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Abstract. If increases in net primary productivity (NPP) over longer periods under transient rise€inand a greater
caused by rising concentrations of atmospherico GOs) range of site conditions.
are to be sustained, key N processes such as soil mineral-
ization, biological fixation, root uptake and nutrient conser-
vation must also be increased. Simulating the response of
these processes to elevat€d is therefore vital for mod-
els used to project the effects of risiig on NPP. In this 1 Introduction
modelling study, hypotheses are proposed for changes in soil
mineralization, biological fixation, root nutrient uptake and The extent to which forest net primary productivity (NPP) in-
plant nutrient conservation with changes@g. Algorithms  creases under elevated atmospherig €Gncentration ((a)
developed from these hypotheses were tested in the ecosybas been found to vary greatly with site conditions. These
tem modelecosysagainst changes in N and C cycling mea- increases are greater in warmer environments (Myers et
sured over several years under ambient vs. elevateth  al., 1999) because elevat€l, suppresses photorespiration
Free Air CQ Enrichment (FACE) experiments in the USA (Long, 1991), in water-limited environments (Hattenschwiler
at the Duke Forest in North Carolina, the Oak Ridge Na-et al., 1997) because elevat€d reduces transpiration and
tional Laboratory forest in Tennessee, and the USDA re-raises water use efficiency (Rogers et al., 1983), and in
search forest in Wisconsin. More rapid soil N mineraliza- nutrient-rich environments which enable more rapid nutrient
tion was found to be vital for simulating sustained increasesuptake under elevated, (Oren et al., 2001).
in NPP measured under elevated vs. ambigpat all three In temperate forests, increases in NPP v@thhave been
FACE sites. This simulation was accomplished by priming found to be constrained by the availability of nitrogen (N).
decomposition of N-rich humus from increases in microbial This constraint may be greater in deciduous than in conifer-
biomass generated by increased litterfall modelled under elous forests because of their greater nutrient demands (Norby
evatedC,. Greater nonsymbiotic Nfixation from increased et al., 2010). Consequently studies of elevaifgaffects on
litterfall, root N uptake from increased root growth, and plant forest NPP and growth have given variable results. Norby
N conservation from increased translocation under elevateet al. (2005) found an increase in NPP of 23% after 1-
C, were found to make smaller contributions to simulated 3yr under 560 vs. 360 umolnot in a meta-analysis of
increases in NPP. However greater nutrient conservation erFree Air CQ Enrichment (FACE) experiments with young,
abled larger increases in NPP with to be modelled with  temperate-zone forests. However longer-term exposure of
coniferous vs. deciduous plant functional types. The effectdrees to elevated’s has shown this increase to decline over
of these processes on productivity now need to be examinetime (Hattenschwiler et al., 1997; Idso, 1999; Medlyn et al.,
1999; Norby et al., 2010) unless N uptake increases com-
mensurately with NPP (Oren et al., 2001).
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Several changes in N processes have been observed in elselow are described and listed in Supplement A through H.
perimental studies by which N uptake and accumulation mayAlgorithms representing biological processes in soil (Supple-
be hastened under elevatég thereby moderating long-term ment A, G and H), physical processes driving soil-plant—
N limitations to NPP: atmosphere water transfer (Supplement B), biological pro-

cesses in plants (Supplement C and F), and chemical pro-

1. more rapid mineralization of soil N primed by in- cesses governing soil solute transformations (Supplement E)

creased litterfall (CrOW et al., 2009, Drake et al., 2011, were so'ved at an hour'y Ume Step from hour'y Changes in
Phillips et al., 2011), atmospheric boundary conditions. Algorithms representing
physical processes driving soil water, heat, gas and solute
transfers (Supplement D) were solved at a 5min time step
assuming constant boundary conditions during each hour.
All parameters in these algorithms remained unchanged from
3. more rapid N uptake from denser and deeper rootthose in earlier studies of forests, crops and grasslands cited
growth (Iversen, 2010; Luxmore et al., 1986), in the Introduction. The key model hypotheses for the effects

of elevatedC, on the four N processes given in the Introduc-

4. greater nutrient conservation through increasediion are described in further detail below with reference to
translocation and recovery of N from senescing pla”tequations in the Supplement.

material (Drake et al., 2011).

2. more rapid symbiotic or nonsymbiotic oNfixation
driven by increased root C allocation or litterfall (Hof-
mockel and Schlesinger, 2007; Norby, 1987),

Biogeochemical models used to forecast the responsg podel hypotheses for changes in N cycling under
of forest productivity to risingCa must therefore simulate elevatedC,

changes in these processes that result in additional plant N
uptake and retention (Crow et al., 2009; Finzi et al., 2007).3.1 More rapid mineralization of soil N primed
These processes are either absent or poorly resolved in cur- by increased litterfall
rent models used to study the effects of risifig on for-
est growth (lversen, 2010). Different representations of thes&.1.1 Decomposition
processes among terrestrial ecosystem models with coupled
C—N cycles cause variation in productivity gains simulated Organic transformations iecosysccur concurrently in five
with rising Ca. This variation can cause substantial differ- 0rganic matter—-microbe complexes (coarse woody litter, fine
ences in the magnitude and even in the direction of terrestriahonwoody litter including root exudates, animal manure (if
feedbacks taC; among these models during climate change Present), particulate organic matter (POM), and humus), each
scenarios (Sokolov et al., 2008; Zaehle et al., 2010). Ther®f which consists of five organic states (three decomposition
is therefore a need for greater accuracy and consistency ifubstrates — solid organic C, N and P; sorbed organic C, N
modelling changes in N cycling and hence in N constraintsand P; and microbial residue C, N and P; their decomposi-
to productivity under rising’x. tion products — dissolved organic C, N and P (DOC, DON
All processes in hypotheses 1-4 above are represented @hd DOP); and the decomposition agent, active microbial
detail in the ecosystem modetosys(Grant et al., 2007, biomass 1)) in a surface residue layer and in each soil layer.
2009a, b, ¢, 2010, 2011a). The importance of these processgge rates at which each of the three substrates decompose in
to simulating sustained increases in forest NPP and growt#ach complex are first-order functions f in diverse het-
was assessed by comparing changes in forest N and C cyclingfotrophic microbial functional types, including obligate aer-
modelled under elevated vs. ambi€éhtwith those measured obes (bacteria and fungi), facultative anaerobes (denitrifiers),
or calculated over several years from forest Free Air,CO ©bligate anaerobes (fermenters), heterotrophic (acetotrophic)
Enrichment (FACE) experiments in the Duke Forest, Orange2nd autotrophic (hydrogenotrophic) methanogens, and aero-
County NC, in the Oak Ridge National Laboratory (ORNL) bic and anaerobic heterotrophic diazotrophs (honsymbiotic
forest at Oak Ridge TN, and the USDA Forest Service ex-N2 fixers) [Al, A2]. Decomposition rates are also Monod
perimental farm in Rhinelander WI. Results from this test- functions of substrate C concentrations in soil [A4], calcu-
ing were used to estimate the relative contribution from eacHated from the fraction of substrate mass colonizedMy
of these four processes to sustaining increases in forest NPP\S]. These decomposition rates drive transfers of C, N and
with elevatedC, at each of the three experimental sites. P from the substrates to DOC, DON and DOP [A7].

3.1.2 Mineralization

2 Model Description
Growth of M by each microbial functional type in each or-

The key algorithms governing the simulation of C and N ganic matter—microbe complex [A25] is calculated from its
transformations irecosysare described in the supplement uptake of DOC [A21], DON and DOP [A22]. Growth is
to this article, in which equations and variables referenceddriven by energy yields from growth respiratioR() [A20]
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Fig. 1. Conceptual model for priming implementedécosysBiomass in each of five substrate—microbe complexes (coarse woody litter,

fine litter, manure, particulate organic matter (POC) and humus) is driven by uptake of DOC from decomposition. This biomass is then
redistributed across these complexes according to biomass : substrate ratios in each complex. The redistributed biomass then drives decon
position. Expressions in brackets refer to equations in the Supplement. Boxes represent state variables, sizes of which indicate relative size
of biomass or substrate in each complex. Solid lines with valves represent rates of transfer among states; dashed lines represent drivers ¢
these transfers.

remaining after subtracting maintenance respiratig)(  only fresh litter but also existing SOC. The priming caused
[A18] from heterotrophic respirationR) [All] driven by by this transfer inecosyshas been tested against changes
DOC oxidation [A13]. The resulting contents of C, N and P in decomposition, C@emission and N mineralization mea-

in M drive rates of decomposition [A1] and microbial decay sured from litter-amended vs. non-amended soil in Grant
[A23, A24], products of which are transferred to microbial et al. (1993). These transfers and consequent priming are
residues and humus for further decomposition [A36]. Ra-greater with larger litter substrate and hence latfegen-

tios of microbial C: N and C: P drive mineralization vs. im- erated by increased litterfall, as occurs under elevétgd
mobilization of NHf [A26a, b] and HPO, [A26d, €], soil ~ Because POM and humus have lower C: N ratios than does
concentrations of which control root and mycorrhizal uptakelitter, this priming favours mineralization over immobiliza-
[C23]. tion.

3.1.3 Priming 3.2 Greater biological N fixation primed by
increased litterfall

Values of M used to drive decomposition [Al] are modelled

by allowing M to transfer among the five organic matter— Nonsymbiotic diazotrophid/ populations in each complex
microbe complexes according to differences in the concenconduct N fixation [A27] and associated respiration [A28]
tration of M with respect to that of its substrate in each com- to remedy N deficits calculated from their biomass and C: N
plex [A3]. These transfers are indicated by changes in the relratios. These deficits arise when biomass N from uptake of
ative sizes of the state variables for biomass vs. those of theiDON [A22] and immaobilization of Nlj‘ and NG; [A26b, c]
substrates before and after redistribution in Fig. 1. The largeis less than that needed to attain set C : N ratios with biomass
specific decomposition rates used in the fine litter and ma-C from uptake of DOC [A21]. These deficits increase with
nure complexes [A4] cause concentrationdo¥s. substrate larger litter substrate and hence larger diazotroptiigen-

in these complexes to be greater than those in the POM andrated by increased litterfall, as occurs under elevatgd
humus complexes (Fig. 1). Consequently savhas trans-  particularly when higher litterfall C : N ratios increase DOC
ferred from the litter and manure to the POM and humusvs. DON uptake. Thus Nfixation rates increase with litter-
complexes, thereby priming decomposition of the substratesall, as observed experimentally by Jurgensen et al. (1992)
in these complexes [Al]. Similarly, somd may also be and modelled in Grant et al. (2007). The subsequent decay
transferred from the POM to the humus complex. This trans-of diazotrophicM [A23] causes transfer of diazotrophic N
fer implements the hypothesis of Fontaine et al. (2004) thafA24] to microbial residues and humus for decomposition
fast-growing microbes specializing in utilization of fresh lit- and uptake by otheds [A36], and to Nl-[f through miner-

ter inputs produce extracellular enzymes that metabolize noalization [A26a], from which it can contribute to root and
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mycorrhizal uptake [C23]. These same algorithms are usegbiration of remobilizable CKs) in leaves, roots and mycor-
to model symbiotic diazotrophi#/ populations in roots of rhizae [C15]. ThisRs drives the translocation of remobiliz-

leguminous host plants (Supplement F). able N and P associated with the C respiredrasnto oy
andop. Translocation of remobilizable N or P can also occur
3.3 Greater N uptake from denser and deeper when ratios oby : oc or op: oc become smaller than those
root growth of structural N: C or P: C required for growth of new phy-
. tomass, from the assumption that productivity is improved
3.3.1 Callocation and root growth if new phytomass has priority for limiting nutrient reserves.

This translocation increases retentiorofor op and hence
availability of o or op for new growth.

Non-remobilizable C associated with translocated C is lost
as litterfall C [C18], so that litterfall is not prescribed from
assumed turnover rates, but arises from fixation vs. respira-
tion of C and uptake vs. assimilation of N and P as deter-
mined by soil and weather. Elevatéq could therefore has-
Sen litterfall and increase translocation by increagigwith

respect toR¢, or by reducingoy : oc with respect to struc-
tural N : C required for growth. Amounts of litterfall N and P
are reduced with respect to that of litterfall C by additional
' translocation of remobilizable N and Pdg andop. This ad-
ditional translocation increases as ratiosQf. oc or op: o¢
decline [C19], so that N: C and P:C ratios in litterfall de-
cline from those in the living phytomass from which it orig-

Production and consumption ef, on andop in different inates. This decline in litterfall nutrient ratios therefore in-
plant organs are differently affected by environmental condi-Créases with declining putrient status as frequently, although
tions such as water or nutrient stress, so that translocation dfot always, observed in field studies (Barnes et al., 1998;
oc, on andop, and hence growth of different organs, change K|m_rr_1|ns, 2004). Ele_vate(d,“a coult_j there_fore increase this
with environmental conditions. More rapid G@xation, as ~ additional translocation by lowering ratios of; : oc. The
occurs under elevated,, raisesoc:on and oc : op ratios parameter§ used to calcu_late translocauomosysyvere se-

in branches with respect to those in roots and mycorrhizaelected to give the range in N and P translocation fractions
and so increases branch—root-mycorrhizal concentration grdI0M senescing material found in Kimmins (2004) across a
dients of oc [C50] while reducing the mycorrhizal-root— ange of sites with d|ffer|ng nutrient avallaplllty.

branch concentration gradients @f andop [C51]. These In branches, translocation and hence litterfall start at the
changes hasten transferasef from branches to roots and my- lowest n(_)de at Wh'_Ch leaves are present, and proceed up-
corrhizae [C50, C52], and slow transfer @§ andop from ward until the requirement foRs, oy Or op by the branch
roots and mycorrhizae to branches [C51, C53], thereby inds met. In roots or mycorrhizae, translocation and hence lit-
creasing root and mycorrhizat : oy ratios and hence root _terfall start_with secoqdary axes and proceed to primary axes
and mycorrhizal growth with respect to branch growth. Con-in €ach soil layer until the requirement @, on or op by

sequent increases in root and mycorrhizal surface areas arf@°ts or mycorrhizae in the soil layer is met. For deciduous
lengths hasten N and P uptake [C23a—f] with respect ta CO plant functional types, litterfall is hastened by phenologically

fixation. Increases in root and mycorrhiza): o ratios may ~ driven withdrawal ofrc, on andop into N storage pools un-

further hasten N and P uptake by reducing uptake producfle shortening photoperiods and declining temperatures dur-
inhibition [C23g]. Ecosysthus implements the shoot:root NG @utumn. These storage pools then replentshon and

Growth of branch, root and mycorrhizal organs is driven by
growth respiratiorRg [C17] and consequent assimilation of
the nonstructural C product of G@ixation (o¢c) [C20], cou-
pled with assimilation of the nonstructural N and P prod-
ucts of root and mycorrhizal uptaken andop). Amounts

of oc, on andop in each organ are maintained by transloca-
tion along branch—root—mycorrhizal concentration gradient
[C50—-C53] generated by productionaf from branch CQ
fixation [C1-C12] and oby andop from root and mycor-
rhizal uptake [C23] vs. consumption 6§, on andop from

Rg and branch, root and mycorrhizal growth [C20] (Grant
1998).

3.3.2 Root growth and N uptake

functional equilibrium hypothesis of Thornley (1995). op under lengthening photoperiods and rising temperatures
to drive leafout during the following spring (e.g. Grant et al.,
3.4 Greater nutrient conservation through 2009c).

translocation of N from senescing plant material
3.5 Effects of changes in N cycling on Cofixation

First-order respiration ofc [R¢ in C14] drives autotrophic modelled under elevatedC,

respiration R) by all branches, roots and mycorrhizae

[C13]. R is first used to meet maintenance respiration re-Adaptation to elevated’s by each of the four N processes
quirements Rm), calculated independently & fromthe N described above contributes to maintaining foli@arvs. oc
content in each organ [C16]. Any excessfover Ry, is ex- under elevated’,, the first three through increased N uptake,
pended as growth respiratidty, which drives organ growth  and the fourth through increased N conservation. In so doing,
[C20]. WhenR, exceedsk., the shortfall is met by the res- these changes help to maintaig andoy assimilation and
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hence leaf N concentrations [C12] and to redugeprod- 4.2 The ORNL FACE experiment
uct inhibition (downregulation) of C&fixation [C11] under
elevatedC,. These changes therefore help to maintain ele-Productivity and N relations of a sweetgumiquidambar
vated rates of C®fixation under elevated’,. The coupling  styracifluaL.) stand planted in 1988 was measured from
of structural and nonstructural C, N and P to calculate CO 1998 to 2008 under ambient @70 umol mot?) vs. elevated
fixation is more fully described in Supplement C. (~ 550 pmol mot1) C, (Norby et al., 2010). The history of
this site was simulated by planting a temperate deciduous
. functional type (e.g. Grant et al., 2009a) in 1954 on a soil
4 Model experiments with properties given in Johnson et al. (2004), and growing
it until 1988 under historical"; and repeating sequences of
Snsalf-hourly weather data recorded from 1990 to 1998 at the
ORNL Walker Branch site, and from 1999 to 2008 at the

. N ORNL FACE site (Riggs et al., 2010). Ammonium and ni-
Duke Forest in Orange County NC (35:38, 79.9T W), trate concentrations in precipitation were set to give wet N

at the Oak Ridge National Lab (ORNL) in Oak Ridge TN, . . )
(35.90 N; 84.33 W) and at the USDA Forest Service ex- depOS.ItIOI’l rate; reported in Norby et al. (2010), and atmo
spheric ammonia concentrations were set to 5nmotol

perimental farm in Rhinelander WI (45.6, 89.5F W). A . . . .
. - This spinup allowedecosyso achieve stable changes in C
summary of site characteristics and methodology for these

experiments is given in Finzi et al. (2007), Norby et al. (2005) Stocks during successive weather sequences. The modelled

. . : stand was then clearcut and a second stand was planted in
and in other references cited below. Modelling methodology . . . )
: . 1988 with the same plant density as that at which the field
at each site followed a common approach described below.

site was planted in the same year. This stand was grown un-
4.1 The Duke Forest FACE experiment til 2008 under 370 pmol molt C, and repeating sequences
of half-hourly weather data recorded from 1990 to 1998 at
Productivity of a |0b|0||y pine Pinus taedal stand p|anted the ORNL Walker Branch site and from 1999 to 2008 at the
in 1983 was measured from 1997 to 2005 under ambi-ORNL FACE site. This run was then repeated from 1998 to
ent (~ 371 umol mot?) vs. elevated 571 umol mot?) C, 2008 under 550 pmol mot C,. To simulate the response to
(Drake et al., 2011; McCarthy et al., 2010). The history of N fertilizer measured at the site (Norby et al., 2010), the run
this site was simulated by planting a temperate coniferouginder 370 umol mot! C, was repeated with annual fertilizer

functional type (e.g. Grant et al., 2007, 2009a) in 1958 onapplications of 20 g N m? as urea from 2004 to 2008. Model
a soil with properties given in Oh and Richter (2005) and results for NPP, wood increment, leaf N concentrations and

growing it until 1983 under historical’s and repeating se- 0ot mass were compared with those measured over the same

quences of half-hourly weather data recorded from 1997 tdPeriod under the same change<inand N.

2005 at the Duke Forest. Ammonium and nitrate concentra-

tions in precipitation were set to give wet N deposition rates4.3 The Rhinelander FACE experiment

reported in Drake et al. (2011), and atmospheric ammonia

concentrations used to calculate ammonia deposition [D15Productivity and N relations of an aspeRofpulus tremu-
were set to 5nmolmof. This spinup allowedecosysto loides Michx.) stand planted in 1997 was measured from
achieve stable changes in C stocks during successive weath&P98 to 2006 under ambient-@74 umolmof) vs. ele-
sequences. The modelled stand was then clearcut (Grant ¥ated ¢~ 541pumolmof?) Ca (King et al., 2005; Kubiske
al., 2007) and a second stand was planted in 1983 with th&t al., 2006; Talhelm et al., 2012). The history of this site
same plant density as that at which the field site was plantedvas simulated by planting an annual cereal functional type
in the same year. This stand was grown until 2006 under€.g. Grant et al., 2011b) each year from 1956 to 1971 on
371 pmolmot? C, and repeating sequences of half-hourly & soil with properties given in Dickson et al. (2000) under
weather data recorded from 1997 to 2005 at the Duke ForhistoricalCa and repeating sequences of half-hourly weather
est. This run was then repeated from 1997 to 2005 undeflata recorded from 1999 to 2006 at the Rhinelander FACE
571 pmol mot® C,. To simulate the response to N fertilizer Site. Ammonium and nitrate concentrations in precipitation
measured at the site, both runs were repeated with annuayere set to give wet N deposition rates reported in NADP
fertilizer applications of 11.2gN m? as urea from 1998 to Maps for Wisconsin, and atmospheric ammonia concentra-
2005 as described in McCarthy et al. (2010). Model outputtions were set to 5nmolmot. A boreal deciduous func-
for NPP, phytomass and key N transfers were compared witfiional type (e.g. Grant et al., 2009a) was then planted in

those measured over the same period under the same change®/2 and grown under 1999-2006 hourly weather data until
in Cgand N. 1996. This spinup allowedcosydo achieve stable changes

in C stocks during successive weather sequences. The stand
was then clearcut and a second boreal deciduous stand was
planted in 1997 with the same plant density as that at which

Ecosyswas tested against measurements of NPP, phytoma
growth and N concentrations in leaves and litterfall un-
der ambient vs. elevated, in FACE experiments at the
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the field site was planted in the same year. This stand was ]
grown until 2006 under 374 umol mol C, and repeating se- 1600
quences of half-hourly weather data recorded from 1999 to ;\1400_3
2006 at the Rhinelander FACE site. This run was then re- > |
peated from 1998 to 2006 under 541 umol mal’s. Model E 1200 ]
results for NPP, wood increment and litter N concentration © ]

were compared with those measured over the same period S1000 ]

under the same changesay. & 1
Z 800

4.4 Sensitivity of modelled NPP to changes in N cycling ]

under ambient vs. elevatedC, 600 o & oo —— ' . . T
To examine sensitivity of NPP modelled under elevated vs. IS 8000-: o zlr%-w— -- o
ambientC, to the N processes described above, the model © ] oo Lol T
runs at the three FACE sites were repeated for the duration of <6000 . P e
the elevated”, treatments with selected processes disabled. ? ] =
The extent to which priming of soil N mineralization (hy- g4ooo-_ 2

pothesis 1) raised NPP under elevated vs. ambignivas ]
examined by setting the transfer rate constant in [A3a] to & 2°%°7]
zero and offsetting the consequent slowing of POM and hu- ]
mus decomposition by increasing the specific rate constants
for POM and humus decomposition in [Ada]. In this way
POM and humus decomposition was made independent of Year
changes in litterfall caused by changesdn The extent to
which more rapid nonsymbiotic Nfixation (hypothesis 2)
raised NPP under elevated vs. ambi€ptwas examined by
Qisabling diazotrophic fixation in [A27]. The extent to which (~571 umol mot1) atmospheric C@ concentration ) with or
increased roo_t growth (hypOthES'S 3) ralse_d NPP under eIe\7vithout N fertilizer at the Duke FACE experiment. Measured data
vated vs. ambiertt, was examined by reducing the rate con- fom Mccarthy et al. (2010), with error bars representing stan-
stant for nonstructural C exchange among roots and branch&furd errors from replicated measurements=(4). Root exudation
[C50] under elevateds so that root mass remained similar to (Grant, 1993) was excluded from modelled NPP to simulate bio-
that under ambienf,. The extent to which greater translo- metric measurements.
cation and recovery of N (hypothesis 4) raised NPP under
elevated vs. ambienii; was examined by setting the translo-
cation fractions for nonstructural N and P in [C19c, d]t0o a5 Results
common value that was independent of changes in nonstruc-
tural N:C ratios caused by changesdh. Results for NPP 5 1 The puke Forest FACE experiment
with each disabled process were then compared with those
from the model runs with all processes enabled. Net primary productivity measured and modelled with-
To examine whether sensitivity of NPP modelled under el- 5+ tertilizer at the Duke Forest rose by 23-30% from
evated vs. ambiert, differed with plant functional type, the 1997 through 2001 afte€, was increased from 371 to
ORNL FACE runs were re-executed with the temperate de74 umol mot ™ (Fig. 2a). Both rises were greater than 30 %
ciduous functional type replaced by the temperate coniferous, 2002, when drought reduced modelled NPP less under el-
functional type used in the Duke FACE runs. Similarly the o\ atedc, than under ambient. This smaller reduction was
Duke FACE_runs were re-executed with the temperate_conlf-mode"ed from slower soil drying by transpiration which
erous functional type_replaced by the temperate deciduouf,q peen reduced from that under ambi€gt[B1c] since
functional type used in the ORNL FACE runs. NPP mod- ¢ start of the experiment in 1997. Reduced transpiration
elled under elevated vs. ambiefi at both sites were then 55 modelled from increased canopy stomatal resistagre (
compared for the deciduous vs. coniferous types. caused by the different responses of carboxylation and diffu-
sion to elevated’; [B2a] (Grant et al., 1999, 2004). However
measured rises in NPP remained near 30 % during 2003 and
2004, while modelled rises declined to near 20 %. Almost
80 % of the measured and modelled rises in NPP were allo-
cated to leaves (Fig. 3a) and wood (Fig. 3b), and only about
20 % to roots (Fig. 3c).

0

I T T T T
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

Fig. 2. (a) Annual net primary productivity (NPP) an@) gain
in total phytomass measured (symbols) and modelled (lines) from
1997 to 2004 under ambient~@371 umol mot1) vs. elevated
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R. F. Grant: Modelling changes in nitrogen cycling to sustain increases in forest productivity
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Fig. 3. (a) Annual net primary productivity (NPP) measured (sym-
bols) and modelled (lines) ifa) leaves,(b) wood and(c) roots
from 1997 to 2004 under ambient 371 pmol mot 1) vs. elevated
(~571 pmol mot1) C; at the Duke FACE experiment. Measured

data from McCarthy et al. (2010), with error bars representing stan

dard errors from replicated measurements=(4). Root exudation

(Grant, 1993) was excluded from modelled NPP to simulate bio-

metric measurements.
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This gain was patrtially offset by a cumulative increas&jn

of 685 g C nT2 that was consistent with one of 800 g C
estimated by Drake et al. (2011). This gain was further offset
by small increases in C losses from geimission, leaching
and runoff, when calculating net biome productivity (NBP)
(= Flux Gains — Flux Losses in Table 1).

Almost 70% of the cumulative gain in NPP modelled
from 1997 to 2004 appeared in plant foliage, wood, root and
nonstructural C stocks, giving a total gain in plant biomass
of 1593gCm? (Fig. 2b), which was similar to one of
17359 C n1? derived from biometric measurements by Mc-
Carthy et al. (2010). The remaining 724 g Cof this
gain in NPP was returned to the soil as litterfall, consistent
with an increase of 79gCnfyr—1 measured in 1998 by
Finzi et al. (2001). Of this increase in litterfall, 316 g Ctn
was above ground, corresponding to increased inputs of
48+ 14 g Cnt2yr-1 measured in the forest floor by Lichter
et al. (2008), which included some root litterfall. The remain-
ing 408 g C m72 of the increase in modelled litterfall includ-
ing exudation was below ground, which was greater than an
increase of 15gCmPyr—1 in root litterfall averaged from
measurements over this period by Pritchard et al. (2008a).

This increase in modelled litterfall generated a rise in mid-
seasonV of 21 % under elevate@, [A25], similar to one of
15 % in microbial C estimated by Drake et al. (2011), which
drove the modelled increase Ry [A11] (Table 1). Differ-
ences between increases in litterfall aRglcaused changes
in soil C stocks, including a gain in litter, but a loss in POC

and humus, the decomposition of which was primed by the
increase inM from litterfall [A3] (Fig. 1). These gains in
soil C were slightly smaller than those estimated by Drake et
al. (2011) (Table 1).

Additional N required to sustain the increase in GPP mod-

Annual fertilizer applications caused modelled and mea-elled under elevated vs. ambiefif was partially provided
sured NPP and phytomasses to rise above unfertilized valby a small cumulative increase in nonsymbiotig fixa-

ues over time (Fig. 2a, b), indicating N limitation to forest

productivity at the Duke site. However rises in NPP mod-

elled under 571 vs. 371 pmol mdl C, with fertilizer were
similar to those without fertilizer (20-30 %), while measured

tion [A27] driven by that inRy (Table 1). This increase
arose from modelled rates of;Nixation averaging 0.180
vs. 0.175gNm?yr~1 under elevated vs. ambie€t, close
to potential N fixation rates of~0.02 g N nT2mol~1 mea-

rises were smaller (10-20 %) (Fig. 2a). Consequently gainsured in the forest floor plus mineral soil by Hofmockel and

in phytomass modelled under elevatégwith fertilizer were
larger than those measured (Fig. 2b).

Schlesinger (2007). However the modelled increase 4n N
fixation was mostly offset by a decrease in atmospherig NH

These increases in NPP were driven by ones in gross prideposition to the canopy [D15] and by an increase in N leach-

mary productivity (GPP in [C1]) modelled under 571 vs.
371 pumol mot! C, (Table 1) caused by increases in mes-
ophyll aqueous C@concentrations [C6a], calculated from
intercellular gaseous CGOconcentrations assumed to rise
proportionally with C,. These increases in GPP were par-
tially offset by increases in autotrophic respiratiaRy (in

ing, both caused by reduced stomatal conductapgeand
hence transpiration modelled under elevafgdB2a] as de-
scribed earlier. Wet N deposition was the same under both
ambient and elevated, and so was not included in Table 1.
The cumulative difference in N inputs modelled under el-
evated vs. ambient, did not account for the gains in plant

[C13]) driven by increased biomags, [C16] andRg [C17] structural N stocks needed to sustain the increases in plant
(Fig. 2b) when calculating increases in NPP. These in-structural C stocks (Table 1). Most of these gains were con-
creases drove a cumulative gain in NPP of 2032g€@m sequently withdrawn from plant nonstructural N stocks in
(2317 g C 2 including root exudation) from 1997 to 2004 seasonal reserves used énosysto buffer differences be-
that was similar to one of 2216 g Cth derived from bio-  tween plant N requirements and root N uptake under variable
metric measurements by McCarthy et al. (2010) (Table 1).growth conditions. Consequently these stocks were more
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Table 1. Differences in cumulative fluxes and stocks of C and N estimated from biometric measurements (E) or modelled (M) at the Duke
Forest FACE experiment after 8 yr (1997—2004) under 571 vs. 371 pmotnad,.

C \ N
E Mo E M

gCm28yrl | gNm28yr?!

Fluxes — Gains

A Fixation (CQ, No) +3459 +0.4
A Deposition (NH) -0.3
A NPP: biometric +22168 42032
A NPP: total +2317

Fluxes — Losses

A Rp +80C? +685

A Emission (CH, N2+ N2O) +10 -0.1
A Leaching+ runoff +12 0 +03
A NBP +1610 -0.1

Stocks — Plants

A Biomass: foliage +92 +1.8* +1.0
A Biomass: wood +1420 +115% +6.0
A Biomass: root +473F +33 +0.3
A Biomass: nonstructural +48 —-5.5
A Biomass: total +17358 41593 | +3.3°+15.4 +1.8
Stocks — Sail
A Litter +165 +78 +6.42 425
A POM, humus +162 -79 —402 -49
A Dissolved (DIC, DIN) +18 +0.5
A Total +1610 -0.1

Lincludes root exudatiofDrake et al. (20113McCarthy et al. (2010¥*Hofmockel et al. (2011afFinzi
et al. (2007).

heavily drawn upon to meet increased N requirements unfC19] (Fig. 4). This increase in translocation caused litterfall
der elevated”,;. However most of this withdrawal occurred N modelled under elevatad, to remain similar to that mod-
within the first two years of the model experiment, indicating elled under ambient,, in spite of the increase in litterfall C
that its magnitude may have been an artifact of the suddeiiTable 1), and so enabled the increase in N uptake modelled
onset of elevated’y in 1997. The remainder of these gains under elevated”; to be almost fully retained in the forest
was drawn from soil N stocks through increased mineraliza-canopy. These modelled increases in uptake and transloca-
tion of POM and humus N [A26a], driven by the more rapid tion were corroborated by experimental findings (Drake et
decomposition of POM and humus C described earlier (Ta-al., 2011) (Fig. 4).
ble 1). The consequent decline in POM and humus N stocks The modelled increases in N uptake and retention (Table 1;
(Table 1) was partially offset by a gain in litter N stocks from Fig. 4) maintainedy vs.oc and hence increases in GPP [C6,
immobilization of some of the additional I\I{Hand NG C11, C12] and NPP under elevat€glas the experiment pro-
[A26b, c] mineralized from POM and humus. This loss in gressed (Fig. 2). However modelled gains in plant N through
POM and humus N stocks and the gain in litter N stocks wereincreased root N uptake and translocation under elev@ted
consistent with the loss in mineral-associated C and gain irn(Fig. 4) were not commensurate with those in plant C through
organic horizon C estimated by Drake et al. (2011) (Table 1).increased NPP (Fig. 2a). Consequergtjosyssimulated a
The gain of plant N and loss of soil N modelled under el- rise in the NPP : N uptake ratio from 162 to 173 g CgNin-
evated vs. ambient, (Table 1) was achieved by increased der 371 vs. 571 umol mok Ca. The increase in this ratio was
root and mycorrhizal uptake [C23] of the N mineralized consistent with one from 158 to 170gC gN (assuming
from POM and humus and not immobilized in litter, and by 0.5gC g DM 1) measured at the Duke FACE site by Finzi
increased translocation of N from senescing plant materiakt al. (2007). Consequently foliar N concentrations modelled
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Fig. 4.Rates of N uptake and translocation estimated from measure-
ments (symbols) and modelled (lines) from 1997 to 2004 under am-
bient (~ 371 umol mot) vs. elevated ¢ 571 umol motl) Cy at

the Duke FACE experiment. Estimated values Drake et al. (2011), 20— =" -~ O 0O |
with error bars representing standard errors from replicated mea- 1998 2000 2002 2004 2006 2008

surementsi{ = 3). Year

= amb.
o elev. ---
o amb.+ N --.-

300 4

Wood Increment (g C

. ) . Fig. 5. (a) Annual net primary productivity (NPP) angb)
in 1998 declined from 24.0 to 22.6mgN Q'C while those gain in biomass measured (symbols) and modelled (lines) from

measured in the same year by Finzi et al. (2001) declined ggg to 2008 under ambient-@70 umol mot 1) vs. elevated
from 21.0 to 18.8mgNgC', although this measured de- (~550pmolmot?) Ca with or without N fertilizer at the ORNL
cline was considered to be nonsignificant. These rises InFACE experiment. Measured data from Norby et al. (2010), with er-
NPP: N uptake ratios and consequent declines in foliar Nror bars representing standard errors from replicated measurements
concentrations suggest a gradually increasing N limitation(» = 2). Root exudation (Grant, 1993) was excluded from modelled
that could eventually reduce future increases in NPP. NPP to simulate biometric measurements.

5.2 The ORNL FACE experiment
(Fig. 7). Lower foliar N concentrations were also modelled

Net primary productivity modelled at ORNL was generally [C6, C12] through changes iy vs.oc [C11], although val-
larger than that derived from measurements (Fig. 5a), alues were consistently 15mgN g€&larger than those mea-
though wood growth increments were similar (Fig. 5b). NPPsured (Fig. 7). Strong N limitations to NPP were also in-
modelled under 550 pmol ot C, rose sharply above that dicated by the sharp rise in wood increment measured and
under 370 umol molt C, during the first two years of the modelled under ambiendt, after fertilizer application started
experiment (Fig. 5a), but declined relatively more thereafterin 2004 (Fig. 5b). Irecosysdeclining N status caused greater
so that gains in NPP modelled under elevatgdbecame  allocation ofoc, on andop to roots vs. leaves and wood
smaller as the experiment progressed. Almost 80 % of thgC50-C53], so that root NPP was maintained (Fig. 6¢) while
modelled rise in NPP was allocated to leaves (Fig. 6a) andeaf and wood NPP declined (Fig. 6a, b) as the experiment
wood (Fig. 6b), and only ca. 20 % to roots (Fig. 6¢) as wasprogressed.
modelled at Duke (Fig. 3). Gains in leaf NPP modelled un- The modelled trend towards smaller gains in NPP as the
der elevatedCy, in ecosyswere larger, while those in root experiment progressed was reversed in 2002, 2006 and 2007
NPP were smaller, than gains derived from biometric mea-Fig. 5a). During these years soil drying following lower-
surements by Norby et al. (2010), who attributed most of thethan-average precipitation in 2001 and in 2005-2007 caused
total gain in NPP at ORNL to root production, particularly smaller declines in NPP to be modelled under elevated vs.
in 2000-2002 (Fig. 6¢). The greater modelled vs. measuredmbientCy (Fig. 5a), as at the Duke Forest in 2002 (Fig. 2a).
NPP (Fig. 5a) was mostly attributed to greater modelled vs.Smaller declines under elevaté&t, were also apparent in
measured root NPP (Fig. 6¢). NPP derived from measurements in 2002, but not in 2006

Norby et al. (2010) attributed these declining gains inand 2007. The greater decline in NPP measured under ele-
NPP to more rapid declines in tree N status, apparent irnvated vs. ambienC, in 2007 was attributed by Warren et
lower foliar N concentrations measured under elevaigd al. (2011) to greater declines in transpiratigaand hence C
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gain under elevated, during the 2007 drought. lecosys
however, soil water conserved before droughts by reductions
in transpiration under elevated vs. ambi€ht as was ob-
served by Warren et al. (2011), allowed smaller declines in
transpiration,gc and hence in net C uptake to be modelled
under elevated’y as droughts progressed.

Increases in GPP [Cl] modelled under 550 vs.
370 pumolmot! C; drove a cumulative gain in NPP
from 1998 to 2008 of 1858 g CNt (1971 g C nT2 including
root exudation), slightly greater than one of 1542 gCm
derived from biometric measurements by Norby et al. (2010)
(Table 2). This gain was partially offset by an increase of
680gCnt2in Ry, and by a small increase in C losses from
leaching and runoff, when calculating NBP (Table 2).

About two-thirds of the gain in NPP modelled from 1998
to 2008 appeared in plant wood, root and nonstructural C
stocks (Table 2). Gains in foliar stocks were not modelled
because values were calculated at the end of each year af-
ter leafoff. The remaining 640 g CTA of this gain in NPP

; ? % was returned to the soil as litterfall, of which 302gCtn
0t—0+ —— was above ground, consistent with an annual increase of
1998 2000 2002 2004 2006 2008 40gCnm?yr~1 in surface litterfall measured in 2000 by
Johnson et al. (2004). The remaining 338 g Cnof the
increase in modelled litterfall including exudation was be-
Fig. 6. (a) Annual net primary productivity (NPP) an@) gain in low grognd, which Was less thf"m the 625009 C m? in-
biomass measured (symbols) and modelled (line@)ifeaves(b) crease in total root litterfall estimated to 2006 by Iversen et

wood and(c) fine + coarse roots from 1998 to 2008 under ambi- al. (2008).
ent (~ 370 pmol mot 1) vs. elevated+ 550 umol mot1) C; at the This increase in modelled litterfall generated a rise in mid-

ORNL FACE experiment. Measured data from Norby et al. (2010) seasorM of 9 % [A25], similar to one of 13 % in microbial C
and lversen et al. (2008), with error bars representing standard emeasured in July 2000 by Johnson et al. (2004), which drove
rors from replicated measurements< 2). Root exudation (Grant, the modelled increase iRy, [A11] (Table 2). This increase
1993) was excluded from modelled root NPP to simulate biometricsnghﬂy exceeded that in litterfall, causing small declines in
measurements. litter, POM and humus C stocks primed by the increase in
M from litterfall [A3] (Fig. 1). These declines contrasted

350 7 (a) leaf " amp.

NPP (g C m?y™)

Year

- 60

Ny
(&2
J

”-8 . :ln;s-j 5 with a substantial increase in soil C me.asured by Iver;en et

o g al. (2012) under elevated vs. ambiary in 2009, but this

i [>° (27 increase was also apparent in pretreatment measurements of

€ 8 soil C by Johnson et al. (2004) and so may have been caused

9 Fso 2 by pre-existing soil variability.

2 g Additional N required to sustain the increase in GPP mod-

= F45 o elled under elevated vs. ambiefi§ was partially provided

5 3 by a small cumulative increase in nonsymbiotig fikation

g - 40 czz [A27], and in atmospheric Ngldeposition due to greater N

%5 0 immobilization at the soil surface [D15] (Table 2). Additional

3 2 . . . . . . s N was provided by reductions in N losses from emissions
1998 2000 2002 2004 2006 2008 and leaching caused by greater N immobilization [A26] in

Year the soil profile at this N-limited site (Table 2). The reduction

Fi . in N loss from leaching ircosysvas consistent with one of

ig. 7. Leaf N concentrations measured (symbols) and modelled P . .

(lines) from 1998 to 2008 under ambient 870 umol mot1) vs. 0.2gNnm“yr—= measured experimentally in 1999 by John-

elevated { 550 pmol mot%) Ca without N fertilizer at the ORNL ~ SON et al. (2004). o

FACE experiment. Measured data from Norby et al. (2010), wither-  The cumulative net gains in N inputs partly accounted for

ror bars representing standard errors from replicated measuremente substantial increase in plant structural N stocks needed to

(n=2). sustain increases in plant structural C stocks (Table 2). Some
of this increase in plant structural N stocks was withdrawn
from plant nonstructural N stocks. This withdrawal was less
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Table 2. Differences in cumulative fluxes and stocks of C and N estimated from biometric measurements (E) or modelled (M) at the ORNL
FACE experiment after 11 yr (1998—2008) under 550 vs. 370 pmot fo0,.

E M E M

|
|
gCm211yrl | gNm211yr?

Fluxes — Gains

A Fixation (CQ, N») +2829 +0.2
A Deposition (NH) +0.4
A NPP: biometric +1542  +1858
A NPP: total +1971

Fluxes — Losses

A Rp +680

A Emission (CH,N2,N20) + + +N>0) 0 -0.1
A Leaching+ runoff +26 -0.7
A NBP + 1265 +1.4

Stocks — Plants

A Biomass: foliage 0 0
A Biomass: wood +487%  +1228 +4.9
A Biomass: root +403 +64 | +0.63 +0.7
A Biomass: nonstructural +39 -0.6
A Biomass: total +1331 +5.0
Stocks — Sail
A Litter -39 -0.4
A POM, humus -32 -34
A Dissolved (DIC, DIN) +5 +0.2
A Total + 1265 +1.4

Lincludes root exudatioNorby et al. (2010)3Iversen et al. (2012).

than that at Duke (Table 1) because greater withdrawals for In ecosysgreater root and mycorrhizal growth [C20b] un-
leafout in spring and greater losses from senescence in awder elevated”; was driven by greater shoot—root and root—
tumn caused plant nonstructural N stocks to be lower in deimycorrhizal transfers ofc [C50, C52] from greater con-
ciduous trees. The remainder of the increase in plant struceentration gradients generated by greatep @ation [C1]
tural N stocks was drawn from soil N stocks through in- (Grant, 1998) (Fig. 8a). Greater growth drove greater root
creased mineralization of POM and humus N [A26a], drivenand mycorrhizal elongation [C21b, c] (Fig. 8b) used to cal-
by the more rapid decomposition of POM and humus C de-culate path lengths and surface areas for mineral N uptake
scribed earlier. [C23a—d]. Greatesc concentrations drove an increase in C

As for the Duke Forest, the gain of plant N and loss of exudation [C19e—i] of 53 vs. 42 g CTAyr—! (Grant, 1993)
soil N modelled under elevated vs. ambiéitat ORNL (Ta-  (Fig. 8c), while more rapid root and mycorrhizal respiration
ble 2) was achieved by increased root and mycorrhizal up{C15] and loweloy vs.oc drove an increase in root and my-
take [C23], some of which might be attributed to increasedcorrhizal litterfall [C18] of 234 vs. 208 gCnfyr—1. This
root and mycorrhizal growth as well as to priming of humus increase in litterfall was smaller, but not significantly differ-
decomposition. Detailed measurements of root productivityent, than one of 25% 148 vs. 161 87 measured in 2001
by Iversen et al. (2008) enabled testing of changes in rooby Iversen et al. (2008). These increases in exudation and
growth and function modelled under ambient vs. elevatgd litterfall provided more substrate for litte¥ growth [Al]
(Fig. 8a). Modelled root and mycorrhizal mass densities in-and hence priming of POM and humus decomposition [A3]
creased under 550 vs. 370 umol mbC, (Fig. 7), but less  (Fig. 1) under elevated,. However greater root and mycor-
than did measured values during 2001 (Fig. 8a), the year ofhizal elongation generated only slightly more rapid mineral
greatest root productivity reported in Iversen et al. (2008)N uptake [C23a—d], in which increases in mycorrhizal uptake
(Fig. 6¢). offset reductions in root uptake below 0.5 m (Fig. 8d).
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Fig. 8. Root and mycorrhizala) mass and(b) length density,

(c) NHI+ NOj uptake and(d) C exudation measured (sym- Year

bols) and modelled (lines) vs. depth during 2001 under ambient

(~370umolmor ) vs. elevated ¢ 550 umolmot!) Ca without  Fig. 9. (a) Annual net primary productivity (NPPb) leaf N con-

N fertilizer at the ORNL FACE experiment. Measured data from centrations an¢c) ratios of NPP modelled from 1998 to 2008 under

Iversen et al. (2008), with error bars representing standard errorgmpient ¢ 370 umol mot1) vs. elevated 550 pmol mot1) Ca

from replicated measurements< 2). with deciduous vs. coniferous plant functional types at the ORNL
FACE experiment. Values of NPP and leaf N concentrations mod-
elled with the deciduous plant functional type are the same as those

Gains in NPP modelled and measured at ORNL werein Fig. 5a and Fig. 7.

smaller than those at the Duke Forest after the third year un-

der elevated”, (Fig. 5a vs. Fig. 2a) in spite of similar soil

attributes and climate, suggesting that deciduous forests mayess retention of N was apparent in smaller ratios of NPP : N

respond less to elevatath than do coniferous. When the uptake modelled under ambient vs. eleva@gdat ORNL

deciduous functional type used the ORNL simulations was(90 vs. 108 g C g N%) than at Duke (162 vs. 173gC g).

replaced with the coniferous one used at Duke, similar val-These smaller ratios were consistent with ones of 120 vs.

ues of NPP were modelled for both types under ambientand12gCgN! at ORNL and 158 vs. 170gC gN at Duke

elevated”, from 1998 to 2004 (Fig. 9a). However NPP mod- (assuming 0.5g C g DM') measured by Finzi et al. (2007).

elled for the coniferous functional type did not decline there- Consequently ratios of NPP modelled under elevated vs. am-

after (Fig. 9a), but followed a time course at ORNL similar bient C, remained smaller for the deciduous vs. coniferous

to that at Duke (Fig. 2a). functional type at ORNL (Fig. 9c), explaining the smaller re-

The smaller gains in NPP modelled for the deciduoussponse of NPP to elevateth modelled at ORNL vs. Duke

functional type under elevated, from 2005 through 2008  (Fig. 2a vs. Fig. 5a). A similar reduction in NPP ratios under

were attributed to larger declines in leaf N concentrationselevated vs. ambieidt, was modelled by replacing the conif-

than those for the coniferous functional type (Fig. 9b). Theseerous functional type with a deciduous one in the simulations

greater declines were caused by greater N loss from abovat Duke (results not shown).

ground litterfall relative to N gain from root uptake, and

hence less retention of N in the canopy and in reserves b¥.3 The Rhinelander FACE experiment

the deciduous functional type than by the coniferous one.

This lesser retention was caused by phenology-driven with-The forest stands at Rhinelander were exposed to elevated

drawal in deciduous functional types of reses¢g oy and  vs. ambieniC, within a year of planting, so that elevatéy

op to drive leafout in spring, and of branefx, on andop raised GPP [C1] and hence NPP during early growth by in-

and consequent greater litterfall during leafoff in autumn. creasing both C&fixation rates per unit leaf area [C6a] and
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leaf area growth [C21a]. Consequently gains in NPP mod-
elled under elevated’; were relatively large during 1998
and 1999, when elevate@, increased leaf area growth at
low values of LAI limiting to CQ fixation (Fig. 10a). These
gains declined from 2000 to 2004, when LAl attained values
less limiting to CQ fixation. Only ~ 60 % of these gains in
NPP were allocated to foliar and wood productioregosys
(Fig. 11a, b), with the remainder allocated to root produc-
tion (Fig. 11c). However measured gains were allocated more
to foliar and wood production and less to root production
than were modelled gains, so that root and hence total NPP
in ecosysose above that measured as the experiment pro-
gressed.

Declining gains in NPP modelled from 2001 to 2004
(Fig. 10a) were not attributed to increasing N limitation,
because litterfall N concentrations measured and modelled
under ambient and elevatad, did not decline as the ex- ]
periment progressed, .in cont.rast to ORNL, \{vhgre_ foliar 01'9'98 1909 2000 2001 2002 2003 2004 2005 2006
N concentrations declined (Fig. 7). Some N limitation to
gains in NPP was apparent in lower litterfall N concentra- Year

tions measured and modelled under elevafgdFig. 12),  Frig. 10. (a) Annual net primary productivity (NPP) anb)
due inecosysto lower foliar N concentrations and greater gain in biomass measured (symbols) and modelled (lines) from
N translocation as modelled at the other sites (Fig. 4 andi998 to 2006 under ambient-@74 pmolmot?l) vs. elevated
Fig. 7). Kubiske et al. (2006) attributed declining gains in (~ 541 umol mot 1) C, at the Rhinelander FACE experiment. Mea-
tree growth measured from 2001 to 2004 under elevated vssured NPP from King et al. (2005) to 2003, and from Zak et
ambientC, (Fig. 10b) to declining July radiation recorded at al. (2011) in 2006, measured wood increments from Kubiske et
Rhinelander. This decline was accompanied by one in temal- (2006), with error bars representing_standard errors from repli-
perature, causing modelled and measured rises in NPP arfited measurements € 3). Root exudation (Grant, 1993) was ex-
wood increment to slow under ambiefi, and more so un- cluded from modelled NPP to simulate biometric measurements.
der elevated,, during 2001-2004 (Fig. 10a, b). Conversely,
radiation and’; recorded at Rhinelander were higher in 2005
than in 2001-2004, causing modelled rises in NPP and woodhcrease in modelled litterfall including exudation was below
increment to increase under ambi€ht and more so under ground.
elevatedCs. This increase in modelled litterfall drove the modelled
Increases in GPP [Cl] modelled under 541 vs.increase inRy (Table 3), which almost entirely offset that
374pmolmott C, [C1] drove a cumulative gain in in litterfall, causing a small rise in litter C stocks and a
NPP from 1998 to 2006 of 8609 CTA (Table 3), which  small decline in POM and humus C stocks primed by an
on an annual basis was smaller than one of 807g€m increase inM from litterfall [A3] (Fig. 1). These changes
from 1998 to 2003 derived from biometric measurementsin soil C stocks inecosyswere consistent with a small in-
by King et al. (2005) (Fig. 9a). However the modelled gain crease in coarse POM stocks and concurrent small decrease
rose to 929 gC m? if exudation was included. This gain in mineral-associated organic matter observed by Hofmockel
was partially offset by an increase Ry of 387gCnr2and et al. (2011b) under elevated vs. ambi€gtat Rhinelander.
by small increases in C losses from emission, leaching and Additional N required to sustain the increase in GPP mod-
runoff (Table 3). elled under elevateds ambientC, was partially provided
About 55 % of modelled gains in NPP appeared in plantby a small cumulative increase in nonsymbiotig fikation
wood, root and nonstructural C stocks (Table 3). Gains in[A27], partially offset by a small decrease in atmospheric
foliar stocks were not modelled because values were calNH3 deposition (Table 3). Additional N was provided by re-
culated at the end of each year after leafoff. The remain-ductions in N losses from emissions and leaching caused by
ing 415gCn?2 of this gain in NPP was returned to the greater N immobilization in the soil profile [A26].
soil as litterfall, of which 149 g Cm? was above ground, The cumulative net gain in soil N inputs partly accounted
consistent with an increase in annual surface litterfall offor the increase in plant structural N stocks needed to sus-
32gCnr2yr-1 measured in 2003 by Liu et al. (2005) and tain the increase in plant structural C stocks (Table 3). The
an average of 30 g Cnfyr—! measured from 2002 to 2008 remainder of this increase was drawn from soil N stocks
by Talhelm et al. (2012). The remaining 266 g C#rof the  through increased mineralization of POM and humus N
[A264a], driven by the more rapid decomposition of POM and

Wood Increment (g C m?)
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Table 3. Differences in cumulative fluxes and stocks of C and N estimated from biometric measurements (E) or modelled (M) at the
Rhinelander FACE experiment after 9 yr (1998—2006) under 550 vs. 350 umoh@al,.

C | N
E M | E M
gCm29yrl | gNm29yr?!
Fluxes — Gains
A Fixation (CQ, Np) +1606 +0.2
A Deposition (NH) -0.1
A NPP: biometric +807  +860
A NPP: total +929
Fluxes — Losses
A Rp +387
A Emission (CH,N2,N20) + + +N>0) +2 —-11
A Leaching+ runoff +11 -0.2
A NBP +529 +1.4
Stocks — Plants
A Biomass: foliage 0 0
A Biomass: wood +409 +1.6
A Biomass: root +502,+113 +90 +1.3
A Biomass: nonstructural +15 +0.1
A Biomass: total +514 +3.0
Stocks — Sail
A Litter +41 +1.5
A POM, humus —220P —-29 -32
A Dissolved (DIC, DIN) +3 +0.1
A Total +529 +1.4

L Includes root exudatior?,Pregitzer etal (ZOOBiRhea and King (2012) to 1 m depth (nonsignificafKing et
al. (2005) from 1998 to 2008 Talhelm et al. (2009).

humus C described earlier. The contribution of this increasedibled, NPP modelled under both ambient and elevaigd
mineralization to plant N stocks was partially offset by in- was little affected at all three sites (Fig. 13a, b, ¢). When
creased immobilization of N in litter [A26b, c] and conse- the algorithm for the effect afy : oc ratios on translocation

quent gain in litter N stocks (Table 3). [C19] was disabledgcosysimulated rises in NPP under ele-
vatedC, at Duke and Rhinelander that were similar to those
5.4 Contributions of model hypotheses to modelled with the algorithm enabled (Fig. 13a, c). However rises sim-
response of NPP taC, ulated at ORNL declined from those with the algorithm en-

o . . abled after 2003 (Fig. 13b) as N limitations to NPP became
The contributions of priming, Nfixation, root growth and  ,5re severe (Fig. 5b, Fig. 7). When root growth under ele-
translocation to increases in NPP modelled under elevate%tedcawas constrained to that under ambiegt increases
Ca at each site were then examined by modelling changes, Npp were little affected, except during early growth at
in these increases when each process was disabled as dgpinelander (Fig. 13c). The algorithm for priming was ap-

scribed above. When the algorithm for priming POM and prently essential for modelling NPP response to elevated
humus decomposition by litterfall [A3] (Fig. 1) was dis- . while those for N fixation, root growth and transloca-
abled,ecosysvas unable to simulate rises in NPP under el- tjon were less important.

evatedC, consistent with those modelled with priming en-

abled at all three sites (Fig. 13). At Duke and Rhinelander,
no rises were modelled without priming after 2002 and 2000
respectively (Fig. 13a, c), while at ORNL rises without prim-

ing remained about one-half of those with the full model

(Fig. 13b). When nonsymbiotic Nfixation [A27] was dis-
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Fig. 12. Litter N concentrations measured (symbols) and
modelled (lines) ambient A{374umolmo1'1) vs. elevated

(~541 umol mo1'1) Ca at the Rhinelander FACE experiment.
Measured data from Talhelm et al. (2012), with error bars

T T T T T T T T T representing standard errors from replicated measuremest8).
1998 1999 2000 2001 2002 2003 2004 2005 2006

Year 2011; Hofmockel et al., 2011a, b). However gains in root N

Fig. 11. (a) Annual net primary productivity (NPP) measured Uptake modelled with priming under elevat€d were par-
(symbols) and modelled (lines) ifa) leaves,(b) wood and(c) tially offset by increased N immobilization [A26b, c] appar-
roots 1998 to 2006 under ambient 874 umol mot1) vs. elevated  ent in greater litter N stocks (Tables 1, 2 and 3) generated
(~ 541 umol mott) Ca atthe Rhinelander FACE experiment. Mea- by greater litterfall with higher C: N ratios (Fig. 12). These
sured data from King et al. (2005), with error bars representing stanmodel results were consistent with experimental findings that
dard errors from replicated measurements=(3). Root exudation  jcreased litterfall under elevate&d, induced concurrent in-
(Gra_nt, 1993) was excluded from modelled NPP to simulate bio--reases in immobilization of plant-derived SOM and in min-
metric measurements. o ; :

eralization of mineral-associated SOM (Hofmockel et al.,

2011b; Holmes et al., 2006).

When priming was disable&cosyswas unable to sim-

6 Discussion ulate sustained increases in NPP under elevatgat all
o o ) ) three sites (Fig. 13a, b, c), indicating that simulation of prim-

6.1 More rapid mineralization of soil N primed ing was vital to modelling the response of NPPGgin an
by increased litterfall ecosystem model with fully coupled C-N cycles. Models in

o ~which humus decomposition and mineralization are indepen-
More rapid litterfall [C18, C19a—d] and root exudation gent of litterfall are therefore unlikely to be able to accurately

[C19ei] (Grant, 1993) modelled under elevated vs. ambi-gimy|ate long-term changes in forest productivity under ele-
ent Ca (Tables 1, 2 and 3; Fig. 8d) increased litter stocks yated vs. ambient,,

and hence litte [A25]. Consequent increases in littéf

concentrations drove greater transfer of littéto POMand 6.2 Greater biological N, fixation primed

humus [A3] (Fig. 1), thereby hastening (priming) POM and by increased litterfall

humus decomposition as demonstrated in Grant et al. (1993).

Because C: N ratios in humus were lower than those in lit-Greater litterfall under elevated’s in ecosysincreased

ter, priming also hastened net N mineralization [A26a] andgrowth of diazotrophic\ [A25] and hence increased non-

uptake [C23] (Tables 1, 2 and 3; Figs. 4, 9c). symbiotic N\ fixation [A27] (Grant et al., 2007). However
This model representation of priming was consistent withthese increases were small with respect to those in plant N

the experimental findings of increased root exudation, micro-stocks (Tables 1, 2 and 3), contributed little to increases in

bial biomass and exoenzyme activity (Phillips et al., 2011)NPP (Fig. 13), and so were unlikely to be the main source

from greater litterfall (Lichter, 2008) that hastened soil res-for increased N uptake. Hofmockel and Schlesinger (2007)

piration and hence N mineralization and uptake from olderdid not detect significant increases in nonsymbiotjcfiXa-

SON fractions under elevated vs. ambi€éit(Drake et al.,  tion from incubated samples of forest floor and mineral soil

www.biogeosciences.net/10/7703/2013/ Biogeosciences, 10, 77232013
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1.7 @ conclusion was consistent with the relatively minor contri-
bution of these increases to those in plant N stoclkirsys
although this contribution may become more important in
longer-term responses to elevat@gunder more N-limited

conditions than those at the FACE sites modelled here.

1.6

1.5

1.4

1.3

1.2

1.1

NP, INPP,.,

6.3 Greater N uptake from increased root growth

1.0 ¢

0.9

ogl 0@ O~ Root growth has consistently been found to increase under

1996 1997 1998 1999 2°:fe;‘r’°1 2002 2008 2004 2005 elevatedC, (reviewed in Iversen, 2010), as modelled here
(Fig. 8a, b, c). Mycorrhizal growth has been found to in-
crease relatively more than root growth under elevatgd

17 o particularly below 0.15m (Pritchard et al., 2008b), as also

16 modelled here (Fig. 8a, b, ¢). These increases in growth, and

1.5 hence elongation (Fig. 8b), reduced path lengths for N diffu-

1.4 sion [C23a, c] and increased surface areas for active N up-

1.3 take [C23b, d] and hence increased N uptake rates (Figs. 4
127 _ \ and 8d). Increases in N uptake can be inferred from gains
1 in biomass N modelled under elevaté€q at each of the
o7 three sites (Tables 1, 2, 3). However uptake was also de-
termined by aqueous concentrations ofj\I[CZSa, b] and

NP NP,

0.9 +

0.8

1998 2000 2{32 2004 2006 2008 NOj; [C23c, d] which were governed by exchange with
ear

through mineralization [A26a] and immobilization [A26b,
c], and by adsorption [E10], nitrification [H11], denitrifica-
tion [H7-9] and leaching [D19]. Increases in plant structural
N modelled under elevatad, also drew upon plant nonstruc-
tural N stocks (Tables 1, 2, 3) which were products of root N
uptake prior to the elevated, treatments. Consequently in-
creases in N uptake and assimilation modelled under elevated
Ca (Fig. 4; Tables 1, 2 and 3) could not be clearly attributed
to increases in root and mycorrhizal growth (Fig. 13) since
the effects on N uptake of this growth could not be separated
from those of soil N transformations and plant N storage.

1.7

1.6 4

1.5

1.4

1.3 4

1.2

NPP,_JNPP,_

1.1

1.0 4

0.9 4

0.8 -+ T T T T
1998 2000 2002 2004 2006

Year 6.4 Greater nutrient conservation through

Fig. 13. Ratios of annual net primary productivity (NPP) modelled translocation of N from senescing plant material

under ambient vs. elevatad, at the(a) Duke, (b) ORNL and(c) .
Rhinelander FACE experiments with the full model or with model Créater translocation was modelled under elevatefC19]

algorithms for priming by litterfall [A3], nonsymbiotic pfixation ~ (Fig. 4), but contributed to increases in NPP only at ORNL
[A27], increased root growth driven by plant C status [C50], and after several years (Fig. 13b) as N limitation increased. Both
translocation driven by plant N status [C19] disabled (-). Agree-modelled and measured leaf N concentrations consistently
ment between enabled and disabled algorithms for NPP modelledleclined under elevatet, (Fig. 7). Such declines frequently
under ambientC, at each site was achieved by offsetting changesinduce greater translocation of N from senescing plant mate-
in model parameters affected by disabling as described in the Methyjg| (Barnes et al., 1998), conserving nonstructural N stocks
ods. but further reducing N concentrations in litter (Fig. 12) from
those in leaves. Greater translocation modelled under ele-
vated C, caused rates of leaf litterfall N to remain similar
taken from plots under elevated vs. ambiégtin the Duke  to those under ambierd, in spite of greater rates of litter-
FACE experiment. However they did measure substantial infall C, as observed experimentally by Johnson et al. (2004).
creases from these samples with additions of labile C repHowever experimental evidence for greater translocation un-
resenting litterfall, as has been modelleddnosysn other  der elevated”, has been inconsistent, being found in some
studies (e.g. Fig. 1 in Grant et al., 2007). Hofmockel andstudies (Drake et al., 2011) but not in others (Johnson et al.,
Schlesinger (2007) concluded that increases in nonsymbioti@004). Greater N conservation through translocation from
N, fixation would not enable the more rapid N uptake re- senescing plant material is therefore likely to be a less impor-
quired to sustain increases in NPP under elevatgdrhis tant process in maintaining increases in NPP under elevated

Biogeosciences, 10, 7708#21, 2013 www.biogeosciences.net/10/7703/2013/



R. F. Grant: Modelling changes in nitrogen cycling to sustain increases in forest productivity 7719

Cathan is soil priming, except possibly under severe N limi- AcknowledgementsComputational facilities for ecosys were

tation. provided by the University of Alberta and by the Compute Canada
However model results indicated that nutrient conserva-high-performance computing infrastructure. The author thanks

tion is an important adaptation to elevat€g, because dif- R. Norby, R. Orem and D. Zak for making key data used in this

ferences in nutrient conservation among plant functionalPaPer available from the ORNL, Duke and Rhinelander sites

types affected responses of NPR(tg Smaller increases in  'eSPectively.

NPP under elevate@@y modelled for deciduous vs. conifer-

ous functional types (Fig. 9¢) were attributed to more rapid

leaf turnover, which increased canopy N losses in spite of

translocation. These losses were apparent in smaller ratios of

NPP : N uptake modelled and measured at ORNL vs. DukeReferences

Franklin et al. (2009) attributed these smaller increases to

more rapid fine root turnover at ORNL vs. Duke because aBarnes, B. V,, Zak, D. R, Denton, S. R, and Spurr, S. H.: Forest

greater fraction of the increase in NPP measured under ele- Ecology (4th ed.), Wiley and Sons, N. Y., 1998.

vated C, at ORNL was allocated to roots (Fig. 6¢) (Norby Crow, S. E., Lajtha, K., Bowden, R. D, Yano, Y., Brar_lt, J. B., Cald-

et al., 2010). However ircosysincreases in NPP were al- yvell, B. A, and Sulzman, E. W Incr_eased co_mferous needle

located to roots similarly at ORNL and Duke (Fig. 6¢ vs. inputs accelerate decomposition of soil carbon in an old-growth
. . . forest, Forest Ecol. Manage. 258, 2224—-2232, 2009.

Fig. 3¢c) pecause parameters in the algorithms forshoot—rootDickson, R. E.. Lewin, K. F., Isebrands, J. G., Coleman, M. D.,

mycorrhizal transfers afc, on andop were assumed nott0  pejlman, W. E., Riemenschneider, D. E., Sober, J., Host, G. E.,

Edited by: P. Stoy

change with functional type [C50-C53]. Both attributions in-
dicate that NPP of functional types with more rapid turnover
of plant material will experience greater N limitation and

Zak, D. R., Hendrey, G. R., Pregitzer, K. S., and Karnosky, D.
S.: Forest atmosphere carbon transfer and storage (FACTS-II)
the aspen free-air COand Q; enrichment (FACE) project: an

overview, USDA Forest Service General Technical Report NC-
214 St. Paul, Minnesota, USA, 2000.

Drake, J. E., Gallet-Budynek, A., Hofmockel, K. S., Bernhardt, E.
S., Billings, S. A., Jackson, R. B., Johnsen, K. S., Lichter, J.,
McCarthy, H. R., McCormack, M. L., Moore, D. J. P., Oren,
R., Palmroth, S., Phillips, R. P., Pippen, J. S., Pritchard, S. G.,

in most temperate and boreal zones. However this limitation Treseder, K. K., Schiesinger, W. H., DeLucia, E. H., and Finz,
P ’ A. C.: Increases in the flux of carbon belowground stimulate ni-

appears to be mOde_rated by several N processes in soils andtrogen uptake and sustain the long-term enhancement of forest
plants that adapt to increased C flows through forest ecosys- praquctivity under elevated GOEcol. Lett., 14, 349-357, 2011.
tems afa rises. The extent of this mltlgatlon will vary with Finzi, A. C., Allen, A. S., DelLucia, E. H., Ellsworth, D. S., and
the rates of these processes over time and so needs to be asSchlesinger, W. H.: Forest litter production, chemistry, and de-
sessed over longer periods and broader conditions than those composition following two years of free-air GCenrichment,
of the three experiments used here for testing model hypothe- Ecology, 82, 470-484, 2001.
ses. Of key concern is the gradual depletion of humus N fronFinzi, A. C., Norby, R. J., Calfapietra, C., Gallet-Budynek, A., Gie-
priming, which may reduce its contribution to moderating '€ B., Holmes, W. E., Hoosbeek, M. R., Iversen, C. M., Jackson,
N limitations over longer periods of time. Also the adapta- R B-» Kubiske, M. E., Ledford, J., Liberloo, M., Oren, R., Polle,
tion of these N processes to elevat€g for example the A P“tCh.ard‘ S Za'.(' D. R., Schlesinger, W. H., ar.‘d Ceule-
withdrawal of nonstructural N to sustain gains in structural mans, R.: Increases in nitrogen uptake rather than nitrogen-use
- . . . efficiency support higher rates of temperate forest productivity
N, may differ under the sudden rise @ imposed in these ,qer elevated CH PNAS, 104, 14014-14019, 2007.
experiments than under the gradually risifigcurrently in - Fontaine, S., Bardoux, G., Benest, D., Verdier, B., Mariotti, A., and
progress. All these processes need therefore to be investi- Apbadie, L.: Mechanisms of the priming effect in a savannah soil
gated over longer time periods under transient rise€4n amended with cellulose, Soil Sci. Soc. Amer. J., 68, 125-131,
These investigations may be supported by longer-term mod- 2004.
elling of forest productivity under diverse site conditions and Franklin, O., McMurtrie, R. E., Iversen, C. M ., Crous, K. Y., Finzi,
transient changes if; and climate. The development and ~ A. C., Tissue, D. T., Ellsworth, D. S., Oren, R., and Norby, R. J.:
testing of algorithms for these processes may help to resolve Forest fine-root production and nitrogen use under elevated CO

current uncertainty in modelling terrestrial feedback€’to contrasting responses in evergreen and deciduous trees explained
during climate change by a common principle, Glob. Change Biol., 15, 132-144, 2009.

Grant, R. F.: Rhizodeposition by crop plants and its relationship
to microbial activity and nitrogen distribution, Model. Geo-Bio.
Proc., 2, 193-209, 1993.

Grant, R. F.: Simulation ircosyf root growth response to con-
trasting soil water and nitrogen, Ecol. Model., 107, 237-264,
1998.

hence will increase less over time under elevaigd

7 Conclusions

The response of forest NPP to elevatégis limited by N

Supplementary material related to this article is
available online athttp://www.biogeosciences.net/10/
7703/2013/bg-10-7703-2013-supplement.pdf

www.biogeosciences.net/10/7703/2013/ Biogeosciences, 10, 77232013


http://www.biogeosciences.net/10/7703/2013/bg-10-7703-2013-supplement.pdf
http://www.biogeosciences.net/10/7703/2013/bg-10-7703-2013-supplement.pdf

7720 R. F. Grant: Modelling changes in nitrogen cycling to sustain increases in forest productivity

Grant, R. F., Juma, N. G., and McGill, W. B.: Simulation of carbon Holmes, W. E., Zak, D. R., Pregitzer, K. S., and King, J. S.: El-
and nitrogen transformations in soils. I. Mineralization, Soil Biol.  evated CQ and G alter soil nitrogen transformations beneath
Biochem., 27, 1317-1329, 1993. trembling aspen, paper birch, and sugar maple, Ecosystems, 9,

Grant, R. F., Wall, G. W., Frumau, K. F. A., Pinter Jr., P. J., Hun-  1354-1363, 2006.
saker, D., Kimball, B. A., and LaMorte, R. L.: Crop water rela- ldso, S.: The long-term response of trees to atmospherig €0

tions under different C®and irrigation: Testing oécosyswith richment, Glob. Change Biol., 5, 493-495, 1999.
the Free Air CQ Enrichment (FACE) Experiment, Agr. For. Me- Iversen, C. M.: Digging deeper: fine-root responses to rising atmo-
teorol., 95, 27-51, 1999. spheric CQ@ concentration in forested ecosystems, New Phytol.,

Grant, R. F., Kimball, B. A., Wall, G. W., Triggs, J. M., Brooks, T. 186, 346—-357, 2010.
J., Pinter Jr., P. J., Conley, M. M., Ottman, M. J., Lamorte, R. Iversen, C. M., Keller, J. K., Garten Jr, C. T., and Norby,
L., Leavitt, S. W., Thompson, T. L., and Matthias, A. D.: How R. J.: Soil carbon and nitrogen cycling and storage through-
elevated CQ affects water relations, water use and growth of  out the soil profile in a sweetgum plantation after 11 years
irrigated sorghum: testing a model with results from a Free Air of COs-enrichment, Glob. Change Biol.,, 18, 1684-1697,
CO, Enrichment (FACE) experiment, Agron. J., 96, 1693-1705, doi:10.1111/j.1365-2486.2012.026432012.
2004. Iversen, C. M., Ledford, J., and Norby, R. J.: €@nrichment in-
Grant, R. F., Black, T. A., Humphreys, E. R., and Morgenstern, K.:  creases carbon and nitrogen input from fine roots in a deciduous
Changes in net ecosystem productivity with forest age following  forest, New Phytol., 179, 837-847, 2008.
clearcutting of a coastal Douglas fir forest: testing a mathemat-Johnson, D. W., Cheng, W., Joslin, J. D., Norby, R. J., Edwards, N.
ical model with eddy covariance measurements along a forest T., and Todd, D. E.: Effects of elevated €On nutrient cycling
chronosequence, Tree Physiol., 27, 115-131, 2007. in a sweetgum plantation, Biogeochemistry, 69, 379—403, 2004.
Grant, R. F., Barr, A. G, Black, T. A., Margolis, H. A., Dunn, A. L., Jurgensen, M. F., Graham, R. T., Larsen, M. J., and Harvey, A. E.:
Metsaranta, J., Wang, S., McCaughey, J. H., and Bourque, C. P.- Clear-cutting, woody residue removal, and nonsymbiotic nitro-
A.: Interannual variation in net ecosystem productivity of Cana-  gen fixation in forest soils of the Inland Pacific Northwest, Can.
dian forests as affected by regional weather patterns — a Fluxnet- J. Forest Res., 22, 1172-1178, 1992.
Canada synthesis, Agric. For. Meteorol., 149, 2022—-2039, 2009aKimmins, J. P.: Forest Ecology, (3rd Ed.), Pearson Prentice Hall,
Grant, R. F., Hutyra, L. R., de Oliveira, R. C., Munger, J. W., NJ, 2004.
Saleska, S. R., and Wofsy, S. C.: Modelling the carbon balanceKing, J. S., Kubiske, M. E., Pregitzer, K. S., Hendrey, G. R., Mc-
of Amazonian rainforests: resolving ecological controls on net Donald, E. P., Giardina, C. P., Quinn, V. S., and Karnosky, D. F.:
ecosystem productivity, Ecol. Appl., 79, 445-4638, 2009b. Tropospheric @ compromises net primary production in young
Grant, R. F., Margolis, H. A, Barr, A. G., Black, T. A., Dunn, A. stands of trembling aspen, paper birch and sugar maple in re-
L., Bernier, P. Y., and Bergeron, O.: Changes in net ecosystem sponse to elevated atmospheric £®lew Phytol., 168, 623—
productivity of boreal black spruce stands in response to changes 636, 2005.
in temperature at diurnal and seasonal time scales, Tree PhysiolKubiske, M. E., Quinn, V. S., Heilman, W. E., McDonald , E. P,,
29, 1-17, 2009c. Marquardt, P. E., Teclaw, R. M., Friend, A. L., and Karnosky,
Grant, R. F., Barr, A. G., Black, T. A., Margolis, H. A., McCaughey, D. F.: Interannual climatic variation mediates elevated,@@d
J. H., and Trofymow, J. A.: Net ecosystem productivity of tem-  Og effects on forest growth, Glob. Change Biol., 12, 1054-1068,
perate and boreal forests after clearcutting — a Fluxnet-Canada doi:10.1111/j.1365-2486.2006.011522006.
synthesis, Tellus B., 62, 475-496, 2010. Lichter, J., Billings, S. A., Ziegler, S. E., Gaindh, D., Ryals, R.,
Grant, R. F., Humphreys, E. R., Lafleur, P. M., and Dimitrov, D. Finzi, A. C., Jackson, R. B., Stemmler, E. A., and Schlesinger,
D.: Ecological controls on net ecosystem productivity of a mesic ~ W. H.: Soil carbon sequestration in a pine forest after 9 years
arctic tundra under current and future climates, J. Geophys. Res.- of atmospheric C@enrichment, Glob. Change Biol., 14, 2910-
Biogeo., 116, G01031, ddi0.1029/2010JG00155301 1a. 2922, 2008.
Grant, R. F., Kimball, B. A., Conley, M. M., White, J. W., Wall, Liu, L., King, J. S., and Giardina, C. P.: Effects of elevated con-
G. W, and Ottman, M. J.: Controlled warming effects on wheat centrations of atmospheric G@nd tropospheric @on leaf lit-
growth and yield: field measurements and modeling, Agron. J., ter production and chemistry in trembling aspen and paper birch

103, 1742-1754, 2011b. communities, Tree Physiol., 25, 1511-1522, 2005.
Hattenschwiler, S., Miglietta, F., Raschi, A., and Kdrner, C.: Thirty Long, S. P.: Modification of the response of photosynthetic produc-
years ofin situ tree growth under elevated GOa model for fu- tivity to rising temperature by atmospheric g@oncentrations:

ture forest responses?, Glob. Change Biol., 3, 463471, 1997. Has its importance been underestimated?, Plant Cell Environ.,
Hofmockel, K. S. and Schlesinger, W. H.: Carbon dioxide effectson 14, 729-739, 1991.

heterotrophic dinitrogen fixation in a temperate pine forest, Soil Luxmore, R. J., O’'Neil, E. G., Ellis, J. M., and Rogers, H. H.: Nutri-

Sci. Soc. Am. J., 71, 140-144, 2007. ent uptake and growth responses of Virginia pine to elevated at-
Hofmockel, K. S, Gallet-Budynek, A., McCarthy, H. R., Currie, W. mospheric carbon dioxide, J. Environ. Qual., 15, 244-251, 1986.

S., Jackson, R. B., and Finzi, A.: Sources of increased N uptakeMcCarthy, H. R., Oren, R., Johnsen, K. H., Gallet-Budynek, A.,

in forest trees growing under elevated £®esults of a large- Pritchard, S. G., Cook, C. W., LaDeau, S. L., Jackson, R. B.,
scalel®N study, Glob. Change Biol., 17, 3338—3350, 2011a. and Finzi, A. C.: Re-assessment of plant carbon dynamics at
Hofmockel, K. S., Zak, D. R., Moran, K. K., and Jastrow, J. D.: the Duke free-air CQ enrichment site: interactions of atmo-

Changes in forest soil organic matter pools after a decade of ele- spheric [CQ] with nitrogen and water availability over stand
vated CQ and G;, Soil Biol. Biochem., 43, 1518-1527, 2011b.

Biogeosciences, 10, 7708#21 2013 www.biogeosciences.net/10/7703/2013/


http://dx.doi.org/10.1029/2010JG001555
http://dx.doi.org/10.1111/j.1365-2486.2012.02643.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01152.x

R. F. Grant: Modelling changes in nitrogen cycling to sustain increases in forest productivity 7721

development, New Phytol., 185, 514-528 d6i1111/j.1469- Pritchard, S. G., Strand, A. E., McCormack, M. L., Davis, M. A.,
8137.2009.03078,2010. Finzi, A. C., Jackson, R. B., Matamala, R., Rogers, H. H., and

Medlyn, B. E., Badeck, F. W., De Pury, D. G. G., Barton, C. V. M., Oren, R.: Fine root dynamics in a loblolly pine forest are in-
Broadmeadow, M., Ceulemans, R., De Angelis, P., Forstreuter, fluenced by free-air-C®enrichment: A six-year-minirhizotron
M., Jach, M. E., Kellomaki, S., Laitat, E., Marek, M., Philippot, study, Glob. Change Biol., 14, 588-602, 2008a.

S., Rey, A, Strassemeyer, J., Laitinen, K., Liozon, R., Portier, Pritchard, S. G., Strand, A. E., McCormack, M. L., Davis, M.
B., Roberntz, P., Wang, K., and Jarvis, P. G.: Effects of elevated A., and Oren, R.: Mycorrhizal and rhizomorph dynamics in a
[CO2] on photosynthesis in European forest species: a meta- loblolly pine forest during 5 years of free-air- CO2-enrichment,
analysis of model parameters, Plant Cell Environ., 22, 1475— Glob. Change Biol., 14, 1252-1264, 2008b.

1495, 1999. Rhea, L. K. and King, J. S.: Depth-dependency of trembling aspen

Myers, D. A., Thomas, R. B., and DeLucia, E.: Photosynthetic ca- and paper birch small-root responses to eGd eQ, Plant
pacity of loblolly pine Pinus taedd..) trees during the first year Soil, 355, 215-229, 2012.
of carbon dioxide enrichment in a forest ecosystem, Plant CellRiggs, J. S., Tharp, M. L., and Norby, R. J.: ORNL FACE Weather
Environ., 22, 473-481, 1999. Data. Carbon Dioxide Information Analysis Centettp://cdiac.

Norby, R. J.: Nodulation and nitrogenase activity in nitrogen-fixing  ornl.gov) (last access: 21 August 2012), US Department of En-
woody plants stimulated by GQenrichment of the atmosphere, ergy, Oak Ridge National Laboratory, Oak Ridge, Tennessee,
Physiol. Plantarum, 71, 77-82, 1987. 2010.

Norby, R. J., DeLucia, E. H., Gielen, B., Calfapietra, C., Giardina, Rogers, H. H., Thomas, J. F., and Bingham, J. E.: Response of agro-
C. P, King, J. S., Ledford, J., McCarthy, H. R., Moore, D. J. P., nomic and forest species to elevated atmospheric carbon dioxide,
Ceulemans, R., De Angelis, P., Finzi, A. C., Karnosky, D. F., Ku-  Science, 220, 428-429, 1983.
biske, M. E., Lukac, M., Pregitzer, K. S., Scarascia-Mugnozza, Sokolov, A. P., Kicklighter, D. W., Melillo, J. M., Felzer, B. S.,

G. E., Schlesinger, W. H., and Oren, R.: Forest response to el- Schlosser, C. A., and Cronin, T. W.: Consequences of consid-
evated CQ is conserved across a broad range of productivity, ering carbon- nitrogen interactions on the feedbacks between cli-
PNAS, 102, 18052-18056, 2005. mate and the terrestrial carbon cycle, J. Climate, 21, 3776-3796,

Norby, R. J, Warren, J. M., Iversen, C. M., Medlyn, B. E., and  do0i:10.1175/2008JCLI2038,2008.

McMurtrie, R. E.: CQ enhancement of forest productivity con- Talhelm, A. F., Pregitzer, K. S., and Zak, D. R.: Species-specific
strained by limited nitrogen availability, PNAS, 107, 19368— responses to atmospheric carbon dioxide and tropospheric ozone
19373, 2010. mediate changes in soil carbon, Ecol. Lett., 12,1219-1228, 2009.

Oh, N. H. and Richter, D. D.: Elemental translocation and loss fromTalhelm, A. F., Pregitzer, K. S., and Giardina, C. P.: Long-term leaf
three highly weathered soil-bedrock profiles in the southeastern production response to elevated atmospheric carbon dioxide and
United States, Geoderma, 126, 5-25, 2005. tropospheric ozone, Ecosystems, 15, 71-82, 2012.

Oren, R., Ellsworth, D. S., Johnsen, K. H., Phillips, N., Ewers, B. Thornley, J. H. M.: Shoot:root allocation with respect to C, N and
E., Maier, C., Schéfer, K. V. R., McCarthy, H., Hendrey, G., Mc- P: an investigation and comparison of resistance and teleonomic
Nulty, S. G., and Katul, G. G.: Sail fertility limits carbon se- models, Ann. Bot., 75, 391-405, 1995.
guestration by forest ecosystems in ag=€hriched atmosphere, Warren, J. M., Norby, R. J., and Wullschleger, S. D.: Elevateg CO
Nature, 411, 469-472, 2001. enhances leaf senescence during extreme drought in a temperate

Phillips, R. P., Finzi, A. C., and Bernhardt, E. S.: Enhanced root forest, Tree Physiol., 31, 117-130, 2011.
exudation induces microbial feedbacks to N cycling in a pine Zaehle, S., Friedlingstein, P., and Friend, A. D.: Terrestrial nitrogen
forest under long-term C&fumigation, Ecol. Lett., 14, 187-194, feedbacks may accelerate future climate change, Geophys. Res.
2011. Lett., 37, L01401, doi0.1029/2009GL041342010.

Pregitzer, K., Burton, A., King, J., and Zak, D.: Soil respiration, Zak, D. R., Pregitzer, K. S., Kubiske, M. E., and Burton, A. J.:
root biomass, and root turnover following long-term exposure of  Forest productivity under elevated G@nd G;: positive feed-
northern forests to elevated atmospheric,Gd tropospheric backs to soil N cycling sustain decade-long net primary pro-
O3, New Phytol., 180, 153-161, 2008. ductivity enhancement by CO Ecol. Lett., 14, 1220-1226,

doi:10.1111/j.1461-0248.2011.016922011.

www.biogeosciences.net/10/7703/2013/ Biogeosciences, 10, 77232013


http://dx.doi.org/10.1111/j.1469-8137.2009.03078.x
http://dx.doi.org/10.1111/j.1469-8137.2009.03078.x
(http://cdiac.ornl.gov)
(http://cdiac.ornl.gov)
http://dx.doi.org/10.1175/2008JCLI2038.1
http://dx.doi.org/10.1029/2009GL041345
http://dx.doi.org/10.1111/j.1461-0248.2011.01692.x

