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Abstract

Despite the importance of nitrogen (N) limitation of forest carbon (C) sequestration at

rising atmospheric CO2 concentration, the mechanisms responsible are not well under-

stood. To elucidate the interactive effects of elevated CO2 (eCO2) and soil N availability on

forest productivity and C allocation, we hypothesized that (1) trees maximize fitness by

allocating N and C to maximize their net growth and (2) that N uptake is controlled by soil

N availability and root exploration for soil N. We tested this model using data collected in

Free-Air CO2 Enrichment sites dominated by evergreen (Pinus taeda; Duke Forest) and

deciduous [Liquidambar styraciflua; Oak Ridge National Laboratory (ORNL)] trees. The

model explained 80–95% of variation in productivity and N-uptake data among eCO2, N

fertilization and control treatments over 6 years. The model explains why fine-root

production increased, and why N uptake increased despite reduced soil N availability

under eCO2 at ORNL and Duke. In agreement with observations at other sites, the model

predicts that soil N availability reduced below a critical level diminishes all eCO2

responses. At Duke, a negative feedback between reduced soil N availability and

N uptake prevented progressive reduction in soil N availability at eCO2. At ORNL, soil

N availability progressively decreased because it did not trigger reductions in N uptake; N

uptake was maintained at ORNL through a large increase in the production of fast

turnover fine roots. This implies that species with fast root turnover could be more prone

to progressive N limitation of carbon sequestration in woody biomass than species with

slow root turnover, such as evergreens. However, longer term data are necessary for a

thorough evaluation of this hypothesis. The success of the model suggests that the

principle of maximization of net growth to control growth and allocation could serve as

a basis for simplification and generalization of larger scale forest and ecosystem models,

for example by removing the need to specify parameters for relative foliage/stem/root

allocation.
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Introduction

The long-running forest Free-Air CO2 Enrichment

(FACE) experiments have provided substantial
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evidence of ecosystem-level responses to elevated CO2

(eCO2), induced by the primary effects of CO2 on leaf

photosynthesis (Gifford, 2004). In the longer term, the

response of forests to eCO2 is a product of direct CO2

effects and interactions with other resources that influ-

ence forest growth and carbon (C) flux. Soil nitrogen (N)

availability is of particular importance for longer term

responses because it limits forest production and C

sequestration (Vitousek & Howarth, 1991), as well as

their CO2 responses (Oren et al., 2001; Reich et al., 2006a)

in many temperate ecosystems. Soil N availability may

also be subject to negative feedbacks associated with

increased soil and plant N immobilization at eCO2,

leading to progressive N limitation (Comins & McMur-

trie, 1993; Luo et al., 2004). Soil N availability also

modulates the effect of eCO2 on forest growth through

changes in C allocation, (i.e. shifting proportions of C

invested in fine root, leaf and wood production). In-

creased C allocation to wood at eCO2 could increase the

potential carbon sink in forest biomass due to the long

mean residence time of wood compared with other

tissues, whereas C allocation to root systems may

enhance C transfer to soil organic matter pools. Clearly,

understanding the interactive effects of eCO2 and soil N

availability is essential for accurate projections of forest

responses to rising atmospheric CO2. Furthermore, to

enable such projections, the understanding needs to go

beyond qualitative results towards mechanistic formu-

lations that can be used in quantitative models.

In two mature forest FACE experiments located at

Duke University and Oak Ridge National Laboratory

(ORNL), net primary production (NPP), wood produc-

tion, fine-root production (RP) and N uptake (Nup) all

increased in response to eCO2 (Hamilton et al., 2002;

Norby et al., 2004; Norby & Iversen, 2006). The relative

increase in NPP at eCO2 was similar at the two sites.

However, RP responded more and wood production

less at ORNL than at Duke (DeLucia et al., 2005). At

ORNL, annual RP was 91% higher at [CO2] of

550 mmol mol�1 than at 375 mmol mol�1, whereas at

Duke, the mean difference was only 19% (Norby et al.,

2004; Finzi et al., 2006). It has been hypothesized that

increased RP at eCO2 is a response to increasing N

limitation (Norby et al., 2004). However, measured N

uptake (Nup) increased at eCO2 at both FACE sites,

which is not consistent with the N limitation hypothesis

and contrasts to predictions of reduced N uptake at

eCO2 by earlier biogeochemical cycling models (e.g.

Rastetter et al., 1997; Medlyn et al., 2000). This has led

to the suggestion that models must be reformulated to

allow increased soil N uptake via increased C allocation

to fine roots and their means of N acquisition, directly

or via microbial activities (Schimel & Bennett, 2004;

Finzi et al., 2007). However, although N uptake can be

increased via root C allocation in different ways at the

microscopic level, the ecosystem level mechanisms con-

trolling the total root C allocation and associated N

uptake at eCO2 are not yet well understood.

Here, we analyse the interaction between eCO2 and

soil N availability using a forest C–N model previously

described (Franklin, 2007), extended by including N

uptake. Whereas, the model by Franklin (2007) included

soil effects only indirectly through measured fine-root/

leaf ratios; here, the plant is dynamically and directly

connected to the soil through fine-root C allocation that

responds to soil N availability and plant N demand.

This new development of the model is essential for

understanding the soil–plant feedback and its conse-

quences for plant growth and soil N availability. In

addition to standard modelling of production and re-

spiration, our model uses a controlling principle of

plant allocation. Based on evolutionary principles, we

assume that maximization of net growth controls tree

growth and allocation. This hypothesis successfully

predicted responses of NPP and leaf area index (LAI)

to eCO2 at four forest FACE experiments including

ORNL and Duke (Franklin, 2007). Here, our objective

is to mechanistically explain how the interaction of

eCO2 and soil N availability controls N uptake and C

allocation in forests. We test the model by explaining

the differences in root allocation and generation of N

limitation between the FACE experiments in an ever-

green (Pinus taeda) forest at Duke and a deciduous

forest (Liquidambar styraciflua) at ORNL, both with fully

developed canopies and occurring in similar climates

and latitudes.

Materials and methods

Model

The model described here simulates processes of radia-

tion interception, canopy photosynthesis, autotrophic

respiration, C allocation to leaves, fine roots and wood,

litterfall and N uptake by roots. In this model, we

integrate our previous plant model [i.e. plant produc-

tion and N demand; Franklin (2007)] with newly devel-

oped models of soil N availability, soil N uptake, and

the interaction between N uptake and demand. Equa-

tions for each process are kept simple so that we can

analytically ascertain the plant’s integrated response to

eCO2 and soil N availability.

Plant production and N demand

Canopy photosynthesis is calculated from the nonrec-

tangular hyperbolic light response of leaf photosynth-

esis (Cannell & Thornley, 1998). Light-saturated
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photosynthetic rate (Amax) is linearly related to leaf

nitrogen per unit area (NA), Amax 5 a(NA�Nmin), where

a is the slope of the relationship and Nmin is its

x-intercept. The initial slope of the photosynthetic light

response is the quantum efficiency (f5 2.73mg C J�1,

Wong et al., 1979). Effects of [CO2] on photosynthesis are

introduced as an increase in the leaf photosynthetic

capacity per unit N (a) and an increase in f (Cannell

& Thornley, 1998). Leaf photosynthesis is integrated

over the canopy to evaluate gross primary production

(GPP), assuming optimal NA distribution and optimal

LAI (L) as described in Franklin (2007). where Ia is

absorbed photosynthetically active radiation (PAR), h

is day length, Nc is canopy N content and y is the

curvature of photosynthetic light response. Because

GPP is co-limited by Nc (through photosynthetic capa-

city) and incoming PAR, GPP is a saturating function of

Nc at constant PAR (mathematical derivations are given

in Appendix).

NPP is calculated from GPP by subtracting mainte-

nance respiration Rm and growth respiration:

NPP 5 y(GPP�Rm), where growth respiration is a fixed

fraction (1/y�1) of NPP and y 5 0.72 (Choudhury, 2001).

Rm is expressed as a linear function of Nc and the amount

of N in other respiring tissues (Reich et al., 2006b). Total

maintenance respiration is Rm ¼ rNcð1þ frqr þ fsÞ, where

r is respiration rate per unit N, fr is the root to leaf N ratio

(fr 5 Nr/Nc), fs is the sapwood to leaf N ratio (fs 5 Ns/Nc)

and qr is a factor that accounts for the higher respiration

rate per unit N in fine roots relative to foliage (Ryan et al.,

1996). Litter production (T) of foliage (FP) and fine roots

(RP) is determined from mean residence times and N : C

ratios of leaves (tc, nc) and fine roots (tr, nr), and is

expressed as a linear function of tissue N contents,

T 5 FP 1 RP 5 Nc[(1/nctc) 1 fr/(nrtr)]. As GPP is a satur-

ating function of Nc, whereas both Rm and T are propor-

tional to Nc, net plant growth G, defined as:

G ¼ NPP� T ¼ yðGPP� RmÞ � T ¼ yGPP� wNc ð2Þ

has a maximum with respect to Nc, where Nc is optimal

(N�c ) [Appendix Eqn (A5)]. G includes woody tissue

(stem, branches and coarse roots) increment and repro-

ductive production.

The parameter w in Eqn (2) represents the carbon costs

per Nc, and is a function of fr: w 5 yr(1 1 frqr 1 fs) 1 [1/

(nctc) 1 fr/(nrtr)]. An increase in fr increases w through an

increased in fine-root N requirement per Nc, which

increases the C costs per Nc and leads to a lower optimal

Nc (N�c ) and lower GPP, as illustrated in Fig. 1a. Whereas,

canopy C costs are tied linearly to Nc, root C costs and

production (RP), determined by the optimality condition

for G, has a maximum with respect to Nc as illustrated in

Fig. 1a.

The choice of net plant growth G as optimization

target rests on the assumption that maximizing G (size

increase and reproduction) is a plausible strategy for

maximizing fitness in the face of competition over the

lifetime of a tree (Franklin, 2007). It is assumed that

canopies that have reached steady state (i.e. peak LAI),

such as at Duke and ORNL, thereafter always have

optimal Nc. The optimal value of canopy N (N�c ) can be

combined with equations above for GPP [Eqn (1)], Rm

and T to determine values of GPP, NPP, G and LAI for

optimized canopies (Franklin, 2007). Plant productivity

is then controlled by changes in (1) photosynthetic

parameters a and f, which affect GPP; (2) allocation

parameters (fr and fs), leaf and fine-root N : C ratios (nc

and nr) and residence times (tc and tr), which affect Rm

and T and (3) environmental parameters such as inci-

dent PAR (I0). Because T is assumed to be in steady state

at fixed parameter values, productivity should be eval-

uated for a time period longer than tc and tr and not for

shorter term fluctuations.

The N demands (Nd, Fig. 1b and d) associated with

the carbon fluxes in Fig. 1a are determined by the N : C

ratios and turnover times of the plant parts:

Nd ¼ GnG þ
Ncð1� qrfÞ

tc
þNcfr

tr
; ð3Þ

where nG is the mean N : C ratio of tissues other than

leaves and fine roots, (i.e. mainly wood), and qrf is the

fraction of N resorbed before leaf senescence. N de-

mand of G and foliage [first and second term of Eqn (3)]

are monotonically decreasing with fr (through decreas-

ing N�c ), whereas root N demand [last term of Eqn (3)]

has a maximum, due to the maximum of root C alloca-

tion (Fig. 1a).

The N demand curves in Fig. 1b and d represent the

rate of N uptake required to support annual growth

predicted by the growth model. It includes CO2 effects

on photosynthesis and canopy N, and consequent

changes in allocation to foliage, wood and fine roots.

However, it does not describe how N uptake (Nup) is

related to soil N availability.

GPP ¼ h
fIa þ aðNc �NminLÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½fIa þ aðNc �NminLÞ�2 � 4fIaaðNc �NminLÞy

q
2y

ð1Þ
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Soil N uptake

We define soil N availability (Nav) as the maximum rate

of N uptake per root carbon (Cr) when Cr is small;

Nav 5 Nup/Cr when Cr ! 0. Although other, soil-

centric perspectives on Nav are more commonly used,

our plant-centric definition of Nav is more relevant for

our plant growth modelling. For simplicity, N uptake is

represented by an hyperbolic function of Cr, where the

mechanism for that relationship is not specified, though

it may relate to exploration of the soil volume by roots

(McClain et al., 2003) including increased rooting depth,

solute transport to roots as a function of inter-root

distance (Yanai, 1994), increased competitiveness of tree

roots for soil N (Schimel & Bennett, 2004) or N uptake

via C allocation to mycorrhizal fungi or exudates, all

which may scale with Cr (Finzi et al., 2007):

Nup ¼ Nav
Cr

ðCr=lÞ þ 1
ð4Þ

l represents Cr required to achieve half-maximum N

uptake (cf. McMurtrie, 1985). Saturation of N uptake

may be related to limited soil volume, or decreased

root-uptake efficiency as the density of roots increases,

or spatial variation in N availability, where N rich parts

of the soil volume are explored first. Nup has a theore-

tical maximum 5 Navl (when Cr ! 1), whose value is

of no significance as our model is parameterized and

used within a range of much lower Nup values.

Balancing N demand and uptake

Rates of N uptake (Nup) and N demand (Nd) are shown

in Fig. 2 as functions of root production (RP). The

operating point of N use is the intersection Nup 5 Nd,

which is dynamically stable with respect to changes in

soil N availability (Nav) or Nd (see Appendix).

Elevated CO2 steepens the relationship between GPP

and Nc, which increases the optimal value of Nc for a

given fr, as well as the N demand, as illustrated in Fig.

1c and 1d. The effect is to raise the Nd curve illustrated

in Fig. 2, and to shift it to the right. This means that for a

given Nav (which controls the Nup curve), RP, Nd and

NPP all increase at eCO2, although the effect is small at

extremely low Nav (Nup0, Fig. 2). The largest increase in

RP at eCO2 occurs at intermediate Nav, where N use

(intersection of Nup and Nd curves) is near the peak

value of RP. With decreasing Nav, plant responses to

eCO2 decline dramatically after the value of RP passes

its peak on the Nd curve (Fig. 2). This change in CO2

response can be explained through the effect of CO2 on

root C allocation shown in Fig. 1c (vertical distance

between c 1 r and c curves). To obtain the same root C

allocation for eCO2 as for aCO2 at high N�c (high Nav, low

fr) requires little change in fr, yielding a higher N�c at

eCO2 than at aCO2, which enhances the effect of eCO2

on production. To obtain the same root C allocation at

low N�c, fr must be larger for eCO2 than for aCO2,

yielding a lower N�c at eCO2 than at aCO2. This lowering

Fig. 1 Mechanisms of canopy optimization and allocation of C

and N in response to fine-root : canopy N ratio (fr). (a) Canopy C

gain [gross primary production (GPP)] and canopy C costs (c),

i.e. respiration and litter production, are fixed functions of

canopy N (Nc). Root C costs are added to c, which gives the

total C costs (c 1 r), shown here for two fixed values of fr (w1Nc,

w2Nc; w 5 total C costs per Nc). Optimal Nc (N�c ) occurs where net

growth (G, arrows) is maximized, i.e. where wNc and GPP are

parallel (circles). Varying fr through a range of values shifts the

slope of wNc and, subject to the optimality condition, depicts the

total C costs for canopy and roots for the optimized canopy (c 1 r).

For clarity, effects on tissue N : C ratios (used in the modelling)

are not included in this illustration. Values represent Oak Ridge

National Laboratory (ORNL). (b) Solid lines show N demands

corresponding to the C fluxes in (a) for the canopy (c), root 1 ca-

nopy (c 1 r) and total N demand (tot). The subscripts tr1 and tr2

represent fine-root lifespan (tr) roughly corresponding to ORNL

(solid lines) and Duke (dadot lines) values, respectively. tr for

Duke is here three times longer, while root respiration per N is

higher than at ORNL, keeping total root C costs per Nc the same

for both sites. Other parameters are kept the same as in (a), i.e.

representing ORNL. (c) Curves as in (a) for aCO2 (thin curves,

open circles) and curves and symbols for eCO2 (dashed curves,

closed circles). The primary effect of eCO2 is to raise GPP to

GPPe. According to the mechanism described in (a), for the same

values of w1 and w2 as in (a), the raised GPP raises both

N�c (closed circles), G (dotted arrows), and root C costs (c 1 re).

(d) N demand for aCO2 (subscript a, solid lines) and for eCO2

(subscript e, dashed lines) corresponding to the eCO2 effect on

the C fluxes shown in (c).
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of N�c suppresses the effect of eCO2 on production and,

therefore, on Nd. This closes the gap between the Nd

curves of aCO2 and eCO2 at low Nav (i.e. for N use on

the lower arm of the Nd curve in Fig. 2). Hereafter,

values of Nav that result in an N use on the upper and

lower arm of the Nd curve relative to that at peak RP are

referred to as higher and low Nav, respectively.

Experiments and measurements

The FACE experiments (Table 1) and datasets are de-

scribed in detail in Finzi et al. (2007). For ORNL FACE,

annual data for the years 1998–2003 were used directly,

while for Duke, annual data were aggregated to repre-

sent averages for the years 1998–1999 and 2002–2004.

The time periods selected were based on the availability

of fine-root data. The aggregation of annual data at

Duke was done because of the relatively long lifespan

of roots and leaves in Duke, to better match data with

the model assumption that foliage and fine-root bio-

mass are in equilibrium with the optimal state of the

plant (see ‘Model’). The data include both overstory and

understory trees, but only at Duke does the understory

contribute significantly to forest production (13% of

total aboveground NPP). The ORNL fertilization ex-

periment was performed on a previous FACE plot

without CO2 treatment, where 200 kg ha�1 of N as urea

was added and data collected in 2004 and 2005 (Iversen

& Norby, 2008). Measurement of net N mineralization at

Duke is described in Finzi et al. (2006). Photosynthesis

measurements are described for Duke in Crous & Ells-

worth (2004) and Crous et al. (2008) and for ORNL in

Sholtis et al. (2004).

Model parameterization and input data

The model was parameterized for six FACE plots at

Duke and five FACE plots and two fertilization treat-

ments (six plots pooled per treatment) at ORNL. Con-

stant site mean values were determined for leaf

photosynthetic capacity per unit N (a 5 73,

26 mg C g�1 N s�1), respiration rate per N (r 5 0.187,

0.147 g C g�1N d�1), sapwood N/canopy N (fs 5 1.5,

0.5), fine-root lifespan (tr 5 0.53, 3 years) and fine-root

respiration/foliage respiration per N (qr 5 1, 3.57),

where the values represent ORNL and Duke, respec-

tively. These parameters were estimated by fitting all

the modelled and measured values of RP, G, Nc and Nd

simultaneously (inverse modelling). This model para-

meterization approach focuses the subsequent model

Fig. 2 Balancing N uptake (Nup) and demand (Nd). Upper

panels: Nup and Nd vs. root production (RP) for aCO2 (solid

lines, open symbols) and eCO2 (dashed lines, closed symbols).

The symbols indicate the operating point where Nup 5 Nd. The

slope of Nup is controlled by N availability (Nav). For Duke, Nup0

(dadot line, squares) represents a hypothetical extremely low

Nav. Lower panels: net primary production (NPP) corresponding

to the Nd of the upper panels. Each curve, except Nup, depicts an

increase in root N/canopy N ratio (fr) and associated reduction

in tissue N : C ratios, starting from fr � 0 at the upper left

endpoints.

Table 1 Characteristics of the two FACE experiments

Name Duke ORNL

Location Durham, NC,

USA

Oak Ridge, TN,

USA

Latitude, longitude 351580N,

791050W

351540N,

841200W

Annual precipitation (mm) 1140 1390

Annual temperature ( 1C) 15.5 14.2

Growing season* (days) 200 190

Soil texture Clay loam Silty clay loam

Total soil N (g kg�1) 0.79 1.12

Overstory vegetation Pinus taeda L. Liquidambar

styraciflua L.

Peak leaf area indexw
(m2 m�2)

3.4 5.5

Day length (h; s day�1) 50 400z§ 43 200z}
Incident PAR (I0; J s�1 m�2) 184z§ 211z}

Data taken from Norby et al. (2005).

*For deciduous stands, the growing season is the duration that

trees have leaves; for the evergreen system, it is the period of

active stem growth.

wValues of leaf area index are expressed as projected leaf area

per ground area.

zGrowing season average values.

§Norby et al. (2003).

}Delucia et al. (2002).

FACE, Free-Air CO2 Enrichment; ORNL, Oak Ridge National

Laboratory; PAR, photosynthetically active radiation.
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evaluation on prediction of the variation among plots

and treatments, in particular the CO2 effects, whereas,

biases due to errors in parameter mean values are

minimized (Franklin, 2007).

Soil N availability. Soil N availability (Nav) was

determined for each plot and year using Eqn (4) and

measured values of total N uptake and root mass

carbon (Cr). In estimating the effects of plot and year

on soil N availability (Nav), we assumed a constant half-

saturation Cr (l). This assumption is based on the

findings that soil volume and root physiology did not

vary significantly among CO2 treatments, plots and

years (Norby et al., 2004; Pritchard et al., 2001),

whereas soil N and N mineralization varied.

Furthermore, l was constrained by the assumption

that RP must never be higher than the RP that

maximizes net N uptake ( 5 Nup�N in root litter

production), which sets a lower limit for l. A further

increase in RP would reduce net N uptake and therefore

be suboptimal. Because a first fit of l and Nav to the

complete dataset yielded a l that was lower than the

limit described above, l equal to the limit (460 and

59.2 g C m�2 for ORNL and Duke, respectively) was

chosen. l values higher than this would also be

possible but would increase the variation in Nav

among plots and years. Time and treatment effects on

Nav were compared using ANCOVA.

Photosynthetic effects of eCO2. The effects of CO2 on plant

growth were introduced through the observed relative

changes in the leaf photosynthetic capacity per unit N

(effect on a 5 a/site mean of a), and a proportional

change in f (effect on f5 effect on a/3). Effects on a

for the different rings and years were estimated using

measured Amax and NA data using the relationship

Amax 5 a(NA�Nmin), where Nmin is constant across all

treatments. The estimated effects on a for ORNL were

1.29, 1.29, 0.79, 0.79, 1.00, 0.84, 0.84 for the plots 1–7,

respectively, where plots 1 and 2 are eCO2 in the FACE,

plots 3–5 are aCO2 in the FACE experiment, and plots 6

and 7 represent means for six replicate plots each in a

fertilization trial (at aCO2). For Duke, there was no

significant difference among plots of the same CO2

treatment or among years, so only two values for the

effect on a were used, 0.85 and 1.15 for aCO2 and eCO2,

respectively.

Other treatment effects. Changes in tissue N : C ratios (n)

for estimates in Figs 3–6 were taken from measurements.

For the illustration of theoretical response curves (Fig. 2),

changes in n in response to Nav were modelled using

an empirically determined relation between fr and n

that passes through the observed values.

nx ¼ nx�obsð1� ð fr=p1Þp2Þ=ð1� ðfr�obs=p1Þp2Þ, where x

stands for leaf, fine roots or wood and obs are observed

values. p1, p2 are parameters, with values 7, 0.35 and 7, 0.7

for ORNL and Duke, respectively. For ORNL, n was

related to fr for all the tissues (i.e. leaves, fine roots and

wood). For Duke, n varied only for foliage, while n of fine

roots and wood were constant. For the fertilized stands at

ORNL, fs 5 sapwood N/canopy N was estimated to have

decreased by 40% compared with control stands due to

increased LAI and lagging increase in sapwood area, due

to the short duration of the fertilization exposure. For

longer time responses, sapwood area/LAI is not changed

by fertilization (Hubbard et al., 2004; Samuelson & Stokes,

2006).

Results

Model validity

The model was evaluated using input data on soil N

availability (Nav) derived for each plot and year, tissue

N : C ratios (n) taken from measurements, and photo-

synthetic effects of eCO2 on a and f derived from

independent measurements – see ‘Materials and meth-

ods’. Of these parameters, the model was most sensitive

to a and Nav, and was relatively insensitive to tissue

N : C ratios.

We did not use direct measures of soil N availability

for Nav because of the paucity of data and because, our

definition of Nav is not equivalent to any available soil

measure. Nav does not correspond to common views of

N availability as a pool or flux of free N in the soil, or as

N taken up by the plants. Instead, Nav represents the

maximum potential N flux that can be extracted from

the soil per root mass by a single root in the soil [Eqn

(4)], which presents a rhizo-centric view of plant-N

uptake feedback (Phillips, 2007). The exact mechanisms,

which may include absorption of mineralized N, stimu-

lation of N mineralization via C exudation and compe-

tition with microbes for N (Schimel & Bennett, 2004),

are of subordinate importance for this ecosystem level

analysis (see also ‘Discussion’). However, modelled

trends in Nav (Fig. 3) correlate with observed N miner-

alization over time at Duke (Fig. 4), relative plot differ-

ences in extractable NO3
� at ORNL (Fig. 4) and a

reduction in gross N mineralization at eCO2 observed

for 2 years at ORNL (Zak et al., 2003). These relation-

ships indicate that Nav is not only a useful representa-

tion of a virtually un-measurable entity but also is

linked to independently measured soil properties. Nav

declined over time and was significantly (P 5 0.0114)

lower at eCO2 than at aCO2 and at ORNL but not at

Duke (Fig. 3). Nav declined faster at eCO2 than at aCO2

at ORNL, although the difference was not significant

FOREST FINE-ROOT PRODUCTION AND NITROGEN USE UNDER ELEVATED CO2 137

r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 15, 132–144



(Figs 3 and 4). To test the model’s validity, modelled

results were compared with measured data. Modelled

and measured root production (RP), N uptake, NPP and

net growth (G) are shown in Fig. 5. Results are shown

for each year at ORNL and for periods of 2–3 years at

Duke.

There was strong agreement between model and

measurement data at both sites. Between 80% and

95% of variation in measurements is described by the

model (Fig. 5), indicating that the model was well

suited to describe linkages between photosynthetic

processes and soil N availability, which were parame-

terized from independent datasets (see ‘Methods’). The

agreement for RP may seem predetermined as root C

was used in the estimation of Nav. However, the fitting

of Nav constrains only one of the curves determining

RP, [i.e. N uptake (Nup) but not the demand (Nd, Fig.

2)], which depends on the other independent para-

meters of which a is the most influential. For ORNL,

there are three outliers (Fig. 5a and b) for which RP and

Nup are underestimated because measured RP values

are much higher than the maximum possible model RP

(cf. Fig. 2). The outliers correspond to observations of

unusually deep roots and may be influenced by rapid

dynamic changes in root mass, not compatible with the

equilibrium assumption in the model. However, given

the small number of outliers and the difficulty of

measuring RP, measurement error can be a contributing

factor, which may also have contributed to the slight

divergence between modelled and measured NPP at

low NPP (Fig. 5c), where RP is a large fraction of NPP.

In order to focus on the interaction of eCO2 effects and

soil N availability, the model does not include effects of

annual climate variation on productivity, especially the

effects of droughts on NPP and its allocation (McCarthy

Fig. 5 Modelled (y axis) vs. measured (x axis) data. Symbols:

circles – Duke Free-air CO2 enrichment (FACE), Squares – Oak

Ridge National Laboratory (ORNL) FACE, triangles – ORNL

fertilization trial, Open symbols – aCO2, black – eCO2, grey – N

fertilized. Encircled points are outliers. (a) Annual fine-root

production (RP) (logarithmic scale), r2 5 0.95. (b) Nitrogen

uptake (Nup), r2 5 0.85. (c) net primary production (NPP). Re-

sults for three FACE aCO2 and two eCO2 plots, and two fertilized

and two unfertilized treatments at ORNL are represented by

means and bars. Bars represent standard deviation among years,

r2 5 0.92. (d) Net growth (G). Symbols and bars as in (c), r2 5 0.80.

Each point represents, for Duke – one plot and one period (mean

over 2–3-year period), for ORNL FACE RP and Nup – 1 year and

one plot, for ORNL FACE NPP and G – mean values over 7

years, and for ORNL fertilization 1 year and a 6 plot average.

Fig. 3 Estimated soil nitrogen availability (Nav). Symbols:

Open – aCO2, closed – eCO2, grey – fertilized, circles – Free-air

CO2 enrichment (FACE) plots, squares – fertilization experiment

at Oak Ridge National Laboratory (ORNL). For ORNL, points

show annual values for the period 1998–2004 and 2004–2005 for

the FACE and fertilization plots, respectively. For Duke, the

points represent mean values for the periods 1998–1999 and

2002–2004. Values calculated from measured N uptake and fine-

root C using Eqn (4).

Fig. 4 Modelled soil N availability (Nav) vs. measured extrac-

table NO3
� in Oak Ridge National Laboratory (ORNL) and Net N

mineralization in Duke. Symbols as in Fig. 3.
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et al., 2006). It is, therefore, not surprising that the model

does not capture the inter-annual variation in NPP and

G at ORNL, and that modelled and measured G diverge

for some periods under eCO2 at Duke (Fig. 5d). In

summary, despite the highly aggregated and simplified

representation of processes in the model, it appears to

provide a working mechanistic explanation of the inter-

action of forest production and N uptake in the studied

forests.

Discussion

Potential uncertainties

The simplicity of the model makes it clear that the

qualitative conclusions are sensitive to only a few key

model assumptions. These assumptions are (1) photo-

synthesis and maintenance respiration are linked to

tissue N, (2) C and N allocation is regulated to max-

imize G (or some property closely related to G) and (3)

Nup increases with root C and soil N availability (Nav).

The first assumption, although not valid for all leaves

(Maier et al., 2008), has strong support (e.g. Reich &

Ellsworth, 1998; Reich et al., 2006b; Crous et al., 2008).

The second assumption has been evaluated in Franklin

(2007) and the last assumption corresponds to the

observations used here and reported previously (Norby

et al., 2004).

The N uptake model based on root C and Nav is by

necessity a simplified aggregation of many processes,

such as allocation to mycorrhiza and exudates that are

involved in plant N uptake. For example, from the

relationship between Nav and N mineralization at Duke

(Fig. 4), it is clear that N mineralization alone does not

explain total soil N availability to the plant (Nav).

Although separating the processes involved in N up-

take would be desirable, such a model would not be

testable based on currently available data. This means

that we are implicitly assuming that the total effect of all

processes on N uptake is proportional to fine-root C.

Globally, this assumption is supported by observations

that arbuscular mycorrhiza is correlated to fine-root

biomass rather than soil organic matter (Treseder &

Cross, 2006). Our model is consistent with observations

that mycorrhizal root colonization (Parrent & Vilgalys,

2007; Garcia et al., 2008) and soil microbial activity

(Sinsabaugh et al., 2003) are not strongly affected by

the CO2 treatments in our sites, in contrast to increases

observed in fine roots and N uptake. Another indication

that fine roots exert strong influence on soil activity,

which may be linked to N uptake, is that the spatial

distribution of soil respiration reflected the fine root

distribution at Duke (Andrews et al., 1999).

In a C budget perspective, enhanced allocation to

mycorrhiza and root exudation per fine-root C at

eCO2 (Norby et al., 1987) would constitute a part of

NPP not accounted for in the observations (Schäfer

et al., 2003). In this model, an underestimation of

measured below ground C export would primarily

result in a model parameterization overestimating the

root respiration per N (qr, see ‘Model’), whereas other

parameters are more constrained by aboveground data.

This potential error may have consequences for the soil

C budget, but it has no impact on plant growth and N

uptake within our model framework.

A potentially more important uncertainty for this

study pertains to the hypothesis that fine-root mean

residence time (tr) decreases with soil N availability

(Nadelhoffer, 2000). Although shifts in tr with eCO2

have not been found in the experiments evaluated here

(Pritchard et al., 2001; Norby et al., 2004), the conse-

quence would be slight shifts of the N demand (Nd)

curves due to increased RP at high Nd and decreased

RP at low Nd (Fig. 2). Because of the relative flatness of

Fig. 6 Changes in N use (Nd) and soil N availability (Nav) over time modelled for an aCO2 (open circles, solid lines) plot and an eCO2

plot (black symbols, dashed lines) at each site. DNav (arrows) show the reduction in Nav between treatment years 3.5–8 and 1–5 for Duke

and Oak Ridge National Laboratory (ORNL), respectively (cf. 1 Fig. 3). Ndtot, Ndw 1 c and Ndr are total, wood 1 foliage and fine-root N

use, respectively.
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the upper arm of the Nd curves, the effect would be

largest at low Nd. But more importantly, even a dou-

bling of tr at very low Nd would not qualitatively

change the conclusions for the effects of CO2 and Nav.

Soil N availability effects on the responses to eCO2

The model implies that increased fine-root production

(RP) at eCO2 is an unavoidable consequence of the

combination of increased N demand (Nd) and constant

N uptake (Nup) as functions of RP (Fig. 2). The increase

in RP at eCO2 is greatest at a value of Nav (Nav0) that, in

Fig. 2, makes Nup cross Nd near the maximum RP. If

Nav exceeds Nav0, then RP is a decreasing function of

Nav, whereas if Nav is less than Nav0 (lower than any

observation at Duke or ORNL), RP is an increasing

function of Nav. Although none of our data falls on

the lower arm of the Nd curve (NavoNav0), the general

shape of the curve is plausible, because if Nd ap-

proaches zero, so must RP and NPP. The different

responses at higher vs. low Nav may be a reason for

the variable, both positive and negative, root produc-

tion responses to soil N availability observed (Nadel-

hoffer, 2000). In the case of progressive reduction in Nav,

our model predicts that aboveground eCO2 responses

will decrease, whereas RP will increase until Nav drops

below Nav0, where all CO2 responses will decline

dramatically. This decline is caused by reduced alloca-

tion of N to canopy photosynthesis (reduced N�c ), which

reduces the impact of the leaf photosynthetic stimula-

tion at eCO2 (see ‘Model’). This type of declining CO2

response has been observed in a nutrient-poor wood-

land (Day et al., 2006; Hungate et al., 2006) and provides

an explanation for the observations that CO2 responses

of both roots and aboveground parts are declining at

low N availability at some sites (Pregitzer et al., 2000; de

Graaff et al., 2006).

The model implies that, unless Nav is very low, N use

efficiency (NUE 5 NPP/N use) increases with CO2 due

to increased production per canopy N (Fig. 1c) and with

Nav due to increased relative allocation to G (mainly

wood), because wood has a lower N : C ratio than litter

(Fig. 2). In accordance with this, the strongest NUE

increase at eCO2 among forest FACE sites was observed

at the site where N was least limiting (PopFACE;

Calfapietra et al., 2007; Finzi et al., 2007), whereas the

absence of an increase in NUE at eCO2 at ORNL is

explained by the concurrent decrease in Nav (Fig. 4).

Our prediction of increasing NUE at higher soil N

availability is in line with recent findings regarding

resource use efficiency (Binkley et al., 2004; Stape et al.,

2004; Franklin, 2007). However, our results contrast to

the earlier methods of NUE estimation based on above-

ground litter production only (Pastor & Bridgham,

1999), which, therefore, do not capture the allocation

shifts between fine roots and wood that strongly con-

tribute to the relationships predicted here. Generalizing

our model implies that increased resource use efficiency

follows when increased availability of a limiting

resource (here N), given sufficient time for plant accli-

mation, reduces the acquisition and maintenance C

costs (here root C allocation, cf. Fig. 1) per unit resource.

Differences in the CO2 response between an evergreen
forest (Duke) and a deciduous forest (ORNL)

On average, the CO2 response of fine-root production

(RP) is smaller and the response of wood production is

larger at Duke compared with ORNL (DeLucia et al.,

2005). This allocation difference is of significance as

wood production results in longer term biomass carbon

sequestration than fine-root production. In our frame-

work, the allocation difference between the sites is

mainly related to two factors: the different effects of

CO2 on Nav in the two sites and the difference in fine-

root lifespan (tr).

The model predicts that reduced Nav at eCO2 con-

tributed to increased RP at ORNL, while for Duke, there

is no consistent effect of eCO2 on Nav. At both sites and

under both aCO2 and eCO2, Nav as well as observed N

mineralization in Duke and extractable NO3
� in ORNL

declined over time (Figs 3 and 4). However, a reduction

in Nav gives rise to different feedbacks on N use (Nd) in

the two sites, caused by the strongly differing tr be-

tween the species [0.53 year at ORNL and 3 years at

Duke, roughly matching measured values (Norby et al.,

2004; Strand et al., 2008)]. The large difference in tr,

which also has been confirmed using an isotope tracer

(Matamala & Schlesinger, 2000), means that most of the

fine-root C (75%) at ORNL is allocated to litter produc-

tion with associated N use, whereas at Duke, most of

the fine-root C allocation (82%) is ultimately respired

with no associated N use (Fig. 1b). As illustrated in Fig.

6a (and explained by the shape of the upper arm of Nd

in Fig. 2a), despite decreasing Nav, the short tr and

associated high production and N use of fine roots

maintain a high total Nd at ORNL. This high Nd at

declining Nav should contribute to continuing reduc-

tion in Nav, unless root litter N is efficiently reminer-

alized. However, observations of increased total soil N

at eCO2 (Johnson et al., 2004), despite increased N

uptake and unchanged leaf litterfall, indicate that addi-

tional inputs of root litter N to the soil are not quickly

recycled. In accordance with predicted consequences of

reduced Nav, extractable NO3
� and observed wood/root

production ratio (G/RP) declined over time at ORNL,

where the decline was stronger at eCO2 than at aCO2.

At Duke, due to low root N use, reductions in Nav
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generate reductions in Nd (Figs 6b and 2b), providing a

negative feedback on further reduction in Nav. This

feedback may have prevented or delayed a similar

decline in the relative allocation to wood at eCO2 as at

ORNL. Generalizing this result implies that species

with slow root turnover and low fine-root N use, such

as evergreens, are less likely to cause progressive re-

duction in Nav. These species may, therefore, be less

prone to progressive N limitation of wood production

and associated biomass carbon sequestration at eCO2

than species with fast root turnover, such as many

deciduous trees (Withington et al., 2006). However, for

a thorough evaluation of this hypothesis, longer term

studies are recommended, as well as studies that quan-

tify parallel below ground C inputs and their effect on

N uptake.

Conclusions

We modelled effects of eCO2 and soil N availability

based on essentially only two independent input vari-

ables, mean photosynthetic capacity per leaf N (a) and

soil N availability (Nav). Despite this simplicity, model

predictions were consistent with measurements of N

uptake, production and allocation at ambient and eCO2

in two FACE experiments and a fertilization experi-

ment. In addition, the model provides an explanation

for declining CO2 responses observed at other more

strongly nutrient limited sites. We attribute the models’

ability to integrate responses to eCO2 and soil N avail-

ability over a range of conditions to the applied opti-

mization perspective. In addition to commonly used

statistical analysis of what happened and process mod-

elling of how things happen, here we hypothesized why

trees behave as they do. The hypothesis, that trees

maximize their net growth and reproduction (G), inte-

grates all individual plant processes and responses to

eCO2 and ensures that their joint behaviour is optimal.

In this integrated framework, empirical results may be

placed into a bigger picture, not limited by the range of

experimental growing conditions. For example, the

negative effect of aboveground productivity on root C

allocation in the FACE sites under current conditions

(Palmroth et al., 2006) is predicted to switch to a positive

effect at lower soil N availabilities (Nav) (Fig. 2).

Furthermore, our model suggests that dominance of

LAI effects on aboveground eCO2 responses (McCarthy

et al., 2006) is mainly limited to expanding canopies, low

Nav and low LAI [see also Franklin (2007)], while for

higher Nav, nitrogen use efficiency responses are larger.

The model suggests that the sensitivity of biomass C

sequestration to soil N availability (Nav) differs among

species differing in root lifespan (tr). Because a short tr

leads to high N uptake despite declining Nav, the model

suggests that species with short tr (e.g. at ORNL) are

more prone to progressive reduction in Nav and there-

fore N limitation of carbon sequestration in woody

biomass, than long tr species, such as evergreen trees

(e.g. at Duke). In order to evaluate the importance of

this result for long-term forest C balance, the principles

for integrating responses to different factors presented

here could be incorporated into forests ecosystem mod-

els that include explicit modelling of the soil. Ulti-

mately, our model could provide a basis for the

improvement of large-scale forest and vegetation dy-

namics models by replacing fixed but uncertain para-

meters (such as fine root/leaf production) with

dynamic optimization.
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Franklin O, Ågren GI (2002) Leaf senescence and resorption as

mechanisms of maximizing photosynthetic production during

canopy development at N limitation. Functional Ecology, 16,

727–733.

Garcia MO, Ovasapyan T, Greas M, Treseder KK (2008) Mycor-

rhizal dynamics under elevated CO2 and nitrogen fertilization

in a warm temperate forest. Plant and Soil, 303, 301–310.

Gifford RM (2004) The CO2 fertilising effect – does it occur in the

real world? New Phytologist, 163, 221–225.

Hamilton JG, DeLucia EH, George K, Naidu SL, Finzi AC,

Schlesinger WH (2002) Forest carbon balance under elevated

CO2. Oecologia Berlin, 131, 250–260.

Hubbard RM, Ryan MG, Giardina CP, Barnard H (2004) The

effect of fertilization on sap flux and canopy conductance in a

Eucalyptus saligna experimental forest. Global Change Biology,

10, 427–436.

Hungate BA, Johnson DW, Dijkstra P et al. (2006) Nitrogen

cycling during seven years of atmospheric CO2 enrichment

in a scrub oak woodland. Ecology, 87, 26–40.

Iversen CM, Norby RJ (2008) Nitrogen limitation in a sweetgum

plantation: implications for carbon storage at ORNL. Canadian

Journal of Forest Research, 38, 1021–1032.

Johnson DW, Cheng W, Joslin JD, Norby RJ, Edwards NT, Todd

DE (2004) Effects of elevated CO2 on nutrient cycling in a

sweetgum plantation. Biogeochemistry, 69, 379–403.

Luo Y, Su B, Currie WS et al. (2004) Progressive nitrogen limita-

tion of ecosystem responses to rising atmospheric carbon

dioxide. Bioscience, 54, 731–739.

Maier CA, Palmroth S, Ward E (2008) Short-term effects of

fertilization on photosynthesis and leaf morphology of field-

grown loblolly pine following long-term exposure to elevated

CO2 concentration. Tree Physiology, 28, 607–614.

Matamala R, Schlesinger WH (2000) Effects of elevated

atmospheric CO2 on fine root production and activity in an

intact temperate forest ecosystem. Global Change Biology, 6,

967–979.

McCarthy HR, Oren R, Finzi AC, Johnsen KH (2006) Canopy

leaf area constrains [CO2]-induced enhancement of productivity

and partitioning among aboveground carbon pools.

Proceedings of the National Academy of Sciences, USA, 103,

19356–19361.

McClain ME, Boyer EW, Dent CL et al. (2003) Biogeochemical hot

spots and hot moments at the interface of terrestrial and

aquatic ecosystems. Ecosystems, 6, 301–312.

McMurtrie RE (1985) Forest productivity in relation to carbon

partitioning and nutrient cycling: a mathematical model. In:

Attributes of Trees as Crop Plants (eds Cannell MGR, Jackson

RB), pp. 194–207. Inst Terr. Ecol. and Natural Environ. Res.

Counc., Abbots Ripton, Huntingdon, UK.

Medlyn BE, McMurtrie RE, Dewar RC, Jeffreys MP (2000) Soil

processes dominate the long-term response of forest net pri-

mary productivity to increased temperature and atmospheric

CO2 concentration. Canadian Journal of Forest Research, 30,

873–888.

Nadelhoffer KJ (2000) The potential effects of nitrogen deposi-

tion on fine-root production in forest ecosystems. New Phytol-

ogist, 147, 131–139.

Norby RJ, DeLucia EH, Gielen B et al. (2005) Forest response to

elevated CO2 is conserved across a broad range of productiv-

ity. Proceedings of the National Academy of Sciences, USA, 102,

18052–18056.

Norby RJ, Iversen CM (2006) Nitrogen uptake, distribution,

turnover, and efficiency of use in a CO2-enriched sweetgum

forest. Ecology, 87, 5–14.

Norby RJ, Ledford J, Reilly CD, Miller NE, O’Neill EG (2004)

Fine-root production dominates response of a deciduous forest

to atmospheric CO2 enrichment. Proceedings of the National

Academy of Sciences, USA, 101, 9689–9693.

Norby RJ, O’Neill EG, Hood G, Luxmoore RJ (1987) Carbon

allocation, root exudation and mycorrhizal colonization of

Pinus echinata seedlings grown under CO2 enrichment. Tree

Physiology, 3, 203–210.

Norby RJ, Sholtis JD, Gunderson CA, Jawdy SS (2003) Leaf

dynamics of a deciduous forest canopy: no response to ele-

vated CO2. Oecologia, 136, 574–584.

Oren R, Ellsworth DS, Johnsen KH et al. (2001) Soil fertility limits

carbon sequestration by forest ecosystems in a CO2-enriched

atmosphere. Nature, 411, 469–472.

Palmroth S, Oren R, McCarthy HR et al. (2006) Aboveground

sink strength in forests controls the allocation of carbon below

ground and its [CO2]-induced enhancement. Proceedings of the

National Academy of Sciences, USA, 103, 19362–19367.

Parrent JL, Vilgalys R (2007) Biomass and compositional re-

sponses of ectomycorrhizal fungal hyphae to elevated CO2

and nitrogen fertilization. New Phytologist, 176, 164–174.

Pastor J, Bridgham SD (1999) Nutrient efficiency along nutrient

availability gradients. Oecologia, 118, 50–58.

Phillips RP (2007) Towards a rhizo-centric view of plant–micro-

bial feedbacks under elevated atmospheric CO2: commentary.

New Phytologist, 173, 664–667.

Pregitzer KS, Zak DR, Maziasz J, DeForest J, Curtis PS, Lussen-

hop J (2000) Interactive effects of atmospheric CO2 and soil-N

availability on fine roots of Populus tremuloides. Ecological

Applications, 10, 18–33.

142 O . F R A N K L I N et al.

r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 15, 132–144



Pritchard S, Rogers H, Davis M, Santen E, Prior S, Schlesinger W,

van SE (2001) The influence of elevated atmospheric CO2 on

fine root dynamics in an intact temperate forest. Global Change

Biology, 7, 829–837.
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Appendix

Derivation of canopy photosynthesis, GPP

Canopy photosynthesis (GPP) is calculated by integration of

leaf photosynthesis (GPPleaf) over canopy depth (z). Amax is a

function of N per leaf area (NA), Amax 5 a(NA�Nmin), where NA

is derived as a function of z assuming an optimal nitrogen

distribution [Eqn (A2)] as described in (Franklin & Ågren,

2002). PAR absorbed by a leaf is related to canopy depth

according to IðzÞ ¼ I0ke�kz, where k is the light extinction coeffi-

cient and I0 is incident PAR above the canopy. The integral in

Eqn (A1) is easily calculated by first separating out the z

dependence through the factor ke�kz, which occurs in all terms

of the integrand.

GPP ¼
ZL

0

GPPleafdz

¼
ZL

0

fIðzÞ þ AmaxðzÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½fIðzÞ þ AmaxðzÞ�2 � 4fIðzÞAmaxðzÞy

q
2y

dz

ðA1Þ

NAðzÞ ¼
ðNc �NminLÞke�kz

1� e�kL
þNmin: ðA2Þ

Derivation of optimal Nc

Optimal Nc is derived through maximization of G with respect

to Nc. To simplify calculations, the substitution NP 5 Nc�NminL

is made, so that optimal Nc is given by

dG

dNc
¼ dG

dNP

dNP

dNc
¼ dG

dNP
¼ 0: ðA3Þ

Using the last expression in Eqn (A3) and G 5 yGPP–w Nc

d

dNP
G ¼ y

d

dNP
GPP� w

¼ hya

2y
1� fIa þ aNP � 2fIayffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðfIa þ aNPÞ2 � 4fIaaNPy
q

0
B@

1
CA� w: ðA4Þ

Solving Eqn (A4) 5 0 for NP gives two solutions where one is

negative and the other is

NP ¼
Ia

a
f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� y

ahy
w � y

s
ahy

w
� 2y

� �
þ 2y� 1

" #
: ðA5Þ
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Substituting again Np 5 Nc�NminL gives optimal Nc (N�c )

N�c ¼
Ia

a
f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� y

ahy
w � y

vuut ahy

w
� 2y

� �
þ 2y� 1

2
64

3
75

þNminL ¼ Iaemax

a
þNminL where

emax ¼ f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� y

ahy
w � y

vuut ahy

w
� 2y

� �
þ 2y� 1

2
64

3
75

Stability of N uptake and demand

In Fig. 2, there is a single value of RP where Nd is equal to Nup.

For other values of RP, Nd is either less than or greater than Nup.

If Nup is less than Nd, the plant will experience an N deficit, in

response to which the plant will increase the ratio of root N/

canopy N (fr) leading to a decline in N�c . As fr increases, the value

of Nd will move along the N-demand curve in Fig. 2 towards the

intersection where Nd 5 Nup. Conversely, if Nup exceeds Nd,

then fr will decline over time and the value of Nd will move in

the opposite direction along the N-demand curve towards the

intersection shown in Fig. 2. Thus, in both cases, C allocation will

change over time so that N demand approaches N uptake. In

that sense, the intersections in Fig. 2, where Nd 5 Nup, represent

stable operating points in terms of root production and N use.
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