
1. Introduction
Numerous repeated-photography studies and plot-based long-term monitoring experiments show that 
shrubs are expanding across the Arctic tundra in response to warming (Chapin et al., 1995; Cornelissen 
et al., 2001; Elmendorf et al., 2012; Myers-Smith et al., 2011; Tremblay et al., 2012; Wahren et al., 2005; M. 
D. Walker et al., 2006). At regional scales, remote sensing observations indicate tundra topographical het-
erogeneity may influence the spatial variability and trajectory of shrub cover change (Berner et al., 2018; 
Frost et al., 2014; Lara et al., 2018). At the watershed scale, repeat oblique aerial photography confirms 
these observations, while identifying tundra hillslopes and terraces as hotspots of shrub expansion (Naito 
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nutrient dynamics, and plant growth can make untangling the mechanisms behind shrub expansion 
difficult. We examined the role topography plays in determining shrub expansion by applying a coupled 
transect version of a mechanistic ecosystem model (ecosys) in a tundra hillslope site in the Seward 
Peninsula, Alaska. Modeled biomass of the dominant plant functional types agreed well with field 
measurements (R2 = 0.89) and accurately represented shrub expansion over the past 30 years inferred 
from satellite observations. In the well-drained crest position, canopy water potential and plant nitrogen 
(N) uptake was modeled to be low from plant and microbial water stress. Intermediate soil water content 
in the mid-slope position enhanced mineralization and plant N uptake, increasing shrub biomass. The 
deciduous shrub growth in the mid-slope position was further enhanced by symbiotic N2 fixation primed 
by increased root carbon allocation. The gentle slope in the poorly drained lower-slope position resulted 
in saturated soil conditions that reduced soil O2 concentrations, leading to lower root O2 uptake and lower 
nutrient uptake and plant biomass. A simulation that removed topographical interconnectivity between 
grid cells resulted in (1) a 28% underestimate of mean shrub biomass and (2) over or underestimated 
shrub productivity at the various hillslope positions. Our results indicate that land models need to 
account for hillslope-scale coupled surface and subsurface hydrology to accurately predict current plant 
distributions and future trajectories in Arctic ecosystems.

Plain Language Summary Several observations have shown that shrubs are expanding 
across the Arctic tundra. Most of these observations indicate that shrubs are expanding mainly on 
hillslopes and the processes through which topography controls shrub expansion remain unclear. We 
showed here, from our modeling analysis, that topographic controls on lateral surface and subsurface 
fluxes of water, nutrients, and energy affect the productivity and distributions of shrubs across the 
Kougarok watershed, Seward Peninsula, Alaska. Consistent with field measurements, the fast-growing 
deciduous shrubs were modeled to dominate the hillslope position with intermediate soil water content 
and higher nutrients. We conclude that surface and subsurface drainage hinders model performance in 
topographically diverse tundra landscapes.
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& Cairns, 2011; Ropars & Boudreau, 2012; Tape et al., 2006), likely associated with higher resource envi-
ronments (Tape et  al.,  2012). Although, research suggests topographic gradients may strongly influence 
shrub expansion (e.g., Frost et al., 2014; Swanson, 2015; Tape et al., 2012), the mechanisms through which 
topography controls shrub growth remains unclear (Martin et al., 2017).

Topographic gradients on tundra hillslopes influence many soil, vegetation, and hydrological factors that af-
fect nutrient and carbon dynamics (Matthes-Sears et al., 1988; Moore et al., 1993). A number of tundra eco-
system studies reported strong relationships between moisture gradients and productivity (Bliss et al., 1984; 
Chapin et al., 1988; Engstrom et al., 2005; Lara et al., 2018; Matthes-Sears et al., 1988; Ostendorf & Reyn-
olds, 1993). Hillslope hydrology is one of the major factors that affects northern ecosystem soil development 
(Moore et  al.,  1993), nutrients (Chu & Grogan,  2010; Rastetter et  al.,  2004), soil physical and chemical 
properties (Tromp-van Meerveld & McDonnell, 2006), shrub distribution (Matthes-Sears et al., 1988), and 
carbon cycling (Grant et al., 2015a; D. A. Walker, 2000). Furthermore, topography influences snow accumu-
lation and spatial distribution (Essery & Pomeroy, 2004; Young et al., 1997), with implications for soil tem-
perature (Liston, 1999), lateral surface water movement, soil water content, and snowmelt water influxes 
(Darboux & Huang, 2005). Shallower soil depths may reduce ecosystem productivity by reducing soil water 
storage, potentially hastening soil drying (Mekonnen et al., 2016).

Soil water content also affects soil-plant-atmosphere gas exchange and vertical diffusion. Saturated soil 
decreases gaseous diffusion into the soil by decreasing open pore space, limiting O2 availability for plant 
uptake, and thereby reducing respiration and hence nutrient uptake by roots and microbes (Grable, 1966; 
Ponnamperuma, 1984). Soil water content is affected by the balance of precipitation and evapotranspira-
tion and by surface and subsurface vertical and lateral water flows across hillslopes (Burt & Butcher, 1985; 
Kirkby, 1988). Overall, a complex set of interacting factors affect soil water content and nutrient availability, 
both of which affect vegetation productivity across topography. Therefore, understanding the complex sur-
face and subsurface processes of Arctic tundra watershed hydrology on hillslopes is crucial to predicting 
regional shrub expansion.

Although substantial evidence suggests topographic controls on shrub distributions are important (Naito 
& Cairns, 2011; Ropars & Boudreau, 2012; Swanson, 2015; Tape et al., 2006), mechanistic analyses of these 
processes has not been performed. Here we applied a mechanistic ecosystem model, ecosys, to examine the 
distribution and expansion of shrubs across the recently established Kougarok Hillslope NGEE Arctic site 
in the Seward Peninsula, Alaska. The Kougarok watershed was shown to undergo shrub expansion over the 
past decades inferred from remote sensing data (Salmon et al., 2019). The ecosys model has a well-tested, 
fully coupled soil-plant-atmosphere hydraulic scheme that operates in a coupled hillslope transect mode. 
This model allows surface and subsurface fluxes of water, nutrients, and energy across the landscape and is 
therefore uniquely suited to exploring topographical controls on Arctic shrub growth and expansion.

Ecosys has been applied at many Arctic tundra sites to study carbon and nitrogen dynamics, vegetation struc-
ture, hydrology, and thermal dynamics (e.g., Chang et al., 2019; Grant et al., 2003, 2011; Grant et al., 2015, 
2017a, 2017b; Mekonnen et al., 2018b). The modeled energy and carbon fluxes have been rigorously tested 
against data from eddy covariance flux towers across several high-latitude ecosystems, e.g., coastal (Grant 
et al., 2003) and mesic (0.69 < R2 < 0.78) (Grant et al., 2011) Arctic tundra. Recently, the model was applied 
to study microtopography, temperature, and precipitation effects on active layer depth (R2 = 0.61) (Grant 
et al., 2017b) and carbon dynamics (0.7 < R2 < 0.9) (Grant et al., 2017a) in polygonal tundra at Utqiaġvik, 
Alaska, and CO2 exchange as affected by hydrology in Arctic mixed tundra and in a fen (R2  =  0.7–0.8) 
(Grant, 2015; Grant et al., 2015) at Daring Lake, Canada. Both of these studies used the multidimensional 
spatial capability of ecosys and the model accurately represented spatially resolved CO2 exchanges. The 
model was also tested against large-scale vegetation remote sensing products such as MODIS GPP and 
AVHRR NDVI across northern ecosystems (Mekonnen et al., 2018a, 2018b, 2019).

We hypothesize that topography at Kougarok Hillslope site controls soil water content, available nutrients, 
and shrub productivity. For locations along this hillslope gradient, we therefore predict that:

 (1)  in crest positions: low soil water content from shallower soil depth and lateral water outflow result in 
slow root water and nutrient uptake, slow mineralization, leaf water stress, and thereby limitation of 
shrub growth
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 (2)  in mid-slope positions: intermediate soil water content from deeper soil and more rapid nutrient miner-
alization favors fast-growing plants (e.g., deciduous shrubs) associated with biological N2 fixation; and

 (3)  in lower-slope positions: gentle slopes, deeper soils, and lateral water inflows result in saturated soil 
conditions, limiting O2 availability, reducing root and microbial O2 uptake, and thereby reducing active 
plant nutrient uptake and shrub growth

After benchmarking the model against observations from the Kougarok Hillslope (Salmon et al., 2017a, 
2017b), we applied the model to characterize topographic controls on shrub distributions and expansion. The 
model allows coupling or decoupling of lateral interconnection of grid cells across topographic positions.

2. Materials and Methods
2.1. Site Description

The Kougarok Hillslope is located at 65° 09’43” N and 164° 48’39” W on the Kougarok watershed of Seward 
Peninsula, Alaska. The Kougarok watershed is covered by a variety of tundra vegetation including shrubs, 
graminoids, and nonvascular plants that vary in relative dominance and distribution across the hillslope 
position (Langford et al., 2019). The Kougarok Hillslope has distinct soil texture and moisture gradients: the 
crest of the hillslope has a shallow, drier rocky soil, the mid-slope position has well-drained soil dominated 
by alder shrubland, and the lower-slope position has wetter soil conditions (Salmon et al., 2019).

2.2. Simulation Design and Model Testing

2.2.1. Simulation Design

We modeled the productivity of shrubs in a transect along the east facing hillslope of the Kougarok water-
shed using ecosys (Figure 1; Figure S1). Five grid cells (g1–g5) along the transect were used to represent 
different slope positions (Figure 1). Grid cell slopes were determined from digital elevation model (Fig-
ure S1). Ecosys enables surface and subsurface lateral flows of water, nutrients, and energy over concentra-
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Figure 1. A schematic illustration of the major environmental controls on vegetation growth across Kougarok Hillslope positions as represented in the model. 
The coupled transect version of ecosys represents 2D topographic controls on surface and subsurface movement of water, heat, nutrients, and gasses. Five grid 
cells that represent three slope positions (Methods) were modeled across the Kougarok Hillslope transect (g1–g5, have dimensions of 85, 125, 120, 120, and 
120 m, respectively). The slopes of each grid cells were derived from digital elevation model (Figure S1). Photos taken from Iversen et al. (2019).
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tion gradients across interconnected grid cells. Grid cell positions are referred to as crest (g1, a nonacidic 
mountain complex with shallow soil depth, drier and coarser texture soil), mid-slope (g2, deeper soil, well-
drained alder shrubland), and lower-slope (g3–g5, deeper soil with gentle slope, less drained tussock tundra; 
Figure 1). In all grid cells, the model was initialized with equal proportions of the five plant functional types 
(PFTs) present at this site: deciduous shrubs associated with biological N2 fixation, evergreen shrubs, grami-
noids, and nonvascular plants (moss, lichen). The model was then run from 1950–2016. Climate forcing was 
obtained from the North American Regional Reanalysis (NARR) (Mesinger et al., 2006; Wei et al., 2014). 
The first 10 years of NARR (1979–1988) was cycled through 1950–1978 and the real time NARR was used 
from 1979–2016. Soil characteristics were obtained from 2016 field measurements (Salmon et al., 2017b) at 
the site (Table S1). To quantify the effects of topography on ecosystem productivity across the transect, we 
conducted a sensitivity simulation in the absence of topography (i.e., flat landscape without surface and 
subsurface lateral interconnection of grid cells) while keeping all other model inputs (i.e., soil properties, 
plant and microbial traits, and climate forcing) the same.

2.2.2. Model Testing

The modeled PFT and ecosystem aboveground biomass along the transect were quantitatively compared 
with 2016 biomass field measurements (Salmon et al., 2017a), and qualitatively compared with remote sens-
ing observations of shrub cover. Modeled changes in shrub biomass were compared with estimated changes 
in shrub cover derived from high-resolution historical and contemporary multispectral image analysis (Fig-
ure S1b). The following procedure was used to derive estimates of shrub cover change: two cloud-free im-
ages (1) mid to late summer of 1985 (Alaska High Altitude Photography) and (2) 2014 (World View-2) were 
acquired from the Polar Geospatial Center, orthorectified, georeferenced (mean RMS error: 2.5 m), and res-
ampled to 1 m resolution. We classified both multispectral images into dominant land cover classes (shrub, 
tussock, heath, rock, water, impervious) using a supervised support vector machine (SVM) algorithm. To 
avoid misclassifications associated with vegetation change, we used both 1985 and 2014 images to ensure 
reference data for SVM training was consistent across time (i.e., reference shrub patches were identifiable 
in both dates). The spatial distribution of the 2014 shrub classification was validated using a combination 
of ground-surveys and pan-sharpened World View-2 imagery (Salmon et al., 2019). Overall map accuracy 
was 91.9% (n = 62), achieving a Producer's accuracy of 94.7% and 90.6%, and the User's accuracy of 81.8% 
and 97.5% for shrub and nonshrub tundra, respectively. The geospatial shrub cover data was aggregated to 
the five slope positions across the Kougarok Hillslope transect within a 70-m buffer in 1985 and 2014, and 
compared with model outputs.

2.3. Model Description

As described in the Introduction section, the model has been successfully applied in several high-latitude 
ecosystems to study carbon, water, energy, and nutrient cycles and permafrost and vegetation dynamics. 
The mechanistic descriptions of the model processes most relevant to modeling surface and subsurface 
flows of water, heat, and gases across topography, effects of soil water content on CO2 fixation, and nutrient 
dynamics are described below. A detailed model description, model algorithms, and parameters can be 
found in the supporting information S2 (S1: Soil C, N and P Transformations; S2: Soil-Plant Water Relations; 
S3: Gross Primary Productivity, Autotrophic Respiration, Growth and Litterfall; S4: Soil Water, Heat, Gas 
and Solute Fluxes; S5: Solute Transformations; S6: N2 Fixation; S7: CH4 Production and Consumption; S8: 
Inorganic N Transformations).

2.3.1. Surface and Subsurface Water Flows

Surface water flows across the hillslope transect are calculated from Manning's equation using runoff veloc-
ity, surface geometry, and slope (supporting information S2, S4). Runoff velocity is calculated from hydrau-
lic radius, slope, and Manning's roughness coefficient. Changes in surface water depth are calculated from 
net surface flows of water and from precipitation versus evapotranspiration and infiltration among adjacent 
grid cells. Subsurface water fluxes are the product of hydraulic conductance and the differences in soil water 
potential of adjacent grid cells along the transect. The water potential of each grid cell is the sum of matric, 
osmotic, and gravitational potentials. Changes in soil water content are computed from differences in lateral 
subsurface flows among adjacent grid cells and from root water uptake within each grid cell. Subsurface 
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flows of water across adjacent grid cells are calculated from Richard's or Green-Ampt equations depending 
on the soil water potentials of the grid cells (Grant, 2004). Richard's equation is used if both source and 
destination grid cells are unsaturated, using unsaturated conductance and water potentials of the grid cells. 
The Green-Ampt equation is used if one of the grid cells is saturated, using saturated conductance and soil 
water potential beyond the wetting front of the unsaturated grid cell (Grant et al., 2004).

2.3.2. Heat and Gas Transfers

Conductive and convective heat transfers through the snowpack, surface litter, and soil layers are driven by 
surface heat fluxes calculated from closures of the energy balances at canopy, snowpack, surface litter, and 
soil surfaces (Grant et al., 1999). In a permafrost site, changes in soil ice content are used to calculate active 
layer depth, modeled from the general heat flux equation driven by surface energy exchange and subsurface 
heat transfer (Grant et al., 2019a). These heat fluxes drive freezing, thawing, and temperature dynamics 
in the snowpack, surface litter, and soil layers (Grant et  al.,  2015). Gaseous and aqueous concentration 
gradients drive volatilization and dissolution of gases between gaseous and aqueous phases of the soil and 
roots of each layer, and between the atmosphere and the aqueous phase at the soil surface of each grid 
cell. These gradients also drive soil convective and conductive gas transfers in gaseous and aqueous phases 
vertically within each grid cell, and laterally between adjacent grid cells using diffusivities calculated from 
air- and water-filled porosities. Gas transfers between the soil and the atmosphere through roots are driven 
by gaseous concentration gradients and diffusivities calculated from root porosities (Grant et al., 2017a). If 
the gaseous equivalent of the total partial pressure of all aqueous gases any soil layer exceeds atmospheric 
pressure, excess gas may be released by ebullition to the atmosphere.

2.3.3. Effects of Soil Water Content on CO2 Fixation

Topography affects redistribution of snow in winter and surface water during snowmelt and summer 
precipitation events, thereby controlling soil water availability. The soil-plant-atmosphere water transfer 
scheme of the model simulates plant water status from a convergence solution for the canopy water po-
tential at which canopy transpiration equilibrates with total water uptake from all rooted soil layers (Grant 
et al., 1999). Water uptake from soil layers to the canopy is determined by the potential difference between 
canopy and each soil layer across soil and root hydraulic resistances (Grant et al., 2007b). Stomatal con-
ductance determined from canopy water potential controls the rate of canopy transpiration. Canopy water 
potential and canopy resistance determines CO2 fixation from stomatal and nonstomatal effects of canopy 
water status, through a convergence solution for intercellular and canopy gaseous CO2 concentration at 
which rates of diffusion and CO2 fixation are equal (Grant and Flanagan, 2007). The soil-plant-atmosphere 
water transfer scheme of the model enables simulation of CO2 fixation under variable soil water content 
driven by topography and soil characteristics.

2.3.4. C and N Transformations

Differences in soil water content across topography determine O2 availability for plant and microbial up-
take. Soil C and N transformations are driven by oxidation-reduction reactions as affected by soil water 
content and O2 concentrations (supporting information S2, S1). Lower soil water potential results in water 
stress on microbial decomposition; these effects are calculated from increased microbial aqueous density 
and reduced microbial access to substrate at low soil water content. Decomposition rates of organic mat-
ter-microbe complexes (coarse woody litter, fine nonwoody litter, manure, particulate organic matter, and 
humus) represented in the model are determined by the active biomass of heterotrophic microbial popula-
tions and the substrate concentration (Grant et al., 2006). Decomposition rates are controlled by soil tem-
perature through an Arrhenius function and by soil water content through its effect on aqueous microbial 
concentrations. Soil temperature and soil water content are calculated from surface energy and water ex-
changes coupled with soil heat and water transfers through atmosphere-canopy-snow-surface residue-soil 
profiles (Grant et al., 2012). Decomposition generates dissolved organic carbon that drives microbial growth 
through heterotrophic respiration. PFTs in each grid cell across the hillslope compete for common resources 
of water and nutrients according to root density and root length prognostically modeled from allocation of 
nonstructural products of CO2 fixation (Grant, 2016; Grant et al., 2007a). The model algorithms and pa-
rameters most relevant to soil C, N, and P transformations can be found in supporting information S2 (S1).
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Deciduous shrubs in the model support biological N2 fixation thought symbiotic associations with bacteria 
(Grant et al., 2015). In the model, these plants meet part of their N requirements by exchanging fixed C from 
their roots or leaves for fixed N from the symbionts in root nodules that grow from nonstructural C, N, and P 
pools (Cn, Nn and Pn) exchanged with roots. During nodule growth, growth respiration, driven by autotroph-
ic respiration of nodule Cn, drives uptake of additional nodule Cn for biomass growth. Nodule growth also 
requires uptake of Nn and Pn, although the ratio of Nn:Cn in the nodules is usually less than that required for 
microbial growth (Grant et al., 2015).

3. Results
3.1. Hydrology Across Kougarok Hillslope

Differences in topographic positions and soil depth caused variations in soil water content across the Kou-
garok Hillslope (Figure 2). Measured maximum soil depth was generally shallower in the crest relative to 
lower-slope positions. The crest position (g1) had ∼1/3rd the soil rooting depth (∼12 cm) of the lower-slope 
positions (g3–g5) (∼38 cm) and thus 5–10 cm soil water content was modeled to be lower in the crest versus 
lower-slope positions (Figure 2a). Within ecosys, daily soil water content in the root zone also varied across 
the hillslope (Figure 2b). These variations were mainly attributed to differences in total water holding ca-
pacity and vertical and lateral flow of water and redistribution of snow driven by variations in slope.

Snowmelt during spring (∼DOY 100) resulted in increased modeled soil water content across the Kougarok 
Hillslope (Figure 2a). However, the modeled soil water content in the crest position rapidly declined, caused 
by lesser snow accumulation and downward snow redistribution to the mid and lower-slope positions, re-
sulting in lower root-zone soil water content during much of the growing season (Figure 2b). The mid-slope 
position was modeled to be wetter than the crest position because of both lateral surface and subsurface wa-
ter flow from the adjacent crest grid cell as well as deeper soil that held more water and thereby maintained 
intermediate soil water content through much of the summer. Lateral surface and subsurface flow of water 
and the gentle slope of the lower-slope position created more saturated soil conditions through most of the 
growing season (Figure 2a). These hydrological interactions across the hillslope led to the progressively later 
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Figure 2. Modeled soil moisture was lowest in the crest position (g1), intermediate in the mid-slope position (g2), and 
highest in the lower-slope (g3, g4, g5) positions. Variations in modeled daily soil water content (a) at 5–10 cm depth 
and (b) integrated across the root-zone for the five laterally interconnected grid cells of the Kougarok Hillslope transect 
(g1-g5; Figure 1) in 2016.
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initiation of root-zone soil water decreases from the crest (g1) down to the g4 lower-slope position, and for 
the more continuously saturated lower-slope position.

Modeled variation in soil water content across the hillslope was highest from DOY 150 through 280. The 
5–10 cm soil in the crest position was much drier than the mid- and lower-slope positions throughout the 
summer (e.g., ∼0.10, 0.45, and 0.60 m−3m−3, respectively during July; Figure 2a). Growing season soil water 
content remained intermediate in the mid-slope through DOY 270, despite a slight decline after snowmelt, 
which we partly attributed to higher summer transpiration rate of shrubs with larger aboveground biomass 
(Figure S2).

Spatial variation in transpiration rates across the transect were driven by differences in soil water content 
and ecosystem LAI (Figures S2 and S3d). Low transpiration limited by low soil water content and smaller 
LAI was modeled in the shallower crest position. The mid-slope position, with intermediate soil water con-
tent and high LAI, was modeled to have the greatest summer transpiration rates. Although the lower-slope 
position had the highest soil water content, its lower LAI (Figure S3d) resulted in lower transpiration com-
pared to the mid-slope position.

3.2. Modeled Biomass Across the Kougarok Hillslope

Modeled ecosystem aboveground biomass agreed well with observed aboveground biomass in 2016 (Salm-
on et al., 2017a; Figure 3a). The model also accurately simulated the individual PFT's biomass (R2 = 0.89) 
across the topographic gradient (Figure 3b). Total ecosystem productivity (Figure S3) and overall ecosystem 
aboveground biomass (Figure 3a), and shrub biomass in particular (Figure 3b), were modeled to vary across 
topographic positions. Observed and modeled shrubs had the largest aboveground biomass of all PFTs in 
the Kougarok Hillslope (Figure 3b).

We next used ecosys to explore the effects of topography on environmental conditions and processes rele-
vant to shrub expansion, including water availability, N mineralization by soil microbes, biological N2 fixa-
tion, CO2 fixation, and plant growth. These conditions and processes interact with one another, potentially 
causing complex feedback loops. For example, the crest and lower-slope positions had significantly lower 
aboveground biomass than the mid-slope position (Figure 3a). In the well-drained and shallower soil depth 
crest position, lower soil water content reduced canopy water potential (Figure 4a) and thus stomatal con-
ductance. Plant N uptake was low in the crest position (Figure 5) from lower water uptake and water stress 
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Figure 3. Ecosys accurately matched observations of (a) total ecosystem aboveground biomass and (b) plant functional types (PFTs) aboveground biomass 
(R2 = 0.89; shrubs (deciduous + evergreen), graminoids, and nonvascular (moss + lichen)) across the Kougarok Hillslope transect in 2016. Hatched bars 
represent observations. * indicates missing biomass measurements for g3* and g4*.
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on microbial decomposition and thus slower N mineralization, resulting in N limitation and thus lower CO2 
fixation and plant biomass (Figure 3a).

Intermediate soil water content in the mid-slope position did not strongly affect canopy water potential 
(Figure 4a). It also enhanced microbial mineralization and N2 fixation that resulted in greater plant N up-
take (Figure 5). This mid-slope position was also associated with high plant biomass (notably for N-fixing 
deciduous shrubs, Figure 3). High N availability with optimal soil water content increased modeled shrub 
growth, which resulted in shrubs dominating much of the mid-slope position (Figure 3b). The fast-growing 
deciduous versus evergreen shrubs dominated the mid-slope position from rapid N uptake that increased 
CO2 fixation. The increase in the growth of deciduous shrubs was further increased by symbiotic N2 fixa-
tion (Figure 5) primed by increased root carbon allocation. Shrub growth was also enhanced from greater 

MEKONNEN ET AL.

10.1029/2020JG005823

8 of 16

Figure 4. Modeled (a) minimum canopy water potential reached during each day (values between −1.5 and −2 MPa 
indicate mild water stress, values < −2 MPa indicate severe water stress) and (b) aqueous O2 concentrations between 
0 and 10 cm depth across the five grid cells (g1—g5) of the Kougarok Hillslope transect averaged for vascular plants 
during the peak growing season (July–August) in 2016.

Figure 5. Modeled daily and annual plant nitrogen uptake and symbiotic N2 fixation across the Kougarok Hillslope 
transect in 2016. Intermediate soil water content in the mid-slope position (g2; Figure 2) resulted in greater 
N-mineralization and thus plant nitrogen uptake. Besides the plant nitrogen uptake, the modeled symbiotic N2 
fixation in the root nodules of deciduous shrubs in the mid-slope position was modeled to be the highest across 
the transect. The deciduous shrubs were modeled to support biological N2 fixation through symbiotic association 
with bacteria. The modeled N2 fixation in the mid-slope position (2.7 gN m−2 yr−1) is similar to field measurements 
(1.95 ± 0.68 gN m−2 yr−1) obtained from adjacent plots (not located on our modeled transect) dominated by deciduous 
shrub (Alder shrubland) (Salmon et al., 2019).



Journal of Geophysical Research: Biogeosciences

deciduous shrub litterfall and thereby increased mineralization from rapid decomposition of deciduous 
litter (smaller lignin fraction).

Lower biomass of shrubs was modeled in the lower-slope versus mid-slope position (Figure 3a). Saturated 
soil conditions (Figure 2) reduced soil O2 concentrations (Figure 4b) and thus plant N uptake (Figure 5) in 
lower-slope positions. The reduced plant N uptake (Figure 5) under saturated soil conditions was modeled 
from lower microbial N mineralization and reduced plant root O2 uptake by which active nutrient uptake 
was driven. Smaller growth of deciduous shrubs in the lower-slope position constrained symbiotic biologi-
cal N2 fixation (Figure 5) from limited root carbon availability.

3.3. Topography and Shrub Expansion

We tested whether observed increases in shrub cover between 1985 and 2014 on the Kougarok Hillslope 
were consistent with our model simulations. Modeled shrub biomass and NPP across the hillslope transect 
increased by ∼94% (Figure 6) and ∼20% (Figure S3), respectively, from 1985 to 2014, suggesting substantial 
potential for shrub expansion in recent decades. Using Kougarok Hillslope satellite images in 1985 and 
2014, we estimate shrub cover increased ∼48% over the 140 m-wide zone surrounding our model transect 
(Figure 6b). The largest proportional changes in both satellite image-inferred cover changes and modeled 
shrub biomass occurred in the mid-slope position, supporting our hypothesis that intermediate soil mois-
ture positions are optimal for shrub growth. A direct comparison with the satellite image-inferred cover 
changes is not possible since ecosys does not predict “cover”, but overall the observed shrub cover increases 
are consistent with modeled biomass and productivity increases over this 30-year period (Figure S3).

We next tested our hypothesis that lateral hydrological connectivity and thereby soil moisture variations are 
driving modeled and observed distributions of shrub biomass by simulating the same five grid cells without 
slope and interconnectivity between grid cells. Under this artificial model setup, which is common for many 
large-scale models (e.g., CLM (Lawrence et al., 2019); ELM (Zhu et al., 2019)), hillslope-scale shrub biomass 
was modeled to be much more homogeneous (Figure 7).

Ignoring topography caused over and underestimation of shrub productivity, depending on transect posi-
tion (Figure 7). In the crest position (g1) the absence of grid cell interconnections led to a 68% increase in 
shrub aboveground biomass compared to simulations with interconnected grids (Table 1). Lack of surface 
and subsurface drainage to the downslope positions increased available soil water content in the shallower 
soil depth that subsequently enhanced vegetation productivity. Lack of drainage in the relatively deeper 
mid-slope (g2) resulted in a ∼64% decline in shrub biomass while a slight increase of 13% was modeled 
across the lower-slope positions (averaged g3–g5) compared to the simulation with interconnected grids 
(Figure 7).
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Figure 6. Satellite image-inferred cover changes and modeled shrub biomass changes were consistent, with the largest 
changes occurring in the mid-slope (g2) position. Changes in (a) modeled shrub biomass across the Kougarok Hillslope 
transect and (b) % of land covered by shrubs within the five slope positions across the Kougarok Hillslope that includes 
a 140 m buffer around the transect in 1985 versus 2014. Satellite image-inferred spatial average shrub area increased by 
∼48% from 1985 to 2014. Modeled shrub biomass across the hillslope transect increased by ∼94% from 1985 from 2014. 
The modeled (transect) and satellite-derived metrics are not expected to be linearly related.
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Without the topography grid cell interconnectivity and the topography gradient, the relative biomass of 
evergreen and deciduous shrubs changed substantially. In this simulation, modeled high productivity of 
deciduous shrubs in the mid-slope position from intermediate soil water content could not be reproduced 
(Figure 7). The lack of grid cell interconnectivity also resulted in an increase in the relative fraction of mean 
biomass of evergreen shrubs (by 41%) with commensurate decline in the biomass fraction of deciduous 
shrubs. Overall, the mean shrub biomass across the transect was underestimated by 28% in the flat land-
scape versus interconnected grid cells across the true slope gradient.

4. Discussion
4.1. Topographic Controls on Vegetation Productivity

Modeled soil water content across topographic positions varied most during the peak growing season and 
least during shoulder seasons (Figure 2). Sustained moisture availability throughout summer was modeled 
to be a key factor that sustained plant water uptake and microbial decomposition. Modeled seasonality in 
soil water content is partly controlled by differences in transpiration rates across the hillslope (Figure S2). 
This conclusion is consistent with studies that showed spatial variation in vegetation distribution affecting 
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Figure 7. Modeled aboveground shrub biomass across the five Kougarok Hillslope transect grid cells for (a) the 
(default) coupled transect mode (which allowed lateral interconnection of grid cells) and (b) the artificial model 
geometry with a flat landscape without lateral interconnection of grid cells. Ignoring topography led to a 28% decrease 
in modeled shrub biomass across the transect and very different evergreen and deciduous shrub distributions.

Slope position

Difference in shrub biomassa (gCm−2) Percent difference (%)b

Evergreen Deciduous Total Evergreen Deciduous Total

g1 −168 308 140 −90 1464 67

g2 −2,706 860 −1846 −95 2655 −64

g3 131 285 416 104 96 98

g4 71 −124 −52 1362 −15 −6

g5 252 −352 −100 9819 −40 −11

Mean −484 195 −289 −76 48 −28
aDifference in absolute evergreen, deciduous shrubs, and total (evergreen + deciduous) aboveground biomass (without 
interconnected grids–with interconnected grid cells) in 2016. bPercent difference in evergreen, deciduous shrubs, and 
total (evergreen + deciduous) aboveground biomass ((without interconnected grids–with interconnected grid cells)/
interconnected grids biomass × 100) in 2016.

Table 1 
Absolute and Percent Differences in Shrub Biomass in Coupled Transect Simulations With Interconnected Gridcells 
versus Flat Landscape Without Interconnected Gridcells in 2016 Across the Kougarok, AK Hillslope
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soil water content as a result of differences in evapotranspiration rates (Hupet & Vanclooster, 2002; Schume 
et al., 2003). The modeled lower soil water content in the crest position increases soil hydraulic resistance, 
which lowers canopy water potential (Figure 4a), stomatal conductance, and thus transpiration and CO2 
fixation rates. The mid-slope position, dominated by deciduous shrubs (Figure 3), had the highest tran-
spiration rate (Figure 5) from faster water uptake resulting in higher nutrient uptake (and therefore CO2 
fixation).

Simulated soil water content was a key control on N mineralization, available N, and thus N uptake of co-ex-
isting PFTs across the hillslope. The mid-slope position had the highest N uptake (Figure 5), N2 fixation, 
and transpiration, and thus fastest CO2 fixation and largest deciduous shrub biomass (Figures 3 and 7). Our 
modeled differences in N availability driving tall shrub growth is consistent with other measurements that 
showed variations in microbial biomass, nutrient availability, tall shrub patches in hydrological diverse Arc-
tic sites (Chu & Grogan, 2010; Matthes-Sears et al., 1988). The highest biological N2 fixation was modeled in 
the mid-slope position (Figure 5) associated with greater net primary productivity and biomass (FiguresS3 
andS7a). With greater supply of nonstructural C, deciduous shrubs meet part of their N requirements by 
exchanging fixed nonstructural C from their roots for fixed N from the symbionts in root nodules (Rhoades 
et al., 2001; Wallace & Baltzer, 2020) that grow from nonstructural C, N, and P pools exchanged with roots. 
With rapid shrub growth in the mid-slope position, nonwoody PFTs were not able to compete as a result of 
light interception of incoming direct and diffuse radiation by the tall shrubs.

The lower-slope positions had lower N availability and thus were dominated by evergreen versus deciduous 
shrubs, where the evergreen shrubs also had lower rates of N uptake. Relative dominance of deciduous 
versus evergreen shrubs in relation to differences in N uptake across the hillslope was modeled through dif-
ferences in PFT specific functional traits that determine the strategy of resource acquisition and allocation 
(Bjorkman et al., 2018; Myers-Smith et al., 2019; Westoby et al., 2002; Wright et al., 2004) that drive growth, 
resource remobilization, and litterfall, and therefore plant species composition and abundance (Cahoon 
et al., 2012; Mekonnen et al., 2018b; Shaver et al., 2000).

A fast-growing strategy under greater N availability favored N2-fixing deciduous shrub growth, which out-
competed evergreen shrubs, nonvascular plants, and graminoids in the mid-slope position (Figure  7a). 
However, the fast-growing deciduous shrubs were modeled to have less efficient nutrient conservation than 
evergreen shrubs, due to greater N loss from deciduous leaf turnover (Aerts, 1995; Mekonnen et al., 2018b). 
Rapid mineralization and plant N uptake (Figure 5) with intermediate soil water content in the mid-slope 
position further favored deciduous shrub growth (Figure 3b). Slower growing evergreen shrubs modeled 
with more efficient nutrient conservation (Aerts, 1995; Chapin and Shaver, 1989) dominated much of the 
lower slope with higher soil water content that created anaerobic conditions and inhibited N mineraliza-
tion, thus limiting plant N uptake (Figure 7a). Root nutrient uptake requires root O2 uptake to generate 
energy for active uptake processes (Grant et al., 2019b).

Modeled hydrological controls on N uptake and shrub growth on the Kougarok Hillslope highlight the 
importance of model representations of drainage conditions that influence soil nutrient dynamics. The sim-
ulated controls of nutrient availability on vegetation productivity along topographic gradients were consist-
ent with studies linking hillslope drainage processes with the distribution of woody shrub biomass (Lloyd 
et al., 2003; Matthes-Sears et al., 1988; Rastetter et al., 2004; Tape et al., 2012) and vegetation composition 
(Miller, 1982; Murray & Miller, 1982; Rastetter et al., 2004). In an observational study at two Arctic tundra 
sites on the northern foothills of the Alaskan Brooks Range, Matthes-Sears et al. (1988) showed that high 
plant N and P concentrations measured in the drained part of the hillslope occurred because of higher soil 
nutrient availability. This result is consistent with our modeled variations in nutrient availability driven by 
topography and water drainage patterns that control plant N uptake and biomass across the slope (Figures 3 
and 5).

4.2. Shrub Expansion and Topography

Our modeled increases in ecosystem productivity (Figure  S3), LAI (Figure  6; Figure  S3), and shrub ex-
pansion (Figure 6) over the last 3 decades are consistent with studies that have shown warming-enhanced 
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ecosystem productivity and shrub expansion across the Arctic tundra (Chapin et  al.,  1995; Cornelissen 
et al., 2001; Forbes et al., 2010). Besides warming, elevated atmospheric CO2 enhances plant carbon uptake 
and biomass (Grulke et al., 1990). The satellite inferred and modeled increases in shrub productivity of the 
past decades (1985–2014) can be attributed to complex feedback mechanisms driven by climate, increases 
in atmospheric CO2, and local hydrology as affected by topography. Using the Gradient Boosting Machine 
(GBM; Friedman, 2001) approach to test the nonlinear relationships and relative importance of these vari-
ables, we found that increases in atmospheric CO2 and surface air temperature are the two most important 
distal factors in the relative long-term changes in modeled shrub biomass (Figure S4). However, since cli-
mate forcing and atmospheric CO2 were the same for all grid cells, changes in the shrub biomass relative 
distribution across the hillslope were driven by local hydrology as affected by topography.

Further, the widely observed increases in Arctic tundra shrub cover have occurred preferentially on 
drained hillslopes rather than on saturated lowlands (Naito & Cairns, 2011; Ropars & Boudreau, 2012; Tape 
et al., 2006), consistent with our modeling results that illustrated important topographic controls on mod-
eled shrub expansion across the Kougarok Hillslope in recent decades (Figure 6). Most of these previous 
observational studies reported changes in shrub cover, rather than biomass, which is more analogous, but 
not identical, to modeled changes in LAI. For example, a study by (Naito & Cairns, 2011), who used oblique 
aerial photographs in five areas in the northern slopes of Alaska from 1970–2000, reported −0.7%–46.6% 
increases in shrub cover on valley slopes. Tape et al. (2006) used 202 oblique aerial photographs in northern 
Alaska from 1999–2002 and reported 22%–30% increases in shrub cover, mostly on hillslopes and in valley 
bottoms. In a similar analysis of aerial photographs and satellite images from 1957–2008 in a subarctic 
site in Quebec, Canada, Ropars and Boudreau (2012) reported 11.6%–21.6% increases in shrub cover on 
hillslopes and terraces.

These observed shrub expansions have been shown to be related to hydrological characteristics driven by 
topographical differences. For instance, in five sites in Northern Alaska, Naito and Cairns (2011) concluded 
that drainage and soil water content were the major controls on shrub expansion across tundra hillslopes. 
Our modeled results also show that simulated shrub expansion is controlled by hillslope hydrology. In 
particular, the observed spatial heterogeneity of shrubs across the Kougarok Hillslope was not captured in 
our simulation that artificially ignored topography (Figure 7a), indicating that landscape hydrology is a cru-
cial factor affecting shrub expansion. Although topographic controls of hillslope hydrology in watersheds 
have been represented in hydrological models (Bronstert, 1999; Clark et al., 2009; Ji et al., 2015; Stieglitz 
et al., 1999; Xiao et al., 1996), most large-scale land surface models use hydrologically disconnected grid 
cells (Hazenberg et al., 2016) and thus ignore landscape level heterogeneity in soil water content. These 
models are not able to capture landscape level heterogeneity in soil water content and nutrients, thus likely 
biasing their predictions of tundra shrub expansion. Our modeling results highlight interactions between 
hydrological controls as affected by topographic position and ongoing shrub expansion in response to recent 
climate change, and are consistent with observed expansion from long-term repeated photography (Tape 
et al., 2006; Tremblay et al., 2012) and warming experiments (Chapin et al., 1995; Cornelissen et al., 2001).

In addition to total shrub productivity, modeled heterogeneity in PFT productivity was shown to be con-
trolled by topographic position (Figure 3b). Ecosys accurately captured the observed PFT biomass and their 
relative dominance (Figure 3b) across the Kougarok Hillslope transect, lending credibility to the model's 
ability to predict the trajectory of Arctic shrub cover under past and future climates. For instance, modeled 
intermediate soil water content favored shrub growth, consistent with measurements (Salmon et al., 2017a; 
Figure 3b). Similarly, Spadavecchia et al. (2008) reported that topographic variables explained most of the 
variations in plant distributions at an Arctic tundra site. The widely observed expansion of deciduous shrubs 
(e.g., alder) in recent decades in Arctic tundra (Fraser et al., 2014; Frost & Epstein, 2014; Frost et al., 2013) 
is an important response of the model, which was accurately captured as a result of simulating landscape 
hydrology in a coupled transect mode (Figure 7).

Overall, our simulation with no topographically driven drainage (i.e., an unrealistically flat and unconnected 
landscape; Figure 7b) substantially underestimated shrub growth. This finding is important because ∼36% 
of Circumpolar Arctic landscapes are classified as hills and mountains (Figure S5; based on topographical 
data from the CAVM-Team et al. (2003)). Therefore, underestimation of modeled shrub productivity in the 
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simulation with the artificially flat landscape has important implications for current model predications 
and model development of tundra ecosystem PFT dynamics and future ecosystem climate feedbacks.

5. Conclusions
We used a coupled transect version of the terrestrial ecosystem model ecosys, with interconnected grid cells 
that allow surface and subsurface fluxes of water, nutrients, and energy, to predict shrub productivity across 
the Kougarok Hillslope, Alaska. The model simulated aboveground biomass of PFTs across the transect that 
agreed well with measurements (R2 = 0.89). Hillslope hydrology, and thus available soil water, was the ma-
jor control on modeled soil microbial nutrient mineralization, availability of N for plant uptake, CO2 fixa-
tion, and thus shrub productivity and expansion. Modeled fast-growing, N2-fixing deciduous shrubs mostly 
dominated the hillslope position with intermediate soil water content and higher nutrient mineralization.

Our study corroborates hypothesized controls on shrub expansion posed by empirical studies (Martin 
et al., 2017; Tape et al., 2012) by mechanistically linking shrub distributions with higher resource environ-
ments affected by surface and subsurface water flow. We applied a model version with an artificially flat 
landscape to test this conclusion and found that ignoring topography led to: (1) underestimated mean shrub 
productivity by 28% and (2) poorly captured spatial heterogeneity in deciduous compared with evergreen 
shrubs. These results indicate that not representing surface and subsurface drainage hinders model per-
formance in topographically diverse tundra landscapes. Earth system models that do not account for the 
underlying mechanisms of relatively fine-spatial scale surface and subsurface water, nutrients, and energy 
flows may therefore predict biased current and future distributions of Arctic PFTs.

Data Availability Statement
Data products in this study will be archived at http://ngee-arctic.ornl.gov.
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