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WATER RESOURCES RESEARCH, VOL. 36, NO. 8, PAGES 2309-2320, AUGUST 2000 

Flux of nutrients from Russian rivers to the Arctic Ocean: 

Can we establish a baseline against which 
to judge future changes? 

R. M. Holmes, • B. J. Peterson, • V. V. Gordeev, 2 A. V. Zhulidov, 3 M. Meybeck, 4 
R. B. Lammers? and C. J. V6r6smarty s 

Abstract. Climate models predict significant warming in the Arctic in the 21st century, 
which will impact the functioning of terrestrial and aquatic ecosystems as well as alter 
land-ocean interactions in the Arctic. Because river discharge and nutrient flux integrate 
large-scale processes, they should be sensitive indicators of change, but detection of future 
changes requires knowledge of current conditions. Our objective in this paper is to 
evaluate the current state of affairs with respect to estimating nutrient flux to the Arctic 
Ocean from Russian rivers. To this end we provide estimates of contemporary (1970s- 
1990s) nitrate, ammonium, and phosphate fluxes to the Arctic Ocean for 15 large Russian 
rivers. We rely primarily on the extensive data archives of the former Soviet Union and 
current Russian Federation and compare these values to other estimates and to model 
predictions. Large discrepancies exist among the various estimates. These uncertainties 
must be resolved so that the scientific community will have reliable data with which to 
calibrate Arctic biogeochemical models and so that we will have a baseline against which 
to judge future changes (either natural or anthropogenic) in the Arctic watershed. 

1. Introduction 

Earth's temperature is predicted to rise 1ø-3.5øC in the next 
century, with even greater increases in the Arctic [Houghton et 
al., 1996]. This temperature increase is expected to impact 
numerous aspects of the Arctic system, including the extent of 
permafrost and ice-covered regions, the amount and distribu- 
tion of precipitation, and the productivity and biogeochemistry 
of terrestrial and aquatic ecosystems [Chapin et al., 1995;Anisi- 
mov and Nelson, 1996; Hobble et al., 1998; Serreze et al., 2000]. 
All of these changes will affect river discharge and nutrient flux 
to the Arctic Ocean, which in turn may impact Arctic Ocean 
processes [Aagaard and Carmack, 1989; Broecker, 1997; Ander- 
son et al., 1998]. Because river discharge and nutrient flux 
integrate large-scale watershed processes, they should be early 
and accurate indicators of climate change in the Arctic. 

Detection of future changes requires knowledge of current 
conditions. In this paper, we assess current (1970s-1990s) nu- 
trient flux from Eurasia to the Arctic Ocean. We focus on 

Russian rivers because the majority of riverine input to the 
Arctic Ocean comes from Russia. Although several sources 
report nutrient concentrations and fluxes for Russian Arctic 
rivers [Alekin and Brazhnikova, 1964; Tarasov et al., 1988; Smir- 
nov, 1994; Gordeev et al., 1996; Gordeev and Tsirkunov, 1998; 
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M. Meybeck and A. Ragu, Rivers Discharges to the Oceans: 
An Assessment of Suspended Solids, Major Ions and Nutri- 
ents, book draft, United Nations Environment Programme, 
1995] (hereinafter referred to as Meybeck and Ragu, book 
draft, 1995) (see also Global Environmental Monitoring Sys- 
tem (GEMS-Water), United Nations Environment Pro- 
gramme, www.cciw.ca/gems/), there has been little critical eval- 
uation of the published values. We will derive nitrate, 
ammonium, and phosphate flux estimates for 15 Russian rivers 
that enter the Arctic Ocean using a previously unavailable data 
set and compare our estimate to model predictions [Seitzinger 
and Kroeze, 1998] and to other data. We will conclude that in 
spite of the extensive data set, it is currently not possible to 
quantify riverine nutrient flux to the Arctic Ocean with suffi- 
cient confidence to establish a contemporary baseline. We will 
argue that the scientific community must soon resolve the remain- 
ing uncertainties so that we do not squander a powerful oppor- 
tunity to detect the impact of dimate change on the Arctic system. 

2. Description of Data Set 
During the Soviet era the Russian water quality monitoring 

system was among the most extensive on Earth. However, prior 
to the 1990s, scientists (Russian and otherwise) were unable to 
access, analyze, or publish the official water quality data of the 
former Soviet Union (FSU), largely because of political and 
ideological reasons [Zhulidov et al., 1998]. Such restrictions no 
longer exist, but many of the data remain inaccessible. For 
example, data are often stored in notebooks instead of digital 
form, and these notebooks are not necessarily centrally located 
but instead may reside in regional laboratories. 

Owing to these complications, use of the Russian nutrient 
data has been limited, and their fate has been uncertain be- 
cause recent economic and political instability in Russia has 
lead to closure of laboratories and the potential loss of data. In 
order to help preserve the data set of the FSU and to estimate 
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Figure 1. Map of Eurasia showing rivers in the United Federal Service for Observation and Control of 
Environmental Pollution (OGSNK/GSN) data set and their approximate watershed boundaries. Discharge 
stations are shown by open circles, and nutrient stations are given by crosses. Consult Table 1 for station names 
and coordinates. As is apparent, rivers in the OGSNK/GSN data set encompass most of the Eurasian 
watershed draining into the Arctic Ocean, with notable exceptions in the Russian Far East and on the Taymyr 
Peninsula. River codes are as follows: 1, Onega; 2, Severnaya Dvina; 3, Mezen'; 4, Pechora; 5, Ob'; 6, Nadym; 
7, Pur; 8, Taz; 9, Yenisey; 10, Anabar; 11, Olenek; 12, Lena; 13, Yana; 14, Indigirka; and 15, Kolyma. 

nutrient flux to the Arctic Ocean from Russian rivers, we have 
compiled and digitized the data archives of the FSU and the 
current Russian Federation for 15 Russian rivers entering the 
Arctic Ocean. The data come from samples that were collected 
and analyzed as part of the Unified Federal Service for Ob- 
servation and Control of Environmental Pollution (OGSNK 
prior to 1992 and GSN from 1992 onward). We will refer to 
these data as the OGSNK/GSN data set. 

The 15 river basins represented in the OGSNK/GSN data 
set nearly span the >5000 km width of Russia (Figure 1) and 
include three of the world's 13 largest rivers by discharge 
[Shiklomanov, 1993]. Watershed areas range from -50- 
3000 X 10 3 km 2 (Table 1). The nutrient data set consists of 
time'series of ammonium, nitrate, and phosphate concentra- 
tions for the 15 Russian rivers, with samples generally being 
collected at the downstreammost station that was free of tidal 

influence. The periods of record for nutrient concentrations in 
individual rivers typically are 10-20 years within the mid-1970s 
to the mid-1990s period, with rivers in the Siberian far east 
having the shortest records. Data were compiled on a monthly 
basis, but not all months in all years were represented, and 
means for individual months might represent one to several 
samples. More than 100 months of data are available for sev- 
eral of the rivers, particularly those around the Ob' Estuary, 

whereas rivers in eastern Siberia typically have about 50 
months with data entries. Sample concentrations reported as 
below detection limit (BDL) were treated as zero, which may 
lead to a slight underestimation of nutrient flux. 

Mean monthly river discharge (Figure 2), obtained from the 
R-ArcticNet database (www.R-arcticnet.sr.unh.edu) (R. B. 
Lammers et al., An assessment of the contemporary gauged 
river discharge and runoff in the Pan-Arctic region, submitted 
to Journal of Geophysical Research, 2000) (hereinafter referred 
to as Lammers et al., submitted manuscript, 2000), is used to 
compute monthly nutrient fluxes. In many but not all cases, 
R-ArcticNet discharge data are available for the nutrient sam- 
pling stations (Table 1). When discharge data are not available 
at the nutrient station, data from the closest discharge station 
are used. Annual river discharge at the R-ArcticNet stations, 
for the rivers represented in the OGSNK/GSN nutrient data 
set, ranges from 13.3 to 577.3 km3/yr (Table 1). 

3. Data 

3.1. Mean Monthly Nutrient Concentrations 
and Fluxes 

Mean monthly nitrate and ammonium concentrations varied 
temporally within individual rivers as well as spatially across 
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Table 1. Locations of OGSNK/GSN Nutrient Sampling Stations and R-ArcticNet Discharge Stations and Their Respective 
Periods of Record 

River 

Nutrient Discharge Drainage Mean Annual Q at 
OGSNK/GSN Period of R-ArcticNet Period of Area, a Discharge Station, 

Nutrient Station Record Discharge Station Record 103 km 2 km3/yr 

Yenisey b 
Lena 

Ob' 

Pechora 

Severnaya 
Dvina 

Kolyma 
Indigirka 
Taz 

Yana 

Olenek 

Pur 

mezen' 

Onega 
Nadym 
Anabar 

Dudinka (69.2øN, 86.1øE) 
Kyusyur (70.7øN, 127.4øE) 
Salekhard (66.6øN, 66.6øE) 
Oksino (67.6øN, 52.2øE) 
Arkhangel'sk (64.3øN, 40.3øE) 

Cherskiy (68.4øN, 161.2øE) 
Chokurdakh (70.4øN, 147.6øE) 
Tazovskiy (67.3øN, 78.4øE) 
Yubileynaya (70.8øN, 136.0øE) 
Taymylyr (71.6øN, 123.3øE) 
Samburg (67.0øN, 78.2øE) 
Dorogorskoye (64.4øN, 44.3øE) 
Porog (63.8øN, 38.5øE) 
Nadym (65.6øN, 72.7øE) 
Saskylakh (72.0øN, 114.1øE) 

1985-1995 Igarka (67.4øN, 86.5øE) 1936-1995 2440 577.3 
1984-1995 Kyusyur (70.7øN, 127.4øE) 1936-1994 2430 532.5 
1986-1995 Salekhard (66.6øN, 66.6øE) 1936-1994 2950 404.1 
1979-1995 Oksino (67.6øN, 52.2øE) 1916-1993 312 135.1 
1976-1995 Ust' Pinega (64.1øN, 41.9øE) 1881-1993 348 105.6 

1984-1994 Kolymskoye (68.7øN, 158.7øE) 1936-1988 526 70.8 
1984-1995 Vorontsovo (69.6øN, 147.5øE) 1936-1994 305 50.4 
1975-1995 Sidorovsk (66.6øN, 82.3øE) 1962-1994 100 33.1 
1984-1995 Yubileynaya (70.8øN, 136.0øE) 1972-1994 224 32.2 
1984-1995 (71.8øN, 123.6øE) 1965-1985 198 31.5 
1975-1992 Samburg (67.0øN, 78.2øE) 1961-1985 95 28.3 
1978-1994 Malonisogorskaya (65.0øN, 45.6øE) 1920-1988 56 20.4 
1977-1995 Porog (63.8øN, 38.5øE) 1943-1993 56 15.7 
1978-1995 Nadym (65.6øN, 72.7øE) 1955-1990 48 14.6 
1975-1995 Saskylakh (72.0øN, 114.1øE) 1954-1988 79 13.3 

Annual discharge estimates are calculated by summing monthly discharge data, as given in the R-ArcticNet database. The rivers are ranked 
by discharge. The access address for R-ArcticNet is www. R-arcticnet.sr.unh.edu (R. B. Lammers, submitted manuscript, 2000). 

aDrainage areas represent watershed areas above R-ArcticNet discharge stations, as reported in the R-ArcticNet database. 
bNumerous English spellings exist for many Russian place names. For consistency, we have followed the spellings given by the Geographic 

Names Information System (GNIS) of the United States government. One name (Yubileynaya) could not be verified by the GNIS. 

the Russian Arctic (Figure 3). Highest concentrations for both 
ammonium and nitrate often occurred in spring, whereas low- 
est concentrations were frequently observed during summer. 
Surprisingly high ammonium concentrations were measured in 
the rivers entering the Ob' Estuary (Ob', Nadym, Pur, and Taz 
rivers), although nitrate values for these rivers were more mod- 
erate. Maximum mean monthly ammonium concentration 
reached almost 3 mg N/L in the Pur River, whereas nitrate 
seldom exceeded 0.5 mg N/L in any of the rivers. Nitrite con- 
centrations were very low, and the nitrate values reported in 
the OGSNK/GSN data set represent nitrate alone, not nitrate 
plus nitrite. 

Nitrate and ammonium fluxes were generally highest in May 
or June (Figure 4), corresponding to the period of highest 
discharge (Figure 2). For example, approximately 60% of the 
annual ammonium flux in the Yenisey River occurs in a single 
month (June). Phosphate concentrations often showed less 
clear seasonal trends than did nitrate and ammonium but, as 
with ammonium, tended to be highest in rivers entering the 
Ob' Estuary (Figure 5). Phosphate flux in all of the rivers in our 
data set was strongly regulated by discharge, since discharge 
varied much more annually than did phosphate concentration 
(Figure 6). 

3.2. Annual Flux Estimates, Flux Ratios, 
and Specific Fluxes 

Annual nutrient fluxes were calculated by summing flux es- 
timates determined for individual months. In general, fluxes 
were only calculated for months when both discharge and 
nutrient data were available. Since rivers in eastern Siberia 

often are missing nutrient data for winter months (Figures 3 
and 5), this protocol will tend to underestimate their annual 
nutrient fluxes, but the magnitude of error is probably small 
given their very low discharge during winter (Figure 2). In a 
few cases, nutrient data were missing for a spring or summer 
month when discharge was substantial. In these cases, nutrient 
concentrations were estimated by interpolation between adja- 

cent months, since exclusion of these high-discharge months 
from our annual estimates would lead to significant underes- 
timation of annual nutrient flux. 

A striking feature of the annual flux estimates is the high 
ammonium flux in the Ob' and Yenisey rivers. Although the 
Amazon is more than 10 times bigger (by discharge), ammo- 
nium flux in the Ob' river is more than twice as great (Table 2). 
In fact, if the data are correct, it seems likely that the Ob' River 
transports more ammonium than any other river on Earth. In 
contrast to ammonium, nitrate fluxes in the Ob', Yenisey, and 
other Russian rivers are much smaller than other large rivers 
such as the Amazon and Mississippi (Table 2). 

When standardized by catchment area, ammonium and 
phosphate flux rates appear to be correlated and are greatest in 
central Siberian rivers (Figures 7a and 7c), whereas specific 
nitrate flux is generally higher in the western Russian rivers 
(Figure 7b). Although it has been estimated that on average 
85% of dissolved inorganic nitrogen (DIN) transport in rivers 
is as nitrate [Meybeck, 1982], the OGSNK/GSN data set sug- 
gests that there is a strong spatial component to the ammo- 
nium to nitrate flux ratio in Russian Arctic rivers (Figure 8a). 
All of the rivers in the OGSNK/GSN data set transport more 
ammonium than nitrate, and those draining the Siberian low- 
land region transport more than 10 times as much ammonium 
as nitrate annually. In contrast, there is no clear spatial pattern 
of DIN to phosphate flux (Figure 8b). 

4. Discussion 

Our objective in this paper is to determine whether we can 
accurately determine the contemporary dissolved inorganic ni- 
trogen and phosphate flux from Russian rivers to the Arctic 
Ocean and thus whether we will be able to detect changes in 
the future. To this end, we have assembled an extensive data 
set from the archives of the FSU and current Russian Feder- 

ation, which, if reliable, will be sufficient for this purpose. Thus 
our next task is to evaluate the reliability of these data. We will 
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Figure 2. Mean monthly discharge for the 15 rivers in the OGSNK/GSN nutrient data set. Discharge data 
are from the R-ArcticNET database (www. R-arcticnet.sr.unh.edu) (Lammers et al., submitted manuscript, 
2000). Error bars (many smaller than symbol size) represent standard errors. In Figures 2-6, rivers are arrayed 
from westernmost (top left) to easternmost (bottom right). 

do this by critically examining trends in the data, by comparing 
the OGSNK/GSN data set to other nutrient data that are avail- 

able for Russian rivers, and by comparison to model predictions. 

4.1. Are the Data Reasonable? 

The OGSNK/GSN data set contains some unusual features 

and thus warrants close scrutiny. First, although the generally 
accepted paradigm is that rivers transport more nitrate than 
ammonium, all of the rivers in the OGSNK/GSN data set do 

not (Table 2). In fact, several Russian Arctic rivers apparently 
transport more than 10 times as much ammonium as nitrate, 
compared to rivers such as the Mississippi and Amazon that 
transport much more nitrate than ammonium. Exceptions to 
the general rule are typically heavily polluted rivers, but the 
rivers in our data set have relatively low human population 
densities, fertilizer use, and atmospheric N deposition rates. 
Thus the ammonium to nitrate flux ratio calculated using the 
OGSNK/GSN data set (Figure 7a) is anomalous. 
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Figure 3. Mean monthly ammonium (circles) and nitrate (triangles) concentrations for the 15 rivers in the 
OGSNK/GSN data set. 

Second, not only are the ammonium to nitrate flux ratios 
suspicious, but the reported ammonium concentrations are 
also high (Figure 3). Whereas the estimated global average 
river DIN concentration is about 0.12 mg/L (only 15% of which 
is ammonium) [Meybeck, 1982], many of the rivers in our data 
set have ammonium concentrations that greatly exceed this 
mean DIN value. Average ammonium concentrations in the 
Ob', Nadym, Pur, and Taz rivers often exceed 1 mg N/L, in 
contrast to even heavily polluted rivers elsewhere such as the 
Thames and Rhine rivers where mean ammonium concentrations 

are less than 1 mg N/L (Meybeck and Ragu, book draft 1995). 

Third, although the Soviet water quality monitoring program 
was extensive and centrally organized, it has been noted that 
instrumentation, materials, and supplies were often of ques- 
tionable reliability and that quality assurance and control (QA/ 
QC) procedures were poorly executed [Tsirkunov, 1998]. For 
example, a study of the distribution of organochlorine insecti- 
cides in Russian rivers indicated widespread discrepancies be- 
tween OGSNK/GSN laboratories and data collected by inde- 
pendent specialists [Zhulidov et al., 1998]. The explanation for 
the differences was not clear, but it was noted that lack of 
supplies, equipment issues, and inexperienced personnel may 
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Figure 4. Mean monthly ammonium (circles) and nitrate (triangles) fluxes for the 15 rivers in the OGSNK/ 
GSN data set. 

have contributed. Similarly, an analysis of OGSNK/GSN data 
for the lower Don River found that a high percentage of 
nutrient data were unreliable, and the authors speculated that 
analytical problems may have been widespread in the federal 
monitoring system [Boeva et al., 1999]. Although official 
QA/QC procedures for the OGSNK/GSN monitoring system 
may have been adequate, it appears that in practice minimal 
QA/QC actually occurred (A. V. Zhutidov et at., The State 
Service of Observation and Control of Environmental Pollu- 

tion (OGSNK) in the former Soviet Union: A concise critical 
analysis, submitted to Canadian Journal of Fisheries and 
Aquatic Sciences, 2000) (hereinafter referred to as Zhutidov et 

at., submitted manuscript, 2000). Moreover, while all regional 
laboratories theoretically used identical analytical methods, it 
now seems that in reality a variety of methods were used with 
little intercalibration (Zhutidov et at., submitted manuscript, 
2000). At this point it is difficult or impossible to reconstruct 
details of past QA/QC procedures, but it is clear that signifi- 
cant problems existed. This lack of QA/QC information creates 
obvious problems for evaluating data reliability, since well- 
documented QA/QC procedures should be considered vital to 
any water quality monitoring program. 

Although we have just outlined several reasons to be suspi- 
cious of the reliability of the OGSNK/GSN data set, there are 
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Figure 5. Mean monthly phosphate concentration for the 15 rivers in the OGSNK/GSN data set. 

intriguing patterns in the data (both seasonally and spatially) 
that might not be expected from erroneous data. For example, 
specific fluxes of ammonium and phosphate peak in the vicinity 
of the Ob' Estuary and decrease to the east and west, whereas 
specific nitrate flux generally increases to the west (Figure 7). 
These trends combine to give a distinct pattern of ammonium 
to nitrate flux that is highest in the watersheds of the western 
Siberian lowlands (Figure 8). The rivers which are most sus- 
pect with respect to ammonium concentrations (Ob', Nadym, 
Pur, and Taz) are all in the western Siberian lowlands, which 
have low-lying, marshy soils that might through natural pro- 
cesses lead to the patterns that we have observed [Neischtadt, 
1971; Stairnov, 1994; Zhulidov et al., 1997]. In addition to these 

and other spatial patterns, there are also clear seasonal trends 
in the data. For example, nutrient concentrations are fre- 
quently highest during the spring runoff period and are lowest 
during summer low-flow conditions. It is difficult to imagine 
how poor quality data could exhibit such clear seasonal and 
spatial patterns. 

As we have noted, a particularly surprising aspect of the 
OGSNK/GSN data set is the high ammonium concentration 
reported for several of the Russian Arctic rivers. In order to 
accumulate ammonium in rivers, nitrification (the microbial 
conversion of ammonium to nitrate) must be blocked or satu- 
rated, or at least nitrification and ammonium uptake must 
proceed more slowly that ammonium production. This is rarely 
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Figure 6. Mean monthly phosphate flux for the 15 rivers in the OGSNK/GSN data set. 

observed in nature, particularly in relatively pristine ecosys- 
tems. However, some possibilities for blocking nitrification ex- 
ist, including limitation by dissolved oxygen availability, limi- 
tation by cold temperatures, and inhibition by specific organic 
compounds [Focht and Verstraete, 1977; Sprent, 1987; Dyreborg 
and Arvin, 1995]. Interestingly, the Ob' River has high levels of 
ferrous iron, and its oxidation periodically causes hypoxia 
[Telang et al., 1991]. Although data are limited, it seems likely 
that other rivers in the central Siberian lowlands (including the 
Pur, Taz, and Nadym) may also have elevated iron levels, given 
their similar catchment characteristics. Moreover, high dis- 
solved organic matter concentrations in these rivers might also 
contribute to oxygen consumption and hypoxia. If, in fact, 

hypoxia were a common feature of these systems, nitrification 
would be blocked and ammonium could accumulate to the 

levels we have reported. More data will be needed to ade- 
quately test this hypothesis. 

4.2. Comparison With Other Estimates 

The best method for testing the reliability of the OGSNK/ 
GSN data set is to compare it to independent nutrient concen- 
tration and flux estimates. Unfortunately, many of the publi- 
cations that at first appear promising [Tarasov et al., 1988; 
Smirnov, 1994; Gordeev et al., 1996; Tsirkunov et al., 1998] 
actually use values from the official state data (i.e., part of the 
OGSNK/GSN data set) to derive their estimates. Similarly, 
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Table 2. Annual Nutrient Flux Estimates Derived From 

the OGSNK/GSN Nutrient Data Set and the R-ArcticNet 

Discharge Data, Ordered by Decreasing Ammonium Flux 

Flux to Ocean, 1000 t/yr 

River NH4-N NO3-N PO4-P 

Ob' 287.4 34.8 23.5 

Yenisey 207.8 18.4 6.2 
Lena 39.4 19.5 3.5 
Taz 30.5 0.75 2.8 
Pur 24.3 0.74 3.0 

Pechora 17.8 7.1 4.2 

Severnaya Dvina 14.9 6.7 2.0 
Nadym 12.2 0.55 2.0 
Yana 6.8 1.2 0.36 

Kolyma 5.2 2.5 0.76 
Indigirka 3.8 2.3 0.35 
Olenek 2.7 0.78 0.23 
Mezen' 2.2 0.71 0.44 

Anabar 1.9 0.09 0.03 

Onega 1.6 0.99 0.15 

Amazon 131.8 1021.5 160.7 

Mississippi 21.2 740.6 71.4 
Yukon 9.1 21.7 2.1 

Mackenzie ... 23.6 1.5 

Note that for some rivers, monthly discharge data were not available 
at the OGSNK/GSN nutrient station, so the closest R-ArcticNet dis- 
charge station was used to compute fluxes. Flux estimates for the 
Amazon, Mississippi, Yukon, and Mackenzie rivers were made using 
data contained in the GEMS-GLORI database [Meybeck and Ragu, 
1997]. Ellipsis indicates data are not available in GEMS-GLORI da- 
tabase. 

large United Nations-sponsored databases, GEMS/Global 
Register of River Inputs (GLORI) (Meybeck and Ragu, book 
draft, 1995) and GEMS/Water (www.cciw.ca/gems/), also sum- 
marize parts of the official Russian data. Although the 
OGSNK/GSN data set we present is far more extensive than 
these other reports, the data sets ultimately come from the 
same source and therefore cannot justifiably be used for crit- 
ical comparisons. 

Fortunately, other sources of information exist. The most 
extensive independent data set comes from Russian scientists 
working outside of the OGSNK/GSN framework. Their results 
have been compiled for a 10-year period (1986-1995) for 10 
Arctic rivers, all of which are included in the 15-river OGSNK/ 
GSN data set that we have already presented. From this data 
set (which we shall refer to as data set II) we calculated annual 
DIN (nitrate plus ammonium) flux, using discharge from the 
R-ArcticNet database, and compared it to the OGSNK/GSN 
data and to model estimates derived from Seitzinger and Kroeze 
[1998] (Table 3). 

DIN flux estimates vary greatly depending on the data set 
used (Table 3). For example, annual DIN flux estimates for the 
Ob' River range from less than 50 x 10 3 t N/yr using data set 
II to greater than 300 x 10 3 t/yr using the OGSNK/GSN data 
set, with the model estimate of Seitzinger and Kroeze [1998] 
being intermediate. Moreover, it is not simply a systematic 
offset between the two data sets; in the case of ammonium in 
the Ob' River, there appears to be almost no relationship 
between the two data sets (Figure 9). Obviously, at least one, 
if not both, of the data sets is grossly in error. 

Although the OGSNK/GSN data set generally yields a 
higher DIN flux estimate than does data set II, the pattern is 

not universal. For example, data set II gives a much higher 
DIN flux estimate for the Lena River than does the OGSNK/ 

GSN data set. In this case the major discrepancy is not with the 
ammonium flux estimate (39.4 versus 40.4 x 103 t/yr, OGSNK/ 
GSN data set versus data set II, respectively) but instead with 
the nitrate flux estimate (19.5 versus 137.8 x 103 t/yr, OGSNK/ 
GSN data set versus data set II, respectively). Therefore there 
may not only be a problem with ammonium but also with 
nitrate in at least some rivers. 

If Russian rivers behaved as would be expected based on a 
recently published model [Seitzinger and Kroeze, 1998; Caraco 
and Cole, 1999], they would be transporting less DIN than the 
OGSNK/GSN data suggest (Table 3). We should note that the 
model is not specific for Arctic rivers but, instead, was cali- 
brated largely using data from temperate and tropical rivers. 
Overall, the OGSNK/GSN data give an estimate of annual 
DIN flux 2.3 times greater than the model estimate for the nine 
rivers in common. However, for some rivers such as the Pur 
and Taz Rivers, the estimates differ much more, by about an 
order of magnitude. In some cases the model estimates are 
closer to the values reported in data set II, but in other cases 
they are not (e.g., nitrate in the Lena River). 

The Lena River in particular has received considerable in- 
ternational attention during the 1990s, largely because of in- 
terest in the role of freshwater input on sea-ice formation in 
the Laptev Sea (into which the Lena flows) and its impact on 
global climate [Aagaard and Carmack, 1989; Cauwet and Si- 
dorov, 1996; Saliot et al., 1996; Kassens et al., 1998; Lara et al., 
1998; RachoM and Hubberten, 1998]. Lara et al. [1998] report 
results from a river expedition in July 1994, where nutrient 
concentrations at Kyusyur near the mouth of the Lena River 
were 0.0077 and 0.0014 mg/L for NO3-N and NH4-N , respec- 
tively. Comparable numbers (same month and year) from the 
OGSNK/GSN data set are 0.02 mg/L NO3-N and 0.01 mg/L 
NH4-N , whereas data set II lists 0.28 mg/L NO3-N and 0.04 
mg/L NH4-N. Thus nitrate and ammonium concentration mea- 
surements for the Lena River in July 1994 vary by more than 
2500%. At this point it is not possible to determine which 
values are more reliable, although those reported by Lara et al. 
[1998] are closer to what might be expected for a relatively 
pristine Arctic watershed. 

5. Conclusions 

Nutrient flux from land to ocean integrates changes in ter- 
restrial ecosystems, in land use, and in other human activities. 
As global change due to greenhouse warming and human pop- 
ulation growth accelerates, a record of water quality is one 
metric of that change. On the ocean side the coastal deltas, 
estuaries, and seas respond to changing nutrient fluxes with 
changes in the intensity and distribution of primary productiv- 
ity, which in turn impact coastal fisheries. Thus monitoring of 
nutrient fluxes can provide essential information for watershed 
management, for coastal fisheries management, and for detec- 
tion of regional aspects of global change in the Arctic. 

In the title of the paper we ask whether it is currently 
possible to establish a reliable baseline against which to judge 
future changes in nutrient export to the Arctic Ocean from 
Russia. It is not. 

The most extensive data set available, the OGSNK/GSN 
data set of the FSU and current Russian Federation, is of 
questionable reliability. It is possible that the data are accurate, 
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Table 3. Comparison of Annual DIN (Nitrate Plus 
Ammonium) Flux Estimates for Selected Russian Arctic 
Rivers 

Nitrate Plus Ammonium Flux, 1000 t N/yr 

River OGSNK/GSN Data Set II Model a 

Ob' 322.3 45.4 161.3 

Yenisey 226.2 134.9 73.98 
Lena 58.9 169.5 33.62 
Taz 31.3 4.87 b 
Put 25.1 4.87 b 
Pechora 25.0 15.4 10.24 

Severnaya Dvina 21.6 7.5 
Yana 8.0 2.2 1.15 

Kolyma 7.6 6.1 4.64 
Indigirka 6.0 2.8 1.95 
Olenek 3.4 1.3 1.72 

Onega 2.6 2.70 
Anabar 2.0 0.5 0.72 
Total c 659.4 378.1 289.3 

R-ArcticNet monthly discharge data (Lammers et al., submitted 
manuscript, 2000) were used to compute fluxes for the OGSNK/GSN 
and data set II, whereas the model estimates used annual discharge 
estimates. 

aFrom Seitzinger and Kroeze [1998], based on model of Caraco and 
Cole [1999]. Estimates for most of the individual Russian rivers were 
not reported in the Seitzinger and Kroeze paper but were kindly 
provided to us by the authors. 

bThe model estimate (4.87 x 10 3 tons N/yr) is for the sum of the Pur 
and Taz rivers. 

CThe total is for rivers common to both data sets and the model. 

but other data sets often give far different values, and we are 
not able to determine which of the available data sets are most 

reliable. If the OGSNK/GSN data set that we have presented 
can be proven reliable, then we have accurately quantified 

nutrient flux to the Arctic Ocean from these Russian rivers. 

Perhaps more exciting, we will have identified an unusual bio- 
geochemical phenomenon (high ammonium export from 
sparsely inhabited catchments) that we currently do not under- 
stand. Although further research would be needed to under- 
stand the observed patterns, at least the existing data would 
allow us to detect future changes. 

If, however, the nutrient concentration data are not reliable, 
then the flux estimates that we and others have provided are 
wrong. This will lead to incorrect conclusions concerning fu- 
ture changes and a faulty understanding of the current biogeo- 
chemical functioning of these catchments. 

As is the case for hydrologic and sediment flux modeling, 
one of the major challenges for the construction and calibra- 
tion of large-scale biogeochemistry models is data availability 
[Milliman and Syvitski, 1992; VOrOsmarty et al., 1996, 2000]. 
Thus every effort must be made to augment the available 
discharge, suspended sediment, and nutrient chemistry data- 
bases, both regionally in the Arctic as well as globally, either by 
collecting new data or making available previously collected data. 
In augmenting nutrient databases, however, data quality must be 
closely scrutinized. For Russian Arctic rivers it is unclear whether 
any of the currently available long-term data sets are reliable. 

The clarification of this puzzle requires independently col- 
lected and analyzed nutrient samples. Only in this way will we 
be able to fully assess the quality of current data sets and state 
with any confidence the magnitude of contemporary nutrient 
flux to the Arctic Ocean. Until new samples are collected and 
a contemporary nutrient flux baseline is established, we will be 
squandering one of our better chances for early detection of 
global change in the Arctic, and our understanding of Arctic- 
wide biogeochemical cycling and land-ocean interactions in the 
Arctic will remain uncertain. 
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