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Abstract. The down-slope movement of water and nutrients should link plant and soil processes
along hill slopes. This linkage ought to be particularly strong in Arctic ecosystems where perma-
frost confines flowing water near the surface. We examined whether these hill-slope processes are
important in assessments of the responses of Arctic tundra to changes in CO, and climate using the
Marine Biological Laboratory—General Ecosystem Model. Because higher rates of water flow de-
crease the distance over which nutrients must diffuse to the roots, down-slope vegetation is more
productive under current conditions. In response to elevated CO, and a warmer, wetter climate, the
relative increase in carbon stored in vegetation and soils was higher uphill, but the absolute increase
was higher downhill. Very little of the increase in carbon anywhere on the hill slope resulted from
an increase in total ecosystem nitrogen. Instead, the increases were associated with increases in
vegetation C:N ratio (woodiness) and with the redistribution of nitrogen from soils (low C:N) to
vegetation (high C:N). Because these changes are fueled by nitrogen already in place, the down-
slope movement of nitrogen does not appear to be a major determinant of the responses of Arctic
tundra to changes in CO, and climate.

Introduction

Hill-slope processes like the down-slope movement of water and nutrients are
rarely considered when assessing the productivity of terrestrial ecosystems or
their response to changes in the environment (but see Oberbauer et al. 1989;
Shaver et al. 1991; Ostendorf and Reynolds 1993). Most studies that address
hill-slope processes focus on the delivery of water and solutes to streams at the
base of the hill rather than on the effects of these processes on the hill-slope
ecosystems themselves (e.g., Hornberger et al. 1994; Preedy et al. 2001).
However, as nutrients move down slope, they are repeatedly taken up, cycled
through vegetation and soils, and released back into the soil solution. Hence
nutrients tend to spiral down slope rather than flow directly to the stream at the
base of the hill. This nutrient-spiraling concept (Newbold et al. 1981, 1982),
which has proven so useful for analyzing productivity patterns in stream
ecosystems, has never been applied to hill slopes; yet analogous processes
clearly must occur, especially on slopes with strong lateral water movement
(Marion and Everett 1989; Kling et al. 2000; Reiners and Driese 2001).
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These hill-slope processes potentially could have important effects on the
responses of terrestrial ecosystems to changes in the environment. For ex-
ample, elevated CO, concentrations might increase nutrient demand up slope
and thereby decrease down-slope nutrient flux and result in a lag or attenuation
of the CO, response farther down slope. Alternatively, high rates of nutrient
release up slope in response to warming might result in a faster and stronger
response down slope. Do these types of interactions need to be taken into
account to make reliable projections of the long-term ecosystem and landscape
responses to changes in the environment?

Despite the potential importance of these hill-slope processes, they are never
explicitly represented in regional or global simulations, largely because the
computational costs are too high. Instead, these models extrapolate spatially
by repeated and independent application of a plot-scale model to each location
on a spatial grid (e.g., McGuire et al. 1992; Cramer et al. 1999; Williams et al.
2001; Le Dizeés et al. 2003). Although the plot-scale model is typically para-
meterized based on data from experimental plots less than a few 100 m? in size,
it is assumed to represent a far larger area (100-10,000km?) without ac-
counting for plot-to-plot interactions like the movement of water and nutrients
on hill slopes. Spatial processes are sometimes implicitly incorporated by
modeling individual vegetation types (e.g., Jenkins et al. 1999) or topographic
units (e.g., Reiners et al. 1998; White et al. 1998) separately, but this implicit
approach cannot capture the dynamics associated with plot-to-plot interac-
tions. Thus, the spatial patterns arising from these regional and global model
applications are the result of the spatial variations in the data used to drive the
model (e.g., climate, soils, vegetation) and not the result of spatial interactions
among simulated plots.

Even without an explicit representation of hill-slope and other spatial pro-
cesses, regional models often capture the broad spatial pattern of productivity.
For example, Schloss et al. (1999) compared estimates of the global pattern of
net primary production from several models to satellite-based estimates and
found generally high spatial correlations at a 0.5° latitude x 0.5° longitude
resolution. On a more regional scale, Le Dizes et al. (2003), using the same
model we employ below, found that the spatial patterns in modeled and sa-
tellite-based estimates of productivity in a catchment in northern Alaska were
highly correlated at a 30km x 30 km resolution (> = 0.8-0.9). This corro-
boration of models at coarse spatial scales suggests that hill-slope and other
spatial processes can be ignored. However, these comparisons are based on
near-steady-state conditions and cannot address the decade-to-century-scale
transient responses of ecosystems to elevated CO, concentrations, climate
change, or other long-term environmental change (Rastetter 1996). Because of
the potential time lags associated with the down-slope movement of N, hill
slope process could have important effects on these transient responses
(Reiners and Driese 2001).

In this paper, we analyze how the down-slope movement of water and N
affects responses of Arctic tussock tundra to changes in atmospheric CO» and
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climate. Because water and dissolved nutrients are held near the surface by
permafrost, this down-slope movement is thought to be particularly important
to the productivity of tundra ecosystems (Shaver et al. 1991). Our approach is
theoretical, based on a simple, conceptual hill slope consisting of a sequence of
moist tussock tundra plots linked through the transport of water and N down
slope. Plant and soil processes on each plot are simulated using a model of
ecosystem C-N interactions (Marine Biological Laboratory—General Ecosys-
tem Model, MBL-GEM III; Le Dizes et al. 2003).

Material and methods

Our modeling exercise focused on hill slopes covered by the moist tussock tundra
typical of the northern foothills of the Brooks Range in northern Alaska. Several
characteristics make these systems attractive objects of study: (1) They are the
most common vegetation type in northern Alaska (Bliss and Matveyeva 1992);
(2) They have been intensively studied, especially at the Arctic Long-Term
Ecological Research (LTER) site near Toolik Lake, Alaska (68°38'N, 149°36'W:
Shaver and Chapin 1986, 1991; Grulke et al. 1990; Giblin et al. 1991; Oechel et al.
1992; Chapin et al. 1995; Chapin and Shaver 1996; Hobbie and Chapin 1998); (3)
Because of the large store of N in soil organic matter, they have a very high
potential for increased nutrient availability and primary production in response
to a warmer climate (Nadelhoffer et al. 1992, 1997); and (4) They have been
simulated with several ecosystem models, including ours, so parameter sets are
available (e.g., Ostendorf and Reynolds 1993; McKane et al. 1997a,b; Rastetter
et al. 1997; Hobbie et al. 1998; Le Dizes et al. 2003).

Tussock tundra covers most gentle hill slopes in northern Alaska. The soils
are always moist and unevenly covered with a dense organic mat, 30-50 cm
thick, overlaying silt mineral soil and permafrost (Marion and Oechel 1993).
The depth of soil thaw typically ranges from 30 to 55 cm. Total soil C above the
maximum depth of thaw generally increases down slope and varies from about
10 to 27kgCm 2 (Giblin et al. 1991). Total plant biomass and net primary
production (excluding fine roots) are, respectively, about 385gCm 2 and
80gCm Zyear ! (Shaver and Chapin 1991), but productivity can be 2 — 3
times higher in water tracks (Chapin et al. 1988). Productivity of tussock
tundra in northern Alaska is strongly N limited (Shaver and Chapin 1986), and
the N limitation is much stronger than potential limitation by low light or low
temperature (Chapin and Shaver 1985; Chapin et al. 1995).

Model description
The MBL-GEM 111 is a process-based, plot-scale model of the interactions of

C and N in terrestrial ecosystems. The general structure of the model has
been described in several papers (Rastetter et al. 1991; McKane et al. 1997a).
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Le Dizés et al. (2003) describe MBL-GEM III in detail and test its regional
predictions of productivity against satellite data (+* = 0.8-0.9). Only a brief,
general description will be given here followed by a description of the mod-
ifications made for this particular application.

The MBL-GEM III simulates, on an annual time step, plot-level photo-
synthesis and N uptake by plants, allocation of C and N to foliage, stems, and
fine roots, respiration in these tissues, turnover of biomass through litter fall,
and decomposition of litter and soil organic matter. The model was calibrated
to run on mean-July maximum and minimum daily air temperature, mean-July
daily irradiance, total growing-season precipitation, mean-annual CO, con-
centration, and annual N inputs in deposition. A major feature of the model is
that vegetation in the model acclimates to changes in the environment to
maintain a nutritional balance between C and N. For example, environmental
changes that stimulate photosynthesis (e.g., increased CO, or higher irra-
diance) result in an increase in the relative allocation of C and N to fine-root
growth, which, in turn, stimulates N uptake. Similarly, environmental changes
that stimulate N uptake (e.g., increased available N) increase the relative al-
location of C and N to foliage growth, which stimulates C uptake. The C:N
ratio of litter determines how it is partitioned among organic matter fractions
that differ in relative turnover rates. The rates of decomposition and N mi-
neralization also depend upon soil temperature and moisture. Of significance in
wet tundra soils, the effect of soil moisture on soil processes is hump shaped,
increasing to an optimum and then declining as soils become waterlogged
(Flanagan and Veum 1974).

McKane et al. (1997a,b) used the GEM to analyze responses of tussock
tundra to 9-year manipulations of nutrients (N + P fertilization), temperature
(greenhouses), and light (shade houses). Of particular importance to the pre-
sent study, the model was able to simulate the observed ~40% increase in stem
(woody) and leaf biomass associated with a fertilizer-induced shift in com-
munity structure. The community changed from one with an approximately
even distribution of graminoid, evergreen, and deciduous shrub biomass to one
dominated by deciduous shrub biomass. A similar transition to woodier ve-
getation is thought to be occurring in northern Alaska in response to a warmer
climate (Sturm et al. 2001). An analogous spatial transition to more produc-
tive, woodier vegetation also occurs along the gradient between tussock tundra
and water tracks (Shaver and Chapin 1991; Gough et al. 2000). Our main goal
is to determine if the interaction of this spatial transition with down-slope
movements of water and nutrients might have ramifications on the responses of
tussock-tundra landscapes to changes in CO, and climate.

Spatial interactions among plots

We simulated 101 contiguous 1 m x 1 m plots on a transect running along the
water flow path down a hill slope covered with tussock tundra. The simulated
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plots were linked through the movement of water and dissolved inorganic N
down the slope. Dissolved organic N (DON) losses are 2—3 times higher than
inorganic N losses (10—15uM v.s. ~5uM, Keisuke Koba and Yuriko Yano,
personal communication). However, DON was assumed to be relatively inert
and so could not stimulate plant production down-slope and provide the
spatial linkages central to our analysis. We have therefore ignored DON fluxes
down slope. To simplify the analysis, we assumed a hill slope with uniform
aspect and slope so that there were no convergent or divergent water flow
paths. Permafrost beneath the tundra assures that no water is lost to deep
percolation. Therefore, all the water flowing out of one plot was assumed to
run into the next plot down slope. The flux of inorganic N between adjacent
plots equaled the water flux times the concentration of dissolved inorganic N in
the up-hill plot. Other forms of N transport including organic N and long-
distance N transport between nonadjacent plots associated with animal
movements and wind-blown litter were not considered. We also ignore deni-
trification in our simulations because its rate is very low in arctic ecosystems of
northern Alaska (Chapin et al. 1980, Schimel et al. 1996).

Soil moisture and discharge

Because of the annual time step in the GEM, we had to derive an estimate of
summer soil moisture and total summer water flux from plot to plot. We
therefore developed a simple daily-time-step, tipping-bucket model of the water
balance for the 101 contiguous 1 m x 1 m plots. We assumed a 10% slope,
which is typical of the steeper hills covered with tussock tundra near Toolik
Lake (USGS topographic maps). As with the annual model, we assumed the
plots were sealed at the bottom by permafrost, that the uphill plot had no
inputs except from the atmosphere and snow melt, and that each successive
plot drained directly into the next plot down slope so there was no convergent
or divergent flow of water and no deep percolation.

We used a Priestley and Taylor (1972) evapotranspiration model with a
coefficient (x) of 0.67, which is consistent with other studies on the Alaskan
North Slope (Wilson et al. 2002). We assumed 85% porosity and 39% field
capacity, by volume (Bridgham et al. 2001), and frozen-soil water content of
35% (= 15mm below field capacity in a 370 mm soil) to account for wintertime
desiccation (Kane 1997). We assumed the maximum depth of thaw was
370 mm for all plots, the average 1990-2000 August thaw depth in tussock
tundra near Toolik Lake, and we imposed a seasonal pattern to the depth of
thaw based on soil-temperature profiles at Toolik Lake (Arctic LTER 2002).

Down-slope discharge was simulated based on the slope and hydraulic
conductivity:

dz , y
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where Q is the down-slope discharge (mm day~'), K is the hydraulic con-
ductivity (m day '), dz/dx is the slope of the hill (assumed = 0.1mm™"), % is
the depth of standing water above the depth of thaw (mm), y is the width of a
plot (= 1m) and A4 is the area of a plot (= 1 m?). To calculate /, we assumed
that all the soil above the water table was at field capacity:

YD

(p—1)

where W is the total soil water (mm), f is the field capacity (fraction by
volume = 0.39), p is the porosity (= 0.85), and zt is the depth of thaw (mm),
which changes through the season.

We calibrated the model using 1996 flow and meteorological data from Im-
navait Creek (Kane and Hinzman 1998), which is about 10 miles north of Toolik
Lake. We did not expect our simple transect model to simulate individual hy-
drographs, which are strongly governed by the complex geomorphology of a
catchment, particularly on saturated areas near the stream channel. However,
we wanted the model to roughly match the seasonal pattern of cumulative dis-
charge. Our simulations began on May 27 as the soils began to thaw and
therefore after the beginning of snowmelt. About two-thirds of the discharge in
the calibration data occurred during the first 15 days of our simulation and was
clearly associated with snowmelt. To account for this snowmelt, we added a total
of 147 mm of water to the precipitation entering each of the 100 plots during the
first 13 days of the simulation; we found that the best fit was obtained by
decreasing the amount of water added each day exponentially from about 39 mm
on day 1 of the simulation to about 1 mm on day 13. We then calibrated the
hydraulic conductivity using stream-flow data for the rest of the season. To
match the cumulative discharge, we estimate that the value of K was about
8mday ', which is consistent with measured hydraulic conductivity for peat
soils (e.g., Almendinger and Leete 1998). Comparison of modeled to measured
cumulative discharge for Imnavait Creek indicated that we overestimate, on
average, by about 3% through the summer (+* = 0.99).

Based on this model, we derived a relationship between average growing-
season soil moisture and the total active-season water inputs (snowmelt plus
summer precipitation plus flow from up slope). Because of the changing depth
of thaw, we calculated a weighted-mean soil moisture using the depth of thaw
for the weighting:

Wit
= z1(1)

~—

Mw

Wn = ZTmax

where W, is the mean soil moisture (mm), zrmax 1S the seasonal maximum
depth of thaw (mm), S is the number of days with thawed soil, W(¢) is the
liquid water content of the soil on day ¢ (mm), and z1(¢) is the depth of thaw on
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day ¢t (mm). We then related this mean soil moisture to total active-season
water inputs to the plot using a nonlinear regression based on data generated
with the daily model (+* = 0.99):

Wn = 04700 + 118

where 0, is the total active-season water inputs (mm year'). We also derived
a relationship relating total active-season water discharge to the total active-
season water inputs (1> = 1):

Oout = 0.9975 Qi — 95

where Q. is the down-slope discharge. The difference between water inputs
and discharge accounts for both evapotranspiration and water left in the soil
when the soil freezes in the fall. We used these equations for mean soil moisture
and annual discharge in the annual-time-step GEM simulations.

Water-flow effects on N uptake by roots

The model had to be modified to account for the effects of moving water on N
availability to roots. At steady state, a plot at the bottom of our transect would
receive roughly 100 times the N inputs that enter a plot at the top of the
transect. However, this increased N flux is not enough to explain the pro-
ductivity gradient observed along hill slopes (e.g., highly productive water
tracks) because this increase in N flux is accompanied by a proportional in-
crease in water flux. Thus, the concentration of N in soil water, which is what
determines uptake by roots, is about the same all along the transect. However,
flowing water will increase N concentration near the root surface because it
overcomes the depletion zone around roots and thereby decreases ‘the distance
over which the nutrients must otherwise diffuse’ (Chapin et al. 1988; Schimel
et al. 1996). To account for this effect, we adjusted the concentration of N at
the root surface based on the water flux out of each plot:

[N]l'oot = [N] 1 — 05 ef(),()onm)

aq
where [N]o0r and [N],q are the N concentrations at the root surface and in the
soil solution away from the root, respectively. The 0.5 and 0.02 values were
selected to yield roughly a doubling of productivity from top to bottom of the
hill slope (Chapin et al. 1988).

Model calibration

The specific data and steps that were used to calibrate the MBL-GEM I1I were
described in Le Dizes et al. (2003) and the general approach is described in
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detail in McKane et al. (1997a). Briefly, the model was calibrated to biomass
and production of moist acidic tussock tundra based on a 9-year study re-
ported by Chapin et al. (1995) in which plots at Toolik Lake were experi-
mentally manipulated with fertilizer, greenhouses, and shade houses. Results
from an experiment that doubled atmospheric CO, in chambers at the same
site (Oechel et al. 1992) were also used to calibrate the model. In the calibration
procedure a subset of rate parameters was adjusted until a single parameter set
was found that was simultaneously consistent with the responses of all these
experimental manipulations. The average error in the model predictions of
biomass (exclusive of fine roots) over all treatments was ~ £ 10% (zero-
intercept regression of observations on model predictions slope = 0.98,
r? = 0.57). The full parameter set for moist tussock tundra is reported in
Le Dizeés et al. (2003).

Input data set and simulation protocol

Our simulations were based on historic and projected climate data for the years
from 1921 to 2100 (Figure 1). We used temperature and precipitation data
from the Arctic LTER for the years 1989-2000 (Arctic LTER 2002), which we
augmented with historical and projected data extracted from a 0.5°
latitude x 0.5° longitude, gridded dataset compiled by McGuire et al. (2000).
The historical records in this data set were derived from data reported by Jones
(1994), Hulme (1995), and Legates and Willmott (1990a,b). The projected
climate was based on a Hadley Center CM2 model simulation that included the
combined effects of greenhouse gases and sulfate aerosols (Mitchell et al. 1995).
We added 147 mm of snowmelt to the summer precipitation to be consistent
with the water-budget model described above (Section on Soil moisture and
discharge). We estimated mean maximum and minimum July temperatures for
Toolik Lake based on a regression relating the mean July temperatures in the
19892000 Arctic LTER data to the McGuire et al. (2000) data (> = 0.44). We
then used these temperature data to estimate mean July daily irradiance from a
three-parameter Bristow and Campbell (1984) model derived by Williams et al.
(2001). The historical CO, data were derived from ice-core measurements and
atmospheric CO, observations (Enting et al. 1994). For the projected CO,
data, we assumed a linear doubling of CO, concentrations in the next 100
years (Figure 1). We assumed inorganic N inputs in deposition to be
0.0141 gN'm ?year ' throughout the simulation, which is the average summer
deposition at Toolik Lake for the years 1989—-1999 (Arctic LTER 2002; winter
deposition is assumed to run off with snow melt because of the frozen soil).

In addition to the precipitation and N deposition, each of the simulated
plots, except the first one, also received water and N from up hill. The total
water input to a plot equaled the discharge from the nearest plot up hill, plus
the precipitation on the plot itself. Similarly, the total N input equaled the N
leaching from the nearest up hill plot plus the N deposition.
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Figure 1. Time-series data used to drive the GEM III. Data were compiled to represent historical
and projected future climate at the Arctic Long-Term Ecological Research site near Toolik Lake,
Alaska.

To eliminate transients associated with initial conditions, we began each
simulation with a 2000-year spin-up period during which the climate, N de-
position, and CO, concentration were held constant at their respective mean
values for the years 1921-1930. Because humus C and N require a very long
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time to reach steady state (> 10,000 years), we adjusted these values by trial
and error until all plots along the transect were near steady state (Net Eco-
system Production (NEP) < 0.005gCm 2 year ).

Two simulations were run. First, to assess the time lags associated with
down-slope movement of water and N without the confounding effects of a
varying climate, we ran a simulation in which climate, N deposition, and CO,
concentration were held constant but 1% of the humus was removed from all
plots along the transect and the hill slope was allowed to recover for 100 years.
Second we ran a simulation in which climate, N deposition, and CO, con-
centration varied from 1921 through 2100, as described above.

Analysis of C—N interactions

A key assumption of our analysis was that, for strongly N-limited ecosystems
like the Alaskan tundra, changes in C storage strongly interact with changes in
the N cycle (Schimel 1990; Rastetter et al. 1992; Shaver et al. 1992; McKane
et al. 1995). Through the coupling between C and N uptake by plants and
between soil respiration and net N mineralization, the model incorporates
several biogeochemical constraints on the C budget imposed by the N cycle.
Therefore, to help interpret the simulated changes in ecosystem C, we parti-
tioned the response among four factors related to C—N interactions (Rastetter
et al. 1992). The first factor relates to the amount of C that would be gained or
lost based solely on the simulated gain or loss of N by the ecosystem, but
assuming that the relative distribution of N between plants and soils and the
C:N ratios of plants and soils did not change. The second and third factors
relate to the changes in ecosystem C associated with the simulated changes in
the C:N ratios of plants and soils, but assuming no change in total ecosystem N
or in the relative distribution of N between plants and soils. The fourth factor
relates to the change in ecosystem C associated with changes in the relative
distribution of N between plants and soils, but assuming no change in total
ecosystem N or in plant or soil C:N ratios. A redistribution from soils to plants
usually results in an increase in ecosystem C because the C:N ratio of soils
is generally lower than that of plants. These four factors can interact
synergistically (e.g., a redistribution of N from soils to plants that also increase
in C:N ratio), so an interaction term is also included in the analysis.
Each factor (and their interaction) was mathematically described as an in-
dependent contributor and the sum of the calculated contributions accounted
for the total change in ecosystem C stocks (Rastetter et al. 1992). We used these
equations to analyze how the four factors and their interaction regulated the
predicted spatial and temporal changes in ecosystem C stocks along the hill
slope.

To help understand the climatic influence on these four factors, we calcu-
lated cross correlations between the time series for each factor and the
time series for temperature and precipitation. These cross correlations can
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be confounded by long-term trends in the data, which can be associated
with secondary, rather than direct, affects on the ecosystem. We therefore
removed the trend in all time series by differencing (i.e., by replacing a time
series x; with y, = x;— x_1; Young 1984). The analysis is therefore based
on the change in the value of a characteristic relative to its value the
previous year. We present cross correlations only relating changes in the four
factors to changes in temperature and precipitation in the same year. No
significant correlations were found for lags of one year or more when the cross-
correlation estimates were corrected for autocorrelation in the respective time
series.

Results and discussion
Steady-state spatial patterns

All of our simulations began with soils and vegetation near steady state with
the 1920s climate. Under our assumptions of no convergent or divergent water
flow, the average soil water content near steady state increased down slope
from 126 mm at the top to 178 mm at the bottom, with half that increase
occurring in the first 30 m. The steady-state water flux out of our simulated
plots increased from 220 mm year ™' at the top of the hill to 19,668 mm year '
100 m down slope. The down-slope movement of water increased the rate of N
delivery to the plots from 0.0141 gN'-m 2year ' at the top of the hill (i.., the
annual atmospheric N deposition rate) to 1.41 gNm Zyear ' 100m down
slope (Figure 2). However, because the flow of water also increased down-
slope, the concentration of inorganic N in soil water only increased 13%.

The steady state N uptake by vegetation, net primary production (NPP), and
net N mineralization from soils increased down slope by 126, 106, and 126%,
respectively. These increases occurred despite a 16% decline in the relative rate
of soil organic N turnover associated with the increase in waterlogging
(Figure 2; Flanagan and Veum 1974; Schimel et al. 1996). The increase in N
uptake resulted from the effect of flowing water on diffusion gradients near
roots rather than from the small increase in N concentration in soil water
(Chapin et al. 1988). This increase in N uptake fueled higher NPP down slope
and higher litter inputs of N to soils, which in turn had to be matched by higher
net N mineralization rates at steady state.

Vegetation biomass and soil organic matter (SOM) increased along the slope
by 112 and 169%, respectively (Figure 3). The increase in vegetation biomass
was the result of higher NPP. There was also an 11% increase in the fraction of
vegetation biomass in woody tissues, which is about the increase in woodiness
observed after 3 years of fertilization (McKane et al. 1997a). The large increase
in SOM was a consequence of both the increase in litter associated with
higher NPP and with the slow soil-turnover rates in the wet soils (Flanagan and
Veum 1974).
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Figure 2. Relative rates of N turnover in soil and the rates of N uptake by plants and of N supply
from the atmosphere plus ground water for simulated plots along a 100 m transect down an Arctic
hill slope covered with tussock tundra.

Down-slope time lags: response to humus removal

Following the simulated removal of 1% of the humus, ecosystem processes and
properties along the hill slope underwent a series of oscillations (Figure 4). The
timing of the peaks and troughs in these oscillations indicate that the recovery
at the base of the slope lagged behind the recovery at the top of the slope and
that the magnitude of the lag increased by about 0.3 years for each year of
recovery (Table 1). The oscillations were associated with the cycling of N
within each plot and the lag in timing along the hill slope was associated with
the disruption of the down-slope N flux among plots.

Immediately upon removal of 1% of the humus, net N mineralization
dropped by 0.62% at all locations along the slope (the absolute decrease was
larger down slope than at the top because the amount of humus was larger).



49

=SS Leaf C RN
600 - | ==mm Wood C ‘q§sss>§
gl 222 RootC q§s§§§§\“
400_ \V\h\‘
N SN
N | “st"
£ NN
G 200
o
'yy'yy'ryvryvr"r"rf'f'
WA
AN AN
0| 72488 3UARAAAAAAG099 907
25000 { SoilC
20000 -
o
€ 15000
(&)
© 100004 , &
5000 -
0-—
ggﬁo 10 20 30 40 50 60 70 80 90 100
QT
§ %‘ ﬁ Location down slope (m)
90 E % exclusive of mineral soil

Figure 3. Amounts of C in plant tissues and soils in simulated plots along a 100 m transect down
an Arctic hill slope covered with tussock tundra. Data are for plots at steady state with the average
1920-1930 climate. Also shown for comparison are data from a control plot and two experimental
plots fertilized with 10gNm 2year ' and 5gPm 2year™' for 6 and 13 years at the Arctic LTER
site (data courtesy of Gaius R. Shaver, personal communication).

The decrease in N mineralization resulted in a decrease in the available N
in soils, which in turn resulted in a decrease in N uptake by plants, in N
immobilization by soil microorganisms, and in the flux of N down slope. The
effects of these decreases propagated through the vegetation and soils on each
plot and also propagated down slope. This feedback resulted in further declines
in NPP, vegetation biomass, soil organic matter, soil respiration, and N
mineralization.

About 3 years after the humus removal, the concentration of available N and
the rate of N flux down slope reached minima at all locations on the slope
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Figure 4. Simulated changes in ecosystem properties at five locations along a 100 m transect down
an Arctic hill slope following a 1% removal of humus. Data are expressed as a percent deviation
from the steady state values at the respective locations on the transect.
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Figure 5. Simulated responses of tussock tundra to changes in climate and CO, concentration at
the top and base of a 100m transect down an Arctic hill slope. Shown are the cumulative net
changes in total-ecosystem C since 1920 and the partitioning of those changes in C among four
factors and their synergistic interaction. The four factors associate the changes in ecosystem C with:
(1) net changes in total ecosystem N, (2) redistribution of N between soils (low C:N) and plants
(high C:N), (3) changes in the C:N ratio of plants, (4) changes in the C:N ratio of soils, and (5) the
interactions among these four factors. The axis to the right quantifies the changes as a percent of
the total ecosystem C in 1920 at the respective locations on the transect.
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(Figure 4, Table 1). This reversal in the trajectory of N availability was the
result of lower vegetation biomass and the consequent decrease in N uptake
rather than of a recovery in N mineralization rates, which continued to decline.
Despite this reversal, the down-slope N flux remained well below the steady-
state rate beyond the end of the 100-year simulation. The down slope plots
could not recover fully until this supply of N from uphill was restored, thus the
lag in the recovery between the top and base of the slope continued to increase.

Because of the very long time constants, especially associated with soil
processes in the Arctic, our simulations indicate that the system had barely
begun to recover from the 1% humus removal even after 100 years. At that
time, humus was still about 0.97% below steady state even at the top of the
slope. At that rate, the plot at the top of the hill would only have recovered 2/3
of the humus loss after 3000 years. Because all other ecosystem properties were
tied to humus by the N cycle, their full recovery was similarly slow. Because
down-slope plots depend not only on N cycled within the plot, but also on N
released from all the plots above them, their recovery would be several
centuries slower.

Responses to climate change

In response to the 1920-2100 CO, and climate scenario we simulated, C ac-
cumulated in the ecosystem all along the hill slope (Figure 5). The absolute
amount of C sequestered in the ecosystem increased down slope, with the
base of the slope sequestering about twice as much C as the top (396 v.s.
205 gCm?). However, the relative increase in ecosystem C was higher at the
top of the slope (1.9%) than at the base (1.4%). Vegetation biomass increased
all along the slope throughout the simulation, but with a somewhat faster
increase during the projected period (2000-2100) relative to the historic period
(1921-2000). The absolute increase in vegetation biomass was higher down
slope (269 gCm™? at the top, 487 gCm™? at the base), but again the relative
increase was higher at the top of the slope (60%) than at the base (51%). The
simulated soil C oscillated between gains and losses during the historic period,
but there was a consistent C loss for the projected climate. Again the absolute
changes were greater, but relative changes smaller, at the base of the slope
(—=91gCm~? or 0.3%) than at the top (—63gCm™ 2 or 0.7%).

The largest contributing factor to the increase in C all along the slope was an
increase in the C:N ratio of vegetation (from ~52 to ~61gCg~' N). Between
40.5% (top) and 43.8% (base) of the total change in ecosystem C was attri-
butable to this increase (Figure 5). Although the relative contribution of this
factor was nearly constant along slope, the underlying cause for the change in
vegetation C:N ratio differed. At the top of the slope, about 64% of the
increase in ecosystem C attributable to an increase in vegetation C:N ratios
was associated with an increase in woodiness and the remaining 36% was asso-
ciated with an increase in the C:N ratio of individual tissues. At the base of the
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slope, only 48% of the increase was associated with increased woodiness and
52% with increasing tissue C:N ratios. The higher tissue C:N resulted from the
stimulation of photosynthesis by elevated CO, concentrations. The long-term
increase in woodiness resulted from generally higher fertility associated with
faster N cycling in the warmer climate.

The cross correlation analysis on the de-trended time series indicated that the
short-term change in vegetation C:N ratio in response to temperature was in
the opposite direction (Figure 6). The correlation between the change in plant
C:N ratio and the change in temperature in the same year was strongly negative
everywhere along the slope; the C:N ratio tended to decrease in warm years
because of higher respiration rates and higher rates of N supply from soils. The
short-term effect of precipitation on vegetation C:N ratio was weak, but wet
years tended to decrease the C:N ratio at the top of the slope and increase it at
the base. The decrease in C:N ratios at the top of the hill was associated with
a positive correlation between precipitation and temperature in the data
(r = +0.27). Thus, the decrease in plant C:N ratio in wet years at the top of the
hill was due to temperature-induced increases in respiration and N miner-
alization. The increase in plant C:N ratios at the base of the slope was due to
inhibition of mineralization in the wet soils (moisture has minimal effect on
photosynthesis in these wet soils).

The net movement of N from soils (with a C:N of ~26gCg~' N) to ve-
getation (with a C:N of ~52gCg' N) accounted for 39% of the increase in
ecosystem C at the top of the slope and for 31% at the base, and was the
second most important of the four factors we analyzed (Figure 5). This net
redistribution could be attributed to the long-term warming in the simulations.
Warmer temperatures sped up the rate of N mineralization, and hence the
supply of N to the vegetation, but had no direct effect on litter production and
the return of N to the soil. Thus, the net redistribution of N was from soils to
vegetation. Our time-series analysis indicated that the effect of short-term
fluctuations in temperature was consistent with these long-term trends; in
warm years, N tended to be redistributed from soil to vegetation (Figure 6).
However, this temperature effect was somewhat weaker in the wet soils at the
base of the slope than in the mesic soils at the top. Because of inhibition of N
mineralization by waterlogging, the redistribution of N from soils to vegetation
tended to decrease in wet years low on the hill slope. The slight increase in N
redistribution from soil to vegetation in wet years at the top of the slope was
again the result of the correlation between temperature and precipitation.

The contribution of changes in soil C:N ratio to the total change in eco-
system C varied throughout the simulation, but had no net trend at the top of
the slope and only a weak positive trend at the base (Figure 5). The long-term
increase in temperature should tend to decrease the soil C:N ratio by stimu-
lating microbial processing of organic matter. However, the long-term increase
in plant production increased the production of litter, which had a higher C:N
ratio than soil, and thereby countered the temperature effect on soil C:N.
Nevertheless, the short term relation between temperature and soil C:N was in
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the opposite direction, as indicated by our time series analysis (Figure 6); the
short-term stimulation of microbial processes did decrease the soil C:N ratio in
warm years. Precipitation inhibited microbial processes during wet years at the
base of the slope, increasing the soil C:N ratio. The slight decrease in soil C:N
ratios at the top of the slope in wet years was again the result of the correlation
of precipitation with temperature.

Our simulations indicated that very little of the ecosystem C gain was asso-
ciated with an increase in the total amount of N in the plots anywhere along the
slope. The top of the slope only gained 0.34 gN'm > (0.09%) and the base only
0.2gNm~ 2 (0.02%). If the plant and soil C:N ratios and relative distribution of
N between plants and soils were kept constant at their initial 1921 values, the
gains in N could account for C gains of only 9 g C m 2 at the top of the slope and
5gCm 2 at the base (Figure 5). Although these gains in N were small, they
nevertheless reflect the spatial interaction on the hill slope. The 0.34 gNm >
accumulated at the top of the slope represented over 13% of the N deposition on
that plot over the 180-year simulation. Under steady-state conditions, all of that
N would have moved down slope. Thus, in response to the climate change, the
upper plots removed N that would otherwise flow into lower plots. This removal
of N means that the potential for sequestering C by accumulation of N decreased
down slope. At the end of the simulation, the whole hill slope was accumulating
about 0.25 gNyear ' (or 0.0025 g N'm 2 year'). This slow accumulation would
have long-term consequences on ecosystem C storage, but would require
thousands of years to fully materialize.

In the short term, faster rates of mineralization did result in a C loss asso-
ciated with a loss of N in warm years (Figure 6). As with the gain in ecosystem
C associated with the redistribution of N from soils to vegetation, the effect of
temperature on N loss decreased down slope because the absolute effect of
temperature on N mineralization was lower in waterlogged soils. The changes
in ecosystem C associated with gains and losses in N were also apparent in the
short-term effects of precipitation (Figure 6); in wet years, N tended to be lost
from plots at the top of the slope, washed down slope, and taken back up in
plots lower on the slope.

Conclusions

In our simulations, the down-slope movement of N mediated the potential for
biogeochemical coupling along the hill slope. However, because N was strongly
limiting and the external supply of N very low, the rate of N movement down
slope relative to the rate of within-plot N recycling was very slow. Near the top
of the slope, about 100 times as much N was recycled within a plot as was
moving down slope. At the base, the recycled N was over twice that moving
down slope. The spiraling length, the distance down slope that N travels each
time it cycles through the ecosystem (Newbold et al. 1981, 1982), was therefore
very short. Spiraling length can be calculated as the residence time of the N in
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soil water times the velocity of water moving down slope. As an upper limit, we
estimated the residence time of available N based on net N mineralization and
N uptake by plants alone (i.e., ignored microbial immobilization and the
abiotic exchange of N with soil particles). Using the average discharge velocity
on the slope, we calculated a maximum spiraling length of about 0.26m
(stream spiraling lengths are on the order of 10-100 m). The residence time of
the full N cycle on a plot was about 325 years, thus N moved only 0.26 m every
325 years on average. Equivalently, it would take, on average, over 125,000
years for an atom of N to move 100 m down our simulated hill slope.

To further assess the N-mediated coupling on the hill slope, we ran two
ancillary simulations in which N deposition was increased to 5gNm™?year ™'
in the plot at the top of the slope or in the plot half way down the slope. At
steady state, N movement into and out of all the plots down slope of the
treated plot would have been increased by 5gNm Zyear . However, this
steady state would require thousands of years to achieve. In the short term
(<10 years), there was a pulse of N that moved down slope soon after the
fertilization was initiated. At the top of the slope, this pulse was strongly
attenuated to less than 0.1 gNm >year ' above background within 2m. At
mid-slope, the pulse was attenuated to slightly more than 0.1 gNm™?year™'
above background within 5m. These results suggest that the coupling was
stronger down slope where there was more water movement between plots. The
results at the top of the slope explain why plots that have been fertilized at a
rate of 10gNm ™ 2year' for 6-20 years at the Arctic LTER site (Shaver and
Chapin 1986; Chapin et al. 1995) have very well defined boundaries in terms of
standing biomass and there are no obvious plumes of fertility below the ex-
perimental plots. Our results are somewhat at odds with the observations of
Marion and Everett (1989) who added 380 gNm™' (as slow-release fertilizer)
into a trench cut along a transverse transect across a water track and found as
much as ImgNL™" 6m down slope. However, their study was in a water
track, rather than on tussock tundra, and therefore their study site had higher
water flow rates than in our simulations. As our simulations indicate, this
higher water flux should result in stronger spatial coupling.

Our simulations of the 180-year response to past and projected changes in
CO, concentration and climate indicate that spatial coupling associated with
down-slope N movement is not an important factor for tussock-tundra hill
slopes. The down-slope linkages were more obvious in our simulation of a 1%
loss of humus and undoubtedly underlay the simulated responses to CO, and
climate. However, on the timescale of our CO, and climate simulations, the
effects of down slope N movement were very small relative to the effects of the
within-plot N cycle. On longer timescales, the effects of down-slope N move-
ment would be more apparent. For example, the increase in tissue C:N ratios
indicates that the vegetation was still severely N limited even after the net
redistribution of N from soils to vegetation. Litter from these high-C:N-ratio
tissues also had a high N-immobilization potential and thereby sustained N
limitation on plants. Assuming no further changes in the amount or the tissue



58

distribution of C in vegetation after 2100, about 1.71 ¢ N-m 2 would have to be
accumulated by the vegetation to restore the initial C:N ratios of the tissues. At
the rate that the ecosystem sequestered N in the simulations, and ignoring any
net N immobilization into soils, it would take 682 years to restore the C:N
ratios of plant tissues. That recovery would require 1100 years to restore the
C:N ratios of both plants tissues and soils. Our humus-removal simulations
indicated that in such a recovery, the base of the slope would lag well behind
the top. While setting up the simulations for this study, we found that a 2000-
year spin-up time was not enough to establish a steady state in the humus
component of our model, which indicates that the 1100-year recovery time is
probably very conservative. In any case, the dynamics associated with spatial
linkages along the hill slope were very subtle and slow relative to the dynamics
associated with the within-plot N interactions.

The Arctic landscape is comprised of a mosaic of vegetation types (heath,
tussock tundra, wet sedge tundra, water tracks). Shaver et al. (1991) speculated
that the patterns on this landscape are at least in part due to the movement of
nutrients on hill slopes. Our results suggest that the patterns are more strongly
associated with the underlying hydrology than the transport of nutrients across
the landscape. Thus, the differences in vegetation and soils along our simulated
hill slope, and their response to changes in CO, concentration and climate,
were associated with the effects of soil water content on microbial processes
and with the effects of flowing water on the diffusion to roots of N already in
place, not with the movement of N down slope. If our results are robust, then
landscape or regional-scale predictions of the response of Arctic ecosystem to
changes in CO, and climate should be straightforward; the first step would be
to use a topographically based hydrologic model (e.g., Beven and Kirkby 1979;
Beven and Wood 1983; Ostendorf et al. 1996; Stieglitz et al. 1999) to predict
soil moisture and the rate of water flow on the landscape, and then the second
step would be to overlay an ecosystem model onto these predictions. There
should be no need to account for spatial coupling associated with nutrient
transport because the within-plot nutrient dynamics will dominate the re-
sponses, at least on a 200-year time scale.
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