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Summary

1. It has been suggested that much of the elevated CO2 effect on plant productivity and N

cycling in semi-arid grasslands is related to a CO2-induced increase in soil moisture, but the rela-

tive importance of moisture-mediated and direct effects of CO2 remain unclear.

2. We grew five grassland species common to the semi-arid grasslands of northern Colorado,

USA, as monocultures and as mixtures of all five species in pots. We examined the effects of

atmospheric CO2 concentration (ambient vs. 780 p.p.m.) and soil moisture (15 vs. 20% m ⁄m) on

plant biomass and plant N uptake. Our objective was to separate CO2 effects not related to water

from water-mediated CO2 effects by frequently watering the pots, thereby eliminating most of

the elevated CO2 effects on soil moisture, and including a water treatment similar in magnitude

to the water-savings effect of CO2.

3. Biomass of the C3 grasses Hesperostipa comata and Pascopyrum smithii increased under

elevated CO2, biomass of the C4 grass Bouteloua gracilis increased with increased soil moisture,

while biomass of the forbs Artemisia frigida and Linaria dalmatica had no or mixed responses.

Increased plant N uptake contributed to the increase in plant biomass with increased soil mois-

ture while the increase in plant biomass with CO2 enrichment was mostly a result of increased N

use efficiency (NUE). Species-specific responses to elevated CO2 and increased soil moisture

differed between monocultures and mixtures. Both under elevated CO2 and with increased soil

moisture, certain species gained N in mixtures at the expense of species that lost N, but elevated

CO2 led to a different set of winners and losers than did increased water.

4. Elevated CO2 can directly increase plant productivity of semi-arid grasslands through

increased NUE, while a CO2-induced increase in soil moisture stimulating net N mineralization

could further enhance plant productivity through increased N uptake. Our results further indi-

cate that the largest positive and negative effects of elevated CO2 and increased soil moisture on

plant productivity occur with interspecific competition. Responses of this grassland community

to elevated CO2 and water may be both contingent upon and accentuated by competition.

Key-words: elevated atmospheric CO2, forbs, C3 and C4 grasses, greenhouse experiment, inter-

and intraspecific competition, nitrogen dynamics, semi-arid grassland, water availability

Introduction

Both empirical and modelling studies indicate that semi-

arid grasslands show some of the largest increases in plant

productivity in response to atmospheric CO2 enrichment

(Melillo et al. 1993; Morgan et al. 2004b). Not all plant

species respond in the same way to elevated CO2. For

instance, the C3 grass Hesperostipa comata and the

sub-shrub Artemisia frigida showed strong increases in

above-ground biomass with elevated CO2 in a 5-year

open-top-chamber experiment at the shortgrass steppe in

Colorado, while above-ground biomass of the C3 grass

Pascopyrum smithii and the C4 grass Bouteloua gracilis was

not affected (Morgan et al. 2004a, 2007). Differences in

photosynthetic pathways between C3 and C4 plants or the

ability to fix N are important species traits that affect how

plant species respond to elevated CO2 (Johnson, Polley &

Mayeux 1993; Lüscher & Nösberger 1997; Reich et al.*Correspondence author. E-mail: feike.dijkstra@ars.usda.gov
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2001b). Because soil resources such as water and nitrogen

(N) are affected by elevated CO2, the ability to compete for

these resources is another factor that could cause variation

in plant species growth responses to elevated CO2

(Berntson, Rajakaruna & Bazzaz 1998; Derner et al. 2003;

Maestre, Bradford & Reynolds 2005). Soil moisture in

particular is an important resource in semi-arid grasslands

that could be critical for species-specific responses to

elevated CO2. Indeed, it was suggested that the increased

growth of certain semi-arid grassland species under elevated

CO2 was a result of improved soil moisture conditions

(because of decreased stomatal conductance) more than

direct effects of elevated CO2 on photosynthesis (Lecain

et al. 2003; Morgan et al. 2007).

Increased plant growth under elevated CO2 coincides with

increased plant N uptake as well as increased N use efficiency

(NUE, Soussana et al. 2005; Norby & Iversen 2006; Finzi

et al. 2007). The extent to which increased plant growth under

elevated CO2 involves changes in NUE or plant N uptake

depends on how much N is available in the soil for plant

growth, which itself is influenced by CO2. Elevated CO2 could

reduce soil N availability because of increased microbial

immobilization (Dı́az et al. 1993; Gill et al. 2002). Initial

increases in plant N uptake could reduce soil N availability in

the long-term because of increased storage of N in long-lived

plant biomass and soil organic matter (Luo et al. 2004; Reich,

Hungate & Luo 2006). In systems where soil N availability is

reduced by elevated CO2, increases in plant growth under

elevated CO2 may therefore only be possible when plants

increase their NUE. On the other hand, in dry ecosystems

elevated CO2 can significantly improve soil moisture condi-

tions, thereby increasing N mineralization and plant N

uptake (Hungate et al. 1997; Dijkstra et al. 2008). Therefore,

increased plant N uptake under elevated CO2 may be more

important for increased plant growth in dry than in wet

ecosystems.

Here we studied the effects of atmospheric CO2 (ambient

vs. 780 p.p.m.) and soil moisture (15 vs. 20% m ⁄m) on plant

growth and plant N uptake of five species common to the

semi-arid grasslands in northern Colorado, in an environ-

mentally controlled greenhouse experiment. We tried to keep

soil moisture levels constant throughout the experiment to

separate soil moisture effects from direct effects of elevated

CO2 not related to soil moisture, such as effects on photosyn-

thesis and rhizosphere processes affecting nutrient cycling

(Dijkstra & Cheng 2008). Many studies using greenhouse and

growth chambers to test elevated CO2 effects on plant growth

and plant N uptake have been done by growing plants as

monocultures or in isolation as single plants (e.g., Morgan

et al. 1994, 1998; Dijkstra & Cheng 2008). However, plant

growth responses to elevated CO2 grown in isolation or as

monocultures may be very different from plant growth

responses when grown in mixtures (Navas 1998; Poorter &

Navas 2003). Large variation in species-specific plant growth

responses to elevated CO2 could change competitive interac-

tions within plant communities (Bazzaz & McConnaughay

1992; Körner & Bazzaz 1996). Indeed, above-ground plant

biomass of the C3 grass P. smithii and the C4 grass B. gracilis

significantly increased under elevated CO2 when grown as

monocultures in growth chambers (Morgan et al. 1994, 1998;

Hunt et al. 1996), whereas the same species showed no or very

little response to elevated CO2 when growing in a natural

plant community (Morgan et al. 2004a). To elucidate the role

of inter- and intraspecific competition for resources, we

compared CO2 and soil moisture treatment effects on plant

species grown as monocultures with their effects on the same

plant species grown inmixtures.

We asked the following questions.

1. Is the stimulatory effect of elevated CO2 on the growth of

five semi-arid grassland species caused by improved water

conditions, or also by other CO2 effects?

2. What are the roles of increased plant N uptake and

increased NUE in the stimulatory effects of elevated CO2

and increased soil moisture?

3. Do plant growth and N uptake responses to elevated CO2

and increased water availability differ between inter- and

intraspecific competitive interactions among plants?

Materials and methods

The soil we used for our experiment came from a semi-arid grassland

at the USDA-ARS Central Plains Experimental Range (CPER),

northeastern Colorado (lat. 40�50¢, long. 104�47¢). The soil is a sandy
loam of the Ascalon series (Aridic Argiustolls). The top 20-cm of the

soil was scraped from the surface with a backhoe and dumped on a

large metal sieve (mesh size 4 mm) to remove large plant parts and to

homogenize the soil. The soil had 0Æ95%C and 0Æ09%N, and a pH of

6Æ6. We filled 120 polyvinyl chloride (PVC) pots (diam. 20 cm, height

40 cm) with sieved soil (c. 14 kg of air-dry soil per pot). The pots were

capped at the bottom and no leaching occurred during the experi-

ment. The initial inorganic N content (NH4
+ + NO3

)) of the soil

was 23 mgN kg)1 soil or�0Æ3 g N pot)1. The pots were then watered

to field capacity or 30% m ⁄m. We transplanted seedlings of the

perennial grasses Bouteloua gracilis (BOGR, C4 grass), Hesperostipa

comata (HECO,C3 grass), andPascopyrum smithii (PASM, C3 grass),

the sub-shrub Artemisia frigida (ARFR), and the invasive forb

Linaria dalmatica (LIDA) as monocultures (five seedlings per pot, 20

pots per species). In the other 20 pots we transplanted all five species

asmixtures (one seedling of each species per pot).

We grew the plants in two greenhouses located at the USDA-ARS

Crops Research Laboratory, Fort Collins, CO, USA. Half of all the

pots (10 replicates of each monoculture ⁄mixture or species composi-

tion) were placed in one greenhouse that was kept under ambient

atmospheric CO2 (400 ± 40 p.p.m, average ± standard deviation),

and the other half in a greenhouse kept under elevated CO2

(780 ± 50 p.p.m.). The CO2 concentration was continuously moni-

tored and the CO2 supply was computer-controlled (Argus Control

Systems Ltd, White Rock, BC1). The added CO2 entered the green-

house through a ventilation system ensuring uniform distribution of

the CO2 concentration inside the greenhouse. Air temperature in both

greenhouses was kept between 27 and 29 �C during the day and

1Trade and company names are given for the reader’s benefit and do

not imply endorsement or preferential treatment of any product by

theUSDA.
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between 16 and 18 �C during the night. Temperature was regulated

by computer-controlled air conditioners and heaters (York Interna-

tional, York, PA). Both greenhouses were equippedwith 600 W lights

(P.L. Light Systems, Beamsville, ON) that were on during the day for

12 h. During the day the light intensity in each greenhouse was

�200 W m)2. The relative humidity in each greenhouse was

24 ± 5% during the day and 30 ± 5% during the night. To reduce

greenhouse effects not related to the CO2 treatment, we swapped the

pots once a week between the two greenhouses during our experiment

(12 weeks, Heijmans et al. 2002; Goverde & Erhardt 2003). The CO2

treatment was swapped concurrently so that the same plants received

the sameCO2 treatment throughout the experiment.

During the first week of the experiment the pots were watered

frequently to maintain soil water content near 30% to enhance seed-

ling growth. After that, watering was discontinued until half of the

pots (five replicates for each monoculture ⁄mixture and each CO2

treatment) dried down to 15% gravimetric soil moisture (low water)

and the other half to 20% gravimetric soil moisture (high water). The

15 and 20% soil moisture contents correspond to 50 and 67% of field

capacity respectively. The relative difference between the two water

treatments is 33%. At CPER, elevated CO2 (720 p.p.m.) increased

soil moisture on average from 11Æ4 to 12Æ9% (increase of 14% com-

pared with ambient CO2) in the upper metre, while the relative differ-

ence between ambient and elevated CO2 was sometimes as much as

45% (Lecain et al. 2003). Thus, the magnitude of our water treatment

was not unrealistic compared with the water savings effect of elevated

CO2 under field conditions. We maintained the low and high soil

water levels by watering the pots three times per week with DI water.

Once a week, the pots were weighed and watered to their target soil

moisture levels, while during the other two times of the week, the

amount of water that was added was estimated based on previous

water loss from each pot. Pots inside each greenhouse were placed in

five blocks of twelve pots (one replicate of each of the six species com-

position and twowater treatments).

With our frequent watering we tried to maintain constant soil

moisture levels during the experiment, thereby eliminating potential

CO2 effects on soil water content. However, between watering

periods, pots under ambient CO2 dried out faster than pots under

elevated CO2 (Fig. 1). On average, soil moisture of the low water

treatment was 12Æ6% and 13Æ1% under ambient and elevated CO2

respectively, and soil moisture of the high water treatment was 16Æ9%
and 17Æ7% under ambient and elevated CO2 respectively (averaged

for 25–85 days after transplanting).

We harvested all pots 85 days after transplanting. Plants were

separated into shoots and roots, dried (65 �C) and weighed. The plant
material was then ground and analysed for N on a mass spectrometer

(20–20 Stable Isotope Analyzer, Europa Scientific, Cheshire, UK).

We were unable to separate root biomass in the mixtures by species

and the data reported are for the combined roots from all species. The

soil in each pot was thoroughly mixed and a 25 g subsample was

extracted with 60 ml 2 M KCl, filtered (using pre-cleaned Whatman

No. 1 filter paper) and frozen until analyses for NH4
+ andNO3

) on a

flow injection analyzer (QuickChem FIA+, Lachat Instruments,

Milwaukee, WI). We assumed that the difference between the final

soil inorganic N amount (NH4
+ and NO3

)) and the initial amount at

the start of the experiment was taken up by the plant. Note that this is

a potential amount, and that the amount of initially available N that

was actually taken upwas somewhat lower because some of the initial

inorganic N was lost as gaseous N during the experiment (Dijkstra

et al. 2010). We then compared this amount to the total amount of N

in plant biomass to deduce plant N supply through decomposition

during the experiment.

We calculated the absolute change in shoot biomass in response to

elevated CO2 and high water for each species grown in monoculture

and in mixture. Because there was only one plant for each species in

the mixtures, but five plants in each of the monoculture pots, we

multiplied the absolute responses in the mixtures by five for plant

density-independent comparison with the monocultures. We also

calculated the Shoot Biomass Enhancement Ratio (BER) and shoot

N uptake Enhancement Ratio (NER, Berntson, Rajakaruna &

Bazzaz 1998; Poorter & Navas 2003) to elevated CO2 and high water

for each species in monoculture and mixture. BERCO2 was calculated

as the ratio of the average shoot biomass of the elevated CO2 treat-

ment divided by the average shoot biomass of the ambient CO2 treat-

ment, while BERwater was calculated as the ratio of the average shoot

biomass of the high water treatment divided by the average shoot

biomass of the low water treatment. NERCO2 and NERwater were

calculated similarly, but using shoot N content (in g pot)1) rather

than shoot biomass. BER and NER values greater than one indicate

positive effects of elevated CO2 or high water on shoot biomass and

shoot N content (increased N uptake). Further, if BER and NER are

the same, then the positive effect of elevated CO2 or high water on

shoot biomass is accompanied by increased N uptake alone, but not

by increased N Use Efficiency (NUE, shoot biomass ⁄ shoot N con-

tent). If BER is higher than NER, then the positive effect of elevated

CO2 or high water on shoot biomass involves increased NUE. We

further defined the N Use Efficiency Enhancement Ratio (NUE-ER)

as the ratio of the NUE of the elevated CO2 or high water treatments

divided by the NUE of the ambient CO2 or low water treatments

(NUE-ERCO2 andNUE-ERwater respectively).

For the monocultures we used ANOVA to test for main effects of

CO2 (ambient and elevated CO2), water (low and high water), and

species (ARFR, LIDA, BOGR, HECO, and PASM), as well as their

interactions, on shoot, root, and total biomass and their N contents.

For each species we used the Tukey’s HSD test to compare the means

of the four CO2 by water treatment combinations. We did the same

analyses with the mixtures, but then only for shoot biomass and N

content (we were unable to separate root biomass by species in the

mixtures). For root and total biomass and their N contents in the

mixtures we left the factor species out of the ANOVA, and only tested

for CO2, water, and CO2 · water effects. Using all pots, we tested for

main effects of CO2, water, and species number (monocultures and
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Fig. 1. Average gravimetric soil moisture content during the

experiment for each of the CO2 and water treatments (averaged

across species identity and species number, aCO2 = ambient CO2,

eCO2 = elevatedCO2).
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mixtures), and their interactions on shoot, root, and total biomass

and their N contents. For these last analyses we first averaged the five

monoculture species in each block to create equal sample sizes com-

pared with the mixtures. We also used Tukey’s HSD tests to compare

the means of the four CO2 by water treatment combinations for

monocultures and mixtures separately. Finally we used ANOVA to test

for main effects of CO2, water, species, species number, and all their

interactions, on shoot biomass, shoot N content, and shoot NUE. In

all ANOVA s we included block as a random effect. We log-transformed

datawhen necessary to reduce heteroscedasticity. All statistical analy-

ses were done with JMP (version 4.0.4; SAS Institute, Cary, North

Carolina, USA).

Results

Total plant biomass in the monocultures increased under

elevated CO2 (by 6Æ8% averaged across the water treatment)

and with highwater (by 10Æ4%averaged across the CO2 treat-

ment, Table 1, Fig. 2a and b). In the mixtures, elevated CO2

and high water effects on total plant biomass were similar in

magnitude (average increase of 9Æ8% under elevated CO2 and

6Æ1% with high water), but less significant for the CO2 and

not significant for the water treatment (Table 1). Individual

species inmonoculture showed different responses to elevated

CO2 and high water. Total biomass of the C3 grasses HECO

and PASM increased with elevatedCO2, although only signif-

icantly so in combination with high water (Fig. 2a). Total

biomass of the C4 grass BOGR was not affected by elevated

CO2, but increased with high water. The sub-shrub ARFR

did not respond to elevated CO2 or water, while the invasive

forb LIDA responded positively to elevated CO2 with low

water but negatively with highwater.

In contrast to total plant biomass, total plant N (in g pot)1)

was not affected by elevated CO2 in the monocultures

(Table 1, Fig. 2c). On the other hand, total plant N, averaged

across all species and CO2 levels, increased significantly with

high water (on average by 10Æ4%, Table 1). Although similar

in magnitude (average increase of 9Æ3%), the high water

treatment effect on total plant N was not significant in the

mixtures (Table 1, Fig. 2d). Within the monocultures, total

species-specific plant N responses to elevated CO2 and high

water were similar to species-specific plant biomass responses,

with the largest increases in total plant N for HECO, only an

increase with high water for BOGR, and no elevated CO2 or

high water effects for ARFR and LIDA. Unlike total plant

biomass, total plant N of PASM did not respond to elevated

CO2 or high water (Fig. 2c). Soil inorganic N was depleted

from 0Æ32 g N pot)1 at the beginning of the experiment to

very low concentrations in all treatments at the end of the

experiment (on average to 0Æ017 g N pot)1, Fig. 2c and d). As

a result, changes in soil inorganic N during the time frame of

the experiment were very similar among treatments. Thus,

treatment effects on total plant N were not due to differences

in plant uptake of soil inorganic N that was available at the

start of the experiment, but most likely because of differences

in N supply (i.e., net N mineralization, and possibly organic

N uptake).

In the monocultures, effects of elevated CO2 and high

water were slightly larger for shoot biomass than for total

Table 1. Summary of ANOVA results (P-values) for the effects of CO2 (ambient and elevated), water (low and high), and species identity (ARFR,

LIDA, BOGR, HECO, and PASM) in the monocultures only and in the mixtures only, and for the effects of CO2, water, and species number

(monoculture andmixture) in all pots (ns = not significant,P > 0Æ1)

Effect

Shoot

biomass

Root

biomass

Total

biomass

Shoot

N

Root

N

Total

N

Monocultures

CO2 0Æ0003 ns 0Æ05 0Æ10 ns ns

Water 0Æ0003 ns 0Æ001 0Æ0006 ns 0Æ005
CO2 · water ns 0Æ02 ns ns ns ns

Sp <0Æ0001 <0Æ0001 <0Æ0001 <0Æ0001 <0Æ0001 0Æ0004
CO2 · sp ns ns ns ns ns ns

Water · sp 0Æ02 0Æ01 0Æ001 0Æ005 ns 0Æ08
CO2 · water · sp ns <0Æ0001 0Æ002 ns 0Æ03 ns

Mixtures

CO2 ns 0Æ05 0Æ08 0Æ04 0Æ09 ns

Water ns ns ns 0Æ08 ns ns

CO2 · water 0Æ05 ns ns 0Æ10 ns 0Æ06
Sp <0Æ0001 – – <0Æ0001 – –

CO2 · sp 0Æ06 – – 0Æ10 – –

Water · sp 0Æ09 – – ns – –

CO2 · water · sp ns – – ns – –

All pots

CO2 0Æ02 0Æ05 0Æ008 0Æ02 ns ns

Water 0Æ004 ns 0Æ007 0Æ003 ns 0Æ005
CO2 · water 0Æ05 ns ns 0Æ01 ns 0Æ03
Sp# ns <0Æ0001 0Æ007 0Æ0009 ns 0Æ06
CO2 · sp# ns 0Æ04 ns ns ns ns

Water · sp# ns ns ns ns ns ns

CO2 · water · sp# ns ns ns ns ns ns
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biomass (average increase of 14Æ1% under elevated CO2 and

14Æ0% with high water). Also, the increase in shoot N in

response to high water was slightly larger than for total plant

N (average increase of 14Æ3%). While larger in magnitude,

individual species shoot biomass and shoot N responses to

elevatedCO2 and highwater inmonoculture showed a similar

pattern as individual species total biomass and total plant N

responses, with the exception that LIDA shoot biomass did

not respond to elevated CO2 or high water and that BOGR

shoot biomass increased under elevated CO2 with high water

(Fig. 3a). When all five species were grown in mixtures,

elevated CO2 and high water had no effect on shoot biomass,

while shoot N significantly decreased under elevated CO2 (on

average by 16Æ8%) and increased with high water (on average

by 8Æ7%, Table 1, Fig. 3b and d). Also, responses of the indi-

vidual species to elevated CO2 and high water changed com-

pared with their responses in monoculture (Fig. 3b and d).

For instance, when grown in mixtures, shoot biomass and

shoot N of LIDA was negatively affected by elevated CO2,

particularly with low water, while shoot biomass of BOGR

was negatively affected by high water under ambient CO2.

The CO2 · sp · sp# and Water · sp · sp# effects on shoot

biomass and shoot N were marginally significant (Table 2).

Absolute differences in shoot biomass responses to elevated

CO2 and high water (net change in shoot biomass) for mono-

cultures and mixtures are shown in Fig. 4. To compare net

changes in shoot biomass between monocultures and mix-

tures wemultiplied the net changes in the mixtures by five (see

Methods). Here it becomes particularly clear that species

responses to elevated CO2 and high water depended on

whether these species were grown in monoculture or in mix-

ture. In particular, LIDA responses to elevated CO2 were

positive in monoculture but negative in mixtures, and BOGR

responses to highwater were positive inmonoculture but neg-

ative inmixtures (particularly under ambient CO2).

The N uptake Enhancement Ratio (NER) was plotted as a

function of the Biomass Enhancement Ratio (BER) to inves-

tigate the association of shoot biomass responses to elevated

CO2 and high water with N uptake (expressed by NER), and

to evaluate changes in NUE (expressed by the deviation from

the 1 : 1 line in Fig. 5). BERCO2 values (BER in response to

elevated CO2, Fig. 5a) were generally greater than 1, except

for some species grown in mixtures. On the other hand,

NERCO2 values (NER in response to elevated CO2) were

mostly smaller than 1, except for some species under high

water. Further, NERCO2 values were always lower than

BERCO2 values, indicating that the NUE increased for all

treatments under elevated CO2 (P < 0Æ0001, Table 2). The

NUE Enhancement Ratios in response to elevated CO2

(NUE-ERCO2) ranged between 1Æ02 and 1Æ42. Most of the

NERwater values were greater than 1, and NERwater values

were sometimes lower and sometimes higher than BERwater

(Fig. 5b). The NUE-ERwater ranged between 0Æ78 and 1Æ16
and on average, the increase inNUEwith highwater was only

marginally significant (P = 0Æ09, Table 2). Most of the treat-

ments that had a NUE-ERwater smaller than 1 were under ele-

vated CO2. There was also a marginally significant

CO2 · water interaction for NUE (P = 0Æ06, Table 2).
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ments within the monocultures (a and c),

and for each of the CO2, water and species

number treatments for all pots (b and d,

aCO2 = ambient CO2, eCO2 = elevated

CO2, L = low water, H = high water,

ARFR = A. frigida, LIDA = L. dalmatica,

BOGR = B. gracilis, HECO = H. comata,

PASM = P. smithii, MONO = monocul-

tures, MIX = mixtures, error bars indicate

1 SE). Panel C and D also include the

change in soil inorganic N between the end

and start of the experiment. Different letters

above bars indicate significant differences

among the CO2 and water treatments for

each species or species number separately

(P < 0Æ05, Tukey’s HSD test).
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Discussion

I S T H E S T I M U LA T O R Y E F F EC T O F E LE V AT ED C O 2 O N

P LA N T G R O W T H C A U S ED B Y I M P R O V E D W AT ER C O N D I -

T I ON S , O R A L SO BY O T H E R C O 2 E F F E C T S ?

By frequently watering the pots up to their target levels, we

tried to remove elevated CO2-induced soil moisture effects on

plant growth and N uptake (Dijkstra & Cheng 2008). We did

not fully succeed in this in that between watering events, pots

under ambient CO2 dried out slightly faster than pots under

elevated CO2 (Fig. 1). Thus, we cannot rule out potential

effects of CO2-induced increases in soil moisture on plant

growth and N uptake. Because soil moisture differences

between the ambient and elevated CO2 treatment were quite

small relative to soil moisture differences between the low and

high water treatment (Fig. 1), any effects of CO2-induced

increases in soil moisture should also be relatively small com-

pared with soil moisture effects induced by the water treat-

ment. Thus, elevated CO2 effects on plant growth and N

uptake were most likely caused primarily by direct effects not

related to soil moisture, such as effects on photosynthesis and

rhizosphere processes affecting nutrient cycling.

Our results suggest that, when grown in monoculture,

direct effects of elevated CO2 and effects of increased soil

moisture stimulated plant growth. The magnitude of these

effects was relatively small (each less than 14%). In a Colo-

rado shortgrass steppe field experiment with similar plant spe-

cies and soil, doubling of the CO2 concentration caused an

increase in shoot biomass between 16 and 93% (with greater

responses during dry years, Morgan et al. 2004b). However,

under these field conditions, direct effects of elevated CO2

and CO2-induced increases in soil moisture operate simulta-

neously. Indeed, we observed the largest responses when

direct effects of elevated CO2 and high water were combined,

indicating the importance of both effects. On average shoot

biomass in themonocultures increased by 30% in the elevated

CO2-high water treatment compared with the ambient CO2-

low water treatment, not very different from field observa-

tions during a normal precipitation year. While elevated CO2

and high water effects on plant growth were smaller in the

mixtures, the largest effects also occurred in the elevated

CO2-high water treatment (average increase of 11Æ8% com-

pared with the ambient CO2-lowwater treatment).

It is not clear why plant growth responses to elevated CO2

and high water in mixtures were smaller than in monocul-

tures. Reich et al. (2001a) found that the increase in plant

growth under elevated CO2 was less in species-poor than in
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Fig. 3. Average shoot biomass (a and b) and

shoot N content (c and d) for each of the

CO2, water, and species identity treatments in

the monocultures (a and c) and in the

mixtures (b and d, for explanation of

abbreviations see Fig. 2, error bars indicate 1

SE). Different letters above bars indicate

significant differences among the CO2 and

water treatments for each species separately

(P < 0Æ05, Tukey’s HSD test).

Table 2. Summary of ANOVA results (P-values) for the effects of CO2

(ambient and elevated), water (low and high), species (ARFR, LIDA,

BOGR, HECO, and PASM), species number (monocultures and

mixtures), and their interactions on shoot biomass, shoot N pool, and

shoot NUE (ns = not significant,P > 0Æ1)

Effect

Shoot

biomass

Shoot

N

Shoot

NUE

CO2 0Æ06 0Æ01 <0Æ0001
Water 0Æ002 0Æ009 0Æ09
Sp <0Æ0001 <0Æ0001 <0Æ0001
Sp# 0Æ04 <0Æ0001 <0Æ0001
CO2 · water ns 0Æ01 0Æ06
CO2 · sp 0Æ04 0Æ09 <0Æ0001
CO2 · sp# ns ns ns

Water · sp ns ns ns

Water · sp# ns ns ns

Sp · sp# <0Æ0001 <0Æ0001 <0Æ0001
CO2 · water · sp ns ns ns

CO2 · water · sp# ns ns ns

CO2 · sp · sp# 0Æ07 0Æ10 ns

Water · sp · sp# 0Æ04 0Æ08 ns

CO2 · water · sp · sp# ns ns ns
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species-rich assemblages, because of multiple-species sam-

pling effects, niche complementarity and positive species

interactions. Possibly, changes in relative growth among

species in mixtures may have affected the overall responses to

elevated CO2 and water in our experiment. For instance,

greatly reduced growth of HECO in mixtures, a species that

responded strongly to elevated CO2 in monoculture, may

have reduced the overall CO2 response in mixtures. HECO

also responded strongly to elevated CO2 in the Colorado

shortgrass steppe field experiment, which could explain why

our overall lower elevated CO2 and high water responses in

mixtures were low relative to those observed in the field

(Morgan et al. 2004a).

The elevated CO2 effect on plant growth was relatively

strong in the C3 grasses HECO and PASM (Fig. 4). Because

elevated CO2 did not increase plant N uptake (see below), ele-

vated CO2 may have increased the photosynthetic capacity of

these species. On the other hand, plant growth of the C4 grass

BOGR responded to high water only, suggesting that this

species did not increase its photosynthetic capacity under

elevated CO2. Others have observed increased plant growth

of BOGR in response to elevated CO2 (Morgan et al. 1994,

1998; Hunt et al. 1996). Our results suggest that this increase

may have occurred because of CO2-induced increases in soil

moisture. It is noteworthy that total and shoot biomass of the

sub-shrub ARFR did not respond to elevated CO2 or high

water when grown in monoculture or in mixture. Morgan

et al. (2007) reported a 40-fold increase in above-ground

biomass of this species after 5 years of elevated CO2 in the

shortgrass steppe field experiment, and suggested that

CO2-induced changes in soil ⁄plant water relations were

involved in that response. Direct photosynthetic and growth

responses to CO2 tend to be strong and expressed readily in

young C3 plants (Long et al. 2004), while the more indirect,

secondary responses of plants to CO2 through changes in

water relations may require years to develop under more real-

istic field environments where species differences in traits like

rooting morphology and competition for soil water come into

play. Lack of a biomass response of ARFR in the present

experiment suggests that the direct photosynthetic response

of this species to CO2 may be limited, and that improved

water relations may have played an important role in its sub-

stantial growth response to CO2 reported in the 5-year open

top chamber experiment.

W H A T A R E T H E R O LE S O F I N C R E A S ED P LA N T N

U P T A K E A N D I N C R E A S E D N U E I N T H E S T I M U L A T OR Y

E F F E C T S OF E L EV A T E D C O 2 A N D I N C R E A SE D S OI L

M O I S T U R E?

Total plant N uptake (plant N content in g pot)1) was not

affected by elevated CO2 but increased with high water in the
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� 2010 The Authors. Journal compilation � 2010 British Ecological Society, Functional Ecology, 24, 1152–1161

1158 F. A. Dijkstra et al.



monocultures (Table 1, Fig. 2). ShootN content often tended

to decrease under elevated CO2, particularly in the low water

treatment (i.e., NERCO2 smaller than 1, Fig. 5a), while shoot

N content mostly increased with high water (NERwater larger

than 1, Fig. 5b). Consequently, the often greater shoot bio-

mass under elevated CO2 was mostly a result of increased

NUE. On the other hand, the greater shoot biomass in the

high water treatment was accompanied by correspondingly

greater plant N uptake. In fact, the NUE decreased some-

times in response to high water, particularly under elevated

CO2. We should note that the frequent watering of our pots

may have caused different effects on N dynamics than when

water becomes available in pulses (Collins et al. 2008). How-

ever, the purpose of our study was not to explicitly predict

how the five plant species in this experiment respond to ele-

vated CO2 and high water in field situations, but to better

understand potential mechanisms causing the responses.

These results suggest that the high water treatment

increased plant N supply in the soil (i.e., through increased

net N mineralization, but possibly also through increased

uptake of organic N). Increased soil moisture often increases

net N mineralization in semi-arid grasslands (Burke,

Lauenroth & Parton 1997; Austin & Sala 2002; Yuan et al.

2006). We did not directly measure net N mineralization in

our experiment, but the increase in total plant N uptake with

high water, without greater depletion of soil inorganic N

during the experiment suggest that the high water treatment

increased net N mineralization (Fig. 2c and d). Five years of

elevated CO2 in an open top chamber experiment in a semi-

arid grassland in northern Colorado caused increased plant

N uptake and Nmineralization (Dijkstra et al. 2008; Dijkstra

2009). There is no evidence that elevated CO2 increased N

supply in our greenhouse experiment, likely because changes

in soil moisture were limited. It is therefore likely that the

increase in N cycling under field conditions may have been a

result of CO2 improved soil moisture conditions.

Although a pot study such as ours creates several artifacts,

soil N availability in our experiment was comparable to field

conditions. Average extractable inorganic N pools reported

for the USDA-ARS Central Plains Experimental Range (the

site where our soil came from) during the growing season was

around 1Æ4 g N m)2 in the top 15 cm of the soil (McCulley,

Burke & Lauenroth 2009). The initial soil inorganic N con-

centration in our pots was 0Æ32 g N pot)1, or 10Æ2 g N m)2,

higher than the average field observation (most likely because

of soil disturbance), but not unusually high under certain field

conditions (e.g., after long dry spells followed by a large pre-

cipitation event). Plant N uptake during the experiment

reduced the soil inorganic N concentration to 0Æ017 g N

pot)1, or 0Æ54 g N m)2, by the end of the experiment, lower

than average field observations. However, temporal extremes

in soil inorganic N in our pots most likely covered the range

of soil inorganic N concentrations that can be observed in the

field. A low soil inorganic N concentration does not necessar-

ily reflect low net N mineralization rates. Indeed, the large

variability in plant N uptake among treatments, but similar

low soil inorganic N concentrations at the end of the experi-

ment, suggest that net Nmineralization rates were not related

to soil inorganic N concentration. Nevertheless, by the end of

the experiment plant growth responses to elevated CO2 may

have been constrained by N availability (Reich, Hungate &

Luo 2006a, Reich et al. 2006b) as the increase in plant growth

under elevated CO2 was associated with an increased NUE,

not with increased plant N uptake.

D O P L A N T G R O W T H A N D N U P T A K E R E S P ON SE S T O

E LE V AT ED C O 2 A N D I N C R E A SE D W A T E R A V AI LA B I L I T Y

D I F F E R B E T W E E N I N T E R - A N D I N T R A S PE C I F I C

C O M P E T I T I VE I N T E R A C T I O N S AM ON G P LA N T S ?

Our results show that species-specific shoot biomass and

shoot N content responses to elevated CO2 and increased

water availability depend on inter- and intraspecific competi-

tive interactions among plants. BOGR responded positively

to high water when grown as a monoculture, but when com-

peting for resources with other species, its response to high

water was negative. Five years of water additions in a semi-

arid grassland in northern Colorado also resulted in the

replacement of warm season grasses (pre-dominantly BOGR)

by introduced subordinate species (Lauenroth, Dodd & Sims

1978). The increased BOGR shoot biomass when grown in

monoculture under elevated CO2 in other growth chamber

studies (Morgan et al. 1994, 1998; Hunt et al. 1996) could

have been due to a lack of interspecific competition for water

(and possibly other resources), because when grown in a plant

community under field conditions, BOGR shoot biomass did

not respond to elevated CO2 (Morgan et al. 2004a). LIDA

shoot biomass was unaffected by high water in monoculture,

but increased with high water in mixtures. Similarly, experi-

mental water addition greatly increased the ability of LIDA

to invade native mixed-grass prairie (Blumenthal et al. 2008).

In contrast, elevated CO2 decreased the growth of LIDA in

mixtures, perhaps because of stronger direct photosynthetic

responses to CO2 among its competitors than in LIDA itself.

Species-specific shoot biomass responses to elevated CO2

and high water were sometimes negative in the mixtures.

These negative responses also coincided with large negative

responses of shoot N. Some of the strongest positive spe-

cies-specific shoot biomass and shoot N responses also

occurred in the mixtures (particularly in response to high

water). This suggests that shifts in N uptake among plant

species may explain the highly variable species-specific

shoot biomass responses in mixtures to elevated CO2 and

high water. That is, increased N uptake by ‘winners’ under

elevated CO2 or high water may have reduced N availabil-

ity to ‘losers’. Others have also suggested that the ability of

plants to increase N uptake may be an important determi-

nant of which species in an assemblage will be able to

respond to elevated CO2 (Berntson, Rajakaruna & Bazzaz

1998; Maestre, Bradford & Reynolds 2005). Our results

show that changes in water availability also cause shifts in

N uptake among plant species within mixtures, but that the

‘winners’ and ‘losers’ may not be the same as those result-

ing from direct effects of elevated CO2. As discussed above,
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unlike the CO2 treatment, the water treatment itself

increased plant N availability for plant uptake. It is likely

that this increase in overall soil N availability with

increased soil moisture affected interspecific competition for

N as well (Wedin & Tilman 1993; Clark et al. 2007), which

may partially explain why the winners and losers with high

water and elevated CO2 were not always the same.

Conclusions

Increases in plant productivity with elevated CO2 in semi-arid

grasslands have been related to CO2-induced increases in soil

moisture (Morgan et al. 2004a, 2007). In this greenhouse

study we tried to separate the effect of soil moisture from

direct CO2 effects on plant productivity. We found that pro-

ductivity of certain grassland species responded more

strongly to direct effects of elevated CO2 (the C3 grasses

HECO and PASM), while others responded more strongly to

increased soil moisture (the C4 grass BOGR). The CO2 and

soil moisture treatments also had differential effects on N

cycling.We observed greater overall plant N uptake andmost

likely increased net Nmineralization with increased soil mois-

ture. In contrast, increased productivity under elevated CO2

could to a larger degree be explained by increased NUE.

These findings suggest that elevated CO2 may increase plant

productivity of certain species (C3 grasses) by increasing their

photosynthetic capacity, but also confirm the notion that

elevatedCO2-induced increases in soil moisture are important

for sustained increases in plant productivity, N uptake, andN

cycling in semi-arid grasslands (Dijkstra et al. 2008). We

further found that both plant biomass and plant N responses

to CO2 and water depended on whether plants were grown in

monoculture or mixture. The largest responses, both positive

and negative, were observed with interspecific competition.

Thus responses of this grassland community to CO2 and

water may be both contingent upon and accentuated by com-

petition.While current ecosystemmodels predicting effects of

global change incorporate indirect effects of elevated CO2 on

soil moisture and N cycling (Coughenour & Chen 1997;

Parton et al. 2007), here we emphasize the need for models to

incorporate interspecific competition for N and other

resources.

Acknowledgements

We thank Caitlin Brooks, Ed Buenger, Alison Eden, Joseph Hansen, Erik

Hardy, Patrick McCusker, and David Smith for technical assistance and

Wayne Polley and Stephen Prior for helpful comments on an earlier version of

this manuscript. This publication is based uponwork supported by theAgricul-

tural Research Service under theARSGRACEnet Project.

References

Austin, A.T. & Sala, O.E. (2002) Carbon and nitrogen dynamics across a

natural precipitation gradient in Patagonia, Argentina. Journal of Vegetation

Science, 13, 351–360.

Bazzaz, F.A. & McConnaughay, K.D.M. (1992) Plant-plant interactions

in elevated CO2 environments. Australian Journal of Botany, 40, 547–

563.

Berntson, G.M., Rajakaruna, N. & Bazzaz, F.A. (1998) Growth and nitrogen

uptake in an experimental community of annuals exposed to elevated atmo-

spheric CO2.Global Change Biology, 4, 607–626.

Blumenthal, D., Chimner, R.A.,Welker, J.M.&Morgan, J.A. (2008) Increased

snow facilitates plant invasion in mixedgrass prairie. New Phytologist, 179,

440–448.

Burke, I.C., Lauenroth, W.K. & Parton, W.J. (1997) Regional and temporal

variation in net primary production and nitrogen mineralization in grass-

lands.Ecology, 78, 1330–1340.

Clark, C.M., Cleland, E.E., Collins, S.L., Fargione, J.E., Gough, L., Gross,

K.L., Pennings, S.C., Suding, K.N. &Grace, J.B. (2007) Environmental and

plant community determinants of species loss following nitrogen enrich-

ment.Ecology Letters, 10, 596–607.

Collins, S.L., Sinsabaugh, R.L., Crenshaw, C., Green, L., Porras-Alfaro, A.,

Stursova, M. & Zeglin, L.H. (2008) Pulse dynamics and microbial processes

in aridland ecosystems. Journal of Ecology, 96, 413–420.

Coughenour, M.B. & Chen, D.-X. (1997) Assessment of grassland ecosystem

responses to atmospheric change using linked plant-soil process models.

Ecological Applications, 7, 802–827.

Derner, J.D., Johnson, H.B., Kimball, B.A., Pinter, P.J. Jr, Polley, H.W., Tis-

chler, C.R., Boutton, T.W., Lamorte, R.L., Wall, G.W., Adam, N.R., Lea-

vitt, S.W., Ottman, M.J., Matthias, A.D. & Brooks, T.J. (2003) Above- and

below-ground responses of C3-C4 species mixtures to elevated CO2 and soil

water availability.Global Change Biology, 9, 452–460.

Dı́az, S., Grime, J.P., Harris, J. &Mcpherson, E. (1993) Evidence of a feedback

mechanism limiting plant response to elevated carbon dioxide. Nature, 364,

616–617.

Dijkstra, F.A. (2009) Modeling the flow of 15N after a 15N pulse to study long-

termN dynamics in a semi-arid grassland.Ecology, 90, 2171–2182.

Dijkstra, F.A. & Cheng, W. (2008) Increased soil moisture content increases

plant N uptake and the abundance of 15N in plant biomass. Plant and Soil,

302, 263–271.

Dijkstra, F.A., Pendall, E., Mosier, A.R., King, J.Y., Milchunas, D.G. &Mor-

gan, J.A. (2008) Long-term enhancement of N availability and plant growth

under elevated CO2 in a semi-arid grassland. Functional Ecology, 22, 975–

982.

Dijkstra, F.A., Morgan, J.A., LeCain, D.R. & Follett, R.F. (2010) Microbially

mediated CH4 consumption and N2O emission is affected by elevated CO2,

soil water content, and composition of semi-arid grassland species.Plant and

Soil, 329, 269–281.

Finzi, A.C., Norby, R.J., Calfapietra, C., Gallet-Budynek, A., Gielen, B.,

Holmes, W.E., Hoosbeek, M.R., Iversen, C.M., Jackson, R.B., Kubiske,

M.E., Ledford, J., Liberloo, M., Oren, R., Polle, A., Pritchard, S., Zak,

D.R., Schlesinger, W.H. & Ceulemans, R. (2007) Increases in nitrogen

uptake rather than nitrogen-use efficiency support higher rates of temperate

forest productivity under elevated CO2. Proceedings of the National Acad-

emy of Sciences of the USA, 104, 14014–14019.

Gill, R.A., Polley, H.W., Johnson, H.B., Anderson, L.J., Maherali, H. & Jack-

son, R.B. (2002) Nonlinear grassland responses to past and future atmo-

spheric CO2.Nature, 417, 279–282.

Goverde,M. & Erhardt, A. (2003) Effects of elevated CO2 on development and

larval food-plant preference in the butterfly Coenonympha pamphilus (Lepi-

doptera, Satyridae).Global Change Biology, 9, 74–83.

Heijmans,M.M.P.D., Klees, H., De Visser,W. & Berendse, F. (2002) Response

of a Sphagnum bog plant community to elevated CO2 and N supply. Plant

Ecology, 162, 123–134.

Hungate, B.A., Chapin Iii, F.S., Zhong, H., Holland, E.A. & Field, C.B. (1997)

Stimulation of grassland nitrogen cycling under carbon dioxide enrichment.

Oecologia, 109, 149–153.

Hunt, H.W., Elliott, E.T., Detling, J.K., Morgan, J.A. & Chen, D.X. (1996)

Responses of a C3 and a C4 perennial grass to elevated CO2 and temperature

under different water regimes.Global Change Biology, 2, 35–47.

Johnson, H.B., Polley, H.W. &Mayeux, H.S. (1993) Increasing CO2 and plant-

plant interactions: effects on natural vegetation. Vegetatio, 104-105,

157–170.

Körner, C. & Bazzaz, F.A. (1996) Carbon dioxide, populations, and communi-

ties. Academic Press, SanDiego.

Lauenroth, W.K., Dodd, J.L. & Sims, P.L. (1978) The effects of water- and

nitrogen-induced stresses on plant community structure in a semiarid grass-

land.Oecologia, 36, 211–222.

Lecain, D.R., Morgan, J.A., Mosier, A.R. & Nelson, J.A. (2003) Soil

and plant water relations determine photosynthetic responses of C3

and C4 grasses in a semi-arid ecosystem under elevated CO2. Annals of

Botany, 92, 41–52.

� 2010 The Authors. Journal compilation � 2010 British Ecological Society, Functional Ecology, 24, 1152–1161

1160 F. A. Dijkstra et al.



Long, S.P., Ainsworth, E.A., Roger, A. & Ort, D.R. (2004) Rising atmo-

spheric carbon dioxide: plants FACE the Future. Annual Review of

Plant Biology, 55, 591–628.

Luo, Y., Su, B., Currie, W.S., Dukes, J.S., Finzi, A., Hartwig, U., Hun-

gate, B., Mcmurtrie, R.E., Oren, R., Parton, W.J., Pataki, D.E., Shaw,

M.R., Zak, D.R. & Field, C.B. (2004) Progressive nitrogen limitation of

ecosystem responses to rising atmospheric carbon dioxide. BioScience,

54, 731–739.
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