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Abstract The terrestrial carbon (C) cycle remains the least constrained component in the global C cycle,
partly due to the difficulty of quantifying C sources and sinks in complex terrain. In this paper, we used
observations at the Shale Hills Critical Zone Observatory and a biogeochemistry model, Biome-BGC, to
study the spatial distribution of C stocks and fluxes in a first-order watershed. The model simulated the
average C pools and fluxes in the watershed after constraining three model parameters with observations.
The model was able to generate the observed spatial patterns of C pools in the watershed, with higher
biomass and soil C in the valley and lower values on the ridgetop, though the model underestimated the
ridgetop to valley differences. We examined the simulated effect of four environmental factors, soil moisture,
soil temperature, nitrogen (N) availability and solar radiation, on the spatial distribution of C pools.
Among these factors, soil water and N availability coupled together dominate the spatial distribution of
aboveground biomass. Soil water was the most important factor controlling soil C. These results are highly
sensitive to van Genuchten parameters, which describe the soil water retention curve. This study highlights
the importance of the hydrologic system in describing within-watershed structure in terrestrial C stocks.

1. Introduction

The terrestrial carbon (C) cycle has become a critical issue in environmental and ecological studies (Chapin et
al., 2006, 2009). The terrestrial carbon sink has large interannual variability and is the most uncertain com-
ponent in the global carbon cycle, leading to large uncertainty in the projection of future climate (Le Quéré
etal., 2013). A contributing factor to the large uncertainties in the terrestrial carbon cycle is the lack of study
of the influence of complex terrain, which plays a considerable role in global carbon cycle (Schimel et al.,
2002; Zierl & Bugmann, 2007). Ecosystem experiments, field observations, and modeling studies have
explored the response of the terrestrial carbon cycle to changing climate, rising CO,, and nitrogen (N) deposi-
tion (Norby et al., 2005; Zaehle et al., 2014, Walker et al., 2014 and De Kauwe et al., 2014; Luo et al., 2015), but
relatively little research has addressed the influence of complex terrain, perhaps due to the complexity of
observing and simulating the relevant stocks, fluxes, and environmental properties (Zhao & Li, 2015).

Eddy-covariance flux measurements, a primary means of study of ecosystem metabolism, tend to have larger
errors in complex terrain because the method is best suited to flat, homogeneous study sites (Pypker et al.,
2007). For example, uncertainties in measuring CO, flux become larger in complex terrain due to cold air
drainage (when air in contact with terrain surfaces is cooled and flows downslope and/or downvalley due
to higher density) (Novick et al., 2013).

Spatial complexity in terrain causes greater uncertainty in the observation of ecosystem properties. Complex
terrain creates large heterogeneities in environmental factors (e.g., soil moisture, N availability, and solar
radiation) through the lateral transport of water and nutrients or through shading (Wigmosta et al., 1994),
and the interactions among those environmental factors may lead to large spatial and temporal variability
in ecosystem properties (Hwang et al., 2014; Liang et al., 2016). Therefore, plot-level observations cannot
represent ecosystem properties of interest (e.g., biomass and productivity), especially when the spatial distri-
bution of carbon or the transport of carbon in litter and soils varies nonlinearly with topography (Abnee
et al., 2004; Martin et al., 2009). Choosing plots that are representative of ecosystem properties in complex
terrain is challenging.
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Yet forests often grow in complex terrain. About 70% of the carbon sink in western United States has been
estimated to occur at high elevations where 50-85% of the land is dominated by mountains (Schimel et al.,
2002). Therefore, it is crucial to study the terrestrial C cycle in complex terrain. Forest productivity, bio-
mass, and soil respiration show large spatial variability in complex terrain (Beer et al., 2010; Ciais et al.,
2000; Deng & Chen, 2011), even at the small watershed scale (Houghton, 2005; Sharma et al., 2011).
Riveros-Iregui and McGlynn (2009) investigated the spatial and temporal variability of soil CO, efflux
across a complex watershed of the northern Rocky Mountains, and they reported that depending upon
landscape position, soil CO, efflux varied from ~300 to ~2,000 g CO, m™* during the growing season.
Smith et al. (2016) studied a small, temperature deciduous watershed and observed higher biomass in
swales and south-facing slopes compared to planar and north-facing slopes, and C uptake into wood ran-
ged from 0 to 34 kg C year™. Pacific et al. (2011) suggested that soil respiration was controlled by land-
scape position, groundwater dynamics, and soil water content.

It is reported that the large spatial variability in biomass and net primary productivity in complex terrain is
caused by topographic complexity and strong environmental gradients (Beniston, 2003), yet we do not know
which environmental factors have a dominant influence on the spatial distribution of carbon pools (e.g.,
aboveground biomass and soil carbon) and fluxes (e.g., forest productivity and soil respiration) or how these
factors will interact in a changing climate. Diaz et al. (2003) suggested that investigations of mountain eco-
systems may be critical in understanding climate change and its impacts due to the steep temperature gradi-
ents in mountain regions, the complexity in the water cycle, and ecosystem responses.

These issues motivate this study at the Susquehanna-Shale Hills Critical Zone (CZ) Observatory (CZO). The
CZ refers to the environment from the top of the vegetation canopy to the bedrock (Brantley et al., 2016). A
CZO provides a platform for interdisciplinary study of the CZ and an integrated understanding of this com-
plex system (Giardino & Houser, 2015). Shale Hills is a forested, first-order catchment underlaid by shale
bedrock, a portion of the greater Susquehanna-Shale Hills CZO (Brantley et al., 2018). It has an area of about
0.08 km? and is located in central Pennsylvania, USA (see section 2.2).

Previous studies in Shale Hills watershed have investigated hydrologic and biogeochemical processes in
complex terrain. Shi et al. (2013, 2015) and Baldwin et al. (2017) have shown predictable patterns of soil
moisture, which are closely related to soil physical properties and topographic features. Weitzman and
Kaye (2018) calculated the N budget in the watershed and indicated that the watershed is N limited even
given the relatively high N deposition that exists at present. Smith et al. (2016) and Orr (2016) documented
the spatial differences in aboveground and belowground C stocks, respectively, associated with complex ter-
rain. The mechanistic cause, however, of the spatial structure in watershed C stocks has not been quantita-
tively addressed. Multiple environmental factors, including soil water, N dynamics, and solar radiation, all
have spatial structures that contribute to the spatial structure of watershed biogeochemistry.

This complex terrain catchment hosts intensive and comprehensive observations of vegetation, carbon and
water storage and fluxes, and soil properties (Brantley et al., 2018). However, observations alone cannot pro-
vide an integrated view of the carbon cycle due to the inconsistency in spatial and temporal resolutions in
different data streams (Kaminski et al., 2013). Therefore, we need process-based ecosystem models to inte-
grate the observations and attempt to describe the processes governing the carbon cycle in complex terrain.
Ecosystem models integrate processes that capture our understanding of the connections across scales and
among data types (Dietze et al., 2013). They are useful tools to quantify contemporary terrestrial C cycle pro-
cesses and the impacts of future climate on the C cycle, provided they can be appropriately constrained and
evaluated with observations (Raczka et al., 2016).

In this study, a process-based biogeochemical model, Biome-BGC (Thornton, 1998), was chosen to examine
the mechanisms influencing spatial variations of C caused by topography in the Shale Hills watershed.
Biome-BGC has been widely used to study forest carbon budgets. Schmid et al. (2006) applied Biome-BGC
to central European forest comprising an extended altitudinal gradient at various time scales to assess the
model accuracy. Schimel et al. (2002) used the Biome-BGC and Century biogeochemistry models (Parton,
1996) to explore the patterns of the net ecosystem exchange in the United States and found that 70% of the
Western U.S. carbon sink occurs at an elevation range dominated by complex terrain. Jochheim et al.
(2009) extended Biome-BGC by a forest management module, a multi soil layer module, and a root-growth
module. This modified model generated good simulations of the water and carbon budget compared to

SMEGLIN ET AL.

2of 16



'AND SPACESCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2019JG005160

observations. Zierl and Bugmann (2007) used the regional hydro-ecological simulation system (RHESSys, the
ecophysiological core of which is adapted from Biome-BGC) in catchments from different climatic zones in
the European Alps and assessed how the carbon cycle in mountain regions may be altered under changing
climate as well as changing land cover conditions.

The goal of this paper is to explore how the environmental gradients in complex terrain affect the spatial dis-
tribution of C and thus to provide suggestions on how to improve the model representation of C distribution
in complex terrain. We use direct observations of soil moisture and soil temperature distributed throughout
the Shale Hills watershed to drive a biogeochemical model, thus focus only on the simulated versus observed
C and N cycle in this complex environment.

2. Method
2.1. Site

Shale Hills catchment was established for research in the 1970s (Lynch, 1976) and was expanded as a CZO
in 2007. It is a forested, first-order catchment with Rosehill shale as the bedrock. It has an area of about
0.08 km? and has four landform units: valley floor, swale, planar slope, and ridge top. The planar hillslopes
are downslope but experience nonconvergent flows of water and soil, while the swales are downslope and
experiencing convergent flows of water and soil (Brantley et al., 2016). The climate in central Pennsylvania
is humid and continental. The vegetation cover of Shale Hills is dominated by deciduous broadleaf forest,
with some evergreen needle-leaf trees near the outlet of the stream and on the ridge top. Recent coring of
the trees at Shale Hills dates forest establishment to the1860s and a forest age of 150 years at the simulation
time (W. Reed, personal communication, August 28, 2019, unpublished data). Therefore, the Shale Hills
forest can be considered as mature and potentially at steady state, as has been found in other eastern hard-
wood forests (Bormann & Likens, 1979). The majority of the roots are situated in the organic horizon and
eluvial horizon (a soil horizon from which minerals, humus, or plant nutrients have been lost) (Lin, 2006).
The thickness of the soil layer ranges from less than 0.25 m on the ridge top and upper side slopes to
greater than 2 m in the valley bottom and swales (Lin et al., 2006).

2.2. Observations

A strength of a CZO is the breadth of the scientific disciplines and observations represented. The 0.08-km?
Shale Hills watershed hosts intensive multistate observations to quantify the composition and fluxes of
energy, water, carbon, solutes, and sediments at different spatial (e.g., plot to watershed) and temporal (event
to millennial) scales in the CZ (Brantley et al., 2016). Both continuous time series and campaign-style mea-
surements have been deployed in this watershed. Time series measurements include eddy-covariance flux
measurements (Shi, 2012), soil respiration data measured by LI-COR 8100, automated soil moisture and tem-
perature (Lin et al., 2006), discharge, and precipitation, while campaign sampling of tree diameter (Smith
et al., 2016), soil texture and soil chemistry data (Andrews et al., 2011; Lin et al., 2006), soil carbon and nitro-
gen pools, and tree root distribution with soil depth provides spatially distributed observations of less tempo-
rally dynamic watershed properties. Data are available online (http://criticalzone.org/shale-hills/data/).

Observations are divided into four categories in this study (see Table 1): (1) data for model input (forcing
data), (2) data that serve as fixed input parameters, (3) data for model parameter calibration, and (4) data
for model evaluation. Data that characterize the six sites are listed in Table 2.

2.2.1. Model Input (Forcing) Data

Model input data include daily soil moisture, soil temperature, and meteorological data, including air
max/min/average temperature, precipitation, solar radiation, and relative humidity from 2008 to 2010.
Among these data, soil moisture, soil temperature, and radiation vary from site to site, while other data
are the same for all six sites. These six sites (time-domain reflectometer sites in Figure 1) have the most con-
tinuous soil moisture and soil temperature records from 2008 to 2010. They represent all four landform units
at Shale Hills: two sites in valley floor (one upstream, Vu, and one downstream, Vd), two sites in swale (one
upstream, Su, and one downstream, Sd), one midslope planar site (PL), and one site on the ridge top (RT).

Soil moisture and temperature sensors are located at multiple soil depths at each site. Most locations esti-
mate volumetric water content between 5- and 40-cm depth, with valley floor and swale sites having extra
measurements down to 1.3-m depth (Lin et al., 2006). The soil moisture measurements at different depths
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Table 1
List of Observations Used in This Study
Observations (units) Time Time resolution Locations Source Category
Air temperature (°C) 2008-2010 Averaged to daily Tower SSHCZO® Forcing (model input)
Precipitation (mm) 2008-2010 Averaged to daily Tower SSHCZO
Relative humidity (%) 2008-2010 Averaged to daily Tower SSHCZO
Net radiation (W m_z) 2008-2010 Averaged to daily Scaled to six sites based SURFRAD
on topography
Soil moisture (m3 m_s) 2008-2010 Averaged to daily Six sites SSHCZO
Soil temperature (°C) 2008-2010 Averaged to daily  Six sites SSHCZO
N deposition data (kg N m_z) 2008-2010 3-year average Leading Ridge station =~ NADP Parameter
Soil depth (m) 2008 One time Spatial map SSHCZO (Baldwin, 2011)
Van Genuchten parameters 2005-2010 One time Six sites SSHCZO (Shi et al., 2015)
(o m’l, n: —)
Mortality rate (year_l) 2008-2012 One time Watershed average SSHCZO (Calculated based on
Smith et al., 2016)
Soil C (kg C m_z) 2008 One time Six sites SSHCZO (Andrews, 2011) Calibration and
evaluation
CO, fluxes (umol m~2 sfl) 05/2009-10/2010 30 min Tower SSHCZO LiCor 7500A Evaluation
Aboveground net primary 2008-2012 4 years Throughout the SSHCZO (Smith et al., 2016)
productivity (kg C m 2 year watershed
Aboveground biomass (kg C m~%)  2008and 2012 4 years Throughout the Smith et al. (2016)
watershed

#Refer to http://criticalzone.org/shale-hills/data/datasets/website.

are grouped into surface (top layer, usually represented by 5-cm depth) and root zone (the average of all
other layers) for simplicity (Baldwin et al., 2017). Here we used observed root zone soil moisture and
observed 8-cm soil temperature to drive the model. Soil moisture varies with soil texture, depth, and
landforms at Shale Hills, and it displays large spatial heterogeneity across the watershed. Soils on ridge-
top and planar sites are drier compared to the soils in the valley floor and swales. Soil temperatures at
different sites did not show much difference (0.5 °C, annual average, see Table 2); but on daily basis, soil
temperature differences could be as large as 2 °C among different sites. Radiation data are from Surface
Radiation Budget Network station at Penn State Russell E. Larson Agricultural Research Center (ftp://
aftp.cmdl.noaa.gov/data/radiation/surfrad/Penn_State_PA/). It is then scaled with ArcGIS solar radiation
module to the six sites according to their topographic positions. The spatial distribution of radiation is
affected by topography and season. The south-facing ridge-top site (RT) has the most daily cumulative
radiation due to its topographic position, while valley floor sites (Vd and Vu) have the least available
canopy-top radiation. The difference is relatively small in the summer season due to the high sun angle.
2.2.2. Observed Model Parameters

Model parameters such as N deposition, whole-plant mortality rate, soil depth, and van Genuchten para-
meters are constrained with observations. Observed N wet/dry deposition data were obtained from
National Atmospheric Deposition Program at Leading Ridge, which is about 3 km west of Shale Hills
(http://nadp.slh.wisc.edu/data/). N input to the ecosystem is assumed to be homogeneous across the
watershed. Biome-BGC's default N deposition rate is 0.0001 kgN m~2. The observed N deposition (Wet
and Dry Inorganic N + Dissolved Organic N) rate is reported to be 0.00071 kgN m~> (Weitzman &

Table 2
Site Characteristics (Annual Average Values for Time Series Data, i.e., Soil Moisture, Temperature, and Solar Radiation)
vd Vu Sd Su PL RT
Soil volumetric water content (%) 31.33 21.62 15.93 19.61 16.8 16.36
Soil temperature (°C) 10.0 10.1 9.5 10.4 9.7 10.1
Solar radiation(W miz) 260.7 268.9 281.1 296.3 293.5 293.6
Soil depth (m) 0.98 0.95 0.95 1.05 0.21 0.42
van Genuchten —a (m_l) 0.0582 0.0534 0.065 0.0645 0.088 0.088
van Genuchten - n 1.22 1.26 1.26 1.21 1.24 1.24
van Genuchten - 6 0.493 0.418 0.425 0.403 0.37 0.37
SMEGLIN ET AL. 40f 16
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Figure 1. Spatial distribution of aboveground C at Shale Hills watershed. Aboveground C map is interpolated from 2,000+ trees at Shale Hills watershed by general
Kriging (Oliver & Webster, 1990) with a spherical model for the semivariogram. The time-domain reflectometer (TDR) sites that measure soil moisture and soil
temperature are located on the four landforms: ridge top: RT; swale: Su (swale upstream) and Sd (swale downstream); planar site: PL; and valley floor: Vd (valley
floor downstream) and Vu (valley floor upstream).

Kaye, 2018). Biome-BGC's default N fixation rate is 0.0004 kgN m™2. Previous work in the watershed sug-
gests that N fixation is negligible (Weitzman & Kaye, 2018). With the observed N deposition and fixation
rate, simulated daily growing season NEP increased from about 0.003 kg C m~2 day™"* to about 0.007 kg C
m~2 day ™", which is similar to the values measured via eddy covariance (Figure 2a).

The annual whole-plant mortality rate parameterizes an exponential decay of the vegetation C pool and plays
a very important role in determining the total ecosystem biomass. Mortality rate is defined as productivity
over C pool size (turnover rate, unit: per year) instead of the rate at which individual trees die (# deaths
per unit time) and is estimated as the ratio of observed aboveground net primary productivity to observed
aboveground biomass. The Biome-BGC default mortality rate was 0.005 year™*, and previous studies showed
that it produced considerably large vegetation C pools (Tatarinov & Cienciala, 2006). The biomass turnover
observed at Shale Hills suggests a rate of 0.045 year™'. After applying the observed mortality rate, the
watershed vegetation C pool is reduced from 40 to 7.4 kg C m™2, which is more reasonable compared to
the observed aboveground vegetation C pool (9.5 kg C m™2, Smith et al., 2016).

Soil depth data are derived from 233 depth-to-bedrock data points during an auguring campaign and is
further refined by data points collected during shallow well installations and GPR data (Baldwin, 2011).
The van Genuchten parameters that characterize the soil water retention curve, that is, convert soil moisture
to soil water potential (van Genuchten, 1980), were obtained by fitting soil water matric potential and volu-
metric moisture content collected in 2005-2010 at 61 sites throughout the catchment and at different depths
(Baldwin, 2011; Shi et al., 2015). The values of soil depth and van Genuchten parameters at the six sites used
in this study are available in Table 2.

2.2.3. Data for Model Calibration

The observed watershed average soil C pool (Andrews, 2011) was used to tune the maximum decomposition
rate of the recalcitrant soil C pool. Soil C data were collected at 56 locations throughout the watershed (Lin
et al., 2006), including the six sites in this study. For model calibration at the watershed level, we used
weighted average from these 56 sites to represent watershed average soil C. Soil samples from different hor-
izons of each soil core were air dried and sieved (2-mm mesh size) before analysis.

The maximum decomposition rate of the soil C pool parameterizes an exponential decay of the soil C pool.
The Biome-BGC default values produced soil C pools that were greater than the observations, so we
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Figure 2. Model-data comparison. (a) Modeled versus observed net ecosystem productivity (NEP) at watershed level. Tick marks denote the beginning of each
month. (b) Modeled versus observed aboveground carbon pools and soil carbon pools at six different sites and watershed average. Vd stands for valley floor
downstream sites, Vu is valley floor upstream site, Sd is swale downstream sites, Su is swale upstream site, PL is planar site, and RT is ridge-top site. Ave AC and ave
SC are watershed average aboveground C and soil C.

multiplied the maximum decomposition rate by 1.2 so that the modeled soil C pool would approximately
match the observed watershed average value of 13 kg C m~> (Andrews, 2011).

2.2.4. Data for Model Evaluation

Flux tower data were compared with modeled daily NEP. CO, flux was obtained from an eddy covariance
system installed on an above-canopy tower (30 m) on the south-facing ridge top (Figure 1). The CO, flux
was calculated based on a 30-min window of 10-Hz CO, concentration and 3-D turbulent wind data (Shi,
2012). These data were available from 1 May 2009 to 1 August 2010. Due to the complexity of the topography
where the tower is located, C flux data collected during stable boundary layer conditions are not reliable.
Therefore, we screened the C flux measurements by removing data where the friction velocity (u*) is less
than 0.3 m s™" and gap filled with the R package REddyProc (Reichstein & Moffat, 2014). The gap-filling
method is described in Reichstein et al. (2005). We then computed daily integrals of the NEP to compare
with model results. However, if less than a quarter (12 data points out of 48 data points) within a day remain
after data filtering, we do not compute a daily flux.

Aboveground C (AC) and productivity were derived from tree DBH and their changes from 2008 to 2012
with allometric equations from Jenkins et al. (2003). The observed watershed AC pools ranged from 3 to
18 kg C m™%, and the watershed-average vegetation C pool was 9.5 kg C m™2, with 10% uncertainty
(Smith et al., 2016). The spatial distribution of aboveground biomass was generated by Kriging interpolation
(Oliver & Webster, 1990) in ArcGIS from more than 2,000 trees in the watershed (Figure 1). AC at the six
sites are extracted from the interpolated map and used to evaluate modeled AC at six sites. Root C was also
derived from tree diameters in 2012 with allometric equations (Jenkins et al., 2003). Watershed averaged
root biomass (in 2012) (Orr, personal communication, April 8, 2015) was estimated to be 2.5 kg C m—2
Soil organic C data are directly obtained at the six sites and are used to evaluate modeled soil C at each site.
The observed watershed soil C pools ranged from less than 4 to 34 kg C m™2 across the watershed, and the
average soil C pool was 13 kg C m~2 (Andrews, 2011). However, the uncertainties estimation of root biomass
and soil C pools is missing from previous fieldwork and thus may impose a negative impact on our model-
data comparison study.

2.3. Model Description

An ecosystem process model, Biome-BGC Version 4.1.2 (Thornton, 1998), is used in this study. Biome-BGC is
a biogeochemical model that simulates aboveground and belowground water and C and N cycles of different
vegetation types. It is a common practice to spin up the ecosystem model to bring the state variables (i.e.,
water, C, and N pools) into steady state with respect to the site's climate and the specified plant functional
type (deciduous broadleaf forest in this study). In this study, we repeated 2008-2010 daily meteorological
and soil physical forcing data to spin up the model into equilibrium. The model outputs thus represent the
steady state of the ecosystem.
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The modeled ecosystem state (aboveground and belowground) includes multiple water, C, and N pools. C
pools are composed of an aboveground vegetation C pool, a belowground vegetation (root) C pool, four litter
C pools, and three soil C pools. Biome-BGC does not consider tree species but plant functional types. It is a
point model with no lateral interaction between grids. Therefore, the model provides one-dimensional esti-
mates of water, C, and N pools and fluxes. Biome-BGC has one soil layer, and the four soil C/N pools and
three litter C/N pools are separated according to the residence time of C and N in each pool.

The following is a brief description of the interactions between C and four environmental factors we inves-
tigated in this study. For a detailed description, see Golinkoff (2010).

2.3.1. C-Soil Water Interaction

Water affects C input (assimilation) to the ecosystem through regulating the stomatal conductance. When
soil water availability is low, Biome-BGC will reduce the stomatal conductance to mimic the closure of
the stomata to conserve water. Since the stomatal conductance of CO, is directly proportional to the stomata
conductance of water vapor, the assimilation rate of C will thus be limited.

Water also affects C output from the ecosystem through litter and soil C decomposition (heterotrophic
respiration). In Biome-BGC, decomposition rate slows as the soil becomes drier, expressed through a water
scalar:

In(¥/¥min)

=7 7 1
Wscalar ln(lpmax/lpmin) ’ ( )

where wqeq14r is @ water scalar that multiplies to the maximum decomposition rate. P, is soil water poten-
tial at soil water saturation, and ¥, is set to —10 MPa. When soil water is at saturation, wWgc,jar is 1; as the
soil dries up, Wyca1ar goes down, thus slowing the decomposition rate.

Autotrophic respiration (maintenance respiration and growth respiration) is not directly affected by soil
water in Biome-BGC. Maintenance respiration is determined by a Q10 equation, which is a function of tem-
perature and N content; growth respiration is a constant rate—30% of new growth. Growth respiration is
indirectly related to water, in that soil water influences new growth.

2.3.2. C-Soil Temperature Interactions

Soil temperature affects vegetation C through phenology (leaf emergence) and plant maintenance respiration
(Rpn) in Biome-BGC. For deciduous broadleaf forest like those found at Shale Hills, leaf onset begins when the
running sum of the daily average soil temperatures above 0 °C is above a critical value. Higher soil tempera-
tures lead to earlier leaf onset. Soil temperature also affects leaf senescence. When soil temperature is below
the average fall soil temperature, leaf senescence begins. Maintenance respiration in Biome-BGC uses a Qo
relationship with soil temperature. The Q, relationship assumes a reference temperature of 20 °C, and all
temperatures are scaled by this value. Higher soil temperature results in higher maintenance respiration.

Soil temperature has an impact on soil/litter C decomposition that is similar to soil water but through a tem-
perature scalar (Ts,1ar). In Biome-BGC as soil becomes cooler, the soil decomposition scalar goes down,
which multiplies the maximum decomposition rate to slow down soil/litter C decomposition.

2

308.56
Tcatar = exp | 4.344692— .

Tsoil + 46

2.3.3. C-Radiation Interaction

The impact of radiation on photosynthesis can be seen in the Farquhar model in Biome-BGC. Radiation lim-
its the electron transport rate of substrate (RuBP) regeneration (de Pury & Farquhar, 1997). Radiation also
has an indirect impact on the C cycle through its impact on the water cycle. Radiation is important in driving
the potential evapotranspiration as well as in controlling the stomatal conductance. The impact of radiation
on the stomatal conductance is reflected in a scalar (0-1) that multiplies the maximum stomatal
conductance:

PPFD/PLAI

— e ———— 3
sv = 8sv_max 75 + PPFD/PLAI7 o

8

where gg, max is the maximum stomatal conductance, PLAI is the projected leaf area index, and PPFD is
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photosynthetic photon flux density. PLAI in turn affects radiation intercepted by the canopy based on Beer's
Law of light attenuation (Jones, 1992).

2.3.4. C-N Interaction

N is crucial to both vegetation C pools and soil C pools. The C:N ratios are fixed parameters in Biome-BGC
for the three litter C pools and four soil C pools. When litter/soil C is decomposed from the faster decompos-
ing pool (donor pool), the remaining C enters into a slower decomposing pool (accepting pool). N
immobilization/mineralization by microbial decomposition in litter/soil C pools is calculated in the decom-
position routine in Biome-BGC.

C:Naccepting

1—HRjrac C:Ngonor (4)

C: Naccepting
where Nimmob iS the potential N immobilization and C.g is the potential C loss from the donor pool to the
accepting pool and HRy., is the heterotrophic respiration fraction.

When the sum of all the potential N immobilization for the fluxes is negative, it means there is potential N
mineralization, which is available for plant uptake. If the mineralized N in the soil is greater than the plant
demand, then the plant will fix all C that enters into the vegetation C pools through photosynthesis. In this
case, N is not a limiting factor. Conversely, if N availability cannot meet plant demands, which happens fre-
quently in this watershed, then the model will scale down the C that can be assimilated into the plants. In
other words, N will limit C fixation.

N enters into the ecosystem through wet/dry atmospheric deposition and symbiotic/asymbiotic fixation and
leaves the ecosystem through N leaching, volatilization, and fire. Among all these incoming/outgoing N
fluxes, only N leaching is not a fixed parameter and is coupled with the water cycle. Biome-BGC gives priority
to the N demands of plant uptake and microbial decomposition; excess N will be subject to leaching. When
there is water outflow, 10% of the excess soil mineralized N will be removed. Since the N input is the same for
the six sites, less N leaching indicates more N is stored in plants as well as more litter/soil C decomposition.

2.4. Experiment Design

We first constrained three important parameters with observations to enable the model to match both
observed C flux (net ecosystem productivity [NEP]) and C pools (vegetation C, soil C, and root C) at the
watershed level (i.e., match model outputs with observed watershed average). Then we applied this tuned
model to simulate six locations that cover all four landform units (ridge top, valley floor, planar slope, and
swale; see section 2.3) in the watershed with site-specific input observations (i.e., soil depth, soil moisture,
soil temperature, and radiation) to test its ability to reproduce the spatial variations of C pools caused by
topography. Lastly, we ranked the importance of the environmental factors in controlling spatial variations
of C pools and fluxes. The environmental factors chosen in this study were light (Rn), soil moisture (8), soil
temperature (Ts), and nitrogen availability (N).

We used observed meteorological data from 2008 to 2010. The model was spun up for thousands of years by
repeatedly cycling through forcing data until reaching equilibrium state. Equilibrium was defined as a steady
state where the input and output fluxes are balanced with each other and that the system has equilibrated to
the climate and site forcing (Thornton & Rosenbloom, 2005). Specifically for this version of Biome-BGC, it
means the annual average daily soil carbon stocks are less than a specified value (0.0005 kg m™ year™).
Results from the last 3 years after reaching equilibrium were averaged and analyzed.

We ran Biome-BGC at Shale Hills with two modifications: (1) We imposed soil moisture and soil tempera-
ture observations from each landform unit to eliminate the uncertainties inherent in simulating water
and energy cycles and thus focus on the biogeochemical cycles; and (2) we changed the conversion of soil
moisture (6) to soil water potential () in Biome-BGC from the original Cosby formulation (Cosby et al.,
1984) to the van Genuchten (1980) formulation, because van Genuchten parameters were available from
observations at these sites (Shi et al., 2015).

The following model outputs were selected to compare with observations on the watershed scale: (1) mod-
eled daily NEP versus flux tower data (2009-2010), (2) modeled 3-year average AC and root C versus
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observed aboveground and root carbon in 2012, and (3) modeled 3-year average soil C pool versus observed
soil organic carbon data in 2008. The observations are described in section 2.3.4.

The watershed-average calibrated simulation was evaluated at six sites that cover all four landform units
(Figure 1) to test the model's ability to reproduce the spatial pattern of aboveground/belowground C. We
compared the spatial pattern of modeled AC and soil C with observations at the six sites.

Because we only have six sites in the watershed with the full range of observations needed for this
experiment, the sample size is too small to apply statistical methods to attribute the impact of each
environmental factor to C distribution. Therefore, we designed a process to rank the importance of
the environmental factors.

First, we defined environmental indices for each environmental factor (0, Ts, Rn, and N) as described below:

1. Water index: We defined an AC water index by counting the days during growing season (from leaf on to
leaf off) when the soil water potential (1) was below the threshold of stomatal closure (-0.6 MPa). We
defined a soil C water index by counting the days when the decomposition rate was reduced by 50% or
more from its unstressed value due to drought (Wgca1ar = 0.5, see equation (1)).

2. N index: We used modeled soil mineral N (SMN) to reflect N availability at six sites.

3. Radiation index: We used average radiation during the growing season as an index to reflect the radiation
availability at six sites.

4. Temperature index: We used annual average soil temperature as the index for soil C pools. For AC pool,
we used “growing season length,” which is a function of soil temperature.

Second, we examined the relationships between the environmental indices and the C pools at six sites and
identified the primary limiting factor as the one that has the strongest linear relationship with C pool size.

Third, we removed the primary limiting factor by homogenizing this factor among all sites with the mean
across all sites and reran the simulation and then repeated these analyses to find the next most important
limiting environmental factor.

3. Results
3.1. Model-Data Comparison

With only three parameters adjusted by observations, the model was able to reproduced the observed
watershed-average C fluxes during growing season (Figure 2a) and pools (Figure 2b, “ave AC” and “ave
SC” are close to 1:1 line). Biome-BGC simulated NEP relatively well during growing season, even though
there is a small underestimation of peak NEP (about 1 g C m~2day ™). The model overestimated the ecosys-
tem respiration during dormant season, especially in late fall and early spring (about 6 g C m~2 day ™). Note
that the quality of the observed C fluxes by eddy covariance tower is low in winter (due to frequent stable
boundary layer conditions), the model-data differences of NEP in winter could be smaller.

The modeled spatial pattern in soil and AC pools follows a similar pattern to observations, but the spatial
variability is lower than the observed variability (Figure 2b). Biome-BGC simulated AC pools well at drier
sites (ridge top and planar sites) but underestimated AC at wet sites (valley floor). Soil C pools were overes-
timated at dry sites and were underestimated at one valley floor site (V,,). Furthermore, the simulated spatial
pattern of soil C is less satisfactory than that of AC (larger departure from the 1:1 line).

3.2. Modeled C Responses to Environmental Factors

The spatial patterns of AC and soil C simulated by BIOME-BGC are thus qualitatively in agreement with the
spatial patterns observed in Shale Hills and are quantitatively close to the observed magnitudes, especially
for AC. Given this relative success, we next use BIOME-BGC to interpret the mechanistic causes of these
simulated and observed spatial patterns.

3.2.1. AC Response to Environmental Factors

Under the limitations of all four environmental factors (water, sunlight, N, and soil temperature), simulated
AC pools decrease with increasing water stress (Figure 3a) and N stress (Figure 3b). This is consistent with
BIOME-BGC's mechanistic controls for these variables. When soil moisture is low, water stress should limit
photosynthesis. This is found preferentially at the ridge-top site, and modeled AC is reduced at ridge-top site
relative to the swale and valley floor sites (Figure 3a). Increased N availability should increase photosynthetic
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Figure 3. The relations between modeled aboveground C (AC, y axis) and environmental factors (x axis). Colors represent landscape positions of each site, and
symbols represent different model runs: W, N, R, and T represent limitations of soil water, nitrogen, radiation, and soil temperature, respectively. (a) AC
decreased as dry days increased. After removing N limitation, AC increased comparing to with N limitation (+ vs. 0). (b) AC increases with soil mineral nitrogen
with/without water limitation. (c) Relationship between AC and radiation. After removing water and N limitations, AC increased slightly with increasing radiation.
(d) After removing all other environmental limitations, the positive relationship between AC and soil temperature (as indicated by growing season length)

showed up.

C uptake. A linear relationship was found between SMN and AC, indicating N might have stronger control
on the modeled AC. Less soil mineral N was simulated at the sites with shallow soils, generally found in the
upstream positions in the watershed and planar site (e.g., RT and PL sites), and modeled AC is indeed
reduced at these sites relative to the downstream, deeper soil sites (Figure 3b). After removing the
limitation of N stress (Figure 3a, “+” symbol), water availability is clearly the next important
environmental factor in determining the spatial pattern of modeled AC (Figure 3a). As the dry days
increase during growing season, modeled AC decreases. Modeled AC also increases overall by about one
third after removing the N limitation.

Radiation and soil temperature (indicated by growing season length) play the weakest roles in controlling the
spatial patterns of modeled AC in the watershed. AC increased by about 60% after removing water and N lim-
itation (Figures 3c and 3d). The model only showed a slight positive impact of higher radiation and soil tem-
perature when all other limitations are removed (Figures 3c and 3d, symbols “” and “A,” respectively).
Mechanistically, higher radiation results in more photosynthesis, and warmer soil temperature lengthens
the growing season, both of which could increase the AC. However, the increase in AC is relatively small
across sites comparing to water and N limited situations. Thus, radiation and soil temperature both have posi-
tive but small feedbacks on modeled AC.

In summary, by using observed environmental drivers and BIOME-BGC to interpret the impact of these
environmental conditions on AC, we find that water stress and the N cycle, coupled to the water cycle
through N leaching, are the primary factors limiting AC at Shale Hills. Each of these factors leads to simu-
lated spatial differences as large as 3 kg C m™> between sites in the watershed. Soil temperature and solar
radiation play much smaller roles in determining the spatial distribution of AC.

3.2.2. Soil C Responses to Environmental Factors

The relations between simulated soil C and environmental factors are not as straightforward (Figure 4) as
those between AC and environmental factors (Figure 3), because environmental factors impact both soil
C loss via decomposition and soil C input via litter from AC. However, we still see a clear impact of soil water
on the simulated soil C pool in this analysis (Figure 4a). Soil C has an increasing trend as dry days increase,
as would be expected due to reduced decomposition in dry conditions, even though litter input (as indicated
by AC) also decreases as periods of drought grow longer (Figure 3a). The total soil C pool also increases after
removing N limitation due to more litter input from AC (Figure 4a, “+” vs. “0”), and the impact of soil water
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Figure 4. The relations between modeled soil C (y axis) and environmental factors (x axis). (a) Overall, soil C increases as dry days increase. After removing N lim-
itation, soil C increased comparing to with N limitation. (b) Soil C increases as soil mineral N increases. After removing water limitation, soil C decreased.

(c) The relationship between soil C and radiation is not clear. After removing water and N stress, soil C increased. (d) The relationship between soil C and soil
temperature is not clear. After removing water and N stress, soil C increased.

on soil C becomes even clearer. Figure 4a shows that N controls the magnitude of soil C, while soil water
controls the spatial pattern of soil C. Spatial differences in soil C associated with these patterns in water

stress, while underpredicted compared to the observations, are more than 10 kg C m™2.

Figure 4b shows that the impact of N on spatial variations of soil C is not very clear. Overall soil C
decreased after removing the water limitation, presumably because the faster decomposition rate was
more influential than the increasing litter input, both of which will occur in the absence of water stress.
Another interesting point is that after removing water limitation, more SMN becomes available on the ridge
top site. This is likely because plants grow better under more abundant water conditions, more N is required
to meet plant N demand, and thus, less N is lost through leaching. The difference in soil C across sites is
approximately 5 kg C m™2 after water stress is removed, but the dependence on N is not linear.

After eliminating both N and water limitations, soil C increased by almost 50% (Figures 4c and 4d).
Radiation and soil temperature did not show much impact on soil C. The mechanisms in BIOME-BGC sug-
gest that soil water availability is the primary factor that affects the spatial distribution of soil C at Shale Hills.

4. Discussions and Conclusions

In the past 20 years, many efforts have been devoted in improving ecosystem representation in Earth System
Models, especially the development in vegetation demographic models, to capture greater realism in predict-
ing ecosystem properties (Christoffersen et al., 2016; Fischer et al., 2016; Fyllas et al., 2014; Medvigy et al.,
2009; Moorcroft et al., 2001; Sato et al., 2007; Smith et al., 2014). There is no doubt that these efforts are extre-
mely valuable. However, this increased realism of the models inevitably leads to increased computational
cost, model complexity, and the requirement of more observations/empirical constraints to describe the
new features in the models (Fisher et al., 2018). This study and some previous studies (Bond-Lamberty
et al., 2005; Chiesi et al., 2007; Jochheim et al., 2009; Schmid et al., 2006) have shown that a relatively simple
ecosystem model, Biome-BGC, can be calibrated to simulate ecosystem biogeochemistry successfully. The
simplicity of the model has its advantage in cheaper computational cost, easier model diagnosis, and less
observations for model constraints.

In this study, we integrated Biome-BGC with intensive observations at Shale Hills CZO to study the spatial
patterns of C pools and fluxes in complex terrain. We focused on the C and N cycle and minimized the uncer-
tainties associated with simulating the water and energy cycles by driving the model with observed soil
moisture and soil temperature. The model results and parameter estimation (i.e., the whole-plant
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mortality rate) were based on the assumption that the Shale Hills forest is at steady state. This forest is
mature (150+ years old) and past the stage of rapid biomass accumulation. However, the steady-state
assumption could underestimate the degree of tree growth and carbon uptake still taking place in this older
forest (Keeton, 2018) and could introduce bias in the model simulations.

This study shows that with only simple constraint of a few whole-watershed parameters (whole-plant mor-
tality rate, N deposition, and maximum decomposition rate of recalcitrant soil C pool) and inputs (daily
meteorological forcing, soil moisture, and soil temperature) with observations, the model has skill in simu-
lating the watershed-average C pools and can be used to evaluate the processes and environmental drivers
responsible for these spatial patterns. The ability of the model to simulate these spatial patterns, especially
the soil C pool, however, is limited.

Model-data comparison of C fluxes (Figure 2a) indicates that the model overestimated ecosystem respiration
from late fall to early spring (when soil is warm and respiration is active but photosynthesis is shut down).
Part of the discrepancy between the model and observations is due to the complex terrain at the tower site,
which makes the eddy-covariance measurements suspect in stable, winter conditions. For example, it is not
physiologically possible to have photosynthesis in February (Figure 2a). Instrument surface heating asso-
ciated with the open-path infrared CO,/H,0 gas analyzer (Burba et al., 2005) can cause apparent ecosystem
CO, uptake in observations during winter conditions; however, the magnitude of the correction for sensor
heating was smaller compared to the model-data difference in this study (Burba et al., 2008).

The remaining model-data differences in winter C fluxes suggest that parameters related to soil respiration
(soil decomposition, maintenance, and growth respiration) may need to be adjusted. A model-data compar-
ison done at 10 FLUXNET sites reported that modeled respiration rate was higher than observed at low tem-
peratures (Trusilova et al., 2009). It is likely that the Q;o model needs to be modified to simulate the
maintenance respiration response to soil temperature as suggested by previous work (Schmid et al., 2006;
Zier] & Bugmann, 2007; Chen & Tian, 2005). A separate study at Shale Hills suggests that parameters related
to Tscalar in EQN (2) need to be adjusted (not published). Automated soil respiration observations with col-
located soil temperature and moisture data would aid in further evaluating the soil respiration parameters.

The spatial variation of C pools simulated by Biome-BGC was similar in pattern but underpredicted com-
pared to observations (Figure 2b). Biome-BGC underestimated the aboveground vegetation C pools at the
two wet, valley-floor sites and did not capture the observed difference in AC between these two sites. We
showed that simulated water stress influences the AC content and is highly dependent on relatively uncertain
soil properties, but the valley floor sites are the least susceptible to water stress. Errors in the soil properties
could increase the difference between the valley floor and ridge top sites but would do so primarily by
decreasing AC at the drier sites. A more complex set of parameter adjustments would be required to optimize
overall model performance.

BIOME-BGC is moderately successful at simulating the spatial distribution of AC, which suggests that soil
moisture and N are the most important environmental factors in determining this spatial pattern. The spatial
pattern in these properties is strongly linked to soil texture, soil depth, and topography (Shi et al., 2015), and
hence, we conclude that accurate quantification of soil physical properties and topography are the most
important factors for simulating spatial structure in aboveground C in this watershed. Spatial variability
in soil temperature and incoming solar radiation had much less influence on the AC distribution. We
hypothesize that this finding is a general characteristic of similar watersheds, but we cannot determine
the bounds of this assertion without testing at additional sites.

Model-observation comparisons of the spatial pattern in soil C pools were less satisfactory (Figure 2b, brown
dots). While the site-to-site differences were qualitatively correct in the model in most cases, the magnitude
of variation in soil C was underestimated by almost a factor of 2 (18 kg C m~? maximum difference in the
observations but only 10 kg C m™ difference in the model). The observed difference in the soil C pools at
the two valley-floor sites (Vu and Vd in Figure 2b) are also difficult to explain. However, due to the limited
samples of sites and the large uncertainties in the measurements of soil C pools, it is unreasonable to expect
the model to match this observed difference.

The processes that affect the soil C pools include, through litter fall and decomposition, the processes deter-
mining AC pools and fluxes. More C enters the soil C pool at the wet sites due to higher litter C input from
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AC, but there is also more C loss due to the higher decomposition rate. At the dry sites, the decomposition is
slower than the wet sites, but there is also lower C input due to lower AC production. Our results suggest that
this equilibrium is reached with too small a variation in soil C.

Figure 2b showed the underestimation of soil C pools at wet sites, and overestimation of the soil C pools atdry
sites. The model-data differences may suggest a slower soil C decomposition rate in wet soils and a higher rate
in dry soils. Reduced decomposition rate due to periodic saturated water conditions and lack of oxygen
(Griffin, 1963; Sierra et al., 2015), a process that is not reflected in Biome-BGC's decomposition water scalar
(EQN (1)), might be able to explain the underestimation of soil C in the wet sites. The decomposition rate at
wet sites (lower elevation) may be further depressed by lower pH (Belkacem & Nys, 1995) due to more accu-
mulation of leaf litter (Kelly et al., 1997), but the effect of soil pH on the decomposition rate is also missing in
Biome-BGC. The overestimation of soil C pools at dry sites is likely due to the slow decomposition rate under
water limitation (see section 2.3.1) since the litter input from aboveground is close to observations (Figure 2b,
green dots).

Other possible factors responsible for the model-data differences could be attributed to the missing physi-
cal processes including, but not limited to, (1) missing lateral transport of the dissolved organic C and N
with water flow; (2) missing the litter transport by wind or gravity could also partly explain both the under-
estimation of soil C at the valley floor and the overestimation at the drier (higher elevation) sites; (3) the
effect of soil texture on decomposition, which could yield more recalcitrant C attaching to soil particles in
finer texture soils (Bot & Benites, 2005; Prasad & Power, 1997) such as the more clay-rich soils of the valley
floor, also was not accounted for in the model; and (4) previous studies also noticed the difficulty in simu-
lating soil C in forests (especially with developed litter layer) due to century-style decomposition structure
(Kelly et al., 1997).

Though the model's success in simulating the spatial patterns of soil C is limited, the results still suggest that
soil moisture and, to a lesser extent, N availability are much more important that solar radiation or soil tem-
perature in determining these spatial patterns. This again suggests the importance of soil properties and
topography in determining watershed-scale variability in soil C, though these conclusions are less certain
since our implementation of BIOME-BGC is either misparameterizing or entirely missing some of the pro-
cesses needed to represent the observed structure more accurately.

Soil water is critical to both AC and soil C distribution. Soil water was found to be the most important factor
controlling soil C and, with N availability, both governed the spatial distribution of aboveground C pools. The
importance of N availability is consistent with a previous observational study, which suggested that the eco-
system at Shale Hill is N limited (Weitzman & Kaye, 2018). N is tightly coupled with the water cycle through
processes such as N mineralization and N leaching. In summary, it will be difficult to simulate the spatial dis-
tribution of ecosystem C pools well without also simulating the hydrological cycle well.

However, a small change in van Genuchten parameters (or soil texture parameters in the original model)
could cause significant changes in soil water potential, increase or decrease water stress on the vegetation
significantly, and alter at least the level of quantitative agreement between our model and the observations.
Previous studies suggest that misrepresentations of soil processes (especially soil water balance) in the model
would strongly influence the biogeochemical cycles, even if the key processes (e.g., Farquhar photosynthesis
module) are well represented (Sandor et al., 2005). Therefore, accurate estimates of hydrological parameters
are essential. This may suggest that observations of the spatial distribution of AC pools could in return poten-
tially provide insight into the calibration of soil physical parameters.

In this study, we considered each site as an individual point that does not interact with its neighbors. In rea-
lity, each site interacts with its neighbors by exchanging water and N fluxes and transporting soil and litter C,
which might explain the limited spatial variation in model results compared to observations. A version of
Biome-BGC coupled to a spatially distributed hydrological model has been developed (Shi et al., 2018).
This system, Flux-PTHM-BGC, will enable greater exploration and understanding of how the interactions
among model grids affect the spatial pattern of C pools.

Improvement could be obtained via optimization of parameters and/or the addition of processes missing
from the model and likely to contribute to these spatial patterns. A global sensitivity analysis of model
parameters could identify key parameters to those observed and constrain the model in simulating
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complex terrain C distribution and could identify the potential for equifinality—that is, multiple parameter
sets that might perform equally well in simulating watershed C pool distributions. Equifinality, however, is
less likely to occur as the amount and types of data constraints increase. Assimilating additional watershed
observations is another effort that could improve the simulation and understanding of watershed-scale bio-
geochemistry. However, data uncertainties must be evaluated for the observations to be useful to assimi-
late the data into the model. The breadth of observations available at CZOs is a definite strength in
this area.

This study improved our understanding of the environmental causes for the spatial variations of C pools in
complex terrain. It highlighted the importance of accurate hydrological modeling and soil physical properties
to modeling the spatial distribution of C in complex terrain. This work also revealed that, even with the input
of observed soil properties and hydrology, the spatial variations of C pools is underpredicted by BIOME-BGC.
There is a continuous need to improve the representations of ecosystem processes in complex terrain by iden-
tifying and refining key parameters and incorporating important missing physiological/physical processes
into ecosystem models.
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