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Abstract
The accumulation of anthropogenic CO2 in the Earth�s atmosphere, and hence the rate of climate warming,

is sensitive to stimulation of plant growth by higher concentrations of atmospheric CO2. Here, we synthesise

data from a field experiment in which three developing northern forest communities have been exposed to

factorial combinations of elevated CO2 and O3. Enhanced net primary productivity (NPP) (c. 26% increase)

under elevated CO2 was sustained by greater root exploration of soil for growth-limiting N, as well as more

rapid rates of litter decomposition and microbial N release during decay. Despite initial declines in forest

productivity under elevated O3, compensatory growth of O3-tolerant individuals resulted in equivalent NPP

under ambient and elevated O3. After a decade, NPP has remained enhanced under elevated CO2 and has

recovered under elevated O3 by mechanisms that remain un-calibrated or not considered in coupled climate–

biogeochemical models simulating interactions between the global C cycle and climate warming.
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INTRODUCTION

Coupled climate–biogeochemical models portray greater rates of

terrestrial productivity on a CO2-enriched Earth, which increase C

storage on land, ameliorate the rate of anthropogenic CO2 increase in

the atmosphere and slow the pace of climate warming (Cramer et al.

2001; Friedlingstein et al. 2006). Although these simulations reveal the

response of terrestrial ecosystems to elevated CO2 (eCO2) has

important consequences for climate warming, there is considerable

uncertainty regarding the extent to which greater rates of plant

productivity will be sustained on a CO2-enriched Earth. For example,

biogeochemical feedbacks between C and nitrogen (N) cycles in

terrestrial ecosystems, as well as other facets of climate change like

elevated ground-level O3 (eO3), could constrain the degree to which

eCO2 enhances terrestrial net primary productivity (NPP), and hence,

the degree to which the Earth�s climate is projected to warm (Stitch

et al. 2007; Thornton et al. 2007). This is especially true for northern

temperate forests, which compose a globally important sink for

atmospheric CO2 and whose long-term enhancement of NPP by

eCO2 remains a critical gap in our knowledge of ecosystem response

to global change (Norby et al. 2010; Drake et al. 2011). Presently, it is

uncertain whether eCO2 and eO3 will interact to influence forest NPP,

and how the response of forest NPP to these trace gases will be

constrained, or not, by feedbacks to the terrestrial N cycle.

Future concentrations of ground-level ozone (O3) could diminish

the eCO2 enhancement of NPP in forests as well as other terrestrial

ecosystems (Booker et al. 2009). Many portions of the Earth are

already experiencing ground-level O3 concentrations exceeding

40 nmol mol)1, and concentrations are expected to reach 70 nmol -

mol)1 throughout the Northern Hemisphere by 2100 (Stitch et al.

2007). Current and projected O3 concentrations can damage the

photosynthetic capacity of plants (Reich 1987), decrease plant

productivity (Mauzerall & Wang 2001) and, in some cases, counter-

balance the growth-enhancing effects of eCO2 on forest productivity

(King et al. 2005). Biogeochemical models incorporating the negative

effects of eO3 on terrestrial NPP suggest current concentrations could

globally reduce NPP on land by c. 30–45%, even when the growth-

enhancing effects of eCO2 are considered (Felzer et al. 2005; Stitch

et al. 2007). Reductions of this magnitude are projected to dramatically

reduce C storage on land, allowing anthropogenic CO2 to further

accumulate in the atmosphere and accelerate climate warming (Stitch

et al. 2007). Although plants differ in their sensitivity to ground-level

eO3 (Matyssek et al. 2010; Feng et al. 2011), few studies have

addressed how these differences could, over time, influence the

degree to which eO3 diminishes terrestrial NPP, as well as the extent

to which eCO2 might counter this effect (Kubiske et al. 2007).

Coupled climate–biogeochemical models are particularly sensitive to

these dynamics, but they remain relatively uncalibrated regarding the

response of different plants and plant communities to eO3 (Stitch et al.

2007).

The degree to which eCO2 stimulates productivity in northern

temperate forests, as well as other terrestrial ecosystems, is also highly
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contingent on a series of biogeochemical feedbacks between C and N

cycles, which control the growth-limiting supply of soil N to plants

(Zak et al. 1993; Reich et al. 2006a; Norby et al. 2010; Drake et al.

2011). Some have argued that the greater production of plant litter

under eCO2, especially woody detritus, could act as a governor on the

CO2 enhancement of forest NPP by negatively impacting the

terrestrial N cycle (i.e. progressive N limitation; Luo et al. 2004;

Johnson 2006). Under such scenarios, the microbial decay of plant

detritus slows, the accumulation of N from plant detritus into long-

lived soil organic matter increases and the supply of growth-limiting

soil N to plants declines. This series of events could dampen or

eliminate the extent to which eCO2 enhances NPP, having global

implications for C storage on land as well as the future concentration

of CO2 in the atmosphere. Coupled climate–biogeochemical models

that incorporate N cycle feedbacks on terrestrial NPP have

demonstrated the sensitivity of climate warming to these C–N cycle

interactions (Thornton et al. 2007); however, the magnitude and

duration of this feedback in terrestrial ecosystems remains undefined

as does how this feedback will be influenced by reductions in plant

growth under eO3. Recent syntheses provide evidence for increases,

decreases and no change in the supply of N to plants growing under

eCO2 (de Graff et al. 2006; Reich et al. 2006b), implying that the eCO2

enhancement of NPP could display ecosystem-specific responses; the

combined effects of eCO2 and eO3 feedbacks to the terrestrial N cycle

remain undocumented in the context of long-term, replicated field

experiments. Resolving the uncertainty surrounding feedbacks

between C and N cycles under eCO2, and how they might be

modified by eO3, is necessary to refine estimates of future C sinks in

terrestrial ecosystems as well as to predict the trajectory of climate

warming.

Here, we report the results of a decade-long field experiment in

which three developing northern forest communities have been

exposed to factorial combinations of ambient and elevated CO2 and

O3 concentrations. These communities were grown under free-air

exposure technology (FACE) from 1997 to 2008, and we used tracer

amounts of 15N applied to soil to follow the flow of N within them.

Our objectives were to determine: (1) how future CO2 and O3

concentrations will interact to influence the productivity of contrast-

ing forest communities, and (2) how N-cycle feedbacks will modify

growth responses to these accumulating trace gases. We demonstrate

that the eCO2 enhancement of NPP has been sustained throughout

the experiment via an acceleration of soil N cycling, and equivalent

rates of NPP have occurred under ambient and eO3 at the end of the

experiment, despite an initial reduction in NPP by eO3 (King et al.

2005). These observations provide new insight into the mechanisms

sustaining NPP in forests experiencing atmospheric CO2 and O3

concentrations predicted to occur in the near future, and call for re-

evaluating current conceptions regarding the timing and magnitude of

feedback mechanisms on NPP as currently portrayed in coupled

climate–biogeochemical models.

METHODS

Experimental design

The Rhinelander FACE experiment (49�40.5¢ N, 89o37.5¢ E; 490 m

elevation) is composed of factorial CO2 (ambient and 560 lmol -

mol)1) and O3 (ambient and 50–60 nmol mol)1) treatments arranged

in a split-plot, randomised complete block (n = 3) design. The

treatments are delivered in twelve 30-m FACE rings, each of which is

divided into three plant communities. In 1997, one-half of each FACE

ring was planted with trembling aspen (Populus tremuloides) genotypes

of differing CO2 and O3 sensitivity (genotypes 8, 42, 216, 259, and

271); one-quarter of each ring was planted with a single aspen

genotype (genotype 216) and paper birch (Betula papyrifera); the

remaining ring quarter was planted with the same single aspen

genotype and sugar maple (Acer saccharum). Aspen ramets and seedlings

of birch and sugar maple were c. 3–4 months old at the time of

planting. All plant communities were established at a density of one

stem m)2 (Dickson et al. 2000; Karnosky et al. 2003, 2005). As

previously reported (Kubiske et al. 2007; Zak et al. 2007b), three aspen

genotypes have responded positively to eCO2 (genotypes 42, 216 and

271) and two genotypes have not (genotypes 8 and 259). Whereas,

eO3 caused growth declines in genotypes 271 and 216, compensatory

growth increases in genotype 8 and no response in genotypes 42 and

259. Although aspen and birch both responded positively to eCO2

and negatively to eO3, birch increased growth to a greater extent

under eCO2 and decreased growth to a lesser extent under eO3 than

aspen (genotype 216; Kubiske et al. 2007; Zak et al. 2007a,b); we have

not previously documented the response of aspen and maple growing

in the mixed community.

In June 2003, each 30-m-diameter FACE ring was labelled with

tracer quantities of 15N to follow the flow of N in the plant–soil

system. Backpack sprayers were used to evenly dispense

(0.034 L m)2) a dilute solution of 15NH4Cl (99.98% 15N) over the

forest floor. We applied 15NH4
+ to follow the microbial release of

NH4
+ during litter decay into plants, the soil microbial community

and soil organic matter. The isotope was applied at the rate of 15 mg
15N m)2, which represented 3% of the inorganic N pool in mineral

soil (0–10 cm depth). Immediately following application to the forest

floor, 1.6 L m)2 of water was applied to move the 15N into mineral

soil.

Net primary productivity

In 2005, 2006, 2007 and 2008, the diameter of each tree in all FACE

rings was measured, and the biomass of aboveground plant

components (leaves, branches and stem) was estimated using

allometric biomass equations developed from the destructive harvest

in 2009. We developed separate equations to estimate the biomass of

each genotype and species in our experiment. Production of

aboveground litter was estimated using 0.15 m2 baskets; the contents

of 6–10 baskets in each plant community were collected bimonthly

from August to November. Aboveground litter in each basket was

composited over time, dried and weighed. Additionally, the above-

ground biomass of herbaceous understory plants was collected from

four 0.5 m2 plots randomly located in each community; their fine

roots could not be collected separately from those of overstory trees.

The coarse roots of overstory trees were recovered from aspen ring

halves in 1-m deep soil pits (2 m · 5 m); in the mixed community

ring quarters, pits were 1-m deep and 2-m · 3-m in size. Coarse root

biomass from 2005 to 2008 was estimated using the ratio of

aboveground biomass to coarse root biomass from the 2009 harvest.

The biomass (g m)2) of fine roots (< 1 mm) was estimated by

collecting ten 4.8-cm diameter cores (25 cm deep) in each ring section

from 2006 to 2008 (sensu Pregitzer et al. 2008); samples were collected

in July of each year. Fine-root productivity (mm mm)1 year)1) and

mortality (mm mm)1 year)1) were estimated using minirhizotrons
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installed in each ring section (Pregitzer et al. 2008); both production

and mortality were quantified in 2003 and 2004, and we used these

rates to estimate fine-root production in subsequent years. Because

fine-root productivity did not differ by year, treatment or community

(Pregitzer et al. 2008), we estimated fine-root production

(g m)2 year)1) as the product of fine-root biomass (2006 to 2008;

g m)2) and mean fine-root productivity (2.15 mm mm)1 year)1).

NPP was estimated as the annual increment in branch, stem, coarse

root and herbaceous understory biomass, plus the annual production

of aboveground litter and fine roots. We report NPP as grams of dry

matter annually produced per meter square (g m)2 year)1). We used a

repeated-measures ANOVA for a split-plot, randomised complete block

design to test the hypothesis that NPP has been sustained under

eCO2, and to determine whether the compensatory growth of eO3-

tolerant individuals caused NPP to recover over time (King et al.

2005).

Ecosystem N pools and 15N tracing

We followed the movement of tracer 15N into soil organic matter over

time (7 days to 5 years) by randomly collecting ten 2.5-cm diameter

cores in the three plant communities growing in each FACE ring (Zak

et al. 2007a); the natural abundance of 15N was initially determined in

all ecosystem pools before isotope addition. Cores were composited

within each plant community in each ring, dried and analysed for N

and 15N using a Finnigan Delta Plus IRMS interfaced with a Europa

Scientific CN analyser (Zak et al. 2007a). In 2008, we sampled the

biomass of each ecosystem pool as previously described (Zak et al.

2007a) and analysed each sample for N and 15N as described above

(Zak et al. 2007a). Ecosystem N and 15N pools were calculated as the

product of the biomass in each ecosystem pool (g m)2) and the N or
15N concentration (g of N or 15N g)1); 15N concentrations were

corrected for natural abundance of the isotope, which was determined

prior to 15N addition (Zak et al. 2007a,b). A repeated-measures ANOVA

for a split-plot randomised block design was used to determine

whether eCO2, eO3, or their interaction had influenced the amount of

N and 15N in soil organic matter beneath plant communities (King

et al. 2005; Zak et al. 2007a). We used a split-plot randomised block

design ANOVA to determine whether our experimental treatments

influenced the amount of N and 15N residing in total plant biomass,

leaf litter production and forest floor (Oi & Oe).

RESULTS AND DISCUSSION

Although the eCO2 enhancement of forest NPP was eliminated by N

limitation in a long-term (11 years) experiment with sweetgum trees

(Liquadambar stryciflua; Norby et al. 2010), we found no evidence of this

effect after 12 years of eCO2 exposure in the forest communities

composing our experiment. Relative to NPP under ambient CO2

(aCO2), NPP was significantly enhanced under eCO2 by 40% in 2006

(P = 0.009), 14% in 2007 (P = 0.013) and 25% in 2008 (P = 0.009),

which corresponded to the 10th–12th years of the experiment (main

effect means; Fig. 1); this represents a substantial and sustained

increase in plant productivity. Despite eO3-induced reductions in

plant growth that occurred early in the experiment (i.e. after 3 years of

exposure; King et al. 2005), eO3 had no effect on NPP during the

10th–12th years of exposure (main effect means; Fig. 1; P = 0.128–

0.887). This response appears to result from the compensatory growth

of eO3-tolerant genotypes and species as the growth of eO3-sensitive

individuals declined over time (Kubiske et al. 2007; Zak et al. 2007b),

thereby causing NPP to attain equivalent levels under ambient O3

(aO3) and eO3. For example, eO3 increased the growth and N

acquisition of one aspen genotype (8) over the others in the aspen

community (Kubiske et al. 2007; Zak et al. 2007b). In the aspen-birch

community, which contained a single aspen genotype, eO3 caused a

decline in aspen growth and N acquisition, while increasing that of

paper birch. The same aspen genotype was also planted with sugar

maple, but unlike its negative response to eO3 when growing with

paper birch, eO3 had no effect on aspen or maple growth (Kubiske

et al. 2007). Collectively, these prior observations support our

conclusion that compensatory growth under eO3 resulted in equiv-

alent NPP under aO3 and eO3 during the final years of our experiment

(Fig. 1). Given the degree to which eO3 has been projected to

decrease global NPP (Felzer et al. 2005), the compensatory growth of

eO3 tolerant plants in our experiment should be considered in future

simulations and, depending on the generality of this response, could

dramatically diminish the negative effect of eO3 on NPP and C

storage on land as well as projected increases in anthropogenic CO2

and climate warming (Stitch et al. 2007). A current gap in our

knowledge of ecosystem response to eO3 is the abundance and

geographic distribution of eO3 tolerant plant genotypes and species,

whose growth could be favoured as O3 accumulates in the Earth�s
lower atmosphere.

In no case did we find significant interactions among plant

community, CO2 or O3, indicating that NPP in the three plant

communities responded similarly to both eCO2 and eO3. Moreover,

the lack of interaction between CO2 and O3 treatments indicated

that NPP responded similarly to eCO2 regardless of ground-level
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Figure 1 Net primary productivity (NPP) during the 10th to 12th years of eCO2

(upper panel) and eO3 (lower panel) exposure. Values are main effect means

(± SEM) averaged across plant community type; interactions between and among

community type, CO2 and O3 were not significant, indicating that the three plant

communities responded in the same manner to these trace gases. NPP was

estimated as the grams of dry matter annually produced per meter square

(g m)2 year)1).
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O3; the converse is also true. As such, we have no evidence to

suggest that responses to either eCO2 or eO3 were additive or

opposing among the three plant communities. If forests of similar

composition growing throughout north-eastern North America

respond in the same manner as those in our experiment (Cole et al.

2009), then enhanced forest NPP under eCO2 may be sustained for

a longer duration than previously thought (Norby et al. 2010).

Furthermore, the negative effect of eO3 may be diminished by

compensatory growth of eO3-tolerant plants as they begin to

dominate forest communities (Kubiske et al. 2007; Zak et al. 2007b),

suggesting that aspects of biodiversity like genetic diversity and

species composition are important components of ecosystem

response to this agent of global change.

In our experiment, several lines of evidence strongly indicate that

greater NPP under eCO2 was sustained by more rapid rates of soil N

cycling. Foremost, the amount of N and 15N returned to soil via leaf

litter fall was significantly greater under eCO2, and this was true

in 2006, 2007 and 2008 (Fig. 2). On average, 22–35% more N

and 18–34% more tracer 15N, that was initially applied to soil,

were returned to the soil surface via leaf litter fall under eCO2. If the

greater production of leaf litter under eCO2 (172 vs. 230 g m)2;

P2006 to 2008 = 0.001–0.002) caused microbial decay to slow, then

forest floor mass, N content and 15N content should be significantly

greater under eCO2; this was not the case. In 2008, we found no effect

of eCO2 on forest floor mass (ambient vs. elevated; 458 vs. 553 g m)2,

P = 0.294), nor did eCO2 influence the amount of N residing in forest

floor (5.2 vs. 5.6 g N m)2, P = 0.610). Further, the amount of tracer
15N recovered in forest floor was also not influenced by eCO2 (611 vs.

483 lg 15N m)2, P = 0.271). Greater amounts of N and 15N returned

to soil via leaf litter fall under eCO2, together with equivalent amounts

residing in forest floor under aCO2 and eCO2, indicate that microbial

decay and net N mineralisation have hastened under eCO2, thereby

accelerating the rate at which N has cycled through forest floor. This

observation clearly does not support the idea that changes in plant litter

production and biochemical composition under eCO2 will slow

microbial litter decay and decrease N availability to plants (Luo et al.

2004; Johnson 2006). Additionally, eO3 had no effect on forest floor

mass (P = 0.679), N content (P = 535) or 15N content (P = 0.673),

indicating equivalent rates of forest floor turnover (forest floor

mass ⁄ litter production) under aO3 and eO3.

Greater amounts of N cycling through forest floor under eCO2

have several potential fates, and distinguishing between them has

important consequences for whether higher levels of NPP can be

sustained over time by eCO2. If enhanced litter decay led to the

greater formation of soil organic matter, then such a response would

sequester N in soil organic matter and decrease N availability to plants,

which, in turn, would dampen or eliminate the growth-enhancing

effects of eCO2. In contrast, if a large proportion of N (and 15N) in

leaf litter fall was released as inorganic N during microbial decay, then

such a response would increase N availability to plants, thereby

sustaining greater rates of NPP (Fig. 1). We have followed the

movement of 15N into soil organic matter over the course of our

experiment, and neither eCO2 nor eO3 have influenced the amount of
15N (Fig. 3; PCO2 = 0.632 and PO3 = 0.635) residing in soil organic

matter; soil N content (g N m)2) was also not influenced by these

treatment main effects (PCO2 = 0.798 and PO3 = 0.274). However,

the amount of N contained in living plant biomass (28.8 vs. 37.5 g

N m)2, P = 0.0172), as well as the amount of tracer 15N recovered in

it (2.44 vs. 2.89 mg 15N m)2, P = 0.017), increased significantly under

eCO2; ozone had no effect on the amount of N (P = 0.417) or 15N

(P = 0.911) contained in plant biomass. These observations indicate

that plant acquisition of soil N was greater under eCO2, and dispels

the notion that N availability in our experiment was diminished by the

incorporation of leaf litter N into long-lived soil organic matter.
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Figure 2 The amount of tracer 15N (left panels) and N (right panels) returned to soil in leaf litter fall during the 10th to 12th years of CO2 (upper panels) and O3 exposure.
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The greater exploitation of soil resources by fine roots appears to be

one mechanism whereby plants have acquired additional N and 15N

under eCO2. Averaged over 2006 to 2008, fine-root biomass (154 vs.

172 g m)2; P = 0.002) and production (329 vs. 377 g m)2 year)1;

P = 0.002) were significantly greater under eCO2. Although fine-root

biomass (P < 0.001) and production (P < 0.001) were also significantly

greater under eO3, this same response did not significantly increase

plant N acquisition (aO3 = 28.8 g N m)2; eO3 = 37.5 g N m)2;

P = 0.417). Moreover, between the 10th and 12th years of our

experiment, plants continued to expand their fine-root system

regardless of treatment, an indication that they had not yet fully

exploited soil for growth-limiting resources. For example, averaged

across CO2 and O3 treatments, fine-root biomass was 155 g m)2 in

2005 and gradually increased over subsequent years to 168 g m)2 by

2008. Similarly, fine-root production increased from 344 g m)2 year)1

in 2006 to 362 g m)2 year)1 in 2008; however, increases in fine-root

biomass and production from 2005 to 2008 were not statistically

significant (Pbiomass = 0.108; Pproduction = 0.105). The similar re-

sponses of fine-root biomass and production under eCO2 and eO3,

in combination with contrasting quantities of soil N acquired by plants

growing under these conditions, suggest that additional mechanisms,

beyond the greater exploitation of soil by fine roots, increased the

amounts of soil N plants acquired under eCO2.

Accumulating evidence suggests that eCO2 can supplement the

supply of soil N to plants by increasing the production of root

exudates, which, in turn, facilitate the decay of soil organic matter and

the subsequent release of inorganic N for plant uptake (Zak et al.

1993; Langley et al. 2009; Rütting et al. 2010; Drake et al. 2011; Phillips

et al. 2011). This mechanism has sustained enhanced NPP under eCO2

in a loblolly pine (Pinus taeda) forest (Drake et al. 2011), as well as a

scrub-oak forest (Langley et al. 2009), and several lines of evidence

indirectly indicate that it may have contributed to the greater plant

acquisition of soil N under eCO2 that we report here. In our

experiment, soil organic matter has accumulated at a significantly

slower pace under eCO2, despite the fact that both above- and

belowground litter production have significantly increased under

eCO2 (Talhelm et al. 2009). This observation indicates that the decay

of soil organic matter is occurring at a more rapid rate under eCO2, a

response that has occurred in parallel with the increased rate of forest

floor N cycling we report here. These findings support the idea that

greater belowground plant growth under eCO2 has accelerated organic

matter decay and increased the supply of N to plants, thereby

sustaining the enhancement of NPP under eCO2.

Under eCO2, higher rates of NPP sustained throughout our

experiment could have increased the ecosystem-level retention of N

against leaching losses, thereby providing an additional mechanism

further enhancing the accumulation of N in plant biomass (Luo et al.

2006). For example, our experiment was initiated from bare ground

into which we planted seedlings or ramets that were < 1 year old. The

export of N from forest ecosystems known to be the greatest when

rates of net ecosystem production (NEP) are low (Vitousek & Reiners

1975), which undoubtedly occurred during the early phase of our

experiment. As both NPP and NEP increase over time, N losses

decline and the accrual of N in living plant biomass increases (Yang

et al. 2011), especially under eCO2 (Luo et al. 2006). Because the eCO2

enhancement of NPP occurred throughout our experiment, it is

conceivable that N accrued at a greater rate in living plant biomass

relative to N accrual under aCO2. This mechanism is consistent with

the greater amounts of N and 15N residing in plant biomass at the end

of our experiment, and may be an additional mechanism by which

NPP was sustained under eCO2 (Luo et al. 2006).

Despite the fact that eCO2 has enhanced NPP for over a decade in

our experiment, it is unlikely that this response could be maintained

over the timeframe of forest development (i.e. > 100 years). Sustained

eCO2 enhancement of NPP could occur during forest development if

plant N-use efficiency increased (i.e. biomass produced per unit of N

assimilated), thereby alleviating N limitation. This has not occurred in

our experiment, nor has it occurred in other forest FACE experiments

on unmanaged soil (Finzi et al. 2007). In our study, the degree to

which greater root exploitation for soil resources or more rapid rates

of soil N cycling have individually increased plant N acquisition is

uncertain. However, as the forests in our experiment further develop,

fine roots will eventually fully exploit soil resources, regardless of

current differences in fine-root biomass or production under aCO2

and eCO2. In developing sweetgum forests, the loss of eCO2

enhancement of NPP coincided with fine roots attaining equivalent

levels under aCO2 and eCO2 (Norby et al. 2010). Such a response

suggests that differential root exploitation for soil N will plausibly

diminish as the forests in our experiment mature. Moreover,

throughout the course of forest development, NPP declines as a

natural cause of several factors, including nutrient and hydraulic

constraints on GPP (Ryan et al. 1997; Drake et al. 2010). Our results

suggest that plants growing under aCO2 and eCO2 will eventually face

these same constraints on GPP as they reach maturity (Drake et al.

2010), albeit plants growing under eCO2 will reach that point more

rapidly. Although the extent to which accelerated rates of organic

matter decay can supplement N-limited tree growth under eCO2 is

uncertain, the fact that plant N-use efficiency has not increased in our

15
N

 re
co

ve
ry

 in
 so

il 
or

ga
ni

c 
m

at
te

r 
m

g 
15

N
 m

–2
 

Days following 15N addition  
2003 2004 2005 2008 

0 

2 

4 

6 

8 

10 

7 28 110 365 720 1825 

Ambient O3 

Elevated O3 

Ambient CO2 

Elevated CO2 

0 

2 

4 

6 

8 

10 
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experiment suggests that the present enhancement of NPP under

eCO2 could diminish as forests in our experiment mature. Collec-

tively, our results indicate that eCO2 has accelerated the pace of forest

development; however, it remains uncertain if eCO2 will increase C

stored in the biomass of future forests. Amounts of C stored in

forests will depend on rates of NPP through stages of forest

development (Pregitzer & Euskirchen 2004; Norby et al. 2010; Drake

et al. 2011), human utilisation of forests globally and the long-term

impacts of forest NPP on storage of C in soil under eCO2 (Talhelm

et al. 2009).

The accumulation of anthropogenic CO2 in the Earth�s atmosphere,

and hence the pace of climate warming, is sensitive to the uptake of

anthropogenic CO2 by plants and the global storage of C on land

(Thornton et al. 2007). These coupled climate–biogeochemical dynam-

ics are modulated by feedbacks between C and N cycles in terrestrial

ecosystems as well as other aspects of climate change, such as eO3,

that can impact and potentially interact with eCO2 enhancement of

plant growth. Therefore, it is imperative to accurately portray the

magnitude and duration over which these feedbacks develop and are

sustained in terrestrial ecosystems, because they have global climatic

and biogeochemical implications (Stitch et al. 2007; Thornton et al.

2007). Here, we have demonstrated that positive feedback between

C and N cycles under eCO2 has sustained greater forest productivity

over a decade in young developing forest ecosystems, regardless of

differences in forest composition. The duration over which acceler-

ated rates of organic matter decay supplement the supply of N to

plants growing under eCO2 remains uncertain and can only be

determined by longer-term experimentation. Additionally, compensa-

tory growth by eO3-tolerant genotypes, as eO3-sensitive individuals

decline, has the potential to diminish the negative effect of eO3 on

forest productivity and must be considered to accurately predict how

this driver of global change will impact terrestrial NPP, the subsequent

storage of C on land as well as the course of climate warming.

Collectively, our results indicate that eCO2 may accelerate the rate at

which biomass accumulates in forest ecosystems, and eO3 will impact

forest composition, but may not dramatically reduce NPP on land as

current models suggest (Felzer et al. 2005; Stitch et al. 2007).

ACKNOWLEDGEMENTS

This work was supported by grants from the US Department of

Energy, Division of Environmental Biology and by the U.S.D.A.

Forest Service, North Central Experiment Station. Dave Karnosky

played an integral role in the design, initiation and implementation of

this experiment; we miss him as a colleague, collaborator and friend.

Jud Isebrands, George Hendry, Richard Dickson, John Nagy and

Keith Lewin all have provided invaluable and integral contributions

over the past decade of this experiment; we sincerely thank them.

Courtney Campany, Sarah Eisenlord, Pat Micks, Sierra Patterson,

Angela Pickett, Alaina Ritter, Alan Talhelm, Rima Upchurch, Jennifer

Eikenberry, Wendy Loya and Scott Jacobsen provided assistance in

the field and laboratory. Rich Norby shared insightful comments on

an earlier draft; we sincerely thank him.

AUTHOR CONTRIBUTIONS

K.S.P., M.E.K. and D.R.Z designed the research; D.R.Z., K.S.P.,

M.E.K. and A.J.B. performed the research; D.R.Z., K.S.P., M.E.K.

and A.J.B. composed and analysed the data; D.R.Z. wrote the

paper. All authors discussed the results and commented on the

manuscript.

REFERENCES

Booker, F., Muntifering, R., McGrath, M., Burkey, K., Decoteau, D., Fiscus, E. et al.

(2009). The ozone component of global change: potential effects on agricultural

and horticultural plant yield, product quality and interaction with invasive species.

Integr. Plant Biol., 51, 337–351.

Cole, C.T., Anderson, J.E., Lindroth, R.L. & Waller, D.M. (2009). Rising concen-

trations of atmospheric CO2 have increased growth of natural stands of quaking

aspen (Populus tremuloides). Glob. Chang. Biol., 16, 2186–2197.

Cramer, W., Bondeau, A., Woodward, I.F., Prentice, I.C., Betts, R.A., Brovkin, V.

et al. (2001). Global response of terrestrial ecosystems structure and function to

CO2 and climate change: Results from six dynamic global vegetation models.

Glob. Change Biol., 7, 357–373.

Dickson, R.E., Lewin, K.F., Isebrands, J.G., Coleman, M.D., Heilman, W.E.,

Riemenschneider, D.E. et al. (2000). Forest Atmosphere Carbon Transfer and Storage

(FACTS II): The Aspen Free-Air CO2 and O3 Enrichment Project: An Overview

(General Technical Report NC-214). USDA Forest Service North Central

Experiment Station, St. Paul, MN, USA.

Drake, J.E., Raetz, L.M., Davis, S.C. & DeLucia, E.H. (2010). Hydraulic limitation

not declining nitrogen availability causes the age-related photosynthetic decline in

loblolly pine (Pinus taeda L.). Plant Cell Environ., 33, 1756–1766.

Drake, J.E., Gallet-Budynek, A., Hofmockel, K.S., Bernhardt, E.S., Billings, S.A.,

Jackson, R.B. et al. (2011). Increases in the flux of carbon belowground stimulate

nitrogen uptake and sustain the long-term enhancement of forest productivity

under elevated CO2. Ecol. Lett., 14, 349–357.

Felzer, B., Reilly, J., Melillo, J., Kicklighter, D., Sarofim, M., Wang, C. et al. (2005).

Future effects of ozone on carbon sequestration and climate change policy using

a global biogeochemical model. Clim. Change, 73, 345–373.

Feng, Z., Pang, J., Kobayashi, K., Zhu, J. & Orts, D.R. (2011). Differential re-

sponses in two varieties of winter wheat to elevated ozone concentrations under

fully open-air field conditions. Glob. Chang. Biol., 17, 580–591.

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

W.E. et al. (2007). Increases in nitrogen uptake rather than nitrogen-use effi-

ciency support high rates of temperate forest productivity under elevated CO2.

Proc. Natl Acad. Sci. USA, 104, 14014–14019.

Friedlingstein, P., Cox, P., Betts, R., Bopp, L., Von Bloh, W., Brovkin, V. et al.

(2006). Climate-carbon cycle feedback analysis: results from the C4MIP model

intercomparison. J. Clim., 19, 3337–3353.

de Graff, M.-A. et al. (2006). Interactions between plant growth and soil nutrient

cycling under elevated CO2: a meta-analysis. Glob. Chang. Biol., 12, 2077–

2091.

Johnson, D.W. (2006). Progressive N limitation in forests: review and implication

for long-term responses to elevated CO2. Ecology, 87, 64–75.

Karnosky, D.F., Zak, D.R., Pregitzer, K.S., Awmack, C.S., Bockheim, J.G.,

Dickson, R.E. et al. (2003). Tropospheric O3 moderates responses of temperate

hardwood forests to elevated CO2: a synthesis of molecular to ecosystem results

from the Aspen FACE project. Funct. Ecol., 17, 287–307.

Karnosky, D.F., Pregitzer, K.S., Zak, D.R., Kubiske, M.E., Hendry, G.R.,

Weinstein, D. et al. (2005). Scaling ozone responses of forest trees to the

ecosystem level. Plant Cell Environ., 28, 965–981.

King, J.S., Kubiske, M.E., Pregitzer, K.S., Hendry, G.R., McDonald, E.P., Giardina,

C.P. et al. (2005). Tropospheric ozone compromises net primary production in

young stands of trembling aspen, paper birch, and sugar maple in response to

elevated CO2. New Phytol., 168, 623–636.

Kubiske, M.E., Quinn, V.S., Marquart, P.E. & Karnosky, D.F. (2007). Effects of

elevated atmospheric CO2 and ⁄ or O3 on intra- and interspecific competitive

ability of aspen. Plant Biol., 9, 342–355.

Langley, J.A., McKinley, D.C., Wolf, A.A., Hungate, B.A., Drake, B.G. &

Megonigal, J.P. (2009). Priming depletes soil carbon and releases nitrogen in

a scrub-oak ecosystem exposed to elevated CO2. Soil Biol. Biochem., 41,

54–60.

Letter NPP and N cycling under elevated CO2 and O3 1225

� 2011 Blackwell Publishing Ltd/CNRS



Luo, Y.Q., Su, B., Currie, W.S., Dukes, J.S., Finzi, A., Hartwig, U. et al. (2004).

Progressive nitrogen limitation of ecosystem responses to rising atmospheric

CO2. Bioscience, 54, 731–739.

Luo, Y.Q., Hui, D. & Zhang, D. (2006). Elevated CO2 stimulates net accu-

mulations of carbon and nitrogen in land ecosystems: a meta-analysis. Ecology,

87, 53–63.

Matyssek, R., Karnosky, D.F., Wieser, G., Percy, K., Grams, T.E.E., Kubiske, M.

et al. (2010). Advanced in understanding ozone impact on forest trees: messages

from novel phytotron and free-air fumigation studies. Environ. Poll., 158, 1990–

2006.

Mauzerall, D.L. & Wang, X. (2001). Protecting agricultural crops from the effects of

tropospheric ozone exposure: reconciling science and standard setting in the

United States, Europe, and Asia. Annu. Rev. Energy Enivron., 26, 237–268.

Norby, R.J., Warren, J.M., Iversen, C.M., Medlyn, B.E. & McMurtire, R.E. (2010).

CO2 enhancement of forest productivity constrained by limited nitrogen

availability. Proc. Natl Acad. Sci. USA, 107, 19368–19373.

Phillips, R.P., Finzi, A.C. & Bernhardt, E.S. (2011). Enhanced root exudation in-

duces microbial feedbacks to N cycling in a pine forest under long-term CO2

fumigation. Ecol. Lett., 14, 187–194.

Pregitzer, K.S. & Euskirchen, E.S. (2004). Carbon cycling and storage in world

forests: biome patterns related to forest age. Glob. Chang. Biol., 10, 2052–2077.

Pregitzer, K.S., Burton, A.J., King, J.S. & Zak, D.R. (2008). Soil respiration, root

biomass, and root turnover following long-term exposure of northern forests to

elevated atmospheric carbon dioxide and tropospheric ozone. New Phytol., 180,

153–161.

Reich, P.B. (1987). Quantifying plant response to ozone: a unifying theory. Tree

Physiol., 3, 63–91.

Reich, P.B., Hobbie, S.E., Lee, T., Ellsworth, D.S., West, J.B., Tilman, D. et al.

(2006a). Nitrogen limitation constrains sustainability of ecosystem response to

CO2. Nature, 440, 922–925.

Reich, P.B., Hungate, B.A. & Luo, Y.Q. (2006b). Carbon-nitrogen interactions in

terrestrial ecosystems in response to rising atmospheric carbon dioxide. Annu.

Rev. Ecol. Syst., 37, 611–636.

Rütting, T., Clough, T.J., Müller, C., Lieffering, M. & Newton, P.C.D. (2010). Ten

years of elevated atmospheric carbon dioxide alters soil nitrogen transformations

in a sheep-grazed pasture. Glob. Chang. Biol., 16, 2530–2542.

Ryan, M.G., Binkley, D. & Fownes, J.H. (1997). Age-related decline in forest

productivity: pattern and process. Adv. Ecol. Res., 27, 213–262.

Stitch, S., Cox, P.M., Collins, W.J. & Huntingford, C. (2007). Indirect radiative

forcing of climate change through ozone effects on the land-carbon sink. Nature,

448, 791–794.

Talhelm, A.F., Pregitzer, K.S. & Zak, D.R. (2009). Species-specific responses to

atmospheric CO2 and O3 mediate changes in soil carbon. Ecol. Lett., 12, 1–10.

Thornton, P.E., Lamarque, J-F., Rosenbloom, N.A. & Mahowald, N.M. (2007).

Influence of carbon–nitrogen cycling coupling on land model responses to CO2

fertilization and climate variability. Glob. Biogeochem. Cycles, 21, GB4018.

Vitousek, P.M. & Reiners, W.A. (1975). Ecosystem succession and nutrient

retention: a hypothesis. Bioscience, 25, 376–381.

Yang, Y.H., Luo, Y.Q. & Finzi, A.C. (2011). Carbon and nitrogen dynamics during

forest stand development: a global synthesis. New Phytol., 190, 977–989.

Zak, D.R., Pregitzer, K.S., Curtis, P.S., Terri, J.A., Fogel, R. & Randlett, D.L. et al.

(1993). Elevated atmospheric CO2 and feedback between carbon and nitrogen

cycles. Plant Soil, 151, 105–117.

Zak, D.R., Holmes, W.E. & Pregitzer, K.S. (2007a). Atmospheric CO2 and O3 alter

the flow of 15N in developing forest ecosystems. Ecology, 88, 2630–2639.

Zak, D.R., Holmes, W.E., Pregitzer, K.S., King, J.S., Ellsworth, D.S. & Kubiske,

M.E. (2007b). Belowground competition and the response of developing forest

communities to atmospheric CO2 and O3. Glob. Chang. Biol., 13, 2230–2238.

Editor, Josep Penuelas

Manuscript received 15 June 2011

First decision made 23 July 2011

Second decision made 31 August 2011

Manuscript accepted 7 September 2011

1226 D. R. Zak et al. Letter

� 2011 Blackwell Publishing Ltd/CNRS


