
Soil hydrological properties regulate grassland ecosystem

responses to multifactor global change: A modeling analysis

Ensheng Weng1,2 and Yiqi Luo1

Received 29 June 2007; revised 24 February 2008; accepted 14 March 2008; published 11 July 2008.

[1] We conducted a modeling study to evaluate how soil hydrological properties
regulate water and carbon dynamics of grassland ecosystems in response to multifactor
global change. We first calibrated a process-based terrestrial ecosystem (TECO)
model against data from two experiments with warming and clipping or doubled
precipitation in Great Plains. The calibrated model was used to simulate responses of
soil moisture, evaporation, transpiration, runoff, net primary production (NPP), ecosystem
respiration (Rh), and net ecosystem production (NEP) to changes in precipitation
amounts and intensity, increased temperature, and elevated atmospheric [CO2] along
a soil texture gradient (sand, sandy loam, loam, silt loam, and clay loam). Soil available
water capacity (AWC), which is the difference between field capacity and wilting
point, was used as the index to represent soil hydrological properties of the five soil
texture types. Simulation results showed that soil AWC altered partitioning of
precipitation among runoff, evaporation, and transpiration, and consequently regulated
ecosystem responses to global environmental changes. The fractions of precipitation
that were used for evaporation and transpiration increased with soil AWC but decreased
for runoff. High AWC could greatly buffer water stress during long drought periods,
particularly after a large rainfall event. NPP, Rh, and NEP usually increased with
AWC under ambient and 50% increased precipitation scenarios. With the halved
precipitation amount, NPP, Rh, and NEP only increased from 7% to 7.5% of AWC
followed by declines. Warming and CO2 effects on soil moisture, evapotranspiration,
and runoff were magnified by soil AWC. Regulatory patterns of AWC on responses
of NPP, Rh, and NEP to warming were complex. In general, CO2 effects on NPP, Rh,
and NEP increased with soil AWC. Our results indicate that variations in soil texture
may be one of the major causes underlying variable responses of ecosystems to global
changes observed from different experiments.
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1. Introduction

[2] Increased concentration of carbon dioxide ([CO2]) in
the atmosphere has resulted in increases in global surface
temperature and altered precipitation patterns [IPCC, 2001].
Experimental and modeling studies have shown that terres-
trial ecosystems have diverse responses to climate change.
Experimental warming in a range of 0.3�6.0�C, for exam-
ple, significantly increased soil respiration rates by 20% and
plant productivity by 19% with considerable variation
among individual sites [Rustad et al., 2001]. Meta-analyses
of data published in the literature about ecosystems
responses to elevated [CO2] revealed a wide range of

responses to increases in atmospheric [CO2] [Jastrow et
al., 2005; Luo et al., 2006], from no biomass responses in
alpine grasslands [Körner et al., 1997] and in the subhumid
tall grass prairie for wet years [Owensby et al., 1999], to
consistent and substantial production responses in semiarid
shortgrass steppe [Morgan et al., 2004]. How to explain the
variations in observed terrestrial ecosystem responses to
climate change has been a great challenge in the research
community.
[3] Various ecosystem responses to global change may be

partially caused by soil hydrological properties at least for
two reasons. First, soil water strongly regulates plant growth
and primary productivity for most terrestrial ecosystems,
particularly in arid and semiarid regions [Schulze et al.,
1987]. Second, all global change factors, such as climate
warming, rising atmospheric CO2 concentration, and altered
precipitation intensity and frequency, induce changes in soil
water availability [Niklaus et al., 1998; Wan et al., 2002]
and, therefore, indirectly affect plant and ecosystem pro-
cesses [Saleska et al., 1999; Shaver et al., 2000; Morgan et
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al., 2004; Luo, 2007]. However, how soil hydrological
properties regulate ecosystem responses to global change
factors, to the best of our knowledge, has not been well
examined.
[4] Soil stores precipitation water for plant use over time

and thus regulates partitioning of precipitation among
alternative outflows such as runoff, evaporation, and tran-
spiration [Rodriguez-Iturbe and Porporato, 2004]. The
capability of soil to store water is mainly determined by
soil texture and quantified by soil moisture release curves.
Two points on soil moisture release curve are particularly
important: field capacity and permanent wilting point. The
difference between field capacity and wilting point defines
available water capacity (AWC), the maximal amount of
water that is available for plants. Soil texture varies greatly
over spatial scales [Miller and White, 1998]. In the Northern
Territory, Australia, for example, along the precipitation
gradient from north to south, predominant soils in the wetter
end of a precipitation gradient are loams and sands, and clay
soils are more extensive in the drier sectors of the gradient
[Williams et al., 1996]. At a local scale, soil texture varies
dramatically with landform [Rosenbloom et al., 2001].
Variation in soil texture creates diverse soil moisture envi-
ronments in an area even with the same amount of precip-
itation. In dry regions, for example, soil evaporation is
lower in sandy soils than that in loamy soils [Buckman
and Brady, 1960].
[5] Diverse soil hydrologic properties and water environ-

ments result in considerably variations in plant production
and ecosystem function [McAuliffe, 2003]. Among the most
noticeable hypotheses is the inverse-texture hypothesis
(ITH) [Noy-Meir, 1973], which states that production is
higher on coarse-textured soils than that on fine-textured
soils in dry regions because the water availability will be
high in coarse soil in dry regions. The hypothesis has been
supported by many studies [e.g., Sala et al., 1988; Lane
et al., 1998; Epstein et al., 1997]. According to observations
from central grassland regions in the United States, sandy
soils are more productive than loamy soils when annual
precipitation is less than 370 mm [Sala et al., 1988].
However, when precipitation is more than 370 mm, sandy
soils are less productive than loamy soils.
[6] In addition, soil hydrological properties likely regu-

late ecosystem responses to changes in precipitation patterns,
temperature, and atmospheric [CO2]. General circulation
models forecast a higher frequency of extreme rainfall
events, a lower frequency of rainfall days, and longer
intervals of dry periods [Easterling et al., 2000]. It is well
known that changes in precipitation directly alter soil water
content and dynamics. An experimental study has demon-
strated that increased temporal variability in precipitation
and soil moisture increased plant water stress and reduced
plant productivity [Knapp et al., 2002]. It is not clear
whether these experimental conclusions from the Konza
prairie reserve can be generalized to other regions with
different soil hydrological properties and climate regimes.
Global warming and elevated atmospheric [CO2] also alter
ecosystem water availability. Warming usually induces
drought by increasing evapotranspiration [Wan et al.,
2002], leading to higher possibility of drought stress to
terrestrial ecosystems [Harte et al., 1995]. Elevated CO2

usually results in increases in soil moisture by reducing leaf

stomatal conductance and mitigates plant water stress
[Knapp et al., 1993; Owensby et al., 1999; Morgan et al.,
2004; Moore and Field, 2006]. It is not clear, however, how
ecosystem responses to climate warming and elevated
[CO2] vary with soil textures with distinct soil hydrological
properties.
[7] In this paper, we conducted a modeling study to

evaluate how soil textures with distinct hydrological prop-
erties regulate ecosystem water and carbon dynamics in
response to altered precipitation amounts and frequencies,
climate warming, and elevated atmospheric [CO2]. A pro-
cess-based ecosystem model was first calibrated against
data from two global change experiments in the Southern
Great Plains, USA, before used to explore soil water
dynamics and carbon processes in five soil types of grass-
lands. We chose grasslands for this study also partly
because they are one of the most widespread ecosystems
types worldwide, covering nearly 1/5 of the world’s land
surface where soil and climatic conditions are diverse
[Parton et al., 1995]. Many experiments have shown rapid
and diverse responses of grasslands to changes in temper-
ature, water, and atmospheric [CO2] [Zavaleta et al., 2003;
Luo, 2007]. This modeling study mainly addressed the
following two questions. How did soil texture regulate
partitioning of precipitation among runoff, evaporation,
and transpiration? How did the changes in water partition-
ing affect ecosystem responses to changes in precipitation
frequency and amount, warming, and elevated atmospheric
[CO2]?

2. Material and Method

2.1. Terrestrial ECOsystem (TECO) Model

[8] The TECO model evolves from its precursor model
TCS [Luo and Reynolds, 1999]. It is a process-based
ecosystem model and designed to examine critical processes
in regulating interactive responses of plants and ecosystems
to elevated CO2, warming, altered precipitation. TECO has
four major components: canopy photosynthesis, soil water
dynamic, plant growth (allocation and phenology), and soil
carbon transfers (Figure 1). The canopy photosynthesis and
soil water dynamic submodels run at the hourly time step.
The plant growth and soil carbon submodels run at the daily
time step. The detailed description of the TECO model is in
the appendix. Here is a brief description.
[9] The canopy photosynthesis was simulated by a mul-

tilayer process-based model, which mainly evolves from the
model developed by Wang and Leuning [1998]. It simulates
radiation transmission in the canopy based on Beer’s law.
Foliage is divided into sunlit and shaded leaves. Leaf
photosynthesis is estimated based on the Farquhar photo-
synthesis model [Farquhar et al., 1980] and a stomatal
conductance model proposed by Ball et al. [1987]. The soil
water dynamic submodel stratifies soil into ten layers. The
thickness of the first layer is 10 cm and 20 cm for the other
9 layers. Soil water content of these layers is determined by
mass balance between water influx and efflux. The water
influx is precipitation for the surface layer and percolation
for deeper layers. The water efflux includes evaporation,
transpiration, and runoff. Evaporation is mainly controlled
by the moisture of the first soil layer and evaporative
demand of atmosphere. Transpiration is regulated by sto-
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matal conductance, soil moisture, and root distribution. The
plant growth submodel simulates carbon allocation and
phenology following ALPHAPHA model [Luo et al.,
1995; Denison and Loomis, 1989] and CTEM [Arora and
Boer, 2005], respectively. Allocation of assimilated carbon
among the leaves, stems, and roots depends on their growth
rates, and varies with phenology. Phenology is represented
by annual variation of leaf area index (LAI). Leaf onset, the
start of a growing season, is determined by growing degree
days (GDD). Leaf senescence is induced by low tempera-
ture and low soil moisture. When LAI is below a certain
level (LAI < 0.1), the end of growing season comes. The
carbon transfer submodel considers the movement of carbon
from plant to soil through litterfall and the decomposition of
litter and soil organic carbon [Luo and Reynolds, 1999;
Barrett, 2002]. In this submodel, a soil profile is divided
into three layers with carbon movement from upper to lower
layers. Carbon inputs to the soil from root growth and dead
root residues are partitioned into these three layers.
[10] Rooting depth and root vertical distribution define

the soil volume from which plants potentially extract water.
Most of the grass roots distribute in the soil layers less than
70 cm and the distribution of roots vary little with soil
texture and soil moisture profiles [Jackson et al., 1996;
Nippert and Knapp, 2007; Singh et al., 1998]. On the basis
of patterns illustrated by the experimental data, maximum

rooting depth was assumed to be 70 cm, reaching to the
fourth soil layer (50�70 cm) in our model. Root vertical
distribution was dynamical, which varied with root growth
and death in every soil layer. The initial ratios of roots in the
four soil layerswere set as 40% (0�10 cm), 40% (10�30 cm),
15% (30�50 cm), and 5% (50�70 cm). Variations in root
biomass during simulations were limited within 20% of the
initial ratios.

2.2. Model Calibration

[11] The TECO model was calibrated against observa-
tions from two global change experiments conducted in the
Kessler Farm Field Laboratory (KFFL), University of
Oklahoma. KFFL is located at the Great Plains Apiaries
in McClain County, Oklahoma (34�590 N, 97�310 W),
approximately 40 km southwest of the Norman campus of
the University of Oklahoma, USA. It is an upland tallgrass
prairie dominated mainly by C4 grasses. A silt loam soil in
the grassland includes 35.3% sand, 55.0% silt, and 9.7%
clay. The soil belongs to part of the Nash-Lucien complex
with high water holding capacity (around 37%) and a deep,
moderately penetrable root zone [Zhou et al., 2007].
[12] The model was driven by the meteorological data

from the nearest meteorological station, a MESONET
station near Washington, Oklahoma, which includes records
of temperature, precipitation, solar radiation, soil tempera-

Figure 1. Schematic presentation of TECO model. (A) Canopy model, (B) Soil water dynamics model,
(C) Plant growth model, and (D) Carbon transfer model. Rectangles represent the carbon pools. Soil is
stratified into three layers. Ra: autotrophic respiration. Rh: heterotrophic respiration, NSC: nonstructure
carbohydrate.
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ture, and relative humidity. The data used to calibrate the
model were measured soil respiration, soil moisture, above
ground and below ground biomass during 2000�2005. Soil
texture was assigned a field capacity of 37% and a wilting
point of 10%. Thus the available water capacity was 27%.
The model was run for 1200 years to reach an equilibrium
state before used to simulate daily soil moisture, soil
respiration, and aboveground biomass from 1/1/2000 to
12/31/2005 for calibration against the collected data.
[13] Comparison between model simulations and obser-

vations was evaluated by a number of statistical approaches

following Hanson et al. [2004]. Linear regression slopes,
intercepts, and determinant coefficient (R2) were provided
as an initial comparison between observations and predic-
tions. Relative bias (RB) and mean absolute bias (ABS)
were used to measure the magnitude of bias and the
deviation from the observed values, respectively, which
were calculated by the following equations.

RB ¼
P

ŷi � yið ÞP
yi

� 100 ð1Þ

ABS ¼
P

ŷi � yij j
n

ð2Þ

where ŷi represents simulated values and yi measured
values.

2.3. Scenarios

[14] This study examined five variables: precipitation
amount, precipitation intensity, temperature, CO2 concen-
tration, and soil available capacity (AWC) (Table 1). We
had three levels of precipitation amount (i.e., ambient, 0.5,
and 1.5), two levels of precipitation intensity (i.e., ambient
and high intensity), two levels of temperature (i.e., ambient
and warming by 2�C), two levels of CO2 concentration
(360 and 720 ppm), and five levels of soil AWC (i.e., 5%,

Table 1. Treatment Levels of Five Variables Examined in This

Studya

Variable Treatment Level

Precipitation amount ambient (1.0 P), halved (0.5 P),
one and one half(1.5 P),

Precipitation intensity ambient intensity, high intensity
Temperature ambient, +2�C increased
CO2 concentration ambient concentration (360 ppm),

doubled concentration (720 ppm)
Available water capacity 5%, 7.5%, 15%, 23%, 30%

aWe used full factorial combinations of three variables (i.e., precipitation
amount, precipitation intensity, and soil texture type) at ambient temper-
ature and [CO2], warming, and elevated [CO2] to define 90 scenarios for
this simulation study.

Figure 2. Scenarios of precipitation intensity and frequency. (a) Ambient precipitation (1.0 P),
(b) precipitation with high intensity (the neighboring 6 times precipitation events were merged into
one precipitation) (1.0 P), (c) halved precipitation with ambient frequency (0.5P), (d) halved
precipitation with high intensity (0.5 P), (e) one-and-one-half precipitation with ambient intensity
(1.5 P), (f) one-and-one-half precipitation with high intensity (1.5 P).
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7.5%, 15%, 23%, and 30%). A full factorial design of
three variables (i.e., precipitation amount, precipitation
intensity, and soil texture type) at ambient temperature
and [CO2], warming, and elevated [CO2] defined 90 sce-
narios for this simulation study.
[15] We defined the ambient climatic scenario (i.e.,

ambient precipitation amount, ambient precipitation inten-
sity, and ambient temperature) based on analysis of mete-
orological data recorded at Kessler Farm Field Laboratory
during 2000–2005 while calibration data were available.
During the period, the mean annual precipitation was
804 mm. The mean number of the days with precipitation
in a year was 95. The precipitation during growing seasons
from April to October was 582 mm, 72% of the annual

precipitation. The highest daily precipitation was 76.7 mm,
which occurred on 30 August 2003. Most of the precip-
itation events had rainfall amounts below 10 mm (413 of
568 precipitation events in the 6 years). The daily precip-
itation with amounts above 50 mm occurred 8 times. The
mean temperature was 16�C. The highest mean daily
temperature was 32�C, and the lowest mean daily temper-
ature was �9.9�C.
[16] In 2002, the precipitation was 854.5 mm and there

were 89 rain days, both of which were the closest to the
mean precipitation amount and the mean number of rain
days during the 6 years. Thus the meteorological data in
2002 were used to define the ambient climatic scenario in
this modeling study (Figure 2a). The 89 rain days were
treated as 89 rainfall events. The mean precipitation per
rainfall event of the ambient intensity was 9.6 mm and the
mean length of intervals between rainfall events was 5 d.
[17] The high intensity level of precipitation was defined

by merging the neighboring 6 rainfall events into one,
reducing to 15 rainfall events (Figure 2b) from the 89 rain-
fall events in the ambient climate scenario. The mean
precipitation intensity increased to 56.9 mm and mean
length of intervals between precipitation events increased
to 24 d in the high intensity level.

Table 2. Field Capacities, Wilting Points, and Available Water

Capacities of Five Soil Texture Typesa

Soil Texture Sand Sandy Loam Loam Silt Loam Clay Loam

Field capacity, % 10.0 15.0 25.0 35.0 45.0
Wilting point, % 5.0 7.5 10.0 12.0 15.0
Available water

capacity, %
5.0 7.5 15.0 23.0 30.0

aThe available water capacities were used as five scenarios in this study.

Figure 3. Model validations. (a) soil moisture, (b) soil respiration, and (c) aboveground biomass. Rh

stands for heterotrophic respiration (g C m�2	d�1); AGB stands for above ground biomass (g	m�2). The
solid lines show simulated results. The open dots show the measured values.
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[18] The 0.5 and 1.5 precipitation amount levels were
obtained by multiplying respective 0.5 and 1.5 with precip-
itation amounts in each event in the ambient level. Thus the
3 precipitation amount levels were ambient (854.5 mm a�1,
denoted as 1.0 P), halved (427 mm a�1, 0.5 P), and one
and a half (1283 mm a�1, 1.5 P) (Figures 2a, 2c, and 2e).
The 0.5 P and 1.5 P precipitation amounts at the high
intensity precipitation level were obtained also by multiply-
ing respective 0.5 and 1.5 with precipitation amounts in
each event (Figures 2d and 2f). The mean temperature of
2002 was 15.4�C. The warming scenario was achieved by
adding 2�C to daily temperatures. The control atmospheric
CO2 concentration ([CO2]) was assumed to be 360 ppm and
the doubled atmospheric [CO2] was 720 ppm.
[19] The five levels of soil AWC were defined according

to variations in soil texture and corresponding soil hydro-
logical properties. Grasslands have diverse soil texture
types. In central grassland region of U.S.A., the soil texture
ranged from sand and sandy loam to silt loam and silt clay

loam. Soil water holding capacity among those soil types
ranged from 0.062 to 0.33 g water g�1soil [Lane et al.,
1998]. We assigned five soil texture types to cover the
whole range in nature. These soil texture types were sand,
sandy loam, loam, silt loam, and clay loam with field
capacities ranging from 10% to 45% (volumetric water
content) and wilting point from 5% to 15% (Table 2).
Accordingly, the available water capacities (AWC) for the
five soil texture types were 5% (sand), 7.5% (sandy loam),
15% (silt loam), 23% (loam), and 30% (clay loam), which
were five levels of AWC in this study. Since soil texture
varied slightly with depth [Dodd and Lauenroth, 1997], all
of the soil layers were assumed to have the same field
capacity and wilting point for simplifying interpretation of
modeling results. We applied the 90 scenarios to model
simulations after the model was run 1200 years and reached
an equilibrium state.
[20] Drought-stressed days in a year were used as an

index to show the level of drought stress on plants. It was

Figure 4. Soil available water, normalized soil moisture, and drought-stressed days with available water
capacity at the three precipitation amount levels and two precipitation frequencies. Filled circles with
solid lines represent ambient precipitation frequency. Open circles with dashed lines represent high
precipitation intensity. Figures 4a, 4b, and 4c show mean soil available water in root zone (1�4 soil
layers). Figures 4d, 4e, and 4f show soil available water of the surface layer (0�10 cm). Figures 4g, 4h,
and 4i show soil available water of the third layer (30�50 cm). Figures 4j, 4k, and 4l’ show normalized
soil moisture. Figures 4m, 4n, and 4o show the drought-stressed days. Soil available water is the
difference between soil water content and wilting point). Normalized soil moisture is calculated by w =
(q�qmin)/(qmax�qmin), where, q is soil moisture, qmax and qmin are field capacity and wilting point,
respectively.

G03003 WENG AND LUO: SOIL MOISTURE AND GRASSLAND

6 of 16

G03003



defined as the number of days with normalized soil moisture
below 0.3 in a year. Normalized soil moisture (w) was
defined by

w ¼ Wsoil �Wmin

Wmax �Wmin

ð3Þ

where, Wmax was soil water holding capacity, Wmin was
wilting point, Wsoil was soil moisture. In the TECO model,
if w was below 0.3, photosynthesis and plant growth rate
would be stressed.

3. Results

3.1. Data: Model Comparison

[21] At equilibrium, the simulated soil carbon content
was around 8500 g	m�2, which agreed with the measured
soil carbon content well [Luo et al., 2001]. The simulated
litter was 370 g	m�2, which was very close to the
measured value 384 ± 21 g m�2. The soil moisture, soil
respiration, and aboveground biomass agreed with meas-
urements well (Figure 3). Simulated soil moisture was
correlated with the observed values by y = 0.72x + 6.6,
R2 = 0.50 (x was observation and y was simulation) with a
mean absolute bias (ABS) 5.11 and a relative bias (RB)
�2.5%. Simulated soil moisture was slightly higher than
the measured values when soil was very dry. Simulated
and observed soil respirations had a regression equation
y = 0.83x + 0.77, R2 = 0.57, and ABS was 0.82 and the RB
was 17.6%. In winter, the simulated soil respiration was
slightly higher than the measured values. The ABS between

simulated and observed aboveground biomass was 0.57 and
RB was �3.4 % (y = 0.43x + 140.36, R2 = 0.57).

3.2. Ecosystem Responses to Changes in Precipitation
With Different Soil Texture Types

[22] The annual mean soil available water (the difference
between soil moisture and wilting point, %) increased with
soil AWC under three precipitation scenarios (Figures 4a–
4c). The soil available water in deep layers increased with
AWC more than that in the surface layer. In the surface layer
(0�10 cm), soil available water increased from 3% to 12%
with soil AWC from 5% to 30% whereas it increased from
5% to 18% in the third layer (30�50 cm) at the ambient
precipitation amount (1.0P) (Figures 4e and 4h). The same
pattern occurred when precipitation increased by 50%
(1.5 P) (Figures 4f and 4i) or decreased 50% (0.5 P)
(Figures 4d and 4g). At 1.5 P, the annual mean soil available
water was generally higher than that at 0.5 P or 1.0 P.
[23] The normalized soil moisture (w in equation (3))

showed different patterns with AWC at the three precipita-
tion levels. At 1.0 P, it nearly kept a constant around
0.73 along soil AWC (Figure 4k). In contrast, it decreased
from 0.70 to 0.56 at 0.5 P and increased from 0.71 to 0.81 at
1.5 P (Figures 4j and 4l). As a consequence, the drought-
stressed days showed similar patterns. At 1.0 P, it was
around 68�84 70 d along the soil AWC gradient from 5%
to 30% (Figure 4n). At 0.5 P, the drought-stressed days
increased from 60 d to 135 d with AWC (Figure 4m). At
1.5P, the drought-stressed days decreased from 82 d to 37 d
(Figure 4o).
[24] Precipitation intensity influenced soil moisture along

the gradient of soil AWC. At 1.0 P, the annual mean soil

Figure 5. Proportions of water loss via Evaporation, Transpiration and Runoff. fE: Evaporation/
Precipitation; fT: Transpiration/Precipitation; fR: Runoff/Precipitation; E/ET: the ratio of evaporation to
evapotranspiration.
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available water was lower at ambient than at high precip-
itation intensity when AWC was 30% (Figure 4b). At 0.5 P,
high precipitation intensity led to higher annual mean soil
moisture than that at ambient intensity (Figure 4a) and did
not cause much difference at 1.5 P (Figure 4c). With all the
three precipitation amount levels, high precipitation inten-
sity resulted in lower water content in the surface layer but
higher soil water content in the deep layer than the ambient

intensity regardless of soil textures except the deep layer at
1.5 P (Figures 4d–4i).
[25] Fractions of precipitation used for evaporation and

transpiration increased generally with AWC but decreased
for runoff (Figure 5). The fraction of precipitation used for
evaporation increased continuously with AWC (Figures 5a–
5c). The fraction of precipitation for transpiration increased
with soil AWC at its low range and gradually leveled off at

Figure 6. Water contributions to transpiration along soil depth by the five soil texture types. (a) The
water recharged to soil layers every year, which is equal to the water used by evapotranspiration in these
layers at equilibrium state. (b) The ratios of the water transpired through plants in every layer.

Figure 7. Soil texture effects on NPP, Rh, and NEP at three precipitation amount levels and two
frequencies.

G03003 WENG AND LUO: SOIL MOISTURE AND GRASSLAND

8 of 16

G03003



its high range at 1.0 P and 1.5 P (Figures 5e and 5f). At
0.5 P, it first increased with AWC, reached a maximum at
AWC of 15%, and then declined sharply (Figure 5d). The
fraction of precipitation for runoff decreased with soil AWC
continuously (Figures 5g–5i). At 0.5 P, it approached to 0
at the 23% of AWC (Figure 5g). In general, high intensity
of precipitation led to higher runoff, lower evaporation and
transpiration than those at the ambient intensity with the
three precipitation amounts.

[26] Variations in partitioning between transpiration and
evaporation with AWC were also reflected in the vertical
distribution of the water recharged to soil (Figure 6).
Increases in AWC in loam soils resulted in increases in
water that was recharged to the surface layer (Figure 6a).
However, the ratio of the water in these layers used by
transpiration decreased with AWC (Figure 6b).
[27] NPP, Rh, and NEP usually increased with AWC,

especially with high precipitation amounts (Figure 7). At

Figure 8. Effects of soil texture on grassland responses to warming (+2�C). The relative changes in
soil water content, evaporation, transpiration, runoff, NPP, Rh, and NET with available water capacity
is shown. Dq%: percentage change in soil water content (Dq% = (q2�C�qamb.)/qamb � 100). DE%:
percentage change in evaporation (DE% = (E2�C�Eamb.)/Eamb � 100). DTr%: percentage change in
transpiration (DTr% = (Tr2�C�Tramb.)/Tramb � 100). DRunoff%: percentage change in runoff
(DRunoff% = (Runoff2�C-Runoffamb.)/Runoffamb� 100).DNPP%: percentage change in NPP (DNPP%=
(NPP2�C�NPPamb.)/NPPamb � 100). DRh%: percentage change in Rh (DRh% = (Rh2�C�RHamb.)/
Rhamb � 100). D NEP%: percentage change in NEP (DNEP% = (NEP2�C�NEPamb.)/NEPamb � 100).
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1.0 P, NPP, Rh, and NEP were the highest at soil AWC of
23% and lower at either low or high AWC (Figures 7b, 7e,
and 7h). At 1.5 P, NPP, Rh, and NEP increased along the
whole range of soil AWC (Figures 7c, 7f, and 7i). However,
NPP, Rh, and NEP reached their peak points at AWC of
7.5% and then decreased with AWC at 0.5 P, (Figures 7a,
7b, and 7g). High precipitation intensity generally led to

lower NPP, Rh, and NEP than did the ambient intensity at
1.0 P and 1.5 P. At 0.5 P, NPP and Rh at high intensity
were slightly higher at the high range of soil AWC than
them at ambient intensity (Figures 7a and 7d). Differ-
ences in NPP, Rh, and NEP between ambient and high
precipitation intensities were larger in coarse textured

Figure 9. Effects of soil texture on grassland responses to elevated [CO2]. The relative changes in
soil water content, evaporation, transpiration, runoff, NPP, Rh, and NEP with soil available water
capacity are shown. D q%: percentage change in soil water content (Dq% = (q2CO2

-qamb.)/qamb �
100). DE%: percentage change in evaporation (DE% = (E2CO2

-Eamb.)/Eamb � 100). DTr%:
percentage change in transpiration (DTr% = (Tr2CO2

-Tramb.)/Tramb � 100). DRunoff%: percentage
change in runoff (DRunoff% = (Runoff2CO2

-Runoffamb.)/Runoffamb � 100). DRunoff%: percentage
change in runoff (DRunoff% = (Runoff2CO2

-Runoffamb.)/Runoffamb � 100).D NPP%: percentage change
in NPP (DNPP% = (NPP2CO2

-NPPamb.)/NPPamb � 100). DRh%: percentage change in Rh (DRh% =
(Rh2CO2

-RHamb.)/Rhamb � 100). DNEP%: percentage change in NEP (DNEP% = (NEP2CO2
-NEPamb.)/

NEPamb � 100).
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soils with low AWC than fine textured soils with high
AWC (Figure 7).

3.3. Ecosystem Responses to Warming With Different
Soil Texture Types

[28] Our modeling results show that warming decreased
soil moisture at all of the five soil texture types (Figures 8a–
8c). The relative decreases in soil moisture became larger at
1.0 P along the gradient of soil AWC (Figure 8b). At 0.5 P,
the largest relative decrease occurred at AWC of 15%
(Figure 8a). At 0.5 P and 1.0 P, evaporation decreased
under warming, especially at high soil AWC (Figures 8d
and 8e). At 1.5 P, warming resulted in a decrease in
evaporation at low AWC but an increase at high AWC
(Figure 8f). Transpiration in warming treatment increased
by 10�25% with the three precipitation amount levels
(Figures 8g–8i). Warming resulted in decreases in runoff
by up to almost 100% (Figures 8j–8l). The relative
decrease of runoff was smaller at low AWC than high
AWC with all of the three precipitation levels. High
precipitation intensity usually lessened warming effects
on ecohydrological processes than the ambient intensity
(Figures 8a–8l).
[29] Warming usually resulted in increases in NPP and

Rh but decreases in NEP (Figures 8m–8u). Warming-
induced relative increases in NPP were generally higher
at high precipitation amount and also varied with AWC
(Figures 8m–8o). Rh increased by about 20% at all of the
five soil texture types with the three precipitation amount
levels (Figures 8p–8r). Relative decreases in NEP were
greater at low than high precipitation amounts and least
at AWC in the range of 7.5–15% at 1.0 P (Figure 8t).
The high precipitation intensity led to higher relative
increases in NPP but lower relative decreases in NEP
in most cases than ambient intensity along the gradient of
AWC (Figures 8m–8u).

3.4. Ecosystem Responses to Doubled Atmospheric
[CO2] With Different Soil Texture Types

[30] Doubled [CO2] had relatively less effects on ecohy-
drological processes than the 2�C warming (Figure 9 versus
Figure 8). At 1.0 P and 1.5 P, doubled [CO2] usually
resulted in increases in soil moisture, evaporation, and
runoff but decreases in transpiration in comparison to that
under ambient [CO2] (Figures 9a–9l). The relative increases
or decreases in ecohydrological processes at doubled [CO2]
became larger at high AWC. At 0.5 P, changes in evap-
oration and transpiration showed no apparent trend with
AWC, while soil moisture decreased slightly (Figure 9a)
and runoff generally increased under elevated [CO2] with
AWC (Figure 9j). High precipitation intensity led to less
changes in soil moisture, evaporation, transpiration, and
runoff under elevated [CO2] than ambient intensity at
1.0 P and 1.5 P.
[31] The relative increases in NPP, Rh, and NEP induced

by elevated [CO2] were generally lower at low than high
soil AWC at 1.0 P and 1.5 P (Figures 9m–9u). Doubled
[CO2] usually increased NPP by 10–25% and Rh by 2–8%,
leading to a substantial increase in NEP. CO2-induced
changes in NPP, Rh, and NEP at 0.5 P were less than at
1.0 P and 1.5 P (Figures 9m, 9p, and 9s). Generally, CO2

effects on NPP, Rh, and NEP were higher with high than

ambient precipitation intensity at high AWC but lower at
low soil AWC.

4. Discussion

4.1. Water Partitioning Among Runoff, Evaporation,
and Transpiration

[32] Partitioning of precipitation among, runoff, evapora-
tion, and transpiration is influenced by many factors, such
as vegetation density, rooting depth, soil texture, and
precipitation intensity and amounts. Our results showed
that runoff decreased and evaporation increased with
AWC (Figure 5) along the soil texture gradient from sand
to clay loam (Table 2). Transpiration increased with AWC
quickly in the low range and leveled off in the high range of
AWC (Figure 5). The results are consistent with a notion in
the literature [Noy-Meir, 1973; McAuliffe, 2003] that soil
texture can strongly regulate the partitioning of precipitation
water among runoff, evaporation, and transpiration by
changing soil water storage and vertical distributions.
[33] Water partitioning between evaporation (E) and tran-

spiration (T) has been an important issue in ecohydrological
studies [Lauenroth and Bradford, 2006]. A few empirical
studies have also partitioned evapotranspiration (ET) into E
and T in semiarid shrublands over limited time periods. An
isotope experiment conducted in a shortgrass steppe in
semiarid northeastern Colorado showed that the proportion
of water lost by evaporation (E/ET) during the growing
season raged from nil to about 40% [Ferretti et al., 2003].
Another experiment conducted at a semiarid shrubland site
in Chihuahuan Desert by sap-flow and Bowen ratio techni-
ques showed that the total T/ET was 58% in growing
season, but it was around 70% in August to October when
the shrubs were not dormant [Scott et al., 2006]. Reynolds et
al. [2000] proposed that the T/ET varied from 7% to 80% at
a warm desert site in a modeling study. A simulation study
suggested that transpiration is a dominant component (53%)
of the global terrestrial water vapor flux from the continents
and may reach a maximum of 75% in densely vegetated
regions [Choudhury et al., 1998]. Our simulation showed
that T/ET differed substantially among various soil types. A
fine textured soil stores a large portion of water in upper
layers (Figure 6a), favoring evaporative water loss from soil
surface. In coarse textured soils, however, rapid dehydration
of the surface soil layer results in low evaporation and
saving water in deep layers for plant transpiration
(Figure 6b) [Wythers et al., 1999].
[34] The changes in water partitioning patterns with soil

AWC also lead to changes in ecosystem productivity. As
shown by our results, NEP and NPP decreased with
AWC at halved precipitation amount, which paralleled
with decreases in normalized soil moisture with AWC
and increases in drought-stressed days with AWC. How-
ever, at high precipitation level (i.e., 1.5 P), NPP in-
creased with AWC while normalized soil moisture
increased and drought-stressed days decreased with
AWC. Our simulations agreed with the inverse texture
hypothesis [Noy-Meir, 1973] that net primary productivity
was higher on coarse-textured soils than that on fine-
textured soils at 0.5 P; the reverse was predicted at 1.5 P.
Field data measured in the Central Grassland Region of
the United States also showed similar patterns with
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changes in soil texture [Sala et al., 1988; Epstein et al.,
1997; Lane et al., 1998].

4.2. Soil Texture and Effects of Precipitation Intensity
on Ecosystem

[35] Increases in precipitation intensity with decreased
frequency have been projected as a possible scenario of
climate change in the future [Easterling et al., 2000]. Field
experiments showed that extreme rainfall events, without
concurrent changes in water amounts could lead to increases
in temporal variability in soil moisture [Knapp et al., 2002;
Fay et al., 2003]. Carbon cycling processes, such as
photosynthesis, above ground net primary productivity
(ANPP) [Fay et al., 2003; Knapp et al., 2002], and soil
respiration [Harper et al., 2005], were also reduced because
of high soil moisture variability.
[36] Our modeling results showed that high precipitation

intensity led to more drought-stressed days than the ambient
intensity in most cases (Figures 4m–4o), which was con-
sistent with field experimental results. Furthermore, the
modeling results enriched experimental results in the work
of Knapp et al. [2002] by circumscribing conditions under
which increased precipitation intensity with reduced fre-
quency led to either decreases or increases in ecosystem
production. High precipitation intensity with the same
precipitation amount usually led to high drought stress
and low NPP as shown by Knapp et al. [2002]. However,
if precipitation amount was low (0.5P), for example, the
high precipitation intensity could lead to higher soil mois-
ture and less drought-stressed days than the ambient inten-
sity when AWC was 15% or higher. At 1.0 P, the high
precipitation intensity also decreased drought-stressed days
when AWC was 30%, (Figure 4). That was because the fine
textured soils stored rainwater from large precipitation
events with high field capacity. Additionally, more water
was stored in deep soil layers at high precipitation intensity
than that at the ambient intensity. As a result, runoff and
evaporation decreased, and water that was available to
plants increased.
[37] Increases in soil moisture and decreases of drought-

stressed days resulted in increase in NPP. As shown by the
simulations, when precipitation amount was low (0.5 P) and
soil AWC was high, NPP at high precipitation intensity was
higher than at ambient precipitation intensity. However,
with increases in precipitation amount (e.g., 1.5 P), high
precipitation intensity led to lower NPP than ambient
intensity. These results indicate that soil texture can strongly
regulate effects of precipitation intensity on soil moisture
content and ecosystem carbon processes.

4.3. Soil Texture and Ecosystem Responses to
Warming and Elevated [CO2]

[38] Both warming and elevated CO2 can alter plant
production through their direct influences on plant physiol-
ogy and their indirect influences mediated by changes in
soil water content [Shaver et al., 2000; Morgan et al., 2004;
Parton et al., 2007]. Experimental studies have shown that
the indirect effects induced by changes in soil moisture play
a critical role in regulating ecosystem responses to warming
and elevated [CO2] [Nowak et al., 2004; Volk et al., 2000;
Wullschleger et al., 2002; Morgan et al., 2004]. As a result,
the factors that affect soil water dynamics (e.g., soil AWC)

can regulate ecosystem responses to warming and elevated
CO2.
[39] Warming-induced decreases in soil moisture usually

aggravate drought stress on ecosystems [Harte et al., 1995;
Saleska et al., 1999; Wan et al., 2002]. Although warming
usually stimulates plant growth productivity in most field
studies [Rustad et al., 2001], NPP may decrease if the
negative effects of warming-induced soil drought override
warming stimulation on plant growth [Saleska et al., 1999].
Experimental results have shown that warming improved
plant growth in spring and fall but limited it in summer
because of drought stress induced by warming treatment
[Wan et al., 2005]. Soil texture can tip off a balance between
the negative and the positive effects of warming by regu-
lating water partitioning among runoff, evaporation, and
transpiration. Our simulation showed that the percentage of
warming-induced increases in NPP diminished with AWC
when temperature increased by 2�C degrees (Figures 8m–
8o), especially at 0.5 P. NEP has a substantial decrease in
warming treatments because that warming induced increases
in respiratory C releases were larger than the increases in C
uptake.
[40] In contrast to the warming effects on soil moisture,

elevated atmospheric [CO2] usually results in increases in
soil moisture by decreasing stomatal conductance of many
plant species [Morgan et al., 2004]. Field experiments also
showed that increased water consumption from increased
primary productivity under elevated [CO2] offset the de-
creased water loss from reduced stomatal conductance
[Nowak et al., 2004]. Consequently, soil water content
was hardly changed. Our simulation didn’t show many
changes in soil moisture along AWC gradient either.
[41] Along the soil AWC gradient from 5% to 30%, the

increases in NPP varied from 5% to 30% (Figures 8m–8o)
induced by warming and from 10% to 30% by doubled
[CO2] (Figures 9m–9o). The simulation results indicate that
soil texture can substantially affect ecosystem responses to
warming and elevated [CO2]. The sites where warming and/
or CO2 experiments were conducted have varied soil texture
types and different soil hydrological properties [Rustad et
al., 2001; Morgan et al., 2004]. Variations in soil texture
with changes in soil water availability may play a role in
diverse responses of ecosystem production to experimental
warming and elevated atmospheric [CO2].

5. Conclusion

[42] The modeling results showed that soil hydrological
properties can modify ecosystem responses to changes in
precipitation patterns, warming, and elevated atmospheric
[CO2] by altering partitioning of rainwater among runoff,
evaporation, and transpiration. Water partitioning patterns
along a soil texture gradient alter soil water content, and
then regulate ecosystem responses to changes in global
change factors indirectly. Our simulation showed that
NPP, Rh, and NEP usually increased with soil AWC. Such
increases were amplified by precipitation amounts. Warm-
ing-induced increases in NPP diminished with soil AWC,
whereas warming effects on Rh did not vary much in
different soil texture types. Stimulation of NPP, Rh, and
NEP by elevated [CO2] was usually lower in coarse than
fine textured soils. Considering high variations in soil
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texture at field sites where experiments were conducted,
hydrological properties of soil can be one of the major causes
underlying variable responses of ecosystems to global
change observed in field experiments. Therefore it is highly
desirable to examine soil hydrological properties in regulat-
ing ecosystem responses to global change in future research.

Appendix A: Model Description

[43] Terrestrial ECOlogical model (TECO) evolves from
a terrestrial carbon sequestration (TCS) model [Luo and
Reynolds, 1999] and is designed to examine ecosystem
responses to perturbations in global change factors. TECO
has four major components: canopy photosynthesis, soil
water dynamic, plant growth (allocation and phenology),
soil carbon transfers (Figure 1) The photosynthesis and soil
moisture dynamics are simulated at hourly time step while
the plant growth and the carbon transfer are simulated at
daily step.

A1. Canopy Photosynthesis Submodel

[44] Canopy photosynthesis submodel is from a two-leaf
photosynthesis model, which simulates canopy conductance,
photosynthesis, transpiration, and energy partitioning [Wang
and Leuning, 1998]. It consists of two parts: (1) a radiation
model which calculates photosynthesis active radiation
(PAR), near infrared radiation (NIR), and thermal radiation
absorbed by sunlit and shaded leaves and (2) a coupledmodel
of stomatal conductance, photosynthesis and transpiration.

A1.1. Coupled Model of Stomata-Photosynthesis-
Transpiration

[45] The coupled model of stomatal conductance, photo-
synthesis and transpiration for the big sunlit leaf (i = 1) or
big shaded leaf (i = 2) is given by the following equations.
Energy balance

Qn;i ¼ lEc;i þ Hc;i ðA1Þ

Transpiration

Ec;i ¼ Gs;iDs;i ¼ Gw;i Da þ sDTið Þ ðA2Þ

Sensible heat

Hc;i ¼ Gh;icpDTi ðA3Þ

Photosynthesis-gas diffusion

Ac;i ¼ bscGs;i Cs;i � Ci

� �
¼ Gc;i Ca � Cið Þ ðA4Þ

Stomatal conductance

Gs;i ¼ G0;i þ
a1fwSNSCAc;i

Cs;i � G
� �

1þ Ds;i=D0

� � ðA5Þ

Photosynthesis-biochemistry

Ac;i ¼ Vn;i � Rd;i ðA6Þ

where, Qn,i is net available energy, Ec,i is transpiration, Hc,i

is sensible heat, l is latent heat of vaporization for water. Da

and Ds,i are saturated deficit of water vapor pressure (VPD)
in ambient air and at leaf surface, respectively. Gs,i is
stomatal conductance of a leaf or big leaf for H2O, G0,i is
stomatal conductance of a leaf or big leaf for H2O when net
leaf photosynthesis is zero. Gw,i and Gc,i are total
conductance from the intercellular space of the leaves to
the reference height above the canopy for H2O and CO2,
respectively. Gh,i is the total conductance for the heat
transfer from leaf surface to reference height above the
canopy, cp is specific heat of the air, DTi is the temperature
difference between the surface of the big leaf and that of the
air at the reference height, s is the slope of the function
relating saturated water vapor mol fraction to temperature
and bsc is the ratio of diffusivity of CO2 and H2O through
the stomata. Ac,i is the net photosynthesis rate, Vn,i is the net
carboxylation rate, Rd,i is the day respiration rate. Ca, Cs,i,
and Ci are CO2 mol fractions in the air, at the leaf surface,
and intercellular spaces, respectively. G is CO2 compensa-
tion point of leaf photosynthesis, D0 is a parameter for
stomatal sensitivity to VPD. a1 is an experience constant,
which is related to the intercellular CO2 concentration by Ci/
Cs,i = 1 � 1/a1. fw is soil moisture scaling factor, and SNSC is
a scaling factor derived by the size of nonstructural pool.
Equation (A6) is a biochemical model of photosynthesis
which is used to calculate biochemical processes limited
photosynthesis rate. More details are by Farquhar et al.
[1980] and Wang and Leuning [1998].

A1.2. Radiation Absorption

[46] The net energy available to the big leaf i in wave
band j, Qn,i, is calculated as:

Qn;i ¼
X3
j¼1

Qi;j ðA7Þ

[47] Leaf temperature should be known for calculating
absorbed long-wave radiation (Qi,3). However, it can be
skipped by using the isothermal net radiation (Q*

n,i).

Qn;i* ¼ Qn;i þ cpGr;iDTi ðA8Þ

[48] Loss of thermal radiation of the big leaf to the air under
nonisothermal conditions is calculated by Gr,i [= 4�f dTa

3/cp],
where, �f is the leaf emissivity, s is the Steffan Boltzman
constant and Ta is air temperature (K).

A2. Soil Water Dynamics Submodel

[49] Soil is stratified into 10 layers (the thickness of
the first layer is 10 cm, all others are 20 cm). Infiltration
adds water to soil layers in a cascading fashion accord-
ing to soil hydrologic properties. When the ten layers of
soil is filled, excessive water runs off. Evaporation is
calculated by the evaporation equation in the SiB2
[Sellers et al., 1996]. The allocation of evaporation in
the ten soil layers follows the ALFALFA model [Luo et
al., 1995; Denison and Loomis, 1989]. The water tran-
spired by plants is partitioned among the soil layers
according to the fractions of roots in these layers. Soil
water content is calculated as the budget between input
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(precipitation and infiltration) and output (runoff, evapo-
ration, and transpiration).

A2.1. Infiltration

[50] Water flows to the next layer when the upper layer is
filled. The depth to which water from a rainfall event can
penetrate depends on precipitation amount, field capacity,
and current soil water content. The model iterates the water
content of each soil layer after calculating evaporation, and
transpiration.

A2.2. Transpiration

[51] Transpiration is calculated in the canopy model by
stomatal conductance and the relative humidity difference
between inside and outside of the leaves. The water contri-
bution to transpiration of every soil layers is calculated
according to the fractions of roots in these soil layers.

A2.3. Evaporation

[52] Soil surface evaporation is calculated by the follow-
ing equation [Sellers et al., 1996]:

Es ¼
e* Tsoilð Þ � ea

rsoil þ rd

rcp
g

1

l
ðA9Þ

where ES is soil evaporation, e
* (Tsoil) is the saturation vapor

pressure at the temperature of the soil, ea is the atmospheric
vapor pressure, rsoil is a soil resistance term, rd is the
aerodynamic resistance between the ground and the canopy
air space, r is the density of air, cp is the specific heat of air,
g is the psychrometric constant; l is the latent heat of
sublimation [Sellers et al., 1996].

A2.4. Runoff

[53] If soil water content is greater than soil water holding
capacity, then runoff occurs

Runoff ¼ Wsoil �Wmax

then; Wsoil ¼ Wmax
ðA10Þ

where, Wmax is soil water holding capacity, Wmin is soil
water content (v/v %).

A2.5. Soil Water Content

[54] Soil water content is updated hourly according to the
budget between precipitation and evapotranspiration.

Wsoil ¼ Wsoil0 þ P � ET ðA11Þ

where, ET is evapotranspiration.

A2.6. Soil Moisture Scalar

[55] A soil moisture scalar is used to regulate photosyn-
thesis rate, plant growth rate, and soil carbon turnover time.
It is calculated by the following equation.

fw ¼ min 1:0; 3:33 	 Wsoil �Wmin

Wmax �Wmin

� �� �
ðA12Þ

where, Wmin is wilting point.

A3. Plant Growth Submodel

[56] The plant growth submodel simulates the processes
of carbon allocation to leaves, stems, and roots (i.e., plant
growth), and the production of litter fall. The model has six
carbon pools: one nonstructural carbon pool (NSC), one leaf

carbon pool (QL), one stem carbon pool (QW), and three root
carbon pools (QR1, QR2, QR3). The carbon fixed by photo-
synthesis enters into NSC first. And then, the carbon in
NSC is used by autotrophic respiration or allocated to plant
tissues via plant growth. The carbon allocation from NSC to
the five plant C-pools is determined by their growth rates.
Phenology is presented in the processes of leaf growing and
falling with changes in leaf area index.

A3.1. Autotrophic Respiration

[57] Autotrophic respiration (Ra) is calculated at daily
step based on temperature (either air or soil temperatures,
for above and below ground tissues, respectively), tissue
biomass, and phenology by Arrhenius equation [Ryan,
1991; Lloyd and Taylor, 1994].

Ri ¼ Ri0 	 ea	T ðA13Þ

where, Ri0 = b 	 BM, T is temperature of air or soil, a and b
are constants, BM is biomass.

A3.2. Plant Growth Rate

[58] It follows the idea from the ALFALFA model
[Denison and Loomis, 1989; Luo et al., 1995], which
simulate plant growth rate by root/shoot ratio, scalar of
NSC, and a scalar of leaf area index.

Gi ¼ Gmaxi 	 BMi 	 Sr=s 	 Snsc 	 SLAI ðA14Þ

where, i = leaf, stem, or root. Gi is the growth rate, Gmaxi is
the maximum relative growth rate, BMi is the biomass of
leaves, stems or roots. Sr/s, Snsc and SLAI are the scaling
factors derived from root/shoot ratio, the size of nonstruc-
tural carbon pool, and leaf area index, respectively.

A3.3. Litter Production

[59] Leaf fall and root turnover is induced by soil drought
and low air temperature in the autumn following the
approach of Arora and Boer [2005]. Stem fall is only
controlled by its intrinsic turnover rate.

gT ¼ gTmax
1� bTð ÞbT

gW ¼ gWmax
1�Wð ÞbW

ðA15Þ

where, gTmax
and gWmax

are maximum rates of leaf fall
induced by low temperature and drought respectively. bT

and W are scaling factors controlling the rate of leaf
fall.Then, leaf senescence (DL), woody turnover (DS) and
root turnover (DR) are computed by the following equation.

DL ¼ qL gT þ gWð Þ
DS ¼ qW=tW
DR ¼ qR gT þ gWð Þ

ðA16Þ

where, qL, qW and qR are the C-pool sizes of leaves, stems,
and roots, respectively. tW is turnover time of carbon in
stem C-pool.

A3.4. Phenology

[60] Phenology is represented by periodical variations of
leaf area index (LAI) and switches between dormant state
and growing state. In winter, grasses remain in dormant
state until the arrival of favorable weather conditions in
spring. The growing state is initiated by a certain level of
growing degree days above 5�C (GDD5). In the first several
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days of a growing season, leaf growth consumes the carbon
stored in nonstructural carbon pool (NSC). After the stored
carbon is used up, leaf growth is based on the carbon from
photosynthesis. LAI is controlled by the budget of leaf
growth and senescence. If leaf growth overrides leaf senes-
cence, LAI increases, and vice versa. In the fall, the onset of
dormant state is initiated when LAI meets a minimum value
(<0.1).

A4. Carbon Transfer Submodel

[61] The carbon transfer submodel is evolved from TCS
[Luo and Reynolds, 1999] and VAST [Barret, 2002]. It is
used to simulate the carbon flow from plant tissues to litters
and soils, and then to atmosphere. There are five carbon
pools in the carbon transfer submodel, which are fine litters
(QF), coarse litters (QC), and three soil carbon pools defined
by three soil layers (QS1, QS2, QS3) (Figure 1). The carbon
that is allocated to leaves (QF), stems (QW), and roots (QR1,
QR2, QR3) flows through these C-pools, and then returns to
atmosphere as CO2.
[62] The turnover time of carbon in leaf C-pool (tL) is

determined by the growth and fall of leaves. The turnover
times of carbon in stem C-pool (tW) and root C-pool (tR1,
tR2, tR3) are assumed to be constants. The turnover times
of carbon in fine litter (tF), coarse litter (tC), and soil
carbon pools (tS1, tS2, tS3) are given by the following
equation:

tk ¼ tk*=ST 	 Sw ðA17Þ

where, t*k is the moisture and temperature independent
turnover time, ST and Sw are scalars of the moisture and
temperature, which modify residence times of the carbon
pools.The dynamics of kth C-pool, dqk/dt (gC m�2	d�1), is
calculated by equation (A18).

dqk=dt ¼ Ik � qk=tk ðA18Þ

where, Ik is the input flux of carbon from upstream C-pools,
qk is the size of kth C-pool, tk is the turnover time (days) of
carbon in the kth C-pool, qk/tk is the daily carbon out flux of
the kth pool.The daily carbon influx of the kth pool (Ik) is
given by:

IF ¼ LFall þ hCWFall

IC ¼ WFallð1� hCÞ
IS1 ¼ qR1=tR1 þ qF=tFqF þ qC=tCqC
IS2 ¼ qR2=tR2 þ qS1=tS1qS1
IS3 ¼ qR3=tR3 þ qS2=tS2qS2

ðA19Þ

where, qk is the size of the kth C-pool, hC is the
fragmentation coefficient of wood going to fine litter, tk
is the turnover time of the carbon in the kth C-pool, and qk is
the partitioning parameter of C-pools.Heterotrophic respira-
tion from litter and soil carbon pools is given by the
following equation:

Rhk ¼
X

qk=tk 	 f 0k ðA20Þ

where, f 0k is the fraction of carbon out flux released to the
atmosphere as CO2 from the kth pool, which is given by:

f 0F ¼ 1� qF
f 0C ¼ 1� qC
f 0S1 ¼ 1� qS1
f 0S2 ¼ 1� qS2
f 0S3 ¼ 1

ðA21Þ
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