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[1] Measurements of nitrogen and phosphorus (N and P) concentrations from previously
unstudied streams and rivers throughout west Siberia suggest that climate warming
and/or associated permafrost thaw will likely amplify the transport of N and P to the Kara
Sea and adjacent Arctic Ocean. We present concentrations of dissolved organic

nitrogen (DON), ammonium (NHy4-N), nitrate (NO5-N), total dissolved nitrogen (TDN),
and total dissolved phosphorus (TDP) from 96 streams and rivers within the

Ob’-Irtysh, Nadym, and Pur river drainage basins. The sampled sites span ~10° km?,

a large climatic gradient (~55°N—68°N), and include 41 cold, permafrost-influenced and
55 warm, permafrost-free watersheds. Concentrations for all measured watersheds
average 765 ug L™' (DON), 19.3 ug L™! (NH,4-N), 36.7 ug L' (NOs-N), 821 pug L™!
(TDN), and 104 pug L' (TDP). Our results show no statistically significant difference
in dissolved inorganic N (NH4-N and NO3-N) between permafrost-influenced and
permafrost-free watersheds. However, we do find significantly higher concentrations of
DON, TDN, and TDP in permafrost-free watersheds (increasing as a function of
watershed peatland coverage) than in permafrost-influenced watersheds. When combined
with climate model simulations, these relationships enable a simple “space-for-time”
substitution to estimate possible increases in N and P release from west Siberia by the year
2100. Results suggest that predicted climate warming in west Siberia will be

associated with ~32-53% increases in DON concentrations, ~30—50% increases in TDN
concentrations, and 29—-47% increases in TDP concentrations as averaged across the
region. While such increases in N and P are unlikely to significantly influence

primary production in the Kara Sea as a whole, they will likely have large

local impacts in the Ob’ and Yenisey bays and nearshore environments.
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1. Introduction

[2] Average annual arctic temperatures have increased at
almost twice the global rate over recent decades and are
predicted to increase by an additional 4—7°C over the next
century [e.g., Arctic Climate Impact Assessment, 2005].
Continued warming will likely have profound consequences
for many systems throughout the region, including perma-
frost extent [Lawrence and Slater, 2005], river discharge
[Peterson et al., 2002; Manabe et al., 2004a, 2004b; Wu et
al., 2005; Pavelsky and Smith, 2006; Smith et al., 2007] and
stream biogeochemistry [e.g., Frey and Smith, 2005; Frey et
al., 2007]. West Siberia (Figure 1) not only appears to be
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particularly susceptible to changes in climate [Serreze et al.,
2000; Frey and Smith, 2003], but it also plays a vital role in
scenarios of arctic and global change because the region
contains at least two key biophysical features, namely:
(1) the presence of the world’s most extensive organic-rich
peatlands, where much of an estimated ~70 Pg of carbon is
currently stored in permafrost [Sheng et al., 2004; Smith et
al., 2004] and (2) the export of massive volumes of
freshwater to the Kara Sea and Arctic Ocean, where the
Ob’ and Yenisey rivers of west Siberia alone supply ~35%
of the total freshwater runoff that the Arctic Ocean receives
[Aagaard and Carmack, 1989]. These two features in
concert create a situation where the Kara Sea receives more
dissolved organic matter (DOM) than any other part of the
Arctic Ocean [Opsahl et al., 1999]. The Arctic Ocean in
turn is an important global sink for terrestrial DOM,
receiving more DOM per unit volume than any other ocean
basin in the world [Opsahl et al., 1999]. Streams and rivers
draining west Siberian peatlands thus provide a globally
significant link between a massive pool of terrestrial organic
matter and the adjacent marine environment.
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Figure 1. West Siberia and the locations of 96 water
samples collected throughout the region. The permafrost
limit, based on Brown et al. [1998], is also demarcated.

[3] Until recently, most water sampling campaigns in
west Siberia have been constrained to the estuaries and
main stems of the Ob’-Irtysh and Yenisey rivers [e.g.,
Holmes et al., 2000, 2001; Amon and Meon, 2004]. How-
ever, new studies have presented both dissolved organic
carbon (DOC) [Frey and Smith, 2005] and inorganic solutes
[Frey et al., 2007] in streams and rivers throughout the
entire west Siberian region for a large range of watershed
sizes, thus allowing for investigation of biogeochemical
processes with higher spatial resolution. In this study, we
present an unprecedented, comprehensive assessment of
stream nitrogen and phosphorus (N and P) concentrations
from sampling sites covering ~10° km? throughout west
Siberia. The samples span both permafrost-influenced and
permafrost-free terrain, enabling speculation on how river-
transported N and P may change under scenarios of con-
tinued climate warming in the region. These goals are
achieved through presentation of dissolved organic nitrogen
(DON), ammonium (NHy4-N), nitrate (NO3-N), total dis-
solved nitrogen (TDN), and total dissolved phosphorus
(TDP) concentrations from 96 streams and rivers located
throughout west Siberia (Figure 1). Furthermore, we derive
a regional hydrological model (similar to Frey and Smith
[2005] and Frey et al. [2007]) in order to calculate summer-
period (defined here as the months July—September) N and
P fluxes from west Siberia. On the basis of these fluxes and
climate model simulations for the next century, we predict
the possible influence that climate warming may have on
the riverine transport of N and P from west Siberia to the
Kara Sea and adjacent Arctic Ocean by the year 2100.

2. Data and Methods

[4] West Siberia occupies ~2.6 x 10° km? and owing to
its uniformly low topographic relief, is considered the
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largest flat area on Earth [Peterson and Clarke, 1991]. Cool
temperatures, poor drainage and waterlogged conditions
have enabled accumulation of ~70 Pg of carbon in the
region’s extensive peatlands over the last ~11,000 annums
[Kremenetski et al., 2003; Sheng et al., 2004; Smith et al.,
2004]. A recent and comprehensive inventory now confirms
that the region contains nearly 600,000 km?® of peatlands,
representing a Holocene carbon sink of global significance
[Sheng et al., 2004; Smith et al., 2004]. More than half of
the region is influenced by permafrost (~1.4 x 10° km? of
its ~2.6 x 10° km? total land area), with ~15% in
continuous permafrost (northward of ~66°N) and ~39%
in discontinuous, sporadic or isolated patches of permafrost
(~61°N—66°N) (Figure 1). The two largest rivers draining
west Siberia are the Ob’ and Yenisey (Figure 1) with
discharge of ~404 km® a—' and ~620 km® a~ ', respectively
[Peterson et al., 2002].

[5] Sampling campaigns were undertaken from mid-July
through late August of 1999, 2000 and 2001. Ninety-six
spatially distributed water samples were collected from
streams and rivers throughout the region, spanning a latitu-
dinal gradient from ~55°N—68°N over ~10° km?” (Figure 1).
Sampled watersheds include 41 cold, permafrost-influenced
and 55 warm, permafrost-free catchments, with drainage
basin areas ranging from 37 km? to 2.6 x 10° km?. Water
samples were filtered in the field through Osmonics™
0.22 micron mixed esters membranes, stored in acid-washed
high-density polyethylene bottles and refrigerated at 4°C
until analyzed. NO3-N concentrations were determined by
ion chromatography, whereas NH4-N, TDN and TDP con-
centrations were determined using a Perstorp Colorimetric
Spectrophotometer. DON was calculated as the difference
between TDN and (NOs-N + NH4-N). As TDP concen-
trations were based on dissolved components only, they do
not take into account P associated with suspended sedi-
ments, which may be an important source of P in rivers
[e.g., Beusen et al., 2005]. All analyses were performed in
the Department of Ecology and Systematics at Cornell
University.

[6] Distinction between cold, permafrost-influenced and
warm, permafrost free watersheds was established using the
southern limit of permafrost as mapped by Brown et al.
[1998]. Watershed areas were delineated with ESRI™ Arc-
GIS™ v. 8.0 using Digital Chart of the World drainage
networks, the GTOPO30 digital elevation model, U.S.
Tactical Pilotage Charts, U.S. Operational Navigation
Charts, and Russian Oblast maps. The percentage of peat-
land cover contained within each watershed was computed
using a comprehensive GIS-based inventory of west Sibe-
rian peatlands [Sheng et al., 2004]. MAAT was calculated
for each watershed using gridded climate normals for years
19611990 [New et al., 1999]. General circulation model
(GCM) simulations, including the Geophysical Fluid Dy-
namics Laboratory R30, the Canadian Center for Climate
Modeling and Analysis CGCM2, and the Max Planck
Institute fiir Meteorologie ECHAM4 models were obtained
from the IPCC Data Distribution Centre (http://ipcc-
ddc.cru.uea.ac.uk). Model simulations were averaged over
years 2071-2100. Map-based area calculations for all data
were performed in the GIS using a Lambert Azimuthal
Equal Area map projection.
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Figure 2. Concentrations of dissolved organic nitrogen
(DON), ammonium (NH4-N), nitrate (NOj3-N), total dis-
solved nitrogen (TDN) and total dissolved phosphorus
(TDP) in all 96 permafrost-influenced and permafrost-free
watersheds sampled throughout west Siberia. Mean values,
+1 standard deviation (box), and confidence intervals of p <
0.05 (whiskers) are shown. Two-sample t-Tests reveal that
only concentrations of DON, TDN and TDP are statistically
different from one another in permafrost-influenced versus
permafrost-free watersheds (i.e., p values are 1.42 x 10"
(DON), 0.20 (NH4-N), 0.89 (NO5-N), 9.11 x 10~"* (TDN),
and 3.97 x 107 (TDP)).

[7] Because arctic rivers display clear seasonal variations
in N and P concentrations [Peterson et al., 1992; Petrone et
al., 2006] (http://ecosystems.mbl.edu/partners/), we com-
puted total N and P flux estimates for the summer period
only, coincident with our sampling campaigns. These flux
estimates were obtained by multiplying concentrations with
modeled summer-period discharge for each watershed using
the regression method of Mosley and McKerchar [1993],
which is derived similarly to the annual discharge model of
Frey and Smith [2005] and Frey et al. [2007]. This
modeling approach was necessary for flux calculations, as
sampling points rarely coincide with gauging stations. Here
we utilized discharge (Q;), drainage area (4) and watershed
mean summer precipitation (P) as input variables. In order
to derive the regression equation, Q,, 4 and P; were
determined as follows: (1) 154 west Siberian gauging
stations and associated summer period (July—September)
discharge data (for years 1961—1990) were identified from
the R-ArcticNET data network (http://www.r-arcticnet.
sr.unh.edu); (2) watershed areas corresponding to each of
the 154 gauging stations were delineated in a GIS just as for
our 96 sampled watersheds (above); and (3) mean summer
(July—September) precipitation over the watershed areas
was determined in the GIS using gridded climate normals
for years 1961-1990 [New et al, 1999]. The resulting
derived discharge estimation equation is as follows:

O, =4.16 x 10720 . 4% . pOB3 (42 = 0.98), (1)
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where Q, is total summer discharge (km®), 4 is drainage
area (km?), and P, is mean summer precipitation (mm).
From this regression, the summer-period discharge at each
of the 96 sample locations was calculated from their
respective watershed areas and mean summer precipitation
(see auxiliary material®). Although we cannot completely
assume that July—September discharge is independent of
stored precipitation from the previous winter, we chose to
focus on the low-flow July—September period because it is
after the spring flood that typically occurs in May or June in
these west Siberian rivers. Corresponding N and P fluxes
were then determined by multiplying summer discharge
values by respective measured N and P concentrations at
each of the sample locations. Because it is inappropriate to
extrapolate summer-period N and P data to annual fluxes,
we utilized this summer-period (July—September) approach
as a first approximation in the absence of detailed flow-
weighted data over the entire annual hydrograph in these
remote locations. It is noteworthy, however, that when
compared to the discharge estimation equation for annual
discharge [Frey and Smith, 2005; Frey et al., 2007],
summer-period discharge (July—September) comprises (on
average) ~33% of the total annual discharge in streams and
rivers throughout west Siberia.

3. Results

[8] The online auxiliary material presents N and P con-
centrations for all 96 watersheds sampled throughout west
Siberia (including concentrations of DON, NH4-N, NO5-N,
TDN and TDP). N and P concentrations range from 96—
2506 pg L' (DON), 0.5-718.2 pug L™' (NH4N), 2.5
516.1 pg L™' (NOs-N), 99-2517 pug L' (TDN), and
6-472 g L™' (TDP). On average, TDN concentrations are
approximately 8 times higher than those of TDP (821 ug
L' versus 104 pug L', respectively). Of the TDN species,
DON constitutes the clear majority (with DON averaging
765 ug L', NH,-N averaging 19.3 pug L', and NO5-N
averaging 36.7 pg L' across all sampled watersheds).
Furthermore, we observe significantly higher concentrations
of DON, TDN and TDP in permafrost-free watersheds as
compared to permafrost-influenced watersheds (Figure 2,
Table 1, and auxiliary material). For permafrost-influenced
and permafrost-free watersheds, respectively, DON aver-
ages 313 and 1103 ug L™, TDN averages 355 and 1169 ug
L', and TDP averages 48 and 146 pug L~' (Figure 2 and
Table 1). However, the statistically significant difference in
TDN concentrations between permafrost-influenced and
permafrost-free watersheds (Table 1) is driven solely by
DON: We find no statistically significant differences in
concentrations of NH4-N, NO3-N between permafrost-
influenced watersheds and permafrost-free watersheds
(Figure 2 and Table 1).

[9] For those N and P species that do significantly differ
between cold, permafrost-influenced and warm, permafrost-
free watersheds (DON, TDN, and TDP), we note the
following: DON and TDN (and TDP, to a lesser extent)
concentrations exhibit a strong, positive linear correlation
with DOC concentrations analyzed from the same stream

'Auxiliary materials are available at ftp://ftp.agu.org/apend/jg/
2006jg000369.
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Table 1. Concentrations and Summer-Period (July, August, and September) Fluxes of N and P Calculated for the West Siberian Region
(Including Current Values and Those Predicted by the Year 2100)

Concentration, g L! Summer Flux, x10° g

DON NH4-N NOs-N TDN TDP DON NH4-N NO;-N TDN TDP
All sites® 765 19.3 36.7 821 104 NA® 4.1 8.7 NA NA
Permafrost-influenced® 313 7.6 35.1 355 48 NA NA NA NA NA
Permafrost-free® 1103 28.0 37.9 1169 146 NA NA NA NA NA
Total west Siberian region currently® 584 NA NA 630 81 140 NA NA 151 20
Total west Siberian region by 2100 (B2)* 770 NA NA 820 104 185 NA NA 197 25
Total west Siberian region by 2100 (A2)* 894 NA NA 946 119 215 NA NA 227 29

?Average values for all sites sampled. Average regional flux measurements for NH4-N and NO;-N were calculated by multiplying the average
concentrations by the total regional summer (July, August, September) discharge value for west Siberia (~240 km®).

"Not applicable.

€Average concentrations for permafrost-influenced or permafrost-free watersheds (only DON, TDN and TDP are significantly different between the two
permafrost regions).

9B2 (A2) calculation: corresponds to the most (least) conservative climate prediction in this study. Values for the total region calculated by linearly
weighting permafrost-influenced and permafrost-free values by their respective areas (south or north of the —2°C MAAT isotherm). These areas are
dependent upon current surface air temperatures and future climate predictions for 2100 (Figure 6; see sections 3 and 4 for specific calculations). Regional
fluxes were calculated by multiplying these concentrations by the total regional summer discharge value for west Siberia (~240 km?). Future estimates are

made for DON, TDN, and TDP only.

and river water samples in west Siberia [Frey and Smith,
2005]. Concentrations of DON and TDN are approximately
3% those of DOC and concentrations of TDP are approx-
imately 0.4% that of DOC (Figure 3). As such, the relation-
ships of DON, TDN and TDP concentrations with
permafrost influence, percent peatland cover, and watershed
mean annual air temperature arise that are nearly identical to
those for DOC [Frey and Smith, 2005]. Like DOC, the
measured DON and TDN concentrations reveal a remark-
able contrast between cold, permafrost-influenced and
warm, permafrost-free watersheds (Figures 4 and 5). In
permafrost-influenced watersheds, stream DON and TDN
concentrations are uniformly low, regardless of the percent-
age of peatland cover within the watershed. In contrast,
DON and TDN concentrations in permafrost-free water-
sheds rise rapidly as a function of peatland cover (Figure 4).
Average DON concentrations in permafrost-free watersheds
are more than triple those for permafrost-influenced water-
sheds (1103 pg L' versus 313 pug L™'). Even higher
contrasts are found in watersheds with extensive peatland
cover (e.g., for watersheds with 80% peatland cover, DON
is ~1682 pg L' versus ~313 pug L™"). The transition from
low to high DON and TDN concentrations occurs at
approximately the position of the —2°C MAAT isotherm
(Figure 5), which also coincides with the southern limit of
permafrost (Figure 1). Therefore the —2°C isotherm posi-
tion and the permafrost limit together mark a critical
threshold, south of which watershed DON and TDN con-
centrations begin rising quickly as a function of peatland
cover. Although the relationships between TDP concentra-
tions, percent peatland cover, and MAAT are weaker than
those for DON and TDN (Figures 4 and 5), they are in fact
statistically significant so we present and utilize these
correlations in this study as well.

[10] Combining summer discharge estimates (as deter-
mined in section 2) and measured N and P concentrations
(see auxiliary material), we calculate summer-period fluxes
(in total summer g) for each of the sampled watersheds as a
first estimate of the export of N and P from west Siberian
streams and rivers (see auxiliary material). As these calcu-
lations incorporate a constant for summer discharge for each

of the sampled watersheds, these flux estimates do not
reflect any interannual variability in discharge. For all
sampled watersheds, N and P summer-period fluxes range
from ~0—55288 x 10° g (DON), ~0—423 x 10° g (NH4-N),
~0-3193 x 10° g (NOs-N), ~0-55618 x 10° g (TDN),
and ~0—6911 x 10° g (TDP) (see auxiliary material). Similar
to N and P concentrations, there is a significant divergence
in N and P fluxes between permafrost-influenced and
permafrost-free watersheds (Table 1).

[11] A spatially averaged, regional concentration for each
N and P species is averaged for the entire west Siberian
region, following the approach of Frey and Smith [2005] for
DOC and Frey et al. [2007] for inorganic solutes. Because
NHy4-N and NOs-N do not significantly differ between cold,
permafrost-influenced watersheds and warm, permafrost-
free watersheds, we simply average all samples to obtain
a regionally averaged value (19.3 pug L' for NH,4-N and
36.7 pug L' for NO5-N) (Table 1). However, our regional
estimates of stream DON, TDN and TDP concentrations are
less straightforward and are based on the distribution of the
land surface areas north and south of the —2°C MAAT
isotherm, the peatland coverage within these two tempera-
ture zones, and the empirical relationships between stream
DON and watershed peatland cover established in Figure 4:

DONypr = 13.76 - Py, + 580;r = 0.56;p < 0.0001  (2)

DONcp; = 313(constant), (3)
where DONypr is the DON concentration for warm,
permafrost-free areas (ug L™'); DONcp; is the DON
concentration for cold, permafrost-influenced areas (ug
L™ "); and Py, is the percent of peatland cover of each
watershed. Owing to the statistical insignificance of the
DON-Py, relationship in cold, permafrost-influenced water-
sheds (Figure 4), we estimate DONp; as simply the mean
concentration of those 41 samples (313 ug L™ ). As TDN is
strongly determined by DON concentrations (and also
varies with percent peatland cover for permafrost-free
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Figure 3. (a) DON, (b) TDN, and (c) TDP as a function of
dissolved organic carbon (DOC). DON, TDN, and TDP
concentrations are all significantly correlated with DOC
concentrations (DON = 0.03 - DOC + 66; p < 0.0001; r =
0.92); (TDN = 0.03 - DOC + 126; p < 0.0001; r = 0.89);
(TDP = 0.004 DOC + 22; p < 0.0001; » = 0.64).
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watersheds), we employ a similar approach to obtain a
regionally averaged TDN concentration, i.e.,

TDNypr = 14.82 - Py, + 606;r = 0.61;p < 0.0001  (4)

TDN¢p; = 355(constant), (5)

where TDNypr is the TDN concentration for warm,
permafrost-free areas (ug L") and TDNcp; is the TDN
concentration for cold, permafrost-influenced areas (ug
L. Lastly, we calculate the same for TDP:

TDPypr = 1.76 - Py, + 79;7 = 0.40;p = 0.0022  (6)

TDP¢p; = 48(constant), (7)

where TDPypr is the TDP concentration for warm,
permafrost-free areas (ug L™') and TDPcp; is the TDP
concentration for cold, permafrost-influenced areas (ug L™ h.

[12] Once established, these relationships may be multi-
plied by the total land-surface areas north and south of the
—2°C MAAT isotherm in west Siberia to calculate region-
ally averaged concentrations for all of west Siberia. Of the
total area (~2.63 x 10° km?), ~52% (~1.37 x 10° km?)
currently lies north of the —2°C MAAT isotherm and 48%
(~1.26 x 10° km®) lies south. A simple linear mixing
model that weights equations (2)—(7) by these land-area
proportions is

Xcurrenl = (052 'XCPI) + (048 'XWPF)7 (8)

where X_ene (1g L") is the current regionally averaged
concentration of DON, TDN or TDP available for export
from the west Siberian region. Xcp; and Xyypp (1g Lfl) are
the cold, permafrost-influenced and warm, permafrost-free
concentrations of DON, TDN and TDP from equations (2)—
(7), above. Equation (8) thus yields concentrations currently
available for export (as averaged over the entire west
Siberian land surface; Figure 1) of ~584 ;g L' for DON,
630 pg L' for TDN, and 81 ug L™' for TDP (Table 1).

[13] To calculate regional summer-period N and P fluxes
from west Siberia, equation (1) is used to determine a
regionally averaged summer-period discharge estimate of
~240 km? for the entire west Siberian region (A = ~2.63 x
10° km?; P, = ~182 mm). Next, regional DON, NH4-N,
NO;-N, TDN and TDP fluxes are computed by multiplying
this discharge with the concentrations in Table 1, yielding
~140 x 10° g (DON), ~4.1 x 10° g (NH4-N), ~8.7 x 10° g
(NO;-N), ~151 x 10° g (TDN), and ~20 x 10° g (TDP)
(Table 1). Again, as these calculations incorporate a con-
stant for summer discharge, these flux estimates do not
reflect any interannual variability in discharge. Further-
more, implicit in these flux calculations is the assumption
that N and P concentrations do not vary between July and
September.

4. Discussion

[14] Our results show that the —2°C MAAT isotherm and/
or the permafrost limit in west Siberia mark a clear
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threshold, with cold, permafrost-influenced watersheds
exhibiting low DON, TDN and TDP concentrations and
warm, permafrost-free watersheds exhibiting significantly
higher DON, TDN and TDP concentrations (Figure 2, Table 1,
and auxiliary material). Because ~52% (~1.37 x 10° km?)
of the west Siberian land surface is currently north of that
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limit, continued arctic climate warming may ultimately lead
to increased release of N and P to the Kara Sea and Arctic
Ocean as it migrates northward. On the basis of our
measured concentrations, we estimate that the current
regionally averaged N and P summer-period concentrations
over the entire west Siberian region (~2.6 x 10° km?) are
~584, ~630, and 81 pg L' (with summer-period fluxes of
~140 x 10°, ~150 x 10°, and ~20 x 10° g) for DON,
TDN and TDP, respectively. Depending on the model used,
GCM simulations predict that the total land area in west
Siberia south of the —2°C MAAT isotherm will increase to
~2.0-2.6 x 10° km? (~75-98% of the total west Siberian
area) by 2100 (Figure 6). Modification of equation (8) to
reflect these climate change scenarios yields

X2 = (0.25 - Xcpr) + (0.75 - Xypr) 9)

XAZ = (002 'ch]) + (098 ‘XWPF)7 (10)
where Xz, (ug L7') is the regionally averaged N or P
concentration available for export in 2100 using the most
conservative climate prediction (B2 scenario of CGCM2)
and X, (ug L") is that for the least conservative climate
prediction in 2100 (A2 scenario of ECHAM4). Assuming
no changes in summer-period discharge, equations (9) and
(10) yield projected N and P concentrations available for
export from the entire west Siberian region of ~770—
894 g L' (DON), ~820—946 pg L~' (TDN), and ~122—
143 ug L' (TDP) by the year 2100 (Table 1). Such values
would represent a 32—53% increase in DON, a 30-50%
increase in TDN, and a 28-47% increase in TDP
concentrations. Summer-period fluxes to the Kara Sea are
projected to increase to ~185-215 x 10° g for DON (+32—
53%), ~197-227 x 10° g for TDN (+30—50%), and ~25—
29 x 10° g for TDP (+28—47%) (Table 1). It is important to
note that all such flux projections depend on river discharge
and therefore will be altered by changes in river runoff [e.g.,
Berezovskaya et al., 2004; McClelland et al., 2004; Yang et
al., 2004a, 2004b; Ye et al., 2004; Wu et al., 2005].
However, if recently observed increases in west Siberian
precipitation [Frey and Smith, 2003] continue and model
predictions of increased river discharge in this next century
do come to pass [Peterson et al., 2002; Manabe et al.,
2004a, 2004b; Wu et al., 2005], the true summer-period
export of N and P will be even larger. This may be even
further enhanced owing to observed positive correlations
between DOM concentrations and discharge [Peterson et
al., 1992; Finlay et al., 2006; Petrone et al., 2006]. Thus the

Figure 4. Dependence of (a) DON, (b) TDN, and (c) TDP
concentrations on the percent peatland cover (Po,) within
the sampled watersheds. N and P concentrations in
permafrost-influenced watersheds are uniformly low, with
mean values of 313 g L™' (DON), 355 ug L™' (TDN), and
48 pug L' (TDP) and no statistically significant correlation
with P.,. However, N and P concentrations in permafrost-
free watersheds rise significantly with Po, (DON = 13.76 -
Py, +580; p <0.0001; »=0.56); (TDN = 14.82 - Py, + 606;
p <0.0001; r=10.61); (TDP =1.76 - P, +79; p < 0.0001;
r = 0.40).
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Figure 5. Dependence of (a) DON, (b) TDN, and (c) TDP
concentrations on watershed mean annual air temperature
(MAAT). A sharp increase in concentrations occurs in
watersheds with a MAAT warmer than —2°C. Low
concentrations in permafrost-free watersheds are primarily
due to sparse peatland coverage.
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above projections of summer-period export of DON, TDN
and TDP are likely conservative. Furthermore, as modern
northern peatlands cover ~4 x 10° km? [MacDonald et al.,
2006] with much of this area currently influenced by
permafrost, similar increases in N and P export from rivers
throughout the circumarctic region to the Arctic Ocean are
likely over the coming century.

[15] Increased loads of C [e.g., Frey and Smith, 2005], N
and P, combined with warmer water temperatures, are likely
to lead to a general increase in total productivity within
arctic streams and rivers [Prowse et al., 2006]. Currently,
inorganic N and P concentrations are quite low and limiting
in arctic rivers [Holmes et al., 2000, 2001], therefore any
increase in inorganic N and P should stimulate production
[e.g., Peterson et al., 1993; Flanagan et al., 2003]. Al-
though we do not predict significant increases in concen-
trations of inorganic N species (NH4-N and NO3-N) in west
Siberian streams with warming and permafrost thaw, our
predicted increases in DON loads could still have important
implications for stimulating production within these water-
sheds [Neff et al., 2003]. However, decomposition rates of
in-stream DOM can be relatively slow compared to water-
shed transit times [Striegl et al., 2007], suggesting that only
a small portion of the DON load may be mineralized before
reaching the marine environment and resulting impacts on
in-stream production would thus be minimal. Increased
export of DOM through west Siberian streams and rivers
may therefore be more important for production in the
adjacent marine environment.

[16] Estimates of primary production in the Kara Sea as a
whole (~926,000 km?) range from 13.5 x 10° to 41.7 x
10° tons C a~' [Gebhardt et al., 2005]. We use a conser-

1961-1990

2071-2100

ECHAM4 (A2)
- ECHAM4 (B2)
— R30 (A2)
s R30 (B2)
—— CGCM2 (A2)

w CGCM2 (B2)

Figure 6. Locations of —2°C MAAT isotherms, based on
observational data from 1961—-1990 [New et al., 1999] and
modeled data from 2071-2100 (using the R30, CGCM2,
and ECHAM4 models). Both the A2 (less conservative) and
B2 (more conservative) IPCC greenhouse gas emission
scenarios are shown for each model.
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vative midpoint of 20 x 10° tons C a~' [Vinogradov et al.,
2000] as a reference point for comparison with N exports
from west Siberia. Assuming Redfield stoichiometry, 20 x
10° tons C a~' of primary production represents a N
demand of ~3.0 x 10° tons N a~'. Summer inputs of
TDN from the west Siberian region currently amount to
about 5% of this demand. Thus increasing summer N export
from west Siberia by 30—50% (Table 1) would have little
effect on overall primary production in the Kara Sea.
However, the outlook is quite different for the nearshore
environment where riverine waters are most concentrated.
For the Ob’ and Yenisey bays and nearshore waters to 74°N
(~70,000 km?), we calculate that N demand is ~0.23 x 10°
tons N a~' and ~0.17 x 10° tons N during the summer
period (July—September). The latter value is comparable to
a N demand of 0.12 x 10° tons N during the summer
period, which we calculate on the basis of primary produc-
tion measurements collected during the 49th cruise of the
R/V Dmitriy Mendeleev in September 1993 [Vedernikov
et al., 1995]. Thus summer N export from the west Siberian
region (Table 1) amounts to approximately 90—125% of the
summer N demand in nearshore waters. Given these high
percentages, projected increases in summer N export from
west Siberia (Table 1) have the potential to substantially
influence primary production in the nearshore Kara Sea.

[17] Given that most of the projected change in TDN
export is accounted for by a change in DON export, the
lability of this material and the amount of N that may be
remineralized during processing must also be considered. It
has been traditionally thought that DON is largely refractory
and unimportant to marine primary productivity; however,
recent work has shown that recycling of nitrogen through
the DON pool can be large and important for phytoplankton
nutrition [Bronk et al., 2006]. Thus, while we may not
expect significant impacts on in-stream production nor
significant increases in riverine inorganic N export over
the coming century, our predicted increases in DON deliv-
ery to the Kara Sea may in fact have significant consequen-
ces for primary production in the adjacent marine
environment. Although it is difficult to predict the lability
of the DON that would be liberated as a consequence of
warming and permafrost thaw, new evidence suggests that
such DOM may be more labile than previously thought:
Until recently, DOM exported from arctic rivers was con-
sidered to be largely recalcitrant [Opsahl et al., 1999;
Dittmar and Kattner, 2003; Rachold et al., 2003; Amon
and Meon, 2004], but new evidence suggests that ~30%
may be rapidly processed in the nearshore environment
[Cooper et al., 2005]. This, of course, has implications for
utilization of river-borne TDP in coastal waters as well.
However, changes in TDP export from rivers are not
expected to have a significant impact on coastal productiv-
ity as long as N demand limits primary production.

[18] The major increases in DON export and the lack of
changes in dissolved inorganic N (NO3-N and NH4-N)
export predicted here contrast with findings from a recent
study of long-term data from the upper Kuparuk River,
North Slope, Alaska [McClelland et al., 2007]. In that study,
major increases in NO3z-N export were identified during
recent years (associated with increasing ground temper-
atures), but with little change in DOM. The apparent
difference between the two studies may reflect a difference
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in the timing of sampling: The Kuparuk samples were in
fact collected May—August with changes most pronounced
during the spring freshet. There may also exist regional
differences in ecosystem responses: In the Alaskan interior,
Petrone et al. [2006] found significantly lower exports of
DOM and significantly higher exports of NO;-N from
permafrost-free watersheds as compared to permafrost-
influenced watersheds. However, it may be difficult to
compare space-for-time substitutions with time series stud-
ies because the former consider ecosystems at different
steady (or quasisteady) states whereas the latter captures
transitional dynamics.

[19] A variety of mechanisms may account for the ob-
served differences in dissolved organic N and P concen-
trations between cold, permafrost-influenced watersheds
and warm, permafrost-free watersheds. First, dissolved
organic N and P increases may be driven by warmer air
temperatures, through temperature-related processes of
DOM production: Warming may increase peat decomposi-
tion and thus DOM production by enhancing microbial
respiration [e.g., Christ and David, 1996; Freeman et al.,
2001]. Furthermore, warming may enhance photosynthesis
and aboveground plant biomass, thereby increasing DOM
production by providing a larger source pool of organic
matter [e.g., Moore et al., 1998]. In many cases, increased
adsorption of DOM may in fact decrease exports in areas
where permafrost thaw leads to greater flow through min-
eral soils [e.g., MacLean et al., 1999; Moore and Turunen,
2004; Petrone et al., 2006]. However because mineral soils
are overlain by ~1—-5 m of peat in west Siberia [Sheng et
al., 2004], increased DOM adsorption by mineral soils
would be limited and thus DOM export would be maxi-
mized. Second, in permafrost areas, hydrologic transport of
DOM from peatlands to their outlet streams may be limited
by the presence of ice-rich permafrost. Although northern
soils most commonly export recently fixed carbon of plant
and near-surface soil origin [Benner et al., 2004] (suggest-
ing little hydrologic interaction at depth), radiocarbon
dating has also shown riverine DOM to be much older than
previously thought [Raymond and Bauer, 2001] (suggesting
that base flow from older, deeper peats may also export
DOM to streams). If relatively deep peat soils are a source
of DOM to streams and rivers, ice-rich permafrost may in
fact present a physical barrier to infiltration and subsurface
flow through peatlands in the northern half of west Siberia
(thus confining the process of DOM production and hydro-
logic transport to the shallow surface active layer and
effectively eliminating large depths of organic-rich peat
(~1-5 m) [Sheng et al., 2004] as a source of DOM). Thus
the degradation of permafrost in peatlands may amplify
DOM export to streams, which again, could partly depend
upon on the sorption ability of newly thawed subpeat soils
[MacLean et al., 1999; Moore and Turunen, 2004; Petrone
et al., 2006].

5. Conclusions and Implications

[20] Previous studies have shown the potential for in-
creased export of both DOC [Frey and Smith, 2005] and
inorganic solutes [Frey et al., 2007] from west Siberia to the
Kara Sea in response to GCM predictions of climate
warming in the 21st century. Here we project comparable
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increases in DON, TDN and TDP export as well. However,
unlike DON, TDN, TDP, DOC and inorganic solutes, we
find no significant contrast in concentrations of inorganic N
species (NH4-N and NO3-N) between cold, permafrost-
influenced watersheds and warm, permafrost-free water-
sheds. Instead, significant contrasts are found for DON,
TDN and TDP with uniformly low concentrations in cold,
permafrost-influenced watersheds but higher concentrations
in warm, permafrost-free watersheds, rising sharply as a
function of peatland cover. The two regimes appear to be
separated by the geographic position of the —2°C MAAT
isotherm, which is also approximately coincident with the
permafrost limit. Climate model simulations for the next
century predict near-doubling of west Siberian land surface
areas with a MAAT warmer than —2°C, suggesting ~32—
53% increases in DON concentrations, ~30—50% increases
in TDN concentrations, and 29-47% increases in TDP
concentrations as averaged across the entire west Siberian
region. For the summer period (July—September) only,
these increases in concentrations translate to a 45-75 X
10° g increase in DON flux, 46—76 x 10° g increase in
TDN flux, and 5-9 x 10° g increase in TDP flux. While
such increases are unlikely to impact biological productivity
for in-stream processes nor the Kara Sea as a whole, they
are expected to significantly increase primary production in
the Ob’ and Yenisey bays and nearshore environments.
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