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[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

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, G03003, doi:10.1029/2007JG000539, 2008
Click
Here

for

Full
Article

1Department of Botany and Microbiology, University of Oklahoma,
Norman, Oklahoma, USA.

2Ministry of Education Key Laboratory for Biodiversity Science and
Ecological Engineering, Fudan University, Shanghai, China.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2007JG000539$09.00

G03003 1 of 16



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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