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Abstract

Aims

Natural 15N abundance provides integrated information about nitro-

gen (N) input, transformation and output, indirectly reflecting N cy-

cling traits within terrestrial ecosystems. However, relationships

between natural 15N abundance and N cycling processes are poorly

understood in China. Here, our primary objectives were to (i) exam-

ine the effects of grazing at varying levels of intensity on d15N of soils

and plants in a semi-arid grassland; (ii) detect the relationships be-

tween d15N of soils and four major N cycling processes (i.e. miner-

alization, nitrification, denitrification and ammonia volatilization);

and (iii) determine whether d15N of soils can be used as an indicator

of N cycling in this semi-arid grassland.

Methods

The field experiment was conducted within the long-term (17-year)

grazing enclosures in a semi-arid grassland in Inner Mongolia. Five

grazing intensities (0.00, 1.33, 2.67, 4.00 and 5.33 sheep ha�1) were

designed. d15N values of topsoils (0–10 cm), surface soils (0–2 cm)

and plants were measured in 2006. Differences in d15N of soils and

plants between the five grazing intensities were examined. Rates of

four soil N cycling processes were measured periodically during the

2005 and 2006 growing seasons. The d15N values of topsoils

were linked to the four N cycling processes to investigate their

relationships.

Important Findings

The d15N values of topsoils (5.20–5.96&) were substantially

higher than the d15N values of plants (2.51–2.93&) and surface soils

(1.44–2.92&) regardless of grazing intensities. The 15N-depleted N

losses during microbial decomposition of organic matter in concert

with the downward movement of residual substrate over time are the

possible causes of higher d15N values in topsoils than in surface soils.

In addition, the d15N values of topsoils were positively correlated

with the d15N values of both plants and surface soils. Grazing, espe-

cially the high-intensity grazing (5.33 sheep ha�1), resulted in a sig-

nificant decrease in d15N of surface soils. However, no statistically

significant variations in d15N of topsoils and plants were found in

response to grazing. The d15N values of topsoils exhibited significant

dependence on the cumulative rates of NH3 volatilization, net nitri-

fication and denitrification in 2005 but not in 2006.
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INTRODUCTION

Natural 15N abundance in soils is mainly determined by long-

term changes in rates of N inputs, transformations and losses

(Frank et al. 2000). d15N of soils has been developed as a means

to identify N sources and transformation processes and is pre-

sumed to be an index of N cycling in terrestrial ecosystems (Bai

and Houlton 2009; Högberg 1997; Nadelhoffer and Fry 1994;
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Robinson 2001). d15N of plants is also an N source indicator

(Dawson et al. 2002; Frank et al. 2000) and reflects net effects

of a series of plant-related N processes (Evans 2001; Robinson

2001; Stewart 2001). Recently, more lines of evidences have

been provided for natural 15N abundance as a function of the

rates and isotopic compositions of N transformations (Evans

and Ehleringer 1994a, 1994b; Templer et al. 2007), inputs

and outputs (Frank et al. 2004).

Natural 15N abundance is regulated not only by internal N

cycling via mineralization, nitrification, leaching, gaseous los-

ses and inputs but also by extrinsic factors such as fertilization

(Frank and Evans 1997; Frank et al. 2004), climate (Cheng et al.

2009), soil age (Brenner et al. 2001) and grazing (Frank et al.

2000). As one of the controlling factors, herbivores play an im-

portant role in regulating N cycling in rangelands (Frank et al.

2000). Grazers can pose a direct effect on N cycling by dropping

feces, removing plant tissues (van Wijnen et al. 1999) and

trampling (Zacheis et al. 2002). Also, grazers can exhibit an in-

direct effect by altering plant species composition (Olofsson

et al. 2001), by causing changes in N concentration of plant

tissues (Baron et al. 2002; Epstein et al. 2001) and by affecting

plant litter decomposition or soil microbial activities (Stark and

Grellmann 2002). Via these direct or indirect effects, grazers

may regulate N cycling rates by redistributing N within systems

and consequently show a variety of influences on d15N in soil–

plant systems. In some cases, two major pathways of gaseous N

losses via denitrification and ammonia volatilization can result

in an enrichment of 15N in remaining soils in grazed grasslands

(Frank et al. 2004; Sutherland et al. 1993). Positive correlations

of soil 15N levels with net N mineralization and net nitrification

rates have been detected in ungrazed grasslands but not in

grazed grasslands (Frank et al. 2000). Virtually most of these

studies mainly examined the differences in d15N of soils be-

tween grazed and ungrazed sites in relation to one or two ma-

jor N cycling processes. In comparison, information about the

relationships of d15N of plants and soils with a combination of

major soil N cycling processes along a grazing intensity gradi-

ent, as stated in our study, has been poorly documented.

There are ;400 million ha of grassland in China, accounting

for nearly 42% of the total land area. Totally, 22% of the grass-

lands are in Inner Mongolia of North China. Sheep grazing is

the main land use type in these grasslands in Inner Mongolia,

where a nomadic land-use system prevailed for thousands of

years. However, these grasslands are faced with severe degra-

dation and desertification due to rapid population growth cou-

pled with poor management (Kang et al. 2007). Therefore,

since the beginning of the 21st century, the Chinese govern-

ment has made great efforts to restore the temperate grassland

by periodic exclusion of grazing. Understanding the quantita-

tive relationship between N status and grazing in these grass-

land ecosystems is crucial for rational utilization of the

resources and for reversing the ongoing degradation. Here

our observations will be of importance to better understanding

of these relationships. Our primary objectives were to (i) ex-

amine the effects of grazing at varying levels of intensity on

d15N of soils and plants in a semi-arid grassland; (ii) detect

the relationships between d15N of soils and four major N cy-

cling processes (i.e. mineralization, nitrification, denitrifica-

tion and ammonia volatilization); and (iii) determine

whether d15N of soils can be used as an indicator of N cycling

in this semi-arid grassland.

MATERIALS AND METHODS
Site description

This experiment was conducted within the grazing enclosures

of the Inner Mongolia Grassland Ecosystem Research Station

of the Chinese Academy of Sciences, located in the central part

of Inner Mongolia Autonomous Region (43�50# N, 116�34# E

and 1100 m above the sea level). Semi-arid continental climate

prevails in the area with cold, dry winters and mild, wet sum-

mers. The mean annual precipitation at the site is 350 mm,

with most rain events occurring in July and August. Mean an-

nual air temperature is –4�C. Mean monthly air temperatures

range from 17.9�C in July to –23�C in January as recorded by

a nearby meteorological station. Vegetation type is character-

ized by a typical temperate grassland, dominated by Kochia

prostrate, Artemisia frigida and Potentilla acaulis that are non-

N2-fixing species. Legumes are rare in the plant community

in this semi-arid grassland. Soils are coarse textured with

a mean of 73% sand, 15% silt, and 9% clay across all exper-

imental plots (Barger et al. 2004).

Five grazing intensity treatments were maintained for 17

years from 1989 to 2005. There were 0, 4, 8, 12 and 16 Inner

Mongolia fine wool sheep grazing rotationally in three repli-

cated 1-ha plots, representing the grazing intensities of 0, 1.33,

2.67, 4.00 and 5.33 sheep ha�1, respectively. Every year, graz-

ing started on 20 May and ended on 5 October. Each plot was

rotationally grazed three times per year, each time for 15 days

with a rotation interval of 30 days. The total grazing period in

each grazed plot was thus 45 days per year. In order to inves-

tigate the restoration process, all the grazing intensity treat-

ments were terminated since 2006.

Measurements and calculations of soil N cycling rates

Soil N cycling rates were measured periodically during the

2005 and 2006 growing seasons, approximately every 15 days

during the warm and wet season in July and August or 30 days

in other months. Seven randomly selected 2 3 2 m quadrates

were demarcated and enclosed within each plot at the first

sampling date in 2005 and used later for repeated sampling.

All the seven quadrats were used to measure denitrification

rates, and five of them were used to measure rates of miner-

alization, nitrification and ammonia volatilization.

Rates of net N mineralization and net nitrification were

measured using the closed-top PVC (PolyVinyl Chloride) in situ

incubation method (Raison et al. 1987) as described in detail in

our previous study (Xu et al. 2007). Denitrification rates were

measured using the acetylene inhibition technique (Yoshinari

et al. 1977), by incubating minimally disturbed soil cores in
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a closed system under field conditions as described by Ryden

et al. (1987). NH3 volatilization rates were determined using

the method of H2SO4 solution trapping as described by Billings

et al. (2002). Briefly, a beveled PVC tube (30 cm in length and

25 cm in diameter) was driven into the soil to a depth of 10 cm

within each quadrat. A weigh boat containing 20 ml of 2%

H2SO4 (v/v) was placed on a tripod at the bottom of the in-

stalled chamber. The top of each chamber was covered with

aluminum foil secured with a rubber band. The acid solution

was collected after the 24-h incubation and analysed for NH+
4

concentration using an auto-analyser. The extra unincubated

H2SO4 solution was used to analyse the concentration of back-

ground NH+
4. Daily rates of ammonia volatilization were calcu-

lated from the differences in NH+
4 concentrations between the

24-h incubation and background samples.

Cumulative amounts at an annual time scale were calculated

from the sum of magnitudes over all the intervals throughout

each growing season. The amount at each sampling interval

was calculated by multiplying mean daily rate by days of this

interval. Mean daily rates of denitrification and ammonia vol-

atilization at each interval were estimated as the mean values

of two measurements spanning this interval, by using the

method reported by Frank and Groffman (1998).

Measurements of d15N

Soil and plant samples for d15N determination were collected at

the seasonal peak of aboveground biomass in August 2006.

Topsoil samples were taken from the extra unincubated soils

for mineralization measurement. Surface soil samples were

collected with a nipper from the 0- to 2-cm soil layer which

is the main decomposition layer of surface litter. The

recently expanded leaves of the most widely distributed spe-

cies (K. prostrate) were collected. When sampling, we were

careful not to include patches with legumes or cryptobiotic

crust since these N2 fixers could affect soil N sources and

d15N, even though they were rare in the experimental sites.

Each sample was a composite obtained from the five quadrats

or from nearby patches within each plot. The analytical

method of 15N is similar to that reported by Sah et al.

(2006). In brief, fresh soil samples were air dried, and fresh

plant samples were oven dried at 70�C for 48 h. All these

dry soil and plant samples were ground into fine powders with

a mortar and pestle. The d15N of soil and plant samples was

determined using a stable isotope mass spectrometer (Thermal

Finnigan MAT DELTAplus, Bremen, Germany).

Measurements of environmental factors

Unincubated soils for mineralization measurement were also

used to measure pH (water:soil = 2.5:1), organic C content

(H2SO4–K2Cr2O7 oxidation method) and organic N content

(Kjeldahl digestion method). Soil bulk density was determined

by the core method. Peak aboveground biomass was deter-

mined by the harvest method.

Statistical analysis

One-way analysis of variance was performed for comparison of

the differences in d15N values between the five grazing inten-

sities. Duncan’s multiple range test was used to determine the

significance of the differences. Linear contrasts at a significant

level of 0.05 were used to compare group means. Pearson cor-

relation and stepwise multiple linear regression analyses were

conducted to detect relationships between soil d15N and N cy-

cling processes. All statistical analyses were performed using

SPSS version 13.0 software package.

RESULTS
Soil properties

The bulk densities of soils in the four grazing treatments

were significantly higher than those of ungrazed soils

(P < 0.05, Table 1), whereas there were no significant differ-

ences between the bulk densities of soils in the four grazing

treatments (P > 0.05). In addition, no significant differences

were found in other properties including aboveground bio-

mass, organic N content of K. prostrate, soil organic C and N

content and soil pH in all the five grazing intensities (P > 0.05).

d15N values of soils and plants

The d15N values of topsoils ranged from 5.20 to 5.96& in the

five grazing intensities and were significantly higher than

those of plants (2.51–2.93&, P < 0.001) and surface soils

(1.44–2.92&, P < 0.001, Fig. 1). Significant positive

Table 1: peak aboveground biomass and physical and chemical properties of soils and plants at different grazing intensities in August

2006a

Grazing intensities (sheep ha�1) 0.00 1.33 2.67 4.00 5.33

Aboveground plant biomass (g m�2) 132.54 6 15.11 112.65 6 9.24 109.03 6 3.02 113.98 6 15.77 105.57 6 8.09

Organic N of Kochia prostrate (g N kg�1) 11.61 6 0.49 11.36 6 0.52 10.43 6 0.54 9.86 6 0.78 11.45 6 1.66

Soil bulk density (g cm�3) 1.23 6 0.05b 1.35 6 0.02a 1.36 6 0.04a 1.33 6 0.04a 1.40 6 0.03a

pH value 7.08 6 0.01 7.11 6 0.04 7.03 6 0.04 7.04 6 0.06 7.03 6 0.04

Soil organic C (g C kg�1) 17.19 6 0.71 15.92 6 1.20 14.91 6 3.52 14.92 6 4.52 13.73 6 2.50

Soil total N (g N kg�1) 0.82 6 0.01 0.76 6 0.09 0.73 6 0.10 0.73 6 0.19 0.69 6 0.13

a Numbers within rows followed by different letters in superscript are statistically significant at P < 0.05 level. Means 6 standard error, three

replicates.
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correlations between d15N values of topsoils and those of

plants and surface soils were found across the 15 plots (P <

0.05, Fig. 2).

Effects of grazing intensity

No statistically significant differences between d15N values of

topsoils or plants in different grazing intensities were found

at the level of P < 0.05 (Fig. 1). Nevertheless, the four grazing

treatments, especially the moderate-intensity grazing (4.00

sheep ha�1), tended to have higher d15N values. In contrast,

there were significant differences between d15N values of

surface soils in different grazing intensities (P < 0.05, Fig. 1).

The four grazing treatments generally resulted in decreases of

1.13–1.48& in d15N of surface soils, and the treatment

with the highest grazing intensity (5.33 sheep ha�1) led to a

significant reduction compared with the no-grazing treatment

(P < 0.05).

Relationships between d15N and N cycling processes

As for d15N of topsoils in relation to N cycling processes in 2005,

strong positive correlations were detected between the d15N

values of topsoils and the cumulative NH3 volatilization rates

(r2 = 0.39, P < 0.01) and denitrification rates (r2 = 0.31,

P < 0.05, Fig. 3). Whereas the d15N values of topsoils were

not correlated with either the cumulative net N mineralization

or the nitrification rates (P > 0.05, Fig. 4). The d15N values of

topsoils were negatively correlated with the concentrations

of soil nitrate N (r2 = 0.44, P < 0.01) and total inorganic N

(r2 = 0.32, P < 0.05, figure not shown) by the end of the

2005 growing season (October). When stepwise multiple

regressions were applied, the cumulative NH3 volatilization

and nitrification rates were significant variables (P < 0.05),

and the combination of the two processes explained 59.5%

of the variations in d15N of topsoils.

As for d15N of topsoils in relation to N cycling processes in

2006, no strong correlations were detected between the d15N

values of topsoils and the rates of N cycling (P > 0.05). Only

the cumulative NH3 volatilization rates showed a marginal

negative correlation with the d15N values of topsoils

(r2 = 0.26, P = 0.053). When stepwise multiple regressions

were conducted, none of the N cycling rates was a significant

variable.

DISCUSSION
Variations in d15N

The range of 5.20–5.96& for the d15N of topsoils in this grass-

land was within the broader ranges observed in other grass-

lands, e.g. the ranges from 1.4 (ungrazed grassland) to 7.9&

(grazed grassland) in soils of Yellowstone national park (Frank

and Evans 1997) and from 1.0 to 8.1& in soils spanning 3–

3000 Ky in a California annual grassland (Brenner et al.

2001). The range of 2.51–2.93& for the d15N of plants in

the present study was also within the range of �2.4 to

6.8& for the d15N of plants in Inner Mongolian in an earlier

Figure 1: patterns of d15N (&) of plants, topsoils and surface soils at

different grazing intensities. Each bar is the mean of three replicated

plots. Error bars represent61 standard error; 0.00, 1.33, 2.67, 4.00 and

5.33 (sheep ha�1) denote that 0, 4, 8, 12 and 16 sheep grazed rotation-

ally in three replicated 1-ha plots, respectively.

Figure 2: correlations of the d15N values (&) of topsoils with those of

plants and surface soils. The regression line was calculated using

the values across the 15 plots. See Fig. 1 for the grazing intensity

abbreviations.
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Figure 3: correlations of the d15N values (&) of topsoils in 2006 with the cumulative denitrification rates (ng N2O-N g�1 dry soil) and NH3

volatilization rates (g N ha�1) in 2005 and 2006. The regression line was calculated using the values across the 15 plots. See Fig. 1 for the grazing

intensity abbreviations.

Figure 4: correlations of the d15N values (&) of topsoils in 2006 with the cumulative net N mineralization and nitrification rates (lg N g�1 dry soil)

in 2005 and 2006. See Fig. 1 for the grazing intensity abbreviations.
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study (Handley et al., 1999). These narrower ranges for the

d15N might be associated with the relatively uniform distribu-

tions of soil and vegetation as well as the controlling factors at

this experimental site.

Topsoils had higher d15N values than surface soils, consis-

tent with most previous reports that d15N of soils increased

with increasing soil depth (Adams and Grierson 2001; Högberg

1997; Ledgard et al. 1984). This phenomenon could be

explained by the 15N-depleted N losses during microbial

decomposition of organic matter in concert with the down-

ward movement of residual substrate over time (Evans and

Ehleringer 1994b).
15N abundance in non-N2-fixing plants can be used to de-

termine the source of plant N, the soil depth at which N is

taken up and the form of N used (Nadelhoffer et al. 1996).

No significant differences were found between the d15N values

of plants in the five grazing intensities in this study, reflecting

that the major N source and the form of N utilized by these

plants did not differ between different grazing intensities.

Controlling factors for d15N

Some studies showed that grazing could lead to an increase

in d15N (Frank and Evans 1997; Frank et al. 2000, 2004;

Sutherland et al. 1993), while no apparent effects of grazing

on d15N have also been reported (Austin and Sala 1999; Neil-

son et al. 1998). We found that d15N of topsoils changed little

even over a 17-year grazing at varying levels of intensity. One

often used explanation is that d15N of soil total N, dominated

by the isotopic signature of stable N, is a stable index and is

unlikely to change over decades (Johannisson and Högberg

1994).

In contrast, grazing, especially that with the highest grazing

intensity, had a negative influence on d15N of surface soils.

This indicates a negative feedback on discrimination against
15N of surface soil, particularly under high grazing pressure.

An interpretation of this observation is difficult because a single

effect of grazing on d15N, via dropping feces, trampling and

feeding plants, is often positive (Frank and Evans 1997; Frank

et al. 2000, 2004; Schulze et al. 1998). However, a study in

Namibia (Schulze et al. 1991) revealed an interesting phenom-

enon that d15N increased in the region of main grazing activity,

while d15N decreased again in the less grazed but more arid

part. Therefore, we guess that the interaction between aridity

and grazing might have played an important role in determin-

ing d15N of surface soils in this semi-arid grassland.

The d15N values of topsoils were highly correlated with the

cumulative rates of ammonia volatilization, nitrification and

denitrification in 2005 but not in 2006. This result suggests that

gaseous N losses and the proportion of NO�
3 consumed might

be the major factors controlling d15N of topsoils in this semi-

arid grassland under certain conditions, as has been reported

by Bai and Houlton (2009). In addition, it implies that d15N of

topsoils can be used as an indicator of N losses via ammonia

volatilization, nitrification and denitrification under some

conditions.

Nevertheless, other ways of N loss via leaching and N2O

emission by nitrification, and N input via N deposition and

N2 fixation might also be responsible for the pattern of d15N

of topsoils. Additionally, differences in extrinsic controlling

factors such as urine and dung patches (Frank and Evans

1997; Frank et al. 2004) between 2005 and 2006 might also

play a critical role hereof. However, in this study, only a 2-year

observation was conducted, and the effects of other factors are

also beyond the scope of this analysis. It is certain that we failed

to measure all the related factors in sufficient detail due to the

limitations in time and condition. This highlights the needs for

a further study to ascertain these interpretations suggested. We

will attempt to make up for these limitations while simulta-

neously enhance research capacity in future studies.

CONCLUSIONS

The d15N values of topsoils were substantially higher than

those of plants and surface soils regardless of grazing intensi-

ties. Changes in grazing intensity did not lead to significant

variations in d15N of topsoils and plants, but resulted in a sig-

nificant decrease in d15N of surface soils. The d15N values of

topsoils were significantly correlated with the cumulative rates

of NH3 volatilization, net nitrification and denitrification in

2005 but not in 2006. Our findings suggest that d15N of topsoils

might be used as an indicator of N cycling rates concerning gas-

eous N losses via ammonia volatilization and N2O emission un-

der certain conditions. However, further studies are needed to

ascertain these mechanisms suggested.
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Johannisson C, Högberg P (1994) 15N of soils and plants along an exper-

imentally induced forest nitrogen supply gradient.Oecologia97:322–5.

Kang L, Han XG, Zhang ZB, et al. (2007) Grassland ecosystems in

China: review of current knowledge and research advancement.

Philos Trans R Soc Lond B Biol Sci 362:997–1008.

Ledgard SF, Feney JR, Simpson JR (1984) Variations in natural enrich-

ment of 15N in the profiles of some Australian pasture soils. Aust J

Soil Res 22:155–64.

Nadelhoffer KJ, Fry B (1994) Nitrogen isotope studies in forest

ecosystems. In Lajtha K, Michener RH (eds). Stable Isotopes in

Ecology and Environmental Sciences. London: Blackwell Scientific,

22–44.

Nadelhoffer KJ, Shaver G, Fry B, et al. (1996) 15N natural abundance

and N use by tundra plants. Oecologia 107:386–94.

Neilson R, Hamilton D, Wishart J, et al. (1998) Temporal and trophic

variations of d13C and d15N in grazed and ungrazed grasslands. Soil

Biol Biochem 30:1773–82.

Olofsson J, Kitti H, Rautiainen P, et al. (2001) Effects of summer grazing

by reindeer on composition of vegetation, productivity and nitrogen

cycling. Ecography 24:13–24.

Raison RJ, Connell MJ, Khanna PK (1987) Methodology for studying

fluxes of soil mineral-N in situ. Soil Biol Biochem 19:521–30.

Robinson D (2001) d15N as an integrator of the nitrogen cycle. Trends

Ecol Evol 16:153–62.

Ryden JC, Skinner JH, Nixon DJ (1987) Soil core incubation system for

the field measurement of denitrification using acetylene-inhibition.

Soil Biol Biochem 19:753–7.

Sah SP, Rita H, Ilvesniemi H (2006) 15N natural abundance of foliage and

soil across boreal forests of Finland. Biogeochemistry 80:277–88.

Schulze E-D, Gebauer G, Ziegler H, et al. (1991) Estimates of nitrogen

fixation by trees on an aridity gradient in Namibia. Oecologia

88:451–5.

Schulze E-D, Williams RJ, Farquhar GD, et al. (1998) Carbon and ni-

trogen isotope discrimination and nitrogen nutrition of trees along

a rainfall gradient in northern Australia. Aust J Plant Physiol

25:413–25.

Stark S, Grellmann D (2002) Soil microbial responses to herbivory in

an arctic tundra heath at two levels of nutrient availability. Ecology

83:2736–44.

Stewart GR (2001) What do d15N signatures tell us about nitrogen

relations in natural ecosystems? In Unkovich M, Pate J, McNeill

A, Gibbs DJ (eds). Stable Isotope Technique in the Study of

Biological Processes and Functioning of Ecosystems. Dordrecht,

The Netherlands: Kluwer, 219–45.

Sutherland RA, van Kessel C, Farrell RE, et al. (1993) Landscape-scale

variations in plant and soil nitrogen-15 natural abundance. Soil Sci

Soc Am J 57:169–78.

Templer PH, Arthur MA, Lovett GM, et al. (2007) Plant and soil natural

abundance d15N: indicators of relative rates of nitrogen cycling in

temperate forest ecosystems. Oecologia 153:399–406.

van Wijnen HJ, van der Wal R, Bakker JP (1999) The impact of her-

bivores on nitrogen mineralization rate: consequences for salt-

marsh succession. Oecologia 118:225–31.

Xu YQ, Li LH, Wang QB (2007) The pattern between nitrogen miner-

alization and grazing intensities in an Inner Mongolian typical

steppe. Plant Soil 300:289–300.

Yoshinari T, Hynes R, Knowles R (1977) Acetylene inhibition of ni-

trous oxide reduction and measurement of denitrification and ni-

trogen fixation in soil. Soil Biol Biochem 9:177–83.

Zacheis A, Ruess RW, Hupp JW (2002) Nitrogen dynamics in an Alas-

kan salt marsh following spring use by geese. Oecologia 130:600–08.

Xu et al. | Natural 15N abundance and N cycling in a rangeland in Inner Mongolia 207

 at Institute of B
otany, C

A
S

 on S
eptem

ber 8, 2010
jpe.oxfordjournals.org

D
ow

nloaded from
 

http://jpe.oxfordjournals.org/

