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Abstract

We report results from lonagerm simulateeexternalnitrogen ) inputexperimentsn three
northernPinus. sylvestrisorests two of moderatelyhigh and onef moderatelylow
productivty, assessing effects on annuat primary productioNPP)of woody mass and its
inter-annualwvariation in respongevariability in weather condition®\ sigmoidal response of
woodNPPteexternalN inputswas observed ithe bothhigherand lower productivty stands,

reaching a maximum of65% enhancemengégardless of the nativgte productivity saturating
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INTERACTION BETWEENNITROGEN AND CLIMATE

atanexternalN input of 4 — 5 g N M yr™. Therateof increase ivood NPPand theN response
efficiency (REy, increasen wood NPP per external N inpweremaximized at an external N
input of ~3g N m? yr?, regardless of site productivitfhe maximunREy wasgreater in the
higher productivitythan the lover productivity stand(~20versus~14 g C g N). The N induced
enhancement,of wood NPP atglREy were however, markedly contingent chmatic
variablesIn.both of the higher anldwer productivty stand, woodNPP increased witgrowing
seasorprecipitation P), but only up to ~400 mnThe sensitivity ofthe response tB increased
with increasingexternalN inputs.Increasig growing season temperatyi® somewhat
increasedhe N-induced droughéffect,whereaslecreasing reduced the drought effedthese
responsess;ofioed NPPRinfusedalarge temporal variation tBEy, making the use of a fixed
value unadvisabldBased on these resultge suggest that regional climate conditiamsl future
climate scenar®@should be considered when modeling cadeauestratiom response to N
depositionn borealP. sylvestrisand possibly other forests.

Key words:Carbon sequestration; Nitrogen depositidfifrogen Use Efficiency

Precipitation; TemperatureClimate change; Heureka mogd®&litrogen gradient; Scots pine;

INTRODUCTION

Increased nitrogen (N) deposition as a result of N fertilizer production antftedsi
combustien*has beemedited withenhancing net primary production (NPP) of wooayss in N
limited ecosystem (Townsend et al. 1996, Binkley and Hogberg 1997, Pregitzer et al. 2008, de
Vries et al..2009, Gundale et al. 201@gspite increasingnderstanding of the impact of N
inputs on wood,NPP (Tamm et al. 1999, Hogberg et al. 2006, de Vries et al. 2014, Binkley and
Hogberg 2016)it is still unclearhow N-induced responses of wood NPRenaict witha
changingelimate

Recently, assynthesis oflatafrom N addition experiments suggestedrareasg regponse of
NPP from low.to.intermediate rates efternal Ninput (thesum of N fertilization and
background depositigrbuta declinng response oNPP & higherrates (de Vries et al. 2014)
This declining response of NPP possibly reflectieclire offoresthealth and productivitirom
a nutritionalimbalancgOren et al. 1988, Oren and Schulze 1988 different responsex
NPPover the range of N input rateerealso reflectedn a wide range of thN response
efficiency (REy, increasan wood NPP peexternalN input), serving as an indef the
guantitative response dbiPPto N deposition (Townsend et al. 1996, de Vries et al. 2009). In

This article is protected by copyright. All rights reserved



61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

INTERACTION BETWEENNITROGEN AND CLIMATE

boreal forests, reported valuesREEy rangefrom 14to 56 g C @ N (Hyvonen et al. 2008,
Gundale et al. 2014; but see Magnani et al. p@6din temperate foresfsom 15 to 60 g C §
N (Pregitzer et al. 2008’ homas et al. 20)0Thesewide ranges were explained bgt onlya
changingesponsiveness of NR®Rer the range agxternalN inputs, includinga negligible
response at.the low end of inputs (Gundale et al. 2011, de Vries et al. 2014), hg@dses
specificresponse to externhl inputs in context o§uccession, mortality, and a symbiotic
relation"with*mycorrhizal fungi (Lilleskov et al. 2002, Magill et al. 2004, Thomas. €010).

Although'the"empirically obtained shape of NPP responegtéwnalN inputs, and the
position of sensitivity rangeprovide the best available summarnytioéresponse to N inputs,
and accountortheinteractve effectsof external N input@ndage on NPP (de Vries et al. 2014),
it does not'account for possible interactianth climate factors. For exampl®, boreal and
temperate forests, natural and simulated variatiowater availabilityalter the effect of N
inputs onforestgrowth (Linder et al. 1987, Lim et al. 2015, Dziedek et al. 20h&ddition, a
modeling experiment predicted (Thornton et al. 2007), and forest inventory data deradnstrat
(Solberg et-al=2009) that the sensitivity of NPP to N deposition depends on tempandture
precipitation.Those findings areonsistent withresuts from stable isotope analysandirectly
suggesting.that water stress of boralussylvestrisgrees increasewith N fertilization (Betson
et al. 2007):

Both experimersl and observational studies of N deposition suffer from inhdirenétions
(Oren et al. 1989Manipulation experimentsuffer fromattempting to rproduce, over a short
time periodyanreffect hypothesized to reflecparsistentow-dose burden. In observational
studies assembledatarepresentindarge geographical areand, often, periods sufficiently
longto capturdhe history of N depositioomay potentially lead to generalizable growth
response to N depositionlowever, other tempoigl and spatidy varying and co-varying
factorsare_likely. to obscure or modify the response to N depositftenobservational data are
synthesized.over large regions and long periods (Solberg et al. 2009, Etzold et)al. 2014
Attempting.te“overcome the principle limitations of both experimental manipulatiwhs
observational,studies, a few studies were designetniic N deposition, addindl at low rates
(Tamm et al. 1999agill etal. 2004, Hyvonen et al. 200Bregitzer etl. 2008, Gundale et al.
2014). Such studies provide the most direct approaiivéstigating the effeaif interaction
betweeradditions of N and variation in weather on forest growth and cad@paccumulation
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92 in plant biomassThesanteractions can inform modelers what to expect as climate changes over
93 landscapereceivinga range oexternalN inputs from deposition and fertilization. However, the
94  scope of inference @ach study iimited. A moregeneralized outcom&an be generated
95 through a synthesis that does not allow any site undue influence on the outcome and amcounts f
96 variables that.can potentially affect the outcoierpy et al. 2005, Stape et al. 2010; e.g., stand
97 age and density, inherent site produtgivandprevailing climate)
98 Only'"fewexperiments have been systematically maintafimetérms of sustaed inputs and
99 measuredresponsayeralong enough period to provide data for quantifyingitheractve

100 effects ofN inputsand interannual variation in weather on ecosystem carbon fluxgssge

101 Makipasetal #2999 Oquist et al. 2014)Ve combined results frothreesuch studies on boreal

102 P. sylvestrigoreststo examindghe responsef woodNPPto a wide range aéxternalN input

103 rates(spatial vatiability,0.2 to 9.8g N m? yr), and how tk sensitivityof the responsis further

104 affected by temperature and precipitattuming the growing seasdtemporal variability) The

105 threeexperimentdasted seven to eight yeawgith annuaN addition of two to foutevels

106 (Nilsen andAbrahamsen 2003, From 2014, Lim et al. 2015). The multiple levels of N additions

107 andlarge interannual variatiog in growing season weather conditions allowed us to quantify the

108 responseof productivityp awide range of N input rates déise weather varies-urthermore, the

109 very low.background N depositisate(~0.2 g N n yr?) in thestudy areagacilitatedcapturing

110 the response of wood NR®Pthelow end ofN availability. Using natural site productiyitand

111 standage agovariatesallowed synthesizing datross sitegrovidinga meango enlarg the

112 scope to aange, of stand development stagestB060 years oldtand3. We hypothesized that

113 (1) wood NPPwill be responsive to external N ingatstial variability)in a nonlinear form

114 with anegligibleresponse ahelow end ofexternalN inputrates, and(2) the responswill be

115 more sensitive to precipitatiote(nporalvariability) at higker rates of externdll inputsthan at

116 lower rates.

117
118 METHODS
119 Setting

120 Three sets of partially published data (Table 1) were supplemented with additional data
121 necessary to estimatet primary production (NPP) of woodyassto support the analyses. One
122  of the study standsasin Norway @mli, Ps3) and two were in Sweden (Rosinedrds;
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Aheden Psl16). The PsindicatesPinus sylvestrigind the following number indicates stand age in
decads. Thus, stand ages weabout 30, 80, and 160 years old, and site indices were T23, T20,
and T20 T indicates specie®inus sylvestrisandthe following number is dominant height in
metes at 100 years of age; Hagglund and Lundmark 188Ps3, PB, andPsl6, respectively.
The externahitrogen (N)input treatmentsvere based on referenpiots (background N
depositionionly), anglots receivingwo annual N additionatesin Ps3 andPs8 (3 and 9 g N i

yr! atPs3and"2 and 8.8 N m? yr* atPs8), anda reference anfbur N additionratesin Psl6

(0.3, 0.6, 1.257and 5 g N'hyr™). The background N deposition was ~0.8 g Ryn*at Ps3

(SFT 1998) and0.2 g N n¥ yr'at Ps8 andPsl6 (Phil-Karlsson et al. 2009).&es of external N
input wereestimated athe sum of both N addition and background deposition,taadreatment

is identifiedsbythe amount oéxternalN inputin g N m? yr* (e.g., N9indicates plots had
receivedan external N input of 8.8 + 0.2 =g mi? yr}). Eachtreatmentvasreplicatedn four
plotsfor eight yearsn Ps3, inthreeplotsfor eight years ifPs8, and insix or severnplotsfor

seven yearB) Ps16. Detailed informatioron stands iggiven in Table 1and tirther information

on Ps3 cansbesfound in Nilsen and Abrahamsen (20083,in Lim et al. (2015)andPsl6 in
Gundale et'al=(2011) and From (2014).

Climatesdatdor Ps3 wasobtained fronthe Nelaug observation statior20 km from the
experimental stan@@mli municipality, Norwegian Meteorological Institute,
http://sharki.oslo.dnmi.no), aridr P8 andPsl6 from the Svartbergets field statior8 and 3 km
from each sitédLaudon et al. 2013).

Net pimary production of woody mass
In this studywood NPP was defined as the sum of NPP of stem wood, branches, and coarse-
roots including stump.

Amli (Ps3): Published data on annual volume incremecitsHig. 1 inNilsen and Abrahamsen
2003) were, obtained bynagedigitalization using GraphClick (ver. 3.0.3, Arizona Software,
2012). Rots.to whichadditional nutrientsvere addedvere used as replicates of the N addition
after findingsno interacte growth response to N x other nutriémio-way ANOVA, minimum p
= 0.139 withiMg, n = 8). This provided a greater power to analyze the effect of extenpaltdl i
(Table 1). The NPP of stem was obtained from stem volume production multiypeaidol

density andhecarbon C) content of woof similar N treatments iRs8 (N2.2 for N3.8 and N9

This article is protected by copyright. All rights reserved



153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

INTERACTION BETWEENNITROGEN AND CLIMATE

for N9.8), and NPP of stemias convertetb wood NPP using biomassexpansion factofor
each treatmerdbtainedrom the samestand (Vestgarden et al. 2004).

Rosinedal[Ps8): Annual wood NPP in the reference and N9 was taken from Lim et al. (2015),
and wood NPP in N2.®as estimated by analyzing raw datarelsim et al. (2015). Briefly,
wood NPPRwxasthe sum oNPP ofwoody componestestimatedrom annual measurements of
diameter at.1.3'm (DBH in m) and tree height (H in m) in mensuration plots (n =&cfor e
treatment)and derivedite-specificallometric equations from harvested treBse NPPof stem
woodwas'calculatd by annuatlifference ofstem volume multipliedby specific wood density in
each year anthe C content of stem wood (0.52)he NPP of branches was estimadbgadhesum
of annual difference of branch biomass and anbraich replacemendetermined based on the
rate of upward‘movement of thiee crown and branch biomass per metetheflive crown in
the lowest straturmThe NPP of coarseoots includingthe stump was estimatettom annual
difference ofroot biomass and stump multiplied by tBeontentof stemwood.

Aheden(Psl6): Wood NPP was estimated based on stem incremers ancenational
allometirc equations (Marklund 1988hcrement corewvere taken from 30 or 35 trees (five per
plot, six or'seven replications for each treatment, see Table 1) in each o¥/&dsioieN addition
and reference plotsgported as basal area increment (From 2@ et)this study,measurements
of DBH andH taken together with tree coring, were usedé¢nerate aelation ofDBH-H for
each treatmentsing increment corbased annual DBH estimatdd was estimated for all trees.
EstimateddBH and Hwere used witlallometric equation® estimatalry mass of stem, branch
andcoarserooty(including thestump (Marklund 1988; a range of DBid 0 — 45 cm)Wood
NPPof eachwyear was estimatbgthe sum ofannual difference in standing biomass of the three
woody componentsnultiplied bythewood C content of 0.5asin P8 (Lim et al. 2015).
Estimated.wood NPP in plots recieig 5 g N m? yr* was reduced t0.89 (cf. Lim et al. 2015)
becausenigh N addition reduces wood densityP. sylvestrigMakinenand Hynynen 2014).

In alargescalefield experiment withreplicated plotsa largeunintendedspatial variability
among plotsimay obscure the tempdvegather) and spatiagxternalN inpuf) signak. InPsL6,
except for NQ:5rhinimump = 0.486), stand density varied amaaglicationg280 — 1030
stemsha?), which affected biomagsoductionwithin each treatmer{tninimum R = 0.67,
maximump = 0.040, Appendix S1: Table S1 dfid. SJ). The spatial standard deviation (SD) in
Psl6was2.4 £ 0.4times greater thatne temporaSD, whereasn Ps3 andPs8 it wasonly 0.46
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+ 0.5 of the temporal. Tominimize the unintended variatipmndthusrevealtheclimate and N
contributions tospatial and temporal variation§wood NPR we normalized wootlIPP tothe
mean stand density (48emsha’) based on theelation ofwood NPRto-stand density in each
treatmentandyear(Appendix S1: Fig. S1)Whenno significant relation wittstand density
emergé, themeanwood NPPacrosgeplicationswasusedfor normalizing The meamelative
stand density indefor PsL6 (accounting for mean biomass of trees and stand density, Reineke
1933, Lim"etal:"2015yas0.58 similar to thafor the other twastandqp = 0.124). Moreover,
the detine"of'stand densityrom 80to 160 year-old standtb6%) wassimilar to that predicted
based on'a stand dynamics model (47.8% Heureka, semge related wood NP&ection) The
normalizationsfer density differences and predictability of behdeaiatitate synthesis of data
across sites.
Age relatedvoodNPP
To account for ageelatedwood NPPdynamicsbetweersiteindices, and thus further hone
the comparison among thiereestands of differenlevelopmerdl stage wegenerated age-
relatedwoedNPPdynamicdor the twositeindices of the study stands (T20 and 23) and stands
representinglew (T15) and high (T23) site fertilitiasingthe HeurekaForestry Decision
Support System (Wikstrom et al. 2011, Fahlvik et al. 2014). The growth simulator ietinekia
includes.asset of empirical subodels for predicting growth and mortality based on data mainly
from the National Forest Inventory in Sweden. An individueé dataset from preommercial
thinning experiments iR. sylvestrigorests was used as inptb the growth simulator (Karlsson
and Ulvcrona2010)nput variables weran initial stand density of 2500 stems*ha mean
height of 3:5.:m, and stand age of 14 years for T28 and of 33 years for T15. Stand development
was simulatedip to an age of 160 years without any additional management.
Statisticalanalyses
We examined the two sourcekvariability of woodNPP(Fig. 1) —spatial variability in
relation toexternal N inpuiypothesis 1) and temponariability in relationto growing season
temperature®) and precipitationK) (hypothesis 2} after the three stands were categorized as
moderatelyhigh and moderately-low productivities based on the age-site index curves (Fig. 2)
and comparisoonf wood NPPin referenceplots among the standssing analysis of variance
(ANOVA) with a significance level at p < 0.G&q. J).
NPP;ji = u+ a; + &y (Eq. 1)
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215 whereNPPj is the wood NPP dith reference plotk = 1 -4 for Ps3, 1 — 3 forPs8, and 1 - 6
216 for Psl6)in sitei (i = Ps3, PB, andPsl6) injth year,u is a grand population meanis the

217 effect of site, and is the residual.

218 For spatial variabilitydetermining the form of response of wood NPP to external N inputs,
219 theresponse.was fitted usingaur-parameter logistic growth functida determinghe response
220 along continuous external N inputs (Eq. 2).

221 NPPj, EVo + —Latmp + €iji (Ea. 2)

222  whereNPPy is.thewood NPPin kth of replicationat a rate oéxternal N input of (i = 0.8, 3.8,
223 and 9.8 g N.ifiyr! for Ps3, 0.2, 2.2, and 9 g N fiyr* for P8, and 0.2, 0.5, 0.8, 1.45, and 5.2 g
224 N m?yr'for Psl6)in yearj. They is the minimum asymptote,is the maximum asymptote,
225 is the growth rates is the point of inflection whea rate of increase iwoodNPP is maximized,
226 andg is the residual. Observed minimum and maximum wWeB& were used fanitial values

227 of yo andygrespectively, and thenitial values fora andg were approximatedsinga linearized

228 Eq.2[n (% — 1) = a-f —a- Ni]. Whenthe logistic growth function in each stand
kY0

229 was not difierent from the functiarf datapooled acrossites(ANOVA with a significance level
230 at p < 0.05)sites were mergedto a single population.

231 For temporal variabilitydetermining the interactive effdogtween aate of external N input
232 andclimate variablesTandP), we analyzed the variability using a multiple linear regression
233 after setting the external N input as a categorical vari&)lé5g. 3). In the regression, the
234  interactive_ effects betwednandP, andT andN in eachsitewere removedafter verifyingthat
235 theseinteractiors did not occur based atp < 0.05 (minimum p = 0.230 fof x P, 0.720 forT x
236 N).

237 NPPjy =a+ By Ni+ Br-Tj+ Bp P+ Bnp " Ni " P + &1 (Eqa. 3)

238 whereNPPj.is.thewood NPPin kth replicationat arate of externaN input (N) of i (i = six

239 levelsfor the higheproductivity, andive levelsfor the lower productivity stand yearj (j = 1
240 - 8 for the higher productivity, and 1 — 7 for the lower productivity 3tadP is the interaction
241 betweerN andP, o is interceptf are coefficients to be estimateahde is the residual. To

242 quantify each impact of andP onNPP, we discriminated Eq. 3 into Eqfdr T and Eq. Sor P.
243 NPP;j = ai + By1 " Ny + Br - Tj + eriji (Eq. 4)

244  where erjx = az + Bnz "N+ Bp - P+ Byp - Ni - P + € (Eq. 5)
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When an intercept was not different among levels of external N input (determined by the
coefficient fn1 in Eq. 4),the levelsvere merged into a single population.

Residuals bias of each function was checked using predicted values. Paraieters
estimated_using. R (ver. 3.2 ®)th the nls functionfor thelogistic growth functiontheaovfor
analysis of variancgheHSD.tesin theagricolaepackagdor multiple comparisos using the
Tukey testandthe Im for multiple linear regressions.

RESULTS
Responsefavood NPP teexternalN inputs

Net primary production (NPP) of woodyass in reference plots wagt different between
Ps3 andPs8, but wood NPP of these standasgreater than that of the much old¢and Ps16
(Fig. 2, Eq¥1, p < 0.001.77.6 + 45.(y C m? yr'* for Ps3, 169.4 + 31.8or P8, and 84.3 + 4.4
for PsL6, meant SD). Wood NPP of reference plotsis3 andPs3 positioned at a similar rate,
one before and the other after fakwoodNPPdue to the age difference and a slight
difference'in site indexrhe much older stan®$16) hada lowerwoodNPR asexpected based
on the genericiage-related dynamresspective of site indeffig. 2). Thereforewe considered
Psl6 as antexample afioderatelylow productivitystand, likely caused bydvancedge.
Based ontboth stand development dynamics and W&dRbf reference plotg Ps3 andPs8, we
consideedthese to represent moderatéigh productivty stands. We note that, although both
age and site quality affect stand productivithese two standsf differentage and site quality
respondsimilarly to external N inputeind weather, it would suggest that gogentialof wood
NPP to regponse to external N inputs depends on the current prodatgion

WoodNPPRatthe threestandsesponded to external N inputsa sigmoidal fashion, showing
negligibleresponses to a low level of external N inpugl fittedwith a logistic growth function
(Fig. 3a). Becauseheindividual functions oPs3 andPs8 werenot different from the function
of their pooled.data (p = 0.5Q0eused a singlégistic growth function for the higher
productivity, stands, keepingsgparate functiofor the lower productivty stand(PsL6, p < 0.001
for modeldiiferencebetweerthehigher and lover productivity stand)The two curves were
similarly shaped (Fig. 3a) but displaced downward for the lower productivity staedit for
the higler productivity standsggenerated minimumasymptotgyo) of 152.1g C m? yr?, a
maximumasymptotey() of 262.8 gC m yr*, agrowth rate ¢) of 0.83g C g* N, and a poinof
inflection (8) atan external N inpuvf 2.3g N mi? (R? = 0.42, p < 0.001). The fit for the l@w
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276  productivity stand Psl6, produceg of 73.8g C m? yr', y of 149.7g C mi?yr?, o 0f 0.93g C g
277 !N, andgof 2.5g N m?yr! (R*=0.79, p < 0.001)Theresponse of wood NPP to external N
278 inputs, in bothrelativeandabsoluteaerms,reached maximum rates at a similar N input,rafeg
279 N m?yr} inthe intermediat@ge Ps8) and the older{sl6) stands, both of which shared an
280 age-relatedawood NPP curve (Fig. 3a, 81.9 + 27.2 g°@rhin P8 vs.58.4 + 19.2 for irPsl6
281 for absolute; 48.2 + 13.8 %s.68.7 + 24.5 % for relative).

282 Using theparameteralues from the logistidits, we calculated the response efficien&®En)
283 over increasing'external N inputs (de Vries et al. 2009). BecauseNridat anexternalN

284 input of O/cannot be definedaH sites receive N through atmospheric depositiorable ) —we
285 calculated th@lifferencedrom wood NPP of reference plots, and related it to N added through
286 treatment§AC/AN). TheREy of the higter productivity standsshoweda peakof 19.6 g C @ N
287 nearthepointofinflection atanexternalN input of 3.2g m? yr, whereaghat of the lover

288  productivity standhada similarpatternwith a pealof 14.0g C g* N atanexternalN inputof
289 3.5 gN m2yr? (Fig. ).

290 Interactive effect ofexternal N inputs and climate variations on wddelP

291 Regardless:of stamqutoductivity, wood NPPincreased witlincreasingr, (p < 0.001 for the
292 higher and.p.= 0.044 for the lower productivity stafable 2 Fig. 4a, b)butthe sensitivityof
293 NPP toTwasunrelated to theate of external N inputoefficientswere not different among the
294  populations within each productivistand(minimum p = 0.316)The magnitude of the

295 sensitivity' washowevera sixfold greate in the higher than that in the lower productivity stand
296 (25.9 gC per2:2C for the highgsroductivityvs.4.7 for the lower productivity stand). The
297 relatiorsin‘thelower productivity stanaverestatisticallygrouped intdwo populations (NO.2 —
298 N1.45 and N5.2, p < 0.001 for the difference between populafiabte 3, with an offset of
299 57.03 +5.21g C.m? yr* (Fig. 4a). h the higheproductivity standsthe relationsveregrouped
300 into three populationdNO.2 — NO.8N2.2 —N3.8, and N9 -N9.8, p = 0.310, 0.187, and 0.656
301 for thedifferenceamong external N inputsithin a population respectivelyp < 0.001for the
302 differenceamong populationsTable 3, with anoffsetof 50.8 + 8.0y C ni” yr* between N —
303 NO.8 and N2.2.N3.8, and an additionalffsetof 39.0 + 8.0g Cm™ yr* betweerthe latter

304 population and N9 N9.8 (Fig. 4b). In both productivity stands, the remaining temporal
305 variations aftethatexplainedby T were greatemn higher rates oéxternal Ninputthanin lower
306 rates(seeRMSE inTable 2).
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307 Using theslopes to normalize the temperatdependent response that expected at the
308 meangrowing seasoit (12.2 °C inPs3, and11.5in P8 andPsl6), remainng temporal

309 variatiors wereassessed agairtbie variation inP. In bothPs8 andPsl6 (Fig. £, d, and Table
310 2),whereP <~ 4® mm,woodNPPwas sensitive t® under highexternal N inputs, but not
311 under lowexternal N inputg§< 2.2 g N nif yr'). The slope undeX9 was steepel)(97 + 0.21 g
312 C m?mm%.p =0.014) than those unde®2.2 and N5.2whereaslopes under N2.2 and N5.2
313  were similarQ:50 + 0.10vs.0.36+ 0.11g C m* mm*, p = 0.686)At P > 400 mm(Ps3), the

314 interannualvariationof wood NPPwasurrelated toP (Fig. 4d).

315
316 DISCUSSION
317 Thelongtermeffect ofN deposition on biomass productionforest ecosystentgas been

318 studied extensively, witthe effects ranging from negative to positive (Oren et al. 1989, Schulze
319 1989, Tamm et al. 1999¢d/rieset al. 2009 Thomas et al. 2010). In a recent comprehensive
320 synthesis, d Vries et al.Z014) have shown that the responsexiernal N inputstbiesum of N
321 fertilizationrand background depositiorgrieswith forest agereflectingthe age-dependence of
322 forestgrowth (Mitousekand Reiners 197%50ulderet al.2011), and that increasimgternal N

323 inputsmays.generate positive, roughly sigmoidaksponse. Our results (Big2 and &) for

324 standdn.moderatelyhigh productivty, intermediateage stge (Ps3 andPs3), as well as

325 moderatelylow productivity,older stge PslL6), principally support these observations. The
326 production.in the old standlas lessensitive to sitéertility than in the young stands (Fig. 2),
327 and the response &xternal N inputsvas gouped by annual net primary productiddPP)of

328 woody massinder reference conditions (Fig. 3egther tharby age or sitdertility (these were
329 dissimilar(inthe two intermediatage standsindeed the results suggest thisie absolutewood
330 NPPrespanse texternal Ninputs,andinteractve effects with temperature and precipitation
331 (Fig. 4), depend on theurrentproductionof a standwhich may serve as an index of production
332 capacity Thus,we searched fomteractve effectson wood NPmetweerexternal N inputs and
333 thetwo temporalclimate variable®f the twohigher productivitystandscombinedversusthe

334 lower produetivity stand We note that our three standsgardlessf age and site quality,

335 represent production ratesngingfrom moderatelyilow observed in poer sitesto moderatky

336 highin more fertilesites(Fig. 2). Our scope of inference, however, does not include highly
337 productive stands below 100 years of bgeauseuch productive stands are not commotis
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region (Nilsson et al. 20)0We also note that soil N mineralization rates westincorporated
into the investigation of the response of wood NPP. Many studies have shown that asailable
N for plantuse in these forests is dominated by organic rather than inorganic N (Naskblm et
1998, Inselsbacher and Nasholm 2012). Further, an earlier stedg démonstrated the
dominance.of,organic N itheseforests (Inselsbacher et al. 2014). Thus, data on N
mineralization rates would not be helphdcauseuch data would only provide information on a
small fraction of the soil N supply to trees.

In orderto'generalize the outcome, we synthesized datalfireestudies using ifferent
approacheto estimatingwvood NPP; irPs8 wood NPP was estimated based onsecific
derived allemetric equations (Lim et al. 2015), wherad3s3 andPsl6, wood NPP was based
on nationalallemetric equations (Marklund 1988 Vestgarden et al. 2004) e/éxamined a
potential bias between the two approachgsomparingpiomassestimats from the two
methods using the sam@ensuration measurementfsDBH and Hobtained in thaine plots of
PS8 (three replicatd plots in each of NO.2, N2.2, and N9). The estimated wbimalyass was
not differentsbetween the two methods (Appendix S1: Fig. S2, 10.46 kgadsm® for the
nationalvs "10:50 forthe site-specifc equationspaired ttest,p = 0.386) and theelative
difference(mean = 0.19 + 0.97%, n = @jas unrelated to mean diameatplot level(p =
0.099. These resultsuggesthat estimates of wood NPP across the sites n@rbiased by the
methodologiesised

Agerelated woodNPPdynamics

Stand age"and site quality may affect productivity, making it difficidytdhesize data across
standgqFig."2)«From the modeledgerelated wood NPP dynamicse confirmed that two
stands Ps3 andPs8) were of similar productivity due to a combination of age and site index,
while older stand (here,Psl6) areless productiveregardless of site index

Stem growth,(and wood NPP) of managed even-aged stands follows a pattern whereby
current annual.increment rises after stand establishment, peaks when maximum leaf area is
attained, and'then declines (Assmann 19¥Vbg.agerelated dynamicef wood NPP,modeled
based on the Heureka Forestry Decision Support System (Wikstrom et al. 2011; Fig. 2), peake
at about one-third of the maximum agedPoylvestrissimilar to other expressions of
productivity (Vitousek and Reiners 1975, Goulden et al. 201&xidMumwood NPPis reached
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earlier andattainshigherratesat sites of better qualitfAssmann 1970), andffitrences in wood
NPPamong sites become very small as stands age

The estimated wood NPP BE&3 andPsl6 (located only 8 km aparf@ll on the simulatedine
describing the age-dependent dynansiceood NPPfor a siteof similar quality. The agerelated
decline in productiombserved was80 g C m? yr?, with the older stangroducing ~50% of the
younger forest{Fig. 2p reductionsimilarto previously reported in coniferous boreal forests
(Ryan et al"1997, Luyssaert et al. 2008)e decreased produatiwith age has been variably
attributed to"declining soil nutrient availability as a result of nutrient immobilization, changing
forest structures associated with decreasing leaf area and its efficiency, increased competition
among individualsand hydraut resistance of vertical grow{lsower et al1996, Ryan et al.
1997, Smithrand Resh 19%inkley et al.2002 MartinezVilalta et al. 200Y.

Althoughthenativeproductivityoverthe T20 site inde”eclined from intermediatage Ps3)
to the older stan(Psl6), bothrelativeand absolute enhancements of wood NPExXbgrnal N
inputsweremarginaly different (p = 0.074 for absolute and 0.052 for relatiNe\vertheless, as
the maximumeexternal N input was les$i16 than that ifPs8, it is possiblehat,hada higher
external N'input been administered in that stargiteatemwood NPPmight have been observed.
However,sconsidering)the lack of responsaf Ps3 andPs8 — bracketing the age of peak
production=10 higheexternal N inpLg, (i) lack of evidence fogrowth limitation by other
nutrients (Lim et al. 2015), andi{ the convergence of age-related wood NPP curves with age
across all'site indicethe age-induced growtlimitations in Ps16 appeaunrelated to nutrition
but ratherimposed by other age-related changes.

Response of woddPPto external Nnputs

We note that respongd wood NPPRo external N inputsary considerably among studies,
due not only to stand age (de Vries et al. 2008) also to the fadhatthe shape athe response
relates to the range of external N inpuEor example, a more linear response was shown in a
Picea abiestandwhereexternal N inputs ranged from 0.2 to 5.2 g N yn* (Gundale et al.
2014), consistent with a less defined sigmoidal pattern that wouldehaengel in our study, had
we focusedraithe samexternal N inputainge Fig. 3a). Considering thiell range ofexternal N
inputsin the presenstudy and consistent with the first hypothesi®mod NPPresponded to
external N input rates following a sigmoidal fitith a point of inflectiorat~3 g N m? yr (Fig.
3a). A negligibleresponsef wood NPP was observatirates below +g N mi? yr' anda more
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399 continuous woodPP responsep to a maximum at 4 — 5 g N7yr’. The resposepatternwas
400 similarin the three standggardless of stand productivityut displaced downwards in the lew
401 productivity standKig. 3a). Such a response is implied ia dries et al(2014), although in that
402 analysis, théack of response ovéine broader range of external N inputs was attributed to
403 growth limitation by theavailability of other nutrients (e.g., Oren et al. 1988). However, having
404 nolimitation from other nutrients iRs3 (Nilsen and Abrahamsen 2008)dPs8 (Lim etal.

405 2015) suggesthat theabsence of growth enhancement observed begahdeshold oéxternal
406 N inputsisrelated to factors other than nutritighfig. 3a).

407 Soil microbes andn particular ectomycorrhizal fungi might access and immobilize N

408 entering forestifloor efficientlyestrictingthe uptake of N into trees (Nasholm et al. 2013,
409 Hasselquist'etral. 20).6This effect would be expected to hamper the respons®ofl NPP at
410 low N inputrates A restrictedwoodNPPresponse to external N inpaitlow ratess consistent
411  with the “bryophyte effect”, whereby components of the understory attenuate anthropédgenic
412 input in boreal forests (Gundale et al. 2014 )similar forests,lte bryophyteeffectis saturatd
413 at about theyraté at which our forests begin to respond (~0.5 g\ msee Gundale et al.

414 2011), belowthe maximum resporeféiciency (REy, increase in wood NPP per external N
415 input), suggesting additional understory and soil processes compttingeesfor N. It is also
416 plausible.that the lack of response of wood NPP to low N input rates is caused byatiartiin
417 a greater belowground production of firmsts and mycorrhizal fungi (Hasselquist et al. 2012).
418 Asthe capacity of these processes emighponents is progressively mbtavailability to trees
419 would increase,with increasing N input, allowiagincrease irwood NPP.

420 At the other‘end of the N input scale, exceeding a certain level of N addition magulotn
421 agreater biomass production (Aber et al. 1995 Vries et al2014). Indeedasexternal N inputs
422 reached 4 5 g N n? yr* (Fig. 3), the increase imwood NPPsaturatedThe lack of response of
423 woodNPPtoexternal N inputgbovethis rateis consistent with findings showing no growth
424 responsén P. sylvestrisstandgo fertilization increasing fror8.4 t0 6.8 g N M yrt (Tamm et al.
425 1995, Hogberg et al. 2006). In a previous study (Lim et al. 201%), G’ y ' increasd wood
426 productionatthe highest external N inp(Il9) wasalmost entirelyachieved through a 1@#C
427 m?y*reduction in C partitioning tbne-root and mycorrhizal fungirhis mechanismhowever,
428 mustreach a limit at loweexternal N inputgsay, 4— 5 g N n¥ yr'') because ainimumamount
429 of C, depending on site and species, must be invested in fine-root and mycorrhizalutthgr. F
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430 increase ofN supply would not result iahigher wood production, suggesting that trees

431 accumulate excess &samino acids mainly in the form of arginine (Nasholm and Ericsson
432 1990).As external N inputsncreased above the poattwhich production responds, leaching
433 may have increased as willise and/Nright 1995, Andersson et al. 2002).

434 Interactive effectof externalN inputs and climate variatioren woodNPP

435 Although wood NPP did not responddsternal N inputst low and high external N inpufs
436 ~1ands =2%N m” yr'), we found that theemporal variatios (cf. error barsFig. 3a) mask a
437 more complex‘response ¢aternal N inputsiriven byinterannual variatiorof climatic

438 variablesAs expected basexh a previous analysis B8 (Lim et al. 2015, using only the
439 referenceandthe high N additionreatment)bothPs3 andPs3 showeda similar sensitivity of
440 wood NPRoetemperature during the growing seagdnFig. 4b), with theresponse simply

441 shiftedin parallelupwards to highevalueswith increasingexternal N inputsHowevera lesser
442 T sensitivity ofwood NPP was observedisl6 (Fig. 4), consistentvith Kelloméaki et al.

443 (1982), who. investigadthe response of growth temperature islow-growing, nutrient limited
444  forestsAlternatively, heless sensitivity td in PsL6 may simply reflect a difficulty in detecting
445 effects of intevannual variation i when production rasarelow (Castagneri edl. 2012.

446 Although,wood NPP of both low and highoductivity standsesponded positively to

447 increasingF; theinterannual variability was mucgreaterunder higler thanunderlower

448 external N inputs (Table Fjgs. 4a, b). The reason is that the variatioprgcipitation during the
449 growing seasorR) infused an additional intexanual variationno woodNPPwhere N limitation
450 to growthwas*reduced or eliminatednd woodNPPwas high. Thusafteraccounting fofT-

451 induced variation of woollPR P explained about half of the remaining variation, but only when
452 and where water availability was generadlw (P <~400 mmin P8 andPsl6),and where

453 growth potentialncreased wittexternal N inputgFigs. 4b, d). Even ifPsl6, wherel

454  marginallyexplairedthe interannual variation of woolMPP,P contributed significantly to

455 reduction in.the remaining variation in plots where growth potential was enhanegtehyal N
456 input(Figs.4a;c).

457 In PsB, the sensitivity of woollPPto P increased with increasexkternal N inputs (Table 2,
458 Figs. 4c, d)It is interesting to note that Psl6, N5.2 produced a similar woddPPsensitivity
459 toPasin N2.20f Ps8 (0.36vs.0.50 g C rif mm*, p = 0.686)Treesrelieved fromnutrient

460 limitation by N additiormaybe subjected ta greater watdimitation (Betson et al. 2007,im
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et al.2015)becauséN additionreduce C partitioning to fine roots and mycorrhizal funghile
increasing leaf area indexd foliage biomass (Linder 1984nder etal. 1987 Ewers et al.
2000, Palmroth et al. 20R6r'hus, increasel addition may result ia greatesensitivity of trees
to soil wateravailability.

Not only.will wet years allow trees to meet their growth potential more easilg/dmih such
years the potential for growth may increase as bexthuse water uptakgeeatly dfect nutrient
uptake (Cramer et a2008, Matimatiet al. 20140yewole et al2014). InPs8, this resulted im
positive relation between falge N contentandP (R? = 0.36, p = 0.004, data not shown), with
potential enhancement$ photosynthesis and growth procesdasder 1987) However, as
previously.statedhe enhancement @food NPP by N addition iRs3 resulted mainly from
shifting C allocation rather than increasing photosynthesis (Lim et al. Zad&inen et al.
2016. Theinteractie effectof water and N on wooNPPobservecere corroborates ¢hotion
that only when water and N are in abundant supply will trees shift allocation from preferential
growth of fine roots and mycorrhizal fungi, to preferential growth of woody components.

Given thereamplexity ofhe interations we synthesized the results described above into a
simple representation of the relatresponse of woolPP to variatioain external N inputsnd
P in the higler productivity stands (Fig. 5), quantifyinige impact oexternal N inputen C
accumulation in treevoodbiomassover a rangef P. The response is relativizedwmod NPP
of referencestands (NO.2), in which woddPPdid not respond t& (Figs. 4, d). In the higler
productivty. stands,le temperaturerduced changes in woddPPreflect the samabsolute
sensitivity toT-at allexternal N inputs anB conditions Fig. 4b), showinga similar increase
with T. Therelative changes in woolPPmay, howeveryeflect adecreased-induced drought
stresgn coler yearsandincreasedN-induced drought stress warmer yearsperhaps owing to
the effect of temperatureariationon vapor pressure deficfKatul et al. 2009). Under improved
N supply, stands may be particularly sensitive to increased vapor pressutendfici
temperaturgbecause bwer fine rootto-leaf area ratigLinder et al. 1987; Ewers et al. 2000)
reduces water uptake capacity relative to the transpiration needsngesulbwer conductance
and photosynthesis.

N-induced drought stress may affect production not only during the drought, but also in the
following yearswhen treesnayexperience largeincrease iritterfall, reducingstand leaf area
index and, thus, potentially canopy photosynthesis (Linder et al. 1987, Bergh et alliig¥9).
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study, however, the reduction of canopy leaf area with drought was small with naoaftbet
amount of light capturedranspirationand canopy conductance (Lim et al. 2015, Tor-ngern et
al. 2016). It is therefore not surprising thattherP norT in previousyearsexplainthe variation
in current wood_NPP in any of the sites.

Our valuesof REy to external N inputsverewithin therange shown in previoustudiesand
maximized.betweeaxternal N input®f ~2 and 49 N mi? yr* (Fig. 3b), reaching in the higher
productivity'standsiear the maximurREy reportedfor studiesin boreal forestgHyvonen et al.
2008, Gundale“et al. 2014)avious stidies, however, have reportikear relatios between
annual growth and external N inputs (Gundale et al. 2014, From 2014), but in our study wood
NPPresponded,in a sigmoidal fashion to increasixigrnal N inputsTherefore, ouREy values
reflect thenegligible responsef woodNPPto external N input below and above gensitive
range. In addition to the spatial variationRiy, associated with stardkvelopmerd! stageand
external N inputs (Fig.I8, the temporal variatioof wood NPR produced byhe variationof P,
is likely toinfuse additional variation iREy. Using theresultsshown in Fig. 5a, we produced
estimates ofithe temporal (ii@nnual) variation oREy, showinga high sensitivity tdP (Fig.
5b). Thus,‘aceounting for botfources of systematic variation, gatialvariation ofREy in
relation toeexternal N inputgFig. 3), and temporal variati@in relation toP andT, resuls in
betterestimates oivoodNPPthan using aemporallyfixed REy in conjunction withspatially
varyingexternal N inputgde Vries et al. 2014 he resulk of these analysdsghlight the fact
that there'is no simple way to account for the effect of N deposition on forest gaodittinat it
is necessaryto,develop and test models that c@iatel N cycling with ecosystem physiology,
thus explicCitly-incorporating the effeatd climatic and environmental factors (Thornton et al.
2007).

ACKNOWLEDGEMENTS
The Rosinedalsheden research site was established with support from the Kempe Foundation
and the Swedish Research Council for Environment, Agricultural Sciences arad Bjpaining,
(FORMAS)"and is since 2014 part of the “Swedish Infrastructure for Ecosystem Science”
(SITES) sponsored by the Swedish Science Foundation (VR). This study receped fom
the research programs “Future Forests” (Swedish Foundation for Strategic Environmental
MISTRA), “Trees and Crops for the Future” (Swedish Governmental Agencynfamation

This article is protected by copyright. All rights reserved



INTERACTION BETWEENNITROGEN AND CLIMATE

523 Systems- VINNOVA), Knut and Alice Wallenberg Foundation (#2015.0047) and “Nitrogen and
524 Carbon in Forests” (FORMAS). Ram Oren was sponsoretidynited States Department of
525  Agriculture through the Agriculture and Food Research Initiative (B¥YDD3-30222), and

526 Department of Energy through the Office of Biological and Environmental Researcdstiiat

527 Ecosystem.Secience program (I¥0006967)We specially thank Svartbergaeld Station for

528 providing meteorological data and staff for fieldwork. Profe$sichael Grossmars

529 acknowledgedor the valuable comments on statistical analyses.

530

531 REFERENCES

532 Aber, J. D4 AsMagill, S. G. McNulty, R. D. Boone, K. J. Nadelhoffer, M. Downs, and R.
533 Hallett:*1995. Forest biogeochemistry and primary production altered by nitrogeatieatur
534 Water, Air and Soil Pollution 85: 1665-1670.

535 Andersson, P., D. Berggren, and I. Nilsson. 2002. Indices for nitroges atad nitrate leaching
536 from Norway spruceRicea abiegL.) Karst.) stands in Sweden. Forest Ecology and

537 Management 157: 393.

538 Assmann, E."2970. The Principles of Forest Yield Studies. Pergamon Press.
539 Bergh, J.;»S. Linder, T. Lundmark, and B. Elfving. 1999. The effect of water and nutrient

540 availability on the productivity of Norway spruce in northern and southern Sweden. Forest
541 Ecology and Management 119: &P

542 Betson, N..R., C. Johannisson, M. O. Léfvenius, H. Grip, A. Granstrom, and P. Hogberg. 2007.
543 Variatiomimthe 5'°C of foliage ofPinus sylvestrid.. in relation to climate and additions of

544 nitrogensanalysis of a23year chronology. Global Change Biology 13: 2317-2328.

545 Binkley, D., and P. Hogberg. 1997. Does atmospheric deposition of nitrogateth&wvedish

546 forests? Forest Ecology and Management 92: 119-152.

547 Binkley, D.,J.L. Stape, MG. Ryan, H. R. Barnard, and J. Fownes. 2002. vdtpted decline in

548 forest.ecosystem growtn individualtree, stanestructure hypothesis. Ecosystems 5= 58
549 67.

550 Binkley, D.;vand P. Hogberg. 2016. Tamm Review: Revisiting the influence of nitrogen
551 deposition on Swedish forests. Forest Ecology and Management 368: 222—-239.

This article is protected by copyright. All rights reserved



INTERACTION BETWEENNITROGEN AND CLIMATE

552  Castagneri, D., P. Nola, P. Cherubini, and R. Motta. 2012. Temporal variability of size-growth

553 relationships in a Norway spruce forest: the influences of stand structuregdpagd

554 climate. Canadian Journal of Forest Research 42:5§D

555 Cramer, M.D., V. Hoffmann, and G. A. Verboom. 2008. Nutrient availability moderates

556 transpiration irEhrharta calycina New Phytologist 179: 1048-1057.

557 Dziedek, C., W. Hardtle, G. von Oheimb, and A. Fichtner. 2016. Nitrogen addition enhances
558 drought'sensitivity of young deciduous tree speétesntiers in Plant Sciencé 1100.

559 Dise, N.Bfand'R. F. Wright. 1995. Nitrogen leaching from European forests in relation to

560 nitrogen deposition. Forest Ecology and Management 71: 153-161.

561 Etzold, S. P Waldner, A. Thimonier, M. Schmitt, and M. Dobbertin. 2014. Tree growth in

562 Swiss forests between 1995 and 2010 in relation to climate and stand condigiosist R

563 disturbances matter. Forest Ecology and Management 311: 41-55.

564 Ewers, B. E., R. Oren, and J. S. Sperry. 2000. Influence of nutrient versus water supply on
565 hydraulic architecture and water balanc®inus taedaPlant, Cell & Environment 23:

566 1055—-1066.

567 Fahlvik, N.yBeElfving, and P. Wikstrém. 2014. Evaluation of growth functions used in the

568 Swedish Forest Planning System Heureka. Silva Fenni@gh4BL3. ISSN 2242-4075

569 (Online)

570 From, F. 2014. Longerm effectsf nitrogen (N) fertilizer and simulated N deposition on boreal
571 forest'growthLicentiate ThesisSwedish University of Agricultural Sciengdsmea, 49 pp.

572 ISBN (electronic version) 9781-576-9226-9

573 Goulden, Muls; AM. S. McMillan, G.C. Winston, AV. Rocha, KL. Manies, JW. Harden,

574 and B. P. Bond-Lamberty. 2011. Patterns of NPP, GPP, respiration, and NEP during boreal
575 forest succession. Global Change Biology 17: 855-871.

576 Gower, S.I.,.,R..E. McMurtrie, and D. Murty. 1996. Aboveground net primary production

577 decline with stand age: potential causes. Trends in Ecology & Evolution 11: 378-382.

578 Gundale, Mad., T. H. Deluca, and A. Nordin. 2011. Bryophytes attenuate anthropogenic nitrogen
579 inputsin‘boreal forests. Global Change Biology 17: 2743-2753.

580 Gundak, M.J., F. From, L. H. Bach, and A. Nordin. 2014. Anthropogenic nitrogen deposition in
581 boreal forests has a minor impact on the global carbon cycle. Global Change Biology 20:
582 276-286.

This article is protected by copyright. All rights reserved



583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613

INTERACTION BETWEENNITROGEN AND CLIMATE

Hagglund, B., and E Lundmark. 1981Handledning i bonitering med Skogshogskolans
boniteringssystem. National Board of Forestry, Jonkdping, Sweden. 124 pp. (In Swedish)

Hasselquist, N.J., P. Hogberg, and D.B. Metcalfe. 2012. Contrasting effects of low and high
nitrogen additions on soil GAlux components and ectomycorrhizal fungal sporocarp
productien.in a boreal forest. Global Change Biology 18: 3596—3605.

Hasselquist, N« J., D. B. Metcalfe, E. Inselsbacher, Z. Stangl, R. Oren, T. Nasmlfh, a
Hogberg."2016. Greater carbon allocation to mycorrhizal fungi reduces tree nitrogen uptake
in a borealforestcologydoi: 10.1890/15-1222.

Hogberg, P., H. B. Fan, M. Quist, D. Binkley, and C. O. Tamm. 2006. Tree growth and soil
acidification in response to 30 years of experimental nitrogen loading on boessdl for
Global*Change Biology 12: 489-499.

Hyvonen, R., TaPersson, S. Andersson, B. A. Olsson, G. I. Agren, and S. Linder. 2008. Impact
of long-term nitrogen addition on carbon stocks in trees and soils in northern Europe.
Biogeochemistry 89: 121-137.

InselsbacheEy and T. Nasholm. 2012. The below-ground perspective of forest plants: soil
provides ‘'mainly organic nitrogen for plants and mycorrhizal fungi. New phytologist 195:
329-334.

Inselsbacher, E., O.A. Oyewole, and T. Nasholm. 2014. Early season dynasaisidfogen
fluxes in fertilized and unfertilized boreal forests. Soil Biology and Biocheniigtry 67
176.

Karlsson, K&"and T. Ulvcrona. 2010. Field experiment data available for studies of pre-
commereial thinnings. Swedish University of Agricultural Sciences, Unit for fbiate:d
Forest Research, Vindeln Experimental Forests. Skog & Tr& 2: 1-33. ISSN 1403-6398.

Katul, G.G., S. Palmroth, and R. Oren. 2009. Leaf stomatal responses to vapour pres#iure defic
under.current and Cenriched atmosphere explained by the economics of gas exchange.
Plant, Cell & Environment 32: 968-979.

Kellomaki,.Si;P. Puttonen, H. Tamminen, &d. Westman. 1982. Effect of nitrogen
fertilization_ on photosynthesis and growth in young Scots pines. Silvacaelf) 363—-371.

Laudon, H., I. Taberman, A. Agren, M. Futter, M., Ottosson Lofvenius, and K. Bishop. 2013.
The Krycklan catchment study—a flagship infrastructure for hydrology, biogeochemistry,
and climate research in the boreal landscape. Water Res®a®arch49, 7154-7158.

This article is protected by copyright. All rights reserved



614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644

INTERACTION BETWEENNITROGEN AND CLIMATE

Lilleskov, E. A., T. J. Fahey, T. R. Horton, and G. M. Lovett. 2002. Belowground
ectomycorrhizal fungal community change over a nitrogen deposition gradient in Alaska.
Ecology 83: 104115.

Lim, H., R. Oren, S. Palmroth, P. Tor-ngern, T. Morling, T. Nasholm, T. Lundmagk, H-
Helmisaatri, J. Leppalamniiujansuu, and S. LindeR015.Inter-annual variability of
precipitation constrains the production response of b&ieak sylvestriso nitrogen
fertilization."Forest Ecology and Management 348: 31-45.

Linder, S."1987. Responses to water and nutrients in coniferous ecosystems. Pagesii@D—-202
D., Schulze, and H, Zwdlfer, editors. Potentials and Limitations of Ecosystemsimal
EcologicalsStudies 61. Spring¥erlagBerlin HeidelbergNew York Tokyo.

Linder, S.,"M.L'Benson, B. J. Myers, and R. J. Raison. 1987. Canopy dynamics and growth of
Pinus radiata |. effects of irrigation and fertilization during a drought. Canadian Journal of
Forest Research 17: 1157-1165.

Luyssaert,\S., E. D. Schulze, A. Borner, A. Knohl, D. Hessenmollét, Baw, P.Ciais, and J.
Grace#2008. Old-growth forests as global carbon sinks. Nature 455: 213-215.

Magill, A. H.,/3¢D. Aber, W. S. Currie, K. J. Nadelhoffer, M. E. Martin, W. H. McDowell, J. M.
Melilles.and P. Steudler. 2004. Ecosystem response to 15 years of chronic nitrogen additions
at the-Harvard Forest LTER, Massachusetts, USA. Forest Ecology and Management 196: 7—
28.

Magnani, k., et al. 2007. The human footprint in the carbon cycle of temperate and boreal
forestss#Nature 447: 849-851.

Makinen, Hgzand J. Hynynen. 2014. Wood density and tracheid properties of Scots pine:
responses to repeated fertilization and timing of the first commercial thinning. Forestry 87:
437-447.

Makipaa, R.,.I..Karjalainen, A. Pussinen, and S. Kelloméki. 1999. Effects of climate amahge
nitrogen. deposition on the carbon sequestration of a forest ecosystem in thedweal z
Canadian'Journal of Forest Research 29: 1490-1501.

Marklund, v'G. 1988. Biomassafunktioner for tall, gran och bjork i Sverige. Sveriges
lantbruksuniverset, Institutionen fér skogstaxering, Rapport 45: 1-73. (In Swedish)

MartinezVilalta, J., D. Vanderklein, and M. Mencuccini. 2007. Tree height andelgid
decline in growth in Scots pin®ifus sylvestrit..). Oecologia 150: 529-544.

This article is protected by copyright. All rights reserved



645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675

INTERACTION BETWEENNITROGEN AND CLIMATE

Matimati, I., G.A. Verboom, and M. D. Cramer. 2014. Nitrogen regulation of transpiration
controls mass$low acquisition of nutrients. Journal of Experimental Botany 65: 159-168.

Nasholm, T., and A. Ericsson. 1990. Seasonal changes in amino acids, protein and total nitrogen
in needles of fertilized Scots pine trees. Tree Physiology 6: 267—-281.

Nasholm, T:A. Ekblad, A. Nordin, R. Giesler, M. Hogberg, and P. Hogberg. 1998. Boreal forest
plants take‘up organic nitrogedature392: 914-916.

Nasholm, TP Hogberg, O. Franklin, D. B. Metcalfe, S. G. Keel, C. D. Campbell, V. Hurry,
Linder, S:;"and M. Hogberg. 2013. Are ectomycorrhizal fungi alleviating or aggravating
nitrogen limitation of tree growth in boreal forests? New Phytologist 198: 214-221.

Nilsen, P.andG. Abrahamsen. 2003. Scots pine and Norway spruce stands responses to annual
N, P and Mg fertilization. Forest Ecology and Management 174: 221-232.

Nilsson, U., E. Agestam, P.-M. Ek0, B. Elfving, N. Fahlvik, U. Johansson, K. Karl§son,
Lundmark, and C. Wallentin. 2010. Thinning of Scots pine and Norway spruce
monocultures in Sweden. Studia Forestalia Suecica 219: 1-46.

Norby, R.Jsetial. 2005. Forest response to elevatedsC&dnserved across a broad range of
productivity. Proceedings of the National Academyofences 02: 18052—-18056.

Oren, R.;7and E.-D. Schulze. 1989. Nutritional disharmony and forest decline: a conceptual
modelsPages 425-443E .-D. Schulze, O. L. Lange, ang, Oren, editors. Forest Decline
and Air Pollution: A study of spruc®icea abieson acid soilsEcological Studies 77.
SpringerVerlagBerlin HeidelbergNew York.

Oren, R., K'SyWerk, E.-D. Schulze, J. Meyer, B.U. Schneider, and P. Schramel. 1988.
Performance of tw®icea abieqL.) Karst. stands at different stages of decline: VI. nutrient
concentration. Oecologia 77: 151-162.

Oren, R, Werk, K .S, Meyer, E.-D- Schulze. 1989. Potentials and limitations of fidiésbn
forest decline associated with anthropogenic polluages 2336in E.-D. Schulze, OL.
Lange,.and R. Oren, editors. Forest Decline and Air Pollution: A study of sfitgea (
abieg_ onracid soils. Ecological Studies 77. Springeriag Berlin Heidelberg New York.

Oyewole, OA;, E. Inselsbacher, and T. Nasholm. 2014. Direct estimation of mass flow and
diffusion of nitrogen compounds in solution and soil. New Phytologist 201: 1056—1064.

Oquist, M. G., K. Bishop, A. Grelle, L. Klemedtsson, S. J. Kéhler, H. Laudon, A. Lindroth, M.
Ottosson Lofvenius, M.B. Wallin, and M. B. Nilsson. 2014. The full annual carbon balance

This article is protected by copyright. All rights reserved



676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705

INTERACTION BETWEENNITROGEN AND CLIMATE

of boreal forests is highly sensitive to precipitation. Environmental Sciericec&nology
Letters 1: 3153109.

Palmroth, S., R. Oren, H. McCarthy, K. H. Johnsen, A. C. Finzi, J. R. Butn@, Rian, and
W. H. Schlesinger. 2006. Aboveground sink strength in forests controls the allocation of
carbon.below ground and its [G@nduced enhancement. Proceedings of the National
Academy of Sciences 103: 19362—-19367.

Phil-Karlsson'G., C. Akselsson, S. Hellsten, P. E. Karlsson, and G. Malm. 2009. Vol. IVL
rapport B'1851. IVL. Svenska Miljdinstitutet. (In Swedish)

Pregitzer, KS., A. J. Burton, D. R. Zak, and A. F. Talhelm. 2008. Simulated chronic nitrogen
depositiomsincreases carbon storage in northern temperate forests. Global Gblgye B
14: 142=153.

Reineke, L. H. 1933. Perfecting a stand-density index for even-aged forests. Journal of
Agricultural Research 46: 627—638.

Ryan, M. G., D. Binkley, and J. H. Fownes. 1997. Aglated decline in foregtroductivity:
patternrand procesAdvances in Ecological Resear2h: 213-262.

Schulze, E*-D#1989. Air pollution and forest decline in a spriBa#4 abielforest. Science
244716 783.

SFT, 1998+Overvaking av langtransportert forurenset luft og nedbar. Arsragiftekter
1997. SFT-Report 748/98 (in Norwegian).

Smith, F. W., and S. C. Resh. 1999. Age-related changes in production and below-ground carbon
allocationtinPinus contortdorests. Forest Science 45: 3331.

Solberg, Sy=M¢Dobbertin, G. J. Reinds, H. Lange, K. Andreassen, P. G. Fernandez, A.
Hildingsson, and W. de Vries. 2009. Analyses of the impact of changes in atmospheric
deposition and climate on forest growth in European monitoring plots: a stand growth
approach. Forest Ecology and Management 258: 1735-1750.

Stape, J.L.,.etal. 2010. The Brazil Eucalyptus Potential Productivity Projigerice of water,
nutrientstand stand uniformity on wood production. Forest Ecology and Management 259:
1684—-1694.

Tamm, C.O., A. Aronsson, and B. Popovic. 1995. Nitrogen saturation in aterngforest

experiment with annual additions of nitrogen. Water, Air and Soil Pollution 85: 1683-1688.

This article is protected by copyright. All rights reserved



706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734

INTERACTION BETWEENNITROGEN AND CLIMATE

Tamm, C. O., A. Aronsson, B. Popovic, d@fldwer-Ellis, J. 1999. Optimum nutrition and
nitrogen saturation in Scots pine stands. Studia Forestalia Suec 206: 1-126.

Tarvainen, L., M. Lutz, M. Réantfors, T. Nasholm, and G. Wallin. 2016. Increased needle
nitrogen contents did not improve shoot photosynthetic performance of mature nitrogen-
poor Scets pine trees. Frontiers in Plant Science 7: 1051.

Thomas, RQ.,.C.D. Canham, KC. Weathers, and C. L. Goodale. 2010. Increased tree carbon
storage‘in‘response to nitrogen deposition in the US. Nature Geoscience 3: 13-17.

Thornton,"P7E:; J. F. Lamarque, N. A. Rosenbloom, and N. M. Mahowald. 2007. Influence of
carbon-nitragen cycle coupling on land model response tof@@lization and climate
variability»Global Biogeochemical Cycles 21:15.

Tor-ngern,"P.,/R. Oren, A.C. Oishi, J.M. Uebelherr, S. Palmroth, L. Tarvainen, M. Ottosson-
Lofvenius, S. Linder, J-C. Domec, and T. Nasholm. 2016. Ecophysiological variation of
transpiration of pine forests: synthesis of new and published results. Ecokygptighations
27:118 — 133

TownsendyAR:, B.H. Braswell, EA. Holland, and J. E. Penner. 1996. Spatial and temporal
patterns infterrestrial carbon storage due to deposition of fossil fuel nitragdagieal
Applieations 6: 806—-814.

Tveite, B&2980. Samband mellom svensk boniteringssystegg) (69 norsk boniteringssystem
(Ha0). (Relationship between Swedish site index systempo(tdnd Norwegian site index
system Ho.) Internal note, Norwegian Forest Research Institute,-1880 (In Norwegian).

VestgardenyiS., P. Nilsen, and G. Abrahamsen. 2004. errocycling inPinus sylvestris
stands'exposed to different nitrogen inputs. Scandinavian Journal of Forest Research 19: 38—
47.

Vitousek, P. M., and W. A. Reiners. 1975. Ecosystem succession and nutrient retention -
hypothesis.,Bioscience 25: 37881.

de Vries, W.,.S. Solberg, M. Dobbertin, H. Sterba, D. Laubhann, M. van Oijen, C. Evans, P.
Gundersen, J. Kros, G. W. W. Wamelink, G. J. Reinds, and M. A. Sutton. 2009. The impact
of nitrogen deposition on carbon sequestration by European forests and heathlands. Forest
Ecology and Management 258: 1814-1823.

This article is protected by copyright. All rights reserved



INTERACTION BETWEENNITROGEN AND CLIMATE

735 de Vries, W., E. Du, and K. Butterbach-Bahl. 2014. Short and long-term impacts of nitrogen
736 deposition on carbon sequestration by forest ecosystems. Current Opinion in Environmental
737 Sustainability 910: 90104
738  Wikstrom, P., L. Edenius, B. Elfving, L. O. Eriksson, T. L4mas, J. Sonesson, K. Ohman, J.
739 Wallerman, CWaller, and F. Klinteback. 2011. The Heureka forestry decision support
740 systeman.overview. Mathematical and Computational ForestryNatdraltResource
741 Sciences3: 805.
742 Table 1. Summary of theharacteristics of thiareestands used in the study.

Stand Amli (Ps3) Rosinedal P<8) Aheden Ps16)

(Nilsen et al. 2003) (Lim et al. 2015) (Gundale et al. 2011)

Location 58°54'N, 08°34'E 64°10'N, 19°45'E 64°14'N, 19°46'E

Growing season 12.2 11.5 11.5

temperature (°C) (5.6) (1.2) 1.2)

(Annual temperature)

Growing season 592 325 325

precipitation_(mm) (1225) (600) (600)

(Annual precipitation)

Soll

Understory vegetation

Medium sandy and
fluvial deposit

Haplic Arenosol

Vaccinium myrtillus
Vaccinium vitisidaea

Calluna vulgaris

Fine sandy and silty
glacial outwash
sediments

Typic Haplocryods

Vaccinium myrtillus
Vaccinium vitisidaea

Pleurozium schreberi

Fine sandy and silty
glacial outwash
sediments

Typic Haplocryods

Vaccinium vitisidaea
Calluna vulgaris

Pleurozium schreberi

Cladoniaspp. Hylocomium splendens Dicranum sp.
Cladoniaspp. Cladina rangiferina
Cladina arbuscula
Cladoniaspp.
Initial age (year) ~30 ~80 ~160
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Stand density
(trees ha)

Site index

1470

1723 fF15)

Mean diameter at 1.3 n11.2

(cm, min—max)

Mean tree height

(m, min—max)

9.8

Expressed productivity Stem volume

Method to estimate
wood NPP

Background

N deposition

(g N m®yi=)

N addition levels
(External N inputs)
(9 N m*yr)

Study period
(year)

Number ofreplicates

(m®hatyr?)

3National allometric

equations

888 + 136

T20

16.6 (4.8-27.5)

14.9 (8.1~ 19.0)

Wood NPP
(g C m?yr?)

Site specific allometric

equations

(Vestgarden et al. 2004)Lim et al. 2015)

0.8

0,3,9
(NO.8, N3.8, N9.8)

8
(1991—1998)

4

0.2

0,2,88
(NO.2, N2.2, N9)

8
(2006—2013)

3

494 + 187

T20

22.2 (4.7-45.2)

17.4 (7.2-27.2)

Basal area at 1.3 m

(m?hatyr?

National allometric
equations
(Marklund 1988)

0.2

0,0.3,0.6,1.25,5
(NO.2, NO.5, NO.8,
N1.45, N5.2)

.
(2005-2011)

6 (7 for NO.5 and N5.2)

'Dominant heighih metes at total age of 100 years (H100)

“Dominant’height in meteit age of 40 years (k); this can beonverted to hy, by a relation
(Hypo = 1.35%»x7H,, + 2.61, Tveite 1980).

3Authors estifated biomass expansion faatisiegthe nationahllometricequatios (Marklund 1988)
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749 Table. 2. Coefficient ofdeterminants and estimatpdrameter$or the multiple linear regressierfEq. 4 — 6) for the higher

750 productivity-and lower productivity stand.

751
752
753
754
755
756

Stand External N inputs “Intercept (SE) “T (SE) ‘RMSE  “p-value P(SE)  “p-value
(g N m?yr?)
Higher productivity 0.2 -128.90 (40.94) ¢ 25.86 (3.47) 26.21 <.001 .036 (.141) .799
(Ps3 andPs8) 0.8 -138.30 (11.73) ¢  25.86(3.47) 33.72 <.001 .129 (.086) 142
2.2 -92.42 (12.28) b 25.86(3.47) 27.77 <.001 499 (.105) <.001
'R? of Eq. 4= 0.917
3.8 -76.69 (11.73) b 25.86 (3.47) 36.33 <.001 .091 (.094) 344
9.0 -47.06 (12.28) ¢ 25.86 (3.47) 54.87 <.001 969 (.210) <.001
9.8 -42.40 (11.73)c  25.86 (3.47) 57.46 <.001 -.063 (.151) 679
Lower productivity 0.2 35.12 (37.12) d 4.73 (2.25) 3.19 044 .004 (.037) 923
(Ps16) 0.5 29.50 (43.99) d 4.73 (2.25) 7.45 044 -.017 (.086) .852
0.8 47.21 (43.99) d 4.73 (2.25) 9.31 044 -.018 (.107) 875
'R’ of EqL.4 = 0.617
1.45 78.11 (43.99) d 4.73 (2.25) 6.84 044 -.102 (.064) 172
5.2 -29.11 (43.99 473 (2.25)  16.62 044 346 (.114) .029

'Eq. 4:wood NPP response to the growing season tempef@uaed precipitatior{P) over rate®f external Ninput

Eq. 5:wo0ed-NPP response o

%Eq. 6: esponse of residuaisoducedrom the Eq.5 td.

The RMSE s rooinean square error.

Different letters in the intercept column indicate intercepts are different amtergaX\ inputs in each productivity sth(p < 0.05).
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Figure Legends

Fig. 1.A flow diagram of data analyse®ctangles indicateariations innet primary production
(NPP) of woody mass and rounded rectanigideate modelgxplaining the variations.lfee
types of variation of wood NPP wedescriminated inta) variaion induced bysite-specific
factors— age-site index related wood NPP; procesy Yariation byspatial factors- ¢, external
N inputs; process 2, arid) variation bytemporal factors- ¢;, temperature and precipitation;
process 37'Results of each procaspresented in Fig. 2 — 4, and explained variations were
synthesizedor modeling wood NPP (Fig. Slrurther details on each of the three stands are
given in Tablesl, equations are giveriihe Material and Methods secti@amd estimated

parametersiniEq. 3 are given in Table 2.

Fig. 2. Dynamics of net primary production (NPP) of woody mass in response to stand age for
reference plots in each of the three study stands. Usirdetineeka Forestry Decision Support
System(Wikstrém et al. 2011 dynamics were generated based on site indices (Sl); the letter ‘T’
denoted. sylvestrisand the following number indicates a dominant heiglmeterat 100 years

of age. Thus, T1E sitesof very low productivity and T28 of very high productivity this

species. Error bars are combined spatiotemporal standard deviation.

Fig. 3. (a) Net primary production (NPP) of woody mass in response to external N thputs (
sum of N fertilization ad background deposition) for a combinatiomadderatelyhigh
productivitysstandsHs3 andPs8), and anoderatelylow productivity stand®sl6). Lines are fits
from a logistic function (Eqg. 1); dotted lines indicate the individual respdos®s3 andPs3,
and the dashed. extensimlicates projected values fdPsl6; the standard deviation of the
annual values (error bars), representing temporal variability of wood NPP siednedhin a
population with'external N inputs. (bhe response efficiency ofosd NPP REy, increase in
wood NPP.per external N inguh response to external N inputs, produced based diigte

(a).

Fig. 4. Net primary production (NPP) of woody mass in response to temperature during the
growing seasonl( for (a) moderatelylow productivity stand®sl6), and (b) a combination of
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the both moderately-high productivity stan&s3 andPs8) (diamonds foPs3; circles forPs3;
values for externall input rates are in g N fyr™. Statistically, populations imoderatelylow
productivity stand were N5.2 and rest of external N inputs, ambderatelyhigh productivity
stands were NO,2 with N0.8, N2.2 with N3.8, and N9 with N9.8. Wood NPP, atTnean
(averages over 3@ear record)in response tprecipitation durig thegrowing seasorf) in (c)
moderatelow.productivity stand and (ahoderatelyhigh productivity standsVood NPP was
similar in NO:2'0fPs8 and N0.8 oPs3, and higher than that 8616, and did not respond B
Where N was added, plots responde® tmly below ~400 mm (with N2.2 and N5.2 sharing a
similar responsekrror bars are spatial standard deviation (among replicates).

Fig. 5.Estimated (ahpet primary production (NPP) of woody maskative to referenceondition
(NO.2) and (b) the response efficiency of wood NPP\(Rcrease in wood NPP per external N
input), in responséo a combination between external N inptit® (Sum of N fertilization and
background depositigrand growing season precipitatid?) for a combination of two
moderatelyhigh productivity standsRs3 andPs8). The response was simulated based on results

shown in Fig.*4;, and limited to the range in whithffected the response to N supply.

Variations of wood NPP  Primary Model Synthesized Model

- Site-specific
« Spatial
« Temporal (g

Site-specific factors ( Flg 2)
(wood NPP f

3 't Fig. 3 wood NPP

patial factor (Fig.

oy o ST
Fig. 5

emporal factors (Fig. 4)

f+e)

Process 1
(Eq. 1,Heureka)

ﬁg
T%T

« Spatial
« Tel

Process 2
(Eq. 2

+ Temporal(e)

Process 3
(Eq.3-5)

AUA

Random

Fig. 1.
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