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Abstract 22 

 23 

The molecular composition of dissolved organic matter (DOM) is of relevance for global 24 

carbon cycling and important for drinking water processing also. The detection of variation of 25 

DOM composition as function of time and space from a methodological viewpoint is essential 26 

to observe DOM processing and was addressed so far. High resolution concerning DOM quality 27 

was achieved with Fourier-transform ion cyclotron resonance mass spectrometry (FTICR-MS).  28 

However almost none of the existing FTICR-MS data sets were evaluated addressing the fate 29 

of single mass features / molecular formulas (MFs) abundance during experiments. In contrast 30 

to former studies we analyze the function of MF abundance of time and space for such MFs 31 

which are present in all samples and which were formerly claimed as recalcitrant in not all but 32 

a great number of studies. For the first time the reactivity of MFs was directly compared by 33 

their abundance differences using a simple equation, the relative intensity difference (δRI). 34 

Search strategies to find out the maximum δRI values are introduced. The corresponding MFs 35 

will be regarded as key MFs (KEY-MFs). In order to test this new approach data from a recent 36 

photo degradation experiment were combined with monitoring surveys conducted in two 37 

drinking water reservoirs. The δRI values varied over one order of magnitude (more than five-38 

fold). MFs like C9H12O6 and C10H14O6 revealed high biogeochemical reactivity as photo 39 

products. Some of the KEY-MFs were identical with MFs identified as disinfection byproducts 40 

precursors in recent studies. Other KEY-MFs were oxygen-rich and relatively unsaturated 41 

(poly-phenol-like) and hence relevant to flocculation procedures. 42 
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1. Introduction 49 

 50 

The molecular composition and properties of dissolved organic matter (DOM) play a critical 51 

role in a number of biogeochemical processes such as metal redox cycling (Dadi et al., 2017; 52 

Riedel et al., 2013), microbial transformations (Lechtenfeld et al., 2015; Ohno et al., 2014; 53 

Riedel et al., 2016) and photochemical processes(Bittar et al., 2015; Gonsior et al., 2013; Holt 54 

et al., 2021; Maizel et al., 2017; Riedel et al., 2016; Wilske et al., 2020). In natural systems, 55 

these processes are difficult to disentangle (Kellerman et al., 2015). From the analytical point 56 

of view, processes can be exclusively observed by concentration variations of components (for 57 

example inorganic ions, organic molecules). The variation as function of time is one possibility 58 

for investigation of processes. A negative or positive temporal trend of a specific component 59 

abundance is defined as degradation and product formation, respectively. Also spatial 60 

abundance variations can be interpreted as processes. Depending on the reference system, a 61 

component can be regarded as degraded / produced, if its concentration is decreased / increased 62 

in one location of a system compared to another location of the same system. Such a system 63 

can be a reservoir and one location could be the epilimnion and the other one the hypolimnion 64 

if the reservoir is thermally stratified. However, without any additional information, it is 65 

difficult to interpret concentration differences between epi- and hypolimnion. If a component 66 

is depleted / accumulated in the epilimnion, the question is, was it consumed / produced or did 67 

it keep unchanged and was as alternative interpretation produced / consumed in the 68 

hypolimnion or even released / resorbed from the sediment pore-water by diffusion into the 69 

hypolimnion / diffusion to the sediment.  70 

Another aspect is the detection of DOM concentration differences themselves. While the 71 

quantification of single components like nutrients (nitrate, ammonium), metal ions, anions or 72 

trace organic compounds like pharmaceuticals or pesticides in analytical standard methods are 73 

well established, the analysis of DOM comprises considerable difficulties due to the complexity 74 

of its composition. DOM probably consists of thousands or even millions of different organic 75 

compounds and the identification of the isomeric structure of each molecule is still far from any 76 

instrumental analytical realization (Hawkes et al., 2018; Herzsprung et al., 2012). The up to 77 

date highest analytical resolution of DOM can be achieved by Fourier transform‐ion cyclotron 78 

resonance mass spectrometry (FTICR-MS) (Hertkorn et al., 2006; Reemtsma, 2009). This 79 

method is principally appropriate to differentiate abundances of mass features, to which 80 

molecular formulas (MFs) can be assigned.  81 



Various limitations exist to determine the enormous complexity of organic molecules with 82 

FTICR-MS. In combination with sampling and sample preparation it seems challenging to 83 

quantify each single compound in the totality of the DOM in order to investigate transformation 84 

processes. By far not all of the DOM components can be detected by FTICR-MS. Because 85 

desalting is required, a solid phase extraction (SPE) or dialysis or reverse osmosis must be 86 

installed before analysis in the mass spectrometer. Molecules with high water solubility / 87 

polarity are not retained on the cartridge whereas highly hydrophobic molecules might be 88 

retained but no longer eluted with an organic solvent (Raeke et al., 2016). Regarding this 89 

procedure, the FTICR-MS analyzed DOM is designated as SPEDOM (only the extractable 90 

DOM) (Dittmar et al., 2008; Raeke et al., 2016). Even the SPEDOM composition cannot be 91 

analyzed completely. The mass peak intensity is a function of ionization efficiency. This 92 

efficiency will not be a function of the assigned elemental composition, but of each possible 93 

isomer. Any data evaluation which bases on comparison of component abundances derived 94 

from FTICR-MS spectra from different samples has to suggest the same isomeric composition 95 

of MF in each considered sample. The lower the dissolved organic carbon (DOC) concentration 96 

and DOM quality differences between compared samples the better the MF abundances will be 97 

evaluable.  98 

Being aware of these limitations, we present a new attempt on a semi-quantitative level to show 99 

how DOM transformation processes can be followed.  100 

So far, DOM processes were often described by the use of bulk, e.g. optical parameters 101 

(Bracchini et al., 2010; Howard et al., 2021; Painter et al., 2018; Zheng et al., 2020) providing 102 

not sufficient resolution on a molecular basis. More chemical resolution can be achieved by 103 

NMR, which was used for investigation of DOM transformation. (Kida et al., 2021) NMR can 104 

be regarded as bulk parameter as well, because many molecules having the same structural 105 

subunits will contribute to a signal. Also studies using FTICR-MS results often used bulk 106 

parameters like the intensity weighted average number of components, H/C or O/C ratios, 107 

NOSC (nominal oxidation state of carbon), and others or statistical methods like PCA (Berg et 108 

al., 2022; Casas-Ruiz et al., 2020; Fudyma et al., 2021; Kellerman et al., 2014; Martinez-Perez 109 

et al., 2017; Osterholz et al., 2018; Wagner et al., 2015). From those studies no details about 110 

the fate of single MF are available but trends which parts of the DOM (as specified by its 111 

oxygenation, aromaticity, molecular weight…) are reactive.  112 

Some studies, including our recent approaches, used formula by formula rank correlations with 113 

external parameters like the fluorescence intensity, bacterial activity or chlorophyll or even the 114 

radiation dose.(Herzsprung et al., 2012; Herzsprung et al., 2020; Kamjunke et al., 2019; 115 



Lavonen et al., 2015; Stubbins et al., 2014) The resulting correlation coefficients and p-values 116 

can indicate biogeochemical processes. The dimensions (orders of magnitude) of MF 117 

abundance differences are not explored yet.  118 

A more successful strategy addressing the fate of single MF are experiments, where the start 119 

solution is compared with the reacted solution. The MFs are categorized into a) “removed” 120 

(present in the start solution but not in the end solution), b) “produced” (present in the end 121 

solution but not in the start solution) and c) “resistant” (present in both solutions). (Yuan et al., 122 

2017) (Tang et al., 2022) This experiment design cannot distinguish between large abundance 123 

MFs which were no more found in the second sample and low abundance MFs (just above the 124 

signal to noise ratio in the one sample and just below the signal to noise ratio in the other 125 

sample). It may happen that a large start MF abundance corresponds to a just above the S/N 126 

ratio in the second sample, but regarded finally as resistant. In addition, many of the process 127 

oriented FTICR-MS studies do not report about the fate of single MF although the data are 128 

principally available, but not for the readership. In many studies there is a lack of providing raw 129 

data, MFs and their intensities. 130 

This is a research gap in combination with the incomplete evaluated “resistant group”: We 131 

hypothesize therefore that the resistant MF group (present both in a start and end sample or 132 

more generally in all samples of an experiment as function of time or space) can be resolved 133 

for products and degraded MFs with pregnant abundance differences by introduction of new 134 

and appropriate evaluation techniques. Within this common presence pool we expect that a 135 

fraction remains with reliable resistance. It is clear that FTICR-MS studies were performed 136 

where this common presence pool was included and DOM transformations were evaluated by 137 

statistical means as mentioned above. The abundance differences, which will be specified in an 138 

equation in the methods section as δRI, will be regarded as proxy for the reactivity of a MF. 139 

We hypothesize that MFs with extreme δRI exist, which we name key molecular formulas 140 

(KEY-MFs). The KEY-MFs may be of interest for the DOM biogeochemistry community while 141 

the microbiology community already uses key players for investigation which are the bacteria 142 

mainly responsible for certain metabolism. (Tanuwidjaja et al., 2021) 143 

Our hypothesis will be addressed by design of search strategies in FTICR-MS example data 144 

sets. The used examples originate from photochemical experiment (time variation) and drinking 145 

water reservoir monitoring (space and time variation). (Herzsprung et al., 2020; Wilske et al., 146 

2021; Wilske et al., 2020) Drinking water processing is an important environmental and health 147 

issue and DOM components are suggested to influence flocculation costs and to act as 148 

disinfection byproduct precursors. (Phungsai et al., 2018; Lavonen et al., 2013) Such issues 149 



justify the analytical expense (FTICR-MS) and advanced evaluation effort (search for KEY-150 

MFs). While it is not intended to provide a complete list with all elemental compositions and 151 

their quantified influence on drinking water processing in the present study, we want to 152 

demonstrate the possibility to make DOM transformations more comprehensible. Our intension 153 

is to provide new methodological evaluation tools for understanding DOM turnover processes 154 

from available FTICR-MS elemental formula data sets. With the new generated knowledge 155 

already existing elemental formula data sets might be reanalyzed. 156 

Our new judge- and assessment methodology is structured as follows:  157 

I) Calculation of relative intensity differences (δRIs) (2.1) from experiments where 158 

abundance differences are expected between start and end sample (function of time) or 159 

surface and bottom (function of space). 160 

II) Simple search of KEY-MFs – use of data pairs (start / end) or (surface / bottom) (2.2) 161 

III) Advanced search of KEY-MFs – use of data with more time / seasonal / space resolution 162 

(2.3) 163 

IV) Use of δRI ranking for prove of multivariate similarities between the samples by 164 

hierarchical cluster analysis (HCA) (2.4) 165 

V) Deeper statistical prove. A statistically control was performed with description in SI 3 and 166 

execution in “1-s2.0-Sxxx-mmc3.xlsx” using the Cox Stuart (Cox and Stuart, 1955) and 167 

the Wilcoxon (Wilcoxon, 1945) test. 168 

All steps are explained using following data sets: 169 

Photo experiment (PHOT) published in (Herzsprung et al., 2020) 170 

Reservoir Muldenberg monitoring (MULD) (Wilske et al., 2021) 171 

Reservoir Rappbode monitoring (RAPP) (Herzsprung et al., 2020) 172 

  173 



2. Methods  174 

2.1  Calculation of relative (percentage) intensity differences δRIs (I) 175 

Samples have to be selected, where a process relevant abundance difference is expected. This 176 

can be a kinetical experiment, where the end DOM quality is expected to be different from the 177 

start (time series). Another possibility are monitoring experiments, where different MF 178 

abundances can be expected at different locations (variation with space). A lake or reservoir 179 

can be considered, where during stratification different DOM quality between surface and 180 

bottom can be suggested. Also different depths in sediment pore water might be compared, 181 

where different DOM quality might be induced by desorption / adsorption or microbial 182 

processes.  183 

Thus, for calculation of δRIs each two samples (a sample pair) is required, which can be named 184 

sample X and sample Y. 185 

The general Equation would be: 186 

 δRI = {[intensity (sample X) – intensity (sample Y)] / [intensity (sample Y)]} ∙ 100% 187 

The used RIs base on the normalization on the total intensity. (Flerus et al., 2012)  188 

In our example, the δRIs as key values are calculated by sample pairs of end versus start 189 

intensity in a photo experiment (PHOT) and surface versus bottom intensity in the reservoir 190 

monitoring. The calculation principle is visualized in Fig. 1 using examples of sample pairs 191 

from PHOT (end/start) and monitoring in reservoirs, sampling month = July,  (surface/bottom)  192 

from MULD and RAPP. Background information about the three selected example data sets is 193 

available in SI 1.1. These three data sets were merged to a joined data set (finally named as total 194 

data set) where only the shared components (total common presence) in all samples were 195 

considered. 196 

As limitation one has to suggest that each component has the same isomeric composition in all 197 

samples. This need of assumption is not only valid for our study but for all studies which used 198 

direct infusion FTICR-MS (without chromatographic separation and without mass 199 

fragmentation). A further limitation of the equation (calculating relative differences) is the fact 200 

that the information is lost whether these were major abundance MFs (high importance for bulk 201 

DOM) or low abundance MFs (little importance for bulk DOM). 202 

 203 



    

    

    
 204 
Fig. 1 Visualization of the calculation of δRI. A, B: RI as function of time (PHOT, start, 205 
end); RI as function of space in MULD (C, D) and in RAPP (E, F), lake surface and bottom in 206 
July 207 

 208 

2.2 Simple search of KEY-MFs (II) 209 

The simple search bases on the idea to calculate the ranking of the δRI values for each 210 

experiment and combining them to a rank sum for each MF. By suggestion that the different 211 

experiments have to be combined for the KEY-MF search, the KEY-MFs are simply the 212 

components with extreme positive or extreme negative rank sum values.  213 

In our case the data subset was used as described in SI 1.2 (sample X means end sample of 214 

PHOT or surface sample from MULD or RAPP; Y means start sample from PHOT or bottom 215 

from MULD or RAPP, see Fig. 1). For each data set (PHOT, MULD, RAPP) the ranks of the 216 

δRI are calculated for all 1111 MFs. Finally the rank sum for each MF is calculated as shown 217 

in “1-s2.0-Sxxx-mmc2.xlsx”, sheet “simple_search”, column M. As shown in the 218 
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“simple_search” sheet we selected the first ten with the lowest rank sum (Screenshot 6, SI 219 

2.3.1) and the last ten with the highest rank sum (using autofilter in excel represents one 220 

simple possibility). The lowest rank sum KEY-MF are defined to have positive reactivity 221 

(products), the highest rank sum KEY-MF are defined to have negative reactivity (degraded). 222 

It is clear that the number ten (of KEY-MFs) was selected randomly (just to show example 223 

results) and one has to reflect about the weighting of the experiments which contribute to the 224 

rank sum.  225 

This simple search method can be extended by including more specific steps depending on the 226 

special data sets and the scientific question.  227 

 228 

2.3 Advanced search of KEY-MFs (III) 229 

If more data as function of time and / or space are available, the search of KEY-MFs can be 230 

elaborated. While the simple search strategy addresses experiments which generated data 231 

pairs (start / end, surface / bottom for example) our advanced search is targeted to more valid 232 

interpretation of temporal and spatial biogeochemical processing. 233 

 234 

2.3.1 Experiments with higher time resolution 235 

If more than two data points in a kinetical experiment are available, the question is which data 236 

can be used as data pair X and Y. Here we introduce one solution (of potential more 237 

possibilities) using median values. 238 

As an example we use data from PHOT (SI 1.2). The reaction course is divided into three 239 

phases: Starting (four measurements), middle (five measurements), end (four measurements). 240 

Sample X is defined as the median value of the end phase and sample Y as the median value 241 

of the start phase (SI 2.1, equation 1, Fig. S1). It is clear that median values are more robust 242 

from a statistical and experimental point of view. 243 

 244 

2.3.2 Monitoring with space and seasonal resolution 245 

In the reservoir samples which we use here as example several sample pairs X / Y (surface / 246 

bottom) are available, particularly at different seasons. The δRI values are calculated for all 247 

selected seasons in separate using equation 2 (SI 2.1), both for MULD and RAPP. For the 248 



advanced KEY-MF search, only months with lake stratification were used, because only at 249 

such times differences between X and Y can be expected. The temperature data, which are the 250 

basis for suggestion of stratification, are reported in the recent studies together with the data 251 

sets MULD and RAPP. For MULD three months (June, July, August) and for RAPP four 252 

months (June, July, August, October) were combined by calculation of the median δRI values 253 

using equation 3 (SI 2.1).  254 

 255 

2.3.3 Combination of 2.3.1 and 2.3.2 for ranking calculation 256 

The ranking of the median δRI values as a normalization offers the possibility to combine 257 

both data sets. In our case, it is calculated in “1-s2.0-Sxxx-mmc2.xlsx”, sheet 258 

“advanced_search”, column O, P, Q, with the rank sum in column M. Before the smallest and 259 

highest rank sum values are searched for KEY-MFs additional criteria are recommended to 260 

improve the robustness with regard to biogeochemical process interpretation.  261 

 262 

2.3.4 Advanced criteria, search of MFs with identical sign for δRI 263 

For different sampling dates during the total stratification period in the reservoir monitoring 264 

one can assign biogeochemical reactivity only for components with identical sign for δRI on 265 

each of the considered sampling dates (for example in MULD for all three months, June, July, 266 

August with lake stratification). Regarding PHOT, we expect for photo products that all 267 

experiment end time points (T9 – T12) show higher intensity compared to all start time points 268 

(T0 – T3) and for photo degraded components the opposite. 269 

The principle of the following search equations is the question (programmed in excel) if a group 270 

of values is (for reservoirs pairwise) larger or smaller compared to the opposite group. The 271 

details are shown in SI 2.2 (eqs. 4a, b; 5a, b; 6a, b). 272 

The result of such “equation question” as excel equation (reservoir as an example) 273 

(=IF(AND(RIsurfaceJun>RIbottomJun;RIsurfaceJul>RIbottomJul;RIsurfaceAug>RIbottomAug);1;0)) 274 

is in principle “true” or “false” (1 or 0). Using autofilter, the three data sets (MULD, RAPP, 275 

PHOT) can be combined by the same sign of reactivity, if for all three the same result (true 276 

resp. false) was found. The implementation of all six equations is documented in the 277 

“advanced_criteria” sheet of “1-s2.0-Sxxx-mmc2.xlsx” with column addresses shown in SI 2.2. 278 



If eqs. 4a, 5a, 6a have the result “1”, the component has positive reactivity (product). For eqs. 279 

4b, 5b, 6b the result “1” means negative reactivity (degradation). The result “0” for any of these 280 

eqs. means no reactivity. 281 

The possible combination of results of such equation questions can be translated in DOM 282 

reactivity of the MFs using reactivity codes as follows: 101010 = photo product, 6 characters, 283 

equation sequence 4a|4b|5a|5b|6a|6b| as explained in SI 2.2 (Screenshot 1 – 5). 010101 = photo 284 

degraded; 000000 = non reactive; 001010 = microbial product (no photo reactivity but positive 285 

reactivity in both reservoirs); 000101 = microbial degraded (no photo reactivity but negative 286 

reactivity in both reservoirs); all remaining codes like 000100 mean that no clear reactivity can 287 

be assigned to the corresponding MFs. 288 

The assigned biogeochemical reactivities to all considered 1111 MFs are balanced (number of 289 

MFs) in Table 1 and shown individually for all MFs in the “advanced_criteria” column M 290 

(reactivity codes shown in column N). 291 

 292 

2.3.5 Combination of median δRI values ( 2.3.3) with advanced criteria (2.3.4) 293 

By this process it can be verified that the via rank sum searched KEY-MF (which address 294 

certain biogeochemical processing) have the correct reactivity code. The reactivity code is 295 

appropriate to select all MFs with the same defined biogeochemical reactivity.  296 

Practically it means that the reactivity codes and corresponding biogeochemical reactivities 297 

were copied from the “advanced_criteria” sheet to the “advanced_search” sheet in “1-s2.0-298 

Sxxx-mmc2.xlsx”. The advanced KEY-MF search continued with following steps: 299 

Search of photo product KEY-MF: reactivity code is set to 101010 (column J, using 300 

autofilter). Then the ten lowest values in column M (rank sum) are searched and the cells in 301 

column L labelled with “photo product” (Screenshot 7, SI 2.3.2). The found KEY-MFs are 302 

shown in Screenshot 8. 303 

Search of photo degraded KEY-MF: reactivity code is set to 010101. Then the ten highest 304 

rank sum values are searched and the cells labelled with “photo degraded”. 305 

Search of microbial products: reactivity code is set to 001010. An additional rank sum value 306 

column is available (column N). Only the ranks of both reservoirs were added MF-wise, but 307 

the PHOT ranks were not considered. Then the ten lowest rank sum values are searched and 308 

the cells labelled with “microbial product”. 309 



These MF- data can be extracted and their PHOT median δRI values can be plotted versus the 310 

reservoir median δRI values. In such plot the KEY-MFs can be highlighted and the order of 311 

magnitude of δRI differences between KEY-MFs and residual MFs can be visualized as 312 

shown in Fig. 3. 313 

 314 

2.4 Prove of multivariate similarities using HCA (IV) 315 

As shown for the simple KEY-MF search (2.2) and the advanced search (2.3) the δRI values 316 

can be used for calculation of their ranking for each of the 1111 MFs. A HCA based on the 317 

ranked dataset distance is an option to find out similarities and dissimilarities between the 318 

sample pairs. Here the PHOT (median end / start) sample pair is compared with reservoir 319 

sample pairs (surface / bottom) for months with and without stratification, for all 1111 MFs. 320 

The ranking is calculated in the 1-s2.0-Sxxx-mmc2.xlsx, sheet “ranking_for_HCA”, column M 321 

(PHOT), columns N – T (MULD), columns U – AA (RAPP).  322 

The ranks were used for calculation of a HCA using Ward's minimum variance method with 323 

squared Euclidean distance for classification of all single sampling dates (each seven for the 324 

reservoirs and one for PHOT) (Ward, 1963). The statistical assessments were executed in 325 

StatisticaTM Version 13.3.  326 

The received dendrogram (Fig. 2) clearly separates sampling dates during stratification in the 327 

reservoirs.  This implies that the subdivision of the waterbody by temperature gradient as the 328 

main driver for stratification is reflected in the DOM quality analysis. PHOT data clustered 329 

together with the reservoir sampling campaigns during stratification. This is one more indicator 330 

for the influence of the thermocline. 331 

  332 



 
 

 333 
 334 
Fig. 2 Dendrogram HCA showing the distributions of δRI. for photo experiment (PHOT) and 335 
the two reservoirs Rappbode (RAPP) and Muldenberg (MULD) in different months; red: 336 
stratification; blue: no stratification  337 
 338 
 339 
3. Results and Discussion 340 

The focus is on the methodological outcome of the presented data evaluation. The selected data 341 

sets / experiments / studies are used as examples. The δRIs are used for discussion how MFs 342 

illustrate biogeochemical processes (3.1). Maximum δRIs represent KEY-MFs. The 343 

corresponding RI versus time or space plots (3.2) are appropriate examples to confirm 344 

suggested processes. In 3.3 RI versus time or space plots are presented as examples to challenge 345 

the limitations of process interpretation. Drinking water reservoirs are one example (3.4) where 346 

the KEY-MF search can be of environmental benefit. 347 

 348 

 349 

3.1 Evaluation of the calculated δRIs 350 

PHOT clustered (dendrogram in Fig. 2) together with the reservoir sampling campaigns during 351 

stratification. Within this cluster, the MULD (Jun – Aug) samples clustered separately from the 352 

RAPP (Jun – Oct) samples. This is not surprising since biogeochemical cycling might be 353 

different in reservoirs and depends on climatic conditions. The October sample from RAPP 354 

clustered together with the other sampling dates during stratification. At this time point RAPP 355 

was stratified in contrast to MULD in October. The MULD October sample clustered together 356 



with time points from both reservoirs during a period without stratification. Without 357 

stratification the samples are clustered relatively mixed (MULD Feb; RAPP Dec; MULD Dec; 358 

MULD Oct) and (MULD Mar; RAPP Jan; RAPP Mar). This suggests that the evaluated δRIs 359 

behave randomly indicating that there is no potential to effectively evaluate biogeochemical 360 

processes (they are not visible).  361 

 362 

The next step is to find out which of the 1111 components were mainly responsible for the 363 

observed differences in ranking between late spring / summer months (stratification) and late 364 

autumn / winter months (no stratification). One possibility to search for significant behavior of 365 

components was the search for components with positive or negative δRIs in all months with 366 

stratification (2.3.4; SI 2.2, eqs. 5a,b; 6a,b). A balance of this analysis is shown in Table 1. The 367 

reactivities are defined and explained in 2.3.4.  368 

 369 
 370 
Table 1 Balances of reactivities of all 1111 components under consideration 371 

Identification of 
reactivity 

Reactivity 
code  

PHOT MULD RAPP Number of 
MFs 

Non reactive 000000 0 0 0 102 
not assigned 000001 0 0 negative 54 
not assigned 000010 0 0 positive 29 
not assigned 000100 0 negative 0 70 
Microbially degraded 000101 0 negative negative 78 
not assigned 000110 0 negative positive 9 
not assigned 001000 0 positive 0 52 
not assigned 001001 0 positive negative 14 
Microbial product 001010 0 positive positive 71 
not assigned 010000 negative 0 0 85 
not assigned 010001 negative 0 negative 84 
not assigned 010010 negative 0 positive 1 
not assigned 010100 negative negative 0 47 
Photo degraded 010101 negative negative negative 155 
not assigned 011000 negative positive 0 63 
not assigned 011001 negative positive negative 11 
not assigned 011010 negative positive positive 12 
not assigned 100000 positive 0 0 9 
not assigned 100010 positive 0 positive 38 
not assigned 100100 positive negative 0 1 
not assigned 100110 positive negative positive 2 
not assigned 101000 positive positive 0 8 
Photo product 101010 positive positive positive 116 

 372 
Reactivity codes are shown in 1-s2.0-Sxxx-mmc2.xlsx, sheet “advanced_criteria”, column N 373 



As largest group 155 MFs were found with negative reactivity in all summer months of both 374 

reservoirs and in PHOT. The second largest group contains 116 MFs identified as photo 375 

products (positive reactivity in all three data sets). The non reactive group contains 102 MFs.  376 

71 components were identified as microbial products and 78 as microbially degraded. The 377 

reactivity of all other components remains unclear and will not be further considered in this 378 

article. The found reactivities can be compared with the results from our recent study (columns 379 

H – L in the “advanced_criteria” sheet of 1-s2.0-Sxxx-mmc2.xlsx) which used rank correlation 380 

with radiation dose (PHOT) and Chla (RAPP Reservoir monitoring). A balance is shown in 381 

Table S4. 91 % (106 of 116) of the photo products were confirmed (new results in column M) 382 

by the former study, 61 % of the photo degraded components, 52 % of the microbial products, 383 

47 % of the microbially degraded components and 41 % of the non-reactive components. This 384 

demonstrates that principally reasonable reactivities can be found and assigned but many 385 

compounds remain where no clear reactivity can be derived. For some components different 386 

reactivities were found. As an example, 6 components were found to be photo products in the 387 

present study but in the cited study (Herzsprung et al., 2020) they were calculated as microbial 388 

products (Chla+Rad0). This is not surprising because we expect that the reactivity assignment 389 

is not completely independent from the applied search or calculation algorithms.  390 

 391 

3.2 Search of KEY-MFs 392 

It is not intended to allocate reactivities to all components considered in the present study. 393 

Instead we want to show how to find the components showing the largest reactivity (highest 394 

δRI values.) in all selected (three) experiments. A simple way (simple search) is the use of the 395 

calculated ranking as shown in 1-s2.0-Sxxx-mmc2.xlsx, sheet “simple_search”. Here the 396 

evidently most reactive MFs are highlighted after combination of three experiments but without 397 

any further suggestions. In the advanced search (2.3) additional selection criteria were 398 

introduced, the expectation that KEY-MFs show the same reactivity in all three compared data 399 

sets (except for the suggested microbial transformations, where no photo reactivity was found). 400 

The sum of ranks for KEY_MFs for both the simple (2.2) and the advanced (2.3) search shown 401 

in Table S2. The simple search did not show exactly the same KEY-MFs like the advanced 402 

search. In the following we rely on the KEY-MFs found in the advanced search. Ten 403 

components with the lowest sum value of ranks (products, C9H12O6; C9H12O5; C10H16O6; 404 

C10H16O7; C11H14O7; C11H18O7; C10H14O6; C10H14O5; C11H16O5; C9H12O4) and ten with the 405 

highest sum value (degraded, C20H16O14; C19H14O13; C17H14O13; C18H14O13; C17H12O12; 406 



C18H12O12; C20H16O13; C18H16O14; C19H16O14; C21H16O13) were listed as searched in 407 

“advanced_search” sheet, using autofilter for column J (reactivity code) and M (rank sum). 408 

The ten components with the lowest rank sum, all photo products, are relative aliphatic (H/C > 409 

1.3) and their number of carbon atoms is low (9 – 11). In contrast, the found photo degraded 410 

components with the highest rank sum are relative aromatic (H/C < 1) and oxygen-rich (O/C > 411 

0.6) with higher number of carbon atoms (17-23). 412 

While the ranking of δRIs shown in Table S2 is a robust search which component is more or 413 

less reactive, it does not provide information about the quantitative relations, e.g. if a component 414 

has 20% or 100% more reactivity. In order to give a first impression of the dimensions of the 415 

relations of reactivities between components, PHOT δRIs (equation 1, SI 2.1) are plotted versus 416 

the reservoir median δRIs (equation 3, SI 2.1) and shown in Fig. 3. The photo product KEY-417 

MFs found in Table S2 with potential high reactivity are shown by their formulas. Key photo 418 

products are highlighted in Fig. 3, key photo degraded MFs in Fig. S2. Evidently photo products 419 

exist with more than five-fold δRI compared to others from this group (Fig. 3, for example 420 

C9H12O6). All results depend on the definition of the equations (1 – 3) and selection of samples. 421 

The intention is not to present an optimized calculation but moreover a reasonable idea (of 422 

many possible ones) to compare components reactivities in a simple (semi-quantitative) 423 

manner. The search strategy using δRI is in the focus. 424 

The absolute δRI values of degraded components are lower compared to those values of the 425 

photo products (Fig. S2 versus Fig. 3), partly caused by the calculation algorithm. The 20 listed 426 

KEY-MFs (Table S2) show in all data sets comparably high absolute δRI values within the 427 

respective reactivity groups.  428 

Accordingly microbial products can be searched by the lowest rank sum, if the value for PHOT 429 

is excluded from the rank sum calculation (Fig. S3 and Table S3) and the reactivity code is set 430 

as 001010 in the “advanced_search” sheet. 431 

KEY-MFs can be further checked if the RIs can be combined to meaningful profiles using all 432 

available data from the joint data set. RIs are plotted versus radiation dose (PHOT) and versus 433 

season and depth (MULD, RAPP). For this purpose a procedure (programmed in Excel, 1-s2.0-434 

Sxxx-mmc2.xlsx) for displaying DOM component profiles is introduced in SI 12. In Fig. S9 435 

the plots of the photo product having lowest rank sum (Table S2) are shown. The RI of the 436 

photo product C9H12O6 increased nearly monotonously (in PHOT, Fig. S9 A) and the final 437 

intensity nearly doubled compared to the initial intensity.  438 



 439 

 
 440 
Fig. 3 δRIPHOT plotted versus median δRIReservoir ; green: Reservoir Rappbode, blue: Reservoir 441 
Muldenberg; red: KEY-MFs Rappbode, pink: key comp. Muldenberg. Only the coordinates of 442 
photo products and photo degraded components are shown (see Table 1); as KEY-MF only the 443 
photo products are highlighted 444 
 445 
The data from RAPP (Fig. S9 E,G) showed a significantly elevated C9H12O6 intensity at the 446 

surface water (epilimnion) during stratification months for this component. The same effect 447 

was observed in MULD samples (Fig. S9 C). Here the stratification ended already in October. 448 

According to the available data, MULD showed elevated epilminetic C9H12O6 intensity at the 449 

beginning of the following stratification period in 2016. As photo degraded component, 450 

C20H16O14 showed nearly monotonous decreasing intensity in PHOT (Fig. S19 A). Both in 451 

RAPP and MULD samples, depleted intensity was measured during stratification (Fig. S19 452 

C,E,G). The profiles of all 30 found KEY-MFs are shown systematically arranged in SI 9-11 453 

(Figs. S14-S18, photo products; Figs. S19-S23, photo degraded components; Figs. S24-S28, 454 

microbial products). As an example for a microbial product the profiles from C10H10O7 (Fig. S7, 455 

A,C,E,G) show elevated epilimnion intensities in both reservoirs but rather decreasing intensity 456 

in PHOT.  457 

 458 

Regarding the C9H12O6 profile in Fig. S9 A, it can be shown which properties we expect from 459 

a photo product. First, the intensity must be significantly higher at the end of the irradiation 460 

experiment (Fig. S9 A). Second, we expect that in natural waters or managed waters (lakes or 461 

reservoirs) the intensity is increased in a water body (e.g. epilimnion) receiving more solar 462 

radiation dose compared to a water body with attenuated radiation (hypolimnion). This is the 463 

case for C9H12O6 in Fig. S9 C (MULD) and E, G (RAPP). As shown in the methods section 464 
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(Fig. 1), this expectation can be written as equations and used as search algorithm. Table 1 465 

shows that reasonable reactivity groups can be found. 466 

As discussed in our recent study,(Herzsprung et al., 2020) it is hardly possible to discriminate 467 

between exclusively photochemically produced (or degraded) compounds and those where 468 

microbial activity contributed. In addition, one has to consider that photo products might be 469 

microbially available (possible priming effect). (Bianchi, 2012; Fudyma et al., 2021; Kuzyakov, 470 

2010; Olefeldt et al., 2013) This discussion is addressed in SI 5.2 (Fig. S4). 471 

 472 

 473 

3.3 Limitations of assignment of reactivity types 474 

Threshold criteria have to be set for search routines. According to the defined equations 4-6 (SI 475 

2.2), which can be regarded as thresholds, MFs could be assigned to reactivity groups (Table 1). 476 

The MF C10H10O7 shows clearly no trend of intensity increase over the total period of PHOT 477 

and the final intensity was smaller compared to the start intensity (Fig. S7 A). Photo production 478 

of this MF can be excluded from that plot. Since epilimnetic intensity increase was observed in 479 

both reservoirs for this MF, microbial production can be suggested. A similar MF, C10H12O7 480 

showed significant intensity increase during PHOT and epilimnetic intensity increase in both 481 

reservoirs (Fig. S7 B). As conclusion, both C10H10O7 and C10H12O7 must have different 482 

biogeochemical reactivity as it was calculated by the defined thresholds. C8H10O6 and C8H10O5 483 

also have similar compositions. C8H10O6 has been calculated as microbial product and C8H10O5 484 

as photo product. However the photo degradation profiles of these two MFs (Fig. S8 A, B) are 485 

not such different as those profiles of the compared pair C10H10O7 and C10H12O7 (Fig. S7 A, B). 486 

Only the first five time points show different reactivity (increasing intensity for C8H10O5 and 487 

more or less constant intensity for C8H10O6 (Fig. S8 A). The final 8 time points show nearly no 488 

RI variation for both MFs. These observations show, as an example, that C8H10O6 is not rather 489 

appropriate to be selected as KEY-MF (microbial product, see Fig. S3 and Table S3) concerning 490 

clarity of reactivity assignment. As a counterexample, for C10H10O7 it is much clearer that it 491 

must have been microbially produced rather than photochemically (Fig. S7 A, C, E). 492 

The selected threshold criteria are just an idea amongst many other possibilities. It is clear that 493 

assignment of reactivity types to MFs will depend on threshold criteria. As shown above and 494 

in the SI many profiles were found which confirmed that selected threshold criteria were to 495 

some extend reasonable, but not in all cases.  496 

For further elucidation six MFs were selected as an example to compare them for assigning 497 

clear biogeochemical reactivity by discussion of the RI versus radiation dose or versus depth 498 



plots and consulting rank correlation data from our previous study(Herzsprung et al., 2020). 499 

For this purpose Figs. S9-S11 are discussed subsequently to Fig. S11 in SI 6. 500 

It can be finally stated that pure statistical analysis is useful (Herlemann et al., 2014; Osterholz 501 

et al., 2018) to describe biogeochemical turnover of DOM but evidently not sufficient to 502 

confirm clear reactivity for all assigned MFs. Plotting of the RIs versus time and / or space can 503 

achieve more clarity of DOM reactivity. 504 

Our intension was just to implement a methodology to find out MFs with maximum δRI. The 505 

three selected data sets are appropriate to derive clear statements about processes from RI versus 506 

time or space plots. It is clear that processes can be easier derived from batch experiments (here 507 

photo degradation) or a stratified lake or reservoir with the assumption of low water mass 508 

exchange. The process oriented interpretation of δRI in rivers or marine ecosystems might be 509 

more complicated. However search of maximum δRI will contribute to understanding of DOM 510 

transformations. 511 

 512 

3.4 Practicality of the KEY-MF search with respect to drinking water production 513 

MFs from reservoir monitoring were already identified to be potential precursors of disinfection 514 

byproducts as discussed recently (Herzsprung et al., 2020; Phungsai et al., 2016; 2018). With 515 

our KEY-MF search it can be verified which precursors are most important and which show 516 

high reactivity, as indicated by δRI. For example, C10H14O6 has been identified as a key photo 517 

product (Fig. 4 A) and precursor (Phungsai et al., 2016). For MULD, its intensity remained at 518 

relative low level (red profile, Fig. 4 C) at the water subtraction depth and the bottom layers 519 

between spring and late summer (August 2015). In September, after mixing homogenized its 520 

vertical distribution, it subsequently dropped continuously over the wintertime. In contrast to 521 

this, the polyphenol-like MF C19H14O13 decreased from August to September (Fig. 4 D) and 522 

afterwards increased. This knowledge might be used by the water works authority, e.g. by 523 

adapting the water subtraction depth in order to avoid undesired DOM MFs, e.g. disinfection 524 

byproduct precursors or polyphenol-likes. The latter ones would cause more flocculation costs 525 

(because of precipitation with iron or aluminum salts) (Andersson et al., 2020; Lavonen et al., 526 

2015; Zhang et al., 2012). If higher spatial resolution is available like in RAPP (8 – 9 different 527 

depths, Fig. 4 E,F,G,H), a better adaptation of the subtraction depth is possible. It seems also 528 

practical to simply use lake temperature data, which reflect the stratification situation as a proxy 529 

if the seasonal patterns remain relatively stable within the year. Our results suggest that photo 530 

products, which can act as disinfection byproduct precursors (Phungsai et al., 2018), generally 531 

accumulate in eplimnetic waters and vice versa polyphenol-likes are depleted there because of 532 



photo degradation. δRIs of KEY-MFs evidently can be used as proxies for the properties of 533 

DOM (precursor, flocculation relevance). 534 

The relevance of the KEY-MFs addressing their abundance in the mass spectrum compared to 535 

all other assigned MFs has been tested. The found KEY-MFs have mainly abundances much 536 

larger than the signal to noise ratio (details in SI7 / Fig. S12). 537 

  

  

  

  
Fig. 4 intensity versus time or depths of the MFs C10H14O6 (photo product) and C19H14O13 538 
(photo degraded) – the intensities at the water subtraction depths in Reservoir Muldenberg 539 
are shown (red line, C, D)   540 
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4. Conclusions 541 

This study presents an evaluation method for FTICR-MS data sets in order to find out KEY-542 

MFs which reveal high biogeochemical reactivity within the very complex DOM pool. The 543 

main outcomes are: 544 

• The hypothesis that the pool with apparently resistant MFs (present in all samples of an 545 

experiment) can be resolved to products, degraded MFs and reliable resistant MFs could 546 

be convincingly confirmed 547 

•  The search strategies confirmed in part biogeochemical reactivities of MFs which were 548 

statistically evaluated (by rank correlation) in recent studies 549 

• RI versus time or space plots for single MF are appropriate to proof the suggested 550 

biogeochemical reactivities 551 

• The δRI values from different data sets can be plotted versus each other (photo 552 

experiment versus reservoir stratification) and let space for biogeochemical 553 

interpretations 554 

• Photo products with extreme δRI values can be found as KEY-MFs 555 

• Some KEY-MFs could be identified as potential disinfection byproduct precursors or 556 

important for flocculation processes 557 

 558 

The reactivity of MFs can be discriminated in a (at least) semi-quantitative way, just stating 559 

component A is more reactive compared to component B under preconditions C. The resulting 560 

question is, whether it is reasonable in any case to evaluate all mass peak data which are 561 

available in its completeness or would it be more effective to select KEY-MFs as proxies for 562 

DOM transformation processes. It is promising to further differentiate only KEY-MFs by 563 

chromatographic fractionation or MS / MS fragmentation to get more insights into the isomeric 564 

composition and finally into their variations. 565 
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