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Abstract Large Arctic rivers discharge significant

amounts of dissolved organic matter (DOM) into the

Arctic Ocean. We sampled natural waters of the Lena

River, the Buor-Khaya Bay (Laptev Sea), permafrost

melt water creeks, ice complex melt water creeks and a

lake. The goal of this study was to characterize the

molecular DOM composition with respect to different

water bodies within the Lena Delta. We aimed at an

identification of source-specific DOM molecular

markers and their relative contribution to DOM of

different origin. The molecular characterization was

performed for solid-phase extracted DOM by Fourier

transform ion cyclotron resonance mass spectrometry

(FT-ICR MS). Average dissolved organic carbon

concentrations in the original samples were

490 ± 75 lmol C L-1 for riverine and bay samples

and 399 ± 115 lmol C L-1 for permafrost melt

water creeks. Average TDN concentrations were

elevated in the permafrost melt waters (19.7 ±

7.1 lmol N L-1) in comparison to the river and the

bay (both 13.2 ± 2.6 lmol N L-1). FT-ICR MS and

statistical tools demonstrated that the origin of DOM

in the Lena Delta was systematically reflected in its

molecular composition. Magnitude weighted param-

eters calculated from MS data (O/Cwa, H/Cwa, C/Nwa)

highlighted preliminary sample discrimination. The

highest H/Cwa of 1.315 was found for DOM in melt
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water creeks in comparison to 1.281 for river and

1.230 for the bay samples. In the bay samples we

observed a higher fraction of oxygen-rich components

which was reflected in an O/Cwa ratio of 0.445 in

comparison to 0.425 and 0.427 in the river and creeks,

respectively. From the southernmost location to the

bay a relative depletion of nitrogenous molecular

markers and an enrichment of oxidized DOM compo-

nents occurred. The highest contribution of nitroge-

nous components was indicative for creeks reflected in

a C/Nwa of 104 in comparison to 143 and 176 in the

river and bay, respectively. These observations were

studied on a molecular formula level using principal

component and indicator value analyses. The results

showed systematic differences with respect to water

origin and constitute an important basis for a better

mechanistic understanding of DOM transformations

in the changing Arctic rivers.

Keywords Arctic � Lena Delta � Permafrost � DOM �
FT-ICR MS � Molecular markers

Introduction

The large rivers discharge huge amounts of freshwater

into the Arctic Ocean. Arctic rivers drain vast areas

characterized by variable vegetation and soil condi-

tions (Bhatt et al. 2010; Lantuit et al. 2009) which are

important sources of dissolved organic carbon (DOC)

in the Arctic Ocean. Dissolved organic matter (DOM)

is involved in a wide range of biogeochemical

processes in the Arctic river watersheds (Yenisei,

Ob, Lena, Indigirka, Kolyma, Mackenzie and Yukon)

(Roehm et al. 2009; Wickland et al. 2012) and in the

Arctic Ocean (Amon and Meon 2004; Dittmar and

Kattner 2003). It supports microbial growth, affects

primary production and therefore plays an important

role in carbon and nutrient cycling (Le Fouest et al.

2013).

The water (McClelland et al. 2004; Peterson et al.

2002) and DOC discharge (Frey and McClelland

2009; Semiletov et al. 2011) into the Arctic Ocean are

expected to change in future due to increasing

temperatures and subsequent permafrost thawing and

degradation (Zhao-ping et al. 2010). The largest and

most vulnerable source of organic matter is repre-

sented by the organic-rich permafrost (Engelhaupt

2008). The estimated amount of organic carbon

accumulated in permafrost is *1,700 Pg of carbon

(Tarnocai et al. 2009). The degradation and mobiliza-

tion of this carbon pool would have critical implica-

tions for microbial processes, primary production and

carbon cycling in the Arctic and the Arctic Ocean

Basin interior (Frey and McClelland 2009; Schuur

et al. 2008). DOM represents the most mobile part in

these soils and is therefore of particular importance

when studying organic carbon fluxes in changing

permafrost environments. DOM is a highly complex

mixture of organic compounds with different chemical

properties (Thurman 1985). In the context of global

element cycles it remains an unresolved issue which

fractions of DOM are bioavailable or recalcitrant

(Abbt-Braun and Frimmel 2002; Jiao et al. 2011) and

it is one of the most important challenges in the field of

DOM research to develop a better mechanistic under-

standing of the processes, which determine the wide

range of residence times (Flerus et al. 2012; Lechten-

feld et al. 2014).

The Lena River is one of the largest rivers in the

Arctic, and permafrost underlies 78–93 % of the

watershed with continuous permafrost extending

south to 50�N (Zhang et al. 1999). Estimates for the

annual discharge of DOC range between

4.1–4.9 Tg C year-1 (Dittmar and Kattner 2003;

Opsahl et al. 1999) and 5.6–5.8 Tg C year-1 (Holmes

et al. 2012; Raymond et al. 2007). The annual

discharge of the Lena River particulate organic carbon

(POC) was estimated to be 0.38 Tg C year-1 (Se-

miletov et al. 2011) which is less than one tenth of the

contribution of DOC emphasizing the importance of

DOM to the total organic carbon discharge. Late

summer runoff of the Lena River is dominated by

DOM input from organic-rich soils, ice complexes,

and the mires of northern Asia. Hydrologic processes

mobilize organic carbon stored in the permafrost soils

and carry it downstream (Guo et al. 2007).

The majority of existing studies, which addressed

carbon fluxes, sources and transformation of organic

matter in the Arctic used bulk DOC, isotopic signa-

tures and targeted biomarker approaches. Several

studies used isotopic and biomarker approaches to

investigate DOM and particulate organic matter fluxes

in the Buor-Khaya Bay of the Laptev Sea (Karlsson

et al. 2011) and other Arctic regions (Cooke et al.

2009; Vonk et al. 2008; Yunker et al. 1995). Carbon

isotope and lipid biomarker studies in the Buor-Khaya
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Bay demonstrated that a large terrestrial input from the

Lena River leaves a significant imprint on the surface

water POC composition (Karlsson et al. 2011). The

young fluvial/alluvial POC pool is relatively buoyant,

organic carbon rich and bioavailable, which is con-

sistent with clear spatial trends of rapidly degrading

POC throughout the Buor-Khaya Bay surface water

(Karlsson et al. 2011). Most of the annual discharge of

lignin (an unambiguous terrestrial tracer) occurs

during the 2 months of spring freshet with extremely

high lignin concentrations and a lignin phenol com-

position indicative of fresh vegetation from boreal

forests. At low flow conditions DOM was dominated

by older, soil, peat and wetland-derived DOC (Dox-

aran et al. 2012). Despite several studies on DOM

molecular markers in the Lena River (Doxaran et al.

2012; Kraberg et al. 2013; Lara et al. 1998), there is

still a gap in our understanding of regional biogeo-

chemical processes involving DOM from different

sources (i.e., riverine, soil and permafrost).

In the permafrost influenced Kolyma River the

composition and age of DOM was analyzed during

different seasons using radiocarbon analysis (Neff

et al. 2006). The bulk DOM in winter and spring is

modern with a high concentration of lignin. At the end

of summer and in autumn, the age of DOM becomes

significantly older indicating that the DOM generation

changed from surface to deep soils or other terrestrial

sources of old and more refractory DOM. The Lena

River and Kolyma River may have similar mecha-

nisms and trends of organic matter release. However,

integral DOM signals such as isotopic composition or

radiocarbon age and more specific signals from other

molecular markers have to be combined with new

analytical tools and markers on a molecular level for a

better understanding of the Lena River Delta ecosys-

tem processes. Identification of new groups of bio-

markers will also broaden our current knowledge of

changing processes in the Arctic rivers caused by

climate change.

There is still a gap of knowledge of the quality of

DOM in Arctic rivers which is an important factor to

assess its bioavailability and degradability. Untargeted

analytics such as Fourier transform ion cyclotron

resonance mass spectrometry (FT-ICR MS) allows to

cover the complexity of the molecular pattern of DOM

and to identify molecular markers and their transfor-

mation pathways in the pool of DOM molecules

(Stubbins et al. 2010). Molecular markers, which

demonstrate not only the most dramatic but also

individual changes, may also represent major biogeo-

chemical processes. FT-ICR MS already demon-

strated its applicability in a number of studies on

DOM molecular compositions (Hertkorn et al. 2008;

Nebbioso and Piccolo 2013; Schmidt et al. 2011).

These studies take into account thousands of molec-

ular components of DOM. Further data analysis allows

understanding what presence/absence (or changes in

relative biomarker contribution) of different markers

reflect on the biogeochemical level. Previous studies

demonstrated that the application of statistical tools

simplifies data interpretation (Koch et al. 2008;

Kujawinski et al. 2009; Sleighter et al. 2010). Recent

FT-ICR MS studies on Arctic DOM observed latitude

and pH driven trends in the molecular composition of

DOM in the Yenisey River (Roth et al. 2013). The

authors showed that the climatic gradients along the

latitude (from south to north) were related to a higher

abundance of low molecular weight components,

nitrogen-containing components and an increase in

the degree of unsaturation of riverine DOM. For boreal

lakes of Sweden it was demonstrated that parameters

such as precipitation, water residence time and mean

annual temperature are reflected in the DOM compo-

sition and its chemodiversity (Kellerman et al. 2014).

In Arctic fjords, FT-ICR MS indicated the rapid

turnover of DOM (Osterholz et al. 2014).

The aims of this research were to quantify DOC and

TDN concentrations in different waters of the Lena

Delta and to identify source-specific molecular mark-

ers of DOM and their relative contribution to the Lena

River, melt water creeks and Buor-Khaya Bay DOM

samples for an advanced understanding of DOM

compositional changes in the permafrost dominated

riverine region. The broad molecular view derived by

FT-ICR MS is expected to expand our current

knowledge about the processes involving DOM in

the Lena Delta.

Materials and methods

The field sampling campaign took place in August

2009 in the Lena Delta. The highest mean air

temperatures in this region occur in July (10.1 �C)

and August (8.5 �C) (Boike et al. 2013). Several DOM

sources were sampled including Lena River channels,
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permafrost melt water creeks (including ice complex

creeks), a permafrost lake and the Buor-Khaya Bay,

Laptev Sea (Fig. 1). The majority of melt water creeks

and lakes were sampled on Samoylov Island. Creeks

and lakes were connected and represented different

parts of the Samoylov Island system. Ice complex melt

water creeks derived from the ice complex on the

Bykovsky Peninsula. All samples except the bay were

fresh waters. In the bay the range of salinity varied

from 0 to 2.

Water was sampled from different depths using a

Niskin water sampler or pre-cleaned glass bottles for

creek sampling. Samples were filtered through 0.7 lm

GF/F filters (Whatman, pre-combusted, 4 h, 450 �C).

DOC and total dissolved nitrogen (TDN) concentra-

tions were measured using high temperature catalytic

oxidation (TOC-VCPN, Shimadzu). Water samples

were acidified in the auto sampler to remove inorganic

carbon and analyzed directly.

DOM samples were concentrated directly in the

field using pre-packed solid phase extraction (SPE)

cartridges (PPL, Varian). SPE was applied for enrich-

ment and purification (i.e., removal of inorganic

constituents). After extraction, the cartridges were

dried with nitrogen and stored at -20 �C. Back in the

lab, the cartridges were eluted with methanol (Lichro-

solv, Merck). The DOC content of SPE-DOM was

determined by evaporation of 50 ll methanol extract

and re-dissolved in ultra-pure water. Details of the

method are described in (Dittmar et al. 2008). The

extraction efficiency varied from 30 to 60 %.

Fourier transform ion cyclotron resonance mass

spectrometry

Ultra-high resolution mass spectra for 31 Lena Delta

DOM samples were acquired in one batch on a Bruker

Apex 12 Qe FT-ICR MS equipped with a 12T super-

conducting magnet and an APOLLO II electrospray

source. SPE-DOM methanol extracts were adjusted to

*200 lmol C L-1 DOC concentrations by dilution

with methanol/water (1:1). Samples were analyzed with

electrospray ionization (ESI) in negative ionization

mode. The average FT-ICR mass spectrum was com-

posed of 512 consecutive scans. The spectra were

recalibrated internally by characteristic DOM ions

([C16H19O8]
-—339.10854 m/z; [C17H21O9]

-—369.11911 m/z;

[C19H23O10]-—411.12967 m/z; [C21H25O12]-—469.

13515 m/z; [C24H29O14]-—541.15628 m/z; [C28H35

O14]
-—595.20323 m/z; [C28H35O15]

-—611.19814 m/

z; [C31H39O15]-—651.22944 m/z; [C33H41O16]-—

693.24001 m/z). All ions were singly charged.

FT-ICR MS data was evaluated in the mass range of

200–500 m/z. Molecular formulas were assigned for

peaks with a signal to noise ratio of more than 4 and a

mass accuracy window of ±0.5 ppm (Koch et al.

2007, 2005) and included following isotopes: 12C (0–

?), 13C (0–1), 1H (0–?), 16O (0–?), 14N (0–2), 32S

(0–1). The nitrogen rule was applied and thresholds for

elemental ratios were: O/C B 1.2, H/C B 2C ?

2 ? N (Koch et al. 2005). 13C isotopes were used

for quality control (verification of the parent ion) but

removed from the final dataset. FT-ICR MS provided

exact masses of singly charged ions which allowed

calculations of corresponding molecular formulas. It is

important to note that each molecular formula can

represent a number of isomers (Hertkorn et al. 2008).

In this article, for the ease of readability, we generally

refer to molecular formulas as ‘‘compounds’’, ‘‘com-

ponents’’, ‘‘markers’’ or ‘‘constituents’’. We assigned

*55 % of peaks within the chosen thresholds. The

number of assigned formulas (excluding 13C isotopes)

varied from 2,737 to 3,601.

FT-ICR MS data exploration and analysis

The peak magnitudes were normalized to the sum of

intensities of all identified molecular formulas of the

Fig. 1 Lena Delta (73�00N, 127�00E) and sampling stations of

the 2009 campaign. Riverine samples (triangles), bay samples

(diamonds), permafrost creek samples (upside down triangles),

ice complex melt water creeks (pentagons) and water samples

used only for DOC and TDN analyses (dots)
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molecular mass region. Peak magnitude weighted-

average elemental ratios O/Cwa, H/Cwa, C/Nwa, double

bond equivalents (DBE) and mass defects were

calculated from the assigned formulas. Magnitude

weighted parameters Xwa were calculated according to

Xwa ¼
Pn

i¼1

Xi �Mi=
Pn

i¼1

Mi where X is e.g., O/C, H/C or

C/N, i is the individual molecular formula and M is the

relative mass peak intensity (Sleighter et al. 2010). We

prepared a data matrix for samples with molecular

formulas as parameters where the peak magnitude

corresponded to a parameter value. This data matrix

was used for hierarchical clustering, principal com-

ponent analysis (PCA) and indicator value analysis.

For the statistical data processing, we only considered

formulas, which were observed at least in five

samples. By this, we avoided differences between

samples, which resulted from discrete signal to noise

threshold and FT-ICR MS signal fluctuation and tried

to avoid false formula assignments. Molecular com-

ponents revealed by FT-ICR MS were visualized using

van Krevelen diagrams as ratios of elements: O/C and

H/C (van Krevelen 1950).

Cluster analysis was based on Bray–Curtis similar-

ity (Bray and Curtis 1957) and performed using

commercial software (PRIMER v.6; PRIMER-E Ltd,

UK). For principal component analysis (PCA,

‘‘Chemometrics’’ package, R) we used a similar

approach as described in Sleighter et al. 2010.

Indicator value analysis was performed according to

a previous approach (Dufrene and Legendre 1997). We

used molecular peaks (assigned formulas) as species

and the relative intensity of peaks as species abundance.

We renormalized peak intensities in each sample to a

lowest intensity and rounded obtained values to integer

values. By this, we mimic species counts and minimum

‘‘specie’’ value in each sample was 1 compare (Kell-

erman et al. 2014). For the indicator value analysis we

used R (‘‘labdsv’’ package).

Results

Dissolved organic carbon and total dissolved

nitrogen

The average DOC concentrations were 492 ±

79 lmol C L-1 for river water, 484 ± 55 lmol C L-1

for bay samples and 399 ± 115 lmol C L-1 for per-

mafrost melt water creeks. Ice complex influenced

samples from the Olenekskaya channel west of the

Kurunagh showed higher DOC concentrations

(657 ± 8 lmol C L-1) compared to the riverine sam-

ples. It is, however, difficult to test the statistical

significance because of the small number of Oleneks-

kaya channel samples (n = 4) compared to riverine

samples (n = 51). The average TDN concentrations

were 13.1 ± 2.8 lmol N L-1 for river, 13.7 ±

1.7 lmol N L-1 for bay samples, and 19.7 ± 7.1

lmol N L-1 for permafrost melt waters. DOC and

TDN in ice complex melt water creeks were highly

variable but also showed the highest concentrations of

the whole Lena Delta system reaching average values of

3,910 ± 1,780 lmol C L-1 and 220 ± 138 lmol N L-1,

respectively. DOC/DON molar elemental ratios of

the SPE-extracts, which do not contain inorganic

nitrogen, were 63 ± 17 for riverine samples, 56 ± 14

for bay samples, 35 ± 11 for permafrost melt waters

and 33 ± 4 for ice complex samples (complete DOC

and TDN data available online: http://dx.doi.org/10.

1594/PANGAEA.831765; average DOC and TDN

values available in supplementary information (SI) in

Table SI-1 and Fig. SI-1).

Molecular characterization of Lena Delta DOM

FT-ICR MS characterization resulted in typical mono-

modal peak magnitude distributions for all DOM

spectra (Fig. 2).

The typical peak distribution spanned a mass range

from 200 (lower limit of the mass detector) to 600 m/z

(Fig. 2). We identified, on average, 3,100 formulas

(excluding 13C isotopologues) in each sample

(detailed information in Table SI-2). The molecular

patterns on single nominal masses revealed pro-

nounced molecular differences between samples from

the Buor-Khaya Bay, melt water creeks and Lena

River (Fig. 2b–d). Particular differences were found in

the relative peak magnitude of nitrogen containing

mass peaks (e.g., [C17H20N1O10]-, [C18H24N1O9]-,

[C19H28N1O8]-). The highest relative magnitudes of

nitrogenous peaks were characteristic for the perma-

frost melt water creek samples, the lowest for the

Buor-Khaya Bay samples.

Molecular differences between samples were

reflected in their peak magnitude weighted average

Biogeochemistry (2015) 123:1–14 5
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elemental ratios. Compared to the weighted average

H/C and O/C ratios for riverine samples (1.281 ±

0.013 and 0.425 ± 0.006, respectively), Buor-Khaya

Bay samples showed lower weighted average H/C

ratios ranging from 1.217 to 1.241 (mean 1.230 ±

0.009), and higher O/C ratios of 0.445 ± 0.002. For the

permafrost melt water creek/lake DOM, the O/C and

H/C ratios were 0.427 ± 0.007 and 1.315 ± 0.013,

respectively. DOM in ice complex melt water creeks

was more oxidized than in the other creek samples.

Weighted average O/C and H/C ratios in the ice

complex DOM samples were 0.445 ± 0.007 and

1.268 ± 0.024, respectively. Highest magnitude

weighted average C/N ratios were observed for the

bay samples (C/N: 176 ± 23) followed by the riverine

(C/N: 143 ± 17) and creek/lake samples (C/N: 104 ±

15). Detailed information on weighted average ele-

mental ratios are available in Table SI-3 and Fig. SI-2.

Molecular fingerprints

Hierarchical cluster analysis yielded four major clusters

which clearly corresponded to the sample origin

(Fig. 3): Lena River, Buor-Khaya Bay, permafrost

creeks (including the lake sample) and ice complex

creeks. Samples derived from the Bykovsky Peninsula

melt water creeks (ice complex samples 76 and 77) were

most dissimilar from all other samples and formed a

separate cluster. Samples from the same station in the

river but from different depths (samples 14/15 and

12/13) showed a highly similar molecular composition

(Bray–Curtis similarity [ 95). Although samples

showed a high degree of similarity (Van Krevelen

diagrams, Fig. 3), it was still possible to differentiate

sources based on the molecular formula information.

To elucidate the molecular differences we calcu-

lated the average relative peak magnitude for each

sample type identified by the cluster analysis. The

average results for each formula containing C, H, O

and N were presented as their elemental H/C and O/C

ratios in the van Krevelen diagrams (Fig. 3). For the

determination of those formulas which were respon-

sible for the sample variability in the cluster analysis,

we applied principal component analysis (PCA) for

the same data matrix (Fig. 4).

The PCA highlighted the molecular differences of

the various sample types. In total, 56.7 % of variance

could be explained by the first two principal compo-

nents (PC, Fig. 4). PC1 and PC2 explained 31.5 and

25.2 % of the variance, respectively. Since PC3

a b

c

d

Fig. 2 Characteristic ESI negative FT-ICR mass spectrum for

Lena Delta DOM with a mass range of 200–600 m/z, b mass

spectrum at nominal mass 398 for a typical Lena River sample,

c melt water creek sample, and d Buor-Khaya Bay sample.

Asterisks indicate the presence of one 13C isotope in the assigned

formula
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explained only 9 %, only the first two principal compo-

nents were used for the data interpretation. Bour-Khaya

Bay and permafrost melt water creeks were primarily

separated on the PC1 axis whereas riverine samples

showed exclusively negative PC2 values. The only

exception which also showed negative PC2 values was

the creek sample (sample 36) which was collected near

the research station on Samoylov Island.

To identify specific molecular DOM markers for

each source of DOM, the molecular formulas with the

highest absolute PCA loadings for PC1 and PC2 were

analyzed (Fig. 4). The combined loadings were irreg-

ularly distributed; some regions had a higher and

others a lower density of data points. The majority of

CxHyOz identifications showed negative loadings of

PC1 whereas nitrogenous compounds (CxHyOzN1 and

CxHyOzN2) had positive PC1 loadings. Therefore,

CxHyOzN1-2 had a higher contribution to sample

variance as compared to CxHyOz. Sulfur containing

compounds did not contribute considerably to the

sample variability. Additionally, negative PC1 load-

ings were characteristic for identifications with the

highest molecular masses. For the identification and

generalization of molecular drivers responsible for the

sample groupings and to understand the nature of

molecular differences and transformations of DOM

the 500 highest positive/negative eigenvalues for each

principal component were used and plotted in van

Krevelen diagrams (Fig. 5).

The Buor-Khaya Bay samples (negative PC1

values, Fig. 4) showed a predominance of oxygen-rich

components and nitrogenous compounds were almost

Fig. 3 Hierarchical cluster

analysis (Bray–Curtis

similarity) and van Krevelen

diagrams for ‘‘average

samples’’. Molecular

differences were observed

between a ice complex melt

water creeks (pentagons,

n = 2), creek (triangles,

n = 4) plus lake samples

(square, n = 1), Buor-

Khaya Bay samples

(diamonds, n = 6) and Lena

River samples (green

triangles, n = 18). For each

sample type, all identified

molecular formulas

containing C, H, O and N are

represented by their

molecular H/C and O/C ratio

(van Krevelen diagram).

The color code represents

the average relative peak

magnitude

Biogeochemistry (2015) 123:1–14 7
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absent in formulas which showed negative PC1

loadings (Fig. 5b). Formulas with high positive PC1

loadings contained many N-containing formulas

(Figs. 4, 5a). The clear separation of compounds with

positive and negative PC1 loadings in the van

Krevelen diagrams particularly reflected the differ-

ences in chemical compositions and properties and the

relation to sample origin.

High PC2 values were characteristic for bay and

creek water samples with the highest values for ice

complex creek samples. The CxHyOz identifications

with the highest PC2 loadings had high O/C ratios, but

were more hydrogen saturated compared to the lowest

PC1 loadings. There was also a core of nitrogenous

compounds with the ‘‘center of mass’’ at O/C *0.55

and H/C *1.2 (Fig. 5c). The contribution of

Fig. 4 Principal component analysis. PC1 and PC2 explained

56.7 % of the variance in the biplot (left panel): a ice complex

creek DOM samples (pentagons), b permafrost creeks and lake

DOM samples (upside down triangles and square), c Buor-

Khaya Bay samples (diamonds), d Lena River DOM samples

(triangles). The PCA loadings highlighted the molecular

formulas with respect to nitrogen and sulfur content (right

panel): no nitrogen and sulfur (circles), one nitrogen atom

(squares), two nitrogen atoms (triangles), one sulfur (light

diamonds), sulfur and nitrogen (light squares)

Fig. 5 Van Krevelen plots

for the 500 highest positive/

negative PC loadings: a 500

positive eigenvalues for

PC1, b 500 negative for

PC1, c 500 positive PC2,

d 500 negative for PC2.

CxHyOz molecular formulas

(circles) were distinguished

from CxHyOzN1 (squares),

CxHyOzN2 (triangles),

CxHyOzS1 (light diamonds),

and CxHyOzN1-2S1 (light

squares). (Color figure

online)
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molecular formulas with low PC2 scores to the bay

sample variability was minor and formulas with high

positive PC2 loadings did not explain variance in the

bay samples. Molecular components with negative

PC2 loadings (Fig. 5d) mostly represent riverine-

dominant DOM molecular formulas. We have visual-

ized molecular transformation trends on the upstream–

downstream transect. This information with applied

procedures is available in the supplementary

materials.

Indicator peaks supported the sample groups (per-

mafrost melt water creeks, ice complex creeks, river

and bay samples) assigned in the cluster analysis

(Fig. 6). Using only significant indicator values

(p \ 0.05; Fig. 6), bay samples had high O/C ratios

and a relatively high degree of unsaturation in

comparison to ice complex, creek and river DOM

samples. Creek DOM samples had highly aliphatic

indicator molecular markers. Riverine indicator mark-

ers took an intermediate position between the bay and

creek DOM samples (Fig. 6). It is difficult to judge

representativeness of the indicators of ice complex

creek DOM due to the low number of samples (n = 2).

Using the available data, riverine indicators (Fig. 6)

match well with the PCA loadings (negative PC2

values; Fig. 5d). Therefore, river-dominant DOM

compounds exposed a relative depletion of oxygen

(O/C ranged from 0.25 to 0.5) and high H/C ratios

(ranging from 1 to 1.55; (Fig. 6, Figs. SI-4/5 and Table

SI-4)).

DOM classification

Based on the information derived from the PCA, the

individual formulas were examined in more detail.

The series of formulas which solely contained C, H,

and O (Fig. 5a) revealed that compounds with higher

numbers of oxygen clearly prevailed in the bay

samples. This observation fit well with the prevalent

oxygenated formulas in the bay samples (Fig. 5b). The

classes O1–O6 of the bay samples had the lowest

number of identifications compared with the riverine

and creek samples. However, in the compound classes

with [5 oxygen atoms, the bay samples showed the

highest number of oxygen-rich identifications (Fig. 7).

Compounds containing one nitrogen atom were

predominantly detected in river and creek samples

(Fig. 6b and Fig. 7). The lowest abundance of this

compound class was observed for the bay samples. A

similar trend was found for compounds containing two

nitrogen atoms. These results agreed well with the

PCA loadings.

Discussion

Little is known about the role, dynamics and transfor-

mation of DOM in the Arctic ecosystem in particular

with regard to permafrost, its thawing and predicted

changes due to global warming. The average DOC

concentration of about 500 lmol C L-1 and TDN

concentration of 13 lmol N L-1 in the Lena River in

the summer 2009 were similar to values presented in

previous studies (Lara et al. 1998; Lobbes et al. 2000).

DON concentrations in the summer months are the

highest within the seasons (Holmes et al. 2012),

potentially because of the high number of very different

DOM sources with less degraded material. Highest DOC

concentrations are characteristic for the freshet period.

Elevated DON values in late summer represent a source

shift of organic matter in the river, likely because of

increasing contribution of permafrost organic matter.

Freshet periods are characterized by a large contribution

of organic matter from surface layers of soils (Finlay

et al. 2006). In late summer, the contribution of surface

soil layer DOM decreases and the contribution of deeper

soil horizons increases. An increase of soil derived

organic matter in the permafrost influenced Kolyma

River was inferred from the changes in the radiocarbon

age of DOC in late summer (Neff et al. 2006). Since it

Fig. 6 Van Krevelen diagrams with indicator peaks determined

by indicator value analysis (indicator values of Dufrêne and

Legendre)
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was demonstrated that organic matter released by

permafrost degradation could be more labile, this

organic matter will affect regional microbial activity

and primary production in the Lena River and the inner

Laptev Sea. Decomposition of about 34 % of DOC was

characteristic for Yedoma (ice complex) melt water

streams and of 17–33 % for river–creek water mixtures

(Vonk et al. 2013). We did not observe that DOC

concentrations increased continuously on the way from

the most upstream to the downstream sample. Thus,

deltaic permafrost emitted DOM obviously did not affect

riverine DOC concentration probably due to high

mineralization rates and dilution by the huge river water

volume.

DOC and TDN values for ice complex melt waters

were extremely high. Several melt water creeks with

very high DOC concentrations drain the massive ice

complex on Kurunagh Island and discharge into the

Olenekskaya channel. These DOM pulses probably

caused the elevated DOC concentration in the channel

(660 lmol C L-1). Since the Olenekskaya channel

discharges only *6.5 % as compared to the total Lena

River water (Fedorova et al. 2013) ice complex

derived DOC contributes only very little to river

DOC in the entire Lena Delta. The few ice complexes

are sporadically distributed (Are and Reimnitz 2000).

They are syngenetically frozen, fine-grained deposits

and are built of large amounts of ground ice and

massive ice wedges. The ice complexes also contain

considerable amounts of fossil organic carbon that

might become accessible due to permafrost thawing

(Khvorostyanov et al. 2008; Schirrmeister et al. 2011)

but it is unknown if this material is labile or refractory.

DOC and TDN concentrations in permafrost melt

waters were highly variable and *10 times lower than

in the ice complex derived water. In contrast to the

river and bay, the DOC concentrations of the melt

water creeks were more variable and were slightly

lower in DOC and higher in TDN. Permafrost melt

waters are exposed to more environmental factors in

comparison with the river. The influence of vegetation

type, intense exposure to the light, different contribu-

tions of active organic matter layers and nutrients are

more pronounced (Rodionov et al. 2007). Also,

mixing processes, which are intense in the river,

might be less important in the creeks resulting in a

higher DOC and TDN variability.

Molar C/N ratios of DOM and SPE-DOM were

different but the trends were similar. Inorganic

nitrogenous nutrients are almost negligible in summer

Fig. 7 a Classification of

CxHyOz identified molecular

formulas based on the

number of oxygen atoms per

identification.

b Classification of

CxHyOzN1 identified

molecular formulas based

on the number of oxygen

atoms per identification
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(Holmes et al. 2012; Lobbes et al. 2000) and thus DON

is only slightly lower than TDN determined in our

study. SPE-DOM contains only traces of inorganic

material, and therefore TDN concentrations were

equivalent to DON. The C/N ratios did not allow

discrimination of riverine and bay samples, although

ratios were slightly lower in the bay samples which

however were still mostly dominated by Lena River

water with almost no salinity. The high C/N ratios are

typical for the Arctic rivers (e.g., Lobbes et al. 2000)

decreasing by a factor of two in the open Laptev Sea

(Kattner et al. 1999). DOM of riverine and bay

samples were reduced in DON compared to the creeks.

The C/N ratios of this ice complex runoff (*33)

reflect a high contribution of relatively fresh material

released by the thawing process. This is further

evidence for the lability and degradability of organic

matter deposited in permafrost. The DOM may also

originate from thawing of long-term frozen particulate

material. In contrast, the particulate material in the

Lena River is mostly allochthonous, soil-derived

organic matter accumulated along the enormous

length of the river. Autochthonous production is low

because of the nutrient limitation and the high

turbidity.

The obvious and interesting changes in the relative

nitrogen content of the samples were reflected in the

FT-ICR MS analyses. This supports the observations

derived from bulk DOC and TDN measurements that

during the transport of DOM from the thawing

permafrost into the melt water creeks and the river

and finally the Buor-Khaya Bay a continuous decline

of nitrogen containing molecules occurred (Figs. 4, 7).

The N-containing formulas in Fig. 5a (those enriched

in the permafrost creeks and lake DOM) are mostly

aliphatic (based on their H/C ratios) and could likely

be related to peptide-like moieties (based on their O/C

ratio). Although FT-ICR MS is a semi-quantitative

method, it clearly demonstrated the relative depletion

of nitrogenous compounds in the bay samples. The

O/Cwa, H/Cwa and C/Nwa ratios exposed the general

enrichment of creek DOM samples by nitrogenous

components and vice versa in the bay samples, which

were more oxidized. The clearly higher C/N ratios

calculated from the weighted average FT-ICR MS

data than from the bulk data are due to the strict

intensity threshold used in FT-ICR MS data process-

ing, which excludes the low intensity nitrogenous

mass peaks. Nevertheless, the trend was similar to the

bulk measurements. Hierarchical clustering of the FT-

ICR MS data showed that the origin of DOM was

systematically reflected in its molecular composition

also beyond the contribution of nitrogen containing

compounds. Principal component analysis also high-

lighted the importance of nitrogenous and oxidized

components for the molecular variance of DOM in the

creek, river and Buor-Khaya Bay samples. Even the

different types of creeks could be distinguished:

permafrost melt water creeks differed from organic-

rich ice complex melt water creeks. Obviously, the

type of permafrost also affected the composition of

released DOM.

On a smaller spatial scale, as studied on Samoylov

Island (samples 48, 36, 37, 39), the composition of all

DOM samples was very similar. Even the molecular

composition of the lake sample matched with the creek

samples. Creeks on Samoylov Island drain the lakes

and therefore, lake and creek DOM samples have the

same origin that is the active layer of permafrost and

the local vegetation. The similarity of the one single

lake sample and the creeks suggests that the prevailing

molecular pattern from the lake sample remained

largely unaltered in the creek run-off on its short way

(\1,000 m) to the Lena River.

The molecular changes from river to bay might be

partially explained by precipitation/flocculation of

less-hydrophilic molecules (Lantuit et al. 2012)

although there was no pronounced salinity gradient

in the bay (maximum salinity of 2). This observation

opposed previous findings. For example, composi-

tional differences of DOM presented for marine and

mangrove systems (Koch et al. 2005) and for a river–

ocean transect in the Chesapeake Bay (Sleighter and

Hatcher 2008) showed that DOM tends to become

more aliphatic and depleted in oxygen-rich molecules

from inshore to offshore. However, the bay samples in

our study were still largely influenced by the riverine

DOM and therefore did not represent marine waters.

Also, it was shown that the phytoplankton communi-

ties are different in the Lena Delta and Buor-Khaya

Bay due to the increasing amounts of seawater mixed

to the riverine freshwater (Kraberg et al. 2013). These

observations might be more important for molecular

differences between river and bay samples than

physico-chemical processes due to the slight salinity

gradient. Open ocean studies have shown that the

molecular composition of DOM differs between

biological provinces (Koch and Kattner 2012). Also,
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previously it was demonstrated that DOM photo-

degradation resulted in production of highly oxidized

organic molecules, similar to molecular components

dominated in the bay samples of our study (Gonsior

et al. 2013). Since summers in the Arctic are charac-

terized with intense 24 h sun activity, the observable

molecular characteristics of the bay samples could also

be a result of riverine DOM photo-degradation.

Source-specific and source-dominant molecular

markers will allow in future estimates of the vari-

ous contributions to DOM which integrates signals

from diverse sources (e.g., riverine and estuarine

DOM). Since Lena River is affected by the climate

change driven factors (discharge increase, permafrost

degradation, changes in vegetation) and permafrost-

derived DOM believed is to be labile, quantification of

its contribution to riverine DOM and analysis of its

further fate is important.

Conclusions

Bulk DOM parameters matched with the DOM molec-

ular fingerprints, especially with focus on the nitroge-

nous fraction. FT-ICR MS was successfully employed

as a tool for non-targeted biogeochemical studies of

DOM in the Lena Delta. DOM samples were clearly

differentiated according to source. DOM systematic

molecular characteristics with respect to water origin

potentially allow understanding of processes and

transformations of DOM. Origin-systematic molecular

composition is originating from different mechanisms

of DOM formation. Therefore, our study supports the

identification of processes and environmental parame-

ters responsible for molecular DOM fingerprints.

Special attention needs to be addressed to the quanti-

fication of DON fluxes in the region.

The compositional changes could present a major

direction of DOM mineralization and transformation

processes in the deltaic system of the Lena River.

Since DOM is an important player in the carbon cycle

the advanced understanding of DOM mineralization

which results in CO2 emission could provide addi-

tional knowledge on dynamics of changes in DOM.

Understanding of these dynamics will allow predic-

tions and record changes in carbon cycling. Climate

change can potentially cause an increase of the active

permafrost layer in the Arctic which will increasingly

contribute to the amount of soil-derived organic matter

in the rivers (Gustafsson et al. 2011). Since we

demonstrated significant differences of the DOM

molecular composition of melt water creeks and the

Lena River, the growing contribution by permafrost

DOM might also change the riverine biogeochemistry

in the Lena Delta and the Laptev Sea with conse-

quence on the ecosystem.
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