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Abstract. Recently a considerable amount of effort has been
put into quantifying how interactions of the carbon and ni-
trogen cycle affect future terrestrial carbon sinks. Dynamic
vegetation models, representing the nitrogen cycle with vary-
ing degree of complexity, have shown diverging constraints
of nitrogen dynamics on future carbon sequestration. In this
study, we use LPJ-GUESS, a dynamic vegetation model em-
ploying a detailed individual- and patch-based representation
of vegetation dynamics, to evaluate how population dynam-
ics and resource competition between plant functional types,
combined with nitrogen dynamics, have influenced the ter-
restrial carbon storage in the past and to investigate how ter-
restrial carbon and nitrogen dynamics might change in the
future (1850 to 2100; one representative “business-as-usual”
climate scenario). Single-factor model experiments of CO»
fertilisation and climate change show generally similar di-
rections of the responses of C-N interactions, compared to
the C-only version of the model as documented in previous
studies using other global models. Under an RCP 8.5 sce-
nario, nitrogen limitation suppresses potential CO5 fertilisa-
tion, reducing the cumulative net ecosystem carbon uptake
between 1850 and 2100 by 61 %, and soil warming-induced
increase in nitrogen mineralisation reduces terrestrial carbon
loss by 31%. When environmental changes are considered
conjointly, carbon sequestration is limited by nitrogen dy-
namics up to the present. However, during the 21st century,
nitrogen dynamics induce a net increase in carbon seques-
tration, resulting in an overall larger carbon uptake of 17 %
over the full period. This contrasts with previous results with

other global models that have shown an 8 to 37 % decrease
in carbon uptake relative to modern baseline conditions. Im-
plications for the plausibility of earlier projections of future
terrestrial C dynamics based on C-only models are discussed.

1 Introduction

The nature of future climate change will depend on anthro-
pogenic emissions of CO,, and climate and CO,-mediated
feedbacks through carbon (C) cycling in both terrestrial
ecosystems and oceans (Friedlingstein et al., 2006; Heimann
and Reichstein, 2008; Sitch et al., 2008; Arneth et al., 2010g;
Raupach, 2011). Terrestrial ecosystems currently remove
about a quarter of the anthropogenic CO, fossil-fuel and
land-use change emissions from the atmosphere (Schulze,
2006; Canadell et al., 2007), but attribution of this sink for at-
mospheric carbon to underlying mechanisms and the regions
where it occurs is a challenging task. As a consequence, pro-
jections of how the C cycle may evolve under a future rapidly
changing climate diverge widely (Raupach, 2011; Ahlstrom
etal., 2012; Stocker et al., 2013). Considerable attention has
focused in recent years on whether and how interactions of
the C and nitrogen (N) cycles will affect future terrestrial
ecosystem C balance. Until relatively recently these interac-
tions were not considered in models of the global C cycle,
although in many ecosystems N is regarded as a limiting fac-
tor, controlling C uptake in present-day environments (Vi-
tousek and Howarth, 1991; Galloway et al., 2008; Arneth et
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al., 2010a). Full-scale ecosystem manipulation studies such
as free air CO, enrichment (FACE) experiments, that as-
sess ecosystem responses to a step-increase in atmospheric
[CO2], have in certain cases exhibited an initial enhance-
ment in C uptake under elevated [CO>] that declines over
time, arguably due to progressive N limitation (Luo et al.,
2004), abating the initial CO, fertilisation of plant produc-
tion (Norby et al., 2010). However, other FACE experiments
have shown a sustained enhancement of C uptake in conjunc-
tion with CO, enrichment (Finzi et al., 2007; Carthy et al.,
2010). Soil-warming experiments have shown that an initial
decrease in soil C pools due to increased heterotrophic respi-
ration was almost offset by an increase in soil N mineralisa-
tion, increasing plant C uptake capacity (Melillo et al., 2011).
Still, relatively few full-scale multi-factorial ecosystem ex-
periments have been conducted to date, and these have been
of limited duration, leaving the effects of interactions among
drivers of, and on, future change in climate, atmospheric CO»
and other environmental changes such as atmospheric N de-
position unclear (Beier, 2004; Leuzinger et al., 2011).

A few, recent, simulation experiments using dynamic veg-
etation models (DVMs) have begun to address the magni-
tude of an effect of C-N interactions on historical and fu-
ture terrestrial ecosystem C cycling. These studies agree in
principle on the main involved processes, namely that fu-
ture CO, fertilisation of global photosynthesis can be re-
duced by limitations imposed through N availability, and that
warmer temperatures can result in increased soil N miner-
alisation, increasing C uptake (Sokolov et al., 2008; Fisher
et al., 2010a; Zaehle et al., 2010; Goll et al., 2012). How-
ever, the relative magnitudes of these competing processes
diverge between model studies. If these antagonistic interac-
tions result in a reduction in terrestrial C storage under future
climate forcing (Sokolov et al., 2008; Thornton et al., 2009;
Arneth et al., 2010a; Zaehle et al., 2010) the net feedback ef-
fect will be an increased atmospheric load of CO; leading to
increased radiative forcing and accelerated warming (Arneth
etal., 2010a; Arora et al., 2013).

The introduction of N feedbacks will not only alter future
land C storage through its effect on CO, fertilisation and N
mineralisation, but it will also have downstream effects on
higher-order ecosystem interactions like population dynam-
ics and competition between plant functional types (PFTSs).
As a result, shifts in biome distributions may be expected
when C-N interactions are taken into account (Smith et al.,
2014). In DVMs, biome patterns and ecosystem composition
in terms of presence/absence and relative abundance of dif-
ferent PFTs are determined through bioclimatic constraints
on the establishment and/or survival of individual PFTs, and
through competition between PFTs for resources needed for
growth such as light, water and N. Conversely, shifts in veg-
etation structure will affect C and N cycling within ecosys-
tems, by affecting residence times for assimilated C and N
in plant tissue compartments and, following phenology- and
mortality-driven turnover, in the soil. A shift in the abun-
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dance or density of trees and shrubs, in particular, may be
associated with decennial-scale lags in the response of bio-
geochemical fluxes, as a proportion of “additional” assimi-
lates are allocated to the long-lived woody biomass compart-
ment of the ecosystem. Thus the C and N balance simulated
by a particular model in response to a perturbation such as a
climate change scenario may be expected to depend on the
representation of vegetation structural dynamics and the as-
sociated feedbacks to ecosystem function. Due to the pres-
ence of lags, this dependency may be particularly important
over a transient period.

Only a few DVMs explicitly represent differences in
age/size structure among individuals within a PFT and
canopy structural variation in time as a result of birth,
death and growth of individuals (so called demographics)
(Moorcroft et al., 2001; Smith et al., 2001, 2014; Fisher et
al., 2010b). Demographics allow for the possibility to with
greater realism represent the mechanisms underlying compe-
tition, their effects on population and community structure,
and the resultant feedback to resource uptake, C assimila-
tion and growth (Smith et al., 2001; Wolf et al., 2011). It
has been suggested that the representation of demographics
is a precondition for the accurate representation of the C dy-
namics and climate feedbacks in forest and savannah ecosys-
tems (Purves and Pacala, 2008; Fisher et al., 2010b; Wolf
et al., 2011). Scheiter and Higgins (2009) showed the im-
portance of simulating individual trees in a savannah ecosys-
tem to be able distinguish between small trees, that are com-
pletely consumed in fires, and large trees, that are generally
unaffected by fires. A similar result has also been found for
simulations with the LPJ-GUESS model, employed in this
study, along a climate-transient in sub-Saharan Africa (Ar-
neth et al., 2010b). In particular, the effect of tree—tree in-
teraction and self-thinning is important in savannah ecosys-
tems to potentially allow trees to grow taller in the pres-
ence of fire than in the absence of fire. What is more, in
forest ecosystems, succession between PFTs can be repre-
sented in a realistic manner which is important not only for
simulating carbon dynamics after disturbance or when crop-
land is re-converted into forest, but also for other exchange
processes with the atmosphere that are strongly dependent
on vegetation composition (Hickler et al., 2004; Arneth et
al., 2008; Lindeskog et al., 2013; Smith et al., 2014). Our
study employs LPJ-GUESS, which combines process-based
representations of ecosystem C and N biogeochemistry with
an individual- and patch-based representation of vegetation
dynamics, similar to “forest gap” models (Bugmann et al.,
2001). Smith et al. (2001) showed for 11 vegetation zones en-
compassing the climate space of Europe that this resulted in a
more realistic time-evolution of vegetation structure and PFT
composition compared with the more generalised, area-based
vegetation dynamics scheme of LPJ, a representative first-
generation DVM (Sitch et al., 2003). Vegetation structure,
composition and dynamics simulated by the model have been
compared with observations for biomes including boreal and
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temperate forest, savannahs, grasslands and Arctic tundra,
generally showing favourable performance (e.g. Hickler et
al., 2004, 2012; Hély et al., 2006; Tang et al., 2012; Lin-
deskog et al., 2013; Zhang et al., 2013; Smith et al., 2014).

Smith et al. (2014) provided a detailed description of
the N-cycle implementation in LPJ-GUESS, evaluating the
model against a range of observational data sets and explor-
ing modelled responses to drivers in stylised global-change
experiments. One such experiment quantified changes in ter-
restrial biosphere N and C storage under a representative con-
centration pathway (RCP) 8.5 (business-as-usual) future cli-
mate projection, noting that LPJ-GUESS, in contrast to other
models (Sokolov et al., 2008, Fisher et al., 2010a, Zaehle et
al., 2010a, Goll et al., 2012), predicts a net increase in bio-
sphere C-storage when N-limitation is taken into account. In
this study, we expand on the analysis of Smith et al. (2014)
by examining regional patterns of response of N-C biogeo-
chemistry, potential vegetation composition and structure,
and their contrasting underlying mechanisms, that combine
to produce the above-mentioned aggregate global result. To
disaggregate the contributions of individual drivers to overall
simulated responses, regionally and globally, we additionally
perform factorial simulations independently varying individ-
ual drivers (climate, atmospheric CO, concentration and N
deposition). We also discuss and demonstrate the role that the
detailed individual- and patch-based representation of vege-
tation dynamics in LPJ-GUESS, unique among models so far
used to simulate effects of N-cycle feedbacks on C biogeo-
chemistry at global scale, may have in explaining the con-
trasting responses predicted by our model compared to pre-
vious DVM studies.

2 Methods

Global patterns of natural ecosystem C and N fluxes and
pool sizes were simulated with LPJ-GUESS (Smith et al.,
2001, 2014) a process-based model of vegetation dynamics
and biogeochemistry that incorporates a detailed, individual-
and patch-based representation of tree population dynamics
and resource competition (Smith et al., 2001). The compet-
itive strength of a PFT is determined by its bioclimatic lim-
its, phenology, allometry, shade tolerance, specific resource
uptake capacity, mortality, and establishment under chang-
ing stand structure and environment. For each location, the
model simulates a set of replicate patches where PFT age-
cohorts (hereinafter “cohorts) compete for light, water and
soil available N. A patch represents the area over which one
large adult tree would influence its neighbours, a concept
commonly used in forest gap models (Bugmann, 2001). The
patch replicates account for stochastic processes associated
with establishment, mortality and disturbance. Disturbance
is represented by fire (Sitch et al., 2003) and by a mean re-
turn interval for generic, patch-destroying disturbances, rep-
resenting, for example, windstorms and insect-attacks. A lo-
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cation’s ecosystem state and material fluxes are derived as
the average over the replicate patches, representing a land-
scape average. Canopy physiology and gas exchange, plant
carbon allocation and soil hydrology follow the approach of
the LPJ model (Sitch et al. 2003).

The newly implemented C-N interactions in LPJ-GUESS
are described in detail in Smith et al. (2014), but will be
briefly covered here. The N cycle in LPJ-GUESS simulates
dynamically the build-up of a soil mineral N pool through
mineralisation of soil organic matter (SOM), atmospheric N
deposition and biological N fixation. Biological N fixation is
estimated annually through an empirical correlation between
N fixation and evapotranspiration (Cleveland et al., 1999).
N deposition is an external input, provided here by the AC-
CMIP global data set (Lamarque et al., 2010, 2011), provid-
ing monthly wet and dry N deposition that varies decadally.
In the presence of a snow pack N deposition is stored and
released to the soil mineral N pool in proportion to snow
melt. SOM decomposition, respiration, leaching and trans-
fer of SOM between 11 pools of contrasting residence time
are modelled using a scheme adopted from the CENTURY
model (Parton et al., 1993; Comins and McMurtrie, 1993;
Kirschbaum and Paul, 2002; Parton et al., 2010). In this ap-
proach, N mineralisation or immobilisation, results from the
transfer of SOM between pools, maintaining mass balance
and prescribed or computed C:N ratios of the donor and
receiver pool. N mineralisation augments and immobilisa-
tion depletes the plant-available pool of mineral N. The rate
of decomposition is affected by a temperature and moisture
modifier and the size of the mineral N pool if immobilisa-
tion is the dominant process in the SOM system. The daily
plant N demand is driven by optimal leaf N content required
for photosynthesis, computed based on the optimisation of
carboxylation capacity of Rubisco (Haxeltine and Prentice,
1996a), and leaf N not associated with photosynthesis, con-
nected directly to daily leaf C content. Maximum C content
of leaves and roots is determined annually, daily C content
following the phenological development during the year. The
N demand of other compartments of the plant and their N
concentrations are proportional in relationship to each other
and the optimal leaf N content (Friend et al., 1997; White
et al., 2000; Zaehle and Friend, 2010). The daily N uptake
capacity, which ideally meets the calculated demand, is di-
rectly proportional to plant fine root C mass (Rothstein et al.,
2000; Macduff et al., 2002), but with additional constrains
imposed by soil mineral N pool, plant N status, and soil tem-
perature (Zaehle and Friend, 2010). If N uptake capacity can-
not meet the demand, N from a vegetation storage pool is
used. If there still is a shortage, the plant is considered to be
under N stress and the carboxylation capacity is reduced ac-
cordingly, with spill-over effects on leaf and non-green tissue
N content. The plant N storage pool is filled during the previ-
ous year with retranslocated N from shedding of leaves and
fine roots, accompanied by a set fraction of total N uptake.
If storage capacity is exceeded, less N is retranslocated and
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Table 1. Modelled C sequestration [PgC] for periods 1850 to 2000 and 1850 to 2100 with LPJ-GUESS and four additional C—N models with

% difference between C-only and C-N versions.

Model! 1850 to 2000 1850 to 2100
C-only C-N %diff C-only C-N %diff
LPJ-GUESS 76 45 -41 317 372 17
TEM 90 80 11 332 242 27
O-CN 108 83 -23 388 244 37
FUN 85 78 -8 288 264 -8
JSBACH 158 150 -5 550 479  —13

1 LPJ-GUESS - this paper; TEM — Sokolov et al. (2008); O-CN — Zaehle et al. (2010); FUN —
Fisher et al. (2010a); JSBACH - Goll et al. (2012).

the shed leaves and fine roots have a higher N concentration.
Such a situation represents a N-rich environment, in which
N uptake from the soil mineral N pool is more energy cost-
efficient for plants compared to retranslocation (Wright and
Westoby, 2003; Fisher et al., 2010a). If the daily total N de-
mand/uptake capacity from all PFT cohorts within a single
patch cannot be met by the soil mineral N pool, the cohorts
have to compete for the resources, where the competitive-
ness of the cohorts is determined by their fine-root C mass
and its vertical distribution. N stress consequently also af-
fects the C allocation fraction between shoots and fine roots,
N-stressed cohorts allocating more C to fine roots, compared
to shoots, as a strategy to increase N uptake capacity and
competitiveness compared to other cohorts. The C-only ver-
sion of LPJ-GUESS employed in this study uses the same
CENTURY-based SOM dynamics scheme, described above,
but with no N limitation on decay rates and no N limitation
on photosynthesis and plant growth.

The N cycle in LPJ-GUESS has been evaluated and shown
to simulate C and N fluxes observed at a range of field sites
(Fleischer et al., 2014; Smith et al., 2014), at FACE experi-
ments simulating future climate change scenarios (De Kauwe
et al., 2013), and to agree well with current best-estimates of
global C and N pools and fluxes (Smith et al., 2014). Here,
we examine the C-N interactions and feedbacks on poten-
tial natural vegetation in response to future climate, CO, and
N deposition forcing. LPJ-GUESS was forced with output
from a “business as usual” future climate simulation with
the MPI-ESM-LR general circulation model (GCM) under
RCP 8.5 with prescribed atmospheric [CO3] forcing (Gior-
getta et al., 2013). MPI-ESM-LR results were simulated to
lead to middle-range C sequestration in a recent compari-
son among GCMs using the C-only version of LPJ-GUESS
(Ahlstrom et al., 2012). CRU TS 3.0 1961-1990 climatolo-
gies (Mitchell and Jones, 2005) were used to bias-correct the
GCM climate fields, which were interpolated spatially to the
CRU grid (0.5° x 0.5° resolution). Historical (Lamarque et
al., 2010) and future (Lamarque et al., 2011) RCP 8.5 N de-
position forcings were from the CAM model (Gent et al.,
2010). Data for the initial 500-year model spin-up phase were
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derived by detrending 1850-1879 climate. Constant atmo-
spheric [CO2] and N deposition at 1850 levels were assumed.
After spin-up, historical climate data, atmospheric [CO2] and
N deposition were used, until 2006 when the RCP 8.5 sce-
nario period starts and runs until 2100. The simulations were
performed with 30 replicate patches per modelled grid cell,
sufficient to represent the regional vegetation with negligible
stochastic variation. Four different model setups where used
during the study. In ALL, climate change (temperature, pre-
cipitation and radiation), CO2 and N deposition conjointly
affected simulated processes. In the single-factor simulations
either climate change (CLIM), atmospheric [CO2] (CO2) or
N deposition (NDEP) were varied while other forcings were
held constant at the same levels as in the spin-up protocol.

3 Results

Over the historical time period (1850-2000), total C seques-
tration in terrestrial ecosystems in the C-only version of LPJ-
GUESS exceeded C sequestration in the C-N version by
about one-third (Table 1 and Fig. 1a). A reduced past-to-
present cumulative C sequestration in C-N versions of ter-
restrial models seems to emerge as a robust pattern that has
also been found in previous studies (Table 1), even though
the relative importance of N-C interactions in LPJ-GUESS
is comparatively large compared with other models. The dif-
ferences imply N limitation of C cycling over this period,
but indirect effects (e.g. initial conditions) vary as the C-only
and C-N configurations of the model differ in PFT composi-
tion and C pool sizes after the spin-up (Appendix Table A2).
During the 21st century, warming induces an increase in soil
N mineralisation, which in the climate change-only experi-
ment reduces C losses notably, while availability of N sub-
stantially limits photosynthetic C uptake in the COz-only ex-
periment (Fig. 1 and Table Al). Comparable to what is be-
ing observed for the historical period, a robust pattern seems
to emerge such that the direction of individual process re-
sponses to C-N interactions in factorial model experiments is
similar (Zaehle et al., 2010). However, when environmental
changes are considered conjointly, the net response of the
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Figure 1. Cumulative terrestrial C sequestrated between 1850 and
2100 (a) simulated with historical and future change in climate
(CLIM), atmospheric [CO,] (CO2), N deposition (NDEP) alone,
and all together (ALL). Other model results are for TEM (X), O-
CN (O), FUN (O), and JSBACH (<). Latitudinal accumulated ter-
restrial C sequestration between 2000 and 2100 (b). Blue lines are
C-only version and red lines are C—-N version.

global terrestrial C sink differs between models. In the case
of LPJ-GUESS, total C accumulated from 1850-2100 in the
C-N version exceeds the C-only version by 17 %, while pre-
viously published model results have generally found a de-
cline of variable magnitude after accounting for C-N inter-
actions (Table 1, Table Al and Fig. 1a).

The simulated shift to higher C sequestration with N dy-
namics during the 21st century is mainly due to C-N inter-
actions in the mid/high latitudes (Figs. 1b and 2). Here, the
climate change-only experiment induced an increase in soil
N availability to plants, reducing net C losses from ecosys-
tems, whereas the CO2-only experiments show a reduction in
C uptake during CO, fertilisation under N limitation. These
effects increase with latitude (Fig. 1b), a pattern also seen in
earlier model studies (Thornton et al., 2007; Jain et al., 2009;
Zaehle et al., 2010). When environmental changes are con-
sidered conjointly, the small degree of N limitation seen in
the CO2-only experiment in the lower latitudes vanishes. In
the mid/high latitudes the interaction of soil warming and
CO, fertilisation results in a higher C sequestration when
C-N interactions are included. For the northernmost latitudes
the N limitation persists and the C sequestration in the C-N
versions is lower than in the C-only version (Figs. 1b and 2).

Changes in C pools when considering C-N interactions,
climate change and changes in atmospheric [CO2] cannot
be explained by physiological process responses alone, but
also depend on adjustments in vegetation composition and
structure. Representative examples of the vegetation evolu-
tion simulated for different biomes of the world are shown
in Figs. 3 and 4. These figures reveal that large-scale biome
shifts are influenced by N dynamics mainly in colder re-
gions, e.g. the transition from ecosystems dominated by
grass to needleleaf biomes in northern Canada, which is sup-
pressed by N dynamics (Figs. 3 and 4 central panels and lo-
cation a). For the northernmost latitudes of Siberia, N lim-
itation changes both the initial state of biome distribution
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Figure 2. Simulated terrestrial C sequestration differences between
the C-only and C-N version for the 21st century (calculated as C-N
total pool change for 1990-2000 to 2090-2100 subtracted by C-
only total pool change for 1990-2000 to 2090-2100). Negative val-
ues indicating a larger cumulative uptake for the C-only version than
for the C—-N version. Letters a—h indicate regions detailed in Figs. 3
and 4.

and C pool sizes, but also the competitive strength of boreal
conifers relative to understorey grasses (which in the model
may be taken to represent understorey vegetation in general),
influencing the C sequestration in long-lived woody tissue
(Figs. 3 and 4, central panels and location c). The latitudinal
influences are clear in the highlighted changes, where loca-
tions in warmer climates experience less influence of N dy-
namics (Figs. 3 and 4 locations b, e, f, g), whereas locations
in colder climates experience a lower fractional representa-
tion of woody PFTs and an inability of newly established
PFT to compete for N resource with existing vegetation un-
der N limitation (Figs. 3 and 4, locations a, c, d, h).

4 Discussion

Even though two versions of the same model are com-
pared here, with respect to their interactions with a chang-
ing environment, a direct comparison between the C-only
and C-N version of the model is complicated by a number
of ecosystem-scale feedbacks that are introduced in the C-N
version, causing differences in the equilibrium state after the
spin-up in the C-pool sizes (Table A2) and the PFT distri-
bution (Thornton et al., 2007, 2009). Large differences in
C-pool sizes originate from the equilibrium condition with
climate and CO», both in vegetation and soils. For the C-N
version of the model, the initial state is also in equilibrium
with a pre-industrial level of N deposition. Since this is not
included in the C-only version, the initial states are unavoid-
ably different between the two model versions. These differ-
ences arising from the spin-up procedure are important also
for the transient model experiments: if both versions of the
model were to start from the same initial condition, the sud-
den addition of N limitations to the C—N version when the
transient phase of the experiment commences would create

Biogeosciences, 11, 6131-6146, 2014
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Figure 3. Major biome shift for the C-only version from year 2000-2100 using three broad biome classifications; grass (G), broadleaf (B),
and needleleaf (N) dominated. Shifts are denoted in the central panel as biome to biome, e.g. shift from grass to broadleaf dominated is
denoted as “GtoB™. “No” implies no major shift of biome over the period. The panels (a—f) show changes of leaf area index [m% m~2] over
the simulated simulation period for grid cells in the eight regions from Fig. 2. BNE = boreal needleleaved evergreen tree; BINE = boreal
shade-intolerant needleleaved evergreen tree; BNS = boreal needleleaved summergreen tree; TeBS = temperate broadleaved summergreen
tree; IBS = temperate shade-intolerant broadleaved summergreen tree; TeBE = temperate broadleaved evergreen tree; TrBE = tropical
broadleaved evergreen tree; TrIBE = tropical shade-intolerant broadleaved evergreen tree; TrBR = tropical broadleaved raingreen tree; C3G

= C3 (cool) grass; C4AG = C4 (warm) grass.

an artificial offset and/or trend to the simulations. Such a re-
sponse would render it impossible to separate what is driving
the shift in vegetation structure and C sequestration. Either it
could be the model converting to equilibrium for the present
environmental conditions, or it could be the change in envi-
ronmental conditions over time.

Considering the joint impacts of environmental change,
the hindcasts simulated with LPJ-GUESS from pre-industrial
times up to the end of the 20th century are principally compa-
rable to what has been found in other model studies (Sokolov
et al., 2008; Fisher et al., 2010a; Zaehle et al., 2010; Goll
et al., 2012), showing a reduction of global C sequestra-
tion when N dynamics are considered. Compared to these
previous studies, our model simulates the lowest amount of
C sequestrated up to the present day and the strongest N
limitation (Table 1). The influence of N dynamics is most
pronounced in the mid/high-latitude cool climates where it
reduces the woody component of vegetation in favour of
a higher proportion of herbs and grasses. In other words,
forests are simulated as sparser, with a more developed un-
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derstorey, in the C-N simulation. As a result, a larger pro-
portion of the general increase in net primary productivity
(NPP) seen in mid-latitude areas over the 20th century is al-
located to fast-turnover biomass pools (leaves and roots) in
the C-N simulation, lowering the average residence time of
C in vegetation, and reducing the amount of C sequestered.
The strongest differences between the two model versions
are in the sizes of the litter pools. The strong initial N limita-
tion reduces standing biomass to a considerable degree, and
prevents closed canopy in many regions of the mid/high lat-
itudes. As a consequence, the process of self-thinning is not
taking place to a similar degree compared with the C-only
version of the model, reducing the production of woody lit-
ter in conjunction with tree mortality. At present, the model
does not include organic N uptake which has been found to
be a potentially significant source of N for boreal and sub-
Arctic vegetation (Nasholm et al., 1998, 2009; Persson et al.,
2003; Whiteside et al., 2012). For colder ecosystems, where
N availability is limited due to low N mineralisation rates,
the ability to represent organic N uptake, conjointly with a
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Figure 4. Major biome shift for the C-N version from year 2000-2100, applying the same classification and approach as in Fig. 3. Like in
Fig. 3, the global map is accompanied by detailed time-trends for a number of regions identified in Fig. 2.

process-based representation of biological N fixation, seems
an important step for future development of N-C models like
LPJ-GUESS. Moreover, the representation of SOM decom-
position with first-order decay kinetics, as is included in LPJ-
GUESS and other global models, has been criticised for be-
ing too simplistic (Schimel and Bennett, 2004). This com-
monly applied approach requires a somewhat artificial di-
vision of available N: first, soil microbes receive N for de-
composition (immobilisation), afterwards the remainder is
available for plant uptake. In other words, plants cannot ad-
just their competitive strength relative to microbes, result-
ing in possibly too low N availability for plant growth. A
more complex approach, including an active compartment
of litter-decomposing soil microorganisms that compete with
plants for soil mineral N, has been applied on the global scale
(Esser et al., 2011) and might be a relevant approach to con-
sider implementing in a future development of the model. Fi-
nally, for low-latitude ecosystems, including tropical forests,
it has been argued that phosphorus (P) constraints on biogeo-
chemistry may be important to represent (Wang et al., 2010;
Pefiuelas et al., 2012).

For the 21st century, the single-factor responses simulated
by LPJ-GUESS are similar to what has been found earlier
using other DVMs (Sokolov et al., 2008; Fisher et al., 2010a;
Zaehle et al., 2010; Goll et al., 2012). These models repre-
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sent C—N interaction with varying degree of complexity and
emphasise different processes (Table 1). TEM (Melillo et al.,
1993; Felzer et al., 2004) is a process-based ecosystem model
for monthly estimates of C and N fluxes and pool sizes based
on referenced information on climate, soils, vegetation and
water availability. FUN determines the C cost for acquiring
N for productivity and is driven by nine parameters (NPP,
biomass C and N, etc) averaged over five DVM simulations
(Fisher etal., 2010a). O-CN is developed from the DVM OR-
CHIDEE (Krinner et al., 2005) to include N effects on plant
and soil processes (Zaehle and Friend, 2010). JSBACH is
driven by NPP, leaf area index and climate as input to the
model and simulates a background N limitation (Goll et al.,
2012). Effects of some traceable differences in process rep-
resentations in these models, compared to LPJ-GUESS, are
discussed below.

LPJ-GUESS simulates lower C sequestration under a
single-factor CO», fertilisation scenario when N dynamics are
enabled, which is consistent with ecological understanding
(Vitousek and Howarth, 1991; Luo et al., 2004) and results
from FACE experiments (Norby et al., 2010). The 61 % re-
duction in C sequestration by the end of the 21st century
in the C-N simulation with our model, compared to the C-
only version, is in agreement with results from other models,
where an increased influence of N dynamics on C balance

Biogeosciences, 11, 6131-6146, 2014
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at higher latitudes, reducing the CO; fertilisation effect, was
likewise observed (Thornton et al., 2007; Jain et al., 2009;
Zaehle et al., 2010).

A warming-induced increase in soil N mineralisation un-
der climate change (Appendix Figs. A2 and A3) counteracts
the relatively lower C uptake in mid/high latitudes found in
the CO, experiment. Similar to the historical simulations, ac-
counting for N dynamics does not greatly influence future
vegetation, litter and soil C dynamics in the lower latitudes;
a similar decline under climate change occurred in both the
C-only and C-N simulations. Globally, enhanced N miner-
alisation under warmer temperatures reduces cumulative C
loss by c. 30 % compared to the C-only version, which may
be compared to a 16 % loss reported by Zaehle et al. (2010)
using the O-CN model. By contrast to effects of enhanced
[CO-] and globally warmer temperatures, effects of chang-
ing N deposition on C sequestration are negligible in LPJ-
GUESS, partly because, during the 21st century, most areas
that experience N limitation under present-day climate will
see rather small changes in N deposition fluxes according to
the projections adopted for our study (Fig. A4). A limited ef-
fect of changing N deposition on global C sequestration has
also been observed in other studies (Esser et al., 2011).

An interesting finding of our study is the presence of
highly non-linear, synergistic, N-mediated effects of multiple
forcing factors on future global C balance. Whereas climate
and [CO2], applied independently, cause a decline in ecosys-
tem C balance during the 21st century, when these forcing
factors are considered conjointly, the impacts on C balance
are not only reduced but actually reversed, more C being se-
questrated by the global biosphere when N cycle dynamics
are included. This result stands in contrast to findings with
a range of other DVMs in which increasing N limitations,
particularly at mid/high latitudes, lead to a decline in bio-
spheric C storage globally in a business-as-usual 21st cen-
tury climate, [CO2] and N deposition projection (Sokolov et
al., 2008; Fisher et al., 2010a; Zaehle et al., 2010; Goll et al.,
2012; see Table 1).

Shifting from strong N limitation of C uptake in the 20th
century to high C sequestration during the 21st century might
seem puzzling from a mass balance perspective, but Smith et
al. (2014) showed that the model response is within stoichio-
metric limits of how much N is needed to sustain C uptake
(Hungate et al., 2003). This is also confirmed by the find-
ing that the terrestrial ecosystem shifts from being a net N
sink in the end of the 20th century to a net source by the
end of the 21st century (Table A3), implying that many re-
gions are becoming N saturated. Regionally, differences in C
balance response between the C-only and C-N simulations
are mainly apparent in mid/high latitudes, where the C-N
version simulates a stronger increase in vegetation biomass,
which is accompanied by an increase in litter C, augmenting
soil C pools (Table Al). These shifts for the C—N version can
also be seen in the increase of global C : N ratios of both veg-
etation and soils (Table A3) as mid/high-Ilatitude vegetation
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and soils have higher baseline C: N ratios compared to the
global averages. Simulated shifts in vegetation structure and
PFT composition are fundamental to these adjustments in C
and N balance.

In the C-N simulation, woody vegetation abundance is
initially lower, and the increase over the 21st century in
litter pool sizes with N dynamics is due to the slightly
larger increase of woody vegetation C and lower initial lit-
ter pool sizes compared to the C-only version. Especially in
the mid/high latitudes the increase in woody vegetation has
large impact on the C sequestrated. In response to the future
projected changes in climate and CO», woody vegetation in
these regions becomes sufficiently dense for the process of
self-thinning to be more prominent in the growth dynamics of
the ecosystem, leading to notably enhanced litter input. This
increased litter input can be observed in Fig. Al as the sud-
den increase in litter C accumulated around year 2030, which
more than compensates for warming-induced respiratory C
loss through decomposition. Whether or not a similar ecosys-
tem response would emerge also in different climate and CO;
scenarios has not yet been investigated — possibly the inter-
section of the C-sequestration curves of the two model ver-
sion would happen at a later point in time. Moreover, the
simulated ecosystem response is also sensitive to changes
in its initial state. For instance, implementation of organic
N uptake and/or a process-based representation of biologi-
cal N fixation would lead in the C—N version to shifts in its
initial state, probably towards higher wood and litter C-pool
sizes especially in mid/high-latitude areas, as more N is made
available for plants, reducing N limitation. This would then
affect the sudden increase in litter input seen with the present
model at year 2030. In lower latitudes, N dynamics do not
significantly limit CO, fertilisation because of faster soil N
mineralisation in a warmer climate (Fig. A5). As a result,
C sequestration rates remain similar in the C-N simulations
compared to the C-only version for these areas. It should be
borne in mind that, while low-latitude ecosystems may not
be sensitive to N dynamics, P availability may impose limi-
tations on C storage (Vitousek and Howarth, 1991; Vitousek
etal., 2010; Wang et al., 2010; Goll et al., 2012). P limitations
are not considered by our model. Overall, large uncertainties
are associated with the results from DVMs, which should be
kept in mind when comparing different models with respect
to the net effects of introducing N limitation.

When comparing the different PFT distributions with the
Haxeltine and Prentice (1996b) map of potential natural veg-
etation for the end of the 20th century, broad agreement
of both model versions in geographic locations and ranges
of major biome types is apparent (Smith et al., 2014). The
C-N version shows a better placement of the northern hemi-
sphere boreal forest treeline compared to the C-only version
of the model, with the exception of eastern Siberia, where
the C-N version models a more limited extent of the Siberian
Larix (larch) belt. The C—N version also exhibits an improved
placement of the southerly extent of the boreal forest in the
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dry regions of northern America and central Asia. For other
regions, the C-only and C—N model versions simulate com-
parable PFT distributions.

N dynamics affect future vegetation composition most
strongly in northern high-latitudes in our simulations. Severe
N limitation associated with low N mineralisation rates con-
strains the ability of woody vegetation to compete for light
and space with grasses (which may also be taken to repre-
sent other herbaceous vegetation and dwarf shrubs of tundra
vegetation in these areas). As a result, poleward shifts in the
taiga—tundra boundary, simulated in the C-only simulation,
were not replicated in the C—N simulation. This reduces the
C sequestration in the stems of growing trees and results in
smaller C sinks at high northern latitudes in the C-N simula-
tion compared to the C-only simulation (Figs. 3 and 4). This
is most evident when comparing the future changes for lo-
cations a and d highlighted in Figs. 3 and 4. The bioclimatic
limits enabling establishment of trees are reached simulta-
neously in both simulations, but due to continuing low soil
temperatures, N mineralisation remains insufficient to sus-
tain the establishment of new vegetation. In addition, the res-
ident “tundra” (Cs grass) vegetation has a competitive ad-
vantage with respect to the uptake of N, further suppressing
the establishment of trees. This emphasises again that future
changes in N mineralisation may be the chief driving process
for future ecosystem dynamics in high-latitude areas, over-
riding effects of atmospheric [CO>] or climate. For locations
¢ and h (Figs. 3 and 4), N limitations suppress woody veg-
etation in the historical part of the simulations, whereas in
the future the limitation is removed. The level of suppression
of trees under the present climate is too large for location c
and might be explained by the failure to account for uptake
of organic N by plants (see above). The explicit represen-
tation of competition among PFTs and its effects on veg-
etation structure and composition, mediated by population
demographics, acts to retard the rate of vegetation response
to changing environmental forcing, compared to models in
which spatial changes in vegetation are strongly driven by
bioclimatic thresholds for the presence or absence of PFTs
(Pavlick etal., 2012). As future climate change is, under most
emission scenarios, projected to occur at a higher pace than
any historical climate change (Collins et al., 2013), shifts
in the bioclimatic envelopes within which different vegeta-
tion types occur under present climate conditions may be ex-
pected to occur faster than observed before. However, studies
of past climate change episodes generally point to consider-
able lags in migration rates of major vegetation types, due
to dispersal, colonisation and demographic process that hin-
der and slow the establishment of new species on sites ren-
dered climatically favourable by climate change (Malcolm
et al., 2002; Gonzalez et al., 2010; Meier et al., 2012; lver-
son and McKenzie, 2013). In our simulations, adjustments
in C sequestration in the future projection are strongly tied
to transient sinks of carbon in the stems of growing trees.
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The vegetation-mediated lags inter alia in the vicinity of the
taiga—tundra boundary play a key role in such dynamics.

Would not similar vegetation-dynamics mediated re-
sponses to N cycle dynamics be expected in conventional
DVMs, lacking individual- and patch-based representations
of vegetation structure and dynamics? In a comparison of
LPJ-GUESS and the LPJ model, the latter incorporating
identical representations of plant physiological and ecosys-
tem biogeochemical processes, but a generalised, area-based
representation of vegetation dynamics, Smith et al. (2001)
showed that the explicit separation of individual and popu-
lation growth in LPJ-GUESS resulted in different, and ap-
parently more accurate, temporal evolution (succession) and
equilibrium PFT composition of vegetation across the cli-
mate zones of Europe. Shortcomings in the performance of
conventional DVMs with respect to reproducing structural
features of vegetation have been highlighted in recent work.
For example, Wolf et al. (2011) showed that models employ-
ing “big wood” schemes that combine environmental and
structural dependencies of individual and population growth
into a single, common parameterisation generally fail to re-
produce allometric scaling relationships revealed by forest
inventory data. Similarly, some conventional DVMs fail to
account for the influence of disturbance on ecosystem struc-
ture at the landscape scale (Haverd et al., 2013). The ex-
plicit, individual- and patch-based representation of vegeta-
tion structural dynamics of our model may largely explain
the contrasting predictions of C—-N dynamics under climate
warming and CO3 enrichment, compared with previous find-
ings based on other models.

5 Concluding remarks

The results shown in this study add a new perspective to
the previous inconclusive evidence on how strongly — and
in what direction — terrestrial N cycle dynamics will affect
future C sequestration by the terrestrial biosphere. Results
from our individual-based DVM exhibit slightly increased C
sequestration under a business-as-usual future climate sce-
nario when N cycle dynamics are accounted for, contrasting
with results previously reported from other models, which
universally point to a decline in ecosystem C stocks under
climate projections for the coming century (Sokolov et al.,
2008; Fisher et al., 2010a; Zaehle et al., 2010; Goll et al.,
2012). Transient sinks for C in the stems of trees colonising
new areas, or undergoing demographic adjustment within ex-
isting forest stands, account for such dynamics in our model,
and likely explain why the results deviate from other studies
with models lacking explicit representation of population dy-
namics, neighbourhood-level resource competition, and as-
sociated lags in the response of vegetation structure and dis-
tribution to climate change.

LPJ-GUESS, like most current DVMs, lacks a dynamic
representation of organic N uptake, and it is possible that
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N limitations, and the subsequent release from limitation Our contrasting — but plausible — results of future C-N
through climate warming, in mid/high latitudes might there- coupling add to the still considerable uncertainty as to the
fore be overestimated. likely fate of present-day biospheric carbon sinks, and the

influence of C-N interactions on these, in a future warmer
and high-CO2 world. As ecosystem and Earth system models
are developed to account for N cycle dynamics there is still
a need for carefully designed empirical studies of N cycle
impacts on C biogeochemistry in a range of ecosystem types
and in response to multiple environmental forcing factors,
emulating global change, to adequately constrain the models
and reduce model uncertainties.
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Table Al. Modelled C sequestration between 1850 to 2100 [PgC] for climate change (CLIM), atmospheric [CO»] (CO2), N deposition

(NDEP) alone, and all together (ALL).

Veg C LitterC SoilC  Total % diff
ALL C-only 373 -23 -33 317
C-N 372 28 —28 372 17
CLIM C-only —200 —164 —-101 —465
C-N -120 —108 -92 320 -31
C0o2 C-only 633 193 97 924
C-N 239 65 57 361 —61
NDEP C-only - - - -
C—N 58 —6 3 55
Table A2. Initial conditions for the C-only and C—N model versions, after spin-up.
Variablel NPP R BB NCB VegC Litter C SoilC Total C
Unit PgCyrl PgCcyr! pgCyrl PgCyrl  PgC PgC  PgC PgC
C-only 56.0 49.4 6.4 -0.2 697 435 1245 2377
C-N 53.1 48.5 45 -0.1 519 297 1197 2014

1 NPP = net primary production; Ry, = heterotrophic respiration; BB = biomass burning by wildfires; NCB = net ecosystem C balance

= Rh+BB-NPP; Veg C = vegetation C.

Table A3. Changes in N stocks and fluxes for the C-N version of the model under all scenarios.

Variable Units 1961101990 2071t02100 Units 1976 to 2086
Vegetation C:N  kgC (kgN)~1 142.9 159.9 %! 11.9
Soil + litter C:N  kgC (kgN)~1 12.6 128 %! 1.0
Vegetation N PgN 3.9 53 PgN? 1.4
Soil + litter N PgN 117.0 116.8  PgN? -0.1
N storage change PgN2 1.3
N deposition TgNyr—1 —52.1 —78.2 PgN3 -7.7
N fixation TgNyr—1 —28.6 —26.6 PgN3 —-3.0
N leaching TogNyr1 17.8 26.5 PgN3 6.9
N emission TgNyr1 47.4 79.2  PgNS3 2.5
Net flux TgNyr—1 —154 0.8 PgN3 -13

1 Percentage change in C: N ratios between periods 1961 to 1990 and 2071 to 2100. 2 Change in N storage between periods
1961 to 1990 and 2071 to 2100. 3 Cumulative N fluxes between periods 1961 to 1990 and 2071 to 2100.
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Figure Al. Cumulative vegetation (a), soil (b), and litter (c) C se-
questrated between 1850 and 2100 simulated with historical and
future change in climate (CLIM), atmospheric [CO,] (CO2), N de-
position (NDEP) alone, and all together (ALL). (d—f) show accu-
mulated C by latitude over the period 2000-2100. Blue lines C-only
version and red lines are C-N version.
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Figure A2. Temperature change during the 21st century simulated
with MPI-ESM-LR under RCP 8.5. Shown is the difference be-
tween average values computed for 1990-2000 and 2090-2100.
Data were bias-corrected following Ahlstrom et al. (2013).
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Figure A3. Precipitation change during the 21st century simulated
with MPI-ESM-LR under RCP 8.5. Shown is the difference be-
tween average values computed for 1990-2000 and 2090-2100.
Data were bias-corrected following Ahlstrém et al. (2013).
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Figure A4. Anthropogenic N deposition change during the 21st
century, simulated with the CAM model (Gent et al., 2010) under
RCP 8.5. Shown is the difference between average values computed
for 1990-2000 and 2090-2100.
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Figure A5. Change in net N-mineralisation during the 21st century,
under the ALL scenario. Shown is the difference between average
values computed for 1990-2000 and 2090-2100.
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