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Abstract Carbon allocation and N acquisition by plants

following defoliation may be linked through plant–microbe

interactions in the rhizosphere. Plant C allocation patterns

and rhizosphere interactions can also be affected by rising

atmospheric CO2 concentrations, which in turn could

influence plant and microbial responses to defoliation. We

studied two widespread perennial grasses native to range-

lands of western North America to test whether (1) defo-

liation-induced enhancement of rhizodeposition would

stimulate rhizosphere N availability and plant N uptake,

and (2) defoliation-induced enhancement of rhizodeposi-

tion, and associated effects on soil N availability, would

increase under elevated CO2. Both species were grown at

ambient (400 lL L-1) and elevated (780 lL L-1) atmo-

spheric [CO2] under water-limiting conditions. Plant, soil

and microbial responses were measured 1 and 8 days after

a defoliation treatment. Contrary to our hypotheses, we

found that defoliation and elevated CO2 both reduced

carbon inputs to the rhizosphere of Bouteloua gracilis (C4)

and Pascopyrum smithii (C3). However, both species also

increased N allocation to shoots of defoliated versus non-

defoliated plants 8 days after treatment. This response was

greatest for P. smithii, and was associated with negative

defoliation effects on root biomass and N content and

reduced allocation of post-defoliation assimilate to roots. In

contrast, B. gracilis increased allocation of post-defoliation

assimilate to roots, and did not exhibit defoliation-induced

reductions in root biomass or N content. Our findings

highlight key differences between these species in how post-

defoliation C allocation to roots versus shoots is linked to

shoot N yield, but indicate that defoliation-induced

enhancement of shoot N concentration and N yield is not

mediated by increased C allocation to the rhizosphere.

Keywords Global change � Grazing tolerance � Pulse

dynamics � Rhizodeposition � Water relations

Introduction

The capacity for a plant species to persist in the presence of

herbivores (grazing resistance) is related both to traits

that prevent or minimize plant tissue loss to herbivores

(grazing avoidance) and traits that contribute to rapid post-

defoliation recovery of photosynthetic capacity (grazing

tolerance; reviewed by Briske and Richards 1995). Grazing

tolerance may be conferred by plant carbon allocation

patterns that facilitate regrowth (e.g., Caldwell et al. 1981;

Briske et al. 1996; Skinner et al. 1999) and the capacity for

plants to rapidly acquire and allocate nutrients to leaves

(e.g., Chapin and McNaughton 1989; Hamilton et al. 1998;

Morgan et al. 2001). While C allocation and N acquisition

are often studied separately, ecologists have increasingly

recognized that linkages between these processes may

underlie feedbacks between aboveground herbivores and

belowground microbial activity, with significant implica-

tions for ecosystem function (Bardgett et al. 1998; Bardgett

and Wardle 2003).

Plant C allocation and N acquisition can also be strongly

affected by climate change. In semi-arid grasslands of
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central North America, elevated [CO2] can substantially

increase plant productivity but also reduce grass leaf

nitrogen concentration (Morgan et al. 2004a, b; Milchunas

et al. 2005a). Increased plant production under elevated

[CO2] can arise in part from increases in water use effi-

ciency, but soil N availability may not increase at the same

rate (Luo et al. 2004; Morgan et al. 2004b; Dijkstra et al.

2008). Soil N availability and N concentrations in plant

tissues frequently decline under elevated CO2 in grass-

lands, which may be linked to microbial N immobilization

following changes in the quality and quantity of exudate

and litter inputs to the soil (e.g., Diaz et al. 1993; Hungate

et al. 1997; Hu et al. 2001; Dijkstra et al. 2010). Soil N

availability can strongly influence plant regrowth following

defoliation, such that increasing [CO2] could potentially

limit aboveground plant regrowth and N concentration

following defoliation (Morgan et al. 2001). Feedbacks

between grazed grasses and soil microbial communities

represent one way that plants could influence soil N

availability following defoliation (Bardgett et al. 1998;

Hamilton and Frank 2001; Bardgett and Wardle 2003), but

little is known about how rhizosphere processes may

respond to both grazing and climate change.

Some grazing-tolerant grass species have been shown to

increase C inputs to the soil immediately following defo-

liation, which in turn stimulates microbial activity within

the rhizosphere of the plant (Mawdsley and Bardgett 1997;

Hamilton and Frank 2001; Paterson et al. 2003; Henry et al.

2008). Such a short-term (1- to 2-day) pulse in microbial

activity and biomass has the potential to increase soil N

mineralization (several days to a week following defolia-

tion), thereby enhancing N uptake and regrowth by the

plant (Hamilton and Frank 2001). However, the magnitude

and direction of herbivore effects on rhizosphere process

can vary with plant species identity and defoliation inten-

sity (e.g., Guitian and Bardgett 2000; Mikola et al. 2001;

Mikola and Kytoviita 2002; Dilkes et al. 2004; Fu and

Cheng 2004). Many studies have documented declines in

root growth and respiration following defoliation (Briske

and Richards 1995), suggesting that defoliation may often

reduce rhizodeposition. However, few studies have exam-

ined rhizosphere processes following defoliation, and it

remains unclear what species or environmental conditions

are likely to generate positive versus negative changes in

post-defoliation rhizodeposition. The direction of this

response may depend on soil N availability and the mag-

nitude, location and composition of storage reserves in the

plant, all of which can be influenced by rising atmospheric

[CO2] in semi-arid grasslands (Read and Morgan 1996;

Morgan et al. 1998; Wilsey et al. 1997; Dijkstra et al.

2008). Thus, studies are needed that measure patterns of C

allocation and N in parallel, and that test for potential

interactive effects of defoliation and elevated [CO2].

Grasslands in central North America have a long evo-

lutionary history of grazing by large herbivores, and the

dominant grasses in this region can persist under higher

grazing pressure than dominant species in many other

grasslands worldwide (Milchunas et al. 2008). In the semi-

arid portion of the North American Great Plains, two of the

most widespread grasses are blue grama (Bouteloua grac-

ilis, C4 perennial grass) and western wheatgrass (Pas-

copyrum smithii, C3 perennial grass). Blue grama

dominates much of the shortgrass steppe in the south-

western Great Plains, and western wheatgrass is often a

dominant species in mixed-grass prairies of the north-

western Great Plains (Lauenroth et al. 1999). Both species

are relatively palatable to domestic livestock and can

undergo rapid aboveground growth after defoliation

(Detling et al. 1979; Detling and Painter 1983). However,

they respond differently to long-term grazing in field studies,

with B. gracilis increasing and P. smithii decreasing

(Milchunas et al. 2008).

Previous studies emphasized the importance of root

carbohydrate remobilization and allocation aboveground to

support leaf regrowth (e.g., Detling et al. 1979; Menke and

Trlica 1981; Detling and Painter 1983), but have given less

attention to rhizosphere processes and their effects on N

acquisition for regrowth. Root exudates comprise 15–17%

of total C fixed by B. gracilis and P. smithii under

hydroponic conditions (Biondini et al. 1988) and at least

17% in native shortgrass steppe (Milchunas and Lauenroth

1992), but the effect of grazing on rhizodeposition has not

been evaluated. Field studies suggest grazing does not

influence the amount of N mineralized during laboratory

incubations of soils from the shortgrass steppe (Burke et al.

1999), but have not examined grazing effects on microbes

and N dynamics in soils with plant roots.

We studied B. gracilis (C4) and P. smithii (C3) because

they differ in photosynthetic pathway, which is likely to

influence their response to rising atmospheric CO2 and

potentially interact with their response to defoliation

(Wilsey et al. 1997). We measured C allocation and rhi-

zosphere processes (C deposition in the rhizosphere,

changes in microbial C and N biomass, changes in soil

inorganic N pools, and plant N uptake) following defolia-

tion, and tested whether rhizosphere responses to defolia-

tion interact with elevated atmospheric [CO2]. Specifically,

we hypothesized that (1) defoliation will stimulate C rhi-

zodeposition compared to unclipped plants, which (2) will

induce a short-term (24-h) increase in microbial biomass in

the rhizosphere, and (3) increase subsequent N release from

the microbial biomass and uptake of N by plants 1–8 days

after defoliation. We also hypothesized that (4) elevated

atmospheric [CO2] will increase C rhizodeposition fol-

lowing defoliation, with a stronger response for the C3 than

the C4 grass, and (5) this response will be associated with a
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larger defoliation effect on plant N acquisition under ele-

vated [CO2] and for the C3 compared to the C4 grass.

Materials and methods

Soil was collected from the USDA-ARS Central Plains

Experimental Range (CPER) in the shortgrass steppe of

north-eastern Colorado. The soil was a sandy loam of the

Ascalon series (Aridic Argiustolls) taken to 20-cm depth,

was carbonate-free, had a pH of 6.6, and contained 0.95%

total C and 0.09% total N. The soil was homogenized by

sieving (4 mm) and air-dried before use. Polyvinylchloride

cylinders 15 cm diameter by 45 cm deep were filled with a

33:33:33 mixture of the CPER soil, washed sand, and

calcined clay. This mixture allowed for more effective

separation of bulk soil from plant roots and rhizosphere soil

(soil clinging to roots; see below) at the time of plant

harvest compared to the use of pure grassland soil.

We used a factorial design with two grass species, two

levels of atmospheric CO2, and two levels of defoliation

(clipped vs unclipped). Seeds of P. smithii (n = 40 col-

umns) or B. gracilis (n = 40 columns) were sown in the

soil mixture and columns were placed in a greenhouse at

the USDA-ARS Crops Research Laboratory in Fort Col-

lins, CO, USA, for establishment at ambient CO2 and

daytime temperatures of approximately 25�C. At 7 days

after planting, the columns were divided between two

greenhouses. Given that the Intergovernmental Panel on

Climate Change predicts the earth’s atmospheric CO2

concentration will exceed 700 lL L-1 by the end of the

century, we raised the atmospheric CO2 concentration in

one greenhouse to a constant level of 780 ± 50 lL L-1

(average ? standard deviation), while the other green-

house was kept near ambient level (400 ± 40 lL L-1).

The CO2 concentration was continuously monitored and

the CO2 supply was computer-controlled (Argus Control

Systems, White Rock, BC, Canada). Air temperature was

27–29�C during the day and 16–18�C at night. Tempera-

ture was regulated by computer-controlled air conditioners

and heaters (York International, York, PA, USA). Both

greenhouses were equipped with 600-W lights (P.L. Light

Systems, Beamsville, ON, USA) that were on during the

day for 12 h. The light intensity in each greenhouse at plant

height was *500 lmol m-2 s-1 during the day. Relative

humidity was 24 ± 5% during the day and 30 ± 5% dur-

ing the night. Throughout the experiment, we switched the

ambient and elevated CO2 treatments and associated col-

umns between the two greenhouses every 7–8 days. Thus,

we note that the CO2 treatment was not randomized at the

level of individual columns, but columns were independent

with respect to the soil–plant interactions that were the

focus of our measurements. In addition, switching the CO2

treatment between greenhouses weekly insured that any

unknown variation between the greenhouses other than

[CO2] was experienced by both CO2 treatments (Goverde

and Erhardt 2003; Clark et al. 2010). Seedlings were

thinned to eight per pot at 14 days after planting, and to six

per pot at 22 days after planting.

Elevated CO2 is known to influence plant growth in

semi-arid grasslands by enhancing soil moisture availabil-

ity during dry periods between precipitation events

(LeCain et al. 2003; Morgan et al. 2004a). To evaluate the

effect of elevated CO2 on plant C allocation patterns under

the type of water-limited conditions that these grass species

experience in the shortgrass steppe, we applied a deficit

irrigation regime to all treatments following Morgan et al.

(1998). Columns were watered daily during seedling

establishment (0–15 days after planting), and watered to

field capacity 16 days after planting. No water was added

for the subsequent 19 days. A clipping treatment (descri-

bed below) was applied 62 days after planting. For con-

sistency in terminology, hereafter we refer to dates in terms

of the number of days before clipping (DBC) or days after

clipping (DAC). Our deficit watering regime began

17 days after planting, which was equivalent to 44 DBC.

Soil moisture was measured in the columns approximately

weekly, and limited watering resumed at 27 DBC. Because

these species can experience multiple defoliation events

during the growing season under field conditions, all plants

were defoliated to 10 cm height at 24 DBC. A total of

1,310 mL water per column (equivalent to 74 mm cumu-

lative rainfall) was added during 44–10 DBC (Fig. 1). Leaf

water potential was measured 3 DBC (prior to the watering

event that day) with a Plant Measurement System (Cor-

vallis, OR) pressure chamber using a recently expanded

leaf from ten replicates of each treatment combination.

We used pulse additions of 15N and 13C to examine plant

C and N allocation patterns in response to the clipping

treatment. Plants in the clipped treatment were defoliated

to a height of 10 cm to apply a moderate level of defoli-

ation that approximated the recommended grazing intensity

for the shortgrass steppe (Bement 1969). Defoliation to a

constant height also allowed for differences in shoot

morphology (more prostrate leaf angles in B. gracilis

compared to P smithii) to influence defoliation intensity

(see ‘‘Results’’). All columns received the equivalent of a

48-mm rainfall event at 3 DBC and a 36-mm rainfall event

at 4 DAC to provide sufficient moisture for plant regrowth

after the clipping treatment.

Columns were labeled at 2 DBC with the equivalent of

0.5 g 15N m-2 as K15NO3 (98 atom% 15N) dissolved in

30 mL distilled water. The 15N label was applied at this

time to allow for partial uptake of 15N by the soil microbial

biomass and plants prior to the application of the clipping

treatment. 15N was added via five injections at a depth of
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5 cm and five injections at a depth of 15 cm. Immediately

after the clipping treatment, plants were placed within a

sealed, solid polycarbonate chamber. Once atmospheric

CO2 in the chamber declined to 200 lL L-1, we injected

sufficient 13CO2 (99 atom% 13C) to raise atmospheric CO2

in the chamber to 800 lL L-1 and kept plants in the

chamber for 1 h after 13CO2 addition. Two small fans

operated continuously in the chamber, and internal tem-

perature never exceeded 28�C.

Four replicate columns per each treatment were harvested

at the following times: (1) immediately prior to the clipping

treatment and 13C labeling (only unclipped columns har-

vested at this time), which is referred to as day 0 in treatment

analyses (because it was the day the clipping treatment was

applied), (2) 24 h after application of the clipping treatment

and 72 h after 15N labelling (4 replicates from each of 8

treatment combinations), referred to as day 1 in treatment

analyses, and (3) 8 days after the clipping treatment (4 rep-

licates from each of 8 treatment combinations).

At the time of harvest, we carefully removed the cyl-

inder of soil from the PVC column, and while holding the

plants near the base of the crown, we gently shook the bulk

soil away from the plant root mass. Remaining soil cling-

ing to the roots was designated as rhizosphere soil, and was

brushed into a collection pan. After brushing as much

rhizosphere soil from the roots as possible, the roots were

rinsed in 100 mL distilled water, and a subsample of the

rinse water was retained for laboratory analysis. Rhizo-

sphere soil was refrigerated until analysis for moisture

content and microbial biomass within 24 h, and any visible

roots were removed by hand prior to subsampling for

analyses. Plant biomass from each harvested column was

separated into root, crown and aboveground components,

oven-dried at 55�C, and weighed. Plant biomass samples

from the harvests, plus the biomass removed by the clip-

ping treatment, were ground and analyzed for total C and N

content with a CE Instruments NA-2100 autoanalyzer

(Thermoquest, Milan, Italy), and were analyzed for 13C and
15N with a PDZ Europa ANCA-GSL elemental analyzer

interfaced to a PDZ Europa 20–20 isotope ratio mass

spectrometer (Sercon, Cheshire, UK) at the University of

California, Davis Stable Isotope Facility.

Immediately prior to the harvests at 8 DAC, we measured

photosynthesis rates for one leaf from a plant in each pot.

Leaf assimilation of CO2 (lmol m-2 s-1) was measured

using a portable gas analysis system (CIRAS-1 with PLC[N]

leaf cuvette; PP Systems, Hitchin, UK) at out-going cuvette

CO2 concentrations of the growth environment (400 and

780 lL L-1). Healthy, recently expanded leaves were

measured in both clipped and unclipped plants. Assimilation

rate was calculated on a leaf area basis (leaf area measured

with an area meter; LI-COR 3000A; Lincoln, NE, USA), and

converted to a leaf dry weight basis after drying and

weighing the portion of the leaf in the cuvette.

We measured microbial biomass C (MBC) and N

(MBN) and 13C and 15N in rhizosphere soil using fumi-

gation-extraction (Bruulsema and Duxbury 1996). After

thoroughly homogenizing the sample, we added a 25-g

sub-sample to 40 mL of 0.05 M K2SO4. Another 25-g sub-

sample was fumigated with chloroform for 2 days in a

vacuum dessicator and then also added to 40 mL of 0.05 M

K2SO4. Samples were shaken for 1 h and filtered through
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Fig. 1 Changes in soil

moisture for two grass species

and two CO2 treatments over

the course of the experiment in

relation to amounts of water

added to columns. Error bars
are not shown for soil moisture

to enhance visibility of

treatment differences; soil

moisture was significantly lower

for P smithii compared to

B. gracilis and for ambient

compared to elevated CO2

treatment during 30 DBC until

4 DAC, with a significant

species 9CO2 interaction only

at 3 DBC due to a greater CO2

effect on B. gracilis compared

to P. smithii at that time

(Table 1)
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pre-leached Whatman No. 1 filter paper. We analyzed

aliquots of the extracts for total organic C and total N on a

TOC analyzer with an N measuring unit attached (Shimadzu

TOC-VCPN; Shimadzu Scientific Instruments, Wood Dale,

IL, USA). Another aliquot of 6 mL was freeze-dried and

analyzed for 15N on a mass spectrometer. Gravimetric soil

moisture content was measured on a 15-g sub-sample by

oven drying (105�C). Soil sub-samples were dried at 65�C,

ground, and analyzed for total N and 15N on a mass

spectrometer.

Calculations

We calculated microbial N as the difference between N in

the fumigated and non-fumigated samples divided by 0.54

(Brookes et al. 1985), and microbial C as the difference in

C in fumigated and non-fumigated samples multiplied by

2.64 (Vance et al. 1987). For 13C, we calculated the net

increase in the amount of 13C in soils, microbes and plant

tissues on days 1 and 8 as compared to pre-labelling

amount of 13C on day 0 (referred to as the amount of 13C

label hereafter), and we calculated the relative distribution

in the amount of 13C label in soils, microbes and different

plant tissues in order to account for potential differences

among plants in different treatments in their C assimilation

rate when the 13C label was applied. We tested for effects

of defoliation, elevated CO2 and plant species on (1)

absolute amount of C and MBC in rhizosphere soil, (2) the

amount of 13C label in rhizosphere soil and MBC, and (3)

the relative distribution of 13C label in rhizosphere soil,

microbial biomass, roots, crowns, and aboveground plant

tissues. For 15N, we examined total and relative amounts of
15N in rhizosphere soil, microbial biomass, and plant bio-

mass at 0, 1 and 8 days after clipping. All analyses of var-

iance were based on a completely randomized experimental

design (destructive harvests did not allow for repeated

measures on the same subjects), and were implemented in

Proc GLIMMIX of SAS System for Windows, v9.2.

Results

Soil and plant–water responses to elevated CO2

The watering regime produced a rapid decline in gravi-

metric soil moisture content during 46–27 DBC (from a

mean of 31% at 46 DBC to 16% at 27 DBC), and a more

gradual decline in soil moisture during 27–3 DBC (to 11%;

Fig. 1). Soil moisture was still similar across treatments at

35 DBC, but thereafter was consistently lower for P. smithii

compared with B. gracilis, and lower for plants grown at

ambient versus elevated CO2 (Table 1; Fig. 1). The only

Table 1 Results of analyses of

variance for the influence of

elevated CO2 and plant species

on soil moisture measured at

different dates during the

experiment, and for the

influence of defoliation,

elevated CO2, species and date

of measurement (0, 1 and 8 days

after clipping) on plant biomass

production

For each response variable, we

report F and P statistics for

those higher-order interactions

for which P B 0.10, and for

those main factors for which

P [ 0.10 for all higher-order

interactions. Degrees of

freedom (df) are given as

(numerator, denominator) for

each F statistic

DBC Days before clipping,

DAC Days after clipping

Response variable Factor df F P

Gravimetric soil moisture, 31 DBC CO2 1, 76 24.57 \0.0001

Species 1, 76 15.96 0.0001

Gravimetric soil moisture, 27 DBC CO2 1, 76 27.04 \0.0001

Species 1, 76 3.31 0.0727

Gravimetric soil moisture, 19 DBC CO2 1, 76 9.67 0.0026

Species 1, 76 41.54 \0.0001

Gravimetric soil moisture, 3 DBC CO2 9 species 1, 76 5.96 0.017

Gravimetric soil moisture, 4 DAC CO2 1, 28 73.49 \0.0001

Species 1, 28 23.97 \0.0001

Leaf water potential, 3 DBC CO2 1, 36 150.20 \0.0001

Species 1, 36 261.20 \0.0001

Defoliation intensity CO2 1, 28 0.01 0.92

Species 1, 28 5.09 0.032

Total plant production Clipping 9 species 9 date 1, 60 5.81 0.019

CO2 9 species 1, 60 8.44 0.0051

CO2 9 date 1, 60 4.39 0.017

Aboveground production CO2 9 species 1, 60 3.79 0.056

Clipping 9 date 1, 60 4.28 0.043

Crown production CO2 9 species 1, 60 2.84 0.097

Clipping 1, 60 0.35 0.56

Date 1, 60 1.62 0.21

Root production Clipping 9 species 9 date 1, 60 13.32 0.0006

CO2 9 species 9 date 1, 60 4.17 0.020
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significant species CO2 9 interaction occurred at 3 DBC,

when soil moisture was 2.3% greater for B. gracilis at

elevated versus ambient CO2, and 1.2% greater for

P. smithii at elevated versus ambient CO2 (Table 1; Fig. 1).

Thus, the watering regime allowed the CO2 treatment to

influence plant–water relations in a manner consistent with

previous field studies in shortgrass steppe (LeCain et al.

2003; Morgan et al. 2004b). Water limitation was most

severe during 31–3 DBC, and then was partially alleviated

by a large watering event at 3 DBC. Our intensive mea-

surements of plant and rhizosphere responses to defoliation

therefore occurred when plants were responding to a sim-

ulated thunderstorm preceded by drought conditions, which

is a pattern characteristic of semiarid ecosystems (Sala

et al. 1992). Despite increased soil moisture when we

measured rhizosphere responses to defoliation, differences

in soil moisture between species and CO2 treatments were

still evident at this time (e.g., 4 DAC in Fig. 1). Mea-

surements of leaf water potential at 3 DBC confirmed that

moisture was more limiting for P. smithii compared with

B. gracilis ( �X ¼ �1:93 vs -1.42 MPa), and more limiting

for plants at ambient compared with elevated CO2

( �X ¼ �2:18 vs -1.16 MPa; Table 1).

Plant production

The defoliation treatment removed an average of 45% of

the shoot biomass from P. smithii, and 36% of shoot bio-

mass from B. gracilis, and defoliation intensity was similar

for the two CO2 treatments (Table 1). For total plant pro-

duction, the effect of CO2 varied by species, and effect of

clipping varied with species and date of harvest (Table 1).

Given these interactions, we focused on contrasts exam-

ining (1) the effects of CO2 on each species averaged

across harvest dates (because the CO2 treatment was

applied throughout the experiment), and (2) the effect of

defoliation on plants of each species harvested 8 days after

the defoliation treatment. Elevated CO2 increased produc-

tion of P. smithii by 20%, but had no influence on

B. gracilis (Fig. 2a). Defoliation significantly reduced

P. smithii production by 17% on day 8, but had no effect on

B. gracilis (Fig. 2b).

For aboveground plant production, no three- or four-way

interactions were detected (Table 1). Elevated CO2

increased aboveground production for P. smithii (by 26%),

but not B. gracilis (Fig. 2a). Defoliation had no effect on

aboveground production of either species on day 8

(Fig. 2b). Crown biomass exhibited a marginal interaction

between species and CO2 treatment (Table 1), but contrasts

for the effect of CO2 by species were not significant

(P = 0.18 for P. smithii and P = 0.52 for B. gracilis, data

not shown). The largest clipping and CO2 effects were

observed for root production in P. smithii. Elevated CO2

increased P. smithii root biomass by 17%, and had no

influence on B. gracilis roots (Fig. 2a). Defoliation reduced

root biomass of P. smithii by 43% on day 8, but did not

affect B. gracilis root biomass (Fig. 2b).

Carbon dynamics

Contrary to our original hypothesis, we found no evidence

that defoliation enhanced short-term C inputs to the soil for

either grass species. Effects of CO2 on soil C did not

interact with other factors, but elevated CO2 reduced soil C
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by 10% (Table 2; Fig. 3a). Effects of clipping varied by

date and species (Table 2). For P. smithii, clipping had no

effect on soil C on day 1, but reduced soil C by day 8

(Fig. 3b). For B. gracilis, clipping had no influence on soil

C on either date (Fig. 3b). Clipping reduced microbial

biomass carbon (MBC) by 12% across both species and

dates (Fig. 4), and did not interact with other factors

(Table 2). Effects of elevated CO2 depended on species

and date because there was no CO2 effect for P. smithii

soils on day 0, but the CO2 effect was consistently negative

for all other dates, species and defoliation combinations

(data not shown). Hence, we focused on the main effect of

CO2. Elevated CO2 reduced MBC by 20% across species

and dates (Fig. 4).

The 13C pulse addition assessed changes in allocation of

current assimilate above versus belowground following

clipping. Elevated CO2 did not interact with other factors

to influence 13C inputs to the rhizosphere (Table 2), and

reduced 13C inputs in the rhizosphere soil and root wash

solution (Table 2; Fig. 5a, c). In addition, effects of clip-

ping differed between species. For B. gracilis, clipping

reduced 13C inputs to rhizosphere soil by 34% and had no

effect on 13C in root wash solution (Fig. 5b, d). For

P. smithii, defoliation reduced 13C inputs to the soil by

55% (averaged across dates; Fig. 5b); defoliation also

reduced 13C in the root wash solution by 55% on day 1,

with the effect dissipating by day 8 (Fig. 5d). These results

tracing short-term assimilate inputs to the soil were con-

sistent with the results for total C inputs to the soil in terms

of the reduced rhizosphere C at elevated CO2 and the

negative effect of clipping on rhizosphere C for P. smithii

8 days after defoliation (Fig. 3).

Because clipped plants assimilated less 13C label than

unclipped plants, we controlled for the amount of label

uptake by examining the relative distribution of 13C allo-

cated to roots, shoots and crowns in each treatment, and the

ratio of the amount of 13C label detected in the rhizosphere

to the amount of 13C label in plant tissues. Most variation

in 13C relative distribution was between the two species

and dates of measurement (Fig. 6). The effect of defolia-

tion on 13C allocation to shoots varied by species and date

of measurement (Table 2), and analysis of the simple

effects by date and species showed that clipping slightly

reduced allocation of 13C to shoots for B. gracilis on day 8,

and had no effect otherwise (Fig. 6). Elevated CO2 did not

interact with other treatments or directly affect the relative

allocation of 13C to shoots (Table 2). Relative allocation of
13C to crowns did not vary between treatments or species.

Relative allocation of 13C to roots exhibited patterns

inverse to allocation to shoots. Most important, clipping

effects on roots varied with species and date (Table 2)

because clipping had no effect on day 1, but clipping

enhanced relative 13C distribution in roots of B. gracilis by

day 8 (t48 = 2.3, P = 0.0258) and reduced relative 13C

Table 2 Results of analyses of

variance for the influence of

defoliation, elevated CO2,

species and date of

measurement (0, 1 and 8 days

after clipping) on plant and

rhizosphere carbon dynamics

For each response variable, we

report F and P statistics for

those higher-order interactions

for which P B 0.10, and for

those main factors for which

P [ 0.10 for all higher-order

interactions. Degrees of

freedom (df) are given as

(numerator, denominator) for

each F statistic

Variable Term df F P

Rhizosphere soil carbon Clipping 9 date 1, 60 4.14 0.0463

Clipping 9 species 1, 60 5.96 0.0176

CO2 1, 60 37.61 \0.0001

Microbial biomass C CO2 9 species 9 date 1, 60 4.09 0.022

Clipping 1, 60 4.98 0.029

Rhizosphere soil 13C Clipping 9 species 1, 48 2.83 0.099

CO2 1, 48 18.16 \ 0.0001

Date 1, 48 10.05 0.0026

Rootwash 13C Clipping 9 species 9 date 1, 47 3.75 0.059

CO2 1, 47 3.00 0.089
13C relative distribution in shoots Clipping 9 species 9 date 1, 47 6.16 0.017

CO2 1, 48 0.06 0.8124
13C relative distribution in crowns CO2 1, 48 0.03 0.8655

Clip 1, 48 0.29 0.5953

Date 1, 48 14.90 0.0003

Species 1, 48 1.73 0.1944
13C relative distribution in roots Clipping 9 species 9 date 1, 48 6.36 0.015

CO2 9 species 1, 48 4.09 0.0487
13C in rhizosphere:13C in plant Species 9 date 1, 48 12.23 0.0004

CO2 1, 48 4.88 0.032

Clipping 1, 48 1.00 0.3225
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distribution in roots of P. smithii (t48 = 2.14, P = 0.0379;

Fig. 6). We also examined the ratio of the amount of 13C

label in rhizosphere soil versus plant tissues. Surprisingly,

and in contrast to our original hypothesis, this ratio was

unaffected by clipping (Table 2). The ratio did vary by

species and date, and was significantly higher at ambient

compared to elevated CO2 (Table 2).

Nitrogen dynamics

Total dissolved nitrogen (TDN) in rhizosphere soil was

reduced by 20% at elevated compared to ambient CO2 for

P. smithii, but was not affected by CO2 for B. gracilis

(Table 3; Fig. 7a). TDN also declined over time to a

greater degree in the P. smithii compared to the B. gracilis

rhizosphere, but was not affected by clipping (Table 3;

Fig. 7a). B. gracilis maintained substantially lower extract-

able TDN concentrations in the soil than P. smithii on all

dates. We detected large declines in TDN for P. smithii

soil between days 0–1 and 1–8, and a smaller decline for

B. gracilis primarily between days 1–8 (Fig. 7b). For 15N

in the TDN pool, trends over time and response to treat-

ments showed similar patterns as TDN (Table 3; data not

shown). Inorganic N accounted for 95% of soil TDN, with

43% as NH4
? and 57% as NO3

-. Extractable NH4
? did

not vary by treatment or plant species; extractable NO3
-

showed similar patterns as TDN, with differences between

plant species in the size of the NO3
- pool, and the rate of

decline of that pool over time (Table 3; Fig. 7d). Elevated

CO2 substantially reduced extractable NO3
- for P. smi-

thii, but not for B. gracilis (Table 3; Fig. 7c). Elevated

CO2 also reduced N in microbial biomass for both species

(Table 3; Fig. 7e). Microbial biomass N remained rela-

tively constant over time (Table 3; Fig. 7f), but 15N in

microbial biomass averaged across all treatments declined

significantly (Table 3) from a mean of 0.41 lg g dry

soil-1 on day 0–0.23 lg g dry soil-1 on day 8. Thus, the

decline in TD15N between days 0 and 8 was not associated

with microbial 15N uptake. Furthermore, contrary to our

original hypothesis, the clipping treatment did not affect

the rate of loss of 15N from the microbial biomass for

either species or CO2 treatment (Table 3), i.e. we found

no evidence that clipping stimulated release of 15N from

the microbial biomass between days 0, 1 and 8 under any

of the treatment combinations.

Defoliation affected plant N uptake (net change in

plant N between day 0 and 8) differently for the two

species (Fig. 8). Following defoliation, more N and 15N

accumulated in the shoots of clipped versus unclipped

plants of both species (Table 3; Fig. 8). Defoliation did

not influence crown N or 15N (Table 3). Defoliation
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effects on root N differed between the species (Table 3),

with root N and 15N uptake unaffected by clipping for

B. gracilis, but negatively affected for P. smithii (Fig. 8).

In other words, the clipping-induced enhancement of

shoot N occurred at the expense of root N for P. smithii,

but not for B. gracilis. Clipping effects on the net change

in shoot and root N and 15N did not vary with CO2

treatment (Table 3).

Finally, we measured shoot [N] and photosynthesis rates

8 days after the defoliation treatment to examine recovery

from defoliation under ambient and elevated CO2. For

shoot [N], effects of defoliation and CO2 differed between

the species, but effects of CO2 and clipping did not interact

(Table 3; Fig. 9a). For P. smithii, the magnitude of the

increase in shoot [N] caused by clipping was equal to the

reduction caused by elevated CO2 (Fig. 9a). For photo-

synthesis, the effect of defoliation varied with CO2 treat-

ment and species (Table 3). B. gracilis showed no response

to treatments (F3,24 = 1.22, P = 0.32), while P. smithii

photosynthesis showed a significant interaction between
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CO2 and clipping (F3,24 = 14.15, P \ 0.0001) because

rates were enhanced for clipped plants growing at elevated

CO2, but not for clipped plants at ambient CO2 (Fig. 9b).

Discussion

Plant production responses in our study were consistent

with multiple field and laboratory studies indicating that

B. gracilis is highly grazing resistant, while P. smithii can

exhibit some negative responses (Menke and Trlica 1981;

Polley and Detling 1988; Eneboe et al. 2002; Milchunas

et al. 2008). Also consistent with previous field studies, we

found elevated CO2 influenced both species through water

relations (reduced water stress; LeCain et al. 2003),

enhanced production of the C3 grass (Read and Morgan

1996; Morgan et al. 2004b), and reduced shoot [N] for the

C3 grass (Read and Morgan 1996; King et al. 2004).

Rhizosphere responses to defoliation

Contrary to our original hypothesis, we found no support

for the stimulation of rhizodeposition following defoliation

in either species. Instead, all measures of soil C compo-

nents (total rhizosphere soil C, microbial biomass C, 13C

inputs to the rhizosphere soil and 13C on root surfaces)

indicated that defoliation reduced short-term C inputs to

the rhizosphere. Overall, these findings are consistent with

the traditional view that defoliation-induced reductions in

whole-plant photosynthesis often have immediate negative

consequences for the maintenance of root activity (Briske

and Richards 1995).

Reduced rhizodeposition following defoliation could

potentially result if soil N supply was sufficiently high to

alleviate N limitation to regrowth. However, no external N

was supplied during our experiment, and native shortgrass

soil comprised only one-third of the soil volume. Inorganic

N in the rhizospherein relation to date (Fig. 7) was similar

to levels in other studies where grasses did increase rhi-

zodeposition following defoliation (Hamilton and Frank

2001; Hamilton et al. 2008). Furthermore, extractable N

was lower in our study (*2–4 lN g dry soil-1) than in

shortgrass steppe during the growing season (*10 lN g

dry soil-1; McCulley et al. 2009), suggesting low soil N

availability in our study. Also, shoot [N] in our study was

similar to field measurements for B. gracilis (King et al.

2004; McCulley et al. 2009) and P. smithii (Karn and

Ries 2002), and root [N] ( �X ¼ �1SE ¼ 1:0� 0:02 for

B. gracilis and 1.2 ± 0.03 for P smithii) was similar to the

lowest values measured during a 4-year study at a site with

a mixture of the two species (Milchunas et al. 2005b).

Thus, our results suggest that in spite of relatively low

soil N availability, and plant N status similar to field

conditions, neither species increased rhizodeposition fol-

lowing defoliation.

One limitation of the 13C pulse-labelling method we

used is that it only measures allocation of post-defoliation

assimilate. Under some circumstances, defoliation can

stimulate exudation of pre-defoliation assimilate, while

post-defoliation assimilate is allocated elsewhere (Paterson

et al. 2005). In our study, defoliation effects on soil C and

MBC were similar in direction to effects on soil 13C and

MB13C. In particular, the significant negative effect of

defoliation on MBC both 1 and 8 days after defoliation

(Fig. 4) is a strong indicator that defoliation suppressed

rather than enhanced short-term rhizodeposition.

Our findings are in contrast to the increase in rhizode-

position following defoliation documented for several

grazing-adapted plant species (Hamilton and Frank 2001;

Paterson et al. 2003, 2005; Hamilton et al. 2008; Henry

et al. 2008). While it has been hypothesized that increased

rhizodeposition following defoliation may simply be a

plant response to wounding (Henry et al. 2008), our finding

of reduced post-defoliation rhizodeposition suggests the

response may be under plant control for some species.

Thus, the direction and magnitude of defoliation effects on

rhizodeposition appears to vary widely depending on the

  B. gracilis                P. smithii

R
el

at
iv

e 
di

st
rib

ut
io

n 
(%

) 
of

 
13

C
 in

 s
ho

ot
s

0

10

20

30

40

50

60

R
el

at
iv

e 
di

st
rib

ut
io

n 
(%

) 
of

 
13

C
 in

 R
oo

ts

-60

-50

-40

-30

-20

-10

Day 1       Day 8       Day 1      Day 8

NS P = 0.075 NS NS

NS P = 0.026 NS P = 0.038

Control

Clipped

Control

Clipped

Fig. 6 The relative distribution of 13C label in shoots (positive

values) and roots (negative values) of B. gracilis and P. smithii
measured 1 and 8 days after defoliation and labeling of plants with
13C. No significant effects of defoliation were detected for 13C in

plant crowns (data not shown). NS indicates contrasts with P [ 0.10

764 Oecologia (2011) 165:755–770

123



plant species and intensity of defoliation (Dilkes et al.

2004; Mikola and Kytoviita 2002; Fu and Cheng 2004;

Ilmarinen et al. 2008). Although our measures of total

microbial biomass do not address potential shifts in the

abundance or activity of specific microbial functional

groups in response to defoliation, our findings suggest that

increased shoot N concentration and yield in B. gracilis

and P. smithii following defoliation are not necessarily

mediated by rhizodeposition. Instead, responses by some

plant species may be better explained by enhanced N

uptake efficiency by roots and increased allocation of N to

shoots in recently defoliated plants (Ilmarinen et al. 2008).

Grazing tolerance and avoidance strategies

Our original motivation was to examine how rhizosphere

processes contribute to grazing tolerance of B. gracilis and

P. smithii, but the C allocation patterns we documented

also provide important insights concerning grazing avoid-

ance. Both species increased allocation of N and 15N to

regrowing shoots during the first 8 days after defoliation.

However, the large allocation to shoot regrowth in P. smi-

thii occurred at the expense of roots, while the smaller

amount of N allocated to shoot regrowth in B. gracilis was

not associated with a concomitant decline in root N. Over

Table 3 Results of analyses of

variance for the influence of

defoliation, elevated CO2,

species, and in some cases date

of measurement (0, 1 and 8 days

after clipping) on plant and

rhizosphere nitrogen dynamics

For each response variable, we

report F and P statistics for

those higher-order interactions

for which P B 0.10, and for

those main factors for which

P [ 0.10 for all higher-order

interactions. Degrees of

freedom (df) are given as

(numerator, denominator) for

each F statistic

Variable Term df F P

Total dissolved soil N CO2 9 species 1, 60 4.50 0.038

Species 9 date 1, 60 3.00 0.058

Clipping 1, 60 0.76 0.388

Total dissolved soil 15N CO2 9 species 1, 59 5.00 0.029

CO2 9 date 1, 59 2.96 0.059

Species 9 date 1, 59 21.62 0.0001

Clipping 1, 59 0.02 0.8928

Extractable soil NO3
- Species 9 date 1, 60 6.78 0.002

CO2 1, 60 13.71 0.0005

Clipping 1, 60 2.31 0.134

Microbial biomass N Clipping 1, 59 1.25 0.2676

CO2 1, 59 12.61 0.0008

Species 1, 59 0.24 0.6258

Date 1, 59 2.33 0.1064

Microbial biomass 15N CO2 9 species 1, 59 5.00 0.029

Clipping 1, 59 0.16 0.692

Date 1, 59 12.10 \0.0001

Change in shoot N, day 0–8 CO2 9 species 1, 24 3.67 0.0684

Clipping 1, 24 4.04 0.0568

Species 1, 24 7.34 0.0122

CO2 1, 24 0.65 0.4286

Change in crown N, day 0–8 CO2 9 species 1, 24 6.18 0.0203

Clipping 1, 24 0.20 0.6626

Change in root N, day 0–8 Clipping 9 species 1, 24 6.08 0.02

CO2 1, 24 16.45 0.0005

Change in shoot 15N, day 0–8 Clipping 1, 24 7.19 0.014

Species 1, 24 2.75 0.1117

CO2 1, 24 2.18 0.1542

Change in crown 15N, day 0–8 CO2 9 species 1, 24 9.15 0.0059

Clipping 1, 24 0.29 0.594

Change in root 15N, day 0–8 Clipping 9 species 1, 24 2.93 0.1

CO2 1, 24 9.22 0.0057

Shoot [N], day 8 CO2 9 species 1, 24 9.75 0.0046

Clipping x species 1, 24 9.73 0.0047

Net photosynthesis rate, day 8 Clipping 9 CO2 9 species 1, 24 3.13 0.089
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the course of a growing season, B. gracilis maintains more

consistent levels of root and crown carbohydrate reserves

compared to other co-occuring grasses and forb species,

while P. smithii can show substantially depleted root and

crown carbohydrate reserves during periods of above-

ground growth (Menke and Trlica 1981). This pattern

reflects the relatively high and consistent allocation of

photosynthate to roots and crowns by B. gracilis, and the

substantially higher root:shoot ratios found in short-

grass steppe dominated by B. gracilis, as compared with

other grassland ecosystems (Milchunas et al. 2008).

Furthermore, B. gracilis increased allocation of recently
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assimilated C to roots rather than shoots during the first

8 days after defoliation, consistent with the finding that

defoliation did not reduce B. gracilis root production.

Roots of B. gracilis can respond rapidly to moisture

pulses following dry periods, indicating an ability to sur-

vive drought and minimize the need for root regrowth

before water and nutrient uptake can occur (Lauenroth

et al. 1987). Post-defoliation recovery rates of many grass

species are strongly dependent upon soil N supply rates

(Hamilton et al. 1998; Morgan et al. 2001). We found that

defoliation reduced soil C inputs and microbial biomass C

in the B. gracilis rhizosphere, and had no effect on inor-

ganic N pools or changes in 15N within the microbial

biomass or the inorganic N pool during the first 8 days

after defoliation. Despite the lack of effect on soil N

availability, defoliation increased N uptake into B. gracilis

shoots without reducing N in roots and crowns. These

results suggest that the maintenance of root growth in

B. gracilis after defoliation allowed plants to maintain or

increase N uptake from the soil in response to increased

shoot demands.

Our combined results also suggest that (1) grazing

avoidance is an important component of grazing resistance

in B. gracilis, and (2) resource allocation patterns under-

lying avoidance also contribute to the potential for

regrowth and hence grazing tolerance. High belowground

biomass allocation and the maintenance of a prostrate

canopy both minimize tissue loss to herbivores (e.g.,

defoliation to constant height resulted in significantly lower

tissue loss for B. gracilis compared to P. smithii). When

combined with increased allocation of recently assimilated

C belowground to maintain the root system after
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defoliation, these traits appear to allow B. gracilis to

acquire sufficient N for leaf regrowth.

Grazing tolerance in P. smithii was reflected in its ability

to maintain aboveground plant production and replace

shoot N lost to defoliation (Figs. 2 and 9). Compared with

B. gracilis, however, these responses were affected by

atmospheric CO2 and involved tradeoffs with root growth

and N content. The highest net rates of N and 15N uptake

into shoots that we measured were for defoliated P. smithii.

High rates of N transfer into shoots were associated with

(1) a large decline in the extractable inorganic N and 15N

soil pools between day 0 and 8, (2) no increase in N and
15N in microbial biomass, and (3) no net change in N or
15N in roots of defoliated P. smithii as compared with a

large increase in root N in non-defoliated plants. The lack

of clipping effects on extractable N and 15N pools in the

soil on both days 1 and 8 suggests that N uptake continued

at similar rates in both defoliated and non-defoliated

P. smithii, but that defoliated plants allocated more N from

roots to shoots than did non-defoliated plants. Grazing

tolerance via reallocation of C and N from roots to shoots

therefore appears to be an important component of grazing

resistance in P. smithii, but also makes the species more

vulnerable to frequent, repeated grazing events.

Rhizosphere responses to elevated CO2

In many studies, elevated CO2 has been found to increase C

inputs to the rhizosphere (reviewed by Cheng 1999; see

also Allard et al. 2006; Johansson et al. 2009). However,

such studies are typically conducted with plants grown

with non-limiting water supply. In contrast, we found that

elevated CO2 reduced both total inputs of C to the rhizo-

sphere over the course of our experiment (Figs. 3 and 4),

and reduced short-term inputs of assimilate (pulse-labeled
13C) to the rhizosphere (Fig. 5). We suggest that these

findings are related to the strong, positive effects of ele-

vated CO2 on plant–water relations in semi-arid ecosys-

tems. Under water-limiting growth conditions in both our

experiment (Fig. 1) and in field studies in the semi-arid

shortgrass steppe (LeCain et al. 2003; Morgan et al.

2004b), elevated CO2 results in water savings that enhance

soil moisture. Consistent with our findings, studies of a

calcareous grassland in Switzerland that incorporated CO2

effects on soil–water relations found that elevated CO2 did

not increase rhizodeposition, even though elevated CO2 did

increase C allocation to roots (Niklaus et al. 2001). One

potential consequence of reduced water stress may be a

reduction in fine root mortality, which in turn could reduce

C inputs to the rhizosphere. Another possibility is that

alleviation of moisture stress alters root physiology in a

manner that also reduces C loss through exudation, but we

are unaware of studies addressing this issue. The lack of a

CO2 effect on relative allocation to above versus below-

ground production in our study is similar to field results, as

is the average aboveground:belowground production ratio

for plants in our study (1.2) versus measurements under

field conditions (0.9–1.3; Milchunas et al. 2005b). How-

ever, our study was conducted with young plants that did

not have older, more suberized roots and well-developed

crowns, which must also be considered when comparing

with field studies.

Elevated CO2 and plant recovery from defoliation

One of the few clear interactive effects of defoliation and

elevated CO2 was a substantial increase in the photosyn-

thesis rate of defoliated versus non-defoliated P. smithii,

but only under elevated CO2 (Fig. 9). Build-up of leaf

carbohydrates has long been understood to reduce photo-

synthetic capacity in plants grown in CO2-enriched atmo-

spheres (Stitt 1991; Jacob et al. 1995; Ziska et al. 1995).

We suggest that defoliation likely created new and/or

stronger carbohydrate sinks, thereby enhancing the trans-

port of carbohydrate away from the chloroplast and

enhancing the plants’ ability to respond to higher CO2.

Such a mechanism is consistent with findings for photo-

synthesis and leaf carbohydrates of grazed Lolium perenne

under elevated CO2 in New Zealand (Guo et al. 2006). In

addition, the reduction in leaf [N] under elevated CO2 was

offset by increased shoot [N] in defoliated P. smithii, which

may have contributed to the strong photosynthetic response

to CO2. Our finding of enhanced photosynthesis for defo-

liated P. smithii under elevated CO2 suggests that shoot

growth beyond the first week after defoliation could have

continued at higher rates for defoliated plants under ele-

vated CO2, and hence that elevated CO2 may enhance

grazing tolerance of P. smithii. However, this finding

appears to be related to physiological responses of P. smi-

thii to defoliation and elevated CO2, rather than interac-

tions with the soil microbial community.

Reduced leaf [N] under elevated atmospheric CO2 can

also result in critical reductions in forage quality for

grazing ruminants (Milchunas et al. 2005a). We found that

defoliation of P. smithii increased leaf [N] to the same

extent that elevated CO2 reduced it, suggesting that grazing

management could potentially play a role in mitigating

CO2 effects on forage quality. Improved understanding of

how the timing and intensity of defoliation influence tem-

poral patterns of plant N uptake and regrowth under ele-

vated CO2 could improve our ability to develop and test

effective strategies to minimize the influence of rising

atmospheric CO2 on forage quality.
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