3 (0.3) 20 (1) 

% CHO 68 (3) 77 (3) 

% CHON 24 (2) 17 (2) 

% CHOS 0.6 (0.1) 0.4 (0.1) 

% CHONS 0.3 (0.1) 0.2 (0.2) 

% CHOP 0.10 (0.04) 0.1 (0.1) 

% CHONP 5.9 (0.4) 4 (1) 

% CHONSP 0.98 (0.04) 0.98 (0.03) 

 

Table 9:  Average and Standard Deviation of Amity Creek Low Flow and Canal Park samples run in 

triplicate. 

 

The average and standard deviation of elemental analysis of formula assignments 

for the Canal Park and Amity Creek Low Flow samples (run in triplicate) is given in 

Table 9.  This indicates extent of the instrument variability on the formula assignment of 
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samples, and can be used to determine the significance of between sample variability.  

The standard deviations indicate that, for most elemental comparisons, the 

differences between sites is greater than the within-sample variability. 

Of all the Lake Superior watershed samples, the swamp sample (Toivola Swamp) 

has the highest DBE and DBE normalized to C (DBE/C), lowest H/Cw, and intermediate 

O/Cw ratios; this combination indicates that it contains the most condensed organic matter 

(most likely including the strongest contribution from aromatic compounds).  Lake 

Superior has the next highest DBE, followed by the north shore tributaries (St. Louis 

River and Amity samples) and then the south shore river. 

Differences in elemental ratios allow for comparison between samples.  Recall 

that for each of our samples, the elemental ratio is the average ratio of the elements only 

within formulas that contain these elements and does not reflect overall DOM.  However, 

these can be compared (with some caveats) with bulk elemental ratios of organic matter 

from specific sources. Terrestrial organic matter, from woody vascular plants, tend to 

have characteristically low bulk elemental H/C while aquatic organic matter rich in lipids 

and proteins have comparatively high H/C and N/C ratios (Hedges, 1990).  Toivola 

Swamp molecular formulas had the lowest H/C ratios, indicative of its richness in 

terrestrial organic matter, while Lake Superior formulas had the lowest O/C ratios.  The 

greatest elemental ratio difference between Amity Creek High Flow and Low Flow 

samples is in N/Cw ;  the High Flow sample had an N/C value of 0.51 while the low flow 

sample had a value of 0.41, while the H/C ratios was similar for these samples (1.19 and 

1.20, respectively).  This may indicate the high flow sample has more microbially-
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derived organic matter from surface soil layers.    The Toivola Swamp sample also had a 

lower N/Cw formula ratio while Canal Park had the highest N/Cw ratio in the sample set. 

The P/Cw and S/Cw formula ratios were low across sites, ranging from 0.06 to 0.11 and 

0.06 to 0.09, respectively).  It should be noted that the Lake Superior sample had the 

highest P/Cw ratio. Our O/Cw ratio for Lake Superior (0.38) is between reported ranges 

for whole-water DOM from the Dismal Swamp in  Virginia, USA  (0.39, Sleighter and 

Hatcher, 2008) and SPE-extracted DOM from a Chesapeake Bay sub-estuary (0.33-0.35, 

Sleighter and Hatcher 2008) and similar to rages reported for SPE (C18)- extracted DOM 

from Atlantic Ocean surface water (0.34-0.36, Kujawinski et al., 2009), while our creek 

and river samples have somewhat higher ratios (0.40-0.43)  The H/Cw values for our lake, 

creek, and river samples (1.19-1.29) are also similar to those reported by Sleighter and 

Hatcher (2008) for the Virginia swamp and upriver SPE-DOM samples (1.25, and 1.29) 

and somewhat lower than reported by Kujawinski et al (2009) for Atlantic Ocean surface 

water (1.3-1.32). Our Minnesota swamp (Toivola Swamp) H/Cw value is considerably 

lower (1.09), indicated a much more condensed and aromatic character. 

Elemental percentages (i.e. the percentage of formulae containing the element 

relative to the total number of identified formulae) yield additional information about the 

compositional differences in DOM among sites.  Lake Superior had a higher percentage 

of sulfur-containing compounds than the rest of the sites.  It has been proposed that 

because Lake Superior is ultra-oligotrophic, sulfur is used in replace of phosphorus in 

microbial activity (Sterner et al., 2004).  The percent of sulfur-containing compounds was 

two times higher for Lake Superior compared with the St. Louis River, Canal Park, and 
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Amity Creek High Flow samples.  Similar trends are seen with the percent of compounds 

containing nitrogen and phosphorus.  Lake Superior, Toivola Swamp, and the Brule 

River all contain greater proportions of compounds containing heteroatoms compared 

with St. Louis River, Canal Park, and Amity Creek High Flow.  St. Louis River and 

Canal Park sites are physically very close together indicating a similar organic matter by 

their hydrological proximity.  Amity Creek sites differ by flow rate during sampling.  The 

low flow sample contains a greater proportion of heteroatom compounds (41%) than the 

high flow sample (28%), which may be attributed to higher in-stream microbial activity 

at low flow and fresher, terrestrially derived DOM at high flow.   

All the sites contain approximately the same proportion of compounds containing 

at least one 
13

C atom, with the exception of Toivola Swamp which has a smaller 

proportion.  The lack of 
13

C in Toivola Swamp relative to the other sites may be because 

more isotopic fractionation in favor of 
12

C occurs in C3 vascular land plants due to easier 

access to isotopically-light CO2 compared with aquatically derived organic matter 

(Hedges, 1990; Repeta et al., 2002). 

Looking more specifically at the assigned elemental formulas (as also displayed 

in Figure 4), a few observations are noteworthy.  More than half of all the assigned 

compounds in each sample contain only C,H, and O. Lake Superior has the lowest 

percentage of CHO-only compounds, and a higher percentage of compounds containing 

additional heteroatoms.  Lake Superior is followed by Toivola Swamp, Brule River, 

Amity Creek Low Flow, St. Louis River, Amity Creek High Flow, and Canal Park in 

order of increasing proportion of CHO-only compounds.  Lake Superior has the highest 
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proportion of CHON-only compounds, which is consistent with its highest percentage of 

compounds containing at least one N atom.  The south shore Brule River site has the 

highest proportion of compounds containing CHONP.  The Brule River site also had the 

highest proportion of P-containing compounds although only a median value for N-

containing compounds.   Lake Superior and Toivola Swamp also contain a higher 

percentage of CHONP compounds compared with other sites, and they additionally have 

a relatively high proportion of CHOS compounds.  The Amity Creek Low Flow sample 

has a higher proportion of compounds with S, N, or P than the Amity Creek High Flow 

sample, except for CHOP compounds.  Amity Creek High Flow has 0.13% CHOP 

compounds compared with 0.06% during Low Flow, even though the Low Flow site had 

a greater proportion of compounds containing a P atom.  The St. Louis River and Canal 

Park sites are both within error of each other for all samples.  The St. Louis River, Amity 

Creek High Flow, and Canal Park samples all contain a lower percentage of compounds 

with S, N, or P compared with other samples.  The Amity Creek High Flow sample most 

likely has lots of fresh terrestrial run-off from storm events, and the compound 

assignment indicates the St. Louis River and Canal Park sites may contain similar organic 

matter, likely containing lots of terrestrial DOM, which contains much more structural 

material (cellulose and lignin) relative to proteins, nucleic acids, and other multiple-

hetero-atom biochemicals.  The Lake Superior and Toivola Swamp sites are in very 

different environments and it is expected that they would have the biggest differences in 

organic matter.  Looking at the compound assignments, the largest difference is that Lake 
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Superior has a greater fraction of CHON-only, CHONS-only, and CHOP-only 

compounds. 

The presence of sulfur compounds in our DOM samples is not surprising. Sulfur-

containing organic compounds have been identified by negative ionization ESI FT-ICR-

MS of DOM samples from the Weddell Sea (Antarctica) isolated by solid phase 

extraction (PPL resin) (D‟Andrilli et al., 2010).  Lake Superior is ultra-oligotrophic and 

phosphorus-limited (Sterner et al., 2004), and it may be that sulfur is used in place of 

phosphorus in membrane lipids, as is seen in open-ocean environments (Van Mooy et al., 

2009), which while also phosphorous limited, do not come close to reaching the extremes 

in N:P ratios measured in Lake Superior (Sterner et al., 2007).   

 The number-averaged percentage of formulae containing CHO-only in the Lake 

Superior watershed (55.8 to 80.6%) is in general lower than that has previously reported 

for surface ocean, deep ocean, and river samples (72.2 to 93.7%, Kujawinski et al., 2009) 

but exhibits a similar trend in that river/creek samples have a higher percentage than our 

open lake site (Table 7). 

3.5. Classification and Ordination 

Cluster analysis and non-metric multidimensional scaling are complementary 

methods to analyze similarities and differences amongst sites.  The Bray-Curtis 

dissimilarity was used as the distance measure for both approaches.  Data input was the 

presence or absence of peaks in each sample. 

Classification was used to show reproducibility of instrument methods (see Figure 

5).  The x-axis on the cluster diagram represents the proportion of initial information 
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content remaining after each step.  This diagram is useful to represent the grouping of the 

two samples run in triplicate:  Amity Creek Low Flow and Canal Park.  Samples were 

run on the same instrument (the Woods Hole Oceanographic Institution FT-MS Facility) 

with the same tuning parameters.   

Because samples were run on multiple dates, Suwanee River Fulvic Acid 

provided by the International Humic Substances Society was used to test the 

reproducibility of the instrument and method on a daily and yearly time scale.  This 

sample was run on March 2, 2009 and March 17, 2010.  The samples, highlighted with 

red rectangles, represent approximately 22% dissimilarity.  Any clusters with greater than 

22% dissimilarity (or greater than 22% information loss upon grouping) can be taken as 

significant, as also highlighted in red.  A clear separation of Suwanee River Fulvic Acid, 

Lake Superior, Toivola Swamp, south shore Brule River, and Duluth area stream/rivers is 

therefore significant.   

The replicate samples, highlighted with yellow rectangles, are grouped close 

together.  The Amity Creek Low Flow samples are all more similar to each other than to 

other samples, and the Canal Park samples are more similar to each other than other 

samples.   Canal Park and St. Louis River, which are in very close hydrological 

proximity, are also clustered together indicating they contain similar types of organic 

matter.  The south shore site, Brule River, is separated from the Amity Creek, St. Louis 

River, and Canal Park sites indicating a difference between south shore and north shore 

organic matter.  Although the Toivola Swamp and Lake Superior Surface samples are 

close together on the diagram, grouping them loses approximately 35% of the 
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information content (in other words they are approximately 35% dissimilar) to each other 

and the rest of the watershed samples. 

 
Figure 5:  Cluster diagram for all negative spectra.  X-axis displays dissimilarity of samples.  Yellow 

rectangles group replicates, while red rectangles group SRFA standard from March 2009 and March 2010 

and determine significant difference. 

 

Nonmetric multidimensional scaling is a powerful tool to highlight the similarities 

and differences among sites.  The two axes display different factors affecting the 

samples.  Each sample site is included, with Run 1 for Amity Creek Low Flow and Canal 

Park being chosen as representative of the triplicate analyses of these samples.  The Scree 

plot is used to show a two-dimensional solution is best, by looking at the elbow of the 

graph.  The stress value for a two-dimensional solution is considered “good” (Kruskal, 

1964). 
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Figure 6:  Scree Plot showing the appropriate number of dimensions to use 
Table 10:  Values for Scree plot 
 

Figure 7 is generated using the presence/absence of peaks.  The Mantel test gives 

the proportion of variance for each axis by calculating r
2
 between the original and 

ordination space distance (Kujawinski et al., 2009).  The x-axis represents 83.26% of the 

variability while the y-axis represents 1.60% of the variability.  (For nine samples, 

random chance would have 11% variability).  On the x-axis, there is a large separation 

between the Lake Superior, stream/river/swamp sites, and Suwanee River standards.  

This seems to represent a separation based on the source of organic matter.  It is not 
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surprising that the stream and river samples are closely clustered because DOM has 

similar sources in these ecosystems and there are relatively similar water residence times 

implying a similar amount of in-water reworking of DOM.  The stream/river/swamp sites 

all have relatively fresh organic matter that is primarily terrestrially derived with shorter 

residence times compared to the long residence time of water in Lake Superior, where 

organic matter is primarily autochthonously derived (Cotner et al., 2004).  While 

Suwanee River also represents a primarily terrestrially-derived source, its DOM has been 

isolated using a different solid-phase extraction technique and the primary vegetation in 

its (Georgia, USA) watershed is significantly different from that found in northern 

Minnesota, USA. It is interesting to note the Amity Creek sites are separated based on 

flow rate.  The Low Flow sample is aligned more closely with Lake Superior Surface.  

During low flow, there is a greater opportunity for microbial degradation, including 

within biofilms, which rework the terrestrial DOM and there is opportunity for in-stream 

primary production as well, so it is not surprising that the resulting DOM more closely 

resembles the more autochthonous/microbial DOM in Lake Superior.   In contrast, during 

high flow, the sample is aligned more closely with Toivola Swamp.  This DOM is more 

likely to be organic matter remobilized from the upper soil and/or leaf/needle litter and 

has not experienced significant reworking.   The Canal Park and St. Louis River samples 

are indistinguishable on the diagram.  This is not surprising as the St. Louis River flows 

into the Canal Park sampling site and the two sites are only separated by about 15km, 

meaning the waters represent a similar source as well as residence time of DOM.  One 

interesting note is the Canal Park sample site is in a much more urban/industrial setting 
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with anthropogenic influences from two municipalities as well as high boat and shipping 

traffic, but this does not appear to have had a significant influence on the composition of 

DOM.  Although the Brule River was separated from Amity Creek, St. Louis River, and 

Canal Park on the cluster diagram, it is close to them in the NMS diagram. 

 
Figure 7:  Nonmetric multidimensional scaling of Lake Superior Watershed Sites using presence/absence of 

peaks.   

 

3.6. Molecular Formulas Graphical Assignment 

 

Multiple graphical methods are available to visualize differences in molecular-

level (formula-presence) composition among samples.   

Van Krevelen diagrams can help to distinguish compound classes in samples 

based upon the elemental ratios that each compound class generally exhibits (Sleighter 

and Hatcher, 2007); however, it should be emphasized that these elemental ranges are not 

sufficient for providing unequivocal compound class identification (Reemtsma, 2010).   

Figure 8 shows the peaks found in all the Lake Superior watershed samples.  The 

similarities of the Van Krevelen diagrams between all sites should be emphasized.  In 

particular, the dominance of lignin-like formulas is the most striking initial trend within 
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all the samples.  The dominance of lignin-like components (characterized by an O/C 

molar ratio of ~0.25-0.5 and an H/C molar ratio of ~1-1.5) is remarkably similar to that 

seen in swamp and offshore marine DOM (Sleighter and Hatcher, 2007).  This region 

potentially includes carboxyl rich alicyclic molecules (CRAM) which would fall in the 

same Van Krevelen space.  There are also fairly high numbers of formulas corresponding 

to condensed hydrocarbons, which may indicate black carbon in the watershed.  Tannin-

like compounds appear in all samples while there are few lipid, carbohydrate, and protein 

formulas present.   

Tannin-like and protein-like formulas are most prevalent in the Toivola Swamp 

sample. The Toivola Swamp and Amity Creek Low Flow samples appear to have a 

higher abundance of lipid, carbohydrate, and protein formulas compared with other sites.  

Previous studies using UV-visible spectroscopy, electrospray mass spectrometry, and 

Fourier transform  infrared spectroscopy analyses show tributary sites contain higher 

molecular weight organic matter, rich in protein and lignin compounds, while the open 

lake contains organic matter that is compositionally different (Minor and Stephens, 

2008).  This is consistent with the most terrestrially impacted samples (Toivola Swamp 

and Amity Creek during a storm event) having a higher abundance of protein compounds. 

Comparing the Amity Creek sites, the low flow sample appears to have more 

lipid, carbohydrate, and protein formulas compared with the high flow sample, which is 

indicative of aquatically-derived organic matter.  During low flow, the Amity Creek site 

is likely to have a good mix of organic matter from both in situ (aquatic) and terrestrial 

origins.  Its short residence time does not allow for extensive reworking of terrestrially-
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derived organic matter which is retained in the DOM pool, while increased microbial 

activity allows for the production of aquatically-derived organic matter.   

                

 

Figure 8:  Van Krevelen Diagrams of each site labeled with compound classes. 
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 A Van Krevelen diagram of the peaks that are present in all the samples shows the 

compounds that are conserved across all study sites (Figure 9).  The majority of the 

conserved compounds are lignins and condensed hydrocarbons.  This shows that while 

each site has a variety of unique DOM constituents, a large group of DOM compounds 

are conserved across a range of aquatic environments.  This is similar to a comparison of 

marine and terrigenous DOM, which suggests microbial degradation in different 

environmental conditions results in similar structures regardless of the source of DOM 

(Koch et al., 2005).  

 

 

Figure 9:  Van Krevelen Diagram of compounds present in all samples (Lake Superior, Canal Park 1, St. 

Louis River, Brule River, Amity Creek Low Flow 1, Amity Creek High Flow, and Toivola Swamp).  
 

While these diagrams emphasize the similarity of the compounds between the 

sites, Van Krevelen diagrams were also made for the compounds that were unique to 
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each sampling site, as shown in Figure 10.  These diagrams allow us to see the organic 

matter that is unique to each site and contributes to each site‟s characteristic signature.  

Brule River, Toivola Swamp, and Lake Superior have the highest percentages of unique 

peaks (25.6 to 33.5%) in the sample set. This is not surprising as the largest separation 

between samples in the cluster diagram was between Lake Superior, Toivola Swamp, 

south shore Brule River, and the north shore tributaries (Figure 5); so we expect these 

sites to have the greatest number of compounds with unique formulas.  Of all the 

watershed samples, the Toivola Swamp sample contains the most diverse arrangement of 

compound classes.  The Lake Superior and Brule River site have a strong lignin and 

condensed hydrocarbon contribution, although the Brule River unique formulas tend to 

have higher H/C and lower O/C ratios.   

These diagrams show that Lake Superior has an organic matter component that is 

diverse and different from the organic matter found in its tributaries. It is surprising that 

the unique component of organic matter resembles the “quality” of terrestrially derived 

DOM (lignin-like and condensed hydrocarbon formulae), but this may indicate reworking 

of terrestrially-derived material by microbial and photochemical processes in this highly 

oligotrophic and clear-water lake.  For example, condensed hydrocarbons make up a 

considerable proportion of the unique formula in Lake Superior.  Kim et al. (2006) found 

that formulae with low H/C ratios (black-carbon like) were enhanced upon 

biodegradation of stream water.  FTIR analysis of Lake Superior show that this 

oligotrophic lake contains a wide range of carbohydrate and other allochthonously 

derived organic matter that is modified  from the terrestrial organic matter, making it 
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different on the molecular level (Minor and Stephens, 2008).  The high percentage of 

formulas that are unique to the Lake Superior site indicate that despite the lake‟s 

oligotrophic environment, organic matter is still being modified within the system. 

The Amity Creek Low Flow sample exhibits an intermediate percentage (10.7%) 

of unique compounds (including lignin, carbohydrate, and condensed hydrocarbon 

compounds) while the High Flow sample has the lowest percentage (1.7%).  This is most 

likely due to the increase in autochthonous organic matter during low flow periods, while 

retaining the allochthonous organic matter abundant at high flow.  Thus it appears the 

majority of the terrestrial component of organic matter is retained during low flow, 

resulting in few unique compounds present during high flow.  However, during high 

flow, the huge flash of fresh, terrestrial organic matter is enough flush out the 

autochthonous component of DOM making it unique to base flow. 

The St. Louis River and Canal Park samples both contain very small percentages 

of unique compounds.  This is consistent with cluster (Figure 6) and NMS (Figure 7) 

analyses indicating that these sites are very similar, most likely due to their hydrological 

proximity.  Because of their similarity in DOM, very few peaks identified are solely 

unique to either of these sites.  The DOM appears to be reworked and modified between 

its source in Toivola Swamp and its eventual deposit in Lake Superior.   
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Figure 10:  Van Krevelen diagram of compound assignments that are unique to each site.    

Table of the percent of unique assigned elemental formulas at each site.  97% or more of peaks are assigned 

compounds for each site. 
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 To further assess similarities and differences in compound assignments among 

sites, Van Krevelen diagrams including N/C ratios are shown in Figures 11.A and 11.B. 

The Toivola Swamp sample has the highest abundance of different peaks containing an N 

atom.  Lake Superior has the highest proportion of formulas containing an N atom in the 

formula assignment, but they are not shown to be as diverse as Toivola Swamp.  The 

Amity Creek sites have many similar patterns, although the low flow site has a higher 

abundance of peaks on the diagram, indicating that microbial reworking may be changing 

the structure of compounds containing an N atom.  Comparing the Canal Park and St. 

Louis River sites, the St. Louis River has more diversified organic matter containing N; 

the reason for this is unknown.  
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Figure 11:  A. Van Krevelen diagram of O/C and N/C ratios for each sample. 
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Figure 11:  B. Van Krevelen diagram of N/C and H/C ratios for each sample.   

 

A diagram of the Double Bond Equivalents (DBE) and the number of oxygen 

atoms for each sample provides information on the abundance of condensed 

hydrocarbons in each sample (Figure 12).  DBE values were calculated to account for 
13

C 

as well as the number of H and N atoms assigned for each compound, as shown in 

Equation 2.  Compared with the other samples, Toivola Swamp has the widest range of 

condensed hydrocarbon compounds, as indicated by the DBE and oxygen number values. 

(2)              
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Figure 12:  Diagram of Double Bond Equivalents and the number of oxygen atoms for each sample. 
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Carbon versus mass diagrams are another method for visualizing and interpreting 

molecular level characterization differences between sample sites.  Instead of using ratios 

of elements within each assigned formula, as used in Van Krevelen diagrams, these 

diagrams use a sum i which is the number of carbon plus oxygen atoms in each formula.  

In Figure 12, i from 24-29 is plotted in different colors with the atomic mass units for 

each compound plotted against the number of carbon atoms.  This creates „islands‟ of 

similar carbon plus oxygen compounds.  The location of these islands can be compared 

between sites.  For instance, for a given i value, islands with lower atomic mass units 

indicate more condensed material.  Canal Park and Brule River are the two samples with 

the most down-shifted islands, indicating the presence of organic matter components with 

more highly aromatic formulas.  This is in contrast with the average DBE trends shown in 

Table 6, where Brule River and Canal Park have the lowest DBE values indicating the 

least aromatic material.  Shifting of islands in the vertical direction is affected by 

oxygenation.  Molecules with more oxygen and less carbon at the same m/z will plot 

lower vertically than molecules with more carbon and less oxygen.  The differences 

between the sites are small, but Toivola Swamp, St. Louis River, and the Lake Superior 

site have the most down-shifted islands and thus some of the most oxygenated molecules 

according to the diagrams, again in contrast with the information seen in average O/C 

formula ratios in Table 6. 

Comparing the St. Louis River and Canal Park samples, which are in close 

hydrological proximity, the Canal Park site has more highly aromatic formulas and the 

St. Louis River site shows some slightly more oxygenated components.  The Amity 
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Creek Low and High Flow sites are very similar in the carbon versus mass diagram, 

indicating a similar composition of organic matter. 
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Figure 13:  Carbon versus mass diagrams for each sample 
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4. Conclusions 

 Ultra-high resolution mass spectrometry can be used to characterize differences in 

C18-extracted dissolved natural organic matter within a large lake watershed.  This is the 

first time the method has been applied to a large lake as well as selected tributaries to 

study variations in dissolved organic matter composition.  Replicate analyses of the same 

samples show that the method is reproducible and that comparisons can be made between 

samples run at different dates.  Molecular level characterization as well as statistical 

clustering and ordination methods provide insight into the similarities and differences 

among sites.   

While Toivola Swamp (our most terrestrially-impacted site) is shown to 

contain the largest number of and most diverse array of unique molecular 

formulas, Lake Superior is also shown to contain unique organic matter 

components relative to river, creek, and swamp sites in its watershed 

indicating it contains a pool of organic matter that is different from its 

tributaries.  Lake Superior’s unique formulae are primarily in the lignin-like 

and reduced hydrocarbon regions of Van Krevelen space, though electrospray 

amenable Lake Superior DOM is also shown to have a higher proportion of 

heteroatom (N, S, and P) containing formulae than the other sites.  Sites with 

hydrological proximity exhibit similar molecular-level compositions relative to the rest of 

the data set.  Comparison of high-flow and low-flow stream samples from Amity Creek 

show that storm events influence the amount of fresh terrestrial organic matter versus in-

stream produced and/or altered organic matter in the C18-extractable DOM pool.   This 
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is the first time FT-ICR-MS has been applied to a large lake as well as 

selected tributaries to study variations in dissolved organic matter 

composition.  Such an approach can provide insight into spatial and temporal 

variability in DOM composition in such watersheds and provide data for 

comparison with other aquatic systems that have been the focus of FT-ICR-

MS studies. 
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