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Abstract. Peatland carbon and water cycling are tightly and carbon accumulation profiles were compared to a radio-
coupled, so dynamic modeling of peat accumulation overcarbon dated 5.8 m, ¢.9000-yr core. The simulated core was
decades to millennia should account for carbon-water feedyounger than observations at most depths, but had a similar
backs. We present initial results from a new simulation overall trajectory; carbon accumulation rates were generally
model of long-term peat accumulation, evaluated at a well-higher in the simulation and were somewhat more variable
studied temperate bog in Ontario, Canada. The Holocen¢han observations. HPM results were sensitive to century-
Peat Model (HPM) determines vegetation community com-scale anomalies in precipitation, with extended drier periods
position dynamics and annual net primary productivity based(precipitation reduced 10%) causing the peat profile to lose

on peat depth (as a proxy for nutrients and acidity) and wa-carbon (and height), despite relatively small changes in NPP.
ter table depth. Annual peat (carbon) accumulation is the net
balance above- and below-ground productivity and litter/peat
decomposition — a function of peat hydrology (controlling
depth to and degree of anoxia). Peat bulk density is simulate

as a function of degree of humification, and affects the watef\orthern peatlands contain somewhere between 250 and
balance through its influence on both the growth rate of thegg PgC (Gorham, 1991; Turunen et al., 2002; McGuire
peat column and on peat hydraulic conductivity and the ca; al, 2009). At present, multi-year field studies indi-

pacity to shed water. HPM output includes both time series of5te that northern peatlands take up,C& a rate of 40—
annual carbon and water fluxes, peat height, and water tablgog Cnr2yr-! and lose 10-20gDOCMyr-! to down-
depth, as well as a final peat profile that can be “cored” andsyream aquatic ecosystems (Roulet et al., 2007; Nilsson et al.,
compared to field observations of peat age and macrofoss&oog; Koehler et al., 2010), while northern peatlands in ag-
composition. A stochastic 8500-yr, annual precipitation timegregate 15-40 Tg CHr—* (Makiloff-Fletcher et al., 2004).
series was constrained by a published Holocene climate repgatiands have played an important role in the greenhouse

construction for southern @bec. HPM simulated 5.4£n of gas composition in the atmosphere for most of the Holocene,
peat accumulation (310 kg CTR) over 8500 years, 6.5% of leading to an estimated net cooling ©0.5W ni2 (Frolk-

total NPP over the period. Vascular plant functional types aCing and Roulet, 2007). Paleo-ecological and biogeochem-
counted for 65% of total NPP over 8500 years but only 35%jc4| studies have conjectured the role of peatlands in the
of the final (contemporary) peat mass. Simulated age-deptiyg|gcene dynamics of atmospheric £&nd CH, (MacDon-

ald et al., 2006). Despite the possible global influence in
climate over the Holocene, peatlands are just beginning to

Correspondence tdS. Frolking be incorporated into Holocene climate assessments. A few
BY (steve.frolking@unh.edu) studies have hard-coded peatland carbon sinks into Holocene
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2 S. Frolking et al.: A new model of Holocene peatland net primary production

climate simulations (e.g. Wang et al., 2009; Kleinen et al.,modeled as
2010) but in these assessments there are no (Wang et al.

2009) or only one-way (Kleinen et al., 2010) interactions
between climate and peatland carbon accumulation. There

is therefore a need to develop relatively simple yet realisticwhere p. is the annual mass transfer across the acrotelm-
peatland growth models where the rates of ecosystem proeatotelm boundary, nominally10% of annual net primary
cesses are a function of climate and the inherent autogenigroductivity or NPP (Clymo 1984), arig is the annual frac-
properties of peatlands (Belyea and Baird, 2006; Dise, 2009)tional mass loss rate due to catotelm decompositioin(

In the present study we develop a new model, with the inten-Clymo’s notation). Integrating Eq. (1) gives

tion that, with further development (see Discussion in Sect. 5

below) it could be eventually coupled to Holocene climate a7, (r) = ¢ (1_g—kc1> @)

or earth system models to investigate the climate-carbon- ke

methane interactions over decades to millennia.

C

= pc—kcMc (1)

that has an equilibrium mass for largef Mg = pc/kc. In-
There have been some attempts to simulate peatland develerting this equation to

opment, particularly the growth of peat bogs. Most peatland

modeling stems from the seminal work of Clymo (1984), and  _ 1 n (1_ chc>
Pc

®)

the model developed in this paper has its roots in that work. = kg

Our objective is to develop a simple, one-dimensional model . ) ) )
of peat accumulation that explicitly includes the feedbacks!© 9enerate a relationship between cumulative mass per unit

among hydrology, plant communities, and peat properties®€2 and age, or using a constant value for peat bulk den-

begin to evaluate how these feedbacks affect peatland des'®y {0 convert mass to depth, this model generates a concave
velopment history, and test if this model structure is able tod€Pth-age profile. The model does not include any represen-

simulate basic patterns of northern peatlands peat accumd@tion of vegetation, and treats water dynamics only implic-
lation over millennia, including varying accumulation rates, itly, as the water table must rise each year at the same rate that

and vegetation and fen-bog transitions. Longer term goals in{h€ catotelm grows to keep a constant water table depth and

clude (1) providing insight into climate domain(s) in which &crotelm thickness (Belyea and Baird, 2006). In most appli-

northern peatlands are persistent accumulating systems, (SRtions, Ea. (2) isfitto field data — dated peat core profiles of
making projections of impacts of future climate change on29€ ) Vs. accumulated massf) — with fitting parameters
northern peatland carbon and water dynamics, and (3) con?c @ndkc, neither of which are directly observable. Further
tributing to a methodology for incorporating peatlands asdevelopments with this model have included (i) allowing

unique land surface types into earth system models (Frolk{© decrease with increasing mass loss, i.e.Ma&)/(pc-1)
ing et al., 2009). decreases (Clymo 1992, Clymo et al., 1998), which changes

the equilibrium mass, and (ii) allowing to vary with time,
which can generate a convex, linear, or concave age-depth
profile (Yu et al., 2003; Belyea and Malmer, 2004). These
variations on the model in Eq. (1) also simulate only mass ac-
cumulation in the catotelm, and ignore or only implicitly in-
clude vegetation and hydrological dynamics. Operationally,
Clymo (1984) developed the basic concept that underliesall of these models are used to fit an equation to profile data
much of our ideas of long-term peat accumulation and theto find parameter values; often several models can generate
interpretation of peat core data as a record of carbon accustatistically equivalent fits to observed data (Clymo, 1992;
mulation (there is a much longer history of peat core anal-Clymo et al., 1998).

ysis as a record of paleoecology and paleoclimate). In the Frolking et al. (2001) developed a simple bookkeeping
Clymo model, a peat profile is viewed as two-layered — anmodel that tracked annual litter cohorts of two plant func-
overlying acrotelm above the long-term mean low (summer)tional types (vascular and non-vascular) as they were buried
water table (Ingram, 1982) which receives plant litter (mass)and, through time, “moved” down the peat profile. This
inputs, and an underlying, persistently-saturated catotelnmodel showed that a plausible peat profile could be gener-
layer which receives mass inputs only from the overlying ated using observable parameters — vegetation net primary
acrotelm. Each layer loses mass through decomposition. Unproductivity (NPP; e.g., Wieder 2006 and references therein),
der relatively stable climate conditions, in this model the aboveground-belowground partitioning of NPP for the vas-
acrotelm relatively quickly reaches a steady state, and effeceular vegetation (e.g., Rydin and Jeglum, 2006; Murphy,
tively “floats” above a thickening catotelm, and so the Clymo 2009), initial (surface) litter decomposition rates from litter
model focuses more explicitly on the longer-term dynamicsbags studies (e.g., Moore et al., 2007) for each plant type,
of the catotelm, which is the much larger peat/carbon reserand observed bulk densities. Belowground productivity was
Voir in most peatlands. The change in catotelm ma&s (s added to litter cohorts within the prescribed rooting zone.

2 Background—modeling peat processes
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Litter/peat decomposition rates declined linearly with massof ipp, the coupled equations generated dynamical behav-

lost as ior and equilibrium states with deep peat and relatively deep
m water tables or shallower peats and shallower water tables.
k(m) = m—oko (4) This coupling of the carbon and water cycles in a peat-

land provides a simple representation of a dynamical link

wheremg is the initial (fresh) litter massy is the mass re-  that is considered an important factor in peatland autoge-
maining in the litter/peat cohort, arg is the initial (surface)  nesis. These feedbacks can influence the vegetation com-
decomposition rate. This is one of the functions for declining position of the peatland which in Eq. (5) was represented
decomposition rates evaluated by Clymo (1992) and Clymoby a parabolic functiorG (zwt), can lead to a dynamic and
et al. (1998). When the cohort was buried below the pre-variable acrotelm thickness, can affect the composition and
scribed, constant water table depth, decomposition rates werghysical properties of the litter/peat (pore size distribution,
reduced by about an order of magnitude to represent slowesulk density, hydraulic conductivity, and water retention),
anaerobic decomposition — this transition was prescribed tand through this can exert important controls on long-term
be more rapid for bog than for fen simulations. In this model, peat accumulation (Belyea and Baird, 2006). The dominant
assuming a constant water table and NPP, about 90% of theontrol explored by Hilbert et al. (2000) was the site water
initial mass was lost during the several decades required tgalance (precipitation minus maximum evapotranspiration).
“traverse” the acrotelm, and decomposition rates deep in the'he model included a representation of the acrotelm, a dy-
catotelm were two to three orders of magnitude lower thannamic annual water balance and aggregate vegetation pro-
the initial or surface rates. Litter/peat cohort composition ductivity. Hilbert et al. (2000) did not compare model results
(i.e., the fraction of vascular vs. non-vascular mass remainto field data, but used it as a theoretical tool to study peat-
ing) varied down the profile and dependedigrvalues, wa-  |ands as a dynamical system by focusing on the non-linear
ter table depth, and above-belowground partitioning of vas-nteractions among peat production, decomposition and hy-
cular NPP. Bauer (2004) extended this model to include addi-drology_ Recently, the dynamical approach to modelling has
tional plant functional types, litter chemical fractions (solu- peen extended to look at the development of patterning on
ble compounds, holocellulose, and lignin) with different de- peatlands through the inclusion of the regulating feedbacks
cay rates, and externally imposed dynamics in water tablef hydrology, nutrients, and plant community structure (e.g.,
depth and pH that changed total NPP and the relative proGlaser et al., 1992; Rietkerk et al., 2004; Eppinga et al., 2008,
ductivity of different plant functional types. Bauer’s results 2009).
showed that the interactions of vegetation properties (e.9., The links between vegetation productivity, litter/peat de-
litter quallty) and environment conditions (e.g., water table Composition, peat propertiesy and hydro|ogy generate a set
depth and pH) can have complex effects on peat accumulaof interconnected feedbacks that control the dynamics of the
tion rates that may be difficult to interpret from peat core system (F|g 1a) and make prediction a Cha”enge_ Here
data. we develop a simple model that represents some of the ba-

Carbon and water cycling in peatlands are tightly coupled sic ideas that have emerged as to how peatlands function —
Peat water content (water table depth and degree of saturatiafegetation productivity and its rate controls, aboveground
above the water table) affects productivity and decomposiyitter inputs as well-stratified layers, root litter inputs into
tion, and the carbon balance and vegetation composition afthe upper peat profile, litter/peat decomposition and its rate
fect peat hydraulic properties and water. Hilbert et al. (2000)controls, internal and external controls on the water balance
modeled peat accumulation at an annual time step as a dyand water table depth and vegetation and decomposition re-
namic interaction between accumulating peat and accumusponses to this — and evaluate the consequences of the model
lating water, using two coupled equations formulation on long-term (millennial) peatland development

and carbon accumulation.

dh
2 =G —kazwt — ke (hpp—2wWT)

dzwt __ dhpp _ 1 dw (5)
“dr = dt  \Omax) dt

3 Model description and simulations
wherehpp is the total peat height (catotelm plus acrotelm),
G is the annual plant litter inpukg andkc are the fractional The Holocene Peat Model (HPM) combines the peat decom-
height annual loss rates due to decomposition in the acrotelrposition model (Frolking et al., 2001) and the dynamic peat
and catotelm (equivalent to a mass loss rate for a given bullaccumulation model (Hilbert et al., 2000). HPM is a one-
density), respectively,wr is the water table depth (positive dimensional (vertical), annual timestep model that simulates
down from the top of the acrotelrimax is the water content  vegetation litter production, litter/peat decomposition and net
at saturation, andw/dtis the annual water balance (precip- peat accumulation, peat physical and hydrological proper-
itation plus run-on minus evapotranspiration minus run-off; ties, and the annual water balance, water table location, and
dW/dt = P + Ron— ET — Roff). By makingG and ET sim-  unsaturated zone water content (Fig. 1b). The basic model
ple non-linear functions ofwr, and Ros a linear function  structure is still two coupled differential equations (Eq. 5
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Fig. 2. Relative annual NPP as a function of water tabig+, hor-
— izontal axis) and total peat heighifp, vertical axis) as a proxy
E"—ammzmm for ombrotrophy for(a) minerotrophic sedge PFTb) hummock
vascular/moss NPP Sphagnum PFT(c) ombrotrophic shrub PFT, an@) sum of all
12 PFTs. See Eq. (6) for the functional form and Table 1 for the
parameter values for all 12 PFTs. Note that for vascular PFTs, the
water table depth used is the mean of the current and past 10 years,
while for bryophytes the current year water table depth is used.
Color bar is linear in all panels, but represents a relative scale from
low (dark blue) to high (dark red). NPP for all PFTs is scaled by
a single value so that the maximum NPP in panel (d) equals a site-
specific prescribed value. Each year the developing peatland has
particular values forywT andipp, which determine NPP for each
————————————————— PFT. All NPP is deposited as litter (i.e., no live biomass accumu-
lation), and vascular PFT NPP is partitioned into above and below-

Fig. 1. (a) Connections between peatland carbon and water cycleground fractions (see Table 1 and text for details).
and some links to the climate syste¢h) schematic of HPM.

Run-off 4=—__*

Decomposition

above), but HPM simulates peat carbon in addition to peaB3.1 Carbon balance equations
height, and includes refinements to the productivity and de-
composition functions and peat hydrological properties —i.e.,In HPM, peatland vegetation is aggregated (or disaggregated,
each term on the right-hand side of Eq. (5). depending on your world-view) into 12 plant functional types
The vegetation sub-model in HPM is based on the assump(PFTs). The PFTs are distinguished by their productivity
tion that the controls that the peat environment exerts on peatharacteristics (relative maximum NPP, optimal peat depth
land vegetation composition and productivity (NPP per unitand water table depth, sensitivity to non-optimal peat depth
ground area) can be adequately described by two factors: (1gnd water table depth), their rooting characteristics (below-
annual water table deptby(T, measured down from the sur- ground fraction of NPP, root density profile); and their lit-
face), which can vary rapidly (annually or every timestep in ter tissue quality (Table 1). Seven PFTs represent the vas-
HPM; e.g. Roulet et al., 2007) and have or not have a longercular plants (two of these are woody shrubs — trees will be
term trend, and (2) total peat depthpb) as a proxy for om-  added in a later version of HPM), and five PFTs represent the
brotrophy, i.e., access to mineral nutrients, or buffering ca-bryophytes. Vegetation composition is determined by the rel-
pacity against organic acidity generated by decompositionative productivities of each PFT. Seedling establishment/PFT
which can only vary slowly (except for major disturbances recruitment is not modeled; all PFTs are always present,
like fire or harvest), and will generally have an increasing though with near-zero productivity in non-optimal conditions
trend over time. In this first development of HPM, we are as- (Fig. 2). Annual NPP is modeled as two-dimensional, asym-
suming no groundwater exchange so the chemical influencenetric Gaussian functions (Fig. 2) for each PFT.
through depth is by diffusion only, but in principle advection
could be added.
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Table 1. Characteristics of plant functional types (PFTSs), including productivity optimum water table d@ﬁm &nd peat depthh@,%t).

Variance (width) of the Gaussian curve representing productivity (Eg. 6; Fig. 6) can differ for water table depth and/or peat depth values less
(shallower) than optlmum;fwT andal pp) @nd greater (deeper) than optlmum T anda*PD) Maximum NPP (NPRax) compares each

PFT at its optimum water table depth and peat depthy,AGs the aboveground fraction of total NPP, anglis initial litter decomposition

rate. See text for discussion.

PET v GWT  TiwT oy % pD  %iPD NPPhax AGfrac  Kp*

] [m [m [m [m [m] [kgm 2yl [] Y
grass 0.4 0.4 04 o0.01 1.0 1.0 0.85 0.5 0.32
minerotrophic forb 0.1 0.3 0.3 0.3 1.0 1.0 0.85 0.5 0.88
minerotrophic sedge 0.1 0.4 0.4 0.1 2.0 2.0 1.13 0.2 0.57
minerotrophic shrub 0.2 0.2 1.0 1.0 2.0 2.0 0.56 0.5 0.44
ombrotrophic forb 0.2 0.2 0.2 4.0 2.0 19. 0.09 0.5 0.57
ombrotrophic sedge 0.2 0.3 0.3 4.0 2.0 19. 0.19 0.2 0.32
ombrotrophic shrub 0.3 0.3 1.0 4.0 2.0 19. 0.19 0.5 0.32
brown moss 0.01 0.2 0.05 0.1 15 15 0.56 1.0 0.13
hollow Sphagnum 0.01 0.2 0.05 2.0 1.0 19. 0.19 1.0 0.13
lawn Sphagnum 0.1 0.3 0.4 2.0 1.0 19. 0.19 1.0 0.08
hummockSphagnum 0.2 0.1 0.5 2.0 1.0 19. 0.19 1.0 0.06
feathermoss 0.4 0.4 06 4.0 6.0 19. 0.09 1.0 0.13

* NPRmax are the maximum NPP values for each PFT when the total NPP (sum of all PFTs; see Fig. 3b) is scaled to a maximum%ffikg m

** ko are the tissue initial decomposition rates, determinekpby k(1+3Kk), wherek is first order exponential decay rate, i () :moe—k’ (e.g., Moore et al. 2007), arig is the
value that gives similan (¢) atr ~5 years (i.e., near the end of reliable values from a litter bag field decomposition studyymtenmq/(1+kot) (e.g. Frolking et al., 2002), the
formulation used in HPM., E.g., ¥=0.15y"1, kg=0.22y1, =5 =0.47; 1/(1+%g) =0.48.

o op\2 N . . . .
- (WTW:”T) +(’P5’+P’;D> o ont Peat depth/nutrient chemistry impact on NPP is modeled the
NPRmace o M7 1T i wr Z e &heo 2 g same way as water table depth, though in reality it may have
-z hpp—h, .
PR (“”MWT> +( PS—P[fD) o, o more effect on plant abundance than directly on NPP, as
1, e b -1z 2 < . . . . . . .
o - _(‘WTirowp;»)z (hpD,,om ) WTEREIRRERD - (6)  an ombrotrophic PFT might do fine in minerotrophic condi-
B + 'PD ) . . . N
NPR e L\ T 2 oo Ji ot < 2 > KOS tions, but would be out-competed by minerotrophic species,
- (:WT:.-W"%> +(,PD:,,;;@§> so would have low abundance and therefore low NPP per unit
NPR max-e L' W P SLif o < 290 & hpp < O ground area.

wherez"! is the optimal annual water table depth & ﬁgt Each annua}l Iittgr/peat pqhort is an assemblage of 12 litter
‘wr P P types, each with different initial masses (aboveground NPP),

is the optimal peat depth for PFproductivity, ando; different root litter additions, and different initial decay rates
defines the width of the Gaussian curve for values of water(.l_ ble 1). Litter/peat decomposes via a simple non-linear
table depthfwT) and peat depthiep) greater (+) or less (-) P P P
the calculation in Eq. (6) uses a 11-yr mean water table depth
(simulation year and 10 previous years) to account for iner-dM d(Z»mi) m
tia in vegetation response to moisture changes; non-vascular— = ————~ = Zi (l,- — ki ( ! )m,- ~f,,) )

mio
the calculation in Eqg. (6). Annual litter inputs are equal to
annual NPP (i.e., PFT biomass accumulation is not modeledyvhere M (=%;m;), the annual litter cohort mass remaining,
with aboveground NPP forming a new annual litter cohortis the sum of the individual PFT litter massésis the an-
sub-surface litter cohorts proportional to root density profile ing plant shoots that are overgrown or engulfed by growing
and sub-surface litter cohort thickness (Frolking et al., 2001;moss (e.g., Forrest and Smith. 197k),s the initial litter
Bauer, 2004). Root density profiles follow Bauer (2004); decomposition rate for PETm; , is the total fresh litter in-
root litter input occurring in the top 0.3 m of litter/peat, and the effect on decomposition rate of litter/peat water content
all other vascular plants have a constant root density profil§W;, as degree of saturation=1,0.3< f1 <1, see Eq. 8 be-
to the maximum of the annual water table depth or 0.2 m.low) or depth below the water table £ 2, 0.001< f> <0.3,

than optimum values (Table 1, Fig. 2). For vascular pIants,mOdeI’ following Frolking et al. (2001),

plants use the current simulation year water table depth for di

on the surface of the peat, and belowground NPP added taual litter input for PFT, which in the field will include liv-
sedge root profiles having an exponential decay and 80% oput for PFT; into the cohort, and;, is a scalar multiplier for

www.earth-syst-dynam.net/1/1/2010/ Earth Syst. Dynam., 21,12010
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Table 2. Model parameter values for peat properties.

param. value units Eq. #
1 2.31 - (8)
Wopt 0.45 - (8) peatwater content for maximum decomposition rate
c2 0.3 m (9) scale length for anaerobic effect on decomposition rate
Sfmin 0.001 - (9) decomposition rate reduction factor at ‘full & persistent’ anoxia
Pmin 50 kg n3 (10)  minimum peat bulk density
Ap 70 kgnr3 (10) maximum potential increase in peat bulk density
c3 0.2 - (10) p value at which bulk density has increased halfway from min to max (Fig. 4)
c4 0.05 - (10) controls steepness of bulk density transition curve (Fig. 4)
71 0.3 m (11) maximum water table depth for full ET (Lafleur et al., 2005b)
22 0.7 m (11) water table depth below which ET stops decreasing (Lafleur et al., 2005b)
c6 0.5 - (11) factor for minimum annual ET at low water table (Lafleur et al., 2005b)
7 (z2—zp7t m—1 (11)
Ro 0.05 m y‘1 (23) annual run-off adjustment factor
cg 0.2 ni (13) increase in runoff (myl) for each meter increase in total peat depth
To 0.5 - (14)  minimum relative hydraulic transmissivity for run-off
Wmin 0.03 — (16,17) minimum litter/peat degree of saturation
cg 0.5 - (17) controls litter/peat unsaturated water content function (Fig. 6)
c10 20 kgm3 (17) controls litter/peat unsaturated water content function (Fig. 6)
pom 1300 kg 3 (18) organic matter particle bulk density (Van Wijk, 1966)
120
see Eq. 9 below). Above the water table, in unsaturated lit- |k ]
ter/peat, this is given by density decomposition
FLW) = 1= c1(W; — Wopo? ©®  (gmyO] tralectory
whereWop is the optimum water content for decomposition
andci is a parameter set so th#t(1) = 0.3 (non-vegetation 401
parameter values are listed in Table 2). In the saturated zone
below the water table, the multiplief,, drops exponentially 0 . . ‘ ‘
with depth below the water tablé £ z — zwT;Zz > 0), rep- 1 0.8 0.6 0.4 0.2 0
resenting effects on decomposition rates of water residence fraction initial cohort mass remaining (u)
time (end-product accumulation, extreme anoxia; Beer and
Blodau, 2007; Beer et al., 2008), as Fig. 3. Peat cohort bulk densityo( Eq. 10) as a function of de-

A —3 ree of decomposition (as fraction of initial mass inputs remaining,
f2(2) = fin+ (f1(L) = fmin) -e~*/2 ©) i/mo). This (E)urve us(es the parameterization in '?’able 2, Withga
wherec; is the scale length for this decline in decomposition minimum bulk density of 50 kg m3 and a maximum bulk density
rate below the water table, anfghin is the minimum decom-  of 120kg n3.
position multiplier (Frolking et al., 2001). HPM does not
consider interactions between litter types, so the long-term
decomposition rate of litter from a particular PFT dependsWalmsey, 1977; Paavilainen andianen, 1995; Lafleur et
on that PFT’sn; /m;. ,, but not on values for any other PFTs al., 2005a). This transition is generally rather abrupt, and
(Hoorens et al., 2010). is often associated with the acrotelm/catotelm transition in a
Loss of litter/peat structural integrity due to decomposi- Peat profile (e.g., Rydin and Jeglum, 2006; Clymo, 1992).
tion, coupled with accumulating mass above a decay co- In HPM, the degree of decomposition is quantitatively
hort, leads to a collapse/compression of the peat (Clymotracked for each annual litter/peat cohort as the fraction
1991). Peat bulk density can increase by 100% or morepf initial mass remaining¥ /M, =X;m; ~ ¥;m;,). Each
pore size distribution changes markedly, causing peat hydroPFT'’s factional contribution to a litter/peat cohort’s mass can
logical properties to change as well — well-decomposed oibe quantified as:;/(Z;m;). The degree of decomposition
humified peat generally has orders of magnitude lower val-factor, M/M, or u, is at the center of much of the dynam-
ues of hydraulic conductivity than fresh litter/peat, and a ten-ics and feedbacks in HPM. It influences decomposition rates
dency to hold much more water under the same tension (e.g(Eq. 7). Peat bulk density for litter/peat cohgt p;, is
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S. Frolking et al.: A new model of Holocene peatland net primary production 7

modeled as a strongly non-linear function.of (Fig. 3) where) ; is the thickness of litter/peat cohojt Tp is a pa-
cauj rameter defining the minimum value @f, andK; the hy-
o (1) = pmin+Ap (1— 0-5<1+ erfc(f—)>) (10)  draulic conductivity of litter/peat cohojt, a function of bulk
2c4 density (Walmsey 1977) is given by,
wherepmin is the minimum bulk density) p is the difference
between minimum and maximum bulk densities, erfc is thelogm(fj) =2.14-0.043p; (15)

complementary error functiomg andc4 are parameters that

control the rate of curvature of the erfc function and the valueThe degree of saturation of litter/peat cohorts above the water
of u; at whichp; has increased half-way from minimum to table is determined by two factors — the cohort bulk density
maximum. Litter/peat bulk density affects (1) vertical peat (p;), which relates to pore size distribution and how read-
accumulation rate, and thus water table depth (see Sect. 3.2y peat dewaters under matric tension (e.g., Lafleur et al.,
and vegetation productivity (Eq. 6); (2) peat water content in2005a), and the distance the cohort is above the water table
the unsaturated zone above the water table (see Sect. 3.2) atdyvt —z;, for z; < zwt)

thus water table depth and peat decomposition rates (Eq. 7); .

and (3) peat hydraulic conductivity and thus run-off rates, W (z;.2%) = Wanin+ (1— Wmin)e ™ "7 %/%] (16)

peat water balance, and water table depth (see Sect. 3.2).
where

3.2 Water balance equations o
q Z? (pj) = Wmin+ (c9 — Wnin) <w> (17)

Annual precipitation P, my~1) is a prescribed input vari- €10+ £j — Pmin

able. Evapotranspiration, ET, is calculated as a function ofand Wy, is the minimum peat water content (see Table 2).

water table depth (Lafleur et al., 2005b; Ivanov, 1981), as  The absolute water content in the peat (for conservation of

water) is the product of the degree of saturatiafy,and co-

ET, if zwT <z .
! ET, if WT< ! < hort j peat porosity®;,
ET(zwr) = TicaerGowr—1) I 21 = 2wt =22 (12)
1+:6 if 72 <2IWT d)j =1— Pj (18)

. . . Pom
where ET, is the maximum annual ET (nTy}), z1 is the an-

nual water table depth at which annual ET begins to declineWh€répom is the particle bulk density of organic matter.

andz, is the annual water table depth at which annual ET At the end of each time step after the water balance
reaches it minimum, anek is the parameter needed to make and carbon balance calculations have determined total peat

a continuous ET function between andz,. Annual runoff height, peat cohort bulk densities and thickness, and total

R (my~1), is modeled as a function of annual water table peat water content, the water table depth is determined by
depth and peat relative transmissivity, as iterative search by annual cohort depth. The search identifies

) the water table depth for which the sum of water saturating
RiT (1-1Qwr) '_f zwr =0 (12)  all peat below that depth —i.e%(®;-1;) for all cohorts be-
RiT if zwr >0 low the water table — and the water occupying pore space in
where the first equation generates rapid drainage for floodethe unsaturated zone water content above that depth —i.e.,
peatlands (i.ezwt < 0), andR; is a base runoff rate propor- % (W;-®;-1;) for all cohorts above the water table — equals
tional to peat depth, given by the total peat water content.

R1= (P —ETo+R,)(1+cshpp) (13)

where R, sets the site-specific annual runoff (mly for
mean annual water table depth and peat depth of zgris,

a parameter describing the rate of increase in annual runo odel is initialized with a single fresh litter cohorte(p ~
with increase in total peat depthpp. Relative transmissivity 0.01m) andzwr is held fixed at 0.07m. These values of
declines as the water table drops below the peat surface be- + andhpp determine vegetation .comp.osition and produc-
cause the_deep_er, more decompose(_j peat ha_s lower hydrauﬁ@’ity (Eg. 6), and decomposition is calculated (Eq. 7), but the
conductivity. T is modeled as the ratio of the integrated hy-

) o model does not calculate water table dynamics uipii ex-
draulic condyctwlty from the W"%ter table tq the bottom of the ceeds an initialization threshold (0.35 m) when the model ini-
peat to the integrated hydraulic conductivity for the entire

X tiates dynamic water balance calculations apgt becomes
profile :
a free variable.
) (Aj : 12].) A multi-millennial HPM simulation requires an annual re-
construction of the climate/weather. Such a record does not

R(zwt) = {

3.3 Model initialization and precipitation driver

PM does not simulate peatland initialization explicitly. The

_ _ J>jwTt
T (zwt) =To+ (1—To) 5 (k i ) (14) exist, but a regional Holocene climate reconstruction at 250-
ally I year intervals has been developed from sediment, pollen and
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8 S. Frolking et al.: A new model of Holocene peatland net primary production

macrofossil records from the St. Lawrence lowlands and ad-
jacent mountain areas (Muller et al., 2003b). Both the mean
and confidence intervals of the Muller et al. (2003b) precip- 12

itation reconstruction were interpolated with a piecewise cu- | @nnual precipitation (m/y)
bic Hermite interpolation (using Matlab function “interpl1”) '
to annual values, and truncated to generate an 8500-year Me
Bleue precipitation historyPyo3(z), and confidence interval,
omo3(t). To add random variability to this record, we applied
an autoregressive (AR[1]) model to generate random noise
with persistence

r@)=¢-r@t—1D+e¢ (29)

whereg is unit normal random number (anfll) =¢), and¢

(<1 for stationarity) determines the persistence. A random
time seriesy(1)...r(8500), was normalized to a maximum
absolute value of I;*(¢), and then a precipitation time series
to drive the modelP(¢), was generated as

P (1) = Pmo3(t) + o -r* (1) - omoa(?) (20)

where « is the amplitude of the maximum variance rel-
ative to oMoz (see Fig. 4a;¢=0.99, « =2.5). In 1000
random P(t) series,~80% of the P(¢) values fell within
Pyvos(t) £ omos(t). We also conducted a simulation with 0

constant precipitation over 8500 years at 0.94rr3r,ythe annual total decomposition (kg C m2y")
mean of P(¢r). Mean annual temperature in the region has d
been relatively stable for the past 8500 years (Muller et al.,
2003b), so we have not included any temperature dynamics ,
in the simulation. : . i i

b

3.4 Model evaluation data 0

annual peat height (m)

To evaluate the HPM we sampled the variance in the long- €

term rates of carbon accumulation in the Mer Bleue peatland: 4
a 28knt cool temperate, raised peatland locatetiOo km 3
east of Ottawa, Ontario (45.40! lat., 75.50 W long., 2
69ma.m.s.l.). Mer Bleue is a well-studied northern om- 1
brotrophic bog (e.g., Roulet et al., 2007; Moore et al., 2002, 0
2007; Lafleur et al., 2003, 2005a, b; Bubier et al., 2003, 1000 2000 3000 L eten year 0 0000 7000 8000

2006). The peatland formed over the past c. 8400 years, be-

ginning as a fen and transitioning to a bog around 7100-680@ig. 4. (a)Four manifestations of annual precipitation (mly with
calendar years BP (Roulet et al., 2007). Field measurement@mplitude of random variability: =2.5 and persistence =0.99

of contemporary carbon and water dynamics at the site in_(;e_e Egs. 19-20). Sol_id black circles are regional mean annual pre-
clude~10 years of eddy covariance net ecosystem exchangglpltatlon at 250-year intervals, bars are reglonal variance, as deter-
and surface energy balance measurements (e.g., Roulet et a{'ﬂlned by Muller et_a!. (2_003b); solld_black line represents constant
2007; Lafleur et al., 2005a, b); chamber net ecc')system eXr_niean annual precipitatior(b) HPM simulated annual water table

. . depth (m below peat surface) for 4 random precipitation drivers and
change of CQ (NEE) measurements in representative plantconstant precipitation (solid black linec) Simulated annual total

communities (e.g. Bubier et al., 2003); vegetation cOMpO-Npp for 4 random precipitation drivers and constant precipitation

sition and biomass measurements (e.g., Moore et al., 200250jid black line). (d) Simulated annual total decomposition for 4

Bubier et al., 2006; Murphy et al., 2009), litter decomposi- random precipitation drivers and constant precipitation (solid black

tion rate studies (e.g., Moore et al., 2007); and micrometeofine). (e) Simulated annual peat height for 4 random precipitation

rological, water table, and run-off measurements. drivers and constant precipitation (solid black line). NOTE: all pan-
Mer Bleue is roughly oval shaped with an east-west orien-€ls start with simulation year 50, avoiding the peatland initialization

tation with two longitudinal lobes of fluvial sand/gravel ma- Period (see text).

terial dissecting the western end of the bog, creating three

separate arms (Fraser et al., 2001). We took a peat core
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S. Frolking et al.: A new model of Holocene peatland net primary production 9

Table 3. Chronological data for core MB930.

Depth Labcode Dating method 149C age Calibrated age  otrange
(m) (BP) (cal. yr BP) (cal.yr BP)

0 — base of livingSphagnum - 0 -

0.25 - Ambrosiarise! - 200 -
0.39-0.40 TO-8157 AMSon TP 680+70 661 540-730

1.20 - palynostratigraphy/ - 2177 -
1.79-1.81 TO-8159 AMS on TPHI 2990+ 140 3185 2782-3472
1.88-1.93 TO-8160 AMS on TPHI 3550+ 150 3845  3469-3550

2.35 — Tsugadecline? - 5582 -
3.00-3.01 TO-8161 AMSon TP 5730+ 80 6499 6313-6724

3.20 —  palynostratigraphy/ - 6816 -

3.70 - palynostratigraphy/ - 7430 -

4.005 — palynostratigraphy - 7627 -
4.80-4.81 TO-8163 AMSon TP 7340+170 8167 7792-8423

5.015 - palynostratigraphy/ - 8400 -

1 The onset oAmbrosiapollen corresponds to historical settlement in the area ca. 1750 AD

2 AMS on TPM: Accelerator Mass Spectrometry on Terrestrial (non-aquatic) Plant Macrofossils (seeds, needles, buds, etc.). IsoTrace Laboratory (Toronto) did not measure the
13¢22¢ ratio and uses-25%. for calculation of calibrated age.

3 Age determination by pollen correlation of the MB930 pollen assemblage at the given depth, with a radiocarbon dated similar assemblage from a pollen diagram in the neighboring
area.

4 Corresponds to a widespread synchronous event in eastern North America. Compared to Bennett and Fuller (2002), we use a slightly older date because we use the beginning c
the decline for correlation.

at the 930 m mark near the central area on the northwegpeat were dried at 10%, weighed, and ignited at 60C,

arm of the bog. The area has been the focus of contempao determine density and organic matter content, respectively
rary carbon studies. The northwest arm is a slightly domedDean, 1974; Beaudoin, 2003). Turunen et al. (2004) ana-
bog, with peat depths varying from 5—-6 m near the centrelyzed the top 0.60 m of peat for 48 cores from 24 different
decreasing to<0.3m at the margins with a narrow band bogs in eastern Canada and obtained a mean of 0.464,C g
of beaver ponds surrounding the bog. The bog surface haand this was used in our calculations. Measurements were
a hummock-hollow microtopography. The dominant ever- made every 0.02 m from O to 2.00 m and every 0.04 m below
green Chamaedaphne calyculata, Ledum groenlandicum,that.

Kalmia angustifolia and deciduousvaccinium myrtilloide} Long-term net rates of carbon accumulation were calcu-
shrubs with sedgesE(iophorum vaginatumcomprising a  lated using a smoothed, age-depth model including all age
sparse cover and a few small treBscea mariana, Larix lar-  determinations for the core, the estimated C concentration
icina, Betula populifolid are present on hummocks. Hum- for each sample, and the interpolated deposition time of each
mocks and hollows are covered I8phagnummosses $. depthincrement (e.g. either 0.02 or 0.04 m). The stratigraphy
capillifolium, S. magellanicuin of the cores was described every 10 cm following the Troels-

The MB930 core was 5.97m long. The upper 1.44 m Smith (1955) nomenclature.
was sampled with an 0.1 m inner diameted@mux sampler
(Colteaux, 1962), while the lower 4.53 m was sampled wit
a 1m long, 0.075m inner diameter Russian corer (JowseyA

1966). C lati ¢ tablished f series of simulations tested HPM sensitivity to model pa-
)- accumuiation rates were establisned from an ager'ameters; all were driven by stochastic precipitation parame-
depth relationship combined with fine resolution measure-

) o terized as for the base runs, including several simulations that
ments of density and C concentration in the cores. tested HPM sensitivity to the parameters controlling precip-
At five depths the age was determined by radiocarbonation variability ¢ anda in Egs. 19, 20). Output variables
dates (Table 3). Conventional radiocarbon dates are calisxamined include final peat height and carbon content, mean
brated with CALIB 5.0 program (Stuiver and Reimer, 1993). .\« during the final 40 years of the simulation, total NPP
The age for eight additional depths was determined from pagyring the 8500-year simulation, and the percent of that total

lynostratigraphical correlation with other radiocarbon datednpp remaining as peat at the end of the simulation.
pollen diagrams in the Montreal-Ottawa area (Muller et al.,

2003a). In this we used BP to designate calendar date be-

fore present: present being 1950. Samples 3)avhfresh

h 3.5 Sensitivity analysis
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10 S. Frolking et al.: A new model of Holocene peatland net primary production

Table 4. Total NPP over 8500-year simulation and final peat-core carbon content by PFT, and by PFTs aggregated by trophic state and major
plant form. All values are averages of 4 simulations (see Figs. 4-6).

PFT total NPP peat peat % of

kgCm 2 % of total kgCnr2 9% of total PFTNPP total NPP
minerotrophic grass 110 2 6 2 5.4 0.13
minerotrophic forb 170 4 4 1 21 0.07
minerotrophic sedge 660 14 24 8 3.6 0.49
minerotrophic shrub 730 15 23 8 3.2 0.49
ombrotrophic forb 270 6 6 2 2.1 0.12
ombrotrophic sedge 580 12 29 9 5.0 0.60
ombrotrophic shrub 610 13 21 7 3.5 0.44
brown moss 0.88 0.02 0.13 0.04 15. <0.01
hollow Sphagnum 0.01 <0.01 <0.01 <0.01 18. <0.01
lawn Sphagnum 620 13 66 21 11. 14
hummockSphagnum 730 15 110 35 15. 2.3
feathermoss 340 7 25 8 7.3 0.52
all minerotrophic 1700 35 57 18 3.4 1.2
all ombrotrophic 3100 65 250 82 8.1 5.2
all vascular 3100 65 110 36 3.6 2.3
all non-vascular 1700 35 200 64 12. 4.2
TOTAL 4800 n.a. 310 n.a. n.a. 6.5

4 Results rates of about 1.4 kg Cnfy—1 to about 0.7 kg m?y—1 after

about 1000 years, due to the transition from minerotrophic
HPM simulation output includes both the time series of an-to ombrotrophic PFT dominance, and then declines more
nual net carbon and water fluxes and peat accumulationslowly to about 043+ 0.01kgC 2y~ during the final
as well as a developing peat profile. At the end of amillennium of the simulation (Fig. 4c). Decomposition also
multi-millennia simulation, the simulated peat profile can drops from initial rates of about 1.2 kg CtAy~! to about
be “cored” to get simulated contemporary profiles of peat0.7 kg Cnr2y~! after about 1000 years, and then declines
properties (depth, age, bulk density, moss and vascular plarmore slowly to about @1+0.01 kg C nT 2y~ during the fi-
fractions of remaining peat) that can be compared to fieldnal millennium of the simulation (Fig. 4d). Decomposition is
cores. less sensitive to wet and dry periods than NPP, but increases

during periods of declining precipitation and increasing wa-
4.1 Model evaluation against site data at Mer Bleue Bog ter table depth. Simulated total peat height rises to about

1.5m in the first 1000 years, then more slowly to about 4 m
After the initialization period €25 years in this scenario), after 5000 years, then irregularly rises and falls for about
the annual water balance is calculated, the resulting water ta500 years before rising again more slowly to about 5.4 m
ble depth is determined (conserving total water), an annuaht the end of the 8500 years simulation (Fig. 4e).
carbon balance is calculated (productivity minus decomposi- The observed age-depth profile in the MB930 core indi-
tion), and a final water table depth is determined (again concates relatively rapid peat accumulation prior to ca. 5500 BP,
serving water). an interval of slow accumulation ca. 5500 BP—ca. 2500 BP,

The simulated water table rapidly drops from the initi- and then more rapid accumulation again during the past

ation value of 0.07m to about 0.25m once the water ta-~2500 years (Fig. 5a). Total simulated NPP over the 8500-
ble is allowed to be dynamic. For most of the simula- year simulation was about 4800 kg C & with 6.5% of that
tion the water table fluctuates between about 0.2m belowemaining in the final peat core (310kgCfy Table 4).
the peat surface during the wet periods and 0.35m beMean annual NPP was about 0.56 kg C4y—1, and mean
low the peat surface, dropping below 0.4 m during dry pe-long-term peat accumulation was about 0.037 kg Gyt L.
riods (Fig. 4b). The magnitude of interannual variability Total minerotrophic PFT NPP was about 35% of the total,
in zwt was higher during periods of low precipitation and but accounted for only about 20% of the peat; total vascu-
deeper water tables (Fig. 4b). Total NPP drops from initiallar PFT NPP was also about 65% of the total, but accounted
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served NRCA had high and highly variable rates before
7000 BP, a small increase around 6000 BP, then a low rate
5500-3000 BP, rising to a moderate and moderately variable
rate between 3000 BP and the top of the peat core (Fig. 5b).
In the simulation, each annual cohort’s mass at the end of the
simulation is equivalent to reported NRCA values estimated
from dated cores, and ranged frorn0.015gC 2y~ to
~0.08gCnt2y~1 (Fig. 5b). The simulated pattern is gen-
erally similar, though with several differences. After the rise
in apparent accumulation rate around 6000 BP, the simulated
NRCA drops more steadily to a low value around 3000 BP,
b and then increases less abruptly. As in the age depth pro-
file (Fig. 5a), the simulated carbon accumulation rate for the
shallow peat is significantly larger than in the observed core.
Although the final core age-depth profile shows monotoni-
cally increasing depth with age (Fig. 5a), the simulated peat
height does not increase monotonically (Fig. 4e). The net
ecosystem annual carbon balance (NECB) of the peatland
(total NPP minus total decomposition in HPM) varies be-

peat age
(kyr BP)

® N o A w N =

0 0.02 0.04 0.06 0.08 0.1

Cohort total mass (kg C/m2) tween a net uptake of about 0.2kg €y and a net loss
0.25 . . . ‘ ‘ ‘ ‘ . of —0.15kg Cnfy~1 (Fig. 5¢). The variability is driven by
0.2 { annual total NECB (kg C m?y") c precipitation variability and resulting variability in water ta-

0.157
0.1118
0.05

ble depth. In general, and particularly during the simula-
tion years 5000—7000, the variability in NECB results mostly
from variability in productivity (Fig. 4c), not variability in
0.05 ] decomposition (Fig. 4d).
-0.1] Since HPM calculates NPP and litter/peat decomposition
-0.15 ‘ ‘ ‘ by PFT, the simulated core records the composition of the
1000 2000 3000 4000 5000 6000 7000 8000 L. . .
simulation year remaining peat by PFT and this can be compared with the
results of observed PFT remains deduced from macrofos-
Fig. 5. (a) Simulated age-depth profile of final core (solid lines, sj| analysis. The macrofossil analysis indicates the deeper
colors correspond to those of Fig. 4), and ages determined fro”beat is predominantly herbaceous, overlain by a meter or so
core MB930 (solid black circles; Table 3p) Simulated final core with a significant woody peat fraction, and bryophyte peat
cohort carbon content (solid lines, colors correspond to those Ofdominating the upper 2.5 m. Throughout the core a signifi-
Fig. 4), and net annual rate of carbon accumulation (NRCA) values . . . .
from core MB930 (open black circlesjc) HPM simulated annual cant fraction of the peat consistsétritus granosuswhich

net carbon balance; this equals total annual NPP (Fig. 4c) minu§30nStmj't_e the partially depomposgd peaﬁ matrix. The state
total annual decomposition (Fig. 4d). of humification of the entire material varies throughout the

core (Fig. 6¢). In all four base-run simulations the older

peat (or deeper core) is dominated by minerotrophic PFT

peat (roughly 7000-8500 BP) and the younger peat is dom-
for only about 35% of the peat (Table 4). Only the brown j,ateq by ombrotrophic PFT peat (Fig. 6a,b). For most of
and Sphagnunmoss PFTs had more than 10% of their to- {4 core, lawn and hummo®&phagnunpeat comprises more

tal NPP remaining in the peat at the end of the simulationy,a half the total; the herbaceous fraction was greatest deep
(Table 4). The mean accumulation rate over 8500 years wag, the core, and the woody fraction averaged around 15%
about 0.6 mmy! and 35gCm?y~—1. The simulated peat (Fig. 6a, d).

is younger at all depths excep2 m than observed MB930 ~ The simulation with constant annual precipitation for
core dates (Fig. 5a). The discrepancies between the simg5ng years generated a smoothly monotonic water table
ulated and observed profile are largest in the most recen(gepth dropping from 0.20 to 0.35m below the surface

1000 years(vlnj of peat in the simulation, but0.5m @nthe a smoothly monotonic and declining NPP, decomposition,
peat core) and in peat 3800-5600 years old.d mthickin 54 NECB, a smoothly monotonic peat height curve ris-

the simulation and-0.5m thick in the peat core) (Fig. 58).  jng to a final height of 4.4m (and a final carbon content
The net rate of C accumulation (NRCA), estimated of 250 kg C n72), a smooth age-depth profile concave up-
from the core as the carbon content per cm depth di-ward from present back to about 6000 BP (bog phase) then
vided by the age accumulation per cm depth, ranges frontoncave downward back to 8500 BP, and a smooth NRCA
~0.01kgCm2y~1 to about 0.07kgCm?y~1. The ob- curve with a broad minimum from about 4000—1000 BP
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a b in Table 5). Shallow, relatively undecomposed peat has lower
' ; bulk density, so in this simulation each litter cohort was
thicker (same mass, lower), but decomposed at approxi-
mately the same rate, so took about the same time to “col-
lapse” to higher bulk density. In HPM, the water table gen-
erally is located near this bulk density transition (unless it is
an extreme precipitation year) so the mean water table was
deeper with lowermin. In addition, runoff increases with
peat height (Eq. 13), so in HPM deeper peat has higher runoff
and a deeper water table, if hydraulic transmissivity can ac-
commodate it. Despite a deeper water table, the fraction of
cohoanass By PET (kg m?) total NPP remaining as peat increased to 7.8% due to a higher
d fraction of NPP by ombrotrophic PFTs that prefer a deeper
water table and have lower initial decomposition rates (Ta-
ble 1). ReducingAp from 70 to 50 kg3 increased the
final water table depth by a_lb_out 0.04 m, reduced both total
NPP and the percent remaining as peat, so total peat carbon
2 accumulation decreased by20%, though total peat depth
by only ~5% due to decreased overall bulk density (SR#2).
The reduction in peat depth was less than the reduction in
peat mass because the peat column overall bulk density was
decreased. Increasingp from 70 to 90 kg m® increased to-
tal NPP and the percent remaining as peat and thus total peat
mass by~13%, but total peat height was slightly lower due
HUMOSITAS 0 02 04 06 08 1 to increased overall bulk density (Table 5). Parameterizing
_ _ _ _ the peat collapse to start earlier and/or proceed more slowly
Fig. 6. .Sllmulated final profile, by age,. of cor.e.colhort mass,. and (SR#4-6, Table 5, Fig. 3) reduced peat accumulation and the
composition by PFT fofa) one stochastic precipitation HPM sim- fraction of NPP remaining as peat and caused a shallower fi-

ulation run (corresponding to dark gray lines in Figs. 4 and 5) and i, .
(b) constant precipitation (heavy black line in Figs. 4 and &) ggggater table. A more abrupt transition (SR#7) had little

Observed (MB930 core) antl) simulated final core profile, by
depth, of fractional composition by broad functional typeBufa
bryophy“ca('rb) or bryophyte peat (green]'“rfa herbosdTh) or 4.2.2 Vegetation productiVity a.nd decompOSition rates
herbaceous litter peat (yellowJurfa lignosa(Tl) or woody litter
peat (brown), and, in the observed core only, humified, granularReducing NPP for all PFTs by 25% reduced total peat mass
peat matrix Detritus granosusgray). White line in panel (c) rep- and peat height by~25%, and resulted in &0.1m shal-
resents degree of humification in the MB930 core on a scale of Jjower water table (SR#8 in Table 5). A shallower water table
(low) to 4 (high). would result from both lower runoff due to less peat height
and a shallower transition to high bulk density, low transmis-

(see Figs. 4-6). The constant precipitation simulation hadSiVity peat due to thinner annual cohorts. Note that total NPP

o i .
more rapid accumulation than the base runs during the ﬁrs}Nas only reduced by 12.5%, in part because the peat height

2000-3000 years of the simulation (Fig. 4e), despite IowercmkwloOO years Ignger to reach the.transition. to ombrotro-
NPP (Fig. 4d): during this period the constar,n precipitation phy and lower relative NPP (though difference in water table

would also have an effect). However, the fraction remain-
rate was greater than the Muller et al. (2003b) reconstruc- )

. . S ing was also reduced from 6.5% to 5.4%, because a greater
tion (Fig. 42), resuilting in a generally shallower water tablel‘rac:tion of total NPP came from relatively more decompos-
(Fig. 4b) and lower decomposition (Fig. 4d).

able minerotrophic PFTs. Increasing NPP for all PFTs by

W grass
B min. herb

0.2

42 Model sensitivities 25% had the opposite effect (SR#9). Similarly, increasing
the initial decomposition rate for all PFTs by 25% decreased
4.2.1 Peat bulk density parameters total peat mass and peat height (0$0%), and resulted in a

0.07 m shallower water table (SR#11). Again, a shallower
Reducing pmin from 50 to 35kgm? (Ap remained water table would result from both lower runoff potential
70kg 3, so maximum bulk density was also reduced by due to less peat height and a shallower transition to high
15kg nT %) had little impact on the total peat carbon accu- bulk density, low transmissivity peat due to thinner annual
mulation, but increased the final peat height by about 1 mcohorts. Total NPP increased by 8%, due to a slower transi-
(~20%) and resulted in &0.08 m deeper water table (SR#1 tion to ombrotrophy, but only 5.4% remained as peat, despite
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Table 5. Sensitivities in 8500-year HPM simulations of final peat mass, final peat depgf),(and water table depth\yt — mean of last
40 years of 8500 year simulation), and total vegetation productivity (NPP), and percent NPP remaining as peat at end of simulation (% peat).
Results reported to 2 significant figures, except averages.

# sensitivity run value peat mass P ZWT NPP % peat
(kgCm2) (m) (m) (kgCnT?)

— base-1 (see Figs. 7-10) - 310 5.4 0.26 4800 6.4

— base-2 (see Figs. 7-10) - 310 5.4 0.27 4900 6.3

— base-3 (see Figs. 7-10) - 310 5.4 0.27 4700 6.5

— base-4 (see Figs. 7-10) - 320 55 0.26 4800 6.6

— base-5 (not shown in Figs. 7-10) - 310 5.4 0.26 4800 6.4

base — average of runs 1+5st. dev. - 31%4 540+0.08 0262+0.008 4818t57 645+0.13
1 minimum bulk density §min, EQ. 10) 35 320 6.4 0.34 4100 7.8
[kg m~3] (base value = 50)

2 bulk density increaseNp, Eq. 10) 50 250 5.1 0.30 4600 5.4

3 [kgm~3] (base value =70) 90 350 5.2 0.24 5000 6.9

4 bulk density transition parameters 0.3,0.1 296 5.1 0.17 4600 5.4

5 (c3, ca, EqQ. 10) 0.4,0.2 268 47 0.086 4500 6.0

6 (base values:;c=0.2, ¢ =0.05 0.2,0.1 292 5.4 0.23 4700 6.2

7 0.2,0.025 308 5.3 0.28 5000 6.2

8 NPP multiplier (Eq. 6) 0.75 230 4.0 0.14 4200 5.4

9 base value=1.0) 1.25 370 6.4 0.32 5200 7.2
10 kg multiplier (Eq. 7) 0.75 350 6.1 0.33 4200 8.4
11  base value=1.0) 1.25 280 4.8 0.19 5200 5.4
12 anoxia scale lengtla4, Eq. 9) [m] 0.2 340 5.8 0.26 4400 7.6
13 (base value=0.3) 0.5 230 4.0 0.22 5700 4.0
14 vascular PFT NPP belowground fraction 0.0 300 5.2 0.21 5200 5.8
15 (base value =0.8 for sedge, 0.5 for others) 0.5 310 5.4 0.27 4900 6.3
16 random precipitation amplitude (Eq. 20) 1.0 320 5.6 0.26 4800 6.6
17 (base value =2.5) 15 320 5.5 0.29 4800 6.7
18 2.0 320 5.6 0.27 4800 6.6
19 3.0 310 5.3 0.26 4800 6.4
20 random precipitation persistengg Eq. 19) 0.5 320 55 0.26 4400 7.3
21 (base value=0.99) 0.7 320 55 0.27 5700 5.6
22 0.9 310 5.4 0.25 5200 6.1
23 0.999 320 5.6 0.25 4900 6.5
24 random precipitation persisteneg Eq. 19) 0.9995 320 5.6 0.25 5000 6.4
25 (base value =0.99) 0.9995 280 4.8 0.26 4900 5.6
26 0.9995 300 5.2 0.31 4500 6.6
27 0.9995 300 5.3 0.25 4800 6.3
28  annual run-off adjustmengg, Eq. 13) [my 1] 0.1 270 4.7 0.29 5200 5.2
29 (base value=0.05) 0.1 270 4.6 0.31 5100 5.2
30 0.0 360 6.3 0.24 4700 7.7
31 0.0 350 6.2 0.24 4600 7.8
32 run-off increase withpp (cg, EQ. 13) [T 0.3 240 4.2 0.29 5100 4.7
33 (base value=0.2) 0.3 240 4.2 0.32 5100 4.7
34 0.1 420 7.3 0.20 4500 9.2
35 0.1 420 7.4 0.20 4500 9.5
36  min. relative hydr. transmissivityg, Eq. 14) 0.65 210 3.7 0.33 5500 3.9
37 (base value=0.50) 0.60 230 4.1 0.31 5200 4.4
38 0.40 370 6.0 0.25 4600 8.0
39 0.35 400 7.0 0.22 4500 8.9
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Fig. 7. HPM sensitivity to precipitation variability(a) Four man- Fig. 8. Same as Fig. 7, but for simulations with=2.5, and with
ifestations of annual precipitation (") with amplitude of ran- ¢ =0.5 (dark gray), 0.7 (cyan), 0.9 (green), and 0.999 (red) (see text
dom variabilitye (see Eg. 20) values of 1.0 (dark gray), 1.5 (cyan), and Egs. 19, 20). In base runs (Figs. 4¢6)0.99.

2.0 (green), and 3.0 (red) (see text and Eq. 19) amwd0.99. In

base runs (Figs. 4-@)=2.5 and$ =0.99. Solid black circles are

regional mean annual precipitation at 250-year intervals, bars arén final water table depth; decreasing the value to 0.2m re-
regional variance, as determined by Muller et al. (2003b). Inset issylted in a~10% increase in peat depth and mass after 8500

zoom-in for simulation years 3450—4050, inset precipitation rangeéyears, and no significant change in final water table depth
0.85-1.15 myl. (b) Simulated annual water table depth (m below (SR#12-13 in Table 5).

peat surface)(c) Simulated annual peat heightd) Simulated fi- In a simulation where all vascular NPP was input at the
nal cohort mass. NOTE: these values are cohort mass inﬂ?g m

not cohort carbon content, kg Cthasin Fig. 5b. (e) Simulated peat surface ("_e" same total NPP, but no roots), the final
age-depth profile, and dates from core MB930. NOTE: panels (apeat accumulation was reduced by (_)nly a few PefC?”t (both
¢) start with simulation year 50, avoiding the peatland initialization total depth and total mass; SR#14 in Table 5), which may
period (see text), and panel (d) is for peat ages 200-8450 BP, avoid20t be significant, given the stochastic factor in the precipi-
ing the peatland initialization period (roughly 8450-8500 BP) and tation. The water table depth in this simulation wa3.05 m
the most recent 200 years, where, due to lack of time to decomposeshallower than in the base runs; this was likely the result
peat cohort masses get much larger than those shown in the figureof the peat at~0.2—0.25 m being more decomposed (higher
bulk density) in this simulation (no fresh litter inputs below
the surface), and thus lower transmissivity (Eq. 14) reduced
a shallower water table, due to higher initial decompositionrynoff. This would reduce overall decomposition slightly,
rates. Decreasing initial decomposition rates had an oppositgpparenﬂy nearly offsetting the increased overall decompo-
and slightly enhanced effect (SR#10). sition of 100% surface litter, and minimizing the impact on
The anoxia scale length parameter, €q. 9, Table 2) con-  total peat accumulation. Reducing sedge PFT belowground

trols the decline in overall decomposition rate of submerged\NPP fraction from 0.8 to 0.5 had little impact (SR#15 in Ta-
peat as a function of depth below the water table. Increasingle 5).

the scale length value to 0.5 m resulted in25% decrease
in peat depth and mass after 8500 years, and 0.04 m reduction
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4.2.3 Water balance parameters

Varying the amplitude of the precipitation variability)( a
from 1.0 to 3.0 had little impact on the results (SR#16-19;
Fig. 7). Reducing the persistence parameter for the randorr
precipitation ¢; base value =0.99) had little impact on total
peat height or depth or final water table (SR#20-23, Fig. 8), 08— 55620003000 4000 5600 60007000000

but total NPP and percent remaining as peat were differ- \f erparrsrey (m;'m““'“" el
ent (with offsetting changes in terms of final peat carbon 0.1

content). Increasing the persistence parameter for the ran
dom precipitation caused substantial variability in final peat
height, peat depth, and final water table (SR#24-27, Fig. 9b)
as well as in the dynamics of peat accumulation and its rep-

resentation in the final peat core age-depth profile and carbor 0379562000 IO~ 4000 =000 5000 7000 6000
density per unit time (Figs. 8c—e, 9c—e). T ]
Since precipitation is based on a paleo-reconstructionc z ﬁy/
(Muller et al., 2003b), evapotranspiration is parameterized . / PR
from contemporary eddy covariance measurements (Lafleut ) = 0.9995 2.5
et al., 2005b), and run-on is assumed to be negligible, the 1/ 0.9995 2.5
“free” variable in the simulated annual water balance is an- ) —

nual run-off. Three parameters control the runofRe-de- FSTE i T hdation 32290 SO0 OO, 500

termines the base annual run-off frdPrETy for a shallow, 1 % R

saturated peat;g controls the linear rate of increase in run- d . ol SR e
. . .. pea X

off with peat height, andp sets a minimum value for deep onase ‘ e} \\\\‘

water table reduction in annual transmissivity relative to the i . \

rate for saturated peat (Table 2 and Eqgs. 13, 14). All results . s

were sensitive to all three parameters — in pgr_tmglar, varying - . o SIIEEEES S SEEEREE]

these parameters caused the greatest variability in the percer.. o ol lg/m2) peat age (kvr BP)

of total NPP remaining as peat (SR#28-39 in Table 5). All _ i ] ] ]

run-off parameters affected the water table depth, with a cleal':'g' 9. Same as Fig. 7’dbUt for four snmulatltc))ns Wit 2.5 _and
pattern of shallower (deeper) water tables correlating with a¢;8'gg% (see text and Egs. 19, 20). In base runs (Figs. 4-6)
greater (smaller) percentage of total NPP remaining a peat

than in the base runs. For example, reducigfrom 0.2 to

0.3 caused a 0.06 m decreasewt, and an increase in final

peat height and carbon content by almost 35%, despite a 791€ range of variability over the past 5-10 years. Contem-
reduction in total simulation NPP, as9.3% of that NPP did ~ porary carbon and vegetation dynamics measurements from

not decompose, compared to 6.5% in the base runs. a set of peatlands representing a chronosequence of stages
of development (i.e. space for time substitution) within the

same climatic region (e.g., Lepla et al., 2008; Merd et al.,

5 Discussion ) > .
ISCUSS! 2006) can provide a series of snapshots of peatland behavior

HPM simulates the long-term carbon and water dynamics ofhrough time.

a peatland, calculating annual carbon and water balances for Most information on past dynamics comes from peat core
each year of a multi-millennium simulation. Most of these analyses; data include peat age, carbon content, bulk den-
results are not possible to test directly; there are multiyeasity, macrofossil identification and pollen content, and testate
or annual carbon balance budgets for a few peatlands (e.gamoebae community compaosition. This information is then
Roulet etal., 2007; Nilsson et al., 2008; Koehler et al., 2010),used to generate estimates of the dynamics of peat vegeta-
but these are on peatlands that are at least several thousatidn composition (e.g., Mauquoy et al., 2008), past climatic
years old, and they may not be representative of the carbononditions (e.g., Mauquoy et al., 2008) and water table dy-
balance of those peatlands throughout their developmentamics (e.g., Charman, 2007), and long-term C accumula-
Contemporary C balance records of 5-10 years put clear cortion rates (e.g., Turunen, 2003) — all of which are usually
straints on the current system state and dynamics. Howevegxplained inductively. HPM generates a number of variables
they provide no information on how these systems behavedhat are comparable to these contemporary observables — fi-
in the past (vegetation dynamics, carbon accumulation, disnal state (i.e., contemporary) peat depth and total mass or car-
turbance/response) and little information on how these sysbon content, and vertical profiles (at a resolution of 1 year or
tems will behave under climate/weather conditions outside<0.01 m) of peat age, bulk density, degree of decomposition,
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and PFT composition. HPM results are generally consistenailogy of the watershed encompassing the peatland (Fraser et
with long-term peat core records from Mer Bleue, i.e., aboutal., 2001; Comas et al., 2004; Glaser et al., 1990). Macro-
5m and 300 kg m? peat carbon, apparently accumulating at fossil, pollen, and radiocarbon analyses indicates that Mer
variable rates over the past 8500 years, with deeper (olderBleue transitioned from a fen to a bog circa 7100—-6800 BP;
peat dominated by minerotrophic PFTs and shallower peain the base-run simulations the minerotrophic PFT fraction
dominated by ombrotrophic PFTs, though the compositionof contemporary peat drops from40% to~25% over the

of the simulated core seems to be less variable than observeafje range of 7500-6500BP (Fig. 6). HPM results do not
in the field (Figs. 5 and 6). Bryophyte remains account forseem to be very sensitive to these above- and below-ground
~65% of the total peat (Table 4); Turetsky (2003) reportedallocation fractions (Table 5).

that bryophytes are estimated to comprise about half of the HPM uses 12 PFTs to represent the range of vegetation
total peat, based on more than 600 archived peat cores frofound on many peatlands. This collection of PFTs was deter-
continental Canada cataloged by Zoltai et al. (2000). Thismined by first thinking of key functional differences: above-
result is also consistent with the observations of the impor-and below-ground biomass/NPP; vascular or non-vascular;
tance ofSphagnunin determining shifts in periods of peat- ombrotrophic or minerotrophic; woody or herbaceous; tis-

land growth (Belyea and Malmer, 2004). sue decomposability. Ombrotrophic mosses were then parti-
tioned into a range of “moisture” classes (hollow, lawn, hum-
5.1 Vegetation mock Sphagnaand feathermoss), as these are often used in

paleo-analysis as a wetness indicator. Differences in pro-
Due to large variability in northern peatlands, very few HPM ductivity (e.g., Gunnarsson, 2005; Pedersen, 1975) and de-
model parameters (Tables 1 and 2) are well constraine@omposability (e.g., Hogg, 1993; Belyea, 1996) will influ-
by field data. Primary productivity is highly variable be- ence rates of carbon accumulation as peat. One missing
tween sites and in different years fdphagnunmosses, true  PFT is trees (unless trees can be considered to be just large
mosses, forbs, shrubs, and trees (e.g., Wieder, 2006, anshrubs); trees are likely to be important for simulating many
references therein) and for total site NPP (e.g., Rydin ancturrent peatlands (particularly in the tropics), and also to
Jeglum, 2006; Moore et al., 2002, and references therein)capture the impacts of climate drying on peatlands carbon
Relative NPP for the PFTs in HPM, and their sensitivities and water dynamics. We believe that HPM is a first at-
to water table depth and peat height are meant to represefiémpt to quantitatively link long-term peat carbon accumu-
general patterns common to northern peatlands (e.g., Walkefation and hydrology to vegetation composition and dynam-
1970; Reader and Stewart, 1972; Bernard, 1974; Forrest ands in a process-based model. With 12 PFTs, HPM could
Smith, 1975; Tallis, 1983; Backeus, 1990; Korhola, 1992;pe used to look at the response of individual plant func-
Rydin, 1993; Klinger and Short, 1996; Hughes and Barbertional types to past and future climatic changes. While 12
2004; Lepjala, et al., 2008; Murphy et al., 2009; Murphy, (or more) wetland/peatland PFTs may seem too few from an
2009 and references therein). It is important to note thatpeatland ecology point of view, it is likely to be more vegeta-
model NPP for a given water table and peat depth combinesion classes than a global earth system model will be willing
both plant abundances under those conditions as well as PFb incorporate; for example, Wania et al. (2009) used only
inherent productivity per unit leaf biomass, so the defined optwo wetland PFTs in their LPJ-Why model — flood-tolerant
tima and tolerance along water table and peat depth gradients3 graminoids, an8phagnunmoss. A series of simulations
represent PFT ecological niches instead of wider physiologwith HPM would provide a mechanism for evaluating the im-
ical niches. For example, while ombrotrophic sedges couldyortance of different PFTs in long-term peatland dynamics
be relatively productive with shallow peat, they are likely to and carbon cycling.
be outcompeted for space by minerotrophic species and thus
are parameterized to have low NPP. 5.2 Decomposition

This representation of relative NPP results in a simple

dynamic vegetation model, but does not simulate PFT esbecomposition rates are generally low in boreal peatlands,
tablishment and associated lags; the assumption is that @nd plant tissue quality contributes to this through low nu-
least one representative species of each PFTs is effectiveltfient content and high refractory content (Moore and Basi-
present, even if with essentially zero productivity, and be-liko, 2006; Laiho et al., 2006). In situ litter-bag decompo-
comes productive when conditions (water table depth andsition studies show general patterns in initial decomposition
peat depth) are suitable; common peatland plants are ableates among plant functional types (forbsedges- shrubs
to disperse well via air and water (Salonen, 1987; Talbot,> Sphagna> wood) but within-PFT variability is high and
2009). The transition from minerotrophic PFTs to predom- PFT ranges generally overlap (e.g., Moore et al., 2007). Lit-
inantly ombrotrophic PFTs (fen-bog transition) is parame-ter bag decomposition rates are determined by fitting mass
terized to occur as the peat depth increases from roughly 1 ttoss data to an exponential function(r) = mge*, under
2 m; this transition depth is likely dependent in a site-specificthe assumption thatis a constantdm/dt=-km); since HPM
way on the surface- and groundwater hydrology and miner+epresents litter/peat decomposition as an initial kafehat
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declines linearly with mass loss (i.dm/dt= —(m/my) kom), interannual variability and long-term trends more important?
the litter bagk-values need to be modified tg values. We  Charman (2007) showed that proxies for peatland water ta-
have modified these so that, after 5 years of decompositioible reconstructions are most likely related to summer wa-
they have approximately the same mass loss (see Table 1). ter deficits, which themselves are most related to summer
The anoxia scale length parameier, €q. 9, Table 2) con-  precipitation and, to a lesser degree, summer temperature
trols the decline in overall decomposition rate of submerged(evaporative demand). Charman (2007) suggests that low-
peat as a function of depth below the water table. In situfrequency variability in annual moisture deficits (i.e., decadal
biogeochemical studies indicate that decomposition rates ior longer), leading to persistent wet or dry conditions, can
deep peat are limited by lack of solute transport (e.g., Beecause changes in plant community composition and decay
and Blodau, 2007; Beer et al., 2008). In HPM this is rep- rates, which feedback, through changes in peat hydraulic
resented as a rate multiplier that declines exponentially withproperties, on peat surface wetness.
distance below the simulated water table. The base run value
for this scale length is 0.3 m, which is roughly the range of 5.4 Net carbon balance
interannual variability £0.35 to 0.70 m) in maximum grow-
ing season water table depth observed at Mer Bleue (Rouletotal decomposition must be less than total NPP over time
et al., 2007). The minimum decay rate multiplier is set to in order for peat to accumulate. In the 5 base-run sim-
0.001y ! — this does not include reduction in decomposi- ulations total decomposition averaged 93.5% of total NPP
tion rate from the initial value due to mass loss (see Eq. 7; afrange: 93.4%-93.7%; Table 5); total NPP had a stan-
depth total cohorn/mg < 0.1). Simulation results were not dard deviation of 57 kg C 7 (1.2% of the mean) and to-
sensitive to this minimum value. Increasing this scale lengthtal decomposition 58 kg C ¥ (1.3% of the mean), but to-
means that “full anoxia” is pushed deeper into the submergedal peat mass had a standard deviation of only 4kg€m
peat; this could be caused by larger seasonal to interannu&flso 1.3% of its mean), implying that NPP and decomposi-
variability in the water table, or by non-negligible water (and tion co-vary. Across all simulations in Table 5, total decom-
solute) flow through the submerged peat. Increasing the scalgosition was highly correlated with total NPP (decomposi-
length value to 0.5m resulted in-a25% decrease in peat tion = 1.05 NPP —565;R?=0.99), and total decomposition
depth and mass after 8500 years, and 0.04 m reduction in fitanged from 90.5% to 96.1% of total NPP. With total NPP
nal water table depth; decreasing the value to 0.2 m resulted-5000 kg C n72, a change in fractional decomposition from
in a~10% increase in peat depth and mass after 8500 year94% to 93% implies 50 kg C i? less peat in the final profile,

and no significant change in final water table depth (Table 5)about 17% of the total, so net peat carbon accumulation is the
relatively small difference of two much larger gross carbon

5.3 Hydrology fluxes (NPP and decomposition). On a much shorter time-
scale, Bubier et al. (1998) found a strong correlation between
Variability in peat net carbon uptake and in the contempo-chamber measurements of gross photosynthesis and ecosys-
rary carbon density per unit time down the profile is driven tem respiration (as C£ across a range of boreal Canadian
in HPM by variability in precipitation that drives a variability peatlands from rich fen to bog.
in water table depth, providing the entry in to the intercon- Peatland NRCA is measured on contemporary cores, and
nected carbon and water cycles represented in Fig. 1. Comust always be positive, as one cannot sample lost carbon in
stant precipitation generates a smoothly varying peat cora core but only infer loss, either from the presence of char-
(Figs. 5b, 6b). Increasing the amplitude of precipitation vari- coal or from long time intervals separated by little vertical
ability causes high frequency variability in carbon and waterdistance. Peatland NECB is annual change in storage, and
variables (e.qg., Fig. 7), but only when these deviations fromthis can be positive or negative, but only can be quantified
the mean are persistent over several decades to centuries drg direct measurement during the year in question. Simu-
there pronounced deviations in peat height or the carbon derlated NECB shifted from a positive to a negative carbon bal-
sity or age depth profiles (Figs. 8c—e, 9c—e). Since precipitaance throughout the simulation; as a result, the correlation
tion and snowmelt inputs and runoff are highly episodic andbetween simulated NECB and simulated NRCA was only
evapotranspiration is strongly seasonal, peatland water tablesoderate 2 ~0.4-0.5). NECB variability results mostly
are seasonally dynamic, and data are often missing or diffifrom variability in productivity (Fig. 4c), not variability in
cult to interpret in winter due to freezing conditions (e.g., decomposition (Fig. 4d), consistent with contemporary field
Lafleur et al., 2005b, Roulet et al., 2007). HPM has an an-studies (e.g., Riutta et al., 2007; Laine et al., 2009a). Inter-
nual time step with no seasonality in water inputs or outputs,annual variability in NECB (Fig. 5¢) is much less evident in
and computes a mean annual water table, and it is not cleahe final peat core age-depth profile or field NRCA (Fig. 5a,
what exactly this should be compared to. Does it represenb) because millennia of decomposition reduce the magnitude
an observed actual mean annual water table, or a mean umf variability and field sampling inevitably aggregates over
frozen season water table, or neither? Should its absoluta number of years, acting as a low-pass filter. Note that
magnitude be compared to field observations, or are relativédPM simulates total decomposition (mass loss), but does

www.earth-syst-dynam.net/1/1/2010/ Earth Syst. Dynam., 21,12010



18 S. Frolking et al.: A new model of Holocene peatland net primary production

not disaggregate this into GOCH,, and DOC (Roulet et  ple could be deductively tested (i.e., subject to falsification)
al., 2007; Nilsson et al., 2008; Koehler et al., 2010). Basedif appropriate observations exist, but the conceptual frame-
on the HPM simulations, we hypothesize that peatlands camvork, links and general structure is based on the inductive
have a weak negative C balance for decades or even centuri@xferences of peatland development that shape how we think
(e.g., Figs. 4e, 5c, 7c, 8c, 9c) that cannot be unambiguouslypeatlands operate as a system (e.g. Charman, 2002; Rydin
determined from dating a peat core profile. These intervalsand Jeglum, 2006). The links between precipitation, water
do not need to have low NPP, and so the peatland may not biable, vegetation composition and productivity, decomposi-

severely stressed. tion, and peat hydraulic properties generate a relatively sta-
ble system overall. Variable precipitation leads to variability
5.5 Outstanding issues and future directions in simulated water table depth, which leads to variability in

the carbon balance. This is most apparent in the final core
This first version of HPM does not yet include several factorsmass as a function of age (Figs. 5b, 7d, 8d, 9d), which in-
that will be important to develop for more widespread ap- tegrates the combined effects of relative productivity and to-
plication. Mean annual temperature exerts controls on bothal decomposition, both dependent on water table dynamics
NPP and decomposition; we anticipate that, as with HPMover years (productivity) to decades or centuries (decompo-
sensitivity to water table depth, long-term variability and sition). Variability in net carbon accumulation that would be
trends (e.g., Holocene Thermal Maximum, Medieval Warm measurable in a peat core (e.g., Fig. 5b), and that might have
Period, Little Ice Age) will play a more important role than an impact on long-term carbon accumulation, results from
short-term interannual variability. Temperature effects be-persistent (tens to hundreds of years) precipitation deviations
come particularly dramatic when they generate or thaw peror trends (order of 10%) away from a long-term mean (e.g.,
mafrost (e.g., Robinson and Moore, 2000; Turetsky et al.,Figs. 8 and 9). Higher frequency variability gets smoothed
2002a). Trends in seasonality in temperature (e.g., relatedut in the long-term record by the “low-pass filter” of de-
to changes in summer insolation; Jones and Yu, 2010) andomposition and sampling.
growing season length may also be important. In their re-
gional paleoclimate analysis, Muller et al. (2003b) detectedacknowledgementsie thank the community of peatland re-
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