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ABSTRACT

Knowledge of how ecosystem carbon (C) processes

respond to variations in precipitation is crucial for

assessing impacts of climate change on terrestrial

ecosystems. In this study, we examined variations

of shoot and root biomass, standing and surface

litter, soil respiration, and soil C content along a

natural precipitation gradient from 430 to

1200 mm in the southern Great Plains, USA. Our

results show that shoot biomass and soil respiration

increased linearly with mean annual precipitation

(MAP), whereas root biomass and soil C content

remained relatively constant along the precipita-

tion gradient. Consequently, the root/shoot ratio

linearly decreased with MAP. However, patterns of

standing, surface, and total litter mass followed

quadratic relationships with MAP along the gradi-

ent, likely resulting from counterbalance between

litter production and decomposition. Those linear/

quadratic equations describing variations of eco-

system C processes with precipitation could be

useful for model development, parameterization,

and validation at landscape and regional scales to

improve predictions of C dynamics in grasslands in

response to climate change. Our results indicated

that precipitation is an important driver in shaping

ecosystem functioning as reflected in vegetation

production, litter mass, and soil respiration in

grassland ecosystems.

Key words: biomass; grassland; litter mass; pre-

cipitation gradient; soil carbon; soil respiration.

INTRODUCTION

Precipitation is a key environmental factor in

determining ecosystem structure and function,

especially in grasslands and other water-limited

regions (Webb and others 1978; Sala and others

1988; Burke and others 1997; Epstein and others

2002), which account for approximately 45% of the

Earth’s land surface (Saco and others 2006). The

IPCC (2007) has projected more frequent extreme

precipitation and drought events, which may have

greater impacts on ecosystem dynamics than the

singular or combined effects of rising CO2 and

temperature (Weltzin and others 2003). Previous

studies have elucidated that plant species assem-

blages (Epstein and others 1996), aboveground

primary production (Sala and others 1988; Burke

and others 1997; Austin and Sala 2002; Epstein and

others 2002; Zerihun and others 2006), litter

decomposition (Meentemeyer 1984; Austin 2002),

and trace gas flux (Matson and Vitousek 1987) all

varied with precipitation along regional gradients.

Manipulative experiments also have showed strong

effects of precipitation on photosynthesis, leaf and

soil respiration, plant growth, net primary produc-

tion (NPP), and litter decomposition (Fay and others
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2000, 2003; Knapp and others 2002; Weltzin and

others 2003; Yahdjian and others 2006). However,

precipitation affects ecosystem structure and func-

tions in complex ways (Burke and others 1998). It

not only directly influences ecological processes

mentioned above, but also indirectly regulates them

by interactions with abiotic attributes such as soil

moisture, water recharge, soil temperature, and

evaporation (Jenny 1980; Heisler and Weltzin

2006). Complexity in precipitation effects on eco-

system carbon (C) processes remains largely un-

clear, especially in the changing climate.

One approach to understand precipitation effects

is to characterize the patterns of ecosystem pro-

cesses along natural precipitation gradients. The

majority of gradient studies so far have evaluated

the control of precipitation on aboveground net

primary production (ANPP). It has been shown that

ANPP is usually linearly correlated with precipita-

tion along spatial gradients in different continents

(Sala and others 1988; Epstein and others 1996,

2002; Paruelo and others 1999; Austin and Sala

2002; Zhou and others 2002; McCulley and others

2005). However, ANPP represents only one-half or

less of NPP of grasslands (Sims and Singh 1978;

Milchunas and Lauenroth 2001). The belowground

compartment of vegetation is also critical for plant

production and ecosystem biogeochemical cycles.

Few studies have been done to examine responses

of both shoot and root biomass growth to variations

in precipitation along the spatial gradient.

Another component of ecosystem C and nutrient

cycling is litter (Maguire 1994). This layer of unde-

composed and decomposed organic material not

only protects soils from erosive raindrops and

drought (Fowler 1986; Morgan 1986), but also

contributes to humus formation and C sequestration

(Spain 1984; Matthews 1997). Litter mass is closely

related to plant growth, community composition,

element fluxes, and environmental variables such as

temperature and precipitation (Pedersen and Bille-

Hansen 1999; Lawrence and Foster 2002). Total

litter mass increased with precipitation along spatial

gradients in forests (Simmons and others 1996;

Lawrence and Foster 2002). However, in grasslands,

much of the dead plant material remains in an aerial

standing-dead position for a substantial period (re-

ferred to as standing litter) (Newell 1993) before

falling to the ground as surface litter. Variations in

standing versus surface litter along a precipitation

gradient are largely unknown.

Soil is the largest C pool in land ecosystems. At a

global scale, soil contains 1500 Pg C (1 Pg = 1015 g)

in the form of soil organic matter (SOM) in the upper

1 m of soil, an amount considerably larger than that

in plant biomass or the atmosphere (Schlesinger

1977; Amundson and others 2003). Soil respiration

releases CO2 at the soil surface from microbial

decomposition of litter and SOM and rhizosphere

respiration by live roots and their symbionts (Raich

and Schlesinger 1992; Hanson and others 2000).

This flux is the largest terrestrial source of CO2 to the

atmosphere (68–80 Pg C y-1) in the global C cycle

(Raich and others 2002; Luo and Zhou 2006). Pre-

vious research has demonstrated that, besides tem-

perature, soil respiration is also greatly affected by

moisture and substrate supply (Kirschbaum 1995;

Högberg and others 2001; Liu and others 2002). So

far, only a few studies have examined regional pat-

terns of soil respiration and soil C content along

precipitation gradients (Simmons and others 1996;

McCulley and others 2005).

In this study, we took advantage of a natural

precipitation gradient in Oklahoma, USA, that

spans from 430 to 1200 mm to examine responses

of ecosystem C fluxes and pools to precipitation in

grassland ecosystems. Along the precipitation gra-

dient, nine grassland sites were selected with veg-

etation shifts from short-grass steppe to mixed-

grass prairie, and tallgrass prairie. We measured

shoot and root biomass, standing and surface litter,

soil respiration, and soil C content in three seasons

(that is, spring, summer, and winter). Previous

transect studies were based on just one variable

(usually ANPP or shoot biomass) or on meta-anal-

ysis where data were generated in different studies.

With the simultaneous collection of data on a set of

ecosystem biogeochemical variables, this study was

designed to (1) examine patterns of biomass, litter

mass, and soil respiration and (2) assess their cor-

relations along a precipitation gradient in southern

Great Plains grasslands in Oklahoma, USA.

MATERIALS AND METHODS

Site Description

This transect study was conducted in temperate

grasslands of Oklahoma along a precipitation gradi-

ent through the southern Great Plains region of the

USA (Figure 1). Nine grassland sites were selected to

represent three grassland types that differ in physi-

ognomy: short-grass steppe, mixed-grass prairie, and

tallgrass prairie (Sims and Singh 1978). The selected

sites had a minimum amount of disturbance and

land-use impact based on information provided by

the site owners or managers of government and

conservation organizations, although light grazing

occurred on some sites. At those sites with light

grazing, grazed areas were excluded from sampling
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during the study period. Mean annual precipitation

(MAP) across these sites varied from 430 mm in

northwestern Oklahoma to 1200 mm in southeast-

ern Oklahoma (Table 1). Across this precipitation

gradient, mean annual temperature (MAT) changed

relatively little, ranging from 13.0 to 16.5�C. Table 1

shows location (latitude and longitude), elevation,

MAP, MAT, and soil types of nine grassland sites

along the precipitation gradient from northwestern

to southeastern Oklahoma.

Sampling Design

Samples along the precipitation gradient were col-

lected in August 2003, February 2004, and May

2005, representing summer, winter, and spring,

respectively. Samples were collected within 1 week

in August 2003 (summer) and May 2005 (spring) to

minimize effects of temperature variation. In Feb-

ruary 2004, sampling was extended to 2 weeks due

to low-temperature fluctuation in winter. In sum-

mer and winter, seven sites were selected (not

including CL and UW in Table 1), and measured

variables included shoot biomass, standing litter,

surface litter, soil respiration, soil moisture, and soil

temperature. In May 2005, we improved our study

to sample two more sites and add one more variable

(belowground root biomass) and soil characteristics

(pH, field capacity, bulk density, and soil C and N

content) after we analyzed data from the first two

sample periods. At each sampling time for each site,

typically five plots with a 0.5 9 0.5 m2 quadrat were

randomly selected. Within the selected plot, we first

measured soil respiration and soil temperature.

Then all vegetation including shoot biomass,

standing, and surface litter were harvested. Finally,

1971-2000
State of Oklahoma
Normal Annual Precipitation (mm)
(c) 2002 Oklahoma Climatological Survey

Figure 1. Map showing

location of the nine

grassland sites and normal

annual precipitation

(1971–2000) over the

state of Oklahoma from

Oklahoma Climatological

Survey. See Table 1 for

abbreviations.

Table 1. Location (Latitude and Longitude), Elevation, MAP, MAT, and Soil Type at Nine Grassland Sites
from Southeastern to Northwestern Oklahoma, USA

Site Latitude Longitude Elevation (m) MAP (mm) MAT (�C) Soil type

RB 36�31¢43¢¢ N 102�50¢01¢¢ W 1263 434 13.0 Fine sandy loam

OL 36�38¢45¢¢ N 101�13¢18¢¢ W 913 465 13.8 Loam

UW 36�26¢04¢¢ N 99�23¢58¢¢ W 579 660 13.6 Loam fine sand

CL 36�07¢30¢¢ N 98�37¢55¢¢ W 485 735 14.4 Fine sandy loam

HL 35�37¢50¢¢ N 98�30¢24¢¢ W 493 760 15.4 Fine sandy loam

HP 35�14¢53¢¢ N 98�51¢41¢¢ W 480 806 15.3 Clay loam

KF 34�58¢54¢¢ N 97�31¢14¢¢ W 340 915 16.3 Silt loam

PR 34�30¢05¢¢ N 96�36¢59¢¢ W 309 1048 16.2 Silt loam

HU 34�01¢50¢¢ N 95�25¢24¢¢ W 174 1203 16.5 Fine sandy loam

Note: Elevation, MAP, and MAT are NOAA monthly normals of the nearest weather station from each site (http://cdo.ncdc.noaa.gov/climatenormals/clim81/OKnorm.pdf).
Soil type is from Soil Conservation Services (SCS), State Soil Geographic Datatbase (STATSGO) http://www.xdc.arm.gov/data_viewers/sgp_surfchar/Oklasoil_new.html
HU, Hugo Lake; PR, Pontotoc Ridge Preserve; KF, Kessler’s Farm Field Laboratory; HP, Hulsey’s private land; HL, American Horse Lake; CL, Canton Lake; OL, Optima Lake;
RB, Rita Blanca National Grassland; UW, USDA Southern Plains Range Research Station in Woodward, Oklahoma.
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we collected one soil core with two increments (0–

15 and 15–30 cm) for root biomass and another core

(0–5 cm) for field capacity at each plot. Soil mois-

ture, soil C and N content, and pH were measured in

the 0–15 cm soil core. We stored soil samples in an

ice chest until they were brought back to the labo-

ratory and stored in a freezer (-4�C) for analysis.

Measurements of Biomass, Litter Mass,
and Soil Respiration

Shoot biomass and standing litter were determined by

the harvest method. All live and standing-dead

materials within a 0.5 9 0.5 m2 quadrat were

clipped above the soil surface at each plot. Once

returned to the laboratory, samples were oven

dried at 60�C for 48 h, and then separated into

categories of live shoot biomass and dead-standing

litter and weighed.

Surface litter was removed with a hand rake in a

0.5 9 0.5 m2 quadrat prior to soil sampling at each

plot. The litter samples were cleaned, oven dried at

60�C for 48 h, and weighed.

Root biomass: one soil core sample was collected

in the middle of plant stubble and the center of

interspace using a 4-cm-diameter steel corer at

each plot. The soil was separated into two incre-

ments: 0–15 and 15–30 cm depths. After washing

soil through a 0.25-mm mesh sieve, roots were

oven dried at 60�C for 48 h and weighed. We chose

this place for root biomass based on our pre-

liminary experiment under plant stubble, between

plant stubble (that is, the center of interspace), and

in the middle of plant stubble and the center of

interspace at Kessler Farm Field Laboratory. We

found that samples in the middle of plant stubble

and the center of interspace better represented the

average root biomass.

Soil respiration was measured in the interspace

between plants using a LI-COR 6400 portable

photosynthesis system attached to a soil CO2 flux

chamber (LI-COR Inc., Lincoln, Nebraska, USA) at

each quadrat. A measurement consisted of placing

the chamber on soil including surface litter,

scrubbing the CO2 to sub-ambient levels, and

determining soil CO2 efflux over several 5-s peri-

ods. Data were recorded at 5-s intervals by the

datalogger in the LI-COR 6400 console. Each

measurement usually took 1–3 min after placing

the chamber on the ground.

Measurements of Other Variables

Soil temperature at the depth of 5 cm was monitored

using a thermocouple probe (LI-COR 6000-09TC)

connected to the LI-COR 6400 at the same time as

when soil respiration was measured.

Soil moisture was measured gravimetrically from

soil cores for root biomass at the top of 15 cm at

each plot. Soil samples were oven dried at 105�C for

48 h and weighed. Gravimetric soil moisture was

expressed as a percent of dry soil on a mass basis.

Soil pH was measured as a 1:10 soil-to-water ratio

with a pH electrode (Model 9165BN Thermo Orion,

Beverley, Massachusetts, USA) connected to a pH

meter (Model 420A+ Thermo Orion). Samples

were first mixed end-over-end for 1 h.

Field capacity was measured by soaking the soil

with water for 12 h in a plastic cylinder (diame-

ter = 3.5 cm, height = 5 cm) with a 0.3-mm nylon

mesh at the bottom. After the soil drained for 1 h, the

soil was emptied into a container, and field capacity

was determined as gravimetric soil moisture.

Soil total C and N content: soil samples were taken

from the top 15 cm of the soil cores for below-

ground biomass. Prior analysis found that the soil

contains carbonates. To avoid misinterpretation of

soil C and N data, soils were acid-treated to remove

the carbonates based on a procedure used by Sub-

edar (2005) that was recommended by the Colo-

rado Stable Isotope Laboratory. In brief, 5 ml of 6N

H2SO3 was added to 0.5 g of soil in clean glass vials.

The samples were agitated for a few seconds to

suspend the soil in the solution. The presence of

carbonates was indicated by a formation of bubbles.

The samples were incubated at room temperature

for approximately 6 h and then dried overnight at

60�C. Analyses of soil samples for total C and N

content were done using a Finnigan DELTA plus

Advantage gas isotope-ratio mass spectrometer

(Thermo Finnigan MAT GmbH, Barkhausenstr,

Germany), which was configured through the

CONFLO III for automated continuous-flow anal-

ysis of solid inorganic/organic samples using a

Costech ECS 4010 elemental analyzer (Costech

Analytical Technologies Inc., Valencia, California,

USA) in Colorado Stable Isotope Laboratory, Ari-

zona, USA.

Data Analysis

Regression analysis was conducted on relationships

of biomass, litter mass, soil respiration, soil C and N

content, pH values, soil moisture and temperature

with MAP. Differences in those measured variables

among sites were tested using a Kruskal–Wallis

ANOVA median test with seven (2003 and 2004) or

nine (2005) groups and six or eight degrees of free-

dom. Pearson product-moment correlations were

performed to test correlations among all measured
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variables including biomass, litter mass, soil respi-

ration, and environmental factors. Stepwise multi-

ple regression analysis was also applied to examine

effects of other factors (for example, elevation, soil

temperature and moisture, soil C and N, pH, and

field capacity) on biomass, litter mass, and soil res-

piration. In addition to examining the effects of

precipitation on ecosystem C fluxes and pools, we

also studied seasonal variability in spring, summer,

and winter and site effects using a two-way ANOVA.

Although we conducted the samplings for the three

seasons in different years and interannual variability

may affect seasonal variability, we did not find sig-

nificant differences between the years in microcli-

mate data. Also seasonal variability in ecosystem C

fluxes and pools is usually much larger (sometimes

orders of magnitude larger) than interannual vari-

ability (Hui and others 2003). Nevertheless, it is a

caveat to interpret the data collected in different

years, given the magnitude, and direction of our

results in the transect study. All statistical analyses

were performed using SPSS 13.0 for Windows (SPSS

Inc., Chicago, Illinois, USA, 2004).

RESULTS

Soil Characteristics Along the
Precipitation Gradient

Along the precipitation gradient from dry to wet

sites, pH values and bulk density decreased signif-

icantly, whereas soil C:N ratios increased with MAP

(Figure 2B, D). Surprisingly, soil C and N content

remained relatively constant with MAP along the

precipitation gradient, and, on average, ranged

from 1.47 to 2.63 kg C m-2 and from 0.13 to

0.22 kg N m-2, respectively, at a depth of 0–15 cm

(Figure 2C). Field capacity also did not significantly

vary with increasing precipitation (Figure 2A).

Plant Biomass Along the Precipitation
Gradient

Green shoot biomass, on average, increased line-

arly from 86 to 350 g m-2 in August 2003 and from

68 to 160 g m-2 in May 2005 with MAP (Figure 3).

Interestingly, root biomass at the depth intervals of

0–15, 15–30, and 0–30 cm remained relatively

constant along the precipitation gradient in May

2005 (Figure 4A, B). Similarly, total plant biomass

(shoot + root) varied little due to higher root (that

is, about 400 g m-2) than shoot biomass (Fig-

ures 3B and 4B, C) in May 2005. The root/shoot

ratio decreased linearly with MAP along the gra-

dient (Figure 4D).

Litter Mass and Soil Respiration Along
the Precipitation Gradient

Total litter mass was separated into standing litter

and surface litter. Their relationships with MAP were

best described by quadratic curves in all three sea-

sons along the precipitation gradient (Figure 5A–I).

The results showed that litter mass generally
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attained maximums between 750 and 1000 mm of

MAP (Figure 5) except that surface litter in February

2004 reached the maximum around 600 mm (Fig-

ure 5E).

Soil respiration rates in May 2005 were signifi-

cantly higher compared to those in August 2003

(drought) and February 2004 (low temperature)

(Figure 6A–C). Along the precipitation gradient,

soil respiration increased linearly with MAP in all

three seasons. Soil moisture also linearly increased

with MAP along the gradient (Figure 6D–F), al-

though field capacity did not significantly vary

(Figure 2A). As expected, soil temperature did not

show a large change with MAP along the precipi-

tation gradient in all three seasons (Figure 6D–F),

although MAT increased from 13.0 to 16.5�C along

the gradient (Table 1).

Relationships Among Measured
Variables

Table 2 shows Pearson correlation coefficients

among environmental factors, soil characteristics,

biomass, litter mass, and soil respiration in May

2005. Along the precipitation gradient, MAP was

linearly correlated with elevation, MAT, pH, and

bulk density, indicating that these variables may

affect responses of biomass, litter, and soil respira-

tion to precipitation to some degree along the gra-

dient. For example, soil respiration rates were

linearly correlated not only with MAP but also with

elevation and MAT (Table 2). In addition, soil res-

piration rates were also linearly correlated with

shoot biomass in May 2005 (Table 2) and with lit-

ter mass in August 2003 and February 2004 (data

not shown) along the precipitation gradient. Shoot

biomass showed significant relationships with

MAP, MAT, elevation, and soil moisture, but not

with root biomass and litter mass (Table 2).

Stepwise multiple regression analysis with all

measured variables including MAP, elevation,

MAT, soil temperature and moisture, and soil

characteristics showed that MAP and/or elevation

were the only variables included in the model for

shoot biomass, litter mass, and soil respiration (data

not shown).

DISCUSSION

Biomass Along the Precipitation Gradient

Vegetation dynamics are tightly coupled with

hydrologic processes (Saco and others 2006). Our

results show that shoot biomass increased linearly

with MAP along the precipitation gradient from

xeric to mesic sites (Figure 3). Although the simple

regression analysis suggested a significant correla-

tion of shoot biomass with MAT (13–16�C; Table 1)

among our study sites (Table 2), our stepwise

multiple regression analysis did not show that MAT

was an important variable for shoot biomass. The

positive relationship of shoot biomass or ANPP with

MAP has been observed in grasslands (Sala and

others 1988; Lauenroth and others 2000; Epstein

and others 2002; McCulley and others 2005), for-

ests (Austin 2002), and regions with diverse biomes

(Austin and Sala 2002; Zhou and others 2002). Our

results, together with those from previous studies,

suggest that water limitation imposes a common

constraint on aboveground plant production or

biomass across diverse biomes (Huxman and others

2004). In contrast, root biomass and total plant

biomass remained relatively constant along the

precipitation gradient (Figure 4). Similar patterns

were observed by Santantonio and Hermann

(1985) and Pietikäinen and others (1999). The lack

of response of root biomass to precipitation was

probably due to a decrease in the proportion of C
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allocation to roots and an increase in turnover of

roots with increasing precipitation (Comeau and

Kimmins 1989; Pietikäinen and others 1999).

Indeed, root/shoot ratio, an indicator of plant C

allocation, decreased with precipitation (Figure 4D),

which was consistent with other studies (Comeau

and Kimmins 1989; Schulze and others 1996; Zeri-

hun and others 2006) and predictions of the resource

balance/optimality theory (Bloom and others 1985;

Friedlingstein and others 1999). The decreasing

trend in the root/shoot ratio likely resulted from

changes in the relative importance of limiting re-

sources (that is, water, light, and nutrients) along the

precipitation gradient (Tilman 1988; Vinton and

Burke 1997). In the Great Plains, for example, water

is a primary limiting factor for plant growth in semi-

arid short-grass steppe (Lauenroth and others 1978).

Plants increase the root/shoot ratio to optimize

growth under the dry environment. Conversely,

production is limited more by light and nutrients

than water in tallgrass prairie with high precipita-

tion, resulting in a low root/shoot ratio (Knapp and

Seastedt 1986; Schimel and others 1991; Lane and

others 2000). Although we did not separate dead

from live roots due to technical difficulties, the

inclusion of dead roots may have not altered the

overall pattern of root/shoot ratio along the precip-

itation gradient. Dead roots have been shown to

persist longer and decompose slower at cool than

warm sites (Sala and others 1996) but they were not

significantly affected by precipitation (Pietikäinen

and others 1999). In addition, temperature may

confound the root/shoot ratio to some degree with a

MAT range of 13.0 to 16.5�C along the precipitation

gradient due to the inclusion of dead roots for root

biomass. However, from the stepwise multiple

regression analysis, MAT was not an important

variable affecting the root/shoot ratio and other

measured variables. The effects of temperature on

the root/shoot ratio are thus probably minor as well

as in other ecosystem C processes.

Litter Mass Along the Precipitation
Gradient

Litter mass represents an essential C pool linking

plant production to soil C dynamics. Our results

showed that standing litter, surface litter, and total

litter mass followed quadratic curves with MAP,

which increased at first, reached a maximum, and

then decreased along the precipitation gradient in

all three seasons (Figure 5). The trends were con-

sistent with regional and global patterns of detritus

for different ecosystems in diverse precipitation

regimes (Schlesinger 1977; Simmons and others

1996; Austin 2002). The quadratic relationships

between litter mass and MAP suggest counteracting

mechanisms of litter production and decomposition

that regulate litter dynamics along the precipitation

gradient. At low rainfall sites, low input of litter
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from biomass production may result in low accu-

mulation of detritus, although litter decomposition

is also slow (Fyles and others 1985; Austin 2002).

As precipitation increases, litterfall input may in-

crease at a higher rate than mass loss, leading to a

larger accumulation of standing litter as well as

surface litter (Austin 2002). At very high rainfall

sites, a decline in standing and surface detritus

probably stems from increased decomposition due

to favorable temperature and rainfall conditions

compared to litterfall input (Schlesinger 1977;

Austin 2002; Lawrence 2005).

Along the precipitation gradient in the southern

Great Plains of the USA, the maximum litter mass

occurred between 750 and 1000 mm of MAP

(Figure 5). In the literature, there was no consis-

tent range of precipitation for the occurrence of

maximum litter mass. For example, in Hawaii’s

forests, the maximum detritus (including leaf and

woody) appeared between 1500 and 2000 mm of

MAP (Austin 2002). In the Pacific Northwest of the

USA, precipitation from 2000 to 3000 mm was

most favorable for detritus accumulation (Sun and

others 2004). The diverse ranges of precipitation for

maximum litter mass may result from different

ecosystem types, litter quality, environmental

variables, and other confounding factors such as

soil texture. Surface litter in February 2004 reached

the maximum around 600 mm of precipitation

(Figure 5E). This likely resulted from enhanced

decomposition of surface litter with anomalously

high precipitation between September 2003 and

February 2004 in comparison to that during the

same period of the other years.

Soil Respiration, C and N Content,
and Characteristics

Precipitation generally has greater effects than

temperature on soil respiration in xeric ecosystems

and in dry seasons of mesic ecosystems (Luo and

Zhou 2006). Our results show that measured soil

respiration rates in grassland ecosystems increased

linearly with MAP along the gradient in all three

seasons (Figure 6). This trend has also been dem-

onstrated on the global scale (Raich and Schle-

singer 1992) and in other gradient studies

(Simmons and others 1996; Gärdenäs 2000;

McCulley and others 2005). For example, soil res-

piration and decomposition rates both increased

with MAP across the Great Plains of North America

(McCulley and others 2005). CO2 effluxes from

litter decomposition were positively correlated with

MAP in northern hardwood ecosystems in Maine,

USA (Simmons and others 1996). Precipitation is

thus a key factor in regulating regional variability

in soil respiration (Luo and Zhou 2006).

Soil C content is the result of the net balance

between inputs from plant production and outputs

from decomposition and from relatively low

leaching and/or volatile losses (Jenny 1980; Job-

bágy and Jackson 2000). Both production and

decomposition are strongly regulated by precipita-

tion. The N cycle is closely linked to C, usually

expressed by the C:N ratio (Figure 2D). Many

studies have observed that soil C and N increased

with MAP (Jenny 1980; Burke and others 1989;

Zhou and others 2002). Surprisingly, our results

showed that soil C and N content remained rela-

tively constant along the precipitation gradient

(Figure 3C), due to at least two causes. First, the

relatively unchanged pattern of root biomass

probably contributed to part of this trend because

belowground allocation may leave more distinct

imprints on soil C and N pools than aboveground

production and litter mass (Jobbágy and Jackson

2000). Second, increases in litter inputs were

roughly balanced by litter decomposition, resulting

in little changes in soil C content along the pre-

cipitation gradient (Figure 2).

For soil characteristics, the increasing trend of pH

values along the gradient may be due to a decrease

in soil calcium carbonate (CaCO3), which is strongly

influenced by precipitation (Jenny 1980; Gunal and

Ransom 2006). This trend was also confirmed by our

observation that acid treatments with H2SO3 before

soil C and N analysis produced more bubbles in soil

samples from dry than wet sites (see ‘‘Materials and

Methods’’ section). A decrease in bulk density

probably resulted from combined effects of changes

in soil texture and organic matter, which affect

porosity volume, size, and shape. Increased litter

mass would alleviate the effect of rainsplash on soil

compaction with increasing precipitation along the

gradient (Regüés and Gallart 2004).

CONCLUSION

This transect study examined patterns of shoot and

belowground root biomass, litter mass (including

standing and surface litter), soil respiration, and soil

C and N content in the southern Great Plains

grasslands along a precipitation gradient. The re-

sults showed that shoot biomass and soil respiration

were positively, linearly related to MAP and a

quadratic curve best described the relationship of

litter mass with MAP. However, root biomass and

soil C and N content remained relatively constant.

The root/shoot ratio thus decreased linearly with

MAP probably due to decreased plant allocation to

1378 X. Zhou and others



root growth and increased nutrients or light con-

straints along the gradient. Nevertheless, the lin-

ear/quadratic equations describing variation of

ecosystem C processes with precipitation could be

useful for model development, parameterization,

and validation at landscape and regional scales to

improve predictions of C dynamics in grasslands in

response to climate change.
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