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Abstract

Changes in resource availability often cause competitively driven changes in tree allocation to foliage, wood, and

fine roots, either via plastic changes within individuals or through turnover of individuals with differing strategies.

Here, we investigate how optimally competitive tree allocation should change in response to elevated atmospheric

CO2 along a gradient of nitrogen and light availability, together with how those changes should affect carbon stor-

age in living biomass. We present a physiologically-based forest model that includes the primary functions of wood

and nitrogen. From a tree’s perspective, wood is an offensive and defensive weapon used against neighbors in com-

petition for light. From a biogeochemical perspective, wood is the primary living reservoir of stored carbon. Nitro-

gen constitutes a tree’s photosynthetic machinery and the support systems for that machinery, and its limited

availability thus reduces a tree’s ability to fix carbon. This model has been previously successful in predicting alloca-

tion to foliage, wood, and fine roots along natural productivity gradients. Using game theory, we solve the model

for competitively optimal foliage, wood, and fine root allocation strategies for trees in competition for nitrogen and

light as a function of CO2 and nitrogen mineralization rate. Instead of down-regulating under nitrogen limitation,

carbon storage under elevated CO2 relative to carbon storage at ambient CO2 is approximately independent of the

nitrogen mineralization rate. This surprising prediction is a consequence of both increased competition for nitrogen

driving increased fine root biomass and increased competition for light driving increased allocation to wood under

elevated CO2.
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Introduction

The leaf-level effects of elevated CO2 (eCO2) on photo-

synthesis are relatively well understood: Net photosyn-

thetic rates increase as a consequence of increased

carboxylation and decreased photorespiration, and

water use efficiency improves because plants can take

in a greater amount of CO2 for the same water loss

(Drake et al., 1997; Long et al., 2004; Ainsworth & Long,

2005). However, these leaf-level responses do not neces-

sarily translate to ecosystem-level increases in net pri-

mary production (NPP) or carbon storage because

changes in physiology, photosynthate allocation, or

nutrient availability can offset or limit them (Millard

et al., 2007; Norby et al., 2010; Norby & Zak, 2011).

Nevertheless, we do know that the terrestrial biosphere

has taken up and stored a significant fraction of the

CO2 already emitted from fossil fuel burning and

deforestation (Houghton, 2007), partly due to secondary

forests that are far from dynamic equilibrium and partly

due to intact forests that are approximately in dynamic

equilibrium (Bonan, 2008; Lewis et al., 2009; Phillips

et al., 2009; Pan et al., 2011; but see Wright, 2013).

Increased carbon storage in secondary forests is rela-

tively well understood. As forests recover from distur-

bance, wood biomass and carbon storage increase until

they reach a dynamic equilibrium in which recruitment

and growth are balanced by mortality. In contrast,

increased carbon storage in intact forests (or forests

where growth and mortality are in dynamic equilib-

rium) depends on trees’ downstream responses to

eCO2, which are poorly understood, against a poten-

tially changing backdrop of other global change factors.

Moreover, the baseline carbon accumulation of second-

ary forests will adjust up or down depending on trees’

downstream responses to eCO2. Thus, articulating the

mechanisms by which trees allocate carbon under eCO2

is critical to understanding how and why such carbon

storage occurs and whether it will persist.
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Carbon stored in living biomass in a forest in

dynamic equilibrium can be expressed as the average

net primary productivity of carbon (NPP) multiplied

by the average residence time of that carbon in living

biomass (s):

storagebaseline ¼ sbaselineNPPbaseline: ð1Þ
After a onetime permanent increase in CO2, be it

gradual or abrupt, the forest comes to a new equilib-

rium, and the new ‘elevated’ carbon storage may be

expressed as perturbations of these baseline compo-

nents:

storageelevated ¼ ð1þ aÞsbaselineð1þ bÞNPPbaseline; ð2Þ

where a is the additional (or if negative, reduced) car-

bon residence time under eCO2 above baseline, and b is

the additional (or if negative, reduced) NPP under

eCO2 above baseline.

The change in carbon storage under eCO2 (i.e. the

carbon sink if positive or source if negative) is the dif-

ference between these two equations:

storagedifference ¼ ðabþ aþ bÞsbaselineNPPbaseline: ð3Þ
This expression clarifies a potential source of confu-

sion about the meaning of the phrase ‘nitrogen

limitation of the carbon sink’. Nitrogen limitation will

tend to limit the enhancement of storage under eCO2,

[storagedifference, Eqn (3)] because it limits current car-

bon storage [sbaseline NPPbaseline, Eqn (1)]. But this effect

is not the focus of most of the literature on nitrogen

limitation of the carbon sink because measurements of

current carbon storage would already allow prediction

of storagedifference if a and b were known with confi-

dence. Instead, the critical unknowns are about the

magnitudes and signs of a and b when nitrogen is limit-

ing. A metric that better isolates these issues is:

storageratio ¼ storageelevated
storagebaseline

¼ 1þ abþ aþ b: ð4Þ

Here, we investigate how a, b, and thus storageratio
are predicted to change along a gradient of nitrogen

availability under conditions of nitrogen and light

limitation.

Although hypotheses regarding eCO2’s effect on car-

bon residence time in living biomass (a) under nitrogen
limitation appear to be absent from the literature, two

hypotheses exist regarding eCO2’s effect on NPP (b)
under nitrogen limitation: Progressive Nitrogen Limita-

tion (PNL) and down-regulation under stoichiometric

constraints. PNL states that decreased N : C of plant

tissues under eCO2 will slow decomposition of organic

matter and increase the amount of nitrogen sequestered

in living and dead organic matter. With more of the

nitrogen in the system sequestered, the nitrogen miner-

alization rate will decrease. With a lower nitrogen min-

eralization rate, NPP and thus b will decline (Luo et al.,

2004). Despite its logical appeal, empirical support for

PNL is limited. Declines in NPP and biomass growth

reported in the later years of the Oak Ridge FACE may

have been caused by litter feedbacks, but these cannot

be attributed to eCO2 alone because they also occurred

in the aCO2 controls (see Figs 1 and 4b in Norby et al.,

2010). Also, there was no evidence of a decline in nitro-

gen availability or uptake in any other forest FACE

experiment (Norby & Iversen, 2006; Zak et al., 2007;

Norby & Zak, 2011). In their review of forest FACE

experiments, Norby & Zak (2011) write: ‘Although the

forests were N limited, NPP remained enhanced in

eCO2, and there was no indication of diminished N

availability or uptake (Norby & Iversen, 2006; Zak et al.,

2007)’.

Also logically appealing, down-regulation under stoi-

chiometric constraints recognizes that plant growth

requires not just carbon, but also nutrients that are

functionally paired with carbon. The idea is that if the

nutrients available for growth are insufficient to stoi-

chiometrically balance the carbon allocated toward

growth, the plant must down-regulate its carbon econ-

omy. In an influential paper, Hungate et al. (2003)

assumed a fixed stoichiometry between carbon and

nitrogen for whole trees, wood, and/or soils and calcu-

lated the additional nitrogen that would be required to

match model predictions of carbon storage that had

originally been made without regard to nitrogen.

Almost without exception, the additional nitrogen

required to balance the stoichiometry far exceeded even

the authors’ most liberal estimates of increased nitrogen

supply, suggesting that the nitrogen-free models exag-

gerate the terrestrial biosphere’s future potential carbon

storage. Using similar methodologies, others have

reached the same conclusion (Wang & Houlton, 2009;

Pe~nuelas et al., 2013).

However, empirical evidence that trees will cap car-

bon gain at a given site under eCO2 to match available

N is limited. In their review of forest FACE experi-

ments, Norby & Zak (2011) write: ‘. . .conclusions based

on a simplistic invocation of Liebig’s Law of the Mini-

mum do not hold: Controlled environment experiments

demonstrated that N deficiency does not preclude a

growth response to eCO2’. Any combination of three

mechanisms may account for this. First, with more car-

bon under eCO2, trees may be able to take up more

nitrogen. Nutrient budget analyses suggest that trees in

several forest FACE sites increased nitrogen uptake

under eCO2 (Finzi et al., 2007), and evidence from Duke

FACE suggests that eCO2 caused a small, but poten-

tially critical increase in the nitrogen mineralization rate
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as a result of increased microbial activity spurred by

increased root exudation (Phillips et al., 2011). Second,

trees may change their whole-plant N : C by changing

their allocation strategy under eCO2, as they often do

when carbon productivity changes relative to nitrogen

availability, e.g. when individuals move from shade to

sun or the reverse (Naidu & Delucia, 1997; Ammer,

2003). Relatively small changes in foliage–wood–fine
root allocation can dramatically affect the whole-plant

N : C of new production because the N : C of wood is

an order of magnitude smaller than that of leaves

(Zhang et al., 2010). This is consistent with findings that

leaf biomass (a nitrogen-rich tissue) remained relatively

constant while wood biomass increased in forest FACE

experiments (Percy et al., 2002; Norby et al., 2005; Liber-

loo et al., 2009; McCarthy et al., 2010). Such changes in

allocation may also occur via species replacement;

within biomes, forests exhibit a large range of relative

allocation between fine roots and wood (Fig. 1c). Third,

trees may alter the N : C of tissues themselves when

provided with more carbon. There exists substantial

within- and between-species variation in N : C of foli-

age, wood, and – especially – fine roots (Kattge et al.,

2011). A meta-analysis of CO2 fertilization experiments,

including the FACE sites, found that forest tree species

are more flexible in their ability to decrease the N : C of

individual tissues in response to eCO2 than are other

ecosystem types (Luo et al., 2006). Meta-analysis also

showed that root N : C decreased significantly in FACE

studies (Luo et al., 2006; Nie et al., 2013). Again, such

changes in tissue N : C may also occur via species

replacement.

Franklin et al. (2009) modeled the first mechanism,

that forests may increase nitrogen uptake under eCO2.

Here, we examine the possibility of avoiding down-reg-

ulation under stoichiometric constraints by focusing on

the latter two mechanisms: changes in whole-plant

N : C via allocational changes and changes in

within-tissue N : C. A defining feature of our approach

is that we treat wood not merely as a repository for car-

bon, but as an active organ that is used in height-struc-

tured competition for light (McMurtrie & Dewar, 2013).

Height growth evolved in plants as a means to shade

neighbors and to avoid being shaded in turn (Givnish,

1982, 1985; Tilman, 1988; Falster & Westoby, 2003;

McNickle & Dybzinski, 2013). Trees in closed-canopy

forests ceaselessly jockey for light via crown plasticity

and height growth that roughly scales as diameter

growth over the square root of diameter (Purves et al.,

2008). The competitive race for light appears to slow

once a tree attains the canopy, but it is never over.

Indeed, a recent global analysis shows that, on average,

trees accelerate their carbon accumulation as they

increase in size (Stephenson et al., 2014). An individual

that fails to at least keep pace with its neighbors will be

overtopped (Vandermeer & De La Cerda, 2004) and

suffer dramatically reduced survivorship, growth, and

fecundity. This dynamic is the basis of the well-estab-

lished self-thinning law, which may remain in effect

even in century-old stands (Pretzsch, 2006). Allocation

to wood is also significant from a biogeochemical per-

spective because the residence time of carbon in wood

is between one and three orders of magnitude greater

than it is in fine roots, foliage, or seeds (Zhang et al.,

2010). Because of this, the overwhelming majority of

carbon in living biomass in forests is in wood (Fig. 1).

Here, we ask how increased productivity caused by

eCO2 will alter strategies of the most competitive trees

for light and nitrogen in the physiological- and individ-

ual-based model originally presented in Dybzinski et al.

(2011), which predicts allocation to foliage, wood, and

fine roots for a stand in dynamic equilibrium (foliage

and fine root production balance losses and wood pro-

duction balances tree mortality). Dybzinski et al. (2011)

parameterized the model with fine-scale data (i.e.

physiological, biogeochemical, and allometric data) and

(a) (b) (c)

Fig. 1 Biomass and NPP data from forests plots in the FluxNet global network (Luyssaert et al., 2007) demonstrating (a) that wood bio-

mass (n = 65) is on average much greater (one-way ANOVA on log10-transformed data, P < 0.0001) than either fine root biomass (n = 89)

or foliar biomass (n = 87); (b) that the fraction of biomass in wood remains high across a latitudinal gradient (n = 65); and (c) that the

ratio of fine root NPP to wood NPP varies greatly within biomes (boreal n = 45, temperate = 88, tropical = 5). Wood here and in the

model is taken as the sum of branches, stem, and coarse roots. Lines in (a) and (c) represent means.
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successfully predicted carbon allocation to foliage,

wood, and fine roots along productivity gradients in

completely independent global data from FluxNet

(Luyssaert et al., 2007) and Santantonio (1989). This

makes the model a promising candidate for success-

fully predicting changes in allocation due to eCO2. The

analysis is game-theoretic (Geritz et al., 1998; McGill &

Brown, 2007; McNickle & Dybzinski, 2013) because the

optimal allocation is determined not by maximizing

stand-level growth rates, but by maximizing lifetime

reproductive success (i.e. fitness) of a resident relative

to all other potential strategies in the environment it

creates. A general conclusion from this work is that cre-

ating such competitive environments entails substan-

tially greater height growth and root proliferation than

would be expected under noncompetitive evolution

(Falster & Westoby, 2003; Craine, 2006; McNickle &

Dybzinski, 2013). Moreover, such physiologically based

game-theoretic analyses, which synthesize the some-

times contrary influences of physiological optimality

and competitive optimality, can generate nonintuitive

predictions. For example, Farrior et al. (2013b) pre-

sented a game-theoretic model of plant competition for

nitrogen and water and found that under some condi-

tions, increasing water availability should, contrary to

classic theory, increase fine root allocation to maintain

competitive parity. This surprising prediction was con-

firmed by a grassland resource addition experiment

(Farrior et al., 2013b). In recognition that similar

surprises may lurk elsewhere, we investigate how a

physiologically based game-theoretic analysis of an

allocation model is influenced by atmospheric CO2

concentration under conditions of nitrogen limitation.

Materials and methods

Model overview – the Dybzinski et al. (2011) model

In Appendix S1, we describe and analyze a slightly modified

version of the model originally presented in Dybzinski et al.

(2011), which is an extension of the Perfect Plasticity Assump-

tion (PPA) model of forest population dynamics described in

its most general form in Strigul et al. (2008). The model of

Dybzinski et al. (2011) includes the carbon and nitrogen bud-

gets of individual trees, where carbon fixed by photosynthesis

or nitrogen taken up by fine roots is equal to the sum of

organ-level expenditures (see Eqns S3 and S4 in Appendix S1).

Individuals’ carbon and nitrogen budgets are scaled by their

projected crown areas, which are allometrically related to their

wood NPP, diameter growth rates, and height growth rates

(see Eqns G27–G31, G1, and G2 in Dybzinski et al., 2011). We

have shown elsewhere that for a given canopy status, foliage,

wood, and fine root allocation per unit crown area are approx-

imately independent of size and that the approximation

becomes excellent for canopy-sized trees (Dybzinski et al.,

2011; Eqns G27–G30). Thus, although we describe carbon and

nitrogen pools on a mass per area-basis and fluxes on a mass

per area per time-basis, the model correctly attributes these

measures to individuals. Fitness is calculated by integrating

reproductive output over the lifetime of a canopy individual,

from the time it attains canopy status to its death (see Eqns

G34–G37 in Dybzinski et al., 2011). Reproductive output is

assumed to be constant per unit projected crown area, but

because a tree that grows faster (or slower) than its neighbors

will achieve greater (or lesser) projected crown area over its

lifetime, it will realize greater (or lesser) lifetime reproductive

success (i.e. fitness), all else equal (Eqn G37 in Dybzinski et al.,

2011).

Trees compete for nitrogen according to their relative abil-

ity to capture nitrogen via diffusion or mass flow. Thus,

trees with the same fine root biomass per unit crown area

and fine root nitrogen concentration (i.e. no relative differ-

ence) will capture the same nitrogen per unit crown area

regardless of the absolute values of those traits. Only relative

differences in those traits will lead to differential nitrogen

capture. We assert that this is approximately true for fine

root biomass and area that is sufficiently large to prevent

leaching of available nitrogen (see Dybzinski et al., 2011

Appendix G), and this assertion is supported by research

that shows that the root biomass typical of forests (and thus

of our model) is more than sufficient to prevent substantive

leaching (Hedin et al., 1995; Perakis et al., 2005; Craine, 2006;

Gerber & Brookshire, 2014). Put another way, the dominant

fine root biomass should be that which is either physiologi-

cally optimal or competitively optimal, whichever is higher,

and the evidence suggests that the competitively optimal

fine root biomass is higher. However, we note that this does

not take into account potential rhizosphere priming effects,

which may well increase with absolute measures of root bio-

mass. Finally, trees are light-limited because of self-shading

through their crowns.

Although we derive it as an approximation from a full

nitrogen cycling model (see Dybzinski et al., 2011, Appendix

G), the model’s nitrogen mineralization rate is assumed to

be independent of the model’s state variables at any point

along the nitrogen mineralization gradient, a consequence of

balanced inputs and outputs for a stand in dynamic equilib-

rium. However, eCO2 introduces a perturbation such that

the balance of inputs and outputs may change for a given

stand as compared to its balance under aCO2. Specifically,

greater storage of nitrogen in wood under eCO2 may slow

the rate of return to the soil organic pool of nitrogen, which

in turn should decrease the soil organic pool size and thus

decrease the nitrogen mineralization rate, all else equal.

Although the model presented in the main text does not per-

mit such progressive nitrogen limitation (i.e. the nitrogen

mineralization rate is assumed to be constant and not explic-

itly affected by changes in nitrogen storage in wood), we

present a modified model in Appendix S2 that does account

for this dynamic. As shown in Appendix S2, including this

feedback on the nitrogen mineralization rate causes a quanti-

tative perturbation on the main text model results but no

qualitative change.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12783
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Model overview – modifications of the Dybzinski et al.
(2011) model presented here

The first modification of Dybzinski et al. (2011) is that all tis-

sues are given explicit nitrogen concentrations. To keep the

model simple enough to yield analytical results, we assume

that foliage and stem wood N : C is fixed but that fine root

N : C is variable, either between or within species (Pregitzer

et al., 2002; Guo et al., 2004; Jia et al., 2011; Nie et al., 2013).

Although foliage N : C commonly decreases under eCO2,

most of this change is due to increased nonstructural carbohy-

drates, especially in trees (Ainsworth & Long, 2005). The

model implicitly includes this as an increase in carbon avail-

able for growth and respiration under eCO2 without specify-

ing its location. The nitrogen in fine roots has explicit

functions: structural nitrogen (i.e. the nitrogen in cell walls),

which is in fixed proportion to fine root carbon, and metabolic

nitrogen (i.e. the nitrogen in proteins that, for example,

actively transport nitrate and ammonium into the root or that

convert it to organic forms). Strategies are defined by two

traits responsible for nitrogen acquisition: the strategy’s fine

root mass, R (scaled as fine root carbon mass per crown area),

and the strategy’s ratio of metabolic fine root nitrogen to fine

root carbon, q. Greater values of q lead to greater nitrogen

uptake rates, all else equal (Lambers et al., 2008).

To investigate the effects of eCO2 in the photosynthesis

model, we impose a onetime permanent increase in CO2 on

the trees. To do this, we only change the leaf-level photosyn-

thetic parameters. Following data from Ainsworth & Long

(2005), we impose a 47% increase in the light-saturated net

photosynthetic rate and a 12% increase in the quantum yield

of photosynthesis. We compare the Evolutionarily Stable Strat-

egy (ESS) under aCO2 with the ESS under eCO2 as a function

of nitrogen availability, and thus predict how nitrogen limita-

tion affects a, b, and the absolute [Eqn (3)] and relative

[Eqn (4)] changes in ecosystem carbon storage caused by CO2

fertilization.

Model solution

We analyze the model for cases in which the nitrogen mineral-

ization rate is great enough to permit canopy closure against a

constant background rate of mortality and yet beneath the

threshold of nitrogen saturation, such that any increase in

nitrogen availability that we analyze would increase NPP, tree

growth rates, and equilibrium carbon storage. The competi-

tively optimal allocation strategy is effectively found by intro-

ducing ‘challengers’ with all possible values of traits into

monocultures of ‘residents’ with all possible values of traits. A

resident strategy that resists all challengers (i.e. for which resi-

dent fitness is greater than any challenger fitness) and that can

be arrived at via successive challenges (i.e. is convergence-sta-

ble) is deemed an Evolutionarily Stable Strategy (ESS) (Geritz

et al., 1998; McGill & Brown, 2007). Convergence stability is

proven analytically for approximate solutions (Appendix S1)

and checked numerically for exact solutions (Figure S2 in

Appendix S1). It is important to emphasize that the model is

agnostic about whether the differences between residents and

challengers arise from plasticity, in situ evolution, within-spe-

cies differences, or between-species differences (McNickle &

Dybzinski, 2013).

Appendix S1 contains formulae for computing R*(CO2, N),

q*(CO2, N), L*(CO2, N), and W*(CO2, N), which are competi-

tively optimal (ESS) values, respectively, of fine root mass

(gC m�2), the ratio of metabolic fine root nitrogen to total fine

root carbon, one-sided leaf area index (m2 m�2), and wood

NPP (g m�2 y�1), all written as functions of atmospheric CO2

and the nitrogen mineralization rate, N (gN m�2 y�1). We

present a closed-form solution for q*(CO2, N) in general (Eqn

S18 in Appendix S1) and close approximations to the other

ESSs. The approximations rely on the fact that structural fine

root nitrogen and stem wood nitrogen represent a small frac-

tion of a tree’s annual nitrogen budget (Eqns S36, S38 in

Appendix S1). Exact solutions for R*(CO2, N), L*(CO2, N), and

W*(CO2, N) are found by solving Eqn (S34) in Appendix S1

numerically and were used to generate all figures. Except

where new parameters have been introduced to deal with

explicit nitrogen pools or where existing parameter values

have been adjusted for the effects of eCO2 on photosynthesis,

all parameter values follow those of Dybzinski et al. (2011)

and are given again in Appendix S1.

To predict the future behavior of the sink, we convert the

annual ESS wood production, W*(CO2, N), into the total den-

sity of living wood carbon by dividing W*(CO2, N) by the

mean canopy tree mortality rate (assumed to be 0.013 yr�1) or,

equivalently, by multiplying W*(CO2, N) by the mean resi-

dence time of carbon in living wood (assumed to be 77 year)

(Farrior et al., 2013a; Appendix A). We add to this the stand-

ing carbon per unit area in foliage and fine roots, ML*(CO2,

N), and R*(CO2, N) respectively, where M is leaf mass per

area. The sum of these three terms, together with a small, con-

stant NPP associated with fecundity that turns over yearly,

gives the total density of living carbon (gC m�2) at equilib-

rium. This is calculated for the baseline CO2, giving stor-

agebaseline from Eqn (1) and for eCO2, giving storageelevated
from Eqn (2). Carbon residence time is calculated as storage

divided by NPP.

Results

Competitive organ-level responses to nitrogen and eCO2

Consistent with Dybzinski et al. (2011), predicted foli-

age NPP and wood NPP increase (Fig. 2a and c) and

predicted fine root NPP decreases (Fig. 2e) with

increasing net nitrogen mineralization rate (N), irre-

spective of CO2 concentration. Foliage NPP increases

with N because construction of the photosynthetic

machinery is stoichiometrically constrained by nitrogen

availability and because carbon capture is proportional

to foliage investment. Up to the point of nitrogen satu-

ration, competitive trees invest as much nitrogen in foli-

age as they can without compromising physiological

function elsewhere. Wood NPP increases with N both

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12783
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because of the greater carbon revenue (due to the

greater foliage NPP) and because relatively more car-

bon is available from decreased fine root allocation.

The explanation for why fine root NPP decreases

with N is more nuanced. The optimal allocation to fine

roots for a tree growing in isolation with no evolution-

ary history of competition (contra-reality) would be the

minimum amount necessary to prevent leaching of

nitrogen. Assuming no leaching of nitrogen, as we do

here for simplicity, such an isolated tree could maxi-

mize its wood growth with miniscule fine root invest-

ment. At the stand level, such a strategy would be

easily outcompeted by one with greater fine root invest-

ment, which in turn would be outcompeted by another

with even greater fine root investment, and so on. This

regress would stop when the resident’s fine root NPP is

sufficiently high that a challenger with even greater fine

root NPP (which would still acquire a greater share of

nitrogen) would fail to pay for its additional fine root

biomass with the extra foliage it was able to build, mak-

ing it an unsuccessful challenger. This resident would

be the competitive dominant (or ‘ESS’). Put another

way, the competitive dominant’s fine root allocation is

such that the marginal cost of additional fine roots is

exactly equal to the marginal return of the additional

foliage that would be made with the additional N

acquired by those additional fine roots. Because the

marginal return of additional foliage for a challenger

decreases with increasing N due to self-shading, the

most competitive fine root NPP also decreases with N.

Under eCO2, ESS allocation shifts at any given N,

though the model makes no statement about how such

shifts may be achieved biologically or at what timescale

they may occur (we return to this point in the Discus-

sion). Competitively, optimal foliage NPP decreases

slightly under eCO2 (Fig. 2a), balancing the competitive

costs and benefits of carbon fixation with the increased

nitrogen required for greater wood and fine root NPP

under eCO2 (Fig. 2c and e). These increases represent

new competitive optima for light and nitrogen given

the increased available photosynthate under eCO2. The

exact same reasoning used above to explain the shift in

fine root NPP with N applies here to explain the shift in

fine root NPP with eCO2: the increased carbon alloca-

tion to fine roots creates a situation in which a chal-

lenger strategy with greater fine root mass, though able

(a) (b)

(c) (d)

(e) (f)

Fig. 2 Predicted competitive organ-level NPP (left-hand panels) and fractional allocation (right-hand panels) at CO2 = 350 and

CO2 = 550 by net nitrogen mineralization rate. Predictions begin at net nitrogen mineralization rates that permit closed forests

composed of ESS individuals and end at net nitrogen mineralization rates that are approximately saturating.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12783
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to acquire a greater share of nitrogen, would fail to fix

enough carbon with that additional nitrogen to cover

the costs of its additional fine roots (Dybzinski et al.,

2011). Such a resident can resist invasion by challengers

possessing both lesser and greater root mass and is thus

the most competitive strategy.

In addition, eCO2 also extends the range of N over

which competitive, nitrogen-limited, closed-canopy for-

est may persist (Fig. 2). At low N, the transition

between open-canopy and closed-canopy forest is

determined by the balance between growth rates and

mortality rates (Dybzinski et al., 2011). By increasing

growth rates against an assumed background of

constant mortality, eCO2 increases the range of closed-

canopy forests at low N. Forests transition from nitro-

gen-limited to nitrogen-saturated when they are able to

build enough leaf area that the lowest, most-shaded

leaves are just able to pay for themselves (Dybzinski

et al., 2011). Thus, by decreasing the light compensation

point of photosynthesis and by slightly decreasing foli-

age NPP at any given N, eCO2 extends the range over

which forests remain nitrogen-limited to higher N.

Because our model does not permit increased nitro-

gen uptake under eCO2, all gains in productivity are

possible via shifts in whole-plant stoichiometry as a

result of changes in allocation (Fig. 2b,d,f) and changes

in fine root metabolic nitrogen concentration (Eqn S18

in Appendix S1). Thus, aboveground and belowground

C : N (inverse of N : C) increases under eCO2 (Fig. 3)

as trees become relatively more carbon-rich. The pre-

dicted relative shifts in C : N are within the range of

values reported for within-species shifts in the meta-

analysis of the empirical literature in Luo et al. (2006).

Note that if eCO2 causes species replacement, the range

of possible shifts in C : N is likely to be much larger.

The predicted response ratio of aboveground C : N is

approximately constant across the N gradient (Fig. 3a),

with a slight increase at low N due to the relatively lar-

ger fractional increase in wood allocation at low N

(Fig. 2d). The predicted response ratio of belowground

C : N increases with N (Fig. 3b) primarily as a result of

decreasing allocation to fine roots (Fig. 2f) and occurs

despite a decrease in fine root C : N with decreasing

fine root biomass (Eqn S18 in Appendix S1).

Ecosystem-level responses to eCO2

Recall that changes in carbon storage under eCO2

(Eqns 3 and 4) are a function of changes in NPP under

eCO2 (the results of which are summarized above) and

of changes in carbon residence time under eCO2, which

depend on fractional allocation to organs with different

carbon residence times. Fractional allocation to foliage

is largely unaffected by N (Fig. 2b), whereas fractional

allocation to wood increases (Fig. 2d) and fractional

allocation to fine roots decreases (Fig. 2f) with increas-

ing N. Because eCO2 increases overall production with-

out appreciably changing foliage NPP, fractional

allocation to foliage decreases with eCO2 (Fig. 2b). In

contrast, fractional allocation to fine roots increases

under eCO2 (Fig. 2f). Fractional allocation to wood

increases slightly at low N, but decreases slightly at

high N under eCO2 (Fig. 2d).

Under eCO2, total NPP increases (Fig. 4a), carbon

residence time in biomass increases slightly at low

nitrogen mineralization rates, but decreases slightly at

high nitrogen mineralization rates (Fig. 4c), and carbon

storage in biomass increases (Fig. 4e). The increase in

total NPP (Fig. 4a) is driven by the leaf-level effects of

eCO2. The shift in carbon residence time in biomass

(Fig. 4c) is driven by small shifts in allocation to wood

(Fig. 2d), which retains carbon much longer than

(a)

(b)

Fig. 3 Predicted changes in aboveground (a) and belowground

(b) C : N stoichiometry of new production both due to shifts in

allocation among tissues of differing stoichiometries and due to

shifts in the metabolic nitrogen concentration of fine roots. Gray

bars outside the panels indicate the means (thick lines) and

ranges (thin lines) of empirical values for within-species shifts

reported in the meta-analysis of Luo et al. (2006) (see their

Fig. 3). The predicted aboveground C : N at CO2 = 350 and

CO2 = 550 was calculated as the inverse of the NPP-weighted

average of foliage N : C and wood N : C, assuming 75% of

wood production is aboveground. The predicted belowground

C : N at CO2 = 350 and CO2 = 550 was calculated as the inverse

of the NPP-weighted average of fine root N : C and wood

N : C, assuming 25% of wood production is belowground. The

response ratio (vertical axis) was calculated as the difference of

the natural log of these predicted values, as in Luo et al. (2006).

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12783
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foliage or fine roots. As a consequence of these large

increases in NPP and the much smaller shifts in carbon

residence time, absolute carbon storage in biomass, i.e.

storagedifference [Eqn (3)], increases under eCO2 and

with increasing nitrogen mineralization rate (Fig. 4e).

As expected, baseline NPP (Fig. 4a) increases with

increasing nitrogen mineralization rate. However,

because the fraction of total LAI made up by light-satu-

rated leaves decreases with increasing LAI and because

light-saturated leaves show a larger proportional

increase in carbon fixation under eCO2 compared to

light-limited leaves (Ainsworth & Long, 2005), the frac-

tion of enhanced GPP from light-saturated leaves

decreases with increasing LAI. Thus, b [Eqn (3)]

decreases with increasing nitrogen mineralization rate

(Fig. 4b) because LAI increases with increasing nitro-

gen mineralization rate (Fig. 2a, where LAI is propor-

tional to foliage NPP, Eqn S35 in Appendix S1). Also as

expected, baseline carbon residence time (Fig. 4c)

increases with increasing nitrogen mineralization rate.

However, because the shift in fractional allocation to

wood under eCO2 is greater at low nitrogen

mineralization rate as compared to high nitrogen

mineralization rate (Fig. 2d), there is a greater relative

increase in carbon residence time under eCO2 at low

nitrogen mineralization rate as compared to high nitro-

gen mineralization rate [a, Eqn (3)]. Thus, a monotoni-

cally declines with increasing nitrogen mineralization

rate.

Together, the effects of increased CO2 on baseline

NPP and carbon residence time increase with increasing

nitrogen mineralization rate (Fig. 4a and c), whereas

the a- and b-effects decrease with increasing nitrogen

mineralization rate (Fig. 4b and d), such that the stor-

agedifference [Eqn (3)] is less steep across the gradient of

nitrogen mineralization rate (Fig. 4f) than it would be

otherwise. Consequently, storageratio [Eqn (4)],

expressed as the ratio of carbon storage at CO2 = 550 to

carbon storage at CO2 = 350, actually decreases and

plateaus with increasing nitrogen mineralization rate

(Fig. 5). Although nitrogen-saturated forests may not

retain excess nitrogen (Perakis et al., 2005; Menge et al.,

2009), it is worth noting that if they do, Storageratio will

increase with increasing nitrogen mineralization rate in

the region beyond which forests are currently nitrogen-

saturated (e.g. beyond N = 11 gN m�2 yr�1 in Fig. 5).

(a) (b)

(c) (d)

(e) (f)

Fig. 4 Predicted summary biogeochemical responses of NPP (a), b (b), carbon residence time (c), a (d), storage (e), and storage

difference (f) at CO2 = 350 and CO2 = 550 as a function of the nitrogen mineralization rate. The definitions of NPPbaseline, sbaseline, stor-
agebaseline, storageelevated, a, b, and storagedifference can be found in Eqns (1)–(3) and the surrounding text. See Appendix S1 for model

details.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12783
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This is because eCO2 raises the threshold for nitrogen

saturation and thus ecosystem responsiveness to

increasing nitrogen availability (compare the limits of

nitrogen saturation under aCO2 and eCO2 in Fig. 2).

Down-regulation under stoichiometric constraints

Appendix S1 contains an analysis in which we show

that down-regulation of carbon fixation is never a com-

petitive optimum in our model. Trees at an ESS use all

the carbon and nitrogen they harvest. The analysis

introduces a down-regulation parameter that allows a

tree to decrease its gross carbon gain by decreasing its

foliage investment. With less carbon than its neighbors,

a tree is forced to reduce either its wood production or

its fine root production. Reduced wood production

decreases its ability to overtop neighbors and puts it at

risk of being overtopped itself, and reduced fine root

production decreases its nitrogen uptake relative to that

of its neighbors. Thus, we show that the competitively

optimal solution is no down-regulation at all. The same

result holds if down-regulation simply decreases car-

bon gain without decreasing foliage investment. In our

model, trees use the extra carbon under eCO2 without

additional nitrogen by shifting allocation among tissues

(which vary in their stoichiometries, Eqn S34 in Appen-

dix S1) and by adjusting fine root metabolic nitrogen

concentration (Eqn S18 in Appendix S1), which

together serve to decrease whole-plant N : C (or, equiv-

alently, increase whole-plant C : N, Fig. 3). Note that

the analysis does not admit the possibility of allocating

carbon to nonstructural or nonrespiratory processes,

such as rhizosphere exudates.

Discussion

Understanding the consequences of elevated atmo-

spheric CO2 on the world’s carbon-storing forests in the

face of pervasive nutrient limitation is a critical research

goal (Norby & Zak, 2011). Here, we model tree alloca-

tion from a competitive perspective, whereby wood

serves first and foremost as an offensive and defensive

weapon in height competition but whose carbon alloca-

tion must trade-off with equally critical allocation to

fine roots for nitrogen competition and foliage for car-

bon fixation. Such game-theoretic models can have sur-

prising, nonintuitive predictions, and many of these

have been supported empirically (Gersani et al., 2001;

Craine, 2006; Farrior et al., 2013b). As may have been

expected, the absolute increase in carbon storage under

eCO2, storagedifference [Eqn (3)], is predicted to increase

as nitrogen becomes less limiting (Fig. 4f) simply

because baseline NPP and carbon residence time

increase as nitrogen becomes less limiting (Fig. 4a and

c). However, the more interesting and surprising result

is that the relative increase in stand-level carbon storage

under eCO2, storageratio [Eqn (4)], is predicted to be

approximately independent of nitrogen limitation

(Fig. 5). Given our parameterization, storageratio is pre-

dicted to actually increase as nitrogen becomes more

limiting. Our results also show that trees that down-

regulate their carbon fixation are not favored. As in

other ‘goal oriented’ models, our modeled trees can

avoid such down-regulation by shifting allocation

among tissues of differing stoichiometry and/or by

adjusting tissue-level stoichiometry. However, the rea-

son for avoiding down-regulation is biologically moti-

vated by a competition-based or game-theoretic
analysis: any strategy in a closed-canopy, nitrogen-lim-

ited forest that forgoes carbon or nitrogen will always

be outcompeted by a strategy that uses all of the nitro-

gen and carbon that it can acquire. This occurs despite

simultaneous nitrogen- and light limitation in all the

cases we consider. We note that our model does not

consider rhizosphere priming (Cheng et al., 2014),

which has the potential to increase a tree’s nitrogen

uptake rate at the expense of carbon for organ alloca-

tion. Thus, rhizosphere priming may manifest as

organ-level down-regulation that is still competitively

optimal.

Model predictions and empirical data

The model predicts competitive strategies that are con-

sistent with many of the results from forest FACE

experiments (Norby & Zak, 2011). With the exception

of the later years at ORNL FACE (Norby et al., 2010),

forest FACE sites with both open and closed canopies

showed comparable increases in NPP under eCO2

(~23%), which is approximately the level expected from

a simple, unlimited extrapolation of the biochemistry of

photosynthesis (Norby et al., 2005). Our model predicts

Fig. 5 The relative increase in carbon storage, i.e. storageratio
[Eqn (4)], as a function of the nitrogen mineralization rate. Fig-

ures of a and b are included in Fig. 4.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12783
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a comparable 20–26% increase across the entire range

of nitrogen limitation (Fig. 4b). Leaf area index (LAI)

generally increased in stands with open and expanding

canopies (Norby et al., 2005). Sites with closed canopies

had higher LAI than those with open canopies, but LAI

in closed sites was generally unaffected by eCO2. Simi-

larly, our model of closed-canopy forests predicts that

LAI should remain approximately constant under eCO2

(Fig. 2a, where LAI / NPP in the model, Eqn S35 in

Appendix S1). Wood increment increased in all forest

FACE experiments under eCO2 (Percy et al., 2002; Nor-

by et al., 2005; Liberloo et al., 2009; McCarthy et al.,

2010), and fine root production and/or standing fine

root biomass increased under eCO2 in most forest

FACE sites (Lukac et al., 2003; Pregitzer et al., 2008;

Jackson et al., 2009; Iversen et al., 2012; Nie et al., 2013;

Smith et al., 2013a). Similarly, our model predicts

increases in both wood and fine root production

(Fig. 2c and e), and the model’s predicted decrease in

fine root biomass (where biomass is proportional to

production in the model, Eqn S35 in Appendix S1) with

increasing nitrogen availability is consistent with forest

FACE responses to nitrogen addition (Jackson et al.,

2009 see their Fig. 5).

Nevertheless, such qualitative agreement of the

model predictions with results from forest FACE exper-

iments must be viewed with caution for at least three

reasons. First, there are several relevant processes that

are not included in the model, including rhizosphere

priming (Phillips et al., 2011), herbivory (Knepp et al.,

2005), and nonstructural carbohydrate pools (Handa

et al., 2005), and numerous processes that are included

are held constant under eCO2, such as reproductive

allocation (Ladeau & Clark, 2006), foliage and wood

stoichiometry, tissue turnover times, and others. In

addition, our analysis takes no account of the quantita-

tive diversity of photosynthetic responses to eCO2,

instead using only the mean response of trees (Ains-

worth & Long, 2005). Second, the number of forest

FACE sites is small relative to the variability in alloca-

tion patterns evidenced by forests around the world

(Fig. 1). If, as seems likely, allocational responses to

eCO2 are variable (or are functions of allocation), then

the small number of forest FACE sites are unlikely to

capture the mean response of the world’s forests. Third,

only one forest FACE site used old growth forest (Swiss

Canopy Crane FACE, e.g. Bader et al., 2013) and that

site had no stand-level replication. Other sites used

established closed-canopy plantations (Duke FACE and

Oak Ridge FACE), while the remaining sites used

planted saplings (Rhinelander FACE, Bangor FACE) or

coppiced saplings (Pop-Euro FACE) (Norby & Zak,

2011; Smith et al., 2013b). Thus, not all model assump-

tions will have been met by the stands comprising the

forest FACE sites. However, for closed-canopy forests

at least, there is evidence to suggest that allocational

patterns to foliage, wood, and fine roots are similar in

stands of all ages at a given site (Fig. 6g–o), despite
large differences in mean tree size (Fig. 6a–c) and stand

density (Fig. 6d–f). Thus, our model’s allocation predic-

tions, which assume dynamic equilibrium of a stand,

may be good approximations for younger closed-can-

opy stands for which foliage and fine root masses are in

dynamic equilibrium, but for which population struc-

ture is still far from dynamic equilibrium.

On the other hand, the model results do not explain

other experimental eCO2 work on individual plants.

For example, short-term experiments with seedlings

and saplings using factorial manipulation of nutrients

and CO2 have found a significant positive effect of

nutrient availability on relative (eCO2/aCO2) biomass

(Curtis & Wang, 1998). In contrast, our model predicts

a slightly negative effect of nutrient availability on rela-

tive storage (Fig. 5). This may indicate a problem with

the model, or it may highlight the difference between

the optimal physiological response of a plant growing

in isolation vs. the optimal competitive response of a

plant growing among competitors (Gersani et al., 2001;

Craine, 2006). Other experimental work suggests that

severe nitrogen limitation might prevent additional car-

bon sequestration entirely. Whole-tree chamber experi-

ments in boreal forest showed no effect of eCO2 on

growth without nitrogen amendments (Sigurdsson

et al., 2013), and NPP in eCO2 plots at the ORNL FACE

fell back to match controls in the final years of the

experiment, presumably due to decreasing nitrogen

availability associated with stand development and

exacerbated by eCO2 (Norby et al., 2010).

As explained in detail in Appendix S2, the fact that

predicted wood NPP increases under eCO2 (Fig. 2c)

causes a predicted increase in nitrogen storage in trees

(Figure S3 in Appendix S2). This is nitrogen that, under

aCO2, would have been allocated to foliage or fine roots

and thus returned to the soil relatively quickly. Their

predicted storage under eCO2 raises a question: will

shifting this stored nitrogen away from the soil pool

decrease the net nitrogen mineralization rate, and, if so,

will the decreased NPP associated with the lower net

nitrogen mineralization rate reduce, negate, or even

reverse the carbon storage prediction of the model via

progressive nitrogen limitation? To answer this ques-

tion, we present a modified model in Appendix S2 that

includes a soil organic nitrogen pool and a decline in

the net nitrogen mineralization rate as the soil organic

nitrogen pool decreases (which occurs as trees store

more nitrogen in wood under eCO2). The results indi-

cate that increased nitrogen storage by trees will

reduce, but not negate or reverse, the carbon storage

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12783
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(a) (b) (c)

(d) (e) (f)

(i)(h)(g)

(j) (k) (l)

(o)(n)(m)

Fig. 6 Mean tree DBH (first row), stand density (second row), and organ NPP (remaining rows) along successional chronosequences at

Andrews Experimental Forest (first column), Cascade Head Experimental Forest (second column), and the University of Michigan Bio-

logical Station (third column) show that large changes in individual tree size and stand density are accompanied by small or no differ-

ences in per-ground-area measures of organ NPP. Data are from the FluxNet global network (Luyssaert et al., 2007). Open circles

represent gymnosperm-dominated stands; closed circles represent angiosperm-dominated stands; and crosses represent gymnosperm-

dominated old growth stands, which are not included in fits. Including old growth stands in fits changes the significance in two panels:

(h) becomes nonsignificant (R2 = 0.06, P = 0.43); and (j) becomes significant (R2 = 0.54, P = 0.0064). Fits in the first two rows are

log–log, and fits to NPP data are log-linear.
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predictions of our main text model. The reduction

becomes less severe as the fraction of total system nitro-

gen in trees becomes smaller, and data suggest that this

fraction is small (~7%) in extant forests (Figure S4 in

Appendix S2).

A competitive mechanism for allocational shifts under
eCO2

There are several hypotheses that have been put for-

ward to explain the observed shifts in allocation of trees

exposed to eCO2 (see below). We add the hypothesis

that evolution has favored strategies that not only opti-

mize physiological function in response to eCO2, but

that also maintain competitive dominance in response

to eCO2 by influencing the resource environment and

the costs/benefits of different allocation strategies for

competitors (Franklin et al., 2012; McNickle & Dybzin-

ski, 2013). Specifically, because the roots of individual

trees are comingled (Gilman, 1988; Stone & Kalisz,

1991; Casper et al., 2003; Gottlicher et al., 2008; Jones

et al., 2011), trees may ‘over-invest’ in fine roots relative

to physiological necessity such that any unilateral

increase in fine roots, which results in a net nutrient

and/or water gain, comes at a net carbon cost (Gersani

et al., 2001; Craine, 2006; O’brien et al., 2007; Dybzinski

et al., 2011; Farrior et al., 2013a; McNickle & Dybzinski,

2013). In the model, the increased quantum yield of

photosynthesis under eCO2 requires a greater ‘over-

investment’ in fine roots to prevent individuals with

even greater fine root allocation from benefitting. Note

that this mechanism may explain the pervasive increase

in fine root biomass observed in FACE experiments

without requiring any detectable net benefit, i.e. trees

may increase fine root biomass under eCO2 just to

maintain competitive parity.

Similarly, because the race for light is – even for can-

opy trees – never over (see Introduction), we expect

evolution to favor strategies that maximize height and

branch growth within the constraints of other tree

functions (Givnish, 1982; Falster & Westoby, 2003;

McMurtrie & Dewar, 2013; McNickle & Dybzinski,

2013). Wood has much lower nutrient concentrations

than other tree organs (Whittaker et al., 1979; Kattge

et al., 2011), and although the absolute amount of nutri-

ents in wood may be large, the annual investment of

nutrients in wood is relatively small (Whittaker et al.,

1979). Even though wood is relatively inexpensive in

terms of nutrients, it is critical to an individual’s sur-

vival and reproduction. Indeed, a unilateral shift in

allocation away from wood in an ESS stand in favor of

fine roots or foliage may boost an individual’s carbon

capture in the short term, but because it would be even-

tually overtopped as a result, it will result in a large net

loss in the long term. Again, the ESS balances the con-

flicting competitive and physiological demands for car-

bon and nitrogen allocation to foliage, wood, and fine

roots such that any unilateral shift in allocation away

from the ESS, be it foliage, wood, or fine roots, will

result in lowered fitness.

Existing hypotheses and competitive allocation responses
are not mutually exclusive

Other possible explanations for the observed shifts in

allocation of trees exposed to eCO2 focus on the ways

in which those shifts may garner more nitrogen at the

stand level. Franklin et al. (2009) parameterize a

whole-stand model of photosynthesis and allocation

under nitrogen limitation using data from the Duke

and ORNL FACE sites and successfully predict NPP,

root production, and growth of multiple plots across

multiple years. The key to that success is an assumed

phenomenological relationship between increasing fine

root production and increasing nitrogen uptake that

they fit to the data without actually measuring nitro-

gen uptake. McMurtrie & Dewar (2013) make a similar

assumption in their maximized wood allocation

model.

Including a relationship between increasing fine root

production or biomass and increasing nitrogen uptake,

as these models do, will produce results that are quali-

tatively similar to those of our model. Specifically,

whenever the ratio of nitrogen uptake relative to carbon

fixation declines, either due to a decreasing nitrogen

mineralization rate or increased carbon fixation (e.g.

from eCO2), the optimal solution will be to increase fine

root biomass. This is also true of our own model if we

remove competition and allow nitrogen uptake to be a

function of absolute root biomass. Franklin et al.’s

(2009) assumption is supported by the nitrogen and

carbon budget analysis of three forest FACE sites (Finzi

et al., 2007). Empirical studies have found support for

possible mechanistic links between increased fine root

production (or biomass) and increased stand-level nitro-

gen uptake under eCO2, including increased uptake at

depth (Iversen, 2010), increased competitiveness against

microbes (Hu et al., 2001), and priming of microbes to

induce greater rhizosphere nitrogen mineralization

rates (Phillips et al., 2011).

Such explanations complement the explanation put

forth here, an explanation that suggests that competi-

tion motivates the shifts in allocation of trees exposed

to eCO2 with no net benefit at the stand level. Not

only are these two classes of mechanism not mutually

exclusive but they also may reinforce one another to

the benefit of increased carbon sinks in response to

eCO2. In other words, if trees can increase nitrogen

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12783
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uptake and make good competitive use of additional

carbon at constant nitrogen uptake, then there are

two routes to sustaining carbon sinks, both of which

avoid down-regulation of carbon fixation. Indeed, the

truth may reside at the intersection of these mecha-

nisms, i.e. some degree of changed allocation under

eCO2 may alter resource capture at the stand level

and some degree may be strictly competitive with no

net benefit at the stand level. Note that models fit to

data using only one of these mechanisms would

explain the variance due to both mechanisms without

giving any indication that there were actually two

mechanisms at work. But as in all situations where

multiple mechanisms operate in concert, the fit of a

single-mechanism model would be unlikely to extrap-

olate well to other sites and conditions. Moreover, the

point of intersection between these two mechanisms

may vary with the huge range of factors that charac-

terize and impact forests around the world, and it

may change over time if trees exhaust their ability to

increase nitrogen uptake rates with greater carbon

revenue. Given the range of possibilities, future

research that combines the different physiological

mechanisms described above within a game-theoretic
framework such as the one we present here will

likely be fruitful.

Mechanisms by which trees may respond to eCO2

How might trees ‘know’ how to respond in a com-

petitively optimal way to eCO2, as our hypothesis

suggests they should? Although there is circumstan-

tial evidence for their existence, there are no identi-

fied mechanisms by which plants can directly sense

CO2 concentrations (Sage, 2002), and CO2 concentra-

tions have been between ~180 ppm and ~280 ppm

for at least the last 800 000 years preceding the

Industrial Revolution (Tripati et al., 2009). It therefore

seems unreasonable to suspect that the proximate

mechanism behind a plastic response of trees to

eCO2 – be it physiologically optimizing, competitively

optimizing, or both – is CO2 concentration itself.

Rather, the more likely proximate mechanisms are

assessments of physiological performance relative to

light availability and the revenues and costs of car-

bon, water, and soil resources. It may seem foreign

to consider these sorts of signals beyond their role in

helping a plant maintain physiological optimality, but

the ubiquity of seedling responses to crowding

(Smith, 1982) and sapling responses to forest gaps

(Naidu & Delucia, 1997; Ammer, 2003) provide exam-

ples of plastic plant responses that are clearly com-

petitive in nature, and there is evidence that plants

may plastically respond in a similar manner below-

ground (McNickle & Dybzinski, 2013). On the other

hand, if trees do not harbor sufficient plasticity to

remain the competitive dominant under eCO2 given

the environmental conditions in which they are cur-

rently established, then we should expect substantial

species turnover and/or evolution in the decades and

centuries to come as the more competitive strategies

colonize and/or leave behind more relatively success-

ful offspring.

Future directions

We have described and analyzed a game-theoretic

model of tree competition for nitrogen and light and

compared predictions of the most competitive alloca-

tion strategies under ambient and elevated atmospheric

CO2. Across a range of nitrogen availability, the most

competitive strategies use the greater carbon budget

under eCO2 to increase NPP to wood and fine roots,

while reducing fine root nitrogen concentration, to

maintain competitive parity belowground for nitrogen

and aboveground for light. The net result of these stra-

tegic shifts is a predicted increase in carbon storage in

trees. It remains to be seen how this prediction will

interact with other factors, such as rhizosphere priming

(Phillips et al., 2011), optimal leaf stoichiometry and

physiology (Dybzinski et al., 2013), and temperature

and moisture effects on mineralization (Sokolov et al.,

2008; Thornton et al., 2009; Esser et al., 2011). Such pro-

cesses will affect the magnitude of carbon sequestration

in different (and changing) environments because trees

competitively allocate carbon and nutrients differently

under differing constraints of water, nutrients, light,

and CO2 availability (Franklin et al., 2009; Dybzinski

et al., 2011, 2013; Farrior et al., 2013a; McMurtrie &

Dewar, 2013). Thus, we suggest that discovering and

quantifying multiple resource constraints in a competi-

tive context and the ways that climate change will alter

them will yield robust, mechanistically-based predic-

tions of future carbon sequestration.
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