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Ab stract—The spatiotemporal vari abil ity of con cen tra tions and ex port of in or ganic dis solved biogenic
el e ments (ni tro gen and phos pho rus) in the Yenisei River run off is as sessed. The anal y sis of changes in
phos phate, ni trate, ni trite, and am mo nium con cen tra tions in the river wa ter was car ried out from the
Krasnoyarsk hy dro elec tric power sta tion tailwater (56° N) to the out let near Igarka (68° N). The en rich -
ment of the Yenisei wa ter with biogenic sub stances flow ing from the Krasnoyarsk Res er voir was found. 
Among the larg est trib u tar ies, the Angara River has the great est ef fect on the con cen tra tion of in or ganic
ni tro gen and phos pho rus in the Yenisei run off. The spring flood makes the max i mum con tri bu tion to
the an nual flux of biogenic el e ments. The sum mer-autumn pe riod, de spite its du ra tion and sig nif i cant
wa ter con sump tion, is char ac ter ized by the low flows of dis solved in or ganic ni tro gen and phos pho rus,
which in di cates an ac tive par tic i pa tion of biogenic el e ments in the biogeochemical pro cesses in the
Yenisei.
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IN TRO DUC TION

The in crease in av er age an nual air tem per a ture in the bas ins of the larg est Arc tic rivers in the re cent de -
cades has been equal to 1°Ñ and, ac cord ing to pro jec tions, will in crease by 4–7°C more dur ing the next cen -
tury [15]. Cli mate change has sig nif i cant con se quences for the per ma frost ex tent [23], river run off value
[24, 26], and wa ter course biogeochemistry, es pe cially in the per ma frost zone [18, 27]. In par tic u lar, the
trans port of such biogenic el e ments as ni tro gen and phos pho rus to the Kara Sea as a ter mi nal ba sin in ten si -
fies [22].

The Yenisei is the larg est river flow ing into the Arc tic Ocean not only in the vol ume of in com ing wa ter
but also in the value of an nual car bon and ni tro gen flux [14]. De spite the fact that ex ten sive data on the
concentration of car bon and biogenic el e ments in the Yenisei chan nel run off have been ac cu mu lated in the
re cent years [1, 4, 8, 13, 17, 19, 21, 22, 25], most stud ies were ep i sodic: they were per formed mainly in
sum mer, dur ing one year, and not all of them, along the river. So, they did not pro vide a full idea about vari -
a tions in the con cen tra tion of biogenic el e ments along the river and on the dy nam ics of their con tent dur ing
a year. 

The ob jec tive of the pres ent study was to as sess the spatiotemporal vari abil ity of con cen tra tions of
biogenic el e ments in the Yenisei River run off based on route and sta tion ary stud ies. The key tasks of the
stud ies were as fol lows: the anal y sis of changes in the con cen tra tion of min eral forms of ni tro gen (ni trates,
ni trites, and am mo nium) and phos pho rus (orthophosphate ion) in the Yenisei chan nel flow along the lat i tu -
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di nal gra di ent from 56 to 68° N dur ing the main hy dro log i cal pe ri ods; the de ter mi na tion of high-frequency
vari abil ity of their con cen tra tions at ob ser va tion sta tions; the es ti ma tion of the sea sonal and an nual hy dro -
log i cal flow of biogenic el e ments from the Yenisei ba sin to the Arc tic Ocean. 

DATA AND METHODS

The multiyear mean Yenisei run off is 593 km3/year, the catch ment ba sin area is 2589  ́10 km2, the
length is 4092 km [5]. In the pres ent study, the Yenisei was di vided into four seg ments dis tin guished ac -
cord ing to the in flux of the larg est right-bank trib u tar ies and cor re spond ing to cer tain types of per ma frost: I
is from the Krasnoyarsk hy dro elec tric power sta tion (HPS) tailwater to the in flux of the Angara River
(mainly no per ma frost or in su lar per ma frost); II is from the Angara River mouth to the Podkamennaya
Tunguska River mouth (mainly in su lar per ma frost); III is from the Podkamennaya Tunguska River mouth
to the Nizhnyaya Tunguska River mouth (mainly spo radic per ma frost); IV is from the Nizhnyaya
Tunguska River mouth to the city of Igarka (mainly con tin u ous per ma frost).

The con cen tra tion of dis solved biogenic el e ments (ni tro gen and phos pho rus com pounds) in the Yenisei
chan nel flow was an a lyzed us ing route and sta tion ary stud ies. The route stud ies were car ried out in the zone 
from 56.0° to 68.25° N dur ing the spring flood and sum mer low wa ter, and ex pe di tion ary works to Bor
set tle ment were per formed dur ing the win ter low-water pe riod. Ad di tionally, the sam ples were taken in the
ar eas of Bakhta, Verkhneimbatsk, and Turukhansk. The to tal num ber of the sam ples is 49. 

Wa ter flows at 16 Yenisei cross-sections were mea sured with the Rio Grande 600 kHz acous tic Dopp ler
cur rent profiler us ing the WinRiver II soft ware dur ing the route stud ies in the 2016 sum mer low-water pe -
riod. The val i da tion of the flow data was based on their com par i son with the daily val ues pre sented for the
Cen tral Si be rian Ad min is tra tion for Hydrometeorology and En vi ron men tal Mon i toring (AHEM) sta tions
(Bazaikha, Yeniseisk, Podkamennaya Tunguska, and Igarka) for the cor re spond ing dates (two dates for
each sta tion). The re sult ing lin ear de pend ence QIL = 0.9275QAHEM has a high de gree of con fi dence (the co -
ef fi cient of de ter mi na tion R2 = 0.979, p < 0.001). The value of the flux of biogenic el e ments was com puted
by mul ti ply ing their con cen tra tion by the wa ter flow at the cor re spond ing cross-section.

Data on av er age daily wa ter flows in the Yenisei from the fol low ing Cen tral Si be rian AHEM sta tions
were used: Bazaikha, Podkamennaya Tunguska (Bor), and Igarka. The val ues for 2015–2018 and av er age
long-term val ues of run off ac cord ing to the year books [9] were used to cal cu late mean flows over hy dro -
log i cal pe ri ods. For Igarka gag ing sta tion, wa ter flow data for 2019 and 2020 were taken from the Arc -
tic-GRO website (https://arcticgreatrivers.org/dis charge/).

Sta tion ary stud ies at the Yenisei out let (Igarka sta tion) have been per formed since 2015 on the ba sis of
the Igarka Geocryological Lab o ra tory (Mel’nikov Per ma frost In sti tute, Si be rian Branch, Rus sian Acad emy 
of Sci ences). The chan nel run off wa ter sam pling is car ried out ev ery 5 days in the mid dle part of the chan -
nel from the depth of 20–30 cm. In to tal, 193 sam ples were taken.

Im me di ately af ter the sam pling the wa ter sam ples were fil tered us ing Millipore cel lu lose fil ters (0.22 mm),
were frozen and stored at –18°C un til the anal y sis in the lab o ra tory. The con cen tra tions of phos phates
(P-PO4), ni trates (N-NO3), ni trites (N-NO2), and am mo nium (N-NH4) were an a lyzed with the Lachat
Quikchem 8500 flow in jec tion an a lyzer (USA). 

The sta tis ti cal pro cess ing of the data was per formed us ing the STATISTICA 10 soft ware pack age.

RE SULTS

Ac cord ing to long-term ob ser va tions, there is a 6.7-fold in crease in the Yenisei wa ter flow from the bor -
der of Krasnoyarsk (Bazaikha sta tion) to the out let (Igarka sta tion). In the lat i tu di nal di rec tion, the sea sonal
dis tri bu tion of run off con sid er ably var ies. Due to the run off con trol, the con tri bu tion of the spring flood to
the an nual flow is about 19% in the up per reaches and 44% at the out let. The ob ser va tion pe riod
(2015–2018) was char ac ter ized by the de creased an nual run off, es pe cially dur ing the spring flood at the
con flu ence of the Podkamennaya Tunguska (82% of the multiyear mean value) and at Igarka sta tion (87%), 
as well as dur ing the sum mer low-water pe riod (86–88%).

The re sults of the route stud ies of the spa tial vari abil ity of in or ganic ni tro gen and phos pho rus con cen tra -
tions point out an ob vi ous im pact of the Krasnoyarsk Res er voir and prob a bly an in flow of wastewater from
Krasnoyarsk. In seg ment I from the Krasnoyarsk HPS tailwater (55.98° N) to the in flux of the Angara
River (58.1° N), the Yenisei wa ter is char ac ter ized by the high est con cen tra tion of biogenic sub stances
(Fig. 1). The con cen tra tion of phos phates in the Krasnoyarsk HPS tailwater var ied dur ing the year from
99 to 25.1 mg P/L. Down stream of Krasnoyarsk, their con cen tra tions reached 50–63 mg P/L dur ing the spring
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flood and var ied within 18–30 mg P/L in sum mer and au tumn (Fig. 1a). Fur ther down the stream within seg -
ment I to the in flux of the Angara River, the con cen tra tions of phos phates de creased to 29–33 mg P/L dur ing 
the spring flood and 13–15 mg P/L dur ing the sum mer low wa ter. 

The sim i lar dy nam ics in this seg ment is also ob served for ni trate (Fig. 1b) and am mo nium (Fig. 1d) ni -
tro gen: a de crease in their con cen tra tions from the HPS tailwater to the Angara River mouth made up from
140–200 to 50–70 mg N/L and from 60–80 to 40 mg N/L, re spec tively. Dur ing the sum mer low wa ter, the
con tent of am mo nium ni tro gen also has a de creas ing trend in this seg ment, while ni trate ni tro gen is main -
tained at an ex tremely high level (>150 mg N/L) up to the Angara mouth. For ni trite ni tro gen (Fig. 1c), there 
is a high con cen tra tion in the Yenisei run off dur ing the spring flood (9–18 mg N/L), whereas ni trites in the
Yenisei wa ter in sum mer are at the level of the de tec tion limit.

In seg ment II, the con cen tra tion of phos phates dur ing the mix ing of the Yenisei and Angara wa ter both
dur ing the spring flood and the sum mer low wa ter grad u ally de creases and re main at rel a tively con stant
lev els in seg ment III. Quite con sid er able dif fer ences (p < 0.05) in the con cen tra tion of P-PO4 should be
noted be tween the spring flood and sum mer low wa ter.

When the Angara wa ter ar rives, the con cen tra tion of ni trates dra mat i cally drops to the val ues which are
of ten be low the sen si tiv ity level of the method (<7 mg N/L). Dur ing the sum mer-autumn pe riod, the con cen -
tra tions of ni trate ni tro gen in seg ments II, III, as a rule, do not ex ceed 10 mg N/L, and only when the
Nizhnyaya Tunguska wa ter flows in, its con cen tra tion in creases. 
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Fig. 1. The spatiotemporal vari abil ity of con cen tra tions of biogenic el e ments: (a) P-PO4, (b) N-NO3, (c) N-NO2, and
(d) N-NH4 in the Yenisei chan nel flow at the lat i tu di nal transect from 56.0° to 67.4° N (68.3° N) dur ing (1) the spring flood
and  (2) the sum mer low-water pe riod (the av er aged val ues for 2015 and 2016). The Ro man nu mer als des ig nate the con di -

tional river seg ments.



Such ten dency to ward a de crease in the con cen tra tion af ter the con flu ence of the Angara River was also
found for am mo nium. The con cen tra tions of am mo nium ni tro gen in the Yenisei chan nel flow vary within
18–77 mg N/L dur ing the spring flood and 16–66 mg N/L dur ing the sum mer low-water pe riod. At the same
time, the N-NH4 min ima were re corded within seg ment II.

The sta tion ary stud ies in the area of Igarka sta tion dur ing 2015–2020 al low a more de tailed as sess ment
of the tem po ral vari abil ity of con cen tra tions of biogenic el e ments dur ing the hy dro log i cal year (Fig. 2). The 
win ter low-water pe riod (No vem ber to May) is char ac ter ized by the grad ual in crease in the phos phate and
ni trate ni tro gen con cen tra tions. The con cen tra tion of ni trate ni tro gen re mains at the level be low 40 mg N/L
dur ing the spring flood and the sum mer-autumn pe riod, while in creased con cen tra tions of phos phates are
reg is tered both in July (for ex am ple, in 2017 and 2018) and in Au gust and Sep tem ber (2015 and 2017). Ni -
trite ni tro gen is char ac ter ized by the peak val ues (>10 mg N/L) in the pe ri ods of max i mum wa ter con tent
(dur ing the spring flood). 

Ac cord ing to the au thors’ cal cu la tions, with a more than six-fold in crease in the av er age an nual run off
of the Yenisei from Bazaikha sta tion to Igarka sta tion (from 2530 to 17287 m3/s), the an nual flux of phos -
phates and ni trates in this seg ment in creased only by three times (from 2500 to 8100 t/year) for P-PO4 and
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Fig. 2. The tem po ral vari abil ity of wa ter flow and con cen tra tions of (a) phos phates, (b) ni trate, (c) ni trite, and (d) am mo nium
ni tro gen in the Yenisei run off at the out let (Igarka sta tion) over the pe riod of 2015–2020. The light green color high lights the
spring flood, the green color marks the sum mer-autumn pe riod, and the blue color, the win ter pe riod.



by two times (from 13650 to 28240 t/year) for N-NO3. The flux of ni trite and am mo nium ni tro gen grew
con sid er ably: by 7 and 10 times, re spec tively. The sea sonal dis tri bu tion of the flux of biogenic el e ments has 
slightly dif fer ing trends at dif fer ent ob ser va tion sta tions. For ex am ple, for Bazaikha sta tion, which has the
small est du ra tion as com pared to the other ob ser va tion sta tions, the con tri bu tion to the an nual flux of all ni -
tro gen and phos phate forms in win ter is ~40% and >50%, re spec tively, while the re spec tive val ues dur ing
the spring flood vary from 11 (ni trites) to 30% (am mo nium ni tro gen). For the down stream sta tions, the con -
tri bu tion of the spring flood to the an nual flux of the el e ments plays a more sig nif i cant role, which is es pe -
cially no tice able for ni trite ni tro gen (78% of the an nual value at Igarka sta tion) and phos phates, whose flux
dur ing this pe riod reaches 51% in the area of Bor and 43% in Igarka. In the sum mer-autumn pe riod, the
flow of in or ganic ni tro gen and phos pho rus, as a rule, is smaller than in the other pe ri ods of the hy dro log i cal
year, de spite its du ra tion and sig nif i cant wa ter dis charge.

To pro vide more de tailed as sess ment of the for ma tion of the flux of in or ganic ni tro gen and phos pho rus
in the Yenisei in the sum mer of 2016, their fluxes were com puted for the zone from 56.00° to 68.25° N. The
re spec tive val ues of con cen tra tions and wa ter flows at the cross-section were used. The flux growth in the
an a lyzed zone was from 4 to 15 t P/day for phos phates and from 9 to 35 t N/day for am mo nium ni tro gen. In
both cases, the dependences are lin ear, which con sid er ably dif fers from the vari a tion pat tern for the con cen -
tra tion of these com pounds (Fig. 3). The 10-fold flux re duc tion for the ni trate form af ter the in flux of the
Angara (from 50 to 5 t N/day) and the fur ther in crease de scribed by the power func tion to 44 t N/day at the
north ern most ob ser va tion point were re vealed.
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Fig. 3. The spa tial vari abil ity of (1) con cen tra tions and (2) the flux of dis solved biogenic el e ments in the Yenisei chan nel flow
in the zone from 56.00° to 68.25° N. Route sur vey data for the pe riod from July 24 to Au gust 3, 2016 are pre sented. (a) The
regression equa tion for the flux y = 0.983x – 52.123, the co ef fi cient of de ter mi na tion R2 = 0.8342; (b) y = 0.9735x2 – 122.31x + 
3849.7, R2 = 0.746; (c) y = 0.2914x – 13.486, R2 = 0.3411; (d) y = 1.7837x – 86.626, R2 = 0.6783.



DIS CUS SION

The route stud ies of changes in the hydrochemical com po si tion of river run off dem on strated that be fore
the in flux of the Angara (seg ment I), the Yenisei wa ter is quite rich in biogenic el e ments dur ing all hy dro -
log i cal pe ri ods. Max i mum con cen tra tions ob tained both in our and other stud ies [4, 8, 11] were re corded in
this seg ment. Ac cord ing to [4], this in di cates the river wa ter pol lu tion with do mes tic wastewater. 

In ad di tion, high con cen tra tions of in or ganic ni tro gen are also ob served di rectly in the res er voir. Af ter
the fill ing of the res er voir (1971–1974), the con cen tra tion of ni trates in it was equal to 1250 mg N/L [2], it
dropped to 170 ± 20 mg N/L in 1982 [3] and re mained at a rather high level (130–170 mg N/L) dur ing 1990
to 2005 [3, 12]. Ac cord ing to lit er a ture data, the am mo nium con cen tra tion in the res er voir is also sig nif i -
cant: 590 ± 190 mg N/L in 1990–1992 [12], 150 ± 30 mg N/L in 2000 and 2005 [3]. In view of this, it may be
as sumed that the wa ter en rich ment in seg ment I is rather due to the run off for ma tion by the wa ter from the
deep lay ers of the res er voir en riched with biogenic el e ments than due to the wastewater, which is also
shown in [11].

The con cen tra tion of biogenic el e ments con sid er ably de creases in seg ment II in the area af ter the con flu -
ence of the Angara. For ex am ple, the con cen tra tion of phos phates drops from 15–60 to 10–20 mg P/L. Ac -
cord ing to [10], the con cen tra tion of phos phates di rectly in the Angara wa ter is 10–20 mg P/L, which is
com pa ra ble with the data ob tained by the au thors for the Yenisei. The amount of ni trates af ter the mix ing of 
the Yenisei and Angara wa ter also de creases from 145–186 to 5–39 mg N/L. The au thors of [13] noted a de -
creas ing con cen tra tion of ni trates: from 80 to 20 mg N/L.

The de creas ing con cen tra tion of ni tro gen and phos pho rus, which are the main sub strate fac tors de ter -
min ing the pri mary pro duc tion in crease, af ter the Angara con flu ence is most likely caused by the
phytoplankton ac tiv ity growth. The low phytoplankton pro duc tiv ity in the Yenisei up per reaches is caused
by the low tem per a ture of dis charged deep wa ter of the Krasnoyarsk Res er voir [13] and by the partly death
of phytoplankton dur ing the pas sage through the high-pressure HPS tur bines [6]. How ever, the mix ing of
the warmer Angara wa ter and the Yenisei wa ter en riched with biogenic el e ments cre ates fa vor able con di -
tions for the phytoplankton de vel op ment and pho to syn the sis ac ti va tion [11]. 

Ex tremely low con cen tra tions of biogenic el e ments dur ing the sum mer low-water pe riod in the Yenisei
chan nel flow were de tected in seg ments II–IV, which im plies lim it ing the pro duc tion pro cesses and find ing 
the sys tem in a hemostasis state [16]. The lin ear in crease in the flux of biogenic el e ments (ex cept for ni -
trates, Fig. 3) all along the river con firms the bal ance of ex change pro cesses.

It was re vealed for the in te gral seg ment in the area of Igarka, i.e., for the wa ter flow ing into the Arc tic
Ocean that the av er age con cen tra tion of phos phates dur ing the sum mer low wa ter is 13.9 ±1.6 mg P/L,
which is com pa ra ble with the pre vi ously pre sented val ues [1, 13]: 6–15 mg P/L. How ever, the con cen tra -
tions of the main forms of in or ganic ni tro gen ob tained by the au thors (28.5 ± 10.8 mg N/L for NH3, 28.3 ±

18.5 mg N/L or NO3, 5.4 ± 1.7 mg N/L for NO2) are smaller than those pre sented in the pre vi ously pub -

lished pa pers [1, 13, 20] (270–1350 mg N/L for NH3, 40–130 mg N/L for NO3).

In win ter, the con cen tra tions of biogenic el e ments in the Yenisei chan nel run off in the in te gral seg ment
and all along the lat i tu di nal transect are max i mal, which in di cates the in hi bi tion of their con sump tion in bi -
o log i cal pro cesses. Thus, the con sump tion of min eral el e ments by mi cro or gan isms is an es sen tial fac tor de -
ter min ing their dy nam ics dur ing a year. 

Dur ing the spring flood, the au thors found in creased con cen tra tions of ni trites in the Yenisei run off as
com pared to the sum mer and win ter low-water pe ri ods. No due at ten tion wasj paid to this pa ram e ter in lit er -
a ture be fore be cause of their in sig nif i cant con cen tra tions [8]. How ever, it should be em pha sized that the in -
crease in the con cen tra tion of ni trites in river run off is ob served in the lower reaches of the river and, hence, 
is as so ci ated with their in flow from per ma frost soils rich in or ganic mat ter in the cryolithozone.

The con tri bu tion of the Yenisei to the an nual run off of rivers flow ing into the Kara Sea is up to 45%,
hence, it is a sig nif i cant source of biogenic el e ments ar riv ing to the Arc tic Ocean [7]. The stud ies showed
that the an nual flux of phos phates in the up per reaches (Bazaikha sta tion) is about 2500 t P/year and the one 
for to tal min eral ni tro gen (NO3 + NO2 + NH4) is 16 630 t N/year, in creas ing at the out let (Igarka) up to 8100 
and 55550 t N/year, re spec tively. The close val ues (not tak ing into ac count ni trite ni tro gen) were given in
[22], but the value was de ter mined mainly by the flux of ni trate ni tro gen (96% of to tal ni tro gen), while its
con tri bu tion is much smaller (51%) ac cord ing to the stud ies by the au thors. 
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CON CLU SIONS

The anal y sis of the data re vealed the spatiotemporal inhomogeneity of the con cen tra tion of in or ganic
ni tro gen and phos pho rus in the Yenisei River run off de pend ing on the geo graphic po si tion of the river
seg ment and the sea son. The wa ter in the up per reach of the Yenisei is rel a tively rich in these biogenic el -
e ments during the whole hy dro log i cal year, in di cat ing the im pact of the Krasnoyarsk Res er voir and
wastewater from the city of Krasnoyarsk, while the con sid er able de crease in their con cen tra tion oc curs
af ter the con flu ence of the Angara River both as a re sult of di lu tion and bi o log i cal pro cesses.

In the mid dle and lower reaches of the river, the most sig nif i cant role in the an nual flux of phos phates,
ni trites, and am mo nium is played by the spring flood. The sum mer low-water pe riod is char ac ter ized by the
low val ues of the flux of biogenic el e ments, de spite its du ra tion and sig nif i cant wa ter con sump tion. The
win ter low wa ter plays the main role in the an nual flux of ni trate ni tro gen.
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