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Abstract

Context As climate warms, changes in the carbon
(C) balance of arctic tundra will play an important role
in the global C balance. The C balance of tundra is
tightly coupled to the nitrogen (N) and phosphorus
(P) cycles because soil organic matter is the principal
source of plant-available nutrients and determines the
spatial variation of vegetation biomass across the
North Slope of Alaska. Warming will accelerate these
nutrient cycles, which should stimulate plant growth.
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Objectives and methods We applied the multiple
element limitation model to investigate the spatial
distribution of soil organic matter and vegetation on the
North Slope of Alaska and examine the effects of changes
in N and P cycles on tundra C budgets under climate
warming.

Results The spatial variation of vegetation biomass
on the North Slope is mainly determined by nutrient
mineralization, rather than air temperature. Our sim-
ulations show substantial increases in N and P
mineralization with climate warming and consequent
increases in nutrient availability to plants. There are
distinctly different changes in N versus P cycles in
response to warming. N is lost from the region because
the warming-induced increase in N mineralization is
in excess of plant uptake. However, P is more tightly
cycled than N and the small loss of P under warming
can be compensated by entrainment of recently
weathered P into the ecosystem cycle. The increase
in nutrient availability results in larger C gains in
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vegetation than C losses from soils and hence a net
accumulation of C in the ecosystems.

Conclusions The ongoing climate warming in Arctic
enhances mineralization and leads to a net transfer of
nutrient from soil organic matter to vegetation,
thereby stimulating tundra plant growth and increased
C sequestration in the tundra ecosystems. The C
balance of the region is predominantly controlled by
the internal nutrient cycles, and the external nutrient
supply only exerts a minor effect on C budget.

Keywords Climate warming - Nutrient budget - C
balance - Nutrient limitation - C-nutrient interaction

Introduction

As global climate warms, changes in the carbon
(C) balance of arctic tundra ecosystems will play an
important role in the global C balance (Sitch et al. 2007,
McGuire et al. 2012). Lower air temperature, short
growing seasons, shallow soil active layers, and nutrient
availability have historically limited tundra vegetation
productivity (Callaghan et al. 2005; Hobbie et al. 2005;
Shaver and Jonasson 2001; Shaveretal. 2001). Cold soil
temperatures also limit soil C turnover (Hobbie et al.
2000; Shaver et al. 2006), and arctic soils contain twice
the amount of C that is currently in the atmosphere,
despite low plant productivity. Climate warming is more
pronounced in the arctic than any other region on the
planet (Hinzman et al. 2005; Hansen et al. 2007; IPCC
2007), and is expected to have impacts on the arctic C
balance. Warming has increased both tundra productiv-
ity (e.g., Stow et al. 2004; Goetz et al. 2005; Zhang et al.
2008) and ecosystem respiration over the past several
decades (McGuire et al. 2012; Belshe et al. 2013). The
impact of climate warming on arctic tundra C balance
will depend on whether respiration increases will offset
or cancel arctic plant productivity increases (Friedling-
stein et al. 2006; Sitch et al. 2007).

In arctic tundra ecosystems, primary productivity is
strongly limited by the supply of soil-available nitrogen
(N) and/or phosphorus (P). External N and P inputs by
deposition, fixation, and weathering are only about 1 %
of the internal recycling of N and P by mineralization of
soil organic matter (Giblin et al. 1994; Gough et al. 2002,
2012; Hobbie et al. 2005; Hobara et al. 2006; Shaver and
Chapin 1980). Long-term fertilization with N and P
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increases arctic tundra above-ground net primary pro-
ductionby ~70 % (Mack et al. 2004). Thus, stimulation
of soil N and P mineralization under a warming climate
may alleviate nutrient limitation on plant growth, and
increase ecosystem carbon storage. However, the
response of coupled C, N, and P cycles to warming are
poorly understood, despite their importance in determin-
ing future vegetation productivity and C sequestration in
the arctic.

Field observations and experiments have been con-
ducted to analyze the long-term impacts of warming on
C balance in the arctic tundra (Oechel et al. 2000; Sistla
etal. 2013). However, up-scaling the C budget based on
limited field data is insufficient to depict the spatial
variation in C budgets over a large geographic area
(Loranty et al. 2011), because of the spatial heterogene-
ity in local weather conditions, vegetation, and soils
across the landscape (Hobbie et al. 2002). Model
simulations with appropriate calibration and spatially-
explicit drivers provide a rigorous way to account for
this spatial heterogeneity. This study builds on recent
studies by Pearce et al. (2015) and Jiang et al. (2015),
which simulate C, N and P interactions in moist acidic
tussock tundra and its short- and long-term responses to
fire and thermokarst disturbances. We conducted sim-
ulations using the Multiple Element Limitation (MEL)
model (Rastetter et al. 2013; Pearce et al. 2015; Jiang
et al. 2015) to scale up the N and P cycles and their
interactions with the C cycle to a large, heterogeneous
region, the North Slope of Alaska (Fig. la; ~1.7 x
10° km?), for the period 1901-2100. We chose to
perform these model runs for the North Slope region
because MEL was parameterized with ecological data
from long-term experiments on the North Slope of
Alaska and because of the availability of historical and
future climate and soil carbon datasets for this region.
Our study is aimed at providing insights on C-nutrient
interactions and their responses to warming at the scale
of the entire North Slope region.

Methodology

Model

We applied the MEL model (version IV; Rastetter
et al. 2013) to simulate the C, N, and P interactions in

tundra ecosystems for the North Slope of Alaska
(Pearce et al. 2015; Jiang et al. 2015). The MEL model
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Fig. 1 Location of study area, and its bioclimate subzone, vegetation cover and phytomass C distribution. The bioclimate subzone
map, vegetation cover map and phytomass C map are derived from the Toolik-Arctic Geobotanical Atlas (http://www.arcticatlas.org/)

simulates the redistribution of plant “uptake effort” to
optimize the relative acquisition of resources (Rastet-
ter et al. 1997; Rastetter 2011). The “uptake effort”
represents an aggregate of all plant assets (e.g.,
biomass, enzymes, carbohydrate) allocated toward
the acquisition of resources. The allocation of effort is
determined by the current requirements for, and the
current uptake rates of a specific resource (Rastetter
et al. 2013). The requirement is the sum of metabolic
consumption and loss in tissue turnover multiplied by
a factor to compensate for deviations of the element
ratios in the biomass from an optimum.

In the MEL model, vegetation is allometrically
partitioned into woody and active biomass, and the
latter is further allocated to leaves and fine roots
depending on the relative limitation by canopy versus
soil resources (Rastetter et al. 2013). Detritus is
divided into Phase I and II soil organic matter (SOM;
as defined by Melillo et al. 1989), and debris. Phase 1
SOM represents fallen litter plus younger, more labile

SOM that both mineralizes and immobilizes nutrients,
while Phase IT SOM only mineralizes nutrients and has
a slower turnover rate. Phase I material converts to
Phase II material at a rate that is close to 20 % of the C
litter flux at steady state (Melillo et al. 1989). Debris
represents standing dead leaves and twigs plus any
woody litter and is slowly converted to Phase I SOM
before it begins to decompose (Hyvonen and Agren
2001). The MEL model does not simulate the depth of
SOM explicitly or SOM in permafrost, but instead
predicts total SOM in the annually thawed active layer
(above the permafrost table).

The C, N and P balances are linked through
vegetation and microbial processes. C enters the
ecosystem through photosynthesis, about half of
which is respired by the vegetation, the remainder
then cycles to soil via litter fall, and eventually is lost
from the ecosystem via heterotrophic respiration and
loss in dissolved organic matter. N enters as NH, and
NO5 via deposition, dissolved organic N (DON), and
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non-symbiotic N-fixation. The annual NH, and NO5
deposition rates related to precipitation amount are
estimated using year 2000 field-based measurements
by Shaver and Laundre (2006). P enters the ecosystem
through deposition of PO}~ or the weathering of
primary and secondary P minerals (Rastetter et al.
2013). NH," and PO, are mineralized from both
Phase I and Phase Il SOM. Using a Langmuir isotherm
(Weatherley and Miladinovic 2004), NH,™", PO,
and DON are partitioned between adsorbed and
dissolved fractions and only the latter determines the
rates of leaching, nitrification, and uptake by plants
and microbes. Nitrate is assumed to completely
dissolve in soil water, ready for leaching, and uptake
by plants and microbes.

Climate forcing data

The MEL model is driven by daily maximum and
minimum air temperature, atmospheric CO, concentra-
tion, precipitation, and solar radiation. For the period
1901-2009, we obtained the CRU (Climatic Research
Unit, TS 3.1; Harris et al. 2014) monthly data (incoming
shortwave radiation, air temperature and precipitation)
at 1 x I km spatial resolution from the Scenarios
Network for Alaska Planning (SNAP 2013). The annual
global atmospheric CO, concentration was derived
from Mauna Loa station (NOAA/ESRL, www.esrl.
noaa.gov/gmd/ccgg/trends/). For the period 2010-2100,
we used two sets of climate data, a high emission sce-
nario (MPI ECHAMS SRESA2) and a low emission
scenario (MPI ECHAMS SRESB1). We derived the
corresponding A2 and B1 CO, concentration from each
of the corresponding IPCC SRES scenarios (IPCC
2007). The B1 scenario represents a 163 ppm increase
in atmospheric CO, concentration from 2009 to 2100,
and the A2 scenario, a 468 ppm increase (Fig. 2). Air
temperature generally decreased from south to north.
The average annual air temperature of the whole North
Slope increases from —9.6 °C in 2000 to —6.0 °C in
2100 under the B1 scenario, and to —2.3 °C in years
2090-2099 under the A2 scenario. There was no clear
long-term trend in the radiation data. There was no long-
term trend in the mean annual radiation, but the year-to-
year variability is substantially larger during the 21st
century than the 20th century. The mean annual total
precipitation of the whole North Slope has large annual
variability over the 200 years [varied between (200,
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500) mm], and increases ~60 mm under BI
and ~ 110 mm under A2 scenario during the 2nd half
of the 21st century. Both the historical and projected
climatology were downscaled to 1 x 1 km spatial res-
olution by SNAP (2013).

Across the North Slope, the annual mean air
temperature has a clear regional pattern (Fig. 3),
which generally agrees with the partitioning of
bioclimate subzones (Fig. 1b). The annual total
incoming shortwave radiation has an increasing trend
from west to east across the North Slope. The annual
total precipitation has a similar regional pattern to the
air temperature, with higher precipitation in the south.

To obtain the day-to-day variation of shortwave
radiation, we assumed that the difference between
daily values and the monthly mean follows a gener-
alized extreme value distribution (Coles 2001). We
then fit the distribution to satellite-based solar radia-
tion from the National Solar Radiation Database
(NSRDB, Wilcox 2012) at 12 sites on the North Slope
of Alaska (Table Al; Fig. Al). At each of the 12 sites,
we calibrated a unique set of parameters for each
month. Using the same method, we estimated varia-
tions of daily maximum and minimum air tempera-
ture, based on measured air temperature at 25 NCDC
(National Climatic Data Center, http://www.ncdc.
noaa.gov/) sites (Table A2, Appendix Al). At each
of the 25 sites, we calibrated one set of parameters for
each month. We used a distance-weighted method to
determine which site’s parameters for daily radiation,
maximum and minimum air temperature were used for
each specific 1 x 1 km grid pixel across the region.
Then we used the monthly value from the SNAP
dataset and the fitted distributions here to obtain the
daily climate forcing data that drove the model.

Modeling protocol

The MEL model was calibrated by Pearce et al. (2015)
to match annual C, N, P and water fluxes near Toolik
Lake on the North Slope of Alaska (68°38'N,
149°43'W). Although species composition is not
explicitly represented in the MEL model, the effects
of changes in species composition have been incorpo-
rated into the allometry equations, which partitions
vegetation into woody and active biomass; all four of the
major tundra types (moist tussock, heath, shrub, and wet
sedge) fit along this allometric function (Pearce et al.
2015). In addition, we have shown empirically that
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Fig. 2 Time series of historical (1901-2009, CRU.TS31) and future (2010-2100, ECHAMS B1 and ECHAMS A?2) climate data used
to drive the MEL simulations. TAIR: air temperature; ISWR: incoming shortwave radiation
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Fig. 3 The spatial distribution of the averaged annual air temperature (TAIR), incoming shortwave radiation (/SWR) and precipitation
(PREC) data in 2000s (2000-2009), 2090s (2090-2099) from the B1 scenario, 2090s from the A2 scenario across the North Slope

whole-canopy photosynthesis for all tundra types across with a single set of parameters (Shaver et al. 2007; Street
the Arctic can be predicted from leaf area, air temper- et al. 2007, 2012). We are therefore confident that the
ature, and photon flux density using a single equation MEL model can be used to represent the diversity of
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tundra types on the North Slope. Nevertheless, the
simulation was limited to the region south of 70.8'N
because the parameterization has poor performance for
the water-saturated wetland ecosystems above this
latitude (the extreme northern tip of Alaska).

Given the lack of data for initial conditions, we ran
1000 years spin-up simulations to set the initial
conditions for all state variables in our simulations
(i.e., vegetation and soil C, N and P pools). For all of the
1 x 1 km grid cells, we began these spin-up simula-
tions using the vegetation and debris C, N, and P stocks
from Pearce et al. (2015), SOM C stocks estimated
from the seasonally-thawed “active layer” in Mishra
and Riley (2012), and the SOM N and P stocks were
determined using SOM C:N and C:P ratios in Pearce
etal. (2015). We then partitioned SOM into phase I and
I based on the fractions in Pearce et al. (2015). During
the spin-up period, the 1901-1910 climate data were
repeated consecutively to drive the model to allow
vegetation and soil processes to achieve steady state.
Thereafter, the model was driven by the transient
climate data (1901-2100). The MEL simulations were
conducted for the North Slope of Alaska
(~1.7 x 10° kmz) at 1 x 1 km spatial resolution.

GIS data

We compared our modeled biomass estimates to the
satellite estimates of above-ground biomass (Fig. 4),
which is based on an exponential relationship between
the Normalized Difference Vegetation Index (NDVI)
and aboveground plant biomass (phytomass) calcu-
lated from clip harvest data (Walker et al. 2003;
Fig. 1d). We used the vegetation map (Raynolds et al.
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x10*

Number of grid cells with the
same NDVI estimates

2006, Fig. 1c) to identify the type of vegetation for
each 1 x 1 km pixel. Then we multiplied our modeled
total biomass C by the ratio of above-ground to total
biomass for each of the different vegetation types in
Shaver and Chapin (1991) to estimate above ground
biomass. We also compared the MEL modeled SOM C
stocks across the North Slope with the Northern
Circumpolar Soil Carbon Database version 2
(NCSCDv2) (Hugelius et al. 2014).

Partitioning ecosystem C change

Finally, using a modification of the stoichiometric
analysis developed by Rastetter et al. (1992; see also
McKane et al. 1997), we partitioned changes in
regional C stocks into five nutrient-associated factors:
(1) net change in total N or P in vegetation plus SOM
(including debris); (2) redistribution of N or P between
vegetation and SOM; (3) change in vegetation C:N or
C:P ratio; (4) change in SOM C:N or C:P ratio, and (5)
the interaction of factors 1-4. Using C-N interactions
as an example, the equations used to partition changes
in regional C stocks were as follows:

AC7 = ACan + ACieiis + ACagy + ACaysom
+ ACinter

ACay = ANy - g7(0)

ACredis = [qv(0) = gsom(0)] - [ANy - Nsom (0)
—ANsou - Nv(0)]/Nr(0)

ACpgv = Ny (0) - Agy

ACpgsom = Nsom(0) - Agsom

ACinter = ANy - Agy + ANsown - Aqsom
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where ACr, ACan, ACregis, ACaqv, ACagsom, and
AC;yer are the changes in total ecosystem C associated
with factors 1-5. N7, Ny and Ngg,, are total ecosystem
N, vegetation N and SOM N, respectively. gy, ¢sowm,
and g7 are vegetation, SOM, and total ecosystem C:N
ratios, respectively. Here, “0” represents the “initial”,
and “A” represents the change since the “initial”. This
partitioning scheme is based on the fact that all
organisms require C, N, and P, and there were limits to
the allowable ranges of C:N and C:P ratios within
organs, organisms, and communities (Shaver et al.
1992).

Results
Model performance

MEL modeled above-ground biomass C explained
59 % (R* = 0.59, RMSE = 112 g C/m?) of the spatial
variation of the estimated above-ground biomass C
derived from the Toolik-Arctic Geobotanical Atlas
(Fig. 1d. Grouped by the vegetation types in Fig. 1c,our
model successfully simulated above-ground biomass in
different vegetation types without using any species-
specific information in the model parameterization

(Fig. 5). Compared with the estimated above-ground
biomass C derived from the remote sensed NDVI
(Walker et al. 2003), differences occurred in the areas
dominated by low shrub and moist tussock, where MEL
model produced slightly lower above-ground biomass C
stocks (Fig. 5). The gridded NDVI biomass data was the
only corroboration we had because we used the only soil
data to initialize the spin-up simulation. Changes in
SOM in our simulations were on the order of about
1-2 %, which would be too small to detect in any
dataset. These changes were small for SOM pool but had
large effects on vegetation, where they were detectable
and where our model appeared to do well.

C fluxes and stocks

The steady-state regional C stock was ~3451 Tg, of
which 93 Tg was stored in vegetation biomass, 68 Tg
in debris, 684 Tg in Phase I SOM, and 2607 Tg in
Phase IT SOM (Table 1). Over the historical simula-
tion (1901-2009), regional C stocks had no significant
trends in the first seven decades, and then increased
over the last three decades of the 20th century (Fig. 6).
By 2000, vegetation biomass C increased by 18.0 Tg C
(19.5 %) and debris by 5.1 Tg C (7.5 %), but Phase 1
SOM decreased by 3.9 Tg C (0.6 %) and Phase II
SOM decreased by 9.2 Tg C (0.4 %) relative to the

800 T T T
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o @

300

200

100 —

Above-ground biomass C (g Clmz)

o | | |

IR =N

[ Modeled
[ |Observed||

M
LI
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Fig. 5 Above-ground vegetation biomass C stocks in areas
dominated by different vegetation types. The vegetation map
used to match the vegetation types is derived from Raynolds
et al. (2006) as shown in Fig. 1. The observed biomass C stocks
are derived from the Toolik-Arctic Geobotanical Atlas (http://
www.arcticatlas.org/) as shown in Fig. 1, with an assumption

Low shrub

Moist Moist Wet sedge
Non-Tussock Tussock grass with Moss

that C accounts for 50 % of dry weight of biomass. For the MEL
modeled biomass C, we used the portions of above-ground
biomass to total biomass demonstrated in Shaver and Chapin
(1991). For Alpine tundra and moist non-tussock tundra, we
used the same portion for shrub in Shaver and Chapin (1991)
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Table 1 Modeled C, N and P storages and C:N, C:P ratios in biomass, debris, Phase I and II soil organic matter and the total

ecosystem
1900 2000s (2000-2009) 2090s (2091-2099) 2090s (2091-2099)
under Bl under A2
Biomass C (Tg) 92.5 110.5 138.4 164.8
N (Tg) 1.85 2.12 2.51 2.80
P (Tg) 0.196 0.228 0.276 0.317
C:N 49.9 522 55.2 58.7
C:P 471 485 502 520
Debris C (Tg) 67.8 72.9 78.4 82.9
N (Tg) 0.88 0.95 1.02 1.08
P (Tg) 0.088 0.095 0.102 0.108
C:N 76.9 76.9 76.9 76.9
C:P 769 769 769 769
Phase 1 soil organic matter C (Tg) 684.2 680.3 671.7 671.1
N (Tg) 23.88 23.82 23.56 23.00
P (Tg) 2214 2.216 2222 2.176
C:N 28.7 28.6 28.5 29.2
C:P 309 307 302 308
Phase II soil organic matter C (Tg) 2606.8 2597.6 2592.8 2593.3
N (Tg) 121.24 120.82 120.59 120.62
P (Tg) 14.896 14.843 14.816 14.819
C:N 21.5 21.5 21.5 21.5
C:P 175 175 175 175
Ecosystem C (Tg) 3451.4 3461.4 3481.4 3512.1
N (Tg) 147.86 147.71 147.68 147.50
P (Tg) 17.395 17.382 17.416 17.419
C:N 23.3 234 23.6 23.8
C:P 198 199 200 202

steady state (Table 1). Driven by the B1 and A2
climate, the vegetation C stocks increased respectively
25 % (+27.9 Tg C) and 50 % (+54.3 Tg C) over the
21st century. Along with the biomass increase, more
litter production led to respectively 8 % (+5.5 Tg C)
and 14 % (10.0 Tg C) higher debris C pools under the
B1 and A2 climate. The increased biomass had higher
photosynthetic potential (i.e. GPP), which increased
from 442.6 to 568.5 g C/m*/year during the 21st
century under the B1 climate, and increased to 711.7 g
C/m2/year under the A2 climate (Fig. 7). The increase
in air temperature also enhanced ecosystem respira-
tion (plant respiration plus soil respiration). In partic-
ular, the ecosystem respiration increased from 436.4 to
556.5 g C/m?/year during the 21st century under the
B1 climate and increased to 711.1 g C/m?*/year under
the A2 climate (Fig. 7). Consequently, the total SOM
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C stock (Phase I plus Phase II) lost about 13.4 (0.4 %)
and 13.5 (0.4 %) Tg C under the B1 and A2 climate,
respectively. Overall, the higher increase in vegetation
and debris C stocks than the decrease in SOM C stock
led to 20.0 (0.6 %) and 50.7 (1.5 %) Tg net C gain in
the total regional C stocks under the Bl and A2
climate, respectively (Fig. 6).

Across the North Slope, the distribution of both
vegetation and SOM C stocks had large spatial
variations (Fig. 8a) and there was a strong positive
correlation between the two (R2 = 0.68). Across the
North Slope, SOM C stocks of the annually thawed
active layer ranged from 10 to 26 kg C/m? in 2000
(Fig. 8a). This range was within the range of the
Northern Circumpolar Soil Carbon Database version 2
(NCSCDv2) (Hugelius et al. 2014), which is from 1 to
24 kg C/m? for the top 30 cm depth, and from 1 to
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Fig. 6 The simulated change of N, P and C stocks in vegetation, debris, Phase I and Phase II SOM from 1901 to 2100, under the

historical (CRU) and future (B/ and A2) climate data

66 kg C/m? for the top 100 cm depth; much of the
deeper C would be below the permafrost table.
Vegetation C stock ranged from 0.2 to 0.9 kg C/m?>
with relatively low values in the northern coastal area
because of the low air temperature (Fig. 8a). Both the
B1 and A2 climates caused losses of SOM C by as
much as 300 g C/m? in most parts of the North Slope,
except the northern coastal area where SOM C
increased by as much as 300 g C/m?. Overall, the
warming climate contributed to a larger vegetation C
pool, and both the B1 and A2 climates led to a net gain
in ecosystem C stocks in most parts of the North Slope
(Fig. 8a). However, the spatial variation of vegetation
C had very low correlation with air temperature. Based
on a linear regression, the spatial variation of annual
mean air temperature only accounted for 6 % of the
spatial variation in vegetation C.

N fluxes and stocks
The steady-state regional N stock was ~ 147.9 Tg, of

which 1.9 Tg was stored in vegetation biomass, 0.9 Tg
in debris, 23.9 Tg in Phase I SOM, and 121.2 Tg in

Phase I SOM (Table 1). Over the historical simulation
(1901-2009), the N mineralization rate had no signif-
icant trend before 1970s, but had a clear increasing
trend from then on (Fig. 7). This increase in mineral-
ization reduced the N stock of Phase II SOM (Fig. 6).
Meanwhile, the plant N uptake rate was generally
lower than the N mineralization rates, and inorganic N
was lost from the system through leaching. Given the
very small external N inputs (i.e. N deposition and
fixation), leaching of N resulted in a net loss from the
region (~0.15 Tg or ~0.1 %), which consisted of a
0.27 Tg increase in vegetation N, a 0.07 Tg increase in
debris N, a 0.06 Tg decrease in phase I SOM N, and a
0.42 Tg decrease in phase II SOM N (Fig. 6).

Over the 21st century, N mineralization rates
increased from 4.71 to 5.54 g N/m*/year under the
Bl climate, and to 6.40 g N/m*/year under the A2
climate (Fig. 7). The consequent increase in plant
available N allowed faster plant N uptake. Quantita-
tively, over the century, plant N uptake increased from
4.66 to 5.44 g N/m?*/year under the B1 climate, and
increased to 6.18 g N/m?/year under the A2 climate.
As in the latter part of the 20th century, higher N
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fluxes driven by the historical (CRU) and future (B/ and A2) climate data

mineralization rates than N uptake rates caused a
buildup of inorganic N and subsequent leaching losses
during the 21st century; the external N supply (i.e. N
deposition and fixation) was too small to compensate
for these losses. As a result, the regional N stock
decreased by 0.03 and 0.21 Tg N (0.02 and 0.14 %)
under the B1 and A2 climate, respectively. All of these
losses of N were from phase I and II SOM (i.e. B1:
—0.49; A2: —1.02 Tg N), which were only partly
compensated by increases of N in vegetation and
debris (i.e. B1: +0.46; A2: 4+0.81 Tg N, Table 1).
The SOM N stock was spatially heterogeneous
across the North Slope and reflected the SOM N stock
used to initialize the model (Fig. 8b). Generally, the
SOM N pool had unimodal north—south distribution
with the highest values in the northern foothills and
decreasing from there toward both the mountains to
the south and the coast to the north. In 2000, the SOM
N stock ranged from 400 to 1200 g N/m? across the
North Slope. The vegetation N stock had strong
positive correlation with the SOM N stock but weak
positive correlation with air temperature. In particular,
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the SOM N stock accounted for 74 % of the spatial
variation of biomass N stock from simple linear
regression, whereas the air temperature accounted for
only 5 %. By 2000, the vegetation N stock in our
simulations ranged from 4 to 17 g N/m? across the
North Slope (Fig. 8b). Because the SOM N stock
accounted for more than 95 % of the total ecosystem
N, the spatial variations and magnitudes of total
ecosystem N stock followed the spatial patterns of
SOM N distribution across the region. Both the B1 and
A2 climates led to net loss in SOM N stock in most
parts of the North Slope, with greater warming
corresponded to greater nutrient losses (Fig. 8b). The
spatial variation of SOM N stock was large and areas
with higher initial SOM N pool had larger SOM N loss
under the warming climates. Over the 21st century,
climate warming resulted in a —10 to +2 g N/m?
change in SOM N stocks across the North Slope. Most
of the N released from the SOM pool was acquired by
the vegetation; therefore the spatial pattern of
increases in vegetation N stocks was well correlated
to decreases in SOM N stocks (Fig. 8b).
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P fluxes and stocks

The steady-state regional P stock was ~17.4 Tg, of
which 0.2 Tg was stored in vegetation biomass, 0.09
Tg in debris, 2.2 Tg in Phase I SOM, and 14.9 Tg in
phase II SOM (Table 1). The MEL model simulated a
net 0.01 Tg P or 0.06 % loss from the system between
1901 and 2009, which consisted of a 0.03 Tg increase
in vegetation P, a 0.01 Tg increase in debris P, no
change in phase I SOM P, and a 0.05 Tg decrease in
phase II SOM P stock (Fig. 6). Under warming
climate, P mineralization and uptake rates had similar
increasing trends as those of N (Fig. 7). However,
unlike the N fluxes, where net mineralization rates
clearly increased more than plant uptake rates, plants
absorbed nearly all of the P mineralized from the SOM
pool plus additional P input into the ecosystem
through weathering and deposition. There was there-
fore a net gain in ecosystem P stocks under both
projected warming climates (Fig. 6). Over the 21st
century, the regional P stocks increased 0.034 Tg
(0.20 %) under the B1 climate. This increase was
distributed among vegetation biomass (+0.048 Tg P),
debris (4-0.007 Tg P) and phase I SOM (4-0.006 Tg P)
and was only partly compensated by P loss from phase
II SOM (-0.027 Tg P, Table 1). Under the A2 climate,
the regional P stock increased 0.038 Tg (0.22 %),
which was distributed between vegetation biomass
(+0.089 Tg P) and debris (+0.013 Tg P), but partially
compensated by decreases of P in phase I (—0.040 Tg
P) and IT SOM (—0.024 Tg P, Table 1).

The spatial distribution of SOM P stock was similar
to the SOM N stock (Fig. 8c). By 2000, the SOM P
stock on our simulations ranged from 40 to 140 g P/m*
across the North Slope. As with the biomass N stock,
the biomass P stock had a strong positive correlation
with SOM stocks but weak positive correlation with
air temperature. By 2000, vegetation P stock ranged
from 04 to 1.8 g P/m*> across the North Slope
(Fig. 8c). The spatial variations and magnitudes of
total ecosystem P stock followed the spatial patterns of
SOM P distributions across the region. Both the Bl
and A2 climates led to net loss in SOM P stock in most
parts of the North Slope, with increased warming
leading to increased nutrient losses (Fig. 8c). Spatial
variation of SOM P stock was large and areas with
higher initial SOM P pool had larger SOM P loss under
the warming climates. Over the 21st century, climate
warming resulted in a —1 to +0.1 g P/m” change in
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SOM P stocks across the North Slope. Most of the P
released from the SOM pool was acquired by the
vegetation; therefore the spatial pattern of increases in
vegetation P stocks was well correlated to decreases in
SOM P stocks (Fig. 8c).

Partitioning ecosystem C change into C—N and C-
P based interactions

Under the B1 scenario with moderate emissions and
warming, the net loss of regional N over the 200-year
simulation would result in about 6 Tg net reduction in
regional C, all other factors remaining constant (AN
Fig. 9). About 16 Tg C accumulation in the region can
be attributed to the redistribution of N from SOM, with
a low C:N, to vegetation, with a higher C:N (N
redistribution in Fig. 9). The increase in vegetation
C:N (e.g., due to increases in abundance of woody
tissues relative to leaves and fine roots) con-
tributed ~15 Tg increase in regional C (AC:N
Vegetation Fig. 9). The increased C:N ratio of SOM
resulted in ~ 8 Tg C gain in regional C stocks over the
200 years (AC:N SOM Fig. 9). The interaction of the
four factors contributed an additional 5 Tg C (inter-
action Fig. 9). Under the high emissions and warming
A2 scenario, carbon flux and stock changes had similar
patterns to those under the B1 scenario, but with larger
magnitudes (Fig. 9).

Using the same partitioning method, analysis based
on C-P interactions yielded contrasting results. Under
the B1 scenario, the net accumulation of regional P
over the 200 years resulted in a 5 Tg C net gain in
regional C (AP Fig. 9). The redistribution of P from
SOM, with a low C:P, to vegetation, with a higher C:P
(P redistribution in Fig. 9), resulted in 23 Tg C
accumulation. Increased vegetation C:P led to 8 Tg C
increase in regional C stocks (AC:P Vegetation) and
the slight increase in SOM C:P ratio resulted in almost
no change to the regional C stocks by 2100 (AC:P
SOM Fig. 9). The interaction of the four P-associated
factors contributed an additional 3 Tg C (interaction
Fig. 9).

Differences between the N-based and P-based
partitioning of the net changes in regional C existed
for all four factors: (1). The net decrease in total
ecosystem N led to loss in regional C, while the net
increase in total ecosystem P led to gain C by 2100.
This difference was ~ 10 Tg C under the B1 climate
and 13 Tg C under the A2 climate. (2) The
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Fig. 9 Simulated net change in ecosystem C stocks partitioned
among three biogeochemical factors and their interaction at
three sites from 1901 to 2100 for the whole North Slope of
Alaska. The bottom pattern shows the difference (g/mz) between
the N partitioning and the P partitioning in panels above. “AN”
or “AP” indicates a change in C stocks associated with a change

redistribution of N from SOM to plants resulted in 6
Tg lower increase in regional C than the redistribution
of P from SOM to plants under both Bl and A2
climates. (3) The increase in vegetation C:N ratio led
to higher regional C gain in comparison to the increase
in vegetation C:P. This difference was ~7 Tg C under
the B1 and ~5 Tg under the A2 scenario. (4) The
increase in SOM C:N ratio caused larger gain in
regional C than did the increase in SOM C:P; the
difference was 8 Tg C under the B1 scenario and 12 Tg
C under the A2 scenario (Fig. 9).

Discussion
We used a model developed and tested with plot-scale

data to examine the spatial patterns of plant and soil C,
N, and P stocks across the North Slope of Alaska and

in the total N or P in the ecosystem; “AC:N” or “AC:P” is the
change associated with changes in the C:N or C:P ratios of
vegetation or soil (SOM), “N redistribution” or “P redistribu-
tion” is the change associated with the redistribution of N or P
among pools, and “interaction” is the change associated with
the interaction of all three factors

to explore how those stocks might change in response
to climate warming. Our modeled spatial variation of
vegetation C stocks generally agreed with biomass
estimates derived from satellite NDVI. Compared
with the NDVI biomass, our model results had clear
biases at the high and low end, but those NDVI values
are very rare. Moreover, as clarified in Walker et al.
(2003), there is considerable uncertainty regarding
biomass of NDVI values above about 0.55 (~641 g
C/m?) because of the non-linear relationship between
NDVI and biomass. Therefore, it is possible that our
results were more close to the real biomass amount in
those highly vegetated areas. Our modeled ranges of
the present-day SOM C pool (10-26 kg C/m?) was
within the range of empirical data (NCSCDv2)
(Hugelius et al. 2014). The model-data difference
between our modeled SOM C and the NCSCDv2 SOM
C can be partly attributed to environmental variations

@ Springer



208

Landscape Ecol (2016) 31:195-213

that have not been explicitly captured in our historical
simulations (e.g., thermal erosion, changes in active
layer thickness). However, considering the scarce data
and limited representation of spatial heterogeneity for
the North Slope, rigorous tests of the modeled SOM
predictions are simply not possible. We acknowledged
that the quantitative predictions of the model in
relation to the magnitude, timing, and location of
changes should be used with extreme caution. Instead,
we emphasized the qualitative results on how and why
the tundra will change.

Nutrient limitation under warming climate

Increased air temperature stimulates mineralization of
the SOM pool, thereby leading to more plant available
nutrients. Although the Phase I SOM had low nutrient
turnover rates, it still provided the major source for
mineralization simply because its pool size was large.
The consequent higher concentration of plant avail-
able N (i.e. NH, ", NO;~, DON) and P (i.e. PO43_) in
soil allowed faster plant uptake rates, faster growth
and litter productions rates, which helped maintain
Phase I SOM element stocks. Over the 200-year
simulations, N mineralization rate was greater than
plant N uptake rates (Fig. 7) and N was lost from the
system through leaching. Meanwhile, the tighter
linkage between P mineralization and uptake rates
indicated that P release is still not sufficient to fulfill
the plant requirement and P was tightly retained by the
plants. Because the rate of plant growth is constrained
only by the supply rate of most limiting resource
needed for growth (Loladze et al. 2000; Grover 2004;
Haefner 2005; Rastetter 2011), long-term tundra plant
growth under warming climate is predicted to be
P-limited unless a mechanism exists to increase the P
supply to the ecosystem (e.g., biologically enhanced
weathering, Rastetter et al. 2013). It should also be
noted that N is very limiting in tundra on the North
Slope. There is therefore very little or no nitrification—
denitrification (Giblin et al. 1991; Nadelhoffer et al.
1991; Shaver et al. 1992; Mack et al. 2004; Yano et al.
2010). Thus, NOx losses should be negligible and very
localized (e.g., riparian fringe).

Plot scale analyses of tundra recovery from fire and
thermokarst using the MEL model indicate that the
post-disturbance recovery of tundra vegetation is
predominantly N limited (Pearce et al. 2015; Jiang
et al. 2015). These earlier results appear to contradict
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the implication of P limitation by the stronger P
retention than N retention with warming in the
simulations presented here. However, the -earlier
results reflect a predominantly plant response to
fertilization; the results here reflect the overall accu-
mulation of N and P by the whole ecosystem. The ratio
of N:P accumulated in the whole ecosystem in our
simulations here is simply lower than the N:P ratio in
the inputs used to drive the model. Moreover, N and P
are the most limiting nutrients in this system (Shaver
and Chapin 1980; Shaver et al. 2001, 2006). Nutrient
limitation by secondary nutrients such as calcium (Ca)
and magnesium (Mg) are not likely to play a large role
in the arctic due to the order of magnitude lower C:Ca
or C:Mg in arctic plants.

Varied trends of C and nutrient budgets

The long-term climate warming stimulates a net
transfer of nutrient (i.e. N and P) from SOM (low
C:nutrient ratio) to vegetation (high C:nutrient ratio),
and changes in biomass and SOM C:nutrient ratios.
These warming-caused changes in C, N, and P
interactions (Fig. 9) result in a larger vegetation C
stock that offsets decreases in the SOM C stock.
Therefore, the ecosystem gains C under a warmer
climate (Fig. 6). The large modeled increase in
vegetation C stock associated with warming agrees
with both field experimental and remotely-sensed
observations in the North Slope (Chapin et al. 1995;
Chapin and Shaver 1996; Shaver and Jonasson 1999;
Stow et al. 2004; Goetz et al. 2005; Verbyla 2008).
The slight reduction in SOM C is consistent with the
findings in a 20-year greenhouse experiment by Sistla
et al. (2013), but is much smaller than the SOM C
decrease in response to the 20-year nutrient fertiliza-
tion in Mack et al. (2004).

Constrained by the allowable ranges of C:nutrient
ratios within plant tissues, species, and communities
(Shaver et al. 1992), a new C-nutrient distribution will
be the result of altered vegetation structure and
composition (e.g., higher woody dominance) in future
tundra ecosystems. The increases in vegetation C:nu-
trient ratio can be due either to an accumulation of
high C:N or high C:P biomass (e.g., stem and
rhizomes) or a shift of vegetation cover to species
with these properties (e.g., shrubbier tundra, Rustad
et al. 2001; Walker et al. 2006; Myers-Smith et al.
2011). The increased C:nutrient ratio in vegetation
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biomass will lead to further increase in SOM C:nutri-
ent ratio through low quality (high C:nutrient) litter
input to the soil. This C-rich substrate mineralizes N
and P more slowly because of microbial retention and
immobilizes nutrients more strongly, thus reducing
availability of N and P for plant uptake in the future
tundra ecosystem.

Additional insight into the future control on C stock
in Alaska tundra can be derived from the comparison
of C-N and C-P interactions (Fig. 9). Differences
between the N-based and P-based partitioning of
changes in regional C stock indicate that the distinctly
different patterns of N and P cycles in response to
warming have remarkably different impacts on C
stocks. Relative to N, P is more tightly cycled in the
system; therefore changes in regional C stocks are
more sensitive to the net change or redistribution of P
(Fig. 9). In contrast to P, N released from soil cannot
be fully taken up by plants, and N loss through
leaching can be accounted for the difference of C stock
changes associated with N and P redistribution from
soil to vegetation, and the difference associated with
the net change in N and P stocks in the region.
Therefore, we predict that the availability of plant
available P has a stronger effect on determining the
future C stock in Alaska tundra.

Causes for the spatial variation

The spatial variation of our modeled SOM C and
nutrient stocks are strongly influenced by the SOM
map used to initialize the simulation. According to
Mishra and Riley (2012), areas of higher SOM C
stocks were primarily associated with wet soils (low
slope, large upslope catchment area), while areas of
lower SOM stocks were primarily associated with dry
upper slopes. Compared to the initial SOM C map
(Mishra and Riley 2012), the model underestimates
SOM in the northern wetland area. This is probably
because our model lacks a good representation of
topographic controls on soil texture, moisture, and
anoxia, which regulate soil C accumulation in peat-
lands (Fan et al. 2008). Moreover, the current param-
eterization based on moist tussock tundra might not be
appropriate for the biogeochemical processes in
northern wetlands.

Because arctic tundra is a nutrient-limited system
and the major source of nutrients to the vegetation is
from the SOM, the spatial variation in SOM pools

strongly influence the spatial variation in vegetation
biomass. In areas with low SOM stocks, there are less
nutrients to redistribute from SOM to vegetation and
the warming effect on plant growth will be greatly
constrained. Climate variability also influences the
spatial variation of vegetation biomass. Following the
gradient of bioclimate subzones (Fig. 1b), vegetation
in the south (warmer than the north) is expected to
have higher biomass, as long as the soil nutrient pool
can support the plant nutrient uptake requirement.
However, our analysis indicates that the spatial
variation of annual mean air temperature only
accounts for a small portion of the spatial variation
in vegetation biomass. The effect of spatial differences
in temperature is overwhelmed by the effects of
nutrient supply form SOM. Overall, the SOM pool and
climate variability together are expected to explain
most of the spatial variation in vegetation biomass.
Vegetation structure and composition might also
impact the spatial variation in biomass more than is
allowed by the allometric shifts in our model; but a
dynamic vegetation model would be required to
simulate these more extreme spatial variations caused
by changes in vegetation types under a warming
climate.

Uncertainties in modeling future tundra C
and nutrient balance

Future tundra C and nutrient balances may depend on
other factors that were not considered here. The first
uncertainty comes from the external nutrient supply to
the system. Because the arctic tundra is strongly
nutrient-limited (Shaver and Jonasson 2001; Shaver
et al. 2001; Mack et al. 2004), any increase in future N
and P inputs might be expected to increase tundra C
storage (McKane et al. 1997). However, the present
modeling study indicates that the nutrient supply to
vegetation in tundra is predominantly controlled by
the internal nutrient cycle; the external nutrient inputs
(e.g., N deposition, P weathering) are always small
(<1 %) relative to internal recycling. Although the N
deposition might increase in the arctic region (IPCC
2007), even an order of magnitude increase in
deposition should be still much lower than the net N
mineralization rate and insufficient to completely
offset the N loss through leaching and denitrification.
Therefore, the impact of potential increase in N
deposition on tundra C budgets should be limited.
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However, as climate warms and the annually thawed
active layer deepens, additional nutrients (N and P)
will be released from thawing permafrost (Hobbie
et al. 1999; Frey et al. 2007). The extent to which this
release of new nutrients might drive additional plant
growth and C accumulation is largely unknown
(Schuur et al. 2007).

The second major uncertainty results from the lack
of quantitative understanding of major disturbances
like wildfire and thermal erosion of permafrost (Rocha
etal. 2012). Despite the small frequency of tundra fires
in the North Slope, an unprecedented fire event might
have considerable impact on the regional C and
nutrient budgets. For example, the 2007 Anaktuvuk
River fire, which burned more than 1000 km? (Jones
et al. 2009), and released ~2.1 Tg C to the atmo-
sphere and 400 years accumulation of N, was large
enough to affect annual C and N budgets of the North
Slope and perhaps the entire Arctic (Mack et al. 2011).
As climate continues to warm, the number, severity,
and area burned by large fires is predicted to increase
(Hu et al. 2010), and the warming-caused increase in
ecosystem C stocks in unburned areas might not be
sufficient to compensate large C and N losses from
burned areas. Therefore, the net effect of climate
warming on arctic tundra C balance needs to be
reassessed to include consideration of changes in C, N,
and P balance in large burned and otherwise disturbed
areas. This work can only be done using models such
as the MEL model used in the present study.

Conclusion

Our modeling study indicates that the ongoing warm-
ing climate in Arctic enhances mineralization and
leads to a net transfer of nutrient from soil organic
matter to vegetation, thereby stimulating tundra plant
growth and increased C inputs to the tundra ecosys-
tems. Given the small external nutrient supplies (i.e. N
deposition and fixation, P weathering) to the system, N
and P mineralization rate is the dominant predictor of
plant nutrient availability and positively correlates to
the magnitude of the warming. As climate warms, the
release of N is modeled to be in excess of plant
requirement, and N is lost from the system. However,
the P will be strongly retained by plant uptake because
P is the more limiting nutrient resource in the long run.
As the principal source of plant-available nutrients, the
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SOM pool strongly determines the spatial variation of
vegetation biomass. Under a warming climate, nutri-
ent releases from thawing permafrost and disturbances
(e.g., wildfire and thermokarst) might contribute
substantial uncertainties to the spatial variation of
SOM and vegetation C stocks across the region. Our
model provides insight on understanding the effect of
tightly cycled N and P on the tundra C budget under
long-term warming climate.
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