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Winter/early Spring where a ratio of 12.1 was observed. Both, D-Ala:D-Asx and D-Ala:D-Glx ratios suggested 
relatively similar macromolecular sources of bacterial DOM as observed in coastal ecosystems and groundwater, 
and they indicated limited contributions of D-Ala rich macromolecules such as teichoic acids.

DOC-normalized concentrations of D-amino acids varied seasonally in all rivers with highest concentrations 
during the Spring freshet. Among D-amino acids, D-Ser exhibited strongest seasonal changes occurring almost 
exclusively through the Spring freshet (Fig. 7). The percent of DOC derived from bacteria calculated on the basis 
of D-Ala, D-Asx, and D-Glx abundance showed highest contributions during the Spring freshet and declined 
during the remainder of the year (Fig. 7). During the Spring freshet 31–42% of DOC was derived from bacteria, 
whereas during Winter/early Spring 21–33% of DOC was from bacteria (Fig. 7).

Discussion
Previous studies found the reactivity of DOM in Alaskan Rivers and the Kolyma was strongly linked to the sea-
sonal flow regime11,24. Our biochemical data confirmed that all Siberian rivers carried pulses of bioavailable DOM 
during the Spring freshet and DOM of lower bioavailability for the remainder of the year. Seasonal variability 
in DOM quality was closely linked to its chemical composition. DOC-normalized yields of major biochemicals 
including carbohydrates, amino acids and plant phenols across all watersheds were 3–4 times higher during 

Kolyma Lena Ob Yenisei Mackenzie

DOC (μmol L−1)1 651 ± 71 1008 ± 66 842 ± 25 901 ± 50 396 ± 13

THNS (nmol L−1)2,3 2809 ± 1070 3726 ± 922 2066 ± 209 2711 ± 208 327 ± 40

THAA (nmol L−1)2,4 4079 ± 693 5375 ± 1194 4817 ± 181 5609 ± 463 1365 ± 163

D-AA (nmol L−1)2,5 187 ± 28 239 ± 57 227 ± 14 207 ± 14 82 ± 3

Hyp (nmol L−1)2,6 20 ± 9 36 ± 11 22 ± 7 13 ± 7 7 ± 2

THNS (%OC)2 2.2 ± 0.6 1.9 ± 0.4 1.4 ± 0.2 1.7 ± 0.2 0.5 ± 0.1

THAA (%OC)2 2.1 ± 0.2 1.8 ± 0.4 2.0 ± 0.1 2.2 ± 0.1 1.2 ± 0.1

DOC load (TgC yr−1)7 0.86 6.66 3.91 4.65 1.15

THAA (GgC yr−1)7 12 61 44 63 7

THNS (GgC yr−1)7 16 76 53 67 5

DOC total (%)8 5 39 23 27 7

THAA-C total (%)8 6 33 24 34 4

THNS-C total (%)8 7 35 25 31 3

Discharge yieldTHAA (%OC)9 1.4 0.9 1.1 1.4 0.6

Discharge yieldTHNS (%OC)9 1.8 1.1 1.4 1.4 0.5

Table 1. Concentrations, yields, annual loads, and relative contributions of DOC and biochemicals. 
1Concentrations of DOC were weighted to discharge. 2Concentrations and yields were weighted to discharge 
and DOC concentrations. 3THNS, total hydrolysable neutral sugars. 4THAA, total hydrolysable amino acids. 
5D-AA, sum of D-Asx, D-Glx, D-Ser and D-Ala. 6Hyp, hydroxyproline. 7Annual loads of DOC, THAA-C and 
THNS-C was calculated using LOADEST with LoadRunner61,62. 8Relative contributions of each river. 9Carbon 
normalized discharge of biochemicals.

Figure 2. Average relative abundances (mol%) of (A) total hydrolysable neutral sugars (THNS) and (B) amino 
acids (THAA) for all flow regimes. See methods for abbreviations and Tables S1 and S2 for detailed data.

http://S1
http://S2
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the Spring freshet compared to low flow conditions in Winter. These three classes of biochemicals represent the 
majority of terrestrial biomass and are reactive substrates supporting aquatic food webs and contributing signifi-
cantly to carbon dioxide fluxes in rivers36,37. Additional compositional features of freshet DOM included low mol 
% D-amino acids and low mol % glycine, both sensitive indicators of bioavailable DOM38,39.

Biochemical trends in the Mackenzie diverged from the patterns observed in the Siberian rivers with no dis-
tinct pulses of bioavailable DOC during the freshet periods. This suggested watershed characteristics exerted a 
strong control on the amount of DOC exported throughout the year. Extensive leaching of surface soils in combi-
nation with limited microbial activity during Winter, and high hydrologic connectivity during the freshet explains 
DOC export in the Siberian rivers10,40. Oxygen and hydrogen isotope measurements showed water residence time 
in the Mackenzie was longest owing to the abundance of large lakes and other water bodies and allowing microbes 
to remove a large portion of bioavailable DOM41.

Yields of biomolecules varied across rivers during the freshet indicating the influence of physical and chem-
ical watershed features on DOM compositions during the Spring flood. Differences were most pronounced in 
the Kolyma and Mackenzie, both rivers with unique watershed characteristics10,42. Dissolved organic carbon in 
the Kolyma contained higher contributions of carbohydrates than DOC in all other rivers. The Kolyma basin is 
almost entirely underlain by permafrost and contains carbon-rich Pleistocene loess deposits42,43. Extreme bio-
availability of permafrost DOC in the Kolyma watershed featuring carbohydrate-like and aliphatic molecular 

Figure 3. Carbon- and nitrogen-normalized yields of total hydrolysable neutral sugars (THNS) and amino 
acids (THAA) separated by different flow regimes.

Figure 4. Carbon-normalized contributions of total hydrolysable amino acids (THAA), total hydrolysable 
neutral sugars (THNS), and total dissolved lignin phenols (TDLP) to dissolved organic carbon (DOC) during 
the Spring freshet. Data for TDLP was from Amon et al.10 and include hydroxy, vanillyl, syringyl, and cinnamyl 
phenols.
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identities was observed, and the high yield of carbohydrates could be indicative of such DOM44,45. Kolyma DOC 
was modern (Δ14C-DOC = 47 ± 17) throughout the year, but the presence of a small pool of old DOC could fit 
within the constraints of endmember values for modern and permafrost DOC (~18,000 years)12. Another possi-
bility is that dominated larch forests and shrubland vegetation lead to the higher content of carbohydrates in the 
DOM.

Dissolved organic carbon in the Ob showed lowest contributions of TDLP among the Siberian rivers consist-
ent with the distribution of major vegetation types within the watershed. The Ob drains one of the largest peat 
bog system in the world that is dominated by sphagnum mosses with only occasional vascular plant vegetation 
within the lower reach of the watershed46. Only in the middle and upper reaches of the watershed vascular plant 
vegetation is abundant with strong representations of birch, spruce, and pine forests.

Bioavailable DOM discharged during the freshet already showed heterotrophic processing that must have 
occurred within the soil, during leaching of litter or during transport in the upper reaches of the watersheds. 
Neutral sugar compositions in dominant plants types in polar ecosystems substantially differ allowing distinction 
of vascular plant, moss and lichen sources47,48. The Ob watershed contains expansive peat bogs whereas other 
river watersheds show more diverse vegetation ranging from boreal forests, grasslands or moss-rich wetlands10. 
Relatively uniform neutral sugar compositions across all rivers clearly indicated early stages of degradation. In 
addition, the bacterial imprint on DOM compositions at all stages of the flow regime was reflected by high abun-
dances of D-amino acids.

Figure 5. Mol percentages (mol%) of D-amino acids (D-Asx, D-Glx, D-Ser, D-Ala) and C-normalized 
concentrations of hydroxyproline (Hyp). Mol% D-amino acids were calculated as the sum of the four measured 
D-amino acids ((D-Asx, D-Glx, D-Ser, D-Ala) divided by the total sum of THAA without glycine and 
multiplied by 100.

Figure 6. Ratios of D-alanine (D-Ala) to D-aspartic acid (D-Asx) and D-glutamic acid (D-Glx).


