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Abstract Nitrogen (N) cycle dynamics and N deposition play an important role in determining the terrestrial
biosphere’s carbon (C) balance. We assess global and biome-specific N deposition effects on C sequestration
rates with the dynamic global vegetation model LPJ-GUESS. Modeled CN interactions are evaluated by
comparing predictions of the C and CN version of the model with direct observations of C fluxes from 68 forest
FLUXNET sites. N limitation on C uptake reduced overestimation of gross primary productivity for boreal
evergreen needleleaf forests from 56% to 18%, presenting the greatest improvement among forest types.
Relative N deposition effects on C sequestration (dC/dN) in boreal, temperate, and tropical sites ranged from
17 to 26 kg Ckg N~" when modeled at site scale and were reduced to 12-22 kg Ckg N~ at global scale. We find
that 19% of the recent (1990-2007) and 24% of the historical global C sink (1900-2006) was driven by N
deposition effects. While boreal forests exhibit highest dC/dN, their N deposition-induced C sink was relatively
low and is suspected to stay low in the future as no major changes in N deposition rates are expected in the
boreal zone. N deposition induced a greater C sink in temperate and tropical forests, while predicted C fluxes
and N-induced C sink response in tropical forests were associated with greatest uncertainties. Future work
should be directed at improving the ability of LPJ-GUESS and other process-based ecosystem models to
reproduce C cycle dynamics in the tropics, facilitated by more benchmarking data sets. Furthermore, efforts
should aim to improve understanding and model representations of N availability (e.g., N fixation and organic
N uptake), N limitation, P cycle dynamics, and effects of anthropogenic land use and land cover changes.

1. Introduction

Nitrogen (N) availability plays a central role in driving plant productivity [Field and Mooney, 1986; Kergoat
et al., 2008; LeBauer and Treseder, 2008; Matear et al., 2010; Fisher et al., 2012]. N deposition is strongly affecting
carbon (C) cycling and storage due to stoichiometric controls, potentially enhancing productivity and growth,
or causing chemical imbalances if exceeding N demands [Aber et al., 1998]. From experimental and monitoring
studies, we know that historical increases in atmospheric N deposition in industrialized regions such as North
America and Europe significantly contribute to the historical and present terrestrial C sink, particularly enhan-
cing plant growth in N-limited areas [Sutton et al., 2008; De Vries et al., 2009; Thomas et al., 2010; Fleischer
et al,, 2013]. In concert with rising atmospheric carbon dioxide (CO,) levels, climate warming, and land use
changes [Churkina et al., 2010; Jain et al., 2013], N deposition is a major determinant of ecosystem productivity
and functioning [Galloway et al, 2003, 2008; Gruber and Galloway, 2008] and the global climate system
[Thornton et al., 2009; Arneth et al., 2010; Erisman et al., 2011; Zaehle et al., 2011].

The interaction between forest productivity and N cycle dynamics differs broadly among forest biomes.
Strong control of N availability on productivity and growth is believed to play a central role in boreal and tem-
perate forests [Jarvis and Linder, 2000; Fleischer et al., 2013; Smith et al., 2014], due to the strong temperature
control on N mineralization and general limiting N in soils [Vitousek and Howarth, 1991]. Temperate ecosystems
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experience lower degrees of N limitation due to historically high rates of N deposition [Hégberg, 2011], poten-
tially causing N saturation at regional scale [Aber et al., 1998; Brumme and Khanna, 2008]. Tropical forests are
believed to be least affected by N cycle dynamics due to more prevailing phosphorous (P) limitation of old
weathered soils in tropical regions [Vitousek et al., 2010; Cleveland et al., 2011; Castanho et al., 2013].

The significance of coupled N and C cycles is increasingly recognized as N dynamics become progressively
incorporated into global C cycling models [Sokolov et al., 2008; Jain et al., 2009; Churkina et al., 2010; Esser
et al, 2011; Wang et al., 2010; Zaehle and Friend, 2010; Smith et al., 2014]. Fertilization experiments and
modeling studies point toward an N deposition effect range of 15-40kg C sequestered per kilogram of
N deposited in temperate and boreal forest sites [De Vries et al., 2009; Butterbach-Bahl et al., 2011; Erisman
et al, 2011]. Also, in tropical forests, positive growth responses to N availability have been measured [LeBauer
and Treseder, 2008], although the number of studies is very limited compared to those in temperate and boreal
forests. While it is evident that N cycle dynamics have the potential to alter the spatiotemporal distribution and
magnitude of the terrestrial C sink [Le Quéré et al., 2013], the relative importance of CN interactions, including
the precise contribution of N deposition on the past and future C sink, is not yet well constrained at global and
regional scales [Zaehle et al., 2010; Wassen et al., 2013; Jain et al., 2013; Warlind et al., 2014].

Discrepancies can partly be ascribed to the fact that CN interactions vary in time and space due to the
heterogeneity of underlying factors influencing the fate of C and N in ecosystems, e.g., edaphic characteristic,
forest age, nutrient deposition load, microbial and plant N demands, and plant C allocation strategies
[Janssens and Luyssaert, 2009; Hdgberg, 2011]. These interactions result in large local and regional variations
in how N availability relates to forest productivity. Fertilization experiments are furthermore not directly
translatable to real-world scenarios, while observational studies are inevitably hampered by the challenge
to separate effects of N deposition from other confounding factors [Fleischer et al., 2013; Sutton et al., 2008].
Not least in importance, we lack essential knowledge on the magnitude of acting drivers of key processes
in the N cycle, such as N fixation or denitrification, which are generally too simplistically represented in
process-based ecosystem models [Zaehle and Dalmonech, 2011; Warlind et al., 2014].

One such ecosystem model, the global dynamic vegetation model (DGVM) LPJ-GUESS [Smith et al., 2001;
Sitch et al., 2003; Smith et al., 2014], has been widely applied at regional and global scales to address ques-
tions of ecosystem function in response to environmental changes [Morales et al., 2005; Jung et al., 2007;
Smith et al., 2008; Hickler et al., 2008, 2012; Ahlstrém et al., 2012; Warlind et al., 2014]. An original feature
of LPJ-GUESS is that it includes vegetation dynamics and stochasticity, allowing biome shifts and distur-
bance regimes to be simulated. Various aspects of C and N cycle dynamics in LPJ-GUESS have been eval-
uated by Smith et al. [2014], such as site-scale net primary productivity (NPP) and the sensitivity of the C
cycle to warming and CO, fertilization. Highlighting the regional differences in CN interactions, Smith et al.
[2014] found that N cycle dynamics had little effect on C fluxes globally, but regional patterns have been altered.
Temperature and moisture controls on soil organic matter dynamics and N mineralization have reduced produc-
tivity in boreal, arctic, and water-limited ecosystems in the midlatitudes. Well-watered temperate ecosystems
and the tropics on the other hand were not affected [Smith et al,, 2014]. Warlind et al. [2014] have given a first
estimate of N deposition effect on the terrestrial C balance using LPJ-GUESS, which induced 55Pg C to be
sequestered from 1850 to 2100.

Our objective is to contribute to the understanding of regional variations of CN interactions and their impacts
on C dynamics by (1) extending the evaluation of N cycle dynamics in LPJ-GUESS, using direct FLUXNET
observations of C fluxes at the site scale and other independent observations of C pools and key N cycle
variables, to assess how N cycle dynamics affect prediction accuracy in different forest types and climate
zones, and (2) by quantifying the effect of N deposition on historical C sequestration for different forest types
and climate zones, contrasting results from site and global simulations.

We evaluate the simulated daily and annual C fluxes from the C and CN version of LPJ-GUESS with direct
observations of C fluxes from 68 FLUXNET forest sites encompassing the world’s major forest types. We further
evaluate predictions of biomass and soil C pools, as well as foliar N and leaf area index (LAl) as key dynamic
variables affecting the C cycle. Due to the regional differences in CN interactions in forest ecosystems, we
expect impacts of N dynamics on C flux simulations to differ between sites and forest types. The CN model
version is then employed to assess the effect of N deposition on C sequestration, in relative and absolute
terms, from site and global simulations. In doing so, we contrast effects between forest types and climate
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zones in order to assess regional variations of CN interactions. As detailed above, we expect to see the
greatest improvements due to the N cycle inclusion in boreal forests, and consequently the greatest C
sequestration response to N deposition. We expect less effects of N cycle dynamics and N deposition in
temperate forests and little to no effect in tropical forests.

Site-scale simulations assess the N deposition effect for a particular stand of forest over its lifetime, excluding
major disturbances and vegetation composition changes in site simulations. Global simulations, on the other
hand, include nonforest ecosystems, disturbances, and changes in vegetation distribution; thus, N deposition
effects are expected to be dampened. The combined examination of N deposition effects at site and global
scales, to our knowledge, is unique and has the potential to identify differences arising when assessing N
deposition at global scale versus upscaling site-scale effects.

2. Methods
2.1. LPJ-GUESS and the N Cycle

LPJ-GUESS is a process-based global dynamic vegetation model [Smith et al., 2001; Sitch et al., 2003] that has
recently been extended to include key N cycling processes and feedbacks between the vegetation and soil C
and N cycles [Smith et al., 2014]. LPJ-GUESS predicts vegetation structure and dynamics based on weather,
atmospheric CO, concentration, N deposition, and soil texture. The model includes 12 plant functional types
(PFTs) with varying bioclimatic limits and life traits, determining establishment and competition. Age cohorts
of the different PFTs allow realistic population structures to develop, which is a unique feature of LPJ-GUESS
in contrast to other models applied at global scale [Zaehle et al., 2014]. A detailed description of the physio-
logical processes and representations of the carbon, water, and energy cycle in LPJ-GUESS are summarized
elsewhere [Smith et al., 2001; Sitch et al., 2003; Hickler et al., 2012].

LPJ-GUESS dynamically simulates the N cycle, including plant uptake, allocation, turnover, fixation, mineralization,
denitrification, and leaching of N, for which underlying processes have been explained and emerging N fluxes
and stocks have been evaluated in detail by Smith et al. [2014]. N input originates from biological N fixation,
empirically simulated as a function of annual evapotranspiration [Cleveland et al., 1999] and N deposition
[Lamarque et al., 2010], given as dry and wet depositions. N is lost from the ecosystems via leaching and a
simplified representation of denitrification [Thomas et al., 2013]. Interactions between the C and N cycles in
LPJ-GUESS include (1) dependency of photosynthesis and plant respiration on leaf/plant tissue N, (2) limitation
of decomposition by N availability, (3) dependency of shoot and root C allocation on the C:N ratio of these tissues,
and (4) limitation of N uptake by fine root mass. The calculation of foliar N concentrations and C:N ratios of plant
tissues and soil compartments allows N to impose constraints on productivity, respiration, and C allocation.

2.2, FLUXNET Data

FLUXNET is a global network of sites where the ecosystem carbon, water, and energy exchanges are continuously
monitored by the eddy covariance methodology [Baldocchi et al., 2001]. FLUXNET data have become a benchmark
for ecosystem models due to their high temporal resolution and relatively broad regional coverage [Medlyn et al.,
2005b; Friend et al., 2007; Williams et al., 2009]. Observations from 68 forest FLUXNET sites (La Thuile data set,
Table A1) [Baldocchi et al., 2001] from 1995 to 2008 were compiled, resulting in 226 site years with 1 to 9 site
years per site. The sites represent a diverse range of forest types and climate zones between 68.4°N and 10.1°S
with N deposition rates from 1.5 to 21.8kgNha™"yr™" [Lamarque et al., 2010]. The dominant forest types in the
data set are boreal evergreen needleleaf forests (BNE) (n = 28), temperate deciduous broadleaf forests (TeBS)
(n=15), and temperate evergreen needleleaf forests (TeNE) (n=13), mainly situated in Europe, the Northern
U.S. and Canada (Table A1). FLUXNET sites measure half-hourly biosphere-atmosphere C fluxes at the ecosystem
scale, simultaneously with meteorological conditions. Daily site meteorology was used as input to LPJ-GUESS.
We disregarded site years with incomplete annual meteorological data (n < 365), as well as years with more than
20% of daily fluxes missing or flagged as low quality (<0.90) in the FLUXNET La Thuile data set.

FLUXNET sites were originally classified according to PFT and climate, based on recommendations by the
International Geosphere-Biosphere Program (IGBP) [Loveland et al., 2000] and the Képpen-Geiger climate
classification [Kottek et al., 2006]. The sites were reclassified according to the PFT classification system within
LPJ-GUESS [Sitch et al., 2003; Ahlstrém et al., 2012], covering the following PFTs: BNE = boreal needleleaf
evergreen, TeNE = temperate needleleaf evergreen, TeBS = shade-tolerant temperate broadleaf summergreen,
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Table 1. Overview of Local and Global Simulations Run of LPJ-GUESS, Including Model Version Carbon-Only (C) or Carbon-Nitrogen (CN), Run Code, N Deposition
Scenario (“Actual” for Rising N Deposition and “Preindustrial” for Stagnant N Deposition Form the Year 1850), Time Period of Simulations, and Source of
Meteorological Input

Version Run N Deposition Simulation Period Meteorology

Site-Scale Model Simulations

C C-Ac-L -- forest lifetime (since last major disturbance to 2006) CRU climate®, corrected with tower-based meteorology
CN CN-Ac-L Actual
CN CN-Pi-L Preindustrial
Global-Scale Model Simulations
CN CN-Ac-G Actual 1901-2006 CRU climate®
CN CN-Pi-G Preindustrial 1901-2006

4CRU (Climate Research Unit) climate data [Mitchell and Jones, 2005].

TrBE = tropical evergreen broadleaf. Mixed forests (MF) in FLUXNET do not correspond to a particular PFT in
LPJ-GUESS and were classified as potential natural vegetation which included all woody PFTs.

2.3. Modeling Protocol

The effects of N cycle dynamics on model performance were tested by running site-scale simulations of the
68 FLUXNET sites using the C and CN version of the model (Table 1). The evaluation setup extends previous
work by Morales et al. [2005] who tested predictions by LPJ-GUESS and other models of C and water fluxes
at 15 European FLUXNET sites. For both model versions, identical modeling protocols for the spin-up and
simulation phase, as well as identical climatic drivers and CO, concentrations, were employed. To be able
to assess the effects of N dynamics only, all parameters shared between the C and CN version were set equal.
In particular, the quantum efficiency scalar a, was set to the same value (0.7) for all PFTs for both the Cand CN
version of the model, with further explanation in Text Box A1. The CN version of the model was then employed
at site and global scales to assess the effect of N deposition on C sequestration (Table 1). In both cases, this was
done by contrasting C sequestration rates of the original run using actual historical N deposition (CN-Ac-L/G)
with an additional run where N deposition remained at preindustrial levels (CN-Pi-L/G).

The 500 year long spin-up period, with preindustrial climate, CO, and N deposition, ends in 1901 with Cand N
stocks in equilibrium. This spin-up routine was employed for both local and global simulations. The following
input was continuously repeated during the spin-up: monthly CRU TS 3.0 climate data from 1901 to 1930
(Climate Research Unit) [Mitchell and Jones, 2005], preindustrial levels of atmospheric CO, from 1901 [McGuire
et al, 2001], and for the CN version modeled N deposition estimates from the year 1850 [Lamarque et al.,
2010]. The simulation phase commences in 1901 with atmospheric CO, concentration and CRU climate repre-
senting the historical industrial period [see also Morales et al.,, 2005; Thornton et al., 2007; Churkina et al., 2010],
and the N deposition scenario commences in 1850. This routine follows current best practices in terrestrial
vegetation models [Williams et al., 2009].

Site simulations were optimized by passing local information to the model, namely, tower-based meteorology,
stand age, and dominant PFT. For sites with discontinuous site years included in the analysis, the nearest
0.5 % 0.5° grid cell of the CRU climate data was detrended and bias corrected against tower-based meteorology.
The time of the last major stand-replacing disturbance was extracted from FLUXNET and the literature to derive
stand age (see Table A1) [Fleischer et al., 2013]. At that time, a clearance of the forest was simulated, removing
all aboveground biomass, after which only the PFT present at the FLUXNET sites was allowed to establish. Sites
were excluded from the analysis when the prescribed PFT did not establish due to prescribed bioclimatic limits
in LPJ-GUESS. Global simulations were run from 1901 to 2006 at a 0.5 x 0.5° resolution initialized after the spin-up
routine. Atmospheric CO, [McGuire et al., 2001], CRU climate data [Mitchell and Jones, 2005], and N deposition
[Lamarque et al., 2010] are passed as inputs throughout the historical period.

Physiological processes and associated C, N, and water fluxes are simulated on a daily time step and were run
over 20 replicate patches at site scale and 5 replicate patches at global scale. Multiple patches represent
stochastic variation in growth processes and disturbance events, and modeled values are averages of the
resulting vegetation dynamics [see Smith et al., 2001]. Stochastic disturbances, representing total loss of
vegetation in a patch, due to e.g. storms or fire, were implemented for a mean interval of 100 years for site
and global simulations (at site scale not after prescribed stand establishment).
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Figure 1. Observed versus modeled annual gross primary production (GPP) and ecosystem respiration (Reco), averaged per
forest site (n =68), in kg C m 2 yr_1 for both (left) the C version and (right) the CN version of LPJ-GUESS; symbols reflect the
PFT classification of LPJ-GUESS; see legend.

2.4. Model Evaluation

We evaluated site simulations per PFT against observations for the following annual C fluxes: gross primary
productivity (GPP), representing total ecosystem carbon uptake by photosynthesis; ecosystem respiration
(Reco), representing the sum of autotrophic (R,) and heterotrophic (R}, respiration; and net ecosystem C
exchange (NEE). NEE is reported following the Intergovernmental Panel on Climate Change convention, with
negative values representing an uptake of C by the ecosystem and positive values a loss of C to the atmosphere,
i.e, —NEE=GPP — Reo. We then evaluated the seasonality of daily GPP and R.., against observed fluxes
per PFT, for which multiple years per site were averaged first. Predictions of foliar N and LAl were compared
to a set of ancillary observations taken at FLUXNET sites [Fleischer et al., 2013], representing their seasonal
maximum. As consistent information on C pool sizes is not available within FLUXNET, we evaluated predicted
biomass and soil C pools using two independent data sets each. For biomass, we use spatially explicit estimates
from Ruesch and Gibbs [2008] and estimates for major global biomes in Luysseart et al. [2007]. For soil C, we
use spatially explicit estimates from the Harmonized World Soil Database (HWSD) [FAO/IIASA/ISRIC/ISSCAS/
JRC, 2012] and biome averages from Zinke et al. [1984]. Model data agreement was assessed by their root
mean square error (RMSE), and the tendency of the model to overestimate or underestimate was measured
by percent bias (Pbias) [Maréchal, 2004].

2.5. N Deposition Effect

The historical N deposition effect was assessed for different forest types and climate zones in terms of its relative
effect (i.e., C sequestration per unit N deposition, hereafter dC/dN) and its absolute effect on C sequestration
(i.e., the amount of C sequestered due to N deposition). The relative N deposition effect was derived in an
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Table 2. Mean and Standard Deviations of Major C Fluxes (GPP, Reco, and NEE) From Observations and Models and Error Metrics for C and CN Version (RMSE and Pbias)
as Evaluated Against Observations, Computed for All Sites (ALL) and Per PFT®

Observation C model CN model RMSE Pbias
Mean SD Mean SD Mean SD C CN C CN
GPP ALL 1.38 0.75 1.58 0.58 1.24 0.49 0.65 0.63 14.2 —10.5
MF 1.15 0.48 1.76 0.11 1.38 0.31 0.76 0.60 534 19.9
TrBE 3.07 0.39 1.89 0.56 1.57 0.70 1.21 1.57 —38.3 —48.7
TeNE 1.56 0.59 1.45 0.60 1.07 0.48 0.34 0.60 —-7.3 —31.3
BNE 0.92 0.48 1.44 0.70 1.09 0.52 0.66 034 56.2 18.3
TeBS 1.49 0.30 1.74 0.27 1.45 0.25 0.41 0.37 163 -3.0
M ALL 1.10 0.70 1.49 0.49 1.18 0.45 0.69 0.56 353 7.3
MF 0.97 0.45 1.48 0.22 1.18 0.33 0.70 0.57 53.1 21.6
TrBE 2.76 0.84 2.02 0.29 1.76 0.42 0.92 1.13 —27.0 —36.2
TeNE 1.22 0.46 1.40 0.54 1.03 0.47 0.44 0.45 14.7 —15.6
BNE 0.73 037 134 0.56 1.03 0.44 0.76 047 83.1 40.8
TeBS 1.09 0.28 1.65 0.17 137 0.25 0.63 0.46 523 26.7
NEE ALL —0.28 0.36 —0.09 0.23 —0.05 0.16 0.48 0.47 —69.3 —81.1
MF —0.18 0.19 —0.28 0.16 —0.20 0.09 0.20 0.17 55.1 10.6
TrBE —0.30 0.57 0.13 0.30 0.19 0.30 0.86 0.87 —142.7 —163.7
TeNE —0.35 0.33 —0.05 0.12 —0.05 0.08 0.43 0.44 —85.1 —86.6
BNE —0.19 0.39 —0.10 0.20 —0.06 0.13 0.41 0.42 —459 —67.2
TeBS —041 0.24 —0.09 0.27 —0.08 0.14 0.52 0.46 —79.1 —81.5

?Mixed forests (MF), tropical evergreen broadleaf forests (TrBE), temperate evergreen needleleaf forests (TeNE), boreal evergreen needleleaf forests (BNE), and
temperate broadleaf summergreen forests (TeBS). Mean, SD, and RMSE of C fluxes expressed in kgCm ™ “yr  and Pbias expressed in percent bias.

identical fashion for site and global simulations. For that, we compared differences in C pools (AC pool) from
two contrasting simulations, one with rising N deposition (CN-Ac for “actual”) and one with preindustrial
levels of N deposition (CN-Pi for “preindustrial”) (Table 1). We infer the N deposition effect with these runs,
as all other potential drivers such as CO, concentration, climate, and age of forests were identical. We calcu-
lated dC/dN as AC pool/AN deposition, where AN deposition is the difference in cumulative N deposition. For
site simulations, we only assessed biomass C pools because soil C pools were perturbed by the prescribed
disturbance and often did not recover during the simulation period. For global simulations, we assessed N
deposition effects on changes in soil, litter, biomass, and total ecosystem C pools. To further elucidate differ-
ences between local- and global-scale simulations, we analyzed signs of N saturation, vegetation distribution
shifts, and different N sensitivities in litter, vegetation, and soil C pools in the global simulations.

To complement the global estimate, we additionally employed an upscaling approach to derive the absolute
global N deposition effect on forest C sequestration from site estimates. For this, we combined mean N
sensitivity of C sequestration rates (dC/dN) per forest type from the site-scale simulations with independent
estimates of global forest C budgets [Pan et al., 2011] and mean N deposition rates per forest type. The latter
were derived by overlaying PFT distributions from historical land cover change reconstructions for 1990
[Lawrence et al., 2012] with global N deposition for 1990-1999 [Lamarque et al., 2010]. We propagated the
uncertainty in dC/dN, C sinks, and N deposition to the potential impact of N deposition on C sink strengths,
for which we assumed 50% uncertainty in N deposition estimates [Dentener et al., 2006] and used the 68%
confidence interval (Cl) of dC/dN to estimate the unknown error.

3. Results

Inclusion of the N cycle in LPJ-GUESS caused an overall reduction in mean annual GPP and R, estimates of
—034kgCm2yr "and —0.31kgCm 2yr ', respectively (A = C — CN). N cycle dynamics caused overall model
performance improvement, reducing overall bias of 14% in the C version to —11% in the CN version, while RMSE
improved slightly from 0.65 to 0.63 kg C m~2yr~" (Figure 1 and Table 2). N cycle effects differed between forest
types as expected (Figure 1 and Table 2). Predictions of GPP improved most strongly for boreal needleleaf forests
(BNE), where the CN version reduced overestimation from 56% to 18% with a considerable reduction in RMSE
(0.66 t0 0.34kgCm2yr"). For temperate deciduous (TeBS), prediction bias of mean GPP improved with the
CN version from 16% overestimation to 3% underestimation, while RMSE was slightly reduced. For mixed forests
(MF), both error and bias scores improved with the N cycle inclusion (Table 2). For temperate needleleaf (TeNE)
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Figure 2. Average seasonal cycle of daily gross primary production (GPP) and ecosystem respiration (Reco) in g C m2d™"
against day of the year for the C version (blue), the CN version (red) of LPJ-GUESS, and FLUXNET observations (green), PFTs in
panels from left to right (with number of sites): boreal evergreen needleleaf forests (BNE, n = 28), mixed forests (MF, n=6),
temperate broadleaf summergreen forests (TeBS, n = 15), temperate evergreen needleleaf forests (TeNE, n = 13), and tropical
evergreen broadleaf forests (TrBE, n =6).

and tropical forests (TrBE), modeled results were comparable, although the C version achieved marginally
better accuracy scores. For TrBE, both model versions underestimated mean GPP and had high error and bias
scores. Also, annual totals of Rec, are predicted with greater accuracy by the CN version, reducing bias from
35% to 7% and RMSE from 0.69 to 0.56kgCm™2 yr~' (Figure 1 and Table 2). The largest improvement
occurred for BNE, reducing RMSE from 0.76 to 0.47 kg Cm2yr~ ' and bias from 83% to 41% (Figure 1 and
Table 2). For TeBS and MF, Reco predictions were similarly reduced for both RMSE and bias. For TeNE, RMSE
and bias of Reco predictions were comparable in both model versions. TrBE respiration rates were under-
estimated by both models.

The CN version achieved also the closest agreement between modeled and observed seasonality of C fluxes
for BNE (Figure 2). The C version simulates a fast increase of GPP and R, at the start of the year and an over-
estimated summer peak, which was diminished with the consideration of N limitations in the CN version. For
MF and TeBS, the seasonality in GPP was generally reproduced well by both model versions (Figure 2). For
both forest types, the unrealistically high simulated GPP summer maximum was reduced in the CN version,
which caused a better match to observations for mixed forests but slightly underestimated the summer peak
for TeBS. Peak rates of R.co, for MF, TeBS, and BNE were reduced, which improved model fit although an
overestimation in summer respiration remained. Seasonality of C fluxes in TrBE was not reproduced well.
Magnitudes of GPP and R.., are underestimated, as noted earlier, and both models predicted a strong
decline in GPP around day 180, not supported by observations, although CN dynamics reduced the over-
pronounced seasonal variation to some extent. The unusually high Re., rates for TrBE at the start of the year
(Figure 2) are due to the fact that modeled annual litter input occurs on day 1.

FLUXNET observations of NEE show that all forest types included in the analysis are on average C sinks; however,
within forest types, the net C uptake was highly variable in sign and magnitude. TeNE and TeBS exhibited the
largest mean net C exchange with —0.35+0.33 and —0.41+0.24 kgCm™2yr~", respectively (Table 2). TrBE
showed a lower mean net C exchange of —0.30+0.57 kgCm~2yr~", and BNE and MF exhibited the weakest
net C exchange with —0.19+0.39 and —0.18 £0.19kgCm 2 yr’1, respectively. Both models generally under-
estimated the observed mean NEE and achieved similar accuracy scores in predicting NEE across and within
PFTs (Table 2). This was also the case for BNE, despite the better accuracy scores for GPP and R, in the CN
version, as overestimations in both GPP and R.., canceled each other out in the C version. For TrBE, both models
predicted a C source in contrast to the observed substantial C sink. Only for MF did the CN version achieve
satisfactory NEE predictions, reducing RMSE to 0.17 kg Cm~2yr~' and bias to 11%.

Mean C pools in biomass and soil were consistently reduced in the CN version compared to the C version
across all forest types (Figure 3). This reduction generally resulted in better agreement with observations,
with some exceptions. There is considerable variation and hence uncertainty in soil and biomass C estimates,
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Figure 3. Mean biomass and soil C pools in kg C m ™2 for Cand CN version
averaged per PFT compared to observations by Ruesch and Gibbs [2008]
(Obs1) and Luysseart et al. [2007] (Obs2) for biomass C and the HWSD [FAO/
IIASA/ISRIC/ISSCAS/JRC, 2012] (Obs1) and Zinke et al. [1984] (Obs2) for soil C;
error bars represent 1 standard deviation. PFTs with number of modeled
sites are boreal evergreen needleleaf forests (BNE, n = 28), mixed forests (MF,
n=6), temperate broadleaf summergreen forests (TeBS, n=15), temperate
evergreen needleleaf forests (TeNE, n = 13), and tropical evergreen broadleaf
forests (TrBE, n =6).

version is closest to both available observations at 10 and 13kgC

complicating a clear comparison; e.g.,
biomass C estimates from Ruesch and
Gibbs [2008] are very low compared to
estimates from Luysseart et al. [2007].
However, for forest types in which
observational estimates of biomass are
in closer agreement with each other,
like BNE (3 and 7kgCm~?) and TrBE
(16 and 14kg Cm™2), the CN version is
closer to observations, with ~8 and
22kg Cm~2, respectively. The CN ver-
sion is also closer to the one available
MF observation of 3kgCm™2 with
11kgCm 2. For the other forest types,
TeBS and TeNE, the comparison remains
inconclusive. Soil C observations are
in better agreement with each other
than biomass C observations. BNE
observations of ~18 and 22kgCm™?
are best simulated in the CN version
with ~26 kg Cm ™2 (Figure 3). For TrBE,
both model versions were in very good
agreement with observations of soil C
between 9 and 11kgCm™2 For TeBS,
mean soil C at 14kgCm™2 in the CN
m~2. For MF and TeNE, only one soil C

observation was available, which was in better agreement with estimates of the CN version (Figure 3).

Maximum foliar N concentrations in the CN version of LPJ-GUESS a

greed well with observations (Figure 4).

N cycle dynamics and flexible stoichiometry in the CN version induced realistically greater variation in foliar

N compared to the C version, which simulated very constrained

foliar N values due to fixed C:N ratios

(not shown). Consequently, performance was markedly improved by the CN version, reducing RMSE from
0.58% to 0.38% N and bias from —29% to —4%. Notably, the agreement is largely driven by simulations
capturing the differences between needleleaf (BNE) and broadleaf species (TeBS). Within PFT, agreement is
limited, as the CN version does not capture the full range of observed variations in foliar N within PFTs

(Figure 4). The agreement of simulated maximum LAl with field mea

surements was poor, in that both model
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Figure 4. Scatterplot of observed versus simulated values averaged per site for the CN version for (a) maximum foliar N in

%N per dry weight (n=28) and (b) maximum leaf area index (LAl) in mZm™

2 (n=59). Color and shape represent PFT

classification in LPJ-GUESS (see legend). The 1:1 line in black and the linear regression line with 1 SE underlain in grey.
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Table 3. C Sequestration Per Unit N Deposition (dC/dN), Age, and N Deposition Loads Per PFT and Climate Zone From Site-Scale Simulations (n = 68)°

dC/dN Total N deposition
n mean SD min max CIb Age years (A) kg N ha™" (CN-Ac-G) kg N ha~"
PFT
BNE 28 19.6 13.7 —183 41.2 26 834 247.7 373.7
MF 6 27.7 30.5 —-13.0 749 13.8 101.0 405.5 559.5
TeBS 15 21.6 16.1 —26 484 43 742 436.1 672.1
TeNE 13 256 17.2 0.1 49.7 4.9 534 235.8 298.0
TrBE 6 25.9 239 —6.8 58.5 10.8 147.7 106.5 285.2
Climate
Boreal 14 17.5 18.7 —18.3 41.2 5.2 771 1529 226.7
Temperate 47 240 16.1 —26 749 24 77.1 355.9 521.0
Tropical 6 259 239 —6.8 58.5 10.8 147.7 106.5 285.2

@Mean, 1 standard deviation (SD), minimum (min), maximum (max), and 68% confidence interval (Cl) given for dC/dN in kg C kg N_1, mean age in years, mean
difference in total N deposition between actual and preindustrial runs A (CN-Ac-G, CN-Pi-G), and mean total load in actual run (CN-Ac-G). Data summarized per PFT
(boreal evergreen needleleaf forests (BNE), mixed forests (MF), temperate broadleaf summergreen forests (TeBS), temperate evergreen needleleaf forests (TeNE),
and tropical evergreen broadleaf forests (TrBE)) and climate zone (boreal, temperate, and tropical).

Given as 68% confidence interval, assuming Gaussian error distributions that the real value lies within the given interval.

versions did not reproduce the slope or the range of observed values (Figure 4). Observed LAl ranged from ~1
to 8 m? m ™2, whereas simulations did not exceed 5 m? m~2 for both model versions. N cycle inclusion reduced
mean LAl relative to the C version (not shown) from 3.3 to 2.8 m?>m 2, compared to an observed 44m?m 2.
The N cycle thus slightly reduced the performance in simulating maximum LAl in terms of RMSE (from 2.4 to

2.5m?m~2) and bias (from —26% to —37%).

C sequestration per unit N deposition from site-scale simulations ranged from —18 to 75 kg Ckg N ™", with forest
type means from 20 to 28 kg Ckg N~ (Table 3). Temperate needleleaf forests (TeNE), mixed forests (MF), and tro-
pical forests (TrBE) experienced highest N sensitivities with 26-28 kg CkgN ™", compared to 20-22kgCkgN ™"
for boreal needleleaf forests (BNE) and temperate deciduous broadleaf forests (TeBS) (Table 3). Aggregating
sites per climate zone results in a poleward decreasing trend of dC/dN, from 26 kg CkgN~" in tropical sites to
24kgCkgN™" in temperate and 17.5kg CkgN™" in boreal sites (Table 3). Temperate forest sites saw by far
the highest N deposition loads and rise therein throughout the historical period. Tropical sites experience lower
levels of N deposition loads, comparable to boreal sites, but tropical forests were almost twice as old as boreal
and temperate forests (Table 3). Large variability of dC/dN occurred within forest types, potentially due to low
site data availability, e.g., for tropical sites, but also due to strong site conditional responses to N addition, as
standard deviations remained high in temperate sites, for which relatively many sites were available.

Although the representativeness of our site selection to the wider biomes is questionable, biomass dC/dN per
biome and PFT are within range of published estimates of 15-40 kg C kg N~ for temperate and boreal forests
[De Vries et al., 2009]. Therefore, we employ these estimates to derive the potential global contribution of N
deposition to the terrestrial C sink (Table 4). Biomass dC/dN from site simulations amounted to 23 kg Ckg N~

Table 4. Contribution of N Deposition to the Global and Biome-Specific Forest C Sink, Based on Forest Area Per Climate Zone in Megahectare and C Sinks in Pg C yr71
for 1990-2007 From Pan et al.[2011], Average N Deposition Per Forest Type in the 2000s kg N ha™' yF1 Based on Lawrence et al. [2012] and Lamarque et al. [2010] and
dC/dN in kg Ckg N~" From This Study®

Area C Sink dC/dN N Deposition N Deposition Effect
Forest Mha P Cyr71 kg Ckg N kg N ha ™' yr71 PgCyr71 %
Boreal 1135 0.50+0.08 17.5+£5.2 36+1.8 0.07 + 0.04 143+43
Temperate 767 0.72£0.08 240+24 6.2+3.1 0.11 £0.06 159+6.0
Tropicalb 1949 1.19+0.41 259+10.8 53+27 0.27+0.17 225+19.7
Global® 3851 240+042 23.0+7.5 52+26 0.46 +0.28 19.2+£28.7

*The resulting C sink due to N deposition (N deposition effect) is given in Pg C yr_1 and in percent of the total C sink. The following uncertainties are propagated
to derive the N deposition effect: uncertainty as 68% Cl for C sinks (as described in Pan et al. [2011]) and for dC/dN (as in Table 3), and uncertainty of N deposition is
assumed at 50% [see Dentener et al., 2006].

Including intact tropical forests only (as in Pan et al. [2011]).
Global dC/dN calculated as area-weighted mean of climate zone-based dC/dN.
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Table 5. Historical C Sequestration Rates and N Deposition Effects for 1900-2006 From Global Simulations, Including Total Area (Mha), Total C Sequestration (Pg C),
the Induced C Sequestration due to N Deposition (Pg C) (ACN-Ac-G and CN-Pi-G), Total Additional N Deposition (kg N ha71) (ACN-Ac-G and CN-Pi-G), Resulting dC/dN
(kg Ckg N71), and the Contribution of N Deposition on Total C Sequestration in Percent (N-Induced C Sink/C Sink)®

Area C Sink N-Induced C Sink Additional N Deposition dC/dN N Deposition Effect
Mha PgC PgC kgNha ' kgCkgN ™" %
Temperate (N) 3189 314 10.7 273.0 123 34.0
Boreal 1505 17.7 33 100.2 21.7 18.5
Tropical 5042 54.1 11.9 1325 17.8 22.0
Subtropical 2712 9.2 2.2 140.5 5.6 234
Southern 252 23 0.3 514 26.3 14.6
Arctic 698 2.1 0.4 26.5 20.1 17.7
Global 13398 116.9 28.7 2101.9 13.7 246

@Results are shown for major climate zones of the world and the global total.

“'yr ! [Lamarque et al,, 2010] would thus

1

for global forests. Global mean N deposition rates of 5.2kgN ha
sequester 046 PgCyr~' in biomass. Global forest C sink strength was estimated at 2.4+0.4PgCyr~
(1990-2007) [Pan et al., 2011], including both biomass and soil C pools. Given our simple accounting method,
N deposition would sustain 19 + 29% of the recent global forest C sink through effects on biomass production
alone (Table 4). This additional C sink due to N deposition amounted to 0.07 +0.04 PgCyr’1 in boreal,
0.11£0.06 PgCyr~" in temperate, and 0.26+0.17PgCyr~" in tropical forest biomass, which is equivalent
to 14+£4%, 16 £ 6%, and 23 + 20% of the total forest C sink in these biomes, respectively (Table 4).

Based on global simulations, we derived a historical cumulative terrestrial C sink of 117 Pg C since 1900 (CN-Ac-G
in Table 5). The tropics sequestered almost half (54.1 Pg C), followed by the temperate zone (31.4 Pg C), boreal
zone (17.7 Pg C), and subtropical zone (9.2 Pg C). The preindustrial run (CN-Pi-G) results in 88.1 Pg C sequestered;
thus, 28.7 Pg C, or 24%, has been sequestered due to rising N deposition at a rate of 13.7 kg Ckg N~ (Table 5 and
Figure 5). N deposition has induced the strongest C sink in the tropics (11.9 Pg C) and temperate zone (10.7 Pg C).
Conversely, in boreal and subtropical climates, the N-induced C sink was relatively small, with 3.3 and 2.2PgC
(Table 5 and Figure 5). The N effect was highly variable within climate zones and included regional negative
N effects, which were most pronounced in the tropics (Figure 5). This is a result of simulated disturbance events,
causing stochastically induced loss of biomass, which causes variable N effects at smaller scales. Since biomass
C represents a larger fraction of total ecosystem C in the tropics compared to the boreal or temperate zone,
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Figure 5. Ecosystem carbon accumulation from 1901 to 2006 due to rising N deposition, derived from total ecosystem
C difference in 2006 between preindustrial and historical N deposition scenario simulations (ACN-Ac-G and CN-Pi-G) in
kg C m72; positive values (blue) indicate a gain of C in ecosystems and negative values (red) a net C loss due to N deposition.
Grid values were interpolated to derive a more coherent appearance.
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Figure 6. (top) Evolution of N deposition, (middle) N deposition-induced
C sequestration, and (bottom) resulting dC/dN over the historical period,
globally and per climate zone (see legend). N deposition as the cumulative
difference between the preindustrial and historical N deposition scenario
simulations (ACN-Ac-G and CN-Pi-G) in Tg N, N deposition-induced C
sequestration as the difference in total ecosystem C pool between the
two runs in Pg C, and the resulting dC/dN as C sequestration per N
deposition in kg Ckg N~ Results for a specified time cover the time period
since 1900 until that point, e.g., 1980, assesses the period 1900-1980, etc.
(calculating dC/dN per decade is not possible as initial states per decade
differ between model runs). Note that the 1910 value for tropical is out of
range (154 kg Ckg N

these small-scale variations are more
pronounced (see also Figure 3). These
interactions point out the need to
account for disturbances when asses-
sing N effects at spatial scales where
disturbances become relevant.

Temperate and tropical dC/dN from
global simulations were 12 and
18kg CkgN™", respectively, while bor-
eal dC/dN was 22 kg C kgN ™" (Table 5),
following the generally expected pat-
tern of higher efficiencies in high lati-
tudes. Boreal efficiencies are higher in
the global simulation due to substantial
sequestration of litter and soil C not
accounted for in the site-scale simula-
tions, while biomass dC/dN was com-
parable (Table S1 in the supporting
information and Table 3). Boreal regions
experience a positive N effect on C
sequestration since 1950, with rising
efficiencies since (Figure 6); however,
the absolute effect of N deposition
on C sequestration remained low. In
contrast to boreal regions, biomass
dC/dN was lower at global scale for
tropical (13.7 versus 25.9kgCkgN™")
and temperate regions (7.6 versus
24.0kgCkgN~") (Tables S1 and 3).
Although global dC/dN was low for
temperate and tropical ecosystems,
substantial deposition of N induced
considerable C sinks in these climate
zones. This is despite temperate and
tropical regions exhibiting signs of N
saturation, as dC/dN moderately but
steadily declines (Figure 6). While tem-
perate and tropical regions received
similar amounts of N, temperate N loads
were highest on an area basis in both
global and site simulations (Tables 3
and 5), supporting the likely onset of N
saturation in this climate zone.

Another factor contributing to differ-
ences between site and global dC/dN
are N deposition effects on PFT distri-

bution. These play a role, as some spatial patterns in dC/dN were likely not captured by site simulations
(Figure S1). For example, we observed increases in woody PFTs in Siberia (deciduous needleleaf forests,
not shown) in the global simulations, for which no observational data from sites were available. The large
presence of nonforest ecosystems (grasses) in the temperate zone explains partly lowered efficiency at a
global scale, as the N deposition-induced stimulation of grass coverage (Figure S1) induces lower C seques-
tration compared to forests. Spatial shifts in PFTs due to CO, fertilization, N deposition, and climate have been

assessed in more detail by Wadrlind et al. [2014].
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Table 6. Recent C Sequestration Rates and N Deposition Effects for 1990-2006 From Global Simulations, Mean C
Sequestration (PgCyrq), the Induced C Sequestration Due to N Deposition (PgCyrq) (ACN-Ac-G and CN-Pi-G),
Mean N Deposition (kg N ha~" yr71) (CN-Ac-G), and the Contribution of N Deposition on Mean C Sequestration in
Percent (N-Induced C Sink/C Sink)®

C sink N-Induced C Sink N Deposition N Deposition Effect
PgCyr_1 PgCyr_1 ngha_1yr_1 %
Temperate (N) 0.75 0.22 6.97 29.12
Boreal 0.40 0.08 2.94 20.09
Tropical 1.46 0.21 468 14.41
Subtropical 0.21 0.04 5.20 18.46
Southern 0.07 0.00 1.50 5.07
Arctic 0.05 0.01 0.94 19.56
Global 295 0.56 4.57 19.11

Results shown for major climate zones of the world and global totals.

To directly compare global simulations with the upscaling approach and observation-based estimates
in Pan et al. [2011], we assess global simulation results for the time period 1990-2006 (Table 6). The simu-
lated C uptake rates per climate zone agree well with observational-based estimates, e.g., 0.75 versus
0.72PgCyr~" in the temperate zone and 0.40 versus 0.50 PgCyr~" in the boreal zone (Table 4). Global
mean C sequestration (or NEE) was simulated at 2.95PgCyr ' of which 0.56 PgCyr~' (or 19%) has been
due to rising N deposition.

4, Discussion

The evaluation of LPJ-GUESS showed that the N cycle inclusion generally improved or equaled model per-
formance of the C version. The extension of LPJ-GUESS with N cycle dynamics improved model predictions
most notably for boreal evergreen needleleaf forests (BNE). Boreal forests were modeled with a greater
degree of N limitation on GPP compared to temperate forests, in line with observations and modeling
results [Jarvis and Linder, 2000; Zaehle and Friend, 2010; Fleischer et al., 2013]. The inclusion of the N cycle
improved the simulation of both annual and seasonal GPPs of BNE when compared to the C version. In tem-
perate forest ecosystems (TeNE and TeBS), effects of N dynamics were smaller and both model versions
achieved comparable accuracies. The question is whether N limitation of temperate forests is in fact small
or negligible, or whether it remains prevalent, but is compensated for by other processes and/or parameter
settings in the C version. We believe the second is more likely, since experimental and monitoring studies
indicate the prevalence of widespread N limitation in temperate forests, though there are examples of N
saturation [LeBauer and Treseder, 2008; Ferretti et al., 2014]. Our modeled C sequestration responses to N
deposition further support the hypothesis of enduring N limitation in temperate forests, although with mod-
erate magnitude diminishing over time.

N dynamics in LPJ-GUESS induced changes in simulated ecosystem respiration and C pool sizes, both of
which are linked due to the dependence of respiration on the stoichiometric composition of plant biomass
and soil carbon. In the C version, C:N ratios are fixed for a given PFT and autotrophic respiration is entirely
based on biomass C pool size, modified only by temperature. In the CN version, autotrophic respiration
depends on flexible C:N ratios and N limitation realistically causes higher C:N ratios and lower respiration
rates. Hence, the N cycle inclusion caused general reductions in Rec, and C pools, generally better matching
observations, which is attributable to a combination of N controls on productivity and respiration. A moderate
but persistent overestimation in R.c, remained however at the site scale in the CN version, especially for boreal
and temperate deciduous forests (BNE and TeBS), hampering satisfactory predictions of NEE. Systematic
overestimations of ecosystem respiration were not apparent previously [Smith et al., 2014] or in our global
simulations (Table 5). Since biomass dynamics and N deposition effects have been modeled realistically at
the site scale, the heterotrophic component of R, is likely contributing mainly to site-scale discrepancies.
High soil C effluxes after disturbance often did not recover during the forests’ lifetime to previous levels
(not shown), which represents unrealistically long disturbance recovery times. The representation of respiratory
processes in terrestrial models is hampered by the lack of adequate observations that broadly capture spatial
and temporal variations, as well as competing but no superior modeling approach for soil C decomposition
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to date [Exbrayat et al., 2013]. Furthermore, quantifying global C stocks [Scharlemann et al., 2014] and separ-
ating components of autotrophic and heterotrophic respiration as well as quantifying their interactions with
environmental drivers and disturbances [Exbrayat et al.,, 2013] add challenging complexities to measuring
and modeling respiration satisfactorily to date.

The model evaluation identified other remaining challenges for global ecosystem models. The unsatisfactory
reproduction of C cycling in tropical forests by LPJ-GUESS is a feature generally shared by ecosystem models
[Castanho et al., 2013]. This is inferred to be due to misrepresentations of plant and soil water-related mechanisms,
identified earlier for LPJ-GUESS [Morales et al., 2005] and other ecosystem models [Restrepo-Coupe et al., 2013;
van der Molen et al., 2011]. The accurate simulation of tropical ecosystem C and N cycles may notably be further
complicated by the representation of such a diverse biome with commonly one or two PFTs, raising questions
about the capability of ecosystem models in their current state to adequately capture tropical biogeochemical
dynamics [Pavlick et al., 2013; Van Bodegom et al., 2012]. Another discrepancy between modeled and observed
estimates was LAI, which did not satisfactorily match field observations for either version of LPJ-GUESS. This was
rather unexpected as acceptable reproduction of forest LAl of LPJ-GUESS was reported earlier when compared
to a different set of field observations [Smith et al., 2008]. Satisfactory prediction of C fluxes indicates that other
model components might compensate for the underestimated amount of leaf area. The standard Beer’s law
light extinction coefficient (k) of 0.5 in LPJ-GUESS contributes to a low variation in LAl, leading to little additional
increase in GPP above an LAl of 5 [see also Jung et al., 2007]. Model data agreement is further compromised by
limited reliability of experimental observations and a lack of standardized methodologies across the FLUXNET
network [Bréda, 2003].

The mean efficiency of converting deposited N into biomass amounted to 17.5 and 24 kg CkgN™" in boreal and
temperate forest sites, which are in the low to medium range when compared to the published range of 15 to
40kg CkgN~" from experimental and modeling studies [De Vries et al., 2009; in Butterbach-Bahl et al, 2011;
Erisman et al., 2011]. Despite an expectation of strong N limitation in boreal forests, dC/dN was lowest for boreal
site simulations. However, at global scale, efficiencies were highest for boreal regions (22 kg CkgN™"), due to
significant N-induced C sequestration in litter and soil C pools and due to increases in woody PFTs in some
regions not captured by site simulations. For temperate regions on the other hand, efficiencies are actually
lower at global scale (12 kg CkgN™") due to the onset of N saturation effects, as well as the consideration of
disturbances and nonforest ecosystems, with generally less C sequestration potential [Liu and Greaver, 2009].

Despite diminishing efficiencies, in terms of actual N deposition-induced C sequestration, temperate forests
provided a stronger recent and historical C sink than boreal forests based on our simulations and forest
inventories [Pan et al., 2011]. Determining the onset and development of N saturation due to high N loads
plays a key role in temperate forests [Aber et al., 1998; Brumme and Khanna, 2008]. While some studies have
suggested signs of actual decline in C sink rates in temperate forests [Nabuurs et al., 2013], these were not
severe in our simulation. Temperate forests remained substantial C sinks, and although relative N deposition
effects slightly reduced, absolute effects remained considerable; i.e., there are limited signs of N saturation in
temperate forests in our simulations.

Boreal ecosystems’ C sequestration was limited to a net C uptake of 0.4-0.5PgCyr~" in recent years (this

study and also Pan et al. [2011]). N deposition was responsible for inducing 0.07-0.08 PgCyr~' thereof
[Pan et al., 2011; this study; but also Zaehle et al., 2010]. Historically, this amounted to less than 3 Pg C, which
is arguably small and corroborates conclusions by Gundale et al. [2014], arguing that the main N-induced C
sink is not found in boreal forest. Although boreal forests (BNE) were most N limited in the model evaluation,
their C response to N deposition was low at site scale and only moderate at global scale (when compared
to the previous range of 15-40kg CkgN™"). Continuously low N deposition rates, combined with moderate
efficiencies, prevented a substantial N-induced C sink. The rise of boreal dC/dN in recent decades might point
toward stronger future effects of N deposition. However, we judge this to be of little relevance since pre-
dicted future N deposition loads in boreal regions are not expected to rise significantly [Lamarque et al.,
2013; Warlind et al., 2014]. Other processes such as a warming-induced higher soil N availability in boreal
regions are believed to play a greater role than N deposition in terms of CN interactions relevant to the global
C cycle [Melillo et al., 2011].

The large contribution of tropical regions to global C sequestration is apparent, since almost half of historical
C sink has occurred in the tropics according to our simulations. Also, about half of the recent forest C sink is
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attributed to the tropics, i.e., 1.19 of 2.40 Pg Cyr~" and 1.46 of 2.95 Pg Cyr~', following forest inventories, and
our simulations, respectively [Pan et al., 2011] (Table 4). Induced N limitation in the tropics was small (as
hypothesized) in the site-scale model evaluation due to more favorable climate conditions for soil organic
matter turnover and N mineralization [Smith et al., 2014]. Nonetheless, N deposition effects in our simulations
were substantial in the tropics (26 and 18kg CkgN™" at site and global scales) with about one third of the
N-induced C sequestration occurring in the tropics, which is in contrast to other similar modeling studies,
e.g., Zaehle et al. [2010]. This strong simulated tropical N deposition effect in our study is however associated
with greatest uncertainty given the unsatisfactory results during model evaluation, and the lack of P cycle
dynamics, which are likely to further strongly control N effects and C dynamics in the tropics [Cleveland
etal., 2011; Vitousek et al., 2010]. Thus, the N deposition effect might in reality be small or negligible, although
positive responses to N fertilization [LeBauer and Treseder, 2008] have also been reported. The scarcity of
relevant studies hampers a thorough evaluation in the tropics, where N effects are most uncertain [Zaehle
and Dalmonech, 2011]. Nonetheless, the large amounts of N deposited over tropical forests worldwide and
associated observed changes in tropical forests’ N cycling [Hietz et al., 2011] call upon a careful evaluation
of N deposition effects in these regions.

Furthermore, we have not accounted for deforestation and other land use and land cover changes (LULCCs),
which have been estimated to bring net C balance of tropical forests close to zero due to C emissions from
large-scale deforestation and fires [Pan et al., 2011]. Also, in temperate forests, the anthropogenic LULCC
component is similarly central, as forest regrowth and management significantly determine the C balance
[Erb et al., 2013; Nabuurs et al., 2013]. Interactions of N cycle and deposition with LULCC have so far been
shown to mainly increase the net loss of C from ecosystems [Gerber et al., 2013; Jain et al., 2013] and thus
are likely offsetting N deposition effects alone.

Globally, our accounting method based on site simulations indicated that 19 + 29% of the recent global forest
C sink, or 0.46+0.28 PgCyr ', is due to N deposition effects on biomass. The large uncertainties are mainly
due to uncertainty of dC/dN and C sink strength in tropical forests. For boreal and temperate forests, the
N deposition effect could be narrowed down to be within 10% to 22% (see Table 4). Our global simulations,
representing spatial and temporal variability and including soil pools and other nonforest ecosystems, indi-
cated a very comparable global N deposition effect of 0.56 Pg Cyr™', representing 19% of the global C sink.
Recent estimates of the N deposition effect on the global terrestrial C sink strength ranged from 0.2 to
0.4PgCyr~" derived from global ecosystem model simulations [Zaehle and Dalmonech, 2011] and 0.4 to
0.6 Pg Cyr~" from a similar upscaling approach of field measurements [Liu and Greaver, 2009]. Our estimates
0f 0.46 and 0.56 Pg Cyr~ ' are thus in the medium to high end of these estimates, notably including a substantial
N deposition effect in the tropics. Historically, our simulations indicate N deposition to be responsible for a
sequestration of 0.26 PgCyr~' (1900-2006).

Assessing the response of global forest C sinks to N deposition remains of high priority due to expected
changes in N deposition rates [Lamarque et al., 2013], remaining gaps in our understanding of relevant
processes, and subsequent modeling deficiencies [Zaehle and Dalmonech, 2011]. Future experimental
and monitoring efforts should be directed to underrepresented regions, such as the tropics or regions with
high expected N inputs, e.g., temperate Asia [see Lamarque et al., 2013]. While most knowledge is derived
from temperate ecosystems, it is evident that also there we are not completely confident in modeling
CN interactions and they are a key contributor to global N effects; thus, efforts should not be lessened.
Ecosystem models should further be rigorously tested with relevant measurements, ideally combining
fluxes and pools of C and N, as well as P, a controlling factor with increasing importance not only in the
tropics [Periuelas et al., 2013]. Priorities should also be set to accurately represent processes governing
N/P availability and limitation, such as N fixation, N/P uptake, and allocation, as well as interactions with
LULCC in ecosystem models.

Appendix A: Text Box A1

The quantum efficiency scalar a, controls CO, assimilation per unit photosynthetically active radiation
absorbed, when scaling up from the leaf to the canopy level [Tagesson et al., 2009; Smith et al., 2014], and
is highly influential on C flux and sequestration in LPJ-GUESS [Zaehle et al., 2005]. It was set at 0.7 for both
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model versions. Previous standard LPJ-GUESS C version modeling efforts were based on more conservative
estimates, e.g., 0.5 in Haxeltine and Prentice [1996], to force the global NPP to be within acceptable limits.
However, this often caused an overestimation of primary productivity in boreal forests and an underestimation
in temperate forests [Morales et al., 2005; Jung et al., 2007]. Previous settings of a, were likely to compensate
for the absence of N limitation, and the inclusion of the N cycle in the current study allows us to reproduce the
gradient in productivity from temperate to boreal forests due to N cycle dynamics with a more realistic value
of a, of 0.7 [Smith et al., 2014]. Smith et al. [2014], however, uses different settings of a,, calibrated separately
for the C and CN version to attain global C fluxes and stocks. While this produces realistic global predictions
of both C and CN version, it does not allow extraction of the pure N cycle effect on predictions in LPJ-GUESS.
For this reason, we have chosen a modeling setup in which C and CN version only differ in their inclusion, or
exclusion, of the N cycle.

Table A1. List of FLUXNET Sites Included in Analysis (n = 68): Name and FLUXNET Abbreviation, Latitude, Year of Last Disturbance Used as Model Input, IGBP-Biome
Classification [Loveland et al., 2000] and Climate [Kottek et al., 2006] According to FLUXNET, PFT Classification Used as Model Input for LPJ-GUESS, and Reference

Site Name Latitude Distur. IGBP Climate PFT Reference®
BE-Bra De Inslag Forest 51.31 1930 MF TE MF Janssens et al. [1999]
BE-Vie Vielsalm 50.31 1910 MF TE MF Aubinet et al. [2001]
BR-Ban Ecotone Bananal Island —-9.82 0 EBF TR TrBE da Rocha et al. [2009]
BR-Ji2 Rebio Jara Ji Parana —10.08 0 EBF TR TrBE von Randow et al. [2004]
BR-Sa1 Santarem kmé67 —2.86 0 EBF TR TrBE Saleska et al. [2003]
BR-Sa3 Santarem km83 —3.02 0 EBF TR TrBE Saleska et al. [2003]
CA-Cal Campbell River, Mature 49.87 1950 ENF TE BNE Humphreys et al. [2006]
CA-Ca2 Campbell River, Clearcut 49.87 1999 ENF TE BNE Humphreys et al. [2006]
CA-Ca3 Campbell River, Young 49,53 1988 ENF TE BNE Humphreys et al. [2006]
CA-Man BOREAS NSA 55.88 1850 ENF BO BNE Dunn et al. [2007]
CA-NS1 UCI 1850 burn site 55.88 1850 ENF BO BNE Goulden et al. [2006]
CA-NS2 UCI 1930 burn site 55.91 1930 ENF BO BNE Goulden et al. [2006]
CA-NS3 UCl 1964 burn site 55.91 1964 ENF BO BNE Goulden et al. [2006]
CA-NS4 UCI 1964 burn site wet 55.91 1964 ENF BO BNE Mike Goulden
CA-NS5 UCI 1981 burn site 55.86 1981 ENF BO BNE Goulden et al. [2006]
CA-Obs Sask. SSA Old Black Spr. 53.99 1870 ENF BO BNE Griffis et al. [2003]
CA-Ojp Sask. SSA Old Jack Pine 53.92 1920 ENF BO BNE Griffis et al. [2003]
CA-Qcu Quebec Cutover Boreal 49.27 2000 ENF BO BNE Giasson et al. [2006]
CA-Qfo Quebec Mature Boreal 49.69 1910 ENF BO BNE Bergeron et al. [2007]
CA-SJ2 Sask. Harvest 2002 53.94 2002 ENF BO BNE Coursolle et al. [2006]
CA-TP4 Turkey Point Mature 42.71 1939 ENF TC BNE Arain and Restrepo-Coupe [2005]
CA-WP1 Western Peatland 54.95 1950 MF BO MF Flanagan and Syed [2011]
CN-Cha Changbaishan 424 1800 MF TC MF Guan et al. [2006]
CZ-BK1 Bily Kriz 49.5 1980 ENF TC BNE Reichstein et al. [2005]
DE-Bay Bayreuth 50.14 1945 ENF TE BNE Staudt and Foken [2007]
DE-Hai Hainich 51.08 1750 DBF TE TeBS Knohl et al. [2003]
DE-Har Hartheim 47.93 1960 ENF TE TeNE Schindler et al. [2006]
DE-Tha Tharandt 50.96 1887 ENF TE TeNE Griinwald and Bernhofer [2007]
DE-Wet Wetzstein 50.45 1950 ENF TE BNE Anthoni et al. [2004]
DK-Sor Soroe 55.49 1920 DBF TE TeBS Pilegaard et al. [2003]
ES-ES1 El Saler 39.35 1900 ENF SM TeNE Sanz et al. [2004]
FI-Hyy Hyytiala 61.85 1960 ENF BO BNE Vesala et al. [2005]
FI-Sod Sodankyla 67.36 1925 ENF BO BNE Suni et al. [2003]
FR-Fon Fontainebleau 48.48 1860 DBF TE TeBS Michelot et al. [2011]
FR-Hes Hesse Forest 48.67 1965 DBF TE TeBS Granier et al. [2002]
FR-LBr Le Bray 44.72 1970 ENF TE TeNE Berbigier et al. [2001]
GF-Guy French Guyana 5.28 1800 EBF TR TrBE Bonal et al. [2008]
ID-Pag Palangkaraya 235 1950 EBF TR TrBE Hirano et al. [2007]
IL-Yat Yatir 31.34 1965 ENF DR TeNE Griinzweig et al. [2003]
IT-Lav Lavarone 45.96 1920 ENF TE BNE Marcolla et al. [2003]
IT-Non Nonantola 44.69 1992 DBF SM TeBS Grassi and Magnani [2005]
IT-PT1 Zerbolo-Parco Ticino-Canarazzo 45.2 1990 DBF SM TeBS Migliavacca et al. [2009]
IT-Ren Renon 46.59 1820 ENF TE BNE Montagnani et al. [2009]
IT-SRo San Rossore 43.73 1950 ENF SM TeNE Chiesi et al. [2005]
IT-Vig Vigevano 45.32 1990 DBF SM TeBS Zenone [2007]
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Table A1. (continued)

Site Name Latitude Distur. IGBP Climate PFT Reference®
JP-Tef Teshio Exp Forest 45.06 1835 MF TC MF Takagi et al. [2009]
JP-Tom Tomakomai 42.74 1960 MF TC MF Hirano et al. [2003]
NL-Loo Loobos 52.17 1900 ENF TE TeNE Dolman et al. [2002]
RU-Fyo Fyedorovskoye 56.46 1850 ENF TC BNE Milyukova et al. [2002]
SE-Fla Flakaliden 64.11 1960 ENF BO BNE Roberntz [2001]
UK-Gri Griffin 56.61 1980 ENF TE BNE Medlyn et al. [2005a]
UK-Ham Hampshire 51.12 1940 DBF TE TeBS Read et al. [2009]
US-Bar Bartlett Exp. Forest 44,06 1880 DBF TC TeBS Ollinger and Smith [2005]
US-Blo Blodgett Forest 38.9 1990 ENF SM BNE Goldstein et al. [2000]
US-Bn1 Bonanza Creek 1920 burn 63.92 1920 ENF BO BNE Liu et al. [2005]
US-Ho1 Howland (main tower) 452 1895 ENF TC BNE Davidson et al. [2006]
US-Ho2 Howland (west tower) 45.21 1895 ENF TC BNE Davidson et al. [2006]
US-LPH Little Prospect Hill 42.54 1955 DBF TC TeBS Davidson et al. [2006]
US-Me3 Metolius second Young Aged 44.32 1987 ENF SM BNE Campbell and Law [2005]
US-Me4 Metolius Old 445 1810 ENF SM BNE Law et al. [2001]
US-MMS Morgan Monroe State Forest 39.32 1925 DBF SM TeBS Schmid et al. [2000]
US-MOz Missouri Ozark 38.74 1930 DBF SM TeBS Gu et al. [2006]
US-NC2 North Carolina Loblolly Pine 35.8 1992 ENF SM TeNE Noormets et al. [2010]
US-NR1 Niwot Ridge Forest 40.03 1900 ENF BO BNE Monson et al. [2002]
US-Oho Oak Openings 41.55 1960 DBF TC TeBS DeForest et al. [2006]
US-UMB University Michigan Biological Station 45.56 1910 DBF TC TeBS Gough et al. [2013]
US-Wcr Willow Creek 4581 1920 DBF TC TeBS Desai et al. [2005]
US-Wrc Wind River Crane 45.82 1550 ENF TE TeNE Chen et al. [2004]

Name of principal investigator was given if no site reference was available.
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