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Abstract. The development of northern high-latitude peat- as projected for different representative greenhouse gas con-
lands played an important role in the carbon (C) balance ofcentration pathways.

the land biosphere since the Last Glacial Maximum (LGM).
At present, carbon storage in northern peatlands is substan-

tial and estimated to be 580100Pg C (1PgC=13¢gC).

Here, we develop and apply a peatland module embedded Introduction

in a dynamic global vegetation and land surface process ) ) )
model (LPX-Bern 1.0). The peatland module features a dy-Northern high-latitude peatlgnd; represent a substantlal car-
namic nitrogen cycle, a dynamic C transfer between peatlandon (C) pool of the terrestrial biosphere. Peat mainly con-
acrotelm (upper oxic layer) and catotelm (deep anoxic layer) sists of partially decomposed, pIant—ngnved organic matter.
hydrology- and temperature-dependent respiration rates, angeatlands often form under wet conditions, where the water
peatland specific plant functional types. Nitrogen limitation t@ble typically is close to the surface limiting the supply of
down-regulates average modern net primary productivity®Xygen to the soil. The anoxic condltlo!’l_smthe waterlogged
over peatlands by about half. Decadal acrotelm-to-catoteln$0il S|gn|f|cantly reduce the decomposition rates of the plant
C fluxes vary between-20 and-+50g C n2yr-—1 over the materlal, and thus 'allow for peat accumulation over long
Holocene. Key model parameters are calibrated with reconlimescales. Due to its extremely slow decay, accumulated C
structed peat accumulation rates from peat-core data. Th# Present-day peatland dates back to the end of the Last
model reproduces the major features of the peat core dat&lacial Maximum (LGM), about 16 500 years (yr) before
and of the observation-based modern circumpolar soil carPresent (BP)NacDonald et al.2009. Over this long pe-
bon distribution. Results from a set of simulations for pos-0d, peatlands can form organic soil layers of several meters
sible evolutions of northern peat development and areal exIn depth. This amounts to an exceptionally high soil C den-
tent show that soil C stocks in modern peatlands increased b§ity (C storage per unit area) and a total of 30000 Pg C
365-550 Pg C since the LGM, of which 175-272 Pg C accu-{1 P9 C=16°g C) stored in the northern high-latitude peat-
mulated between 11 and 5 kyr BP. Furthermore, our simulalnds in spite of their limited extent¢, 2012. Peat soils
tions suggest a persistent C sequestration rate of 35-50 Pg (istosols) can also occur in areas of permafrost (histels) and
per 1000yr in present-day peatlands under current climat&ontribute supstantlally to the total circumpolar soil C inven-
conditions, and that this C sink could either sustain or turn to-{ory (Tarnocai et a|.2009.

wards a source by 2100 AD depending on climate trajectories 1he fate of this significant C pool under future climate
change is uncleaDavidson and Jansseri200§. On one
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1288 R. Spahni et al.: Simulation of carbon and nitrogen dynamics in peatlands

hand, projected warmer temperatures prolong the growingpeat-cores in northern high-latitudes regiovis €t al, 2009
season for peatland vegetation, and thus increase peatlarg@kct.4). We apply LPX in a transient simulation of global
net primary productivity (NPP) and C accumulatidroisel peatland development since the LGM in the circum-Arctic
et al, 2012. The projected increase in precipitation over region that illustrates the evolution of the persistent C sink in
peatlands may further favor peat accumulation. On the othethe terrestrial biosphere (Seb). From these simulations we
hand, warmer temperatures enhance water loss through evapvaluate present-day peatland N fluxes and pools (S&gt.
oration and transpiration, which in turn affects water tableand peatland C pools (Se&.3) against observations. Fi-
position and eventually NPP. This process seems to be anally, we apply LPX to future scenarios until 2100 AD,
important factor for peatland modelin@lark et al, 2010. driven by simulated climate based on two representative con-
In addition, warmer temperatures increase soil C decomposieentration pathways (RCP 2.6 and RCP 8.5; J&&). Re-

tion and emissions of the greenhouse gases (GHG), includingults are discussed in Se6tand concluded in Sect.

carbon dioxide (C@) and methane (CkJ). Many other pro-
cesses and characteristics, e.g. peatland hydrology, nutrient
availability, plant species composition, and microbial com-
munity, can havg an impact on the net C balance in peat!ar}dil The LPX model
Peatland modeling offers a way to analyze the dynamic in-

teraction of these processes in the past, and allows {0 proje¢ynamical vegetation and terrestrial biogeochemical pro-
changes in peatland C stocks in the future. cesses are simulated with the LPX-Bern 1.0 model (Bern

Peat growth modeling has a long history and most recent,gsjon 1.0) that integrates representations of nat@iathf
peatland models are related to the simple conceptual model; 5| 2003 Joos et al. 2004 Gerten et al. 2004, agri-

by Clymo (1984. For example, recent models representing ¢jra| (Strassmann et al2008 Stocker et al.2011) and
peat evolution over the HolocenB4uer 2004 Heinemeyer peatland Wania et al, 20093 Wania et al, 20098 ecosys-

et al, 201Q Frolking et al, 2010 include feedbacks and in- tems, and their carbon (C) and nitrogen (N) dynamias Ri
f!uences of hydrology, 'plant communities, and peat proper4nq Prentice2008 Xu-Ri et al, 2012 Stocker et al.2013.

ties on peat accumulation. These models are applied at indirhis gynamic global vegetation model also predicts the re-
vidual peatland sites and simulation results were then comya55e and uptake of the trace gases @@rous oxide (NO;
pared with peat-core data. However, in these models the ecoz ,_Ri and Prentice2008 Xu-Ri et al, 2012 Stocker et al.

hydrological feedback is missing, that is, effects of hydrol- 2013 and methane (CH Wania et al, 201Q Spahni et al.
ogy on peatland vegetation, litter quality and peat decompoyg1 1. ziircher et al.2013. The model version applied here

sition that in turn affect water table position. Global dynamic |,gag 4 vertically resolved soil hydrology, heat diffusion and

vegetation models like the Lund-Potsdam-Jena (LPJ) model, inreractive thawing-freezing schenteften et al.2004
have been extended for the simulation of a peatland C Cyyyaia et al, 20093. The soil hydrology scheme is similar to
cle (Wania et al. 20093 Wania et al. 2009 Kleinen et al, 5 gjightly different LPX versionNlurray et al, 2011 Pren-
2012. These LPJ models assign specific soil C pools to thejce e 41, 2011, but the present version does not include the
acrotelm, a near surface soil layer with varying water table,;omprehensive fire schemefifentice et a(2011). All these
and the catotelm, a deeper soil layer with permanent wat€fe,y features make LPX-Bern (called LPX later in this paper)
saturation. For northern peatlands an important aspect is als@learly distinct from previous standard LPJ versions.

the simulation of freezing and _thawing in peat soils, espe- The peatland module in LPX is based on LPJ-WHYy devel-
cially in the permal_‘rost qre&[\(ama et al.20093. In the case oped byWania et al(20093 andWania et al(20098, and

of LPJ-WHy used inVania et al(20090), the peatland vege- ¢, rther improved as described in Se22. Figurel shows a
tation includes two specific plant functional types (PFTs) thats.heme of C fluxes and pools in this module. C is assim-

are adapted for water saturated or inundated environmentsyiaq mainly by two PFTs: peat mossedphagnumspp.)
However, none of these models included a dynamic N cycle, 4 fiood tolerant C3 graminoids (e.Garexspp.,Eriopho-
that could limit plant production in these often nutrient-poor spp.,Juncusspp., Typhaspp.). Other PFTs can grow,
environments{impens et al. 2006. Ecophysiological the-  , t are limited in gross primary productivity (GPP), due to

ory and remote-sensing data of evapotranspiration and plant; ass of standing water in peatlandfiaia et al, 2009,
production suggest that global terrestrial plant productivity\ynich affects all major C fluxes of these PFTs. After sub-
is reduced on average of 16-28% owing to N limitations y4ing plant growth and maintenance respiration, a fraction
(Fisher et al.2012). _ _ of C from NPP is transformed to exudates in the rhizosphere
Here we present a new peatland module with the imple~qyfrac = 17.5 % of NPRyania et al, 20098. The reduced
mentation of a dynamic N cycle and a dynamic acrotelm-t0-Npp (82 594) is then allocated to plant C pools as leaves and

catotelm C transfer process into the framework of the Landgiams folSphagnunmosses, leaves and roots for graminoids,
surface Processes and eXchanges (LPX) model (38t.  ynq |eaves, roots, sapwood and heartwood for tréésh(
LPX peatland parameters are then calibrated against reg; 4 2003 Wania et al, 20098.

constructed peat accumulation rates since the LGM from

Model design and development
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Z0.1 m dwt rate (slowfrac=1.5%Sitch et al, 2003. For peatlands we
follow the approach ofVania et al(2009h, and identify the
T atmfrac acrotelm as the intermediate soil C pool, while the anoxic
—_— litter ag = catotelm is represented by the slow soil C pool (Hig.In
graminoids " this approach acrotelm and catotelm C layers are not treated

as peat cohorts, but simulated as uniform C pools. Aerobic

and anaerobic decomposition of exudates, litter and soil C

is parameterized by individual rates) that are modified by
atmfrac soil temperatureR7) and water-filled pore spac®ater):

peatland
surface

exufrac

litter bg

4

k= klO - R7 - Rwater (1)

Table 1 lists an overview of the maximum C decompo-
sition rates at 10C (k1) for the individual C pools and of
different land units used in LPX. Note that in the litter and
soil pools, we do not further distinguish C components by
their original PFT. All plant type remnants have the same
decomposition rate. Also, we do not consider the priming
effect of fresh litter C on decomposition rate of peat enter-
ing the catotelm. With the addition of a dynamical N cy-
cle to LPX (Stocker et al. 2013, the fraction of litter C
respired to the atmosphere has been reduced from 70 to 60 %
and more C enters the soil pools (soilfrac =40 %). In order
to match observed patterns of C content in sollarfocai
catotelm et al, 2009 Batjes 2008, the decomposition rates were thus
slightly tuned again for natural and agricultural mineral soils
(Table 1). Decomposition rates for peatlands are calibrated
in this study (see Sectl). The temperature response func-
~ 4 Crespiration or Cflux only Cand N flux tion R is given according ta.loyd and Taylor(1994 and

N mineralization Sitch et al.(2003 for all C pools. For peatlands, we mod-
ify Rwaterin the acrotelm according to the water table depth

Fig. 1. Scheme of peatland C pools and associated C and N quxe?nd soil mqlsture (see Se@.2.D), an_d keep_lt con.stant_for
in LPX. C fluxes originate from NPP or organic matter turnover of €Xudates, litter and catotelm ®ater= Rmoist= 0.35;Wania

both plant functional typeSphagnunmosses and graminoids. The etal, 2009.

latter also include all other vascular plants. The water table depth In addition to model changes for acrotelm decomposition,
(dwt) can vary in the range (light blue area) between the acrotelmwe further developed the peatland module in LPX including
depth @acro= 0.3 m) and the maximum of standing water above the several new processes and mechanisms. A simple N cycle in
surface (0.1 m). The catotelm is considered to be always water sajpeatlands is described in Se2t2.2 Section2.2.3describes
urated (dark blue area). For the litter pools “ag” and “bg” denote the process that acrotelm-to-catotelm C transfer rates dynam-
aboveground and belowground, respectively. ically depend on acrotelm C pool size.

2.2 Implementation of new peatland processes in LPX

While in LPX leaf and wood turnover C enters the above-2 2.1  Dependency of acrotelm decomposition rates on
ground litter pool, root turnover C is added to the below- hydrology
ground litter pool. Thus, the fractional plant cover and related
NPP ofSphagnunmosses versus graminoids directly modu- The parameterization of acrotelm decomposition includes a
late the proportion of C input to these two litter pools (Hig.  temperature modifier, based on soil temperature at 0.25m
Both litter pools undergo oxic and anoxic organic matter depth, and a constant soil moisture modifier of 0.35 as in
decomposition, where C is partially respired to the atmo-LPJ-WHy Wania et al. 20090. Here we include effects of
sphere (atmfracSitch et al, 2003 and partially moved to the varying water table depth on acrotelm decomposition rates.
soil C pools (soilfrac =100 % atmfrac). In mineral soils, The water table is the surface representing the top of the sat-
the majority of the soil organic matter (SOM) input from urated zone in the soil, while water table depth is measured
litter decomposition enters the intermediate C pool (fast-relative to the soil surface. In LPX the depth to the water
frac = 98.5 %) with a relatively fast turnover rate, while the table ¢:) can vary from the fixed depth of the acrotelm
remainder enters the C pool with a relatively slow turnover (dw: =0.3 m) up to 10 cm of standing water above the surface

www.clim-past.net/9/1287/2013/ Clim. Past, 9, 1287308 2013



1290 R. Spahni et al.: Simulation of carbon and nitrogen dynamics in peatlands

Table 1. Decomposition ratesc{g, yr—l) of different carbon pools in LPX at a temperature of@and with water content for maximum
decomposition. Decomposition rates are given for model runs with and without dynamic N cycle (DyN), and for different soils: mineral soils
with natural vegetation, peat soils with natural vegetation, and agricultural soils with crops or pasture. All litter and soil decomposition rates
are independent of plant functional types.

Decomposition rates{g, yr—1)

Soil type mineral peat crop pasture
DyN no yes no yes no yes no yes
exudates 13 13 13 13 13 13 13 13
litter 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35
soil fast/acrotelm  0.08°  0.02F 0.1d 0.04 0.03¢  0.025% 0.08P 0.02°
soil slow/catotelm  0.00%P  0.000F 0.00¢ 0.0004 0.001F 0.0008% 0.002P 0.000F

aSitch et al(2003; P Wania et al(20098; ¢ Stocker et al(2013; 9 this study

(dwt=—0.1m). To include the effect of varying water ta-

2.2.2 Nitrogen cycle in peatlands

ble depth on acrotelm decomposition in peatlands, we mod-
ify the acrotelm decomposition rate as a weighted averagéPeatlands can be classified as bogs and fens according to

of moisture dominatedRnoist, aerobic) and water saturated

their nutrient sources. Bogs mainly depend on the atmo-

(Rsay anaerobic) regimes. Parameterizations follow the ap-sphere as a nutrient source (ombrotrophic), whereas fens are

proach byFrolking et al.(2010:

n di

Rmoist = Z a

: (l — Cmoist * (wl - wopt)2> , dwt >0, (2)
=1

whered, and w, are individual acrotelm layer depth inter-

fed mainly by surface water or groundwater (minerotrophic).
In our large-scale modeling approach presented here (with
grid-cell area of~ 54 x 10° km?) we do not simulate explicit
lateral water transport within or between grid cells, and thus
do not explicitly distinguish between fens and bogs. How-
ever, we include both atmospheric N deposition and an im-

vals (above the water table depth) and soil moisture conyicit N source as N inputs to peatlands. The latter can be

tents, respectivelywopt (= 0.45) is the soil moisture content

interpreted as Mfixation and other N input processes that al-

with optimal conditions for aerobic heterotrophic respiration |5, LPX to simulate conditions as in minerotrophic ecosys-

(Frolking et al, 2010. cmoist (=2.15) is a scaling param-
eter that results ilRmeist=0.35 for a completely saturated
acrotelm Wania et al.20093 and inRmeist=0.56 forw; =0.

).

whereR¢a (=0.001) is the ratio of catotelm to acrotelm de-
composition rates, andsz: (=1.15m) is a parameter of the

dacro — d
Rsat = Rca+ (0.35— Rco) - exp (M (3)

2 csat

tems (impens et al.2006. Thus, the model represents av-
erage large-scale landscape C and N cycling. Furthermore,
it dynamically calculates the competition among PFTs, also
depending on N cycling and subsequent N availability.

The simulation of N cycling in peatlands follows the ap-
proach implemented for mineral soilXy-Ri and Prentice
2008 Xu-Ri et al, 2012 Stocker et al.2013. N uptake
is governed by NPP and PFT-specific C:N ratios of new
biomass production. It is calculated as the minimum of N

scaling length, here representing the distance from surfacéptake capacity and N availability, where the former has a
to mid-depth of the catotelm in the model. If the water ta- soil temperature dependencu(-Ri and Prentice2008§. Al-

ble drops to the lowest level in the acrotelay (= dacro),

though PFTs can be N limited, they do not directly com-

Rsat approaches its maximum of 0.35, which is equal to pete for N. Thus, all PFTs are equally limited and no PFT

the ratio of anaerobic to aerobic respiratioahia et al.
2009h. Combining both respiration modifiers results in the

has advantage to access mineral N. This limitation has then
a feedback on the C balance of each PFT, in addition to

weighted mean acrotelm respiration modifier by water-filled the limitation by water and light. Specifically for peatlands

pore spaceRwate):

dwt

acro

dacro - dW't

+ Rsat- (4)

Rwater = Rmoist - d
acro

The parameterizations in the above equations shows th

moisture content).

Clim. Past, 9, 12874308 2013

at
Rwater Will vary between~ 0.30 (water table above surface) fi
and 1.0 (water table at bottom of acrotelm and optimal soil

we adapted the C:N mass ratios of new production to 30.0
and 54.29 forSphagnumand flood-tolerant C3 graminoids,
respectively, and the C: N ratios of SOM to 55.0 when de-
rived from Sphagnunmosses and 50.0 from flood-tolerant
C3 graminoids cGuire et al, 1992 Melillo et al.,, 1993
eijmans et a].200%, Limpens et al.2006. Note that the ul-
mate C: N ratio of SOM is an average, weighted by the rel-
ative inputs from these PFTs. N allocation to leaf, roots and
sapwood follows<u-Ri and Prentic€2008. N is then cycled

www.clim-past.net/9/1287/2013/
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through plant, litter and SOM pools in parallel with C, but 3 Input data for LPX simulations

soil C: N ratios are held constant over time. This implies that

an additional N source to the peatland ecosystem exists as N3.-1 ~ Climate input data for simulations from the LGM
fixation by bacteria or algae in peatlands. N is mineralized in to present

parallel to litter and soil decomposition (Fidj) and enters

the ammonium (NIZ*I) pool, where it is subject to volatiliza-
tion, leaching, nitrification to nitrates (NQ and subsequent

In order to simulate peatland development in the north-
ern high-latitudes, we perform simulations with LPX forced

denitrification (i et al., 1992 Xu-Ri and Prentice2008). by climate anomalies relative to present-day (surface tem-
' perature, total precipitation, and cloud cover) from snap-

atmosphere Hadley Centre climate model (HadCI88y-
In LPJ-WHYy the average acrotelm-to-catotelm C transfer rategarayer and Valde2010. Climate anomaly data are avail-
is held constant at 12gCmiyr—1 (Wania et al. 2009). able for every 1000yr. The simulated climate anomalies
Within the LPX peatland module presented here we now de-are linearly interpolated to individual years between every
fine a dynamic C transfer depending on actual accumulatior000 yr time slices, and added present-day observed gridded
and decomposition rates in the acrotelm. While the water taclimate (CRU;Mitchell and Jones2009, annual time series
ble varies in the acrotelm (top 0.3 m), the deeper catotelm idor these climate variables are generated. The climate sim-
considered to be water saturated at all times in the modelulation does not include millennial-scale variability like the
Thus, the net C balance of the acrotelm leads to a C flux beBglling-Allerad or the Younger Dryas. We keep the num-
tween the acrotelm and catotelm C podiad): ber of wet days per month unchanged, as in the CRU data.
The LPX simulations were performed with prescribed atmo-
Fac = (Cacro+ Fia - df — Far - df — Cans) - dt™L, (5)  spheric CQ (Joos and SpahnR00§ and variable orbital
forcing (Berger 1978 since the LGM.

where Cacro is the acrotelm CFia is the litter input to the N deposition plays a crucial role for the peatland N avail-
acrotelm (Fig.1) and Far the acrotelm respiration as in  gpjlity and its productivity. Since peatlands are often N lim-
Egs. O)-4): ited, atmospheric N deposition is an important N source.

At present, the N deposition in peatlands is in the range
of 0.2-1.2gNm?yr~1 in North America Bubier et al,
2007, 0.3-0.8gNm?yr~1in eastern Canada and Sweden,
but higher for central (3—-4 g Nnf yr—1) and western Europe
(up to 8g N nT2yr—1: Turunen et a].2004). For the simula-
tions over the LGM and the Holocene we assume N depo-
sition was considerably lower, and thus we prescribe a con-
stant atmospheric deposition of Niand NG, according to

the preindustrial (1850 AD) values bmarque et a(2011),

Far = Cacro- k (kao, T, dwt, wi). (6)

If accumulated Cacro €Xceeds average acrotelm C pool
size (Caas) over the course of a yearFac is trans-
ferred from the acrotelm to the catotelm at a daily
rate the following yearCaas is calculated from a fixed
acrotelm depthdscro=0.3m) and an average carbon den-
sity (pacro=18.7 kg C nT2 derived fromBelyea and Clymp

200%: which are estimated to be on average 0.10gNgr 1!

Caas = dacro* pacro= 5.6kgCni 2. (77 and maximum values of 0.85gNthyr~* for northern
peatlands.

If acrotelm C respires due to dry climatic conditiofc is Simulations are started with a spinup of 1500yr, and

negative and represents the deficit C (differena@4gs) that ~ an analytical solution to ensure that all C pools have es-
is transferred from the catotelm to the acrotelm. So this im-tablished equilibrium conditions at the beginning of the
plies that a peatland can shrink in its pool size and could eved.GM (21 kyr BP; 1kyr=1000yr; BP =before present, and
disappear if conditions are too dry. We are aware that peapresent=1950 AD). In our main scenarios, no peatlands and
bulk density and decomposition rates of C returning from thepeat carbon exist at the LGM and peat carbon build-up is sim-
catotelm are different from the overlying acrotelm layers. For ulated transiently. The influence of the initial conditions sim-
example, peat compacts when it is submerged under the watated at the end of the spin-up on results for non-peatland
ter table, resulting in greater bulk density, and SOM becomegarbon is decreasing relatively rapidly as slowest decomposi-
more recalcitrant over time. This is clearly a model simpli- tion time scales for carbon on mineral soils are typically less
fication that plays a role for the rate at which peatlands carthan a few centuries. LPX then runs forward on a daily time
disappearl(eifeld et al, 2012. step until present (2000 AD), which requires the interpola-
tion from monthly input data to quasi daily values. LPX has
a resolution of 2.5latitude and 3.75longitude. For a global
simulation from the LGM to present, the code is parallelized
on 40 CPUs, and it takes about 4 days of computation time.

www.clim-past.net/9/1287/2013/ Clim. Past, 9, 1287308 2013
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3.2 Prescribed peatland area changes from the LGM especially compared to Alaska (FB). That could be simply
to present because many peatlands in their initial states were very small
in size. Also, in the early Holocene until about 6 kyr BP, LPX
3.2.1 Setup for global simulations peatland area increases faster than the rate of peatland initia-

. ) . ) . tion (MacDonald et a].2006. Thus, the prescribed increase
For global simulations, we prescribe changes in polar ic&, heatiand area in the early Holocene implies that this in-

sheets and land area, affected by global sea level rise, inclugsaase is mostly controlled by the lateral expansion of ex-

ing effects of land isostatic uplift in response to ice melting jgiing peatlands. This is plausible if one assumes that each
(Peltier 2004). It is assumed that at the start of the simula- jnitia| peatland expands itself over time and climate condi-

tion, at the LGM, no peatlands existed in present-day peatsjong during the Holocene thermal maximum (Fig: also

land areas. These areas are either covered by the ice sheels,s jones and Yu201Q Yu et al, 2010 may favor peat

or climatic conditions were not conductive for peat forma- 405 expansion. In summary, during the glacial-interglacial
tion. Since LPX has no bioclimatic restriction of peat initi- .o «ition only peatlands in Alaska (Fig; Jones and Yu
ation, peatlands could grow even under LGM conditions i”201() and Siberia $mith et al, 2004 céntribute to cir-
some regions. We thus prescribe the time for the oldest pegl,mnojar peatland area. With the retreat of the Laurentide
initiation possible for major peatland regions as 17kyrBP g the Fennoscandian ice sheets in the early Holocene, the

for North America and 16 kyr BP for Europe and Siberia on heatjands develop in these areas and C accumulation starts
the basis of basal age dataNfacDonald et al(2006. Dur- (MacDonald et al.2008.

ing the simulation peatlands naturally develop on grid cell

land area that becomes available after the retreat of northg 2 2 Setup for site simulations

ern ice sheets. As peatlands are simulated on a sub grid cell

fraction, carbon and water are transferred between differenFor simulations at individual sites we do not change the peat-
pools using a scheme developed for anthropogenic land-uskand area over time as the analysis is based on peat-core
change $trassmann et al2008 Stocker et al.2011). With data per unit area (A). However, we do adjust peat initiation
this scheme it is possible to prescribe the expanding peatlandates of individual grid cells to match basal peat data of the
area and allow for C accumulation over non-peatland vegecorresponding peat-core site. Other than that, the setup for
tation in a framework that conserves the C mass. We assumihese simulations is identical to that of the global simulations.
a strictly monotonic expansion of peatland area fraction over

time (f(¢), t) using a sigmoid function: 3.2.3 Setup for future simulations

F() = foresent (1 +exp(t —1s)) =1, +=21... OkyrBP, (8) Simulations with LPX for future scenarios have been con-
. . . ducted by Stocker et al.(2013. A total of 31 simula-
where fpresents the peatland fraction per grid cell at present ;s \yere run until 2100 AD with prescribed climate from
a_ndrs the time with maximum frequency of peatland |.n|yfc1— CMIP5 model outputs@MIP5, 2009 for scenarios RCP 2.6
thn. We chooses =10kyr BP, the time when peatland initi- and RCP 8.5 (numbers indicate radiative forcing target in
ation peaksNlacDonald et al.2006 Yu et al, 2010. Dur- W m~2 at 2100 AD;RCP, 2009 Meinshausen et al2017).

ing the simulation peatland expansion deviates from the aNThe climate changes averaged over peatland area (2100—
alytical function £ (r) due to changes in the land mask. The 2010 AD) range from a warming of 0°E (RCP 2.6) to
latter is updated every 1000yr by linearly interpolating the 9.2°C (RCP 8.5). Average precipitation changes in peatland

area changes (1.%° grid cell area per year). For prgsent—d?rea for the 31 simulations range fror2 (RCP 2.6) to
nprthern hlgh_—Iatltude peatland fractlons we used hls_tel and, 05 mm yrl (RCP 8.5). These LPX runs have been ini-
histosol fractions from the Northern Circumpolar Soil Car-

. s tialised from the end state of a transient run since the LGM
bon Database (NCSCDOiarnocai et al.2007) with a total

5 5 5 (Sect.3.2.]) at pre-industrial, and then forced with the cli-
area of 2.7k 10°km? (1.42x 10°km? and 1.29« 10°km mate output from the range of Earth System Models men-

in North America and Eurasia, respectively). These presenty 4 above until 2100 ADStocker et al.2013 CMIP5
day and scaled peatland maps of the past are shown i2.Fig. 2009 '

Itis important to note that according to the ICE-5G ice-sheet
reconstructionReltier, 2004 large areas of present peatlands
were ice covered in North America at 10 kyr BP. 4 Calibration of model parameters to site data

Total simulated peatland area thus increases from 0 at the
LGM to 2.71x 10°km? at the present. Our calculations of In this study, we use the term “apparent peat accumulation
peatland area in the model roughly match the cumulativerate” for the accumulation rate of peat layers, as observed at
curve of peat initiation dates (Fig). However, there are the present, that underwent decomposition since their forma-
some noticeable differences. Before the Holocene, total peation. This is in contrast to the “peat accumulation rate” or net
land area prescribed in LPX (Eq. 8) increased slower tharecosystem production (NEP) that represents the C balance of
the rate of increase in the number of individual peatlands,a peatland in the actual year of peat formation. In addition
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Fig. 2. Maps of fractional peatland cove) northern peatland (histosol and histel) fractions from the Northern Circumpolar Soil Carbon
Database (NCSCDrarnocai et al.2007), (b) NCSCD peatland data represented in LPX grid {%3.75’), (c) prescribed peatland fractions

in LPX at 10 kyr BP(d) no peatlands present at the LGM. For the LPX maps the light blue areas denote the ICE-5G northern ice sheets, and
green areas the ice-free land mass, expanding into present-day oceans due to the lower sea level iR ¢itiep2§104).

we use the term “gross peat accumulation rate” for peatlandomparison with model output, accumulation rate data are
accumulation, or C balance, in the year of peat formation,binned at 1000 yr intervals over the entire Holocene. We use
excluding peatland decomposition in the catotelm since or inthese data as targets to find the best combinations of model

the year of peat formation. parameters.
4.1 Peatland apparent accumulation rate data 4.2 Peatland apparent accumulation rate calculation in
LPX

As a tuning target, we use reconstructed Holocene apparent

peat accumulation rates from a compilation of 33 peatland ) i

sites in the northern high-latitude¥.(et al, 2009. The data  4-2:1 Parameters regulating catotelm accumulation

include fens and bogs as well as permafrost peatlands from rates

the following major peatland regions: Alaska, Canada, Scot-

land, Finland and Siberia. Each region itself represents an avFhe simulation of past peatland accumulation rates very
erage of 3 or more records with basal ages between 5.5 anaiuch depends on the balance of C transfer from the acrotelm
14.2 kyr BP. Measured apparent C accumulation rates rang the catotelm kac) and loss by heterotrophic respiration
between 8.4 and 38.0gCthyr—! for these regions over from the catotelm to the atmosphet&R). We do not con-

the Holocene, with an overall time-weighted average rate ofsider any lateral transport or other processes for C change in
18.6 g C nT2yr~1 for all 33 sites Yu et al, 2009. The loca-  the catotelm. On the landscape scale also erosion may be-
tions of the 33 reconstructed apparent peat accumulation rateome important for peatland ecosystems. Here, erosion pro-
sites fall into 24 grid cells of the LPX model grid. For the cesses are not consideré{ic itself depends on the acrotelm
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100 Important tuning parameters for the acrotelm and catotelm
é Il VacDos r25 C balance are the decomposition rate constantsatroand
580 7 - cumulative MacD06 | ¢ k10 catd. Beside the direct effects on the C balance, the
2 cumulative JY10vet L o = ' . . . . .
5 -~ cumulative JY10all e decomposition also has implications for the N cycling as
560 -~ cumulative TKiake | g it dynamically affects the N mineralization rate from lit-
£ —— LPX peatland area Y ® . -
5 ° ter, acrotelm and catotelm peat, and thus the N availability
£407 g (Fig. 1; Xu-Ri and Prentice2008. Previous modeling stud-
) < ies using simple peat schemes (no simulation of plant co-
5 20 L 05 5 h .
g orts) used decomposition rate constants for the acrotelm at
a L, 0.03yr ! (k10,acrs Wania et al, 20098 or 0.067 yr* (kacro,

0 2 4 6 8 10 12 14 16 18 20 Kleinen et al, 2012, and for the catotelm at 0.001yk

time (1000 years BP) (k10,catec Wania et al. 20099 or 0.0000335yr! (kcato;

_ _ _ Kleinen et al, 2012. We slightly varied decomposition rate
Fig. 3. Comparison of northern pe.atland area development N LPX - onstants to 0.02, 0.03, 0.04, or 0.05¥ifor the acrotelm
with peat initiation data from various basal ages as compiled by .
Reyes and Cooké011). Shown are the circumpolar peat initia- and_ to 0'000_4’ 0.0007, or 0.00D}rfor the catotelm in our
tion probability and their cumulative curve (MacDO@acDonald tuning exercises.
et al, 2006. Other cumulative basal dates are given for peatlands . ) )
in Alaska (JYZ10vet, JY10allJones and Y2010 and thermokarst 4.2.2  Metric for apparent accumulation rate history

lakes (TKlakeWalter et al, 2007). .
( ) We used the simulated C balance of the catotelm @gq.

for model calibration with peat-core data. While the model

balance as described in E@)(The Change of the catotelm simulates actual C accumulation for individual years in the
C pool (Ceato) thus can be written as past, the peat-core data measure C increase in peat pro-
files that underwent decomposition since it was first accumu-

©) lated (Yu, 2011). We thus use simulated changes in catotelm

gross C accumulation (mainly acrotelm-to-catotelm C trans-

. . . fer, Fac) summed over 1000 yr intervals, and let this accu-
whereF| ¢ is the C flux from the litter directly to the catotelm mulated C decompose until present with the time dependent

from root_s .(F'g'l)' In this equationFac is the_domlnatlng ., catotelm decomposition rate as calculated by LPX, averaged
term, defining the long-term peat accumulation rate and its

variability over time.F « represents in aeneral a very small over the same intervals. In this way we derive an apparent ac-
flux and);" scales-a:_riostplinearl Witg‘ analo 03;8 o cumulation rate history, which can be compared to the peat-
Eq ’(6) Frgr? Egs. ) and ) one an concétgde thatgthe <im. COre datainvu etal.(2009. As the metric for evaluating the
N ' ) . " comparison we use the root-mean-square deviation (RMSD
ulated peat accumulation rates depend on the ingut,(and P d ( )

o . of simulated versus reconstructed apparent C accumulation
Fic) and respirationKar, andFcRr) C fluxes in the acrotelm PP

. rates. The RMSD is calculated for each 1000 yr interval at
and catotelm. Parameters used to configure these fluxes are

. ) . e . each site, and then averaged over all 33 sites. The tuning of
thus subject to tuning. In the following, we limit our tuning to g 9

) » . . the model parameterV(y, k10,acroandkio,catd is thus opti-
three parameters: an gddltlonal globally uniform N input ratemized (with the smallest RMSD) for all 33 records and for
(Nin), and decomposition rate constants for both the acrotelm

all tim ri together, and not for the present da t-
and the catotelmkf o acro andkio catg See Tablel). € periods together, and not fo prese y pea

. . _ . land C storage (kg C nf). Intervals with negative rates in
. The input C fluxes dwgctly relates to NP_P’ which is explic- LPX have been excluded, as this can not be observed by peat
itly calculated each day in LPX as a function of temperature

o . g ‘core data.
water availability, incoming solar shortwave radiation, atmo-
spheric CQ concentration and the N availabilit)X¢-Ri and
Prentice 2008. Of these influences the N availability and
in general the N cycle in peatlands is a new feature com4n a total of 48 simulations that combine all parameter
pared to a previous model versioWénia et al. 2009h. As values of Nin, k10 acro and k1o cato the simulated appar-
mentioned earlier, N input is crucial for N availability and ent peat accumulation rates have an average RMSD to the
finally peatland NPP. For the past 21 kyr BP the natural Npeat-core data of 15.1gCTthyr—1 (ranging from 12.7 to
input, in particular N fixation, is highly uncertain. With the 19.7gC n2 yr~1. This RMSD value is quite large, as it is
setup described so far, we might underestimate total N inpubf the same order of magnitude as the C accumulation rate
to the peatland ecosystem in our simulations. Therefore, wétself. Uncertainties in reconstructed peat-core data, a scal-
explore the impact of an additional globally uniform N input ing effect from the grid cell to the site levels, or local differ-

rate (Vin) in peatlands as a tuning parameter with values ofences in modelled and real past climate contribute to large
0.1,0.2,0.3,0r 0.4gNmfyr1. deviations.

d Ccato

dr AC LC CR

4.3 Results of parameter sensitivity simulations
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Fig. 4. Simulated gross (blue) and apparent (red) C accumulation rates for peatland ¢éaeSaotland andb) Canada compared with
reconstructed C accumulation rates (gréénet al, 2009 Anderson2002 Gorham et a].2003. Top left values denote RMSD of simulated
(red) versus reconstructed accumulation rates (green). See AppendLFa@.comparisons of simulated and reconstructed C accumulation
rates from all other grid cells and sites. Pa(®lshows the annual average temperature (solid lines) and changes in annual precipitation
relative to present (dashed lines) for the corresponding grid cell in Scotland (orange) and Canada (purple) in the HadC\88yaragief

and Valdes2010.

The best agreement, i.e., with the lowest RMSD, is ob-precipitation decreases (Fidc), the water table drops and
tained for Nin=0.29Nm‘2yr‘l, k10,acro= 0.04yr’1 and acrotelm decomposition is increased. This leads to a gap
k10,cato=0.0004yr! (RMSD=12.7gCm?yr1). How- in C accumulation of the peatland. Overall, LPX simulates
ever, the chosen parameters are not unambiguously thiwer rates at this particular site. Such deviations are to be
best. There are 9 other combinations that have a RMSDexpected for a simulation where parameters are optimized
of 14.0gCnm?yr~1 or less. Simulations withVi,=0.1  for all 33 sites.
and 0.2gNm?2yr—1 have nearly an identical low RMSD, Generally, simulated apparent C accumulation rates in
that is always lower than in simulations witty, =0.3 and  peatlands clearly show less variability over the Holocene
0.4gNnT2yr—1 irrespective of the other two parameters. than reconstructed peatland data (see Rif.in the Ap-

In a similar way, the RMSD fok0 acro=0.05yr 1 is always  pendix for comparisons at each of these sites/grids). Partly
higher and forkig cato= 0.0004 yr1 always lower than the this can be explained by an underestimation of centennial to
RMSD for the other decomposition rate constants. millennial variability in the climate input data as they were

In Fig. 4 we highlight a comparison of simulated versus interpolated from 1000 yr snapshot climate simulations. For
reconstructed apparent C accumulation rates for two sites itwo fens in Northern Canada the model simulates very little
Scotland and one site in Canada (as compiletturet al, NPP because annual temperature is too low (beld&°C).
2009 Anderson 2002 Gorham et a].2003. The apparent  Plant growth is limited either directly by cold climate or indi-
accumulation rates at the Scottish sites, both located in theectly by simulated N limitations due to very slow decompo-
same model grid cell, show an early Holocene increase and aition and mineralization under extremely cold climate. As
linear decrease towards the present. LPX captures the behag- consequence no peatland C is accumulated @igin
ior of the Glen Carron bog, but overestimates present dayhe Appendix). These two sites have been excluded for the
accumulation rates. The Canadian site in Flg.shows a  RMSD calculation.
local minimum in accumulation rate in the mid-Holocene, The impact of the N cycle was tested separately by run-
where LPX simulates no peat accumulation at all duringning the model without the dynamic N cycle, that is, atm-
the mid-Holocene. At this particular point in the simulation, frac=70%,Ni,=0.0gNnT2yr—1, but all other parameters
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e b b b b by 1 | Table 2. Simulated and prescribed peatland N fluxes, N pools and
60 e ® // B soil C: N ratio in comparison with observationkirfipens et al.
1 @ hd e i 2006. LPX values denote the averages weighted by peatland area
—_ il L and the simulated range of grid cell values in brackets. For calcula-
550 71 @ LPX without DyN // B tions, organic matter (OM) contains 50 % carbon (C).
5 | @ LPX with DyN e L
2 ] /// i Peatland Prescribed or Observations
540 e o ° e @ B parameter simulated in LPX Limpens et al.2006
o ] ’ r
g ® % sieria i N input fluxes
g ° ° o o i 2y-1
g 30 N . i N (GNmM=2yr=)
8 ] Ae &® i N deposition 0.1 (0-0.88) 0.5(<0.1-1.0)
% g Vil - implicit N source 0.24 (0-0.75)
Tl se o o - m fi);lation 8.;. ((g.gg)-s.z)
5 g ° v 3 — N inflow 1(0.
: ‘@ji e é@;’si.-gp/gaska@o i —pollen <0.1(0.03-0.05)
g + A °° 3 additional N input 05 -
L P e o B total N inputs 0.54(0.2-1.80) 1.0 (0.1-4.3)
102 0% 0 o 6 I N output fluxes
1, -
0 L By Ly B B (g N m_zyr_l)
0 10 20 30 40 50 60 N denitrification (N>O) 0.04 (0-14.25) 0.2 (0-0.4)
accumulation rates in LPX (gC m? yr) N volatilization (NHg) 0.002 (0-0.10) <0.1
N leaching in runoff 0.1 (0-2.96) 0.3(0.15-0.63)
Fig. 5. Correlation of LPX simulated versus reconstructed appar- total N outputs 0.14 (0-17.31) 0.5 (0.15-1.03)
ent peat C accumulation rates averaged by regvare al, 2009. N pools
Each circle represents the average of a 1000 yr interval over the last
10 kyr, with large circles representing the last millennium. The in- (gN m,?)
clusion of dynamic N cycle (LPX with DyN; filled circles) brings ~ Vegetation N 2.7(0-4.6) 0.1-36.6
the average 1000yr apparent accumulation rates closer to the 1: 1 litter N aboveground 61.2(0-110.0) ;2‘%7
line than the simulation results without dynamic N cycle (LPX with- _'lter N belowground 15.1(0-54.5) 2
out DyN; circles with cross). N concentration
soil N concentration 14.8 (12.1-41%0) 6-1¢&
. . . " . (mgN/gOM)
are identical. The optimal decomposition rate constants in soil C:N elemental ratio  34.0 (12.2-4182) 33-5%
this case arek1g acro=0.1yr ! and kg cato=0.001yr?! as (gCigN)

given "? Tfabl_el' For thls_tunlng peatland _N_PP IS Iarger with- 2 prescribedl(amarque et a)2011); b parameter tuning (this study, Sed};
out N limitation, thus higher decomposition rates make upc assumed N content is one third of acrotefhvalue of vascular plant roots;
for a larger C input to the acrotelm and catotelm. The result-° includes both the acrotelm and catotelm.

ing correlation of simulated versus reconstructed peat C ac-

cumulation rates averaged by region and over 1000 yr tim
intervals is shown in Figh. Average apparent accumulation

rates for _Scotland and_ F|nlar_1d are considerably clos_er to "®Global simulations of dynamical vegetation and peatland de-
constructions, when simulations include the dynamic N cy-

. .2 velopment from the LGM to present are performed with the
cle. However, it should be noted that the two model versions P P P

. . . climate forcing described in Se&and the parameters opti-
ELF)I( W';Z and tW'thOlrJr: cliytr;a;nlt:: r’:‘ \c/;yclt(aj)iﬁarre r:ﬁne,insfnﬁa; mized as described in Sedt.Compared to simulations with
aeiyt_a fp’\elza aICCCLIJ uiatio ¢ € ;a:_ets th ere ty.t iaht € previous versions of the model (e.ggos et al.2004) the
pretation ot N cycle dynamics from 1g1s usnotstraight= i lusion of the dynamic N cycle is considered as a major
forward. The average accumulation rates in Siberia are un-

) . . . model change, strongly affecting the land C cycle. We thus
.deresnma.ted t_)y LPX !n.both cases with or without N dynam'check simulated C and N fluxes and pools against observa-
ics. The bias likely originates from a peat core near Tomsk

. A . . ‘tions, before we present results from transient simulations
Russia Yu et al, 2009 Cell 3 in Fig.Al in the Appendix), P

; . : since the LGM.
which has very high accumulation rates that are not repro-

duced in LPX with the optimized parameters.

E\5 Global simulations of peatland development

5.1 Validation of N cycle in peatlands

In Table 2 we summarize simulated N fluxes, N pools and
C: N ratios in peatlands that were averaged over the period
1950-2000 AD for all PFTs and the northern peatland area.
In general LPX simulates values that fall in the range of
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Fig. 6. Comparison ofa) gross primary productior{b) net primary production(c) heterotrophic respiration ar{d) net ecosystem produc-
tion in northern high-latitude peatlands for LPX simulations with and without dynamic N cycle (DyN). Each point represents a 10 yr average.
Solid lines are linear fits through point&%, coefficient of determination, is given in the headers) and dashed lines represent the 1: 1 line.

observations l(impens et al. 2006. Average N input and C fluxes including heterotrophic respiration (HR) and NEP.
output in the peatland ecosystem are smaller in the simulal is hypothesised that in northern high-latitudes N miner-
tions than in observations. The difference can be explainedlization is slow and N availability is low in spite of high
by a low N deposition in LPX, which uses pre-industrial SOM content Chapin et al.1995 Nadelhoffer et al.1991).
(1850 AD) N deposition value, whereas observations areThis effect can be seen in Fi§;, some sites have no growth
based on present-day fluxes with much higher N depositior(in either GPP or NPP) in LPX simulations with dynamic
rates Lamarque et al2011). N cycle, and thus also no HR or net ecosystem produc-
The weighted averages of C:N ratios for global peat-tion (NEP). NEP reflects the balance between NPP and HR
land area and fractional plant cover in LPX are simulated(NEP =NPP- HR). Thus, NEP depends on how much car-
as 44.7, 41.8, 51.0 and 34.0 for vegetation, abovegroundbon is transferred to the catotelm where it is subject to very
litter, belowground litter and soil, respectively (correspond- low respiration rates. An important difference between LPJ-
ing N content is given in Tabl@). Since mosses have no WHy and the current LPX version is that the acrotelm-to-
roots, below ground litter in the model is calculated en- catotelm flux is set constant in LPJ-WHy, whereas it is com-
tirely from root turnover of graminoids. The higher C:N puted from the acrotelm C balance in LPX. A lower NPP in
ratio of below ground compared to above ground litter is LPX than in LPJ-WHy does therefore not necessarily trans-
inherited from the higher C:N ratio of plant production late into a lower NEP. Comparisons of NEP with different
for graminoids compared to mosses. Simulated peat (botliriving variables are shown in Fig\2 in the Appendix.
acrotelm and catotelm) C: N ratios are in the range of 20— The reduction of maximum simulated NPP from 800 to
42 (11.9-20.0mg Ng! dry biomass), which is at the lower 450gC nT2yr~1 due to the inclusion of a dynamic N cycle
end of observed C: N ratios of 30-55rpens et al.2006. is an important aspect for peat growth and crucial for the C
How do the N cycle processes affect plant growth andbalance in the acrotelm and peat accumulation rates. In simu-
ecosystem C balance in peatlands? In the LPX version with dations without dynamic N cycle the resulting NPP is clearly
dynamic N cycle photosynthesis and GPP are not very dif-overestimated as discussed in detail for LPJ-WHy\gnia
ferent to the version without a dynamic N cycle (F&), et al. (20098. They find that in LPJ-WHYy the excessive
but NPP is reduced considerably if not enough nitrogen isNPP values lead to an overestimation of the seasonal ampli-
available to support plant growth. This additional limitation tude of NEP compared to data. In their analysiania et al.
affects the overall growth of plants and thus all subsequen{2009 hypothesise that this is due to the lack of nitrogen
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or phosphorus limitation of NPP. However, their annual NEP
values had no offset to measured data. An explanation for
this is given by the actual state of peatland soil C pools. In
simulations without dynamic N cycle peatland soil C pools /5
are much closer to equilibrium than in simulations with a dy- I
namic N cycle, due to the higher NPP over many thousands
of years. According to Eq.6] for the acrotelm and analo-
gously for other C pools, the larger peatland soil C pools lead 2
to higher HR. This means that NEP in both simulations can 3,
be in the same range, despite NPP being considerably Ioweﬁg i
in simulations with dynamic N cycle. Furthermore, because § 6000 —]
peatlands in these two simulations have a different accumu- 4
lation rate history since the LGM, their peatland NEP at a 4
chosen location are not necessarily correlated. This is shown  so00 —
by the weak correlation in Figd. -

. T 72187 n=20gCm?yr' |
15000 —| g=7gCm?yr" —

cells
|
T
—
T

9000 —

5.2 Variability of acrotelm-to-catotelm carbon transfer 0 — T

. 25 -20 15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55
The global area-weighted average acrotelm-to-catotelm acrotelm-to-catotelm transfer (g C m? yr™)

C transfer ¢ac), including positive and negative rates in
LPX, is 22.3gCm?yr—! at present. This average value is

SUbStantla.”y larger than th? constant flux of 12g szr ' (last 10 kyr and for bins with a width of 1g cm yr—1). Negative
assumed in LPJ-WHw{ania et al. 20090). T_he acrotelm- . values on the x-axis denote a transfer of carbon from the catotelm to
to-catotelm C transfer shows a large spatio-temporal Varlcrotelm, implying C loss. Rates below zerel(< 0g C n-2yr—1)
ability. A frequency distribution offac (10yr averages of  gccur most frequent and are outside the frequency scale as indi-
individual grid cells for the peatland land unit) over the last cated. A normal distributioni{, &) is shown as an approximative
10kyr shows a wide range, even spreading out to negativelistribution of positive rates (red line).
rates (Fig.7).

The way we implemented'ac (Eq. 5) very often leads
to slightly negative values whenever acrotelm respirationg 5 Comparison of modeled results with observed soil C
is larger than C input to acrotelm on an annual basis. So, data
for balanced or decaying peatland&c oscillates around

0gCnT<yr~ with a higher probability for negative rates. At present, the peatland area in LPX is prescribed to

Thus, there are lots of grid cells and time periods that fall 5 71, 106 km2 according to the NCSCD (see Se8t2.])

- ; P . .
within the same bin{1 < 0gCnT“yr—) that shows up @S other studies use much larger present-day peatland areas
a frequency peak in Figr (a total of 72187 occurrences). o 4« 106 km? in total (Yu et al, 2010, whereof mainly

The positive acrotelm-to-catotelm rates can be ap_perXimate%urasian peatland area is larger than in our study. Therefore,
with a normal distribution centerg? at 20gCHyr—and iy an initial test, we compare simulated soil C densities with
a standard deviation of 7g Cthyr—*. However, the tails of e NCSCD dataTarnocai et al.2007) for North America.
the simulated distribution deviate significantly from the nor- tho NCSCD has detailed C inventories for North America
mal distribution. Some grid cells show transfer rates higherg; depths of 30cm, 100cm, and total soil C (down to
2 -1 . . . . ’ )
than 509 Cm“yr==. This is quite a remarkable high trans- 300 ¢m). Although LPX only simulates soil hydrology and
fer rate, as it represents a grid cell average. It has been showparmal dynamics of the top 200 cm, there is no explicit limit
that peatland C accumulation rates, and thus also acrotelms¢ cimulated C in soil pools. We thus compare LPX soil C
to-catotelm transfer rates, for individual sites indeed can eXyith total soil C in the NCSCD. For this. the high-resolution
21 : '
ceed 50gCm7yr~ (Yu etal, 2009. _ soil C data were regridded to the LPX grid using the frac-
Although acrotelm decompositiowg, Eq.6) isnow de- {5, peatland area; deviation in total soil C stocks between
pendent on water table depth (3.7 cm on average) and plan},q regridded and original data set are small (Bjg.
available soil moisture content (0.41 on average), the inferred 1he simulated total C inventories in peat soils, in per-
(Egs.2-4) average respiration modifieRgater=0.47)isonly  afrost soils, and all soil classes are well within #80 %
slightly higher than in LPJ-WHyRwater=0.35;Waniaetal. ~ ncertainty range of the observation-based estimatesgfig.
2009h. However, the variability ifRwaterincreases the vari- - gimyjated soil C in North America is 332PgC for all
abl!lty in Far, which has also a direct impact on the distri- ;o (observation based: 344 PgC), 177 PgC for peatlands
bution of Fac. (167 PgC), 155PgC for mineral soils (177 PgC), whereof
105PgC are associated with permafrost soils (115PgC;

Fig. 7. Frequency histogram of acrotelm-to-catotelm transfer rates
(10yr averages) from simulated grid cells in LPX over the Holocene
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peatlands all soils

NCSCD on data grid

NCSCD on model grid

LPX on model grid
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Fig. 8. Present-day distribution of peatland and all land (peatlands, permafrost and mineral soils) soil C densities in North @) eeia:
land C density from NCSCD datd4rnocai et al.2007), (b) peatland C density from NCSCD data averaged on LPX g(@geatland

C density simulated by LPXd) all soils C density from NCSCD daté) all soils C density from NCSCD data averaged on LPX grids,
(f) all soils C density simulated by LPX. Numbers denote the area-weighted total C pools.

Tarnocai et al.2009. The simulated spatial distribution of Total present-day mineral and peat soil C and N pools
peatland C and soil C densities is also in broad agreemengimulated in LPX are 1154 PgC and 63 PgN in the North-
with observations (Fig8). The observed band of high C den- ern Hemisphere (30-9)) and 1714 Pg C and 108 Pg N glob-
sities stretching northwest from the US lake region to theally. Thereof 365PgC and 11 PgN are located in peatlands
Arctic Ocean is well represented in the model. However,in the Northern Hemisphere using the peatland distribution
compared to the NCSCD, the LPX peatland and total soil Cby Tarnocai et al(2009. Of the global soil C pool, 608 Pg C
stocks are overestimated in Alaska, and LPX total soil C isand 29 PgN are located in northern circumpolar permafrost
underestimated in northern Canada. A possible reason for tharea with peatlands therein contributing 275 Pg C and 8 Pg N.
latter may be a misrepresentation of temperature effects olbeit total permafrost C is slightly lower than ifarnocai

the dynamic N cycle in high northern latitudes. Simulations et al. (2009, it is important to note that peatlands within
without dynamic N cycle show slightly higher permafrost permafrost area (histels) are a significant part of the soil C
soil C in northern Canadar10kg Cn1?). The LPX peat-  pool, and may behave differently under climate change than
land soil C overestimation in Alaska may possibly be relatedmineral soil permafrost. Further, the model does not simulate
to uncertainties in the prescribed climate evolution or in peatsoil C stored in Yedoma or deltaic deposits, which are esti-
initiation. An alternative explanation could be that effects mated to be 407 and 241 Pg C, respectiv@igriocai et al.

of litter quality on decomposition, not included in LPX, are 2009, but it does take into account soil C that is preserved in
important. Also, the flooding disturbance might have beencontinental shelves due to rising sea levels during the glacial-
important in the mid- and late Holocene at some regions ininterglacial transition. However, the latter does not contribute
Alaska that was not explicitly simulated in our model. A re- significantly at present as we assume that this C pool mostly
gression of non-zero values between peatland soil C data anespired over the Holocene.

modelled soil C densities on peatland yields a coefficient of

determination ofR?=0.54.
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0 I I I I I I I L HTM. Both changes in water table and thaw depth increase
water table depth E the saturation of liquid water in the soil and the amount of
water available to plants; this tends to increase NPP and NEP.

A major observation from peat-core data is high apparent
peat accumulation rates at the beginning of the Holocene and
a decreasing trend towards the preséfut ¢t al, 2010. Yu
et al. suggest that in the early Holocene high summer inso-
lation and strong summer—winter climate seasonality lead to
a longer and more intensive growing season, and thus higher
annual NPP and finally peat C accumulation. This feature
is not present in all peat cores (Fi§gl in the Apppendix),
and the robustness of this conclusion may be affected by lim-
ited data availability as only data from 33 sites are currently
available.

For comparison, we examined the evolution of the
area weighted northern high-latitude average peatland NEP
3 (Fig. 9b). NEP in g C nt2yr—1 represents the average peat C
= accumulation rate per unit area and should not be confused
E with total peat accumulation, which is the product of average
E NEP and peat area. We recall that the Bglling-Allerad and
= Younger Dryas climate swing are not present in the climate
\ £ data of the Hadley Centre model used to force LPX in this

- E study (see Fig4c). This likely affects the simulated NEP
= during the transition and the early Holocene in Europe and
Siberia. In Europe and Siberia, NEP shows a broad maximum
age (kyr BP) between 13 and 10 kyr BP, followed by a millennial-scale de-
crease during the Holocene. In North America, on average
Fig. 9. (2)Changes in average water table and thaw depth below soiNEP jncreases over the transition and the early Holocene to
surface(b) Evolution of area-weighted average NE&), net north- peak around 8 kyr BP, after the major retreat of the Lauren-

ern peatland C uptake, afd) cumulative peatland soil C since the . . . .
late LGM for the two scenarios of peatland area expansion T09 (thintlde Ice sheet. In brief, our results are compatible with the

lines; Tarnocai et al.2009 and Y10 (thick linesYu et al, 2010. suggestion of an early Holocene peak in peat NEP, given the

Area-weighted averages and totals are calculated for Northern TotNCertainties in our climate forcing data.

tal, Europe and Siberia, and North America. The prescribed peatland area (T@@rnocai et al.2009
is increasing over time (Fig® and 3) and this translates

into higher overall C uptake by peatlands. Total peatland

depth (cm)

a) thaw depth

— Northern Total
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— North America

NEP (g C m?yr')

50
40
30
20
10

uptake (Pg C kyr™)

500
400
300
200
100

cummulative (Pg C)

o
N
~
[}
[ee]
—
o
—
N
IS
—
[}

5.4 Transient simulation results since the LGM C pools start to increase significantly at about 12 kyr BP in
Europe and Siberia, and at about 10 kyr BP in North Amer-
5.4.1 Results for peatland NEP and C pools ica (Fig.9c). Rates of C pool increase are linear, but show

different slopes in the two regions (Fi§d). These results
Figure 9 shows simulated changes in average water tablesuggest that northern peatlands have been a persistent land
depth, permafrost thaw depth, average NEP (net ecosyste@ sink since the early Holocene.
production), and in peatland soil C (both the acrotelm and
catotelm) since the LGM. The water table rises in parallel5.4.2 Alternative peatland development scenarios
to increased precipitation o£240 mmyr? over peatland
areas and since the LGM. The rise in water table positionTotal northern peatland C as simulated by LPX for the peat-
probably lead to a long-term decrease in acrotelm respiraland area T09 Tarnocai et al. 2009 is 365PgC at the
tion and thus an increase in acrotelm-to-catotelm C transfepresent, which is within the range of previously published
rate. Thaw depth increases due to an average change in aastimates Tarnocai et al.2009 Yu et al, 2010. However,
nual mean peatland temperature fremi6 to —4°C from since the total amount changes with the area and time since
the LGM to present. The highest rate of increase in thawpeatland initiation, we simulated peatland development for
depth at 12—7 kyr BP may be related to the Holocene thermatwo additional scenarios. First, assuming that some peat-
maximum (HTM) in high northern latitude&K&ufman etal.  lands are much older than what peat basal dates have sug-
2009, where abundant peatlands exist. The slight decrease igested, we carried out a test simulation with no restriction to
thaw depth over the last 7 kyr, especially in North America, peat initiation (TO9gm). Under these conditions, LPX sim-
may be caused by the late Holocene climate cooling, after thellates peatland C accumulation already in the LGM. As a
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consequence, catotelm C pools are much larger and closéiable 3. Northern peatland area, peatland soil C (both acrotelm
to the steady state at present. Second, we simulated peatlaagd catotelm), peatland NEP, and net C uptake rate in northern
development using a total northern (30280 peatland area Peatlands. Values represent 50yr averages of model outputs:
of 4x 10°km? as inYu et al.(201Q Y10). The distribution ~ Present-day =1950-2000AD; ~ 10kyr BP =10.025-9.975 kyr BP;
of northern high-latitude peatlands affects the area weighte@"d LGll\/I = 21];0_20'95 kyrgP. Va'.”eS;‘());the '&GM denote e‘?“g'b'
mean of peatland soil C, NEP, and peatland C uptake rate (Tar-'lrjgg’e\f;_léz; Zézrﬂzgén:féa;%;;%%zi et a?&ogga arlnjc? eYiga;y
S:I!usg.s\pcl)?léﬁl ziisneg‘:;ia>;§§3§r?g(jCh;EnZSXS;i%eS;;I?en;g?ﬁu et al.(2010. TO9 gp has no restriction on peat initiation and

X ! ) i atland areas during the LGM.

at present and in the past are considerably different from eac(:aﬁe

other (Fig.9). Below we analyse the simulation results for the Simulation scenarios
three scenarios T09, TO@w and Y10. time period T09  TOPgy Y10

In scenario TORgm present-day peatland soil C is nearly
double the value of TO9 (Tabl8), despite the fact that the area (16 km?)
increase from the LGM to present is only marginally larger present-day 2.713 2.713 4.000
for the northern total and is almost identical for North Amer- 10kyr BP 0.860 1.720 1.408
ica. In LPX, additional peatland soil C in TQ8y is located LGM 0.0 1.104 0.0

in the West Siberian Lowlands (WSL) during the LGM. For

. e - L soil C pool (PgC)
this specific region, the TQ@w scenario simulates 400 Pg C

at present and thus clearly overestimates GIS-based observa- present-day 365 714 550
tions of 70 Pg C$heng et a).2004. Scenarios T09 and Y10 10kyrBP 34 424 54
with peat initiation after the LGM (earliest at 16 kyr BP) have LGM 0 324 0
much lower present-day peat C inventories of 97 and 90 Pg C NEP (gCmr2yr1)

for West Siberia, respectively. From the T@® simulation

it becomes clear that even though present day peatland NEP present-day = 148  15.0 13.7
. . . Lo 10 kyr BP 12.7 7.5 13.2
is not that different from that in T09, the peatland initia- LGM 00 45 0.0
tion and history are very relevant for total C storage in these : : :
ecosystems. net C uptake (Pg C kyrl)
The Y10 scenario sugggsts northern to.tal peatland soil C present-day 36.2  34.9 50.2
of 550 Pg C, which approximately proporuongl!y relatgd to 10 kyr BP 9.7 14.9 15.0
the larger area compared to T09 (TaB)eSurprisingly, this LGM 0.0 4.9 0.0

value is very close to the mean value (547 PgC) indepen-
dently estimated byu et al.(2010, despite the fact that LPX
results have not been tuned to the total C stock of northerr5.5 Transient simulation results for future scenarios
peatlands. It is also noted that the tuning of model param-
eters to accumulation rates for only a few sites has a sigThe model was calibrated on the millennial timescales re-
nificant impact on the total amount of simulated peatlandsolved by the peat accumulation data. It appears justified
soil C. Also, the inclusion of the dynamic N limitation has to apply the model also on the decadal-to-centennial time
a large effect on the amount of peatland soil C, as simu-scales that are typical for anthropogenic climate and envi-
lations without dynamic N limitation yield values of more ronmental changes as relevant processes such as NEP, wa-
than 720 Pg C for the Y10 scenario. Irrespective of the sceter table depth variations, or acro-to-catotelm carbon trans-
narios TO9 and Y10, peatlands in North America and Eu-fer or decomposition rates are allowed to vary rapidly within
rope/Siberia each contribute about 50 % to the northern peathe model. Further, projected changes in climate and at-
land total. In the Y10 scenario, North American peatland mospheric composition over this century are comparable in
soil C is about~ 100 Pg C larger than for TO9, which is not magnitude to the changes that peatland experienced over the
supported by the NCSCD data that show even lower soil Cpast 20 kyr. LPX simulations were performed for future sce-
than in TO9 (Fig. 8). However, the peatland area of scenarimarios (Sect3.2.3. Results for peatland NEP and C pool
Y10 used in LPX simulations is also proportionally larger in changes from 2010 to 2100 AD are shown in Fif. Over-
North America. One can thus conclude that differences in theall, changes in peatland C stocks over the 21st century are
geographical distribution of peatland area between scenariogery small and less than 6 Pg C, irrespective of the forcing
T09 and Y10 are probably less important than the differencescenario applied. Peatland NEP is still positive today and
in total peatland area for simulated peatland soil C. C pools are linearly increasing until mid 21st century in all
runs. In RCP 2.6, peatland C stocks steadily increase towards
2100 AD. After 2050 AD, the median of simulations under
RCP 8.5 show a decrease in average peatland NEP, becom-
ing negative by 2100 AD. Negative peatland NEP represents
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6 Discussion

Calibrating model parameters with reconstructed peat accu-
mulation rates is an important step towards robust simula-
tions of peatland C dynamics. As common to large-scale en-
vironmental modeling, the upscaling from site data to large
regions and to the global scale is problematic. It is thus not
surprising that LPX reproduces C fluxes for regional aver-
ages better (Figh) than at individual sites (Fig. Al). Also,
the inclusion of the dynamic N cycle process resulted in a
better agreement of simulated NPP and apparent peatland
C accumulation rates from the observations. On the other
hand, the simulated C and N cycles also strongly depend
on the accuracy of GCM simulated climate used as the in-
- put data for peatland simulations. Any peat accumulation
1 rate parameterization is tied directly to input climate and
0.0 - - . I
1¢) r must eventually be recalibrated for deviations on centen-
20 T nial to millennial scales. For the simulations in this study,
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 we used average millennial climate output from simulations
year AD with the coupled ocean-atmosphere Hadley-Centre climate
Fig. 10. Results of 31 LPX simulations forced by CMIP5 model model (HadCM3Singarayer and Valde2010 that does not
outputs using scenarios RCP 2.6 (blue) and RCP 8.5 (red) for thgyjy reflect millennial-scale climatic features such as the the
period 2010-2100 AD as described $tocker et al(2013. P_Iots Balling-Allerad (BA) warming period or the Younger Dryas
show_that(a) peatland water table d_epth and thaw depth |ncrease(YD) cold event Beveringhaus et al1998. It is expected
over time,(b) peatland NEP an(t) soil C start to decrease around . .
2050 AD in some simulations using RCP 8.5. Plots show the 5yrthat the BA warm period likely favored peatland develop-
running average of model output. ment, while the cold temperatures (decrease @0D°C) dur-
ing the YD most probably delayed and slowed down peat
growth. While the BA and YD events stand out as northern
an actual loss of peat C as shown by the decrease in peahemispheric synchronious climate events there was probably
land C stock of up to~1PgC relative to 2050 AD. There also more disconnected regional millennial scale variability
is a large spread in results among the CMIP5 models andiuring the Holocene. Such variability probably did not affect
thus in LPX when these different forcings are applied. Thethe catotelm C pool directly as the effect on decomposition
HadGEM2 model CMIP5, 2009 simulates large climatic of deep peatis small. Significant C pool changes are possible
changes in the northern high-latitudes and its forcing re-through the mechanism of acrotelm-to-catotelm C transfer as
duces peatland C pools after 2050 AD in LPX, while the discussed in Sec®.2.3 However, generally increased peat-
CCSM4 model CMIP5, 2009 yields comparably smaller land NPP under warmer temperatures and associated higher
climatic changes translating into a positive C balance also untitter inputs compensate effects of accelerated acrotelm de-
der RCP 8.5. The average peatland water table simulated inomposition under warm conditions.
LPX drops by a few centimeters. In all LPX simulations the  From the LGM to the pre-industrial period, LPX simu-
average peatland thaw depth is increasing consistently, bdates a net increase in total northern peatland and global min-
tween 7 and 74 cm until 2100 AD. The increase in thaw deptheral soil C of 440 Pg C and global vegetation C of 100 Pg C.
also represents an increase in active layer depth, which acFhis is within the uncertainty of recent estimat€sg(s et al,
celerates microbial induced SOM decomposition in thawed2012 and much less than in simulations with a previous ver-
peat. sion of the modelJoos et al.2004). The attribution of the
Despite the large warming and the increase in thaw depthincrease considerably changed since then as the model has
no simulations show a net C loss in peatland C pools inundergone significant changes, such as the addition of per-
2100 AD compared to 2010 AD (Fid-Ob). LPX simulation =~ mafrost, peatland and dynamic N cycle modules.
results thus suggest that northern high-latitude peatlands as The amount and timing of early peatland C uptake is im-
a whole are quite resistant to C loss under the prescribeghortant for the explanation of atmospheric £@évolution
climate change alone until 2100 AD, which is in contradic- and the global C budget during the glacial-interglacial tran-
tion to earlier estimatedD@vidson and JansserZ00§ Ise  sition (Yu, 2011 Elsig et al, 2009 Menviel and Joa2012).
et al, 2008 Dorrepaal et a).2009. All RCP 8.5 simulations  Our results suggest a C uptake by currently existing peat-
with decreasing peatland soil C after 2050 AD yet show in-lands (from T09 and Y10 areas) of 175-272 Pg C between
creased peatland NPP at 2100 AD that partly compensatetl and 5 kyr BP, and an uptake of 175-253 Pg C during the
the increased soil decomposition rates. past 5 kyr (Fig.9c). These carbon fluxes are substantial. For

6.0
4.0
2.0 -
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comparisonElsig et alinfer from their ice core C@Qand car-  However, the important point here is that peatland ecosys-
bon isotope data a total terrestrial uptake of 286 PgC  tems could completely change sign from a net C sink to a
over the period from 11 to 5kyr BP and a small release ofC source. A previous study on peatland model intercompar-
36+ 37 Pg C thereafter. Taken at face value, the differencessons suggests that the bioclimatic space associated with peat
imply an additional uptake of roughly 20-120PgC in the could decline considerably under a changing clim&tik
early Holocene and a release of roughly 210-290 Pg C afteet al, 2010. The importance of high-latitude processes is
5kyr BP due to other terrestrial processes such as changdarther underlined byStocker et al(2013, who show that
in the Monsoon system and the greening of the Saharannual CH emissions from peatlands increase considerably
(Indermiihle et al, 1999 Schurgers et g1.2006, land use  (+120-200 %) until 2100 AD in the case of RCP 8.5. There-
emissions $tocker et al.2011), early Holocene forest re- fore, present-day peatlands and related emissions of GHG
growth, C release linked to continental shelve flooding duewill undergo substantial changes, if anthropogenic C emis-
to sea-level rise, or the loss of carbon from former peatlandssions are not reduced.

However, our understanding of land C stock changes on
peatlands since the LGM and over the Holocene is still in-
complete. Peatland data and our model results imply thal

most of present-day peatlands did not exist or had smal .
areal extents during the LGM. Our simulations do not in- ‘Dresent-day peatlands represent a substantial land C pool that

clude other peatlands that may have existed during the I_ijeveloped since the last glacial-interglacial transition. Sim-

or during the course of the Holocene, perhaps at lower Iat_ulat|ons of peatland C accumulation with the LPX model

) L have been calibrated to reconstructed apparent C accumu-
itudes as indicated by paleo recordsSﬂhagnun(Halsey . lation rates Yu et al, 2009 and compared to present-day
etal, 2000, butthen disappeared over time due to changes "North America soil ,C inventoriesTéarnocai et al. 2009.

climates. By omitting “lost pea}tlands we I|kely_ overestimate Beside the representation of C fluxes, LPX simulations in-
the northern net peatland C sink, as do all estimates based o . ; . ;
i : . Clude a fully dynamic N cycle, which considerably im-
peat-core data. This omitted C loss to the atmosphere has im- . .
S X roved the agreement with observations and reconstruc-
plications for the terrestrial C balance over the course of th :

last glacial-interglacial transition. One could argue that peat- >~ Results of simulations from the LGM to present show
g 9 i 9 Pealhat ~50% of present-day peatland C established before

land disappearance at one site and appearance at another %tEyr BP. Present-day northern total peatland C is simulated

had a balancing effect on C accumulation on peatlands. In . A
fact, some peatlands have basal ages of 2—3 kyr BP, whererilasS 365-550Pg C depending on the peatland distribution and

o Otal area {arnocai et a.2009 Yu et al, 2010, partly lo-
other peat-core records are missing peat for the last 4 kyr . . ; .

. e cated in permafrost-affected regions. Simulations for future
(e.g.,Peteet et a].1998, suggesting a shift in peatland re-

gions over time. Also, the LPX simulations suggest that atprojections show that northern high-latitude peatlands re-

. : . main a net C sink at least until 2050 AD, then becomes a
some sites, peatland C accumulation rate were negative dur-

ing the Holocene. This cannot be confirmed directly, but issmall net C source depending on the prescribed RCP and

. o : .~ CMIP5 model. From our analysis we conclude that improv-
possible within the uncertainty of apparent C accumulation. . .
rate measurements ing the spatial coverage of peatland C accumulation rate and

Assuming that simulated peatland C accumulation is We"mventory data can greatly narrow down the uncertainty in

represented for today, LPX simulates present-day accumur_nodellng the evolution of this important land C pool in the

lation rates of 35 to 50PgC per 1000yr (Talde which past, and improve prqecnon_s of its response to future cli-
o X : . mate change. In addition, estimates of the area and of peat C
is in the range of previous estimatedu( 2011). This rep-

resents a long-term persistent C sink in the land biospher stocks in peatlands that disappeared in the past are missing.

. . “rhe neglection of these peatlands limits the assessment of the
previously under-represented in global carbon cycle mod-

els. Simulations of LPX for future climate change scenar- r(_)le of peatland dynamics in the context of C cycle changes
) : . ince the LGM.

ios suggest that peatlands remain a global C sink at least

until 2050 AD (Fig.10). In these LPX simulations, anthro-

pogenic N deposition slightly amplifies peatland NPP, but it Appendix A

is not taken into account that possibly heterotrophic respi-

ration is also directly increased by N depositi@rdgazza  Appendix figures

et al, 2006. In addition, the effects of frequent droughts on

microbial growth and C decomposition in peatlanBsriner  FigureAl shows the comparison of simulated versus recon-
and Freemar2011) are not included in the LPX simulations. structed C accumulation rates for all peat core siYest al,
This might lead to enhanced peatland C loss by microbial2009. FigureA2 shows NEP sensitivity against chosen peat-
decomposition until 2100 AD. The difference of simulated land variables in LPX simulations.

soil C in 2100 AD between the two RCPs is oniy1.5Pg C

on average, and thus negligible for the global C budget.

Conclusions
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Fig. Al. LPX simulations of gross (blue) and apparent (red) peat accumulation rates for grid cells (1-24), where peat-core data of apparent
C accumulation rates (green) are available. Multiple sites may be located within the same model grid cell. RMSD for the 33 individual sites
(D and site no. as in Table 1 8t et al, 2009 are given in g Crayr—1.
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Fig. A2. Characteristics of simulated peatland NEP as a functiqa)acrotelm-to-catotelm transfer (AtoQJ) NPP,(c) ratio of

precipitation to equilibrium evapotranspiration (P/EET), &dwater table position (WTP). Colored points are values for the period
1950-2000 AD, and black dots from the 50 yr period centered at 10 kyr BP. The strong correlation of NEP (peat C accumulation) with NPP
indicates that C accumulation is driven by plant production as suggest&tdiman et al(2013. That study also highlights that peatland
ecosystems have a precipitation to equilibrium evapotranspiration ratio larger than one as sfo)wicicording to LPX simulations, NEP
seems to have a relative maximum at a water tabte ®® cm below peat surface.
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