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Peatlands are the most efficient natural carbon sink on the planet. They are the most
carbon-intensive storages than any other vegetation types. However, recent studies indicate that
global peatlands can potentially release 6% of the global soil carbon into the atmosphere when
they are drained or deforested. They cover only about 3% of the total global land area, but
sequester over 30% of the Earth’s soil organic carbon. Peatlands in northern mid-to-high
latitudes (45°-90°N) occupy ~90% of the global peatland area and account for ~80% of the total
global peat organic carbon stock. Those peatlands are mainly located in Canada, Russia, and the
USA. Peatlands in tropical regions cover ~10% of the global peatlands area and store 15-19% of
the global peat organic carbon. They are mainly distributed in Southeast Asia and South and
Central America. The temperature at the global scale has been rising since the middle of the last
century and has accelerated during the last 40 years and the warming will continue in this
century. The large storage of soil organic carbon within the peatlands can significantly respond
to the changing climate by varying the roles between their carbon sink (from atmosphere to soil)
and source (from soil to atmosphere) activities. This dissertation focuses on quantifying the soil
organic carbon dynamics in North America and South America using mechanistically-based
biogeochemistry models.
Peatlands in Alaska occupy 40 million hectares and account for ~10% of the total
peatland area in northern mid-to-high latitudes. The regional soil organic carbon dynamics and
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its response to climate are still with large uncertainty. Most of the studies on peatlands to date are
based on short-term site-level observation. This dissertation first used an integrated modeling
framework that coupled the dynamics of hydrology, soil thermal regime, and ecosystem carbon
and nitrogen to quantify the long-term peat carbon accumulation in Alaska during the Holocene.
Modeled hydrology, soil thermal regime, carbon pools and fluxes and methane emissions were
evaluated using long-term observation data at several peatland sites in Minnesota, Alaska, and
Canada. The model was then applied for a 10,000-year (15 ka to 5 ka; 1 ka = 1000 cal yr before
present) simulation at four peatland sites. The model simulations matched the observed carbon
accumulation rates at fen sites during the Holocene (𝑅 2 = 0.88, 0.87, 0.38 and -0.05 for four
sites respectively using comparisons in 500-year bins from 15 ka to 5 ka). The simulated (2.04
m) and observed peat depths (on average 1.98 m) also compared well (𝑅 2 = 0.91). The early
Holocene carbon accumulation rates, especially during the Holocene thermal maximum (HTM)
(35.9 g C m−2 yr −1 ), were estimated up to 6-times higher than the rest of the Holocene
(6.5 g C m−2 yr −1 ). It suggested that high summer temperature and the lengthened growing
season resulted from the elevated insolation seasonality, along with wetter-than-before
conditions might be major factors causing the rapid carbon accumulation in Alaska during the
HTM. The sensitivity tests indicated that, apart from climate, initial water-table depth and
vegetation canopy were major drivers to the estimated peat carbon accumulation.
To further quantify the regional long-term soil organic carbon accumulation rates and the
current carbon stocks in Alaska, the second part of my research focused on quantifying the soil
organic carbon accumulation in multiple Alaskan terrestrial ecosystems over the last 15,000
years for both peatland and non-peatland ecosystems. Comparable with the previous estimates of
25-70 Pg carbon (C) in peatlands and 13-22 Pg C in non-peatland soils within 1-m depth in
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Alaska using peat core data, our model estimated a total SOC of 36-63 Pg C at present, including
27-48 Pg C in peatland soils and 9-15 Pg C in non-peatland soils. Current living vegetation
stored 2.5-3.7 Pg C in Alaska with 0.3-0.6 Pg C in peatlands and 2.2-3.1 Pg C in non-peatlands.
The simulated average rate of peat soil C accumulation was 2.3 Tg C yr −1 with a peak value of
5.1 Tg C yr −1 during the Holocene Thermal Maximum (HTM) in the early Holocene, four folds
higher than the average rate of 1.4 Tg C yr −1 over the rest of the Holocene. The accumulation
slowed down, or even ceased, during the neo-glacial climate cooling after the mid-Holocene, but
increased again in the 20th century. The model-estimated peat depths ranged from 1.1 to 2.7 m,
similar to the field-based estimate of 2.29 m for the region. The changes in vegetation and their
distributions were the main factors to determine the spatial variations of SOC accumulation
during different time periods. Warmer summer temperature and stronger radiation seasonality,
along with higher precipitation in the HTM and the 20th century might have resulted in the
extensive peatland expansion and carbon accumulation.
Most studies on the role of tropical peatlands have focused on Indonesian peatlands. Few
have focused on the Amazon basin, where peatlands remain intact and have been a long-term
carbon sink. To address the problem, my third study quantified the carbon accumulation for
peatland and non-peatland ecosystems in the Pastaza-Marañon foreland basin (PMFB), the most
extensive peatland complex in the Amazon basin from 12,000 years before present to 2100 AD.
Model simulations indicated that warming accelerated peat carbon loss while increasing
precipitation accelerated peat carbon accumulation at millennial time scales. The uncertain
parameters and spatial variation of climate were significant sources of uncertainty to modeled
peat carbon accumulation. Under warmer and presumably wetter conditions over the 21st
century, the warming effect on increasing peat carbon loss might overwhelm the wetter effect on
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increasing peat carbon accumulation. Peat soil carbon accumulation rate in the PMFB slowed
down to 7.9 (4.3~12.2) g C m−2 yr −1 from the current rate of 16.1 (9.1~23.7) g C m−2 yr −1 and
the region might turn into a carbon source to the atmosphere at -53.3 (-66.8~-41.2) g C m−2 yr −1
(negative indicates source), depending on the level of warming. Peatland ecosystems showed a
higher vulnerability than non-peatland ecosystems as indicated by the ratio of their soil carbon
density changes (change of soil carbon/existing soil carbon stock) ranging from 3.9 to 5.8). This
was primarily due to larger peatlands carbon stocks and more dramatic responses of their aerobic
and anaerobic decompositions in comparison with non-peatland ecosystems under future climate
conditions. Peatland and non-peatland soils in the PMFB might lose up to 0.4 (0.32~0.52) Pg C
by 2100 AD with the largest loss from palm swamp. The carbon-dense Amazonian peatland
might switch from a current carbon sink into a source in the 21st century.
Peatlands are important sources and sinks for greenhouse gases (carbon dioxide and
methane). Their carbon (C) balance between soil and atmosphere remains unquantified due to the
large data gaps and uncertainties in regional peat carbon estimation. My final study was to
quantify the C accumulation rates and C stocks within North America peatlands over the last
12,000 years. I find that 85-174 Pg C have been accumulated in North American peatlands over
these years including 0.37-0.76 Pg C in subtropical peatlands in this region. During the 10- 8 ka
period, the warmer and wetter conditions might have played an important role in stimulating peat
C accumulation by enhancing plant photosynthesis. The enhanced peat decomposition due to
warming through the Holocene slows down carbon accumulation in the region.
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CHAPTER 1.

1.1

INTRODUCTION

Research Background
Global climate has experienced significant changes in the last few decades (Arctic

Climate Impact Assessment, 2005; Intergovernmental Panel on Climate Change (IPCC), 2014).
The mean global surface temperature started increasing since the middle of the 19th century and
has risen 0.8℃ according to the reports (IPCC, 2013, 2014). In the northern mid-to-high
latitudes, this warming is larger than other regions on the planet (Alexeev et al., 2005) and has
accelerated at 0.3℃ per decade since 1970 (IPCC, 2014; McGuire et al., 2009). According to the
predictions of global models, the warming trend will continue in the next 100 years (IPCC,
2013). Over 40% of the global soil organic carbon (SOC) is stored in northern mid-to-high
latitudes (Melillo et al., 1995). The recent estimation of the SOC stocks in northern high latitudes
was between 900 and 1300 Pg C (1 Pg C = 1015 g C), including 200-600 Pg C stored in northern
peatlands and another 750 Pg C in non-peatland soils (Melillo et al., 1995; Gorham, 1990, 1991;
Yu, 2012; Tarnocai et al., 2009; Hugelius et al., 2014). Peatlands in northern high latitudes store
approximately 90% of global peat SOC, occupying 80% global peatland area. In Alaska,
peatlands cover roughly 11% of the total land area and is one of the most peatland-extensive
regions in northern high latitudes (Pastick et al., 2017). The responses of northern peatlands to
warming and other climate trends is significant. Under warming conditions, northern peatlands
may still act as a large C sink due to the stimulated plant C uptake (Loisel et al., 2012).
Meanwhile, hydrological conditions of northern peatlands and the subsequent peat soil
decomposition may be altered through the increased evapotranspiration and lowered water table
(Hobbie et al., 2000; Yu et al., 2009).
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So far, several studies have been conducted to understand the interaction between peat
SOC accumulation and the climate factors. However, large uncertainty remains (Davidson and
Janssens, 2006; Gerdol et al., 2008; Jones and Yu, 2010). There are limitations of the current
studies. First, most of those studies were done based on short-term site-level field measurements
(Turetsky et al., 2008, 2014; Bridgham et al., 2008). Those studies analyzed the C dynamics and
hydrological conditions at several peatland sites within the last few decades. However, it may not
be adequate for understanding the long-term trend of the peat SOC history and its response to
climate change. Second, long-term peat accumulation data have been collected recently at
northern peatland sites (Turunen et al., 2002; Roulet et al., 2007; Gorham et al., 2003; Yu et al.,
2009). However, due to the intensive field work and the non-accessibility of most of peatlands,
core analysis may not efficiently provide an estimation of peat SOC stocks at large regional
scales. Third, some models have been developed in order to simulate the peat SOC dynamics
(Frolking et al., 2010; Spahni et al., 2013). However, those models did not take advantage of the
rich peat core data.
Apart from the peatlands in northern high latitudes, peatlands in tropical regions occupy
~11% of the global peatland area and account for 15%-19% of the total global peat SOC stock
(Page et al., 2011). Mean surface air temperature in tropical regions, especially South America,
has been projected to increase by 1.8-5.1℃ in the next 100 years, although large uncertainty
exists (Marengo et al., 2012; Zulkafli et al., 2016). Understanding the responses of tropical
peatlands to a changing climate will be as significant as the northern peatlands. The 120,000
km2 Pastaza-Marañón foreland basin (PMFB) located in Peru is the most extensive peatland
complex in the Amazon basin, with up to 7.5 m thick peat deposits (Lähteenoja et al., 2011,
2012). A very limited number of studies have been done for this area while most of studies have
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been focusing on Indonesian peatlands. Recently, long-term field measurement data have been
collected from the core analysis and satellite images have been analyzed to map the vegetation
distribution in this area (Lähteenoja et al., 2009a, 2009b, 2011, 2012; Draper et al., 2014).
However, due to the limitation of accessibility to the peatlands, the regional SOC estimation
largely relies on the interpolation and extrapolation of the site-level measurements. The historical
peat SOC accumulation trajectories and the current regional peat SOC stocks have been
estimated by those studies. However, the regional carbon dynamics in future have not been yet
evaluated.

1.2

Research Objectives
Given the limitations of site-level field measurements and the limitations of existing

modeling studies, the first objective of my dissertation was to develop a new model that is able to
simulate the peat SOC dynamics. My first study based on an extant biogeochemistry model, the
Terrestrial Ecosystem Model (TEM, Zhuang et al., 2001, 2002, 2003, 2004, 2006), to develop a
new model for peatland ecosystems (P-TEM, Peatland Terrestrial Ecosystem Model). By
coupling and revising a series of modules (the carbon and nitrogen dynamics module, the soil
thermal module, the methane dynamics module, and the hydrological module), P-TEM was
developed explicitly for both peatland and non-peatland ecosystems. By taking advantage of the
observational data of soil moisture, water-table depth, soil temperature, and methane fluxes at
peatland sites, we calibrated and evaluated the P-TEM. The model was then applied to four
peatland sites on the Kenai Peninsula, Alaska, and was compared to the peat core measurements
for performance testing. Driven by the paleoclimate data from ECBilt-CLIO model output
(Timm and Timmermann, 2007), simulations from 15 to 5 ka (15 ka to 5 ka; 1 ka = 1000 cal yr
before present) were conducted to quantify the peat SOC accumulation rates and the variations of
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the hydrological conditions during the Holocene period. To understand the interaction between
climatic factors and the SOC dynamics, a series of sensitivity tests and statistical analysis were
performed.
Using the peatland model (P-TEM), my second objective was to take a further step to
quantify the regional SOC accumulation rates and current stocks for both peatland and nonpeatland in Alaska. The model parameters were adjusted and optimized from the previous study
for non-peatland ecosystems (Tang and Zhuang, 2008). Based on the parameterization in my
previous study (Wang et al., 2016a) and the parameterization from the open fen and spruce bog
sites, the P-TEM was re-adjusted for regional simulation. To obtain the vegetation distribution
map during different paleo time periods, non-peatland ecosystems were classified into boreal
deciduous broadleaf forest, boreal evergreen needleleaf and mixed forest, alpine tundra, wet
tundra; and barren lands based on the pollen data (He et al., 2014). Non-peatland maps were then
reclassified into peatland maps including Sphagnum spp. poor fens dominated by tundra and
Sphagnum spp.-black spruce (Picea mariana) bog/ peatland dominated by forest ecosystems to
represent the expansion and shrinkage of peatlands during each time period. Non-peatland and
peatland ecosystem distribution for each grid cell was determined using the wetland inundation
data extracted from the NASA/ GISS global natural wetland dataset (Matthews and Fung, 1987).
The Alaskan C stock was simulated through the Holocene driven with vegetation data
reconstructed and the paleoclimate data from 15 ka to present. A series of extra simulations were
done to further examine how uncertain climates and vegetation distribution affect the results.
My third objective was to quantify the historical trajectories of the tropical peat SOC
dynamics and predict their future fate. By using the available field measurements and satellite
images, the region was classified into different ecosystems. P-TEM was parameterized for each
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type of ecosystems. The model parameters were optimized using the published peat, vegetation
and remote-sensing data for the PMFB. The model was then used to: 1) quantify past C
accumulation from 12 ka to 2014 AD in peatlands, and 2) predict the future trends of C
accumulation under different climate scenarios in the 21st century in peatland and non-peatland
ecosystems within the PMFB.
My fourth objective in this dissertation was to combine the previous studies to overcome
the large data gaps and uncertainties in the regional peat carbon estimation in North America.
Peatlands in North America includes northern peatlands located in Canada, Alaska, the
conterminous USA (mainly upper Michigan, Maine, and North Dakota), and subtropical
peatlands distributed in Florida and Coastal areas of Mexican Gulf. The model was re-calibrated
using the site-level long-term peat carbon accumulation data in northern part of North America
and subtropical part of North America. The model was applied to the whole North America to
simulate the peat soil carbon density distribution and total carbon stocks from 12 ka to 2014 AD
based on the modern inundation map and peatland distribution map.

1.3

Dissertation Organization
My dissertation consists of four studies, each of which addresses one research objective.

In Chapter 2, a new model for both peatland and non-peatland ecosystems (P-TEM) was
developed based on the existing biogeochemistry model (TEM). Multiple site-level field
measurements were utilized to parameterize the model with respect to carbon and water fluxes,
and soil temperature profiles. The long-term peat SOC accumulation rates were simulated using
the adjusted model and were tested against the peat core analysis data at four sites in Alaska. In
Chapter 3, to conduct regional simulations of SOC accumulation for both non-peatlands and
peatlands, P-TEM was parameterized for representative ecosystems in Alaska. Second, the
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regional vegetation and peatland distribution data were organized. Spatial basal age data for all
peatland grid cells based on site-level soil core data, and climate data for each period during the
Holocene were also organized. Finally, the regional simulations and sensitivity analysis were
conducted. In Chapter 4, the model was used to quantify the SOC accumulation for peatland and
non-peatland ecosystems in the Pastaza-Marañon foreland basin (PMFB) in the Peruvian
Amazon from 12,000 years before present to 2100 AD. In Chapter 5, the model was reparameterized and applied to simulate the regional peat carbon density and total carbon stocks
within North America from 12 ka to present day. In Chapter 6, the conclusions and the
limitations of my dissertation research were discussed. A new study in progress and the future
related works are described.

26

CHAPTER 2.
QUANTIFYING PEAT CARBON ACCUMULATION IN
ALASKA USING A PROCESS-BASED BIOGEOCHEMISTRY MODEL1

2.1

Introduction
The Arctic has experienced significant warming in the 20th century, and this warming is

predicted to continue in this century (Arctic Climate Impact Assessment, 2005;
Intergovernmental Panel on Climate Change (IPCC), 2014). Terrestrial ecosystems in this region
occupy a large portion (22%) of the global land surface with approximately 40% of global soil
carbon (McGuire et al., 1995, 1997). The ongoing and future warming is expected to change the
cycling of the Arctic soil carbon, leading to either a negative (Davidson and Janssens, 2006) or a
positive feedback to the global climate system (Christensen et al., 2007; Jones and Yu, 2010).
Northern peatlands store 200 - 600 Pg (1 Pg = 1015 g) carbon depending on depth
considered (Gorham, 1991; Turunen et al., 2002; McGuire et al., 2009; Yu et al., 2010), which
accounts for up to one-third of the world’s soil carbon (Post et al., 1982; Gorham, 1991). They
are mainly located in Russia, Canada, the USA, and Fennoscandian countries (Lappalainen,
1996; Turunen et al., 2002). A number of studies have quantified the climate impact on carbon
dynamics in peatlands (e.g., Kirschbaum, 1993, 1995; Wang and Polglase, 1995; Deng et al.,
2015; Zhuang et al., 2015; Knorr et al., 2005), but no consensus on the net effect of climate
change on peat carbon accumulation has been reached. A number of soil core analyses and
modeling indicate that warming reduces soil organic carbon storage (e.g., Kirschbaum, 2000,
2006; Davidson and Janssens, 2006; Gerdol et al., 2008), but others suggest there is an
acceleration of soil carbon sequestration (Yu et al., 2009; Jones and Yu, 2010).

1

Wang, S., Zhuang, Q., Yu, Z., Bridgham, S., and Keller, J., Quantifying peat carbon accumulation in
Alaska using a process-based biogeochemistry model, J. Geophys. Res. Biogeosci., 121,
doi:10.1002/2016JG003452, 2016.
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Many existing studies on peatland carbon dynamics are based on short-term observation
and model simulations (e.g., Turetsky et al., 2008, 2014; Bridgham et al., 2008; Deng et al.,
2015). These short-term analyses may not be adequate for understanding the response of peat
carbon to long-term climate change. To overcome this, peat core data have been used to infer the
peat carbon accumulation rates during the Holocene in various regions (e.g., Turunen et al.,
2002; Roulet et al., 2007; Gorham et al., 2003; Yu et al., 2009). Most long-term observational
studies have focused on individual sites, but recently some large-scale syntheses have been
carried out (Yu et al., 2010; Loisel et al., 2014). Models are another means of examining longterm response to climate change. Spahni et al. (2013) imbedded a peatland module into a
dynamic global vegetation and land surface process model (LPX-Bern 1.0), and conducted a
transient simulation of carbon dynamics in northern peatlands from the Last Glacial Maximum to
the 21st century. Frolking et al. (2010) also modeled the peat carbon accumulation rate and peat
depth profile for an 8000-years old ombrotrophic bog (Mer Bleue) in Canada. However these
models have not explicitly considered the effects of permafrost dynamics or were based on a
simple algorithm to model soil temperature effects on peat carbon dynamics. Further, some of
these models have not considered the nitrogen feedbacks to the carbon cycling in nitrogenlimited northern peatlands.
In the past few decades, peat core data have been collected in the circum-Arctic region
(Yu et al., 2009). Fluxes of carbon, water and energy in peatland ecosystems in the region have
also been measured (Turetsky et al., 2008; Churchill, 2011). However, existing peatland
modeling studies have not taken advantage of these rich data. Here, we develop and evaluate a
peatland biogeochemistry model (P-TEM) based on an extant biogeochemistry model, the
Terrestrial Ecosystem Model (TEM; Zhuang et al., 2003; 2004). The model explicitly considers
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the effects of permafrost and hydrological dynamics as well as nitrogen feedbacks to the carbon
cycling of peatland ecosystems. The model is then used to examine peat carbon accumulation
rates for Alaskan peatlands during the Holocene.

2.2

Methods

2.2.1 Overview
We first develop the P-TEM by coupling and revising a core carbon and nitrogen
dynamics module (CNDM) of TEM (Zhuang et al., 2003), the soil thermal module (STM)
(Zhuang et al., 2001), the methane dynamics module (MDM) (Zhuang et al., 2004; 2006), a
hydrological module (HM) (Zhuang et al., 2002) (Figure 2.1). Second, we evaluate hydrological
dynamics using observed data of soil moisture at upland sites in Canada and water-table depth at
peatland sites in Alaska. We evaluate soil temperature estimates using data collected at the same
upland and peatland sites. We also evaluate methane emission estimates using methane flux data
of a peatland in Minnesota. Third, we apply the model to four peatlands sites on the Kenai
Peninsula, Alaska, driven with paleoclimate data from ECBilt-CLIO model output (Timm and
Timmermann, 2007) to evaluate peat carbon accumulation rate and depth profile by comparing
to peat core data. Finally, we test the model sensitivity to various controls and factors as a way to
identify the main factors that influence peat carbon dynamics.
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Figure 2.1. P-TEM modeling framework includes a soil thermal module (STM), a hydrologic
module (HM), a carbon/ nitrogen dynamic model (TEM), and a methane dynamics module
(MDM) (Zhuang et al., 2002, 2004, 2006).

2.2.2 Model Modification
Peat soil organic carbon (SOC) accumulation is determined by the net primary production
(NPP) and aerobic and anaerobic respiration. Peatlands accumulate carbon where NPP is greater
than decomposition, resulting in positive net ecosystem production (NEP). The core carbon and
nitrogen dynamics module of TEM was developed for upland ecosytsems (Zhuang et al., 2003),
where NEP is calculated at a monthly time step:
NEP = NPP − R H

(1)

SOC heterotrophic respiration (R H ) is calculated as (Table 2.1):
R H = K d CS f(MV )e0.069HT

(2)

where f(MV ) is a nonlinear relationship that describes the effect of soil moisture in the
unsatureted zone on microbial activity for decomposition. Soil moisture affects oxygen level in
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soils. K d is the logarithm of heterotrophic respiration rate at 0℃. CS is the total amount of upland
mineral SOC above the plant rooting depth. HT is mean monthly temperature of the organic
layer.
Here we revise the decomposition to include both aerobic heterotrophic respiration above
the water table which produces CO2 and anaerobic respiration below water table, which produces
both CO2 and methane (CH4 ) at the same time with certain amount of CH4 transferred to CO2
through oxidation. The soil organic carbon accumulation rate (∆SOC) is equal to NEP, where
NEP is calculated:
NEP = NPP − R′
H − R CH4 − R CWM − R CM − R COM (3)
R CH4 represents the monthly methane emission after methane oxidation and R CWM represents the
CO2 emission due to methane oxidation (Zhuang et al., 2015). A ratio of 1:1 is assumed to
calculate the CO2 release (R CM ) accompanied with the methanogenesis (Tang et al., 2010;
Conrad, 1999). R COM represents the CO2 release from other anaerobic processes (e.g.,
fermentation, terminal electron acceptor (TEA) reduction) (Keller and Bridgham, 2007; Keller
and Takagi, 2013). The ratio of R COM : R CH4 varies largely according to previous studies. The
molar ratios (CO2 : CH4 ) of the emission rates under inundated conditions were 4-173 for the fen
and bog, respectively (Moore and Knowles, 1989), while Freeman et al. (1993) and Yavitt et al.
(1987) estimated this ratio as 1. Here we assume R COM : R CH4 (CO2 release from other anaerobic
processes : CH4 release after oxidation) to be 5 so that the simulated CO2 : CH4 of the emission
rates from the anearobic processes is ~10 for a fen (see Discussion). R′
H now represents the
monthly aerobic respiration related to the variability of water-table depth (WTD) (Table 2.1):
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WTD

′ 0.069HT
R′
× LWB (4)
H = K d CS1 f(MV )e

where MV′ represents the soil water content in the unsaturated zone above the WTD. The SOC
between the lowest water-table boundary (LWB, a fixed model parameter, the soil below which
is set saturated; see Table 2.1) and soil surface (CS1 ) in the transient condition is obtainted after a
2000-year equilibrium run.
We model peatland soils as a two-layer system based on the three-layer system for upland
(Tables 2.2, 2.3) in the hydrological module (HM). The soil layers above the LWB are divided
into 1-cm sub-layers where peat soil characteristics in the upper peat are constant above 7 cm
peat depth and changed linearly in the section interval of 1 cm below (Table 2.3) (Granberg et
al., 1999; Zhuang et al., 2004). Ptot is the total porosity (Table 2.3) and is set to 0.98 below the
WTD. The actual WTD is estimated based on the total amount of water content above the LWB
within upper two boxes. Using the calculated WTD, the water content at each 1cm above the
water table can be then determined after solving the water balance equations.
In the STM module, the soil vertical profile is divided into four layers: (1) snowpack in
winter; (2) moss (or litter) layer; (3) organic soil (upper organic layer and lower organic layer for
peatland soils) and (4) mineral soil. The mineral layer is set to be water saturated for peatland
soils (Table 2.3). Each of these soil layers is characterized with a distinct soil thermal
conductivity and heat capacity. The observed soil water content data are used to drive STM.
The methane dynamics module (MDM) (Zhuang et al., 2004) explicitly considers the
process of methane production (methanogenesis), methane oxidation (methanotrophy) and the
transportation pathways including: (1) diffusion through the soil profile; (2) plant-aided
transportation; and (3) ebullition. Methane oxidation is simulated as an aerobic process that
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occurs only in the unsaturated zone. Hourly methanotrophy is estimated within each 1-cm layer.
The MDM gets the soil temperature inputs calculated from STM. HM estimated the WTD and
soil water content in the unsaturated zone affects methane production and emission. Net primary
production (NPP) is calculated from the CNDM. Soil-water pH is prescribed from the site
observed data, and the root distribution determines the redox potential.
Table 2.1. Variables and model parameters used for calculating heterotrophic respiration in this
study.
Variables

Description

Unit

𝑅𝐻

Monthly heterotrophic respiration of soil organic carbon (upland soils)

g C m−2 mon−1

′
𝑅𝐻

Monthly aerobic heterotrophic respiration of soil organic carbon (peatland soils)

g C m−2 mon−1

𝑅𝐶𝐻4

Monthly methane emission

g C m−2 mon−1

𝑅𝐶𝑊𝑀

Monthly CO2 emission due to methane oxidation

g C m−2 mon−1

𝑅𝐶𝑀

Monthly CO2 emission due to methane production

g C m−2 mon−1

𝑅𝐶𝑂𝑀

Monthly CO2 emission due to other anaerobic processes

g C m−2 mon−1

𝐾𝑑

Logarithm of heterotrophic respiration rate at 0℃

g C g −1 mol−1

𝐶𝑆

Quantity of the state variable describing total amount of soil organic carbon (SOC)

g C m−2

𝐶𝑆0

SOC between the lowest water-table boundary and soil surface (Equilibrium)

g C m−2

𝐶𝑆1

SOC between the lowest water-table boundary and soil surface (Transient)

g C m−2

𝑀𝑉

Soil water content (upland soils)

%

𝑀𝑉′

Soil water content in the unsaturated zone (peatland soils)

%

𝐻𝑇

Mean monthly temperature of the organic soil layer

℃

LWB

Lowest water-table boundary (fixed model parameter)

mm

WTD

Water-table depth

mm
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Table 2.2. Optimized parameters used for simulation of soil moisture content in the unsaturated
zone for hydrological module (HM) based on observation (Zhuang et al., 2002, 2004).
Parameters

Definition

SK 1977
0.26

Delta Junction
1920
0.26

Delta Junction
1999
0.0

𝐼𝑅𝑀𝐴𝑋

The maximum
daily canopy
interception
of rain
Snow interception
rate

mm mm−1

0.5

0.5

0.5

LAI −1 d−1

𝑃𝐹𝐶𝑚𝑜

Field capacity of
moss plus fibric
layer

50

45

45

%

𝑃𝐹𝐶ℎ𝑢𝑚𝑖𝑐

Field capacity of
humic organic
layer

40

35

36

%

𝑃𝐹𝐶𝑚𝑖𝑛

Field capacity of
mineral layer

35

30

30

%

𝑃𝐶𝑚𝑜

Percolation
coefficients for
moss plus fibric
layer
Percolation
coefficients for
humic layer
Percolation
coefficients for
mineral layer
Depth for moss
plus fibric layer
Depth for humic
layer
Depth for mineral
layer
Percentage of
water which will
become ice form
during winter

6

6

6

unitless

4.5

4.5

4.5

unitless

4

4

4

unitless

0.1

0.1

0.1

m

0.4

0.4

0.4

m

0.5

0.5

0.5

m

80
70
0

80
70
0

80
70
0

%
%
%

𝐼𝑆𝑀𝐴𝑋

𝑃𝐶ℎ𝑢𝑚𝑖𝑐
𝑃𝐶𝑚𝑖𝑛
𝐷𝐸𝑃𝑇𝑚𝑜
𝐷𝐸𝑃𝑇ℎ𝑢𝑚𝑖𝑐
𝐷𝐸𝑃𝑇𝑚𝑖𝑛
𝑃𝐻𝐴𝑆𝐸𝑚𝑜
𝑃𝐻𝐴𝑆𝐸ℎ𝑢𝑚𝑖𝑐
𝑃𝐻𝐴𝑆𝐸𝑚𝑖𝑛

Units
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Table 2.3. Optimized parameters used for simulation of water-table depth based on observation
(Granberg et al., 1999; Zhuang et al., 2004).

Parameter

Thickness
of moss
layer (cm)

APEXCON
SPRUCE

10
10

Thickness
of organic
layer
above
LWB (cm)
20
20

Lowest watertable
boundary(LWB)
(cm)

𝑃𝑡𝑜𝑡 (%)
of two
layers

Minimum
vegetation surface
soil moisture (%)

Maximum depth below
the peat surface which the
soil moisture above starts
to decrease linearly (cm)

30
30

94, 88
95, 88

25
33

7
7

2.2.3 Model Evaluation
We evaluate the modeling framework with respect to hydrological dynamics, peat soil
thermal dynamics, and carbon and methane dynamics using observed data at various peatland
sites. We first evaluate the modeled volumetric soil moisture (%) at three upland sites in Alaska
(Delta Junction 1920 and 1999) and Canada (SK 1977) (Table 2.4). The forcing climate data
from the local sites including air temperature, precipitation, global incoming solar radiation or
photosynthetically active radiation (PAR), and water vapor pressure were aggregated into
monthly time step. The water vapor pressure is obtained from the calculation of observed air
temperature at canopy height and relative humidity. The snow rate is obtained by equally
splitting the total annual accumulated snowfall into months during the winter. Second, we
evaluate the simulated water-table depth and methane emissions at APEXCON and SPRUCE
sites (Table 2.4). The APEXCON site, characterized as a lowland open fen, is located outside the
boundaries of the Bonanza Creek Experimental Forest. The APEXCON site is a moderate rich
fen with mean pH of 5.3, which lacks trees and is dominated by a diverse community of
emergent aquatic plants (Carex, Equisetum), brown moss, and Sphagnum with the thickness of
peat approximately 1 m. The weekly observed methane fluxes using static chambers during the
growing seasons are for the period of 2005-2011. Hourly water-table depth was continuously
recorded from June to October each year. The SPRUCE site is characterized as a Picea mariana
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(black spruce) – Sphagnum spp. bog forest. The 0.5-hour observed meteorological data (Hanson
et al., 2015), water-table depth and methane flux data during the growing seasons from 2011 to
2014 (Iverson et al., 2014; Hanson et al., 2014) were aggregated to a monthly time step for
model input.
Third, we evaluate the simulated soil temperature profile using observed data at
Saskatchew 1977 Fire and Delta Junction 1920 sites for upland soils and APEXCON for
peatland soils. We also evaluate the simulated carbon dynamics of a fen at the APEXCON site.
2.2.4 Model Application
We apply P-TEM to four peatlands on the Kenai Peninsula, Alaska (Jones and Yu, 2010;
Yu et al., 2009) (Table 2.5). The observed data includes the peat depth, percentage of organic
matter, and bulk density of both organic and inorganic matter at 1-cm intervals. The percentage
of organic matter in the peat sample and the bulk density are used to convert the simulated peat
carbon to the total peat depth profile. The ratio of the peat SOC over peat organic matter is set to
be 0.468 from the soil carbon amount distribution database (Loisel et al., 2014).
In the simulation, we assume that the initial waterlogging event occurred 2000 years
before peat starts to form, which provides the necessary hydrological conditions for peatland
formation. We run the model for 2000 years using the climate data from 17 ka to 15 ka (see
below for climate data description) to rearch equilibrium to get the initial soil carbon CS0 . The
transient simulation starts after reaching the equilibrium as CS0 no longer changes, providing a
stable soil carbon amount from the LWB to soil surface at 15 ka.
The accumulation of peat carbon is examined at four subsequent time slices (15 ka to 5
ka) after the 2000-year equilibrium run (17 ka to 15 ka) including a time slice encompassing a
millennial-scale warming event during the last deglaciation known as the B∅lling-Aller∅d at 15-
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13 ka, the Holocene Thermal Maximum (HTM) during the early Holocene at 11-10 and 10-9 ka,
and the mid-Holocene at 7-5 ka BP. The climate data in two time periods, from 13 to 11 ka and
from 9 to 7 ka were not explicitly simulated, but we used the linear interpolation from adjacent
slices and filled these two missing slices. Climate data were downscaled from ECBilt-CLIO
model output (Timm and Timmermann, 2007; He et al., 2014). Climate fields include monthly
precipitation, monthly air temperature, monthly net incoming solar radiation (NIRR) and
monthly vapor pressure (2.5° × 2.5°). The ECBilt-CLIO model has been used in other HTM
studies where the model produced the interaction between orbital-induced summer insolation and
ice sheet configuration that were reflected in proxy records (Renssen et al., 2009). We apply
delta-ratio bias-correction with observed half-degree data from the Climate Research Unit
(CRU2.0) and the inverse-square distance interpolation method, similar to the approach taken to
downscale and bias-correct future climate scenarios (Hay et al., 2000), to correct the climate
anomalies for the detailed topography and coastlines of northern high latitudes at a resolution of
0.5° × 0.5°. To drive the P-TEM, we use the same time-dependent forcing atmospheric carbon
dioxide concentration data as were used in ECBilt-CLIO transient simulations from the Taylor
Dome (Timm and Timmermann, 2007).
We also conduct a sensitivity analysis for peat carbon accumulation in response to
variations of the lowest water-table boundary (LWB) and the leaf area index (LAI). In the
“standard” simulation, the LWB is set to 30 cm below the soil surface, while in the “more
saturated” and “less saturated” scenarios, it is set to 22 cm and 38 cm, respectively. We conduct
the test with other variables remaining unchanged. As the water-table position is raised, less
space will be available for the microbial aerobic respiration, leading to an increasing amount of
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methane production, and vice versa. We are interested in estimating the long-term influence of
different LWB on the simulation of peatland carbon accumulation in P-TEM.
Leaf Area Index (LAI) defines the leaf area for snow and rain interception by the
vegetation canopy. Different values of LAI lead to different hydrological conditions. We
conduct three simulations: the forested peatland with the LAI set to 5.0 (Coughlan and Running,
1997) and the maximum daily canopy interception of rain (IRMAX ) (Table 2.2) set to 0.26
(Helvey, 1971; Zhuang et al., 2002) through the year; a partly forested peatland with LAI 2.8 and
IRMAX set to 0.1; and an open peatland (Sphagnum) with LAI set to 0.4 and IRMAX set to 0.0. The
“standard” simulation is the open fen and we also conduct simulations for two other vegetation
types to investigate how the different LAI can influence the interception of monthly
precipitation, and thus cause the change of peat carbon accumulation.
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Table 2.4. Sites used for parameterization for hydrological module (HM), methane dynamics
module (MDM) and soil thermal module (STM).
Site

Saskatchew
(SK) 1977
Fire

Delta
Junction
1920
Control

Delta
Junction
1999 Burn

APEXCON

SPRUCE

Description

Evergreen broadleaf forest site in
Saskatchewan, Canada. Mean
annual temperature is 0.4℃, with
mean total precipitation 467.2
mm (1971-2000 Waskesiu
normals)
Evergreen needleleaf forest
located near Delta Junction, to the
north of the Alaska Range in
Interior Alaska (Senkowsky,
2001)
Located near Delta Junction, to
the north of the Alaska Range in
Interior Alaska, within 15-km of
Delta Junction 1920 Control. 70%
of the area is not covered by
vascular plants, with mean annual
temperature -2.3℃, annual
accumulated rainfall 304 mm and
snowfall 940 mm (Liu et al.,
2005)
Low land open fen along Bonanza
Creek Road at the base of the
bluff, Bonanza Creek, Interior
Alaska. The area is classified as
continental boreal with a mean
annual temperature of -2.9℃ and
annual accumulated precipitation
of 269 mm, of which 30% is snow
(Hinzman et al., 2006)

Bog forest in northern Minnesota,
40 km of Grand Rapids in the
USDA Forest Service Marcell
Experimental Forest (MEF).
Mean annual temperature from
1961 to 2005 is 3.3℃, annual
accumulated precipitation is 768
mm, with 75% of it occurs in the
snow-free period from mid-April
to early November (Crill et al.,
1988)

Vegetation

Simulation
Period

Observed
variables for HM
(or MDM)
parameterization

Observed
variables for
STM
parameterization

Jack pine
black spruce

Jan 2004
-Dec 2005

VSM at 30 cm

Soil temperature
at depths 10cm,
20cm, and 50cm

Evergreen
needleleaf forest

Jan 2002
-Dec 2003

VSM at 4cm,
11cm, and 37cm

Soil temperature
at depths 10cm
and 20cm

Open shrublands

Jan 2002
- Dec
2003

VSM at depth
4cm and 11cm

Not used

Growing
Season in
2007, and
from 2009
to 2011

Water-table
depth and
methane
emission

Soil temperature
at depths 10cm,
25cm, and 50cm

Growing
Season
from
2011 to
2014

Water-table
depth and
methane
emissions

-

Moderate rich
open fen with
sedges (Carex
sp.), spiked
rushes
(Eleocharis sp.),
Sphagnum spp.,
and brown
mosses
(Drepanocladus
aduncus)

Picea marianaSphagnum spp.
bog

39
Table 2.5. Sites used for comparison of carbon accumulation rates between simulation and
observation (Jones and Yu, 2010)
Peatland
type

Latitude

Longitude

Dating
method

No. of
dates

Time-weighted
Basal age (cal
Holocene
accumulation rates
yr BP)
(g C m-2 yr-1)

Site name

Location

Kenai
Gasfield

Alaska,
USA

fen

60º27'N

151º14'W

AMS

12

11,408

13.1

No Name
Creek

Alaska,
USA

fen

60º38'N

151º04'W

AMS

11

11,526

12.3

Horsetrail fen

Alaska,
USA

rich fen

60º25'N

150º54'W

AMS

10

13,614

10. 7

Swanson fen

Alaska,
USA

poor fen

60º47'N

150º49'W

AMS

9

14,225

5.7

2.3

Results and Discussion

2.3.1 Model Evaluation
Based on the adjusted parameters for upland (Table 2.2) and peatland (Table 2.3) in the
HM, the result of the shallowest layer of soils in Delta Junction 1999 and 1920 suggest that the
HM can accurately simulate the soil moisture content in both open tundra and boreal forest
(𝑅 2 = 0.94 and 0.76 for Delta Junction 1920 and 1999, respectively) (Figures 2.2(a) and (b)).
Especially during the growing season, the water content is much higher at the tundra site,
suggesting a higher rainfall through the plant canopy due to the smaller leaf interception area
(Figure 2.2(e)). Similarly, HM has the capacity to simulate the soil moisture content for the
deeper layer (𝑅 2 = 0.92 and 0.83 for SK 1977 Fire and Delta Junction 1920, respectively)
(Figures 2.2(c) and (d)). The HM well simulates the monthly water-table depth at both
APEXCON and SPRUCE sites (𝑅 2 = 0.92 and 0.52, respectively) (Figure 2.3).
Based on the adjusted parameters in the STM (Table 2.6), the model reproduces the soil
temperature profile with 𝑅 2 values of 0.94, 0.96, and 0.67 at 10 cm, 20 cm and 50 cm,
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respectively, at the SK 1977 Fire site (Figure 2.4). Similarly, compared with observations, the
model captures the soil temperature for the Delta Junction 1920 site with 𝑅 2 values 0.83 and 0.85
at 10 cm and 20 cm, and for the APEXCON site with 𝑅 2 values of 0.96, 0.92, and 0.81 at 10 cm,
25 cm and 50 cm, respectively (Figure 2.4). Furthermore, the MDM estimated methane fluxes
match observations with 𝑅 2 values of 0.90 and 0.40 for the two sites after incorporating the
calculated soil moisture in the unsaturated zone, water-table depth, and soil temperature profile
from other modules (Figure 2.5).
Based on the adjusted parameters in the CNDM, the simulated annual fluxes and pools of
carbon and nitrogen are within the range of the observations at APEXCON in 2009 and other
references (Table 2.7).

Figure 2.2. Comparison between observed and simulated soil moisture for the shallowest layer
(moss layer) (a) at Delta Junction 1920 (evergreen needleleaf forest) and (b) Delta Junction 1999
(open tundra) in 2002 and 2003 (the value for comparison is calculated using the average of the
moisture at 2 cm, 4 cm and 11 cm). Comparison between observed and simulated soil moisture
for the organic layer at (c) (Delta Junction 1920 (37 cm) in 2002 and 2003, and (d) SK 1977 Fire
(30 cm) in 2004 and 2005. (e) Comparison between the observed soil moisture for the 0-10 cm
layer at Delta 1920 (forest site) and Delta 1999 (open tundra site).
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Figure 2.3. Comparison of the water-table depth between the observed data and simulated data
for the growing seasons of SPRUCE (top) from 2011 to 2014 (Iverson et al., 2014; Shi et al.,
2015) and APEXCON (bottom) in 2005, 2007, and 2009 to 2011. The inset of the bottom figure
is the comparison of 2005 for APEXCON (Turetsky et al., 2008).
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Table 2.6. Parameters used for simulation of soil temperature profile for three sites in soil
thermal module (STM) (Zhuang et al., 2001).
Parameter

SK 1977

Delta Junction 1920

APEXCON

Units

Moss thickness

10

10

10

cm

Organic thickness

40

40

20

cm

Mineral layer thickness

50

50

70

cm

Moss water content

20

25

85

%
−1

m−1 K −1

Moss thawed thermal conductivity

0.4

0.35

0.5

W

Moss frozen thermal conductivity

0.53

0.55

0.6

W −1 m−1 K −1

Moss thawed volumetric heat content

1.7

1.6

1.8

MJ −1 m−1 K −1

Moss frozen volumetric heat content

1.5

1.5

1.5

MJ −1 m−1 K −1

Organic water content

30

35

88

%
−1

m−1 K −1

Organic thawed thermal conductivity

0.45

0.45

0.6

W

Organic frozen thermal conductivity

1.0

1.1

1.2

W −1 m−1 K −1

Organic thawed heat content

2.6

2.6

2.6

MJ −1 m−1 K −1

Organic frozen heat content

2.4

2.4

2.4

MJ −1 m−1 K −1

Mineral water content
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40

90

%
−1

m−1 K −1

Mineral thawed thermal conductivity

0.5

0.55

0.6

W

Mineral frozen thermal conductivity

1.2

1.2

1.3

W −1 m−1 K −1

Mineral thawed heat content

3.1

3.1

3.4

MJ −1 m−1 K −1

Mineral frozen heat content

1.7

1.7

1.7

MJ −1 m−1 K −1

Snow thermal conductivity

0.2

0.2

0.2

MJ −1 m−1 K −1
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Figure 2.4. Top row: Observed soil temperature (oC) at depths 10 cm, 20 cm and 50 cm for SK
1977 site (left), observed soil temperature at 10cm, 20cm for Delta Junction 1920 (middle),
observed soil temperature at 10cm, 25cm and 50cm for APEXCON (right). Middle row:
Simulated soil temperature at 10cm, 20cm and 50cm for SK 1977 site (left), Simulated soil
temperature at 10cm, 20cm for Delta Junction 1920 (middle), Simulated soil temperature at
10cm, 25cm and 50cm for APEXCON (right). Bottom row: Residual of simulated and observed
soil temperature at 10cm, 20cm and 50cm for SK 1977 site (left), Residual of simulated and
observed soil temperature at 10cm, 20cm for Delta Junction 1920 (middle), Residual of
simulated and observed soil temperature at 10cm, 25cm and 50cm, respectively for APEXCON
(right).
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Figure 2.5. Comparison of the methane emission between observation and simulation for
SPRUCE (a) from 2011 to 2013 (Hanson et al., 2014), and APEXCON (b) in 2005 and 2009. In
(a), the blanks reflect missing observation data.
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Table 2.7. Parameters of calculating carbon and nitrogen fluxes and pools for a fen site in carbon
and nitrogen dynamics module (CNDM).
Annual Carbon and Nitrogen
Fluxes or Poolsa

NPP
Vegetation Carbon
Litter Fall Carbon
Nitrogen uptake by vegetation
Soil carbon in 1 m
Soil carbon : Soil nitrogen

Simulated Using
Adjusted Model
Parameters
350
750
333
2.0
20000
70

Amount from references or
site-level observations

445±260
682-904
300
1.8
5000-90000
48-90

References

Turetsky et al. (2008),
Churchill (2011)
Moore et al. (2002)
Zhuang et al. (2002)
Tarnocai et al. (2009)
Kuhry and Vitt (1996)

for annual net primary production (NPP), litter fall carbon are g C m−2 yr −1 . Units for vegetation carbon and soil carbon
in 1 m depth are g C m−2 . Unit for annual nitrogen uptake by plants is g N m−2 yr −1 . Soil carbon in 1 m depth represents the
amount of carbon in the wet tundra (the depth is 1 m in the model), e.g. the initial carbon amount for peatland.
aUnits

2.3.2 Peatland Carbon Accumulation
P-TEM simulations for the six grid cells in Kenai Peninsula show a large variation from
15 ka to 5 ka, ranging from a peat carbon loss to peat carbon gain of 100 g C m−2 yr −1 on
average (Figure 2.6). The most obvious long-term pattern is a large peak of peat carbon
accumulation rates at 11 ka – 9 ka (HTM), and a secondary peak at 6 ka – 5 ka (mid-Holocene).
The model captures the largest peak during the HTM at almost all sites, among which the
magnitude is accurately estimated at No Name Creek and Horse Trail Fen sites, while there are
time shifts and over-estimates in magnitude at Kenai Gasfield and Swanson Fen sites. The
secondary accumulation peak is captured at No Name Creek, Kenai Gasfield and Swanson Fen
sites, while the model slightly over-estimated the rate at mid-Holocene at Horse Trail Fen site. In
addition, there is a high-frequency (20-year resolution) variability in magnitude due to changing
climate. When the temporal resolution of the results is reduced to 500-year bins (Figure 2.7), the
simulations match the observations well, especially at No Name Creek and Horse Trail Fen sites.
The simulated trend of carbon accumulation rates is consistent with the synthesis curves from all
four sites (Jones and Yu, 2010). The 𝑅 2 coefficient between the simulation and observation are
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0.88 for Horse Trail Fen, 0.87 for No Name Creek, 0.38 for Gasfiled and -0.05 for Swanson Fen
(Figure 2.8). The negative correlation at Swanson Fen may be due to the time shift between the
simulated accumulation peak in the late HTM and the observed peak in the early HTM. This
could be resulted from the dating resolution on the actual cores as more dates (e.g., 20-year bins)
would probably shift the peaks in the HTM slightly compared with less dates (e.g., 500-year
bins) (Figures 2.6(d) and 2.6(d))
The frequency distribution of peat carbon accumulation rates over the simulated time
period shows a large temporal variability (Figure 2.9), with a mean rate 10.82 g C m−2 yr −1 and
standard deviation 29.22 g C m−2 yr −1 . There is a relatively large proportion of negative
accumulation rates, suggesting a loss of carbon from the soil occurred in some years, especially
before the Holocene and in the mid-Holocene (Figure 2.6). Most rates are within the range of -40
to 40 g C m−2 yr −1 . The rates exceeding 60 g C m−2 yr −1 occurred mainly during the HTM
when there was expansive peatland development. These simulations are consistent with field
observations (Yu et al., 2009). The rates exceeding 15 g C m−2 yr −1 can be approximated with a
normal distribution (𝜇 = 10.82 g C m−2 yr −1 , 𝜎 = 29.22 g C m−2 yr −1 ). However, the rates
smaller than 15 g C m−2 yr −1 exhibits a non-normal distribution pattern with a very high
frequency from 0 to 15 g C m−2 yr −1 .
Using the observed peat depth bulk density, we estimate the peat depth profile from 15 ka
to 5 ka (Figure 2.10). At No Name Creek, a total depth of 2.5 m is comparable with observed
2.47 m. Although there is a high correlation between simulated and observed peat depth at Horse
Trail Fen, the rapid observed carbon accumulation started almost 2000 years before the model
estimation. We model a 2.49 m depth versus an observed depth of 2.93 m. The modeled depth
profile has a very high correlation with the observation at Kenai Gasfield. The simulated and
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observed trends stay almost the same with a total depth of 1.2 m and 1.1 m. The observed depth
at Swanson Fen started to increase approximately 3500 years before the model estimation. The
total peat depth reaches 1.92 m from simulation compared with 1.76 m from observation. In
general, Noname Creek and Kenai Gasfield have the best comparison while the modeled starting
points of peat depth are later than the field estimation at Horse Trail Fen and Swanson Fen sites.
On average, the simulated carbon accumulation rate is 10.82 g C m−2 yr −1 from 15 ka to
5 ka, while the rate of the HTM is 35.9 g C m−2 yr −1 , which is up to six-times higher than the
rest of the Holocene (6.5 g C m−2 yr −1 ) excluding the rate during the HTM. These are consistent
with findings of Jones and Yu (2010), which estimated the carbon accumulation rate was ~20
g C m−2 yr −1 from 11.5 ka to 8.6 ka, four-times higher than the average rate of ~5 g C m−2 yr −1
over the rest of the Holocene. They found that by 8.6 ka, around 75% of modern Alaskan
peatland had formed, followed by a six-fold decrease afterwards.
The simulated climate by ECBilt-CLIO shows that, among all time periods, the coolest
temperature appeared at 15 ka – 13 ka, followed by the mid-Holocene (7 ka – 5 ka) (Figures
2.11(c), and (d)). Those two periods were also generally dry (Figures 2.11(e) and (f)). The
former represents colder and drier climate before the onset of the HTM (Barber and Finney,
2000; Edwards et al., 2001). The latter represents post-HTM cooling before the neo-glacier
period, which caused permafrost aggradation across northern high latitudes (Oksanen et al.,
2001; Zoltai, 1995). Before the HTM, the mean annual net incoming solar radiation (NIRR) of
the chosen six pixels is the lowest among all time periods, approximately 75 W m−2 (Figure
2.11(b)). Similarly, the mean annual temperature before the HTM for the selected grids is also
the lowest among all periods, which is −0.5℃ with the lowest mean monthly temperature -10℃
and highest 8℃ (Figures 2.11(c) and (d)). In the early HTM period (11 ka - 10 ka), the radiation
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started to increase and reached 83 W m−2 . Meanwhile, the annual temperature increased
considerably, reaching 2.36℃. The temperature had its largest increase in summer. The monthly
temperature variation suggests that the growing season (monthly temperature above 0℃) had
lengthened 10 – 15 days (Figure 2.11(c)). There was also an increase of radiation during the
growing season in the early HTM (Figure 2.11(a)). We find that the total annual precipitation
increased by 75 mm from 510 mm during the early HTM (Figure 2.11(f)), with a greater increase
in summer than in winter (Figure 2.11(e)). It followed by a wetter-than-before condition in the
late HTM (10 ka – 9 ka). The solar radiation in growing season continued to increase, reaching
the maximum value 87 W m−2 at the time, characterized by the highest summer insolation and
highest summer temperature as described in Jones and Yu (2010) and Huybers et al. (2006).
Cooler and drier conditions occurred during the mid-Holocene, accompanied by a greater
decrease of precipitation in winter than in summer.
The large expansion of Alaskan peatland during the HTM coincides with the maximum
summer temperature and NIRR, as well as a wetter-than-before condition. Furthermore, ECBiltCLIO simulated the increase of temperature and radiation in the growing season, but they remain
unchanged in winter among all time periods (Figure 2.11(a)). This obviously leads to a stronger
seasonality of radiation in the HTM, which has been described in Kaufman et al. (2004, 2016)
and Yu et al. (2009). The rapid peat carbon accumulation in the HTM corresponds to the highest
summer temperature along with the highest seasonal radiative forcing. Warmer conditions in
summer and the lengthened vegetation growing season, and probably earlier snow melt during
the HTM positively affects NPP by increasing plant productivity, leading to more carbon input to
soils (Running et al., 2004). Warmer conditions could also lead to a higher decomposition rate of
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peat SOC (Nobrega et al., 2007; Dorrepaal et al., 2009). However, these increases in NPP appear
to more than offset warming-induced increases in decomposition.
Hydrological effect can be significant as water-table depth could be raised with an
increase in precipitation. Higher water tables allow less space for aerobic respiration and give
larger space for anaerobic respiration, which reduce the soil carbon loss as aerobic respiration is
faster than anaerobic respiration (Hobbie et al., 2000).
A forward stepwise linear regression model between carbon accumulation rates and
climate variables were applied. Monthly temperature, monthly NIRR, monthly precipitation and
their seasonalities were put into the regression model. The result suggests that a number of
factors are significant (P<0.001; Table 2.8), temperature has the most significant effect on carbon
accumulation rate according to the biggest F-value in the analysis of variance table (ANOVA).
The seasonality of NIRR also plays an important role, but monthly NIRR, as we thought
important above is not a significant factor. The seasonality of temperature, the interaction of
temperature and precipitation, and precipitation alone have relatively minor effects (lower Fvalues) among all significant variables. The seasonality of precipitation is not important.
Enhanced temperature, larger climate (radiation) seasonality and enhanced precipitation may
help explain the onset of explosive peatland initiation in Alaska during the HTM. The low, even
negative carbon accumulation rate during the mid-Holocene is consistent with the unfavorable
cool and dry climate conditions. This period experienced lower snowfall than the HTM (Figure
2.11(e)). The combination of decreased snowfall and lower temperature (Table 2.8) resulted in
deeper frost depth due to the decreased insulative effects of the snowpack, and therefore
shortening the period for active photosynthetic C uptake, leading to an overall low plant
productivity (McGuire et al., 2000; Stieglitz et al., 2003).
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Figure 2.6. Simulated and observed carbon accumulation rates from 15 ka to 5 ka. Red solid
lines represent the observed time-weighted rates for (a) No Name Creek; (b) Horse Trail Fen; (c)
Kenai Gasfield; and (d) Swanson Fen. Black solid lines represent the simulated averaged carbon
accumulation rate of every 20 years

Figure 2.7. Simulated and observed carbon accumulation rates from 14.5 ka to 5 ka in 500-year
bins with standard deviations for (a) No Name Creek; (b) Horse Trail Fen; (c) Kenai Gasfield;
and (d) Swanson Fen.
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Figure 2.8. Field-based and model estimates of annual peat carbon accumulation rates in 500year bins. Linear regressions between simulated and observed estimates are compared with the
1:1 line. For (a) No Name Creek, the linear regression is significant (P<0.001, N = 12), with 𝑅 2
= 0.87, slope = 2.43, and intercept = -19.85 𝑔 𝐶 𝑚−2 𝑦𝑟 −1 . For (b) Horse Trail Fen, the linear
regression is significant (P<0.001, N = 16), with 𝑅 2 = 0.88, slope = 1.21, and intercept = -1.46
𝑔 𝐶 𝑚−2 𝑦𝑟 −1; For (c) Kenai Gasfield, the linear regression is significant (P<0.001, N = 13),
with 𝑅 2 = 0.38, slope = 1.90, and intercept = -10.40 𝑔 𝐶 𝑚−2 𝑦𝑟 −1 and for (d) Swanson Fen, the
linear regression is significant (P<0.001, N = 18), with 𝑅 2 = -0.05, slope = 0.17, and intercept =
10.69 𝑔 𝐶 𝑚−2 𝑦𝑟 −1.
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Figure 2.9. Frequency histogram of simulated peat carbon accumulation rates from 15 ka to 5 ka,
characterized with a normal distribution (𝜇 = 10.82 𝑔 𝐶 𝑚−2 𝑦𝑟 −1, 𝜎 = 29.22 𝑔 𝐶 𝑚−2 𝑦𝑟 −1).

Figure 2.10. Comparisons between simulated and observed peatland depth profile: (a) No Name
Creek; (b) Horse Trail Fen; (c) Kenai Gasfield; and (d) Swanson Fen.
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Figure 2.11. Climate data output from the paleoclimate simulations during the post-glacial period
(15-13, 11-10, 10-9, and 7-5 ka): (a) Mean monthly and (b) mean annual net incoming solar
radiation (NIRR) of the whole of Alaska and the chosen pixels; (c) mean monthly and (d) mean
annual temperature of the whole of Alaska and the chosen pixels; (e) mean monthly and (f) mean
annual precipitation of the whole of Alaska and the chosen pixels.

Table 2.8. Analysis of variance table of the forward stepwise linear regression between carbon
accumulation rates (response) and climate variables (predictors).
Variables a
temp
NIRR_season
temp_season
temp×prec
prec
a Temperature

F value
456.14
223.86
27.26
24.93
8.45

𝑅2
0.37
0.18
0.02
0.019
0.007

(temp) and net incoming solar radiation (NIRR) are annual means, precipitation (prec) is annual total. Seasonality
of nirr (NIRR_season) and temperature (temp_season) are the annual differences between averages of JJA and DJF.
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2.3.3 Model Sensitivity Analysis
Peat carbon accumulation, water-table depth, aerobic respiration in the unsaturated zone,
and methane production in the saturated zone, are all affected by varying the lowest water-table
boundary (LWB). In the “standard” simulation, the mean water-table depth is 14 cm below soil
surface (Figure 2.12(b)), with fluctuation above and below this value. Considering there is a
small change of precipitation among all the time slices (less than 20%), there is no apparent
change for the mean water-table depth over the simulation period. The simulation under “more
saturated” condition after setting the LWB to 22 cm indicates that mean water-table depth
increases approximately 5 cm closer to the soil surface, resulting in a slight increase of aerobic
respiration in the unsaturated zone (Figure 2.12(d)) and increase of methane production and
emission (Figure 2.12(c)). Despite the positively affected decomposition, rising water table still
resulted in an increase of carbon accumulation rate by up to 40 g C m−2 yr −1 during the HTM,
which may suggest an overwhelming effect of hydrological condition on NPP rather than
decomposition. The lower amount of peat SOC in the early Holocene determines the low aerobic
respiration (Figure 2.12(a)). Respiration subsequently increases coincident with increasing SOC.
In contrast, water table drops by 3 cm after setting the LWB to 35 cm, which decreases the
carbon accumulation rate by up to 20 g C m−2 yr −1 in the HTM. An overall methane production
rate is simulated at approximate 13 g C m−2 yr −1 during the HTM. The simulated methane
emission is 7 g C m−2 yr −1, about 60% of the methane production. Assuming that R COM : R CH4 is
5 as indicated previously, we get the ratio (CO2 : CH4 ) of the emission rates around 10 under
anaerobic conditions after accounting for the oxidized CH4 (~40% of total CH4 production) for
CO2 release. We estimate that ~78 g C m−2 yr −1 CO2 is released via anaerobic respiration, which
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is ~26% of the aerobic CO2 production (including CO2 production from CH4 oxidation) during
the HTM (Figure 2.12(d)). This is consistent with observed 24% in Glatzel et al. (2004).
At open fen site, when LAI is 0.4, the mean water-table depth is at approximately 14 cm
(Figure 2.13(b)). Under partly forested fen condition with LAI of 2.8, the mean water-table depth
slightly decreases as the interception of precipitation increases and more water is evaporated.
The decreasing water-table position enhances aerobic respiration, leading to a slight decrease in
peat SOC accumulation over the Holocene (Figures 2.13(a) and (d)). In forested peatland with
LAI of 5.0, the interception of precipitation continues to increase, making the mean water-table
depth decrease from 14 cm to 16 cm, resulting in a decrease in peat SOC accumulation.
However, the effect of LAI may not be as significant as LWB on the long-term peat SOC
accumulation.

Figure 2.12. Sensitivity test of the lowest water-table depth/ boundary (LWTD/ LWB) effect on
peatland dynamics: The lowest water-table depth was set to 22cm, 30cm and 35cm below the
peat surface, while other variables remained constant. 20 years average of: (a) SOC
accumulation rate, (b) water-table depth, (c) methane production (solid) and emission (dash), (d)
aerobic respiration.
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Figure 2.13. Sensitivity test of LAI effects on peatland dynamics. The parameters for LAI were
changed to make LAI equal to 0.4 (open fen), 2.8 (partially forested peatland), 5.0 (forested
peatland), while other variables remained constant. Clockwise: 20 years average of: (a) SOC
accumulation rate, (b) water-table depth, (c) methane production (solid) and emission (dash), (d)
aerobic respiration.
2.4

Conclusions
We develop a peatland ecosystem model to quantify long-term peat carbon accumulation

rates in Alaska during the Holocene. The model is evaluated with observational data of soil
moisture, water-table depth, soil temperature profile, methane and carbon fluxes and pools. The
model is then applied to four Alaskan peatlands on the Kenai Peninsula. The model estimates
well the peat carbon accumulation rate and peat depths throughout the Holocene. The average
carbon accumulation rate is 10.82 g C m−2 yr −1, while the rate of the HTM is
35.9 g C m−2 yr −1 , which is up to six times higher than the rest of the Holocene
(6.5 g C m−2 yr −1 ). Simulations are consistent with observational data. The warming event in
the HTM characterized by increased summer temperatures and increased seasonality of solar
radiation, along with the wetter-than-before conditions, might have played an important role in
determining the carbon accumulation rate. From the sensitivity analysis, we identify that initial
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water-table depth and vegetation canopy are major drivers of carbon accumulation. We plan to
use the developed peatland model to quantify regional peat carbon accumulations under
changing climate conditions when it is parameterized for various peatland ecosystems.
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CHAPTER 3.
QUANTIFYING SOIL CARBON ACCUMULATION IN
ALASKAN TERRESTRIAL ECOSYSTEMS DURING THE LAST 15,000
YEARS2
3.1

Introduction
Global surface air temperature has been increasing since the middle of the 19th century

(Jones and Mogberg, 2003; Manabe and Wetherald, 1980, 1986). Since 1970, the warming trend
has accelerated at a rate of 0.35 ℃ per decade in northern high latitudes (Euskirchen et al., 2007;
McGuire et al., 2009). It is projected that the warming will continue in the next 100 years (Arctic
Climate Impact Assessment 2005; Intergovernmental Panel on Climate Change (IPCC), 2013,
2014). The land surface in northern high latitudes (>45° N) occupies 22% of the global surface
and stores over 40% of the global soil organic carbon (SOC) (McGuire et al., 1995; Melillo et
al., 1995; McGuire and Hobbie, 1997). Specifically, the northern high latitudes were estimated to
store 200-600 Pg C (1 Pg C = 1015 g C) in peatland soils depending on the depth considered
(Gorham, 1990, 1991; Yu, 2012), 750 Pg C in non-peatland soils (within 3 m) (Schuur et al.,
2008; Tarnocai et al., 2009; Hugelius et al., 2014), and additional 400 Pg C in frozen loess
deposits of Siberia (Zimov et al., 2006a). Peatland area is around 40 million hectares in Alaska
compared with total 350 million hectares in northern high latitudes (Kivinen and Pakarinen,
1981). Alaskan peatlands account for the most peatland area in the USA and cover at least 8% of
the total land area (Bridgham et al., 2006). To date, the regional soil C and its responses to the
climate change are still with large uncertainties (McGuire et al., 2009; Loisel et al., 2014).

2

Wang, S., Zhuang, Q., and Yu, Z.: Quantifying soil carbon accumulation in Alaskan terrestrial
ecosystems during the last 15 000 years, Biogeosciences, 13, 6305-6319, doi:10.5194/bg-13-63052016, 2016.
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The warming climate could increase C input to soils as litters through stimulating plant
net primary productivity (NPP) (Loisel et al., 2012). However, it can also decrease the SOC by
increasing soil respiration (Yu et al., 2009). Warming can also draw down the water table in
peatlands by increasing evapotranspiration, resulting in higher decomposition as the aerobic
respiration has a higher rate than anaerobic respiration in general (Hobbie et al., 2000). SOC
accumulates where the rate of soil C input is higher than decomposition. The variation of climate
may switch the role of soils between a C sink and a C source (Davidson and Janssens, 2006;
Davidson et al., 2000; Jobbagy and Jackson, 2000). Unfortunately, due to the data gaps of fieldmeasurement and uncertainties in estimating regional C stock (Yu, 2012), with limited
understanding of both peatlands and non-peatlands and their responses to climate change, there is
no consensus on the sink and source activities of these ecosystems at northern high latitudes
(Frolking et al., 2011; Belyea, 2009; McGuire et al., 2009).
Both observation and model simulation studies have been applied to understand the longterm peat C accumulation in northern high latitudes. Most field estimations are based on series of
peat-core samples (Turunen et al., 2002; Roulet et al., 2007; Yu et al., 2009; Tarnocai et al.,
2009). However, those core analyses may not be adequate for estimating the regional C
accumulation due to their limited spatial coverage. To date, a number of model simulations have
also been carried out. For instance, Frolking et al. (2010) developed a peatland model
considering the effects of plant community, hydrological dynamics and peat properties on SOC
accumulation. The simulated results were compared with peat-core data. They further analyzed
the contributions of different plant functional types (PFTs) to the peat C accumulation. However,
this 1-D model has not been evaluated with respect to soil moisture, water-table depth, methane
fluxes, and carbon and nitrogen fluxes and has not been used in large spatial-scale simulations by
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considering other environmental factors (e.g., temperature, vapor pressure, and radiation). In
contrast, Spahni et al. (2013) used a dynamic global vegetation and land surface process model
(LPX), based on LPJ (Sitch et al., 2003), imbedded with a peatland module, which considered
the nitrogen feedback on plant productivity (Xu-Ri and Prentice, 2008) and plant biogeography,
to simulate the SOC accumulation rates of northern peatlands. However, climatic effects on SOC
were not fully explained, presumably due to its inadequate representation of ecosystem processes
(Stocker et al., 2011, 2014; Kleinen et al., 2012). The Terrestrial Ecosystem Model (TEM) has
been applied to study C and nitrogen dynamics in the Arctic (Zhuang et al., 2001, 2002, 2003,
2015; He et al., 2014). However, the model has not been calibrated and evaluated with peat-core
C data, and has not been applied to investigate the regional peatland C dynamics. Building upon
these efforts, recently we fully evaluated the peatland version of TEM (P-TEM) including
modules of hydrology (HM), soil thermal (STM), C and nitrogen dynamics (CNDM) for both
upland and peatland ecosystems (Wang et al., 2016).
Here we used the peatland-core data for various peatland ecosystems to parameterize and
test P-TEM (Figure 2.1). The model was then used to quantify soil C accumulation of both
peatland and non-peatland ecosystems across the Alaskan landscape since the last deglaciation.
This study is among the first to examine the peatlands and non-peatlands C dynamics and their
distributions and peat depths using core data at regional scales.

3.2.

Methods

3.2.1 Overview
To conduct regional simulations of carbon accumulation for both uplands and peatlands,
we first parameterized the P-TEM for representative ecosystems in Alaska. Second, we
organized the regional vegetation and peatland distribution data, spatial basal age data for all
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peatland grid cells based on site-level soil core data, and climate data for each period during the
Holocene. Finally, we conducted the regional simulations and sensitivity analysis.
3.2.2 Model Description
See Section 2.2.2 and Wang et al. (2016a, 2016b) for model details.
3.2.3 Model Parameterization
We have parameterized the key parameters of the individual modules including HM, STM,
and MDM in Wang et al. (2016). The parameters in CNDM for upland soils and vegetation have
been optimized in the previous studies (Zhuang et al 2002, 2003; Tang and Zhuang 2008). Here
we parameterized P-TEM for peatland ecosystems using data from a moderate rich Sphagnum spp.
open fen (APEXCON) and a Sphagnum-black spruce (Picea mariana) bog (APEXPER) (Table
3.1). Both are located in the Alaskan Peatland Experiment (APEX) study area, where Picea
mariana is the only tree species above breast height in APEXPER. Three water table position
manipulations were established in APEX including a control, a lowered, and a raised water table
plots (Chivers et al., 2009; Turetsky et al., 2008; Kane et al., 2010; Churchill et al., 2011). The
annual NPP and aboveground biomass at both sites have been measured in 2009. There were no
belowground observations at APEX, however at a Canadian peatland, Mer Bleue (Moore et al.,
2002), with Sphagnum spp. bog (shrubs and Sphagnum) and pool fen (sedges and herbs and
Sphagnum). The belowground biomass was also observed at Suurisuo mire complex, southern
Finland, a sedge fen site dominated by Carex rostrate (Saarinen et al., 1992). We used the ratio
(70%) of belowground biomass to total biomass from these two study sites to calculate the missing
belowground biomass values at APEXCON and APEXPER (Table 3.2). We conducted 100,000
Monte Carlo ensemble simulations to calibrate the model for each site using a Bayesian approach
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and parameter values with the modes in their posterior distributions were selected (Tang and
Zhuang, 2008, 2009).
3.2.4 Regional Model Input Data
The Alaskan C stock was simulated through the Holocene driven with vegetation data
reconstructed for four time periods including a time period encompassing a millennial-scale
warming event during the last deglaciation known as the B∅lling-Aller∅d at 15-11 ka (1 ka =
1000 cal yr Before Present), HTM during the early Holocene at 11-10 and 10-9 ka, and the mid(9-5 ka) and late- Holocene (5 ka-1900 AD) (He et al., 2014). We used the modern vegetation
distribution for the simulation during the period 1900-2000 AD (Figure 3.1). We assumed that
the vegetation distribution remained static within each corresponding time period. Upland
ecosystems were classified into boreal deciduous broadleaf forest, boreal evergreen needleleaf
and mixed forest, alpine tundra, wet tundra; and barren lands (Table 3.3). By using the same
vegetation distribution map, we reclassified the upland ecosystems into two peatland types
including Sphagnum spp. poor fens (SP) dominated by tundra and Sphagnum spp.-black spruce
(Picea mariana) bog/ peatland (SBP) dominated by forest ecosystems (Table 3.3).
Upland and peatland ecosystem distribution for each grid cell was determined using the
wetland inundation data extracted from the NASA/ GISS global natural wetland dataset
(Matthews and Fung, 1987). The resolution was resampled to 0.5° × 0.5° from 1° × 1°. Given
the same topography of Alaska during the Holocene, we assumed that the wetland distribution
kept the same throughout the Holocene. The inundation fraction was assumed to be the same
within each grid through time and the land grids not covered by peatland were treated as uplands.
We calculated the total area of modern Alaskan peatlands to be 302,410 km2 , which was within
the range from 132,000 km2 (Bridgham et al., 2006) to 596,000 km2 (Kivinen and Pakarinen,
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1981). The soil water pH data were extracted from Carter and Scholes (2000), and the elevation
data were derived from Zhuang et al. (2007).
Our regional simulations considered the effects of basal ages on carbon accumulation. To
obtain the spatially explicit basal age data for all peatlands grid cells, we first categorized the
observed basal ages of peat samples from Gorham et al. (2012) into different time periods
including 15-11 ka, 11-10 ka, 10-9 ka, and 9 ka-19th (Figure 3.1). For each time period, the areas
dominated with different vegetation types were assigned with varying peatland basal ages. To do
that, we examined the association of the field-measured peat basal ages and the reconstructed
vegetation types from peat core data. For instance, we found that peatland initiations during 15-11
ka occurred in the regions that were dominated by alpine tundra at south, northwestern, and
southeastern coast. We thus assign the different peatland basal ages for the grid cells according to
their vegetation types for each time slice (Table 3.4).
Climate data were from ECBilt-CLIO model output (Timm and Timmermann, 2007) to
minimize the difference from CRU data (He et al., 2014). Climate fields include monthly
precipitation, monthly air temperature, monthly net incoming solar radiation, and monthly vapor
pressure at resolution of 2.5° × 2.5°. We used the same time-dependent forcing atmospheric
carbon dioxide concentration data for model input as were used in ECBilt-CLIO transient
simulations from the Taylor Dome (Timm and Timmermann, 2007). The historical climate data
used for the simulation through the 20th century were monthly CRU2.0 data (Mitchell et al.,
2004).
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3.2.5 Simulations and Sensitivity Test
Simulations for pixels located on the Kenai Peninsula from 15 to 5 ka were first
conducted with the parameterized model. The peat-core data from four peatlands on the Kenai
Peninsula, Alaska (Jones and Yu, 2010; Yu et al., 2010) (Table 5, also see Table 3 in Wang et al.
(2016) ) were used to compare with the simulations. The observed data include the peat depth,
bulk density of both organic and inorganic matters at 1-cm interval, and age determinations. The
simulated C accumulation rates represent the actual (“true”) rates at different times in the past.
However, the calculated accumulation rates from peat cores are considered as “apparent”
accumulation rates, as peat would continue to decompose since the time of formation until
present when the measurement was made (Yu, 2012). To facilitate comparison between
simulated and observed accumulation rates, we converted the simulated “true” accumulation
rates to “apparent” rates, following the approach by Spahni et al. (2013). That is, we summed the
annual net C accumulation over each 500-year interval and deducted the total amount of C
decomposition (equivalent to heterotrophic respiration in the model) from that time period, then
dividing by 500 years.
Second, we conducted a transient regional simulation driven with monthly climatic data
(Figure 3.2) from 15 ka to 2000 AD. The simulation was conducted assuming all grid cells were
taken up by upland ecosystems to get the upland soil C spatial distributions during different time
periods. We then conducted the second simulation assuming all grid cells were dominated by
peatland ecosystems following Table 3 to obtain the distributions of peat SOC accumulation.
Finally, we used the inundation fraction map to extract both uplands and peatlands and estimated
the corresponding SOC stocks within each grid, which were then summed up to represent the
Alaskan SOC stock. We also used the observed mean C content of 46.8% in peat mass and bulk
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density of 166±76 kg m−3 in Alaska (Loisel et al., 2014) to estimate peat depth distribution from
the simulated peat SOC density (kg C m−2).
Third, we conducted a series of extra simulations to further examine how uncertain
climates and vegetation distribution affect our results. We used the original forcing data as the
standard scenario and the warmer (monthly temperature +5℃) and cooler (−5℃) as other two
scenarios while keeping the rest forcing data unchanged. Similarly, we used the original forcing
data as the standard scenario and the wetter (monthly precipitation +10 mm) and drier (−10
mm) to test the effect from precipitation. To further study if vegetation distribution has stronger
effects on SOC accumulation than climate in Alaska, we simply replaced Sphagnum spp.-black
spruce (Picea mariana) bog/ peatland (SBP) with Sphagnum spp. poor fens (SP) and replaced
the upland forests with tundra at the beginning of 15 ka. We then conducted the simulation under
“warmer” and “wetter” conditions simultaneously as described before while keeping the
vegetation distribution unchanged.

Table 3.1. Description of sites and variables used for parameterizing the core carbon and
nitrogen module (CNDM).
Sitea

Vegetation

Observed variables for CNDM
parameterization

References

APEXCON

Moderate rich open fen with sedges
(Carex sp.), spiked rushes (Eleocharis
sp.), Sphagnum spp., and brown mosses
(e.g., Drepanocladus aduncus)

Mean annual aboveground NPP
in 2009;
Mean annual belowground NPP
in 2009;
Aboveground biomass in 2009

Turetsky et al. (2008)

APEXPER

aThe

Peat plateau bog with black spruce (Picea
mariana), Sphagnum spp., and feather
mosses

Chivers et al. (2009)
Kane et al. (2010)
Churchill et al. (2011)

Alaskan Peatland Experiment (APEX) site is adjacent to the Bonanza Creek Experimental Forest (BCEF) site,
approximately 35 km southwest of Fairbanks, AK. The area is classified as continental boreal climate with a mean annual
temperature of -2.9℃ and annual precipitation of 269 mm, of which 30% is snow (Hinzman et al., 2006).
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Table 3.2. Carbon pools and fluxes used for calibration of CMDM.
Sphagnum Open Fen
Annual Carbon Fluxes or Poolsa
Observation
NPP
Aboveground Vegetation Carbon
Belowground Vegetation Carbon
Total Vegetation Carbon Density
Litter Fall Carbon Flux
Methane Emission Flux

445±260
149-287
347-669
496-856
300
19.5

Simulation
410

800
333
19.2

Sphagnum-Black Spruce
Bog
Observation Simulation
433±107
423
987
1410
300
9.7

390

1300
290
12.8

References

Kuhry and Vitt (1996)
Saarinen et al. (1996)
Moore et al. (2002)
Zhuang et al. (2002)
Turetsky et al. (2008)
Tarnocai et al. (2009)
Churchill (2011)

for annual net primary production (NPP) and litter fall carbon are g C m−2 yr −1 . Units for vegetation carbon density are
g C m−2 . Units for Methane emissions are g C − CH4 m−2 yr −1 . The simulated total annual methane fluxes were compared with
the observations at APEXCON in 2005 and SPRUCE in 2012. A ratio of 0.47 was used to convert vegetation biomass to carbon
(Raich 1991).
a Units
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Figure 3.1. Alaskan vegetation distribution maps reconstructed from fossil pollen data during (a)
15-11 ka, (b) 11-10 ka, (c) 10-9 ka, (d) 9 ka -1900 AD, and (e) 1900-2000 AD (He et al., 2014).
Symbols represent the basal age of peat samples (𝑛 = 102) in Gorham et al. (2012). Each
symbol indicates 1-3 peat samples in the map. Peat samples with basal age 9-5k and 5k-19th are
shown in map (d) as there is no change of vegetation distribution during 9k-19th. Barren refers to
mountain range and large water body areas that can not be interpolated.
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Table 3.3. Assignment of biomized fossil pollen data to the vegetation types in TEM (He et al.,
2014).
TEM upland vegetation
Alpine tundra
Moist tundra
Boreal evergreen needleleaf and
mixed forest
Boreal deciduous broadleaf forest

TEM peatland vegetation
Sphagnum spp. open fen
Sphagnum-black spruce bog

BIOMISE code
CUSH DRYT PROS
DWAR SHRU
TAIG COCO CLMX
COMX
CLDE

Table 3.4. Relations between peatland basal age and vegetation distribution.
Peatland basal age
15-11 ka

Vegetation types
alpine tundra

11-10 ka

moist tundra
boreal evergreen needleleaf forest
boreal deciduous broadleaf forest
moist tundra
boreal evergreen needleleaf forest
boreal deciduous broadleaf forest
moist tundra
boreal evergreen needleleaf forest
moist tundra
boreal evergreen needleleaf forest

10-9 ka

9-5 ka
5 ka-1900 AD

Location in Alaska
south, northwestern, and
southeastern coast
south, north,
and southeastern coast
east central part
south and north coast
central part
central part
west coast
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Figure 3.2. Simulated Paleo-climate and other input data from 15 ka to 2000 AD: (a) mean
monthly and (b) mean annual net incoming solar radiation (NIRR, 𝑊 𝑚−2), (c) mean monthly
and (d) mean annual air temperature (℃), (e) mean monthly, and (f) mean annual precipitation
(mm) (Timm and Timmermann, 2007; He et al., 2014).
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3.3

Results and Discussion

3.3.1 Simulated Peatland Carbon Accumulation Rates at Site Level
Our paleo simulations showed a large peak of peat C accumulation rates at 11-9 ka
during the HTM (Figure 3.3). The simulated “true” and “apparent” rates captured this primary
feature in peat-core data at almost all sites (Jones and Yu, 2010; See Wang e al. (2016) Table 3
for sites details). We simulated an average of peat SOC “apparent” accumulation rate of 11.4
g C m−2 yr −1 from 15 to 5 ka, which was slightly higher than the observations at four sites
(10.45 g C m−2 yr −1). The simulated rate during the HTM was 26.5 g C m−2 yr −1 , up to five
times higher than the rest of the Holocene (5.04 g C m−2 yr −1 ). This corresponded to the
observed average rate of 20 C m−2 yr −1 from 11.5 to 8.6 ka, which is, four times higher than 5
C m−2 yr −1 over the rest of the Holocene.
3.3.2 Vegetation Carbon
Model simulations showed an overall low vegetation C before the HTM (15-11 ka)
(Figure 3.4a), paralleled to the relatively low annual and long-term NPP (Figures 5b and c). The
lowest amount of C (~0.8 kg C m−2) was stored in Sphagnum-dominated peatland. Sphagnumblack spruce peatland also had low vegetation C density (~1 kg C m−2 ). Upland vegetation
showed a generally higher C storage, among which boreal evergreen needleleaf forest ranked the
first (~2 kg C m−2 ). Highest NPP accompanied by highest vegetation carbon appeared during the
HTM (11-9 ka) (Figures 3.4a and b). Lower annual C uptake along with lower C was found
during mid- and late- Holocene (9 ka-19th), where peatland ecosystems exhibited the most
obvious drops (Figures 3.4a and b).
In general, vegetation held about 2 Pg C before the HTM (Figure 3.5). Vegetation C in
upland tundra ecosystems accounted for the most amount of total vegetation C. During the HTM,
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Boreal evergreen needleleaf forest reached its highest and had an overwhelming proportion of
total C. Similarly, a peak of total vegetation C appeared at the same time, averaging around 4.3
Pg C. Large decrease occurred at the mid-Holocene and a slight decline continued till the lateHolocene. We estimated a total 2.9 Pg C stored in modern Alaskan vegetation, with 0.4 Pg in
peatlands and 2.5 Pg in non-peatlands. The uncertainties during the model calibration (Table 3.2)
resulted in 0.3-0.6 Pg C and 2.2-3.1 Pg C in peatlands (see Wang et al. (2016) for model
parameters) and non-peatland vegetation (see Tang and Zhuang (2008) for uncertainty analyses
for upland vegetation), respectively. Our estimation of 2.5-3.7 Pg C stored in the Alaskan
vegetation was lower than the previous estimate of 5 Pg (Balshi et al., 2007; McGuire et al.,
2009), presumably due to the prior ranges of model parameters used from Tang and Zhuang
(2008). Our overestimation of peatland area may also lead to a reduction of Alaskan nonpeatland area.

72

Figure 3.3. Simulated and observed carbon accumulation rates from 15 ka to 5 ka in 20-yr bins
(a) and 500-yr bins with standard deviation (b) for No Name Creek, Horse Trail Fen, Kenai
Gasfield, and Swanson Fen. Peat-core data were from Jones and Yu (2010).
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Figure 3.4. Simulated (a) mean vegetation carbon density (k𝑔 𝐶 𝑚−2) of different vegetation
types, (b) annual NPP (𝑔 𝐶 𝑚−2 𝑦𝑟 −1), and (c) long-term NPP (𝑔 𝐶 𝑚−2 𝑦𝑟 −1).
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Figure 3.5. Total C (Pg C) stored in Alaskan vegetation for different time periods. Note no
Boreal Deciduous Broadleef Forest after 9K.

3.3.3 Soil Carbon
Carbon storage in Alaskan non-peatland soils varied spatially (Figure 3.6). Moist tundra
had the highest SOC density (12-25 kg C m−2 ), followed by deciduous broadleaf forest (8-13
kg C m−2 ) and evergreen needleleaf forest (3-8 kg C m−2 ) through all time slices between 15 ka
and 2000 AD. Dramatic changes of vegetation types have occurred in Alaska during different
periods (Figure 3.1). Before the HTM (15-11 ka), the terrestrial ecosystem was dominated by
tundra. Northwestern coast and eastern interior was covered by moist tundra. Southwestern
Alaska and the interior south of the Brooks Range were dominated by alpine tundra (Figure
3.1a). The basal ages of peat samples from Gorham et al. (2012) suggested that peatlands were
likely to form from the (alpine) tundra ecosystems, although patches of boreal deciduous
broadleaf forest and boreal evergreen needleleaf and mixed forest appeared at the north of the
Alaska Range. Initially, only Sphagnum open peatland (SP) existed, with less C (<10 kg C m−2 )
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sequestrated in the southeastern Brooks Range in comparison with southwestern and
northwestern coastal parts (>15 kg C m−2 ) (Figure 3.7a). Approximately 4.5× 105 km2 area was
covered by peatlands at the beginning of the HTM (~11 ka) (Figure 3.8). During the HTM (11-9
ka), boreal deciduous broadleaf and boreal evergreen needleleaf and mixed forests expanded
(Figures 3.7b and c). Coastal tundra (moist wet tundra) covered north of the Brooks Range
between 11 and 10 ka, where SP continued its expansion (Figure 3.7b). Sphagnum-black spruce
forested peatland began forming in southwestern coast and eastern interior regions, with a rapid
increase of total peatland area to about 13× 105 km2 (Figure 3.8). At 10-9 ka, boreal deciduous
forest expanded to north of the Brooks Range, making forest the dominant biome in Alaska
(Figure 3.1c). Prevailing forest ecosystems indicated a large expansion of peatland, with SBP
covering the interior Alaska (Figure 3.7c). During the mid-Holocene (9-5 ka), the terrestrial
landscape generally resembled present-day ecosystems (Bigelow et al., 2003). Boreal evergreen
needleleaf and mixed forest prevailed in southern and interior Alaska with tundra returned to
north of the Brooks Range and western Alaska (Figures 3.1d and e). Although SP kept forming
towards west, some areas dominated by SBP in interior Alaska ceased accumulating C (Figure
3.7d). At 5k-19th, almost all the peatlands have formed, with some interior regions exhibiting a C
loss (Figure 3.7e). C accumulation increased again in the last century, averaging about 20
kg C m−2 kyr −1 (Figure 3.7f). We found that the distribution of SOC densities of both upland
and peatland varied greatly depending on the vegetation distribution within each time slice,
indicating that vegetation composition might be a major factor controlling regional C dynamics.
An average peat SOC “apparent” accumulation rate of 13 g C m−2 yr −1 (2.3 Tg C yr −1
for the entire Alaska) was estimated from 15 ka to 2000 AD (Figure 3.9), lower than 18.6
g C m−2 yr −1 as estimated from peat cores for northern peatlands (Yu et al., 2010), and slightly
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higher than the observed rate of 13.2 g C m−2 yr −1 from four peatlands in Alaska (Jones and Yu,
2010). A simulated peak occurred during the HTM with the rate 29.1 g C m−2 yr −1 (5.1 Tg C
yr −1), which was slightly higher than the observed 25 g C m−2 yr −1 for northern peatlands and
~20 g C m−2 yr −1 for Alaska (Yu et al., 2010). It was almost four times higher than the rate 6.9
g C m−2 yr −1 (1.4 Tg C yr −1) over the rest of the Holocene, which corresponded to the peat corebased observations of ~5 g C m−2 yr −1 . The mid- and late Holocene showed much slower C
accumulation at a rate approximately five folds lower than during the HTM. This corresponded
to the observation of a six-fold decrease in the rate of new peatland formation after 8.6 ka (Jones
and Yu 2010). The C accumulation rates increased abruptly to 39.2 g C m−2 yr −1 during the last
century, within the field-measured average apparent rate range of 20-50 g C m−2 yr −1 over the
last 2000 years (Yu et al., 2010).
The SOC stock of northern peatlands has been estimated in many studies, ranging from
210 to 621 Pg (Oechel 1989; Gorham 1991; Armentano and Menges, 1986; Turunen et al., 2002;
Yu et al., 2010; see Yu 2012 for a review). Assuming Alaskan peatlands were representative of
northern peatlands and using the area of Alaskan peatlands (0.45 × 106 km2 ; Kivinen and
Pakarinen, 1981) divided by the total area of northern peatlnads (~4 × 106 km2 ; Maltby and
Immirzi 1993), we estimated a SOC stock of 23.6-69.9 Pg C for Alaskan peatlands. Our model
estimated 27-48 Pg C (23.9 Pg C in SP and 13.5 Pg C in SBP) had been accumulated from 15 ka
to 2000 AD (Figure 3.10), due to uncertain parameters (Table 3.2, see Wang et al. (2016) for
model parameters). The uncertainty can also be resulted from peat basal age distributions and the
estimation of total peatland area using modern inundation data as discussed above. By
incorporating the observed basal age distribution to determine the expansion of peatland through
time, we estimated that approximately 68% of Alaskan peatlands had formed by the end of the
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HTM, similar to the estimation from observed basal peat ages that 75% peatlands have formed
by 8.6 ka (Jones and Yu 2010).
The northern circumpolar soils were estimated to cover approximately 18.78× 106 km2
(Tarnocai et al., 2009). The non-peatland soil C stock was estimated to be in the range of 150191 Pg C for boreal forests (Apps et al., 1993; Jobbagy and Jackson, 2000), and 60-144 Pg C for
tundra in the 0-100 cm depth (Apps et al., 1993; Gilmanov and Oechel, 1995; Oechel et al.,
1993). 1.24 × 106 km2 non-peatland area was estimated from the total land area of Alaska
(1.69× 106 km2 ). Therefore, Alaska non-peatland soil contained 17-27 Pg C by using the ratio
of Alaskan over northern non-peatland. In comparison, we modeled 9-15 Pg C (within 1-meter
depth), depending on the prior ranges of model parameters from Tang and Zhuang (2008).
The simulated modern SOC distribution (Figure 3.11c) was largely consistent with the study of
Hugelius et al. (2014) (see Figure 3 in the paper). The model captured the SOC density on
northern and southwestern coasts of Alaska with most grids >40 kg C m−2 on average. Those
regions also showed high SOC density (>75 kg C m−2 ), which was also exhibited in our result.
East part and west coast had the lowest SOC densities, corresponding to the simulation result that
most grids had SOC values between 20 and 40 kg C m−2 . We estimated an average peat depth of
1.9±0.8 m considering the uncertainties within dry bulk densities. It was similar to the observed
mean depth of 2.29 m for Alaskan peatlands (Gorham et al., 1991, 2012). Our estimates (Figure
12d) showed a relatively high correlation with the 64 observed peat samples, especially with
higher depths (Figure 3.12) (𝑅 2 = 0.45). The large intercept of the regression line (101 cm)
suggested that the model might have not performed well in estimating the grids with low peat
depths (<50 cm). The peat characteristics (e.g., bulk density) from location to location may differ
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largely, even if within the same small region. Thus, it is difficult to capture the observed
variations of peat depths as we used the averaged bulk density of whole Alaska.

Figure 3.6. Average non-peatland (mineral) SOC density (𝑘𝑔 𝐶 𝑚−2) during (a) 15-11 ka, (b)
11-10 ka, (c) 10-9 ka, (d) 9-5 ka, (e) 5 ka -1900 AD, and (f) 1900-2000 AD. The period of 9k19th in Figure 3.1d is separated into 9-5k and 5k-19th.
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Figure 3.7. Peatland area expansion and peat soil C accumulation per 1000 years
(𝑘𝑔 𝐶 𝑚−2 𝑘𝑦𝑟 −1) during (a) 15-11 ka, (b) 11-10 ka, (c) 10-9 ka, (d) 9-5 ka, (e) 5 ka -1900 AD,
and (f) 1900-2000 AD. The amount of C represents the C accumulation as the difference
between the peat C amount in the final year and the first year in each time slice. The period of
9k-19th in Figure 2d is separated into 9-5k and 5k-19th.
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Figure 3.8. Total peatland expansion area (104 𝑘𝑚2 ) in different time slices.
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Figure 3.9. Bars of peatland mean C accumulation rates from 15 ka to 2000 AD for (a) weighted
average of all peatlands, (b) Sphagnum open peatlands, and (c) Sphagnum-black spruce
peatlands.
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Figure 3.10. Total C stock accumulated from 15 ka to 2000 AD for all peatlands, Sphagnum
open peatlands, Sphagnum-black spruce peatlands, and upland soils.

Figure 3.11. Spatial distribution of (a) total peat SOC density (𝑘𝑔 𝐶 𝑚−2), (b) total mineral SOC
density (𝑘𝑔 𝐶 𝑚−2), (c) total peat depth (m), and (d) area-weighted total (peatlands plus nonpeatlands) SOC density (𝑘𝑔 𝐶 𝑚−2) in Alaska from 15 ka to 2000 AD.
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Figure 3.12. Evaluation of the simulation results: Field-based estimates and model simulations
for peat depths in Alaska. The observed and simulated data are extracted from the same grids on
the map. Linear regression line (cyan) is compared with the 1:1 line. The linear regression is
significant (P<0.001, 𝑛 = 64) with 𝑅 2 = 0.45, slope = 0.65, and intercept = 101.05 cm. The
observations of >1000 cm are treated as outliers.

3.3.4 Effects of Climate on Ecosystem Carbon Accumulation
The simulated climate by ECBilt-CLIO model showed that among the six time periods, the
coolest temperature appeared at 15-11 ka, followed by the mid- and late- Holocene (5 ka-1900
AD). Those two periods were also generally dry (Figure 3.2f). The former represented colder and
drier climate before the onset of the Holocene and the HTM (Barber and Finney, 2000; Edwards
et al., 2001). The latter represented post-HTM neo-glacial cooling, which has caused permafrost
aggradation across northern high latitudes (Oksanen et al., 2001; Zoltai, 1995).
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Despite the relatively large inter-annual NPP variation resulted from the annual
fluctuations of the climate forcing (Figure 3.4b), the long-term NPP, vegetation C density and
storage were highest during the HTM (Figures 3.4a and c). Annual C accumulation rates also
reached the highest (Figures 3.4-3.10). The long-term variation of NPP has a similar pattern of
the climate (see Figure 3.2 for climate variables), where higher NPP, along with higher
vegetation C coincided with warmer temperatures and enhanced precipitation during the HTM,
compared to other time periods. ECBilt-CLIO simulated a warmest summer and a prolonged
growing season, leading to a stronger seasonality of temperature during the HTM (Kaufman et
al., 2004, 2016), in line with the orbital-induced maximum summer insolation (Berger and
Loutre, 1991; Renssen et al., 2009). The coincidence between the highest vegetation C uptake
and SOC accumulation rates and the warmest summer and the wetter-than-before conditions
indicated a strong link between those climate variables and C dynamics in Alaska. Enhanced
climate seasonality characterized by warmer summer, enhanced summer precipitation and
possibly earlier snow melt during the HTM accelerated the photosynthesis and subsequently
increased NPP (Tucker et al., 2001; Kimball et al., 2004; Linderholm, 2006). As shown in our
sensitivity test, annual NPP was increased by 40 and 20 g C m−2 yr −1 under the warmer and
wetter scenarios, respectively (Figures 3.13a, b). Meanwhile, warmer condition could positively
affect the SOC decomposition (Nobrega et al., 2007). However, it could be offset to a certain
extent via the hydrological effect, as higher precipitation could raise the water-table position,
allowing less space for aerobic heterotrophic respiration. Our sensitivity test results indicated
that warmer and wetter conditions could lead to an increase of decomposition up to 35 and 15
g C m−2 yr −1 , respectively (Figures 3.13c, d). We did not find a decrease in total heterotrophic
respiration throughout Alaska from the higher precipitation. It was presumably due to a much
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larger area of upland soils (1.3 × 106 km2 ) than peatland soils (0.26 × 106 km2 ), as higher
precipitation would cause higher aerobic respiration in the unsaturated zone of upland soils, and
consequently stimulated the SOC decomposition. The relatively low NPP and vegetation C
density, along with the lower total soil C stocks were consistent with the unfavorable cool and
dry climate conditions at 15-11 ka and during the mid- and late- Holocene. Statistical analysis
indicated that temperature had the most significant effect on peat SOC accumulation rate,
followed by the seasonality of NIRR (Wang et al., 2016). The seasonality of temperature, the
interaction of temperature and precipitation, and precipitation alone also showed significance.
The strong link between climate factors and C dynamics may explain the lower SOC
accumulation during the neo-glacier cooling period (Marcott et al., 2013; Vitt et al., 2000; Peteet
et al., 1998; Yu et al. 2010). The rapid peat SOC accumulation during the 20th century under
warming and wetter climate may suggest a continuous C sink in this century, as concluded in
Spahni et al. (2013). However, potential risk still exists as the rising temperature in the future
may have positive effects on heterotrophic respiration (See Chapter 4 and Chapter 5) and
simultaneously increase evapotranspiration and lower water table. This could increase aerobic
decomposition and thus switch the Alaskan peatland from a C sink into a C source. The fate of
Alaskan SOC stock and the biogeochemical cycling of the terrestrial ecosystems under future
scenarios need further investigation.
3.3.5 Effects of Vegetation Distribution on Ecosystem Carbon Accumulation
Climate variables significantly affect C dynamics within each time slice. However,
different vegetation distributions during various periods led to clear step changes, suggesting
vegetation composition was likely to be another primary factor (Figures 3.5, 3.6, 3.7, and 3.10).
As key parameters controlling C dynamics in the model (e.g., maximum rate of photosynthesis,
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litter fall C, maximum rate of monthly NPP) are ecosystem type specific, vegetation distribution
changes may drastically affect regional plant productivity and C storage. Our sensitivity test
indicated that by replacing all vegetation types with forests, there was a total increase of 36.9 Pg
in upland plus peatland soils. There was also an increase of 48.8 Pg C under warmer and wetter
conditions, suggesting that both climate and vegetation distribution may have played important
roles in carbon accumulation.

Figure 3.13. Temperature and precipitation effects on (a)(b) annual NPP, (c)(d) annual SOC
decomposition rate (aerobic plus anaerobic), and (e)(f) annual SOC accumulation rate of Alaska.
A 10-year moving average was applied.
3.4

Conclusions
We used a biogeochemistry model for both peatland and non-peatland ecosystems to

quantify the C stock and its changes over time in Alaskan terrestrial ecosystems during the last
15,000 years. The simulated peat SOC accumulation rates were compared with peat-core data
from four peatlands on the Kenai Peninsula in southern Alaska. The model well estimated the
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peat SOC accumulation rates trajectory throughout the Holocene. Our regional simulation
showed that 36-63 Pg C had been accumulated in Alaskan land ecosystems since 15,000 years
ago, including 27-48 Pg C in peatlands and 9-15 Pg C in non-peatlands (within 1 m depth). We
also estimated that 2.5-3.7 Pg C was stored in contemporary Alaskan vegetation, with 0.3-0.6 Pg
C in peatlands and 2.2-3.1 Pg C in non-peatlands. The estimated average rate of peat C
accumulation was 2.3 Tg C yr −1 with a peak (5.1 Pg C yr −1) in the Holocene Thermal
Maximum (HTM), four folds higher than the rate of 1.4 Pg C yr −1 over the rest of the Holocene.
The 20th century represented another high SOC accumulation period after a much low
accumulation period of the late Holocene. We estimated an average depth of 1.9 m of peat in
current Alaskan peatlands, similar to the observed mean depth. The changes of vegetation
distribution were found to be the major control on the spatial variations of SOC accumulation in
different time periods. The warming in the HTM characterized by the increased summer
temperature and increased seasonality of solar radiation, as well as the higher precipitation might
have played an important role in the high C accumulation.
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CHAPTER 4.
A POTENTIAL SHIFT FROM A CARBON SINK TO A
SOURCE IN AMAZONIAN PEATLANDS UNDER A CHANGING
CLIMATE3
4.1

Introduction
Tropical peatlands cover ~441,025 km2 and store a large quantity (88.6 Pg C) of soil

organic carbon (SOC) (Page et al., 2002, 2004, 2011; Rieley et al., 2008). These ecosystems
occupy ~11% of the global peatland area and account for 15-19% of the total global peat SOC
stock3. Tropical peatlands are mainly distributed in Southeast Asia (~56%, 247,778 km2 ), and
South and Central America (~23%, 107,486 km2 ). Recently, additional 145,500 km2 of tropical
peatlands containing 30.6 Pg C was discovered in central Congo basin, Africa (Dargie et al.,
2017). Given their significant C stocks, studying their responses to past climatic trends and to the
future climate change is of global importance (Guzmán Castillo, 2007; Lähteenoja et al., 2009a,
2011).
To date, most studies on the role of tropical peatlands in the global C cycle have focused
on Indonesian peatlands, which have been acting during the last decades as a considerable C
source to the atmosphere resulting from anthropogenic activities (e.g., land exploitation and
fires) (Rieley and Page., 2005; Maltby et al., 1993; Miettinen et al., 2011). Few studies have
focused on the Amazon basin, where peatlands remain nearly intact, and have been a long-term
C sink (Lähteenoja et al., 2009a, 2009b, 2011; Draper et al., 2014). The 120,000 km2 PastazaMarañón foreland basin (PMFB) located in Peru is the most extensive peatland complex in the
Amazon basin, with up to 7.5 m thick peat deposits. The basal ages vary from 0.67 to 8.9 ka (1
ka=1000 cal years before present) and the peat SOC accumulation rates range from 26 to 195

3

Wang, S., Zhuang, Q., Lähteenoja, O., Draper, F., and Cadillo-Quiroz, H, Potential shift from a
carbon sink to a source in Amazonian peatlands under a changing climate, Proceedings of the
National Academy of Sciences Nov 2018, 201801317; DOI: 10.1073/pnas.1801317115, 2018.
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g C m−2 yr −1 (Lähteenoja et al., 2011, 2012). It is a subsiding foreland basin, resulting from the
Cenozoic uplift of the Andes Mountains (Dumont et al., 1990, 1991; Räsänen et al., 1990, 1992)
and characterized by meandering (more than 100 m in a year (Kalliola et al., 1992)) and
avulsions of rivers (abrupt changes in the location of river stretches (Smith et al., 1989;
Guimberteau et al., 2013)). Waterlogged conditions due to high precipitation and low lying
topography provide a favorable environment for peat accumulation (Lähteenoja et al., 2012;
Draper et al., 2014). By measuring peat characteristics at several peatland sites within the basin,
and using Landsat TM images, Lähteenoja et al (2012) estimated a peatland area of 21,929 km2
with SOC stock of 3.116 Pg (0.837-9.461 Pg) for the central parts of the PMFB. Further, by
incorporating multi-sensor remote sensing and adding more peat core data, Draper et al (2014)
mapped the distribution of peatland and non-peatland ecosystems in the PMFB and estimated a
peatland area of 35,600±2133 km2 with 3.14 Pg C (0.44−8.15 Pg) stored in the vegetation and
peat deposits of the whole basin.
According to most climate models, mean air temperature of South America is projected
to increase by 1.8-5.1℃ for the PMFB by the end of this century depending on different future
scenarios (Guimberteau et al., 2013; Marengo et al., 2012; Sánchez et al., 2015; Zulkafli et al.,
2016). Annual precipitation is projected to increase by up to 500 mm, although a large
uncertainty exists. The strong dependence of C dynamics on climate suggests that warming in
the 21st century may turn the peatlands in the PMFB from a long-term C sink into a source
(Guzmán Castillo, 2007; Lähteenoja et al., 2009a; Rieley and Page, 2005; Cox et al., 2004).
However, this potential change has not been quantified or modelled in any way in previous
studies. Nearly all models focusing on the future C dynamics of the Amazon basin have been
applied to non-peatland ecosystems (Tian et al., 1998, 2000; Li et al., 2007; Cleveland et al.,
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2015; Rowland et al., 2015; Restrepo-Coupe et al., 2017; Powell et al., 2013; Delbart et al.,
2010; Schulman et al., 1999) with the exception of Li et al (2007).
Process-based models offer an alternative approach to quantifying peatland C dynamics
and providing insights for future projection (Frolking et al., 2010; Spahni et al., 2013; Kleinen et
al., 2012; Wang et al., 2016a, 2016b). Recently, a peatland terrestrial ecosystem model (P-TEM)
was developed for both peatland and non-peatland ecosystems by combining a hydrology
module (HM), a soil thermal module (STM), a methane dynamics module (MDM), and a C and
nitrogen dynamics module (CNDM) (Wang et al., 2016a). P-TEM has been evaluated and used
for estimating C stocks across the Alaskan landscape since the last deglaciation. Here, we
parameterize and evaluate the P-TEM for tropical peatlands and model the C dynamics of the
peatlands in the Pastaza-Marañón foreland basin, Peruvian Amazonia (Figure 4.1) from 9 ka to
2014 AD. The model parameters were optimized using published peat, vegetation and remotesensing data for the PMFB from Lähteenoja et al (2012) and Draper et al (2014) as well as other
published sources (Tables 4.1 and 4.2). The model was then used to 1) quantify past C
accumulation from 12 ka to 2014 AD in peatlands, and 2) predict the future trends of C
accumulation under different climate scenarios in the 21st century in peatland and non-peatland
ecosystems within the PMFB.
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Figure 4.1. Distribution of peat- and non peat-forming vegetation in the PMFB at the resolution
of 90 m×90 m. The map was resized to 1.69 km×1.69 km. Colors represent vegetation types:
open peatland (pink), palm swamp (red), pole forest (green), and flooded forest (dark blue).
Yellow represents open water and light blue represents other. See the Figures 1 and 4 of Draper
et al (2014) for original map.

Table 4.1. NPP and vegetation C stocks in Amazonia used for parameter optimization of P-TEM. Values in the columns
“Measurement” refer to values taken from literature, whereas values in the columns “Simulation” refer to the averaged values from all
selected plausible parameter sets after the initial Monte Carlo simulations.
Pole forest
Annual NPP or
stocksa
Aboveground NPP
Belowground NPP
Total NPP

Aboveground
vegetation C
density
Belowground
vegetation C
density
Total vegetation C
density
Leaf area index
(LAI)

Measurement

985-10873

Open peatlande

Palm swamp

Simulation

-

Measurement

1041-12798

Simulation

-

Measurement

-

Flooded forest

Simulation

-

Measurement

1041-12798

Ref

Simulation

-

1ref.

13
14
3ref. 15
4ref. 16
5ref. 17
6ref. 18
7ref. 19
8ref. 20
9ref. 21
2ref.

362-4483

-

353-4343,c

-

-

-

353-4343,c

-

1347-15353
5200-71601,4

1382
-

1394-1713
9320-108601,4

1424
-

-

125
-

1394-1713
9320-108601,4

1404
-

2080-286455,6,b

-

3728-43442,d

-

-

-

3728-43442,d

-

7280-10020

9098

13048-15204

14861

-

1003

13048-15204

14153

3.38

3.0

4.2-4.48

4.4

-

1.0

5.2-5.83

5.4

for annual net primary production (NPP) are g C m−2 yr −1 . Units for above/belowground/total vegetation C density are g C m−2 . A ratio of 0.473 was used to convert
vegetation biomass to carbon7,9. b A ratio of 0.39 was used to obtain belowground biomass given aboveground live biomass for Amazonian pole forest 5. c A ratio of 0.34 was used
to obtain the belowground NPP given aboveground NPP for palm swamp and flooded forest3. d A ratio of 0.41 was used to obtain the belowground biomass given aboveground
live biomass for palm swamp and flooded forest2. eOpen peatland has no available field measurement of NPP and vegetation C.
a Units

ref 13: Baker et al., 2004; ref 14: Goodman et al., 2013; ref 15: Del Aguila-Pasquel et al., 2014; ref 16: Draper et al., 2014; ref 17: Houghton et al., 2001; ref 18: Malhi et al., 2011;
ref 19: Martin and Thomas, 2011; ref 20: Nebel et al., 2001; ref 21: McGuire et al., 1992
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Table 4.2. Description of the model parameters and their final values after optimization via (1) Initial Monte Carlo simulations, and
(2) Second step Monte Carlo simulations and Bayesian inference. The values are the mean values with 1.96 standard deviation from
the posterior distributions after the optimization. 𝑇𝑚𝑖𝑛 , 𝑇𝑜𝑝𝑡𝑚𝑖𝑛 , 𝑇𝑜𝑝𝑡𝑚𝑎𝑥 , 𝑇𝑜𝑝𝑡 , and 𝑇𝑚𝑎𝑥 were the same for other types of vegetation
based on the optimization for pole forest.
Variables

Description

Unit

Pole forest

Palm swamp

Open peatland

Flooded forest

Ref

𝐶𝑉

Initiala organic C density in vegetation

g m−2

16935±2580

16983±2249

16671±1528

16671±1528

ref. 1

𝐶𝑆1

Initiala organic C density in soil

g m−2

9476±1031

9476±1031

9476±840

10204±1251

ref. 11

𝐶𝑚𝑎𝑥

Maximum rate of C assimilation
through photosynthesis

g m−2 month−1

1089±142

1283±128

104±3

1263±109

ref. 21

CFALL

Proportion of vegetation C loss as litterfall

g g−1 month−1

0.010945±0.001

0.010679±0.004

0.010664±0.001

0.008969±0.002

ref. 22

𝐶𝑉𝐿𝑚𝑎𝑥

Maximum canopy leaf C density

g m−2

454±20

654±26

100±9

754±45

ref. 23

𝐾𝑑

Aerobic heterotrophic respiration at 0℃

g g−1 month−1

0.013617±0.0005

0.020023±0.001

0.00594±0.0003

0.004823±0.0005

ref. 24

𝑇𝑚𝑖𝑛

Minimum temperature for GPPb

℃

10.0±1.5

10.0±1.5

10.0±1.5

10.0±1.5

𝑇𝑜𝑝𝑡𝑚𝑖𝑛

Minimum optimum temperature for GPP

℃

21.9±2.2

21.9±2.2

21.9±2.2

21.9±2.2

𝑇𝑜𝑝𝑡𝑚𝑎𝑥

Maximum optimum temperature for GPP

℃

32.7±2.9

32.7±2.9

32.7±2.9

32.7±2.9

𝑇𝑜𝑝𝑡

Optimum temperature for GPP

℃

27.3±1.9

27.3±1.9

27.3±1.9

27.3±1.9

𝑇𝑚𝑎𝑥

Maximum temperature for GPP

℃

37.0±3.1

37.0±3.1

37.0±3.1

37.0±3.1

a Initial

values are the default values of vegetation C and SOC in the first time step during the simulation. b GPP: gross primary production.

ref 1: Wang et al., 2016a; ref 11: Tang and Zhuang 2009; ref 21: McGuire et al., 1992; ref 22: Tang and Zhuang 2008; ref 23: Zhuang et al., 2002; ref 24: Lähteenoja et al., 2009a
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4.2

Methods

4.2.1 The peatland biogeochemistry model
In P-TEM, peat SOC accumulation is determined by the difference between NPP and
aerobic and anaerobic respiration 𝑅𝐻 at a monthly step. Parameters in P-TEM were first
optimized with data of annual C fluxes and stocks in the Amazon basin taken from literature
(Table 4.1) in order to obtain the prior distribution of the parameter space for peatland
ecosystems. Specifically, site-level measurements of tree biomass from Amazonian peatlands
(Draper et al., 2014) were used to compare with model simulations to optimize parameters. Due
to the lack of NPP measurements, NPP values used in the model are field measurements from
neighboring white-sand forests (for pole forest peatlands) and seasonally flooded forests (for
palm swamp peatlands and flooded forests) (Table 4.1). Second, a Bayesian approach was used
to optimize parameters (Table 4.2) with Monte Carlo ensemble simulations driven by the
extracted paleo climate data at five peatland sites (Figures 4.2 and 4.3).
The distribution of vegetation types was taken from Draper et al (2014) at a resolution of
90 m×90 m and was resized to 1.69 km×1.69 km. Vegetation types in the region include three
peat-forming vegetation types (pole forest (PF), palm swamp (PS), and open peatland (OP,
peatland lacking closed canopy)) and a non-peat forming type (flooded forest (FF)) (Figure 4.1).
OP was assumed to have minimal NPP and vegetation biomass during the simulation.
4.2.1.1 Peat Soil Organic Carbon Accumulation
Peat soil organic carbon (SOC) accumulation is determined by the net primary production
(NPP) and aerobic and anaerobic respiration1 based on the core C and nitrogen dynamic module
for upland ecosystems (Zhuang et al., 2003). The net ecosystem production (NEP) for the peatland
ecosystem is calculated at a monthly step:
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NEP = NPP − 𝑅𝐻 − 𝑅𝐶𝐻4 − 𝑅𝐶𝑊𝑀 − 𝑅𝐶𝑀 − 𝑅𝐶𝑂𝑀
where NPP represents the monthly net primary production. 𝑅𝐻 represents the monthly aerobic
respiration related to the variability of water table depth, soil moisture, soil temperature, and soil
organic C. 𝑅𝐶𝐻4 represents the monthly methane emission after methane oxidation. 𝑅𝐶𝑊𝑀
represents the CO2 emission due to methane oxidation (Zhuang et al., 2015). 𝑅𝐶𝑀 represents the
CO2 release accompanied with the methanogenesis (Tang et al., 2010). 𝑅𝐶𝑂𝑀 represents the CO2
release from other anaerobic processes (e.g., fermentation and terminal electron acceptor
reduction) (Keller and Bridgham, 2007).
4.2.1.2 Net Primary Production (NPP)
Gross primary production (GPP) is defined as the total assimilation of CO2-C by plants,
excluding photorespiration. GPP is modeled as a function of the irradiance of photosynthetically
active radiation (PAR), atmospheric CO2 concentrations, moisture availability, mean air
temperature, the relative photosynthetic capacity of the vegetation, and nitrogen availability (see
Raich et al (1991) for details of the formulas below):
GPP = (𝐶𝑚𝑎𝑥 )

𝑃𝐴𝑅
𝐶𝑖
𝑓(𝑃𝐻𝐸𝑁𝑂𝐿𝑂𝐺𝑌)𝑓(𝐹𝑂𝐿𝐼𝐴𝐺𝐸)𝑓(𝑇)𝑓(𝑁𝐴)
𝑘𝑖 + 𝑃𝐴𝑅 𝑘𝑐 + 𝐶𝑖

where 𝐶𝑚𝑎𝑥 is the monthly maximum rate of C assimilation by the entire plant canopy under
optimal environmental conditions (g m−2 month−1 ); PAR is the irradiance of photosynthetically
active radiation at canopy level (J cm−2 day −1 ); 𝑘𝑖 is the irradiance at which C assimilation
proceeds at one-half its maximum rate; 𝐶𝑖 is the concentration of CO2 inside leaves (mL L−1); 𝑘𝑐
is the internal CO2 concentration at which C assimilation proceeds at one-half its maximum rate.
𝑓(𝑃𝐻𝐸𝑁𝑂𝐿𝑂𝐺𝑌) is monthly leaf area relative to leaf area during the month of maximum leaf area
and depends on monthly estimated evapotranspiration. 𝑓(𝐹𝑂𝐿𝐼𝐴𝐺𝐸) is a scaler function that
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ranges from 0.0 to 1.0 and represents the ratio of canopy leaf biomass relative to maximum leaf
biomass. 𝑇 is monthly air temperature and 𝑁𝐴 is nitrogen availability. The function 𝑓(𝑁𝐴) models
the limiting effects of plant nitrogen status on GPP.
Moisture limitations on CO2 assimilation is modeled by the modifying the conductance of
leaves to CO2 diffusion. The mean monthly moisture availability is the degree to which
environmental demands for water are met by rainfall and available soil moisture. This is expressed
as the ratio of actual evapotranspiration (EET) to potential evapotranspiration (PET). We assume
that the relationship between CO2 concentration inside stomatal cavities (𝐶𝑖 ) and in the atmosphere
(𝐶𝑎 ) is proportional to relative moisture availability:
𝐺𝑉 = 0.1 + (

0.9𝐸𝐸𝑇
)
𝑃𝐸𝑇

and
𝐶𝑖 = 𝐺𝑉 𝐶𝑎
where 𝐺𝑉 is relative canopy conductance, a unitless multiplier that accounts for changes in leaf
conductivity to CO2 resulting from changes in moisture availability. When moisture is not limiting,
𝐺𝑉 is close to 1.0 and CO2 inside leaves will be close to ambient CO2.
Temperature effect on GPP is modeled as a multiplier on potential GPP, with a maximum
value of 1 at the optimum temperature and lower values at suboptimal temperatures:
𝑓(𝑇) =

(𝑇 − 𝑇𝑚𝑖𝑛 )(𝑇 − 𝑇max )
(𝑇 − 𝑇𝑚𝑖𝑛 )(𝑇 − 𝑇𝑚𝑎𝑥 ) − (𝑇 − 𝑇𝑜𝑝𝑡 )

2

where 𝑓(𝑇) is the unitless multiplier on GPP and T is the mean monthly air temperature (℃).
The phenological model was developed for simulating the changes seasonal changes in the
vegetation’s capacity to assimilate C. It models relative changes in the photosynthetic capacity of
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mature vegetation (KLEAF) from estimated actual evapotranspiration (EET) and the previous
month’s photosynthetic capacity:
𝐸𝐸𝑇𝑗
𝑓(𝑃𝐻𝐸𝑁𝑂𝐿𝑂𝐺𝑌)𝑗 = 𝑎 (
) + 𝑏(𝑓(𝑃𝐻𝐸𝑁𝑂𝐿𝑂𝐺𝑌)𝑗−1 ) + 𝑐
𝐸𝐸𝑇𝑚𝑎𝑥
𝑓(𝑃𝐻𝐸𝑁𝑂𝐿𝑂𝐺𝑌)𝑗 = 1
(if 𝑓(𝑃𝐻𝐸𝑁𝑂𝐿𝑂𝐺𝑌)𝑗 > 1)
𝑓(𝑃𝐻𝐸𝑁𝑂𝐿𝑂𝐺𝑌)𝑗 =

𝑓(𝑃𝐻𝐸𝑁𝑂𝐿𝑂𝐺𝑌)𝑡
𝑓(𝑃𝐻𝐸𝑁𝑂𝐿𝑂𝐺𝑌)𝑚𝑎𝑥

(if 𝑓(𝑃𝐻𝐸𝑁𝑂𝐿𝑂𝐺𝑌)𝑗 < 1)
The time step 𝑗 is one month; 𝐸𝐸𝑇𝑚𝑎𝑥 is the maximum EET occurring during any month; 𝑎, 𝑏, and
𝑐 are regression-derived parameters.
Plant (autotrophic) respiration (𝑅𝐴 ) is the total respiration (excluding photorespiration),
including all CO2 production from the various processes of plant maintenance, nutrient uptake,
and biomass construction. 𝑅𝐴 is the sum of maintenance respiration (𝑅𝑚 ), and growth respiration
(𝑅𝑔 ):
𝑅𝐴 = 𝑅𝑚 + 𝑅𝑔
The maintenance respiration is modeled as a direct function of plant biomass (𝐶𝑉 ).We
assume that increasing temperatures increase maintenance respiration logarithmically with a
𝑄10 of 2 over all temperatures:
𝑅𝑚 = 𝐾𝑟 (𝐶𝑉 )𝑒 0.0693𝑇
where 𝐾𝑟 is the respiration rate of the vegetation per unit of biomass carbon at 0℃
(g g −1 month−1), and T is the mean monthly air temperature (℃). Growth or construction
respiration 𝑅𝑔 is estimated to be 20% of the difference between GPP and 𝑅𝑚 :
NPP′t = GPPt − 𝑅𝑚𝑡
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𝑅𝑔𝑡 = 0.2NPP′t
where NPP′ is the potential net primary production assuming that the conversion efficiency of
photosynthate to biomass is 100% and t refers to the monthly time step.
Net primary production (NPP) is the difference between GPP and autotrophic respiration (𝑅𝐴𝑡 ):
NPPt = GPPt − 𝑅𝐴𝑡
NPP is calibrated to correctly estimate annual NPP since monthly observed NPP do not
exist for most vegetation types from the field measurements.
Nitrogen availability influences GPP individually by influencing the relative allocation of
effort toward C vs. nitrogen uptake (𝐴𝑐). See Raich et al (1991) for details in Carbon-Nitrogen
interaction model.
4.2.1.3 Aerobic Respiration Related to Water Table Depth (𝑹𝑯 )
SOC aerobic respiration related to the variability of water table depth (𝑅𝐻 ) is calculated as:
𝑅𝐻 = 𝐾𝑑 𝐶𝑠1 𝑓(𝑀𝑉 )𝑒 0.069𝐻𝑇

𝑊𝑇𝐷
𝐿𝑊𝐵

where 𝑀𝑉 represents the mean monthly soil water content (percentage of saturation) in the peat
unsaturated zone above the water table depth (WTD). 𝐾𝑑 is a logarithm of heterotrophic rate at
0℃. 𝐻𝑇 is the mean monthly temperature of the soil above the lowest water table boundary
(Granberg et al., 1999) (LWB, a fixed parameter, the soil below which is set saturated). The SOC
between LWB and soil surface (𝐶𝑠1 ) in the transient simulation is obtained after a 2000-year
equilibrium run.
𝑓(𝑀𝑉 ) is a non-linear function defining the influence of soil moisture on decomposition:
𝑚1
𝑀𝑚1 − 𝑀𝑜𝑝𝑡

2

𝐵 = ( 𝑚1
)
𝑀𝑜𝑝𝑡 − 100𝑚1
𝐵 )
𝑓(𝑀𝑉 ) = (0.8𝑀𝑠𝑎𝑡
+ 0.2
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where 𝑚1 is a parameter defining the skewness of the curve. 𝑀𝑜𝑝𝑡 is the soil moisture content at
which 𝑓(𝑀𝑉 ) is maximum (1.0). 𝑀𝑠𝑎𝑡 is a parameter that determines the value of 𝑓(𝑀𝑉 ) when the
soil pore space is saturated with water.
The peatland soil is modeled as a two-layer system. The soil layers above the LWB are
divided into 1 cm sublayers, where peat soil characteristics in the upper peat are constant above 7
cm peat depth and change linearly in the section interval of 1 cm below the WTD. The WTD is
estimated based on the total amount of water content above the LWB within the upper two soil
layers. Using the calculated WTD, the water content at each 1 cm above the WTD can be
determined after solving the water balance equations.
4.2.1.4 𝑹𝑪𝑯𝟒 , 𝑹𝑪𝑾𝑴 , 𝑹𝑪𝑴 , and 𝑹𝑪𝑶𝑴
𝑅𝐶𝐻4 represents the monthly methane emission after methane oxidation (see Zhuang et al
(2004) for details):
𝑅𝐶𝐻4 = 𝑀𝑃 − 𝑀𝑂
where 𝑀𝑃 is the monthly methane production /methanogenesis and 𝑀𝑂 is the monthly methane
oxidation.
𝑀𝑃 is modeled as an anaerobic process that occurs in the saturated zone of the soil profile.
It is calculated as the integration of the hourly methanogenesis (𝑀𝑃 (𝑧, 𝑡)) at each 1-cm layer:
24×30

𝑀𝑃 = ∫
𝑡=1

100

∫

𝑀𝑃 (𝑧, 𝑡) 𝑑𝑡𝑑𝑧

𝑧=1

where
𝑀𝑃 (𝑧, 𝑡) = 𝑀𝐺0 𝑓(𝑆𝑂𝑀 (𝑧, 𝑡))𝑓(𝑀𝑆𝑇 (𝑧, 𝑡))𝑓(𝑝𝐻(𝑧, 𝑡))𝑓(𝑅𝑋 (𝑧, 𝑡))
𝑀𝐺0 is the ecosystem-specific maximum potential production rate; 𝑓(𝑆𝑂𝑀 (𝑧, 𝑡)) is a multiplier
that enhances methanogenesis with increasing methanogenic substrate availability, which is a
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function of net primary production of the overlying vegetation; 𝑓(𝑀𝑆𝑇 (𝑧, 𝑡)) is a multiplier that
enhances methanogenesis with increasing soil temperatures. 𝑓(𝑝𝐻(𝑧, 𝑡)) is a multiplier that
diminishes methanogenesis if the soil-water pH is not optimal (i.e., pH=7.5). 𝑓(𝑅𝑋 (𝑧, 𝑡)) is a
multiplier that describes the effects of the availability of electron acceptors which is related to
redox potential on methanogenesis.
𝑀𝑂 is modeled as the integration of hourly methane oxidation rate (𝑀𝑂 (𝑧, 𝑡)) at each 1-cm
layer:
24×30

𝑀𝑂 = ∫
𝑡=1

100

∫

𝑀𝑂 (𝑧, 𝑡) 𝑑𝑡𝑑𝑧

𝑧=1

where
𝑀𝑂 (𝑧, 𝑡) = 𝑂𝑀𝐴𝑋 𝑓(𝐶𝑀 (𝑧, 𝑡))𝑓(𝑇𝑆𝑂𝐼𝐿 (𝑧, 𝑡))𝑓(𝐸𝑆𝑀 (𝑧, 𝑡))𝑓(𝑅𝑂𝑋 (𝑧, 𝑡))
𝑂𝑀𝐴𝑋 is the ecosystem-specific maximum oxidation coefficient; 𝑓(𝐶𝑀 (𝑧, 𝑡)) is a multiplier that
enhances methanotrophy with increasing soil methane concentrations; 𝑓(𝑇𝑆𝑂𝐼𝐿 (𝑧, 𝑡)) is a
multiplier that enhances methanotrophy with increasing soil temperatures; 𝑓(𝐸𝑆𝑀 (𝑧, 𝑡)) is a
multiplier that diminishes methanotrophy if the soil moisture is not at an optimum level; and
𝑓(𝑅𝑂𝑋 (𝑧, 𝑡)) is a multiplier that enhances methanotrophy as redox potentials increase.
𝑅𝐶𝑊𝑀 is the CO2 emission due to methane oxidation; 𝑅𝐶𝑀 is the CO2 release accompanied
with methanogenesis. We assume the same amount of CO2 is released along with the methane
production (𝑀𝑃 ). 𝑅𝐶𝑂𝑀 is the CO2 release from other anaerobic processes. We assume 𝑅𝐶𝑂𝑀 : 𝑅𝐶𝐻4
to be 5.
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Figure 4.2. Comparison between simulated (this study) and measured (Lähteenoja et al., 2009a,
2012) SOC accumulation rates of pole forest (PF) at (a) Aucayacu, and (b) San Jorge; palm
swamp (PS) at (c) Quistococha, and (d) Charo; and open peatland (OP) at (e) Riñón in 500 year
bins from 10 ka to 2014 AD. Colors of lines represent simulations for different vegetation types
using different parameters. Note that the starting ages of the model regional transient simulations
are: 4 ka for PF, 2 ka for PS, and 1.6 ka for OP.

Figure 4.3. Climate forcing of annual (a) temperature, (c) precipitation, (e) photosynthetically
active radiation (PAR) and monthly mean (b) temperature, (d) precipitation, and (f) PAR for
PMFB (Carlson et al., 2012; Mitchell et al., 2004; Change, 2014).
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4.2.2 Model Parameterization
4.2.2.1 Initial Monte Carlo Simulations
The initial Monte Carlo simulations were conducted to obtain the proper prior range of the
parameter space for peatland ecosystems based on the original parameter space for upland
ecosystems:
(1) We applied the Latin Hypercube Sampler (LHS) (Iman et al., 1988). Each random variable 𝜃1 , …,
𝜃𝑘 was divided into 5000 nonoverlapping intervals based on their uniform distributions with equal
probability. One value from each interval was selected randomly based on the equal probability.
5000 values drawn for 𝜃1 was paired with 5000 values drawn for 𝜃2 and so forth. We repeated the
same process until 5000 sets of k tuples were generated.
(2) We then drove the model using the climate data (Figure 4.3) from 1900 to 1990 AD. We averaged
the simulated monthly C fluxes and pools (aboveground NPP, annual belowground NPP, annual
total NPP, aboveground vegetation carbon, belowground vegetation carbon, and total vegetation
carbon) to annual values and then averaged them from 1900 to 1990 AD. We selected the plausible
parameter set based on which the simulated annual C fluxes and pools are within the uncertainty
ranges of the field measurements (Table 4.1).
(3) The selected plausible parameter sets based on the initial Monte Carlo ensemble simulations were
used as priors for peatland ecosystems.
4.2.2.2 Second Step Monte Carlo Simulations and Bayesian Inference
The Bayes’ framework is:
P(𝛉|𝐕) ∝ P(𝐕|𝛉)P(𝛉)
where P(𝛉|𝐕) is the posterior after the Bayesian inference conditioned on the available field
measurements 𝐕. 𝛉 is the matrix of the parameters for adjustment. 𝐕 is the difference matrix
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between the Monte Carlo simulations and the corresponding field measurements. P(𝛉) is the prior
distribution for peatland ecosystems obtained from the initial Monte Carlo ensemble simulations.
P(𝐕|𝛉) is the likelihood function, which is calculated as the function of the difference between
Monte Carlo simulations and available field measurements.
We assume the monthly field measurement data are independent from month-to-month and
the field measurement data follow the following error distribution (Thiemann et al., 2001):
𝑝𝑖 (𝑣𝑡𝑖 |𝜎𝑡𝑖 , 𝛽𝑖 , 𝜃) = 𝜔(𝛽𝑖 )𝜎𝑡𝑖−1 exp(−𝑐(𝛽𝑖 ) |

𝑣𝑡𝑖 2/(1+𝛽𝑖 )
|
)
𝜎𝑡𝑖

The error term follows a normal distribution when 𝛽𝑖 = 0; a double exponential
distribution when 𝛽𝑖 = 1; a uniform distribution when 𝛽𝑖 approaches -1. Variance 𝜎𝑡𝑖 was assumed
to be a constant during the time period 𝑡𝑖−1 < 𝑡 < 𝑡𝑖 .
𝑐(𝛽𝑖 ) and 𝜔(𝛽𝑖 ) are defined as:
1

3(1 + 𝛽𝑖 ) 1+𝛽𝑖
Γ[
]
2
)
𝑐(𝛽𝑖 = {
}
1+𝛽
Γ [ 2 𝑖]
1

3(1 + 𝛽𝑖 ) 2
{Γ [
]}
2

𝜔(𝛽𝑖 ) =

3

1 + 𝛽𝑖 2
(1 + 𝛽𝑖 ) {Γ [
2 ]}
We further assume that the error term follows the following distribution:
𝑁

𝑝(𝑽|𝝈, 𝜷, 𝜽) =

𝑇

𝑣𝑡𝑖 2/(1+𝛽𝑖 )
−1
∏ ∏ 𝜔(𝛽𝑖 )𝜎𝑡𝑖 𝑒𝑥𝑝(−𝑐(𝛽𝑖 ) | |
)
𝜎𝑡𝑖
𝑖=1 𝑡=1
𝑁

𝑇

𝑖=1

𝑡=1

𝑣𝑡𝑖 2/(1+𝛽𝑖 )
∝ exp[− ∑ 𝑐(𝛽𝑖 ) ∑ | |
]
𝜎𝑡𝑖
where 𝝈 and 𝑽 are matrices with a size of 𝑇 × 𝑁. 𝜷 is a vector with size of 𝑁,
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we get the likelihood function:
𝑁

𝑇

2
1
1+𝛽
𝑖 ]^( − 𝑇)(1 + 𝛽 )
|
𝑝(𝑽|𝜷, 𝜽) ∝ ∏[∑|𝑣𝑡𝑖
𝑖
2
𝑖=1 𝑡=1

We again applied the LHS algorithm to draw 3 ×1000 sets of parameters from the prior
distributions for three different peatland ecosystems (pole forest, palm swamp, and open peatland)
obtained from the previous Monte Carlo simulations. The observational data/ field measurement
data are peat SOC accumulation rates for pole forest (PF) at (a) Aucayacu, and (b) San Jorge; palm
swamp (PS) at (c) Quistococha, and (d) Charo; and open peatland (OP) at (e) Riñón in 500-year
bins from 10 ka to 2014 AD. We then averaged the simulated monthly SOC accumulation rates at
those sites into 500-year bins and compared them with the field measurement data. We next applied
the Sampling Importance Resampling (SIR) technique (Skare et al., 2003) to calculate the
importance ratio of each parameter set drawn iteratively and construct the posterior distributions
for the model parameters. At last, the highest plausible parameter sets contain 3 ×50 parameters
based on the calculated importance ratio out of 1000 from their prior distributions.
4.2.3 Climate Data
The climate forcing data for historic simulations include temperature, precipitation,
photosynthetically active radiation (PAR), vapor pressure at a monthly step and CO2 at an annual
step from 12 ka to 1990 AD, simulated by CCSM3 (TraCE-21ka) at a spatial resolution of
3.75° ×3.75°. Climate forcing data for modern simulations is from Climate Research Unit
(CRU2.0) at a monthly step from 1990 to 2014 AD at a resolution of 0.5° ×0.5°. For future
simulations, we applied the Representative Concentration Pathway (RCP) 2.6 (mean annual
temperature in the PMFB has the smallest increase (by ~0.5 ℃), mean annual precipitation
increases by ~260 mm, and CO2 increases by ~80 ppm at 2050 AD and decreases by ~30 ppm at
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2100 AD), RCP 4.5 (by ~1.5 ℃, ~290 mm, and CO2 increases by ~150 ppm at 2100 AD), and
RCP 8.5 (by ~2.7 ℃, ~350 mm, and ~600 ppm at 2100 AD) at a monthly step from 2014 to 2100
AD at 0.5° ×0.5° as possible future climate scenarios. The CRU data together with the modern
digital elevation data at 1.69 km×1.69 km were input into interpolation software ANUSPLIN4.4.
We then downscaled the paleo-climate data (TraCE-21ka, 3.75° ×3.75°) and the RCP data
(0.5° ×0.5°) based on the spatial variations of the interpolated CRU data (1.69 km×1.69 km) by
assuming that the spatial variations of CRU to be the same as that of paleo and RCP data.
4.2.4 Model Application and Uncertainty Analysis
A 500-year run was conducted for each peatland ecosystem type ahead of the basal age
using parameters of non peat-forming FF to determine the initial SOC within the upper 1 m
mineral soil underlying the peat deposit. The model was first run from 12 ka to 2014 AD for
validation at five peatland sites (Figure 4.2). The simulated SOC accumulation rates of PS, OP,
and PF were firstly compared with measured SOC accumulation rates annually in 500-year bins
(Lähteenoja et al., 2009a, 2012). Second, we applied the model to a regional simulation with
interpolated monthly paleo-climate data for the PMFB. We averaged all the measured basal ages
of each peatland type to determine the mean basal age of each peatland ecosystem type (Table
4.3). Basal ages at sites where they have not been measured were calculated using mean SOC
accumulation rates, bulk density, peat depth and C content of each peatland ecosystem type
derived from Lähteenoja et al (2009a) and Draper et al (2014), following the equations in
Lähteenoja et al (2009a). We conducted the simulation from 1 ka to 2014 AD for FF. Finally, we
conducted the simulations for future projection using the interpolated RCP 2.6, RCP 4.5 and
RCP 8.5. A series of simulations were conducted to examine the effects of the spatial variation of
climate and the posterior distribution of the parameter on the estimated C accumulation rates and
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stocks. Twenty sets of parameters were randomly drawn from the posterior parameter space. All
pixels in the study area were then assigned with the same climate forcing data which were
random combinations between temperature and precipitation.
To quantify the uncertainty ranges of the regional C stock simulations resulting from both
the parameterization and the climate spatial interpolation, 20 sets of parameters were randomly
drawn from the posterior distributions respectively for three different peatland ecosystem types
(PF, PS, and OP). Based on the randomly selected parameters, all pixels in the study area were
assigned with the same climate forcing data which were random combinations between
temperature and precipitation, both within their uncertainty ranges from interpolation (mean
temperature (25-29℃) and precipitation (2200-2900 mm) (Figure 4.4)). We next conducted the
regional simulation to obtain the uncertainty ranges of the simulated C stocks.
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Table 4.3. Description of peatland sites used for establishing basal ages for pole forest, palm
swamp, and open peatland. The basal ages were taken from Lähteenoja et al (2009a) and
Lähteenoja et al (2012), whereas the other values were from the online supplementary material
(table 1) of Draper et al (2014).
Site

Long (°W)

Lat (°S)

Basal age
(cal year BP)

Mean bulk
density
(g cm−3 )

Mean peat
thickness
(m)

Mean C
content (%)

Pole forests
Aucayacu
(forested)
San Jorge
(M. flexuosa
palm swamp
and forested)
Roca Fuerte
(forested)
Palm swamps

74.384

3.935

8870±110

0.108

4.63

49

73.189

4.058

2945±65

0.112

2.92

44

74.823

4.436

5170±120

0.073

3.82

52

Quistococha
(M. flexuosa
palm swamp
and forested)
Charo
(Mixed M.
flexuosa palm
swamp)
Buena Vista
del Maquia
(M. flexuosa
palm swamp)
San Roque
(M. flexuosa
palm swamp)
Open peatlands

73.318

3.837

2335±15

0.095

2.44

47

73.254

4.270

672±12.5

-

1.26

-

74.720

6.207

-

0.088

1.21

38

74.622

4.540

7705±35

0.161

3.53

42

Riñón
(open savanna)
Maquía
(open, scattered
M. flexuosa
palm swamp)

74.001

4.900

1615±75

0.06

3.55

49

74.808

6.323

1975±30

0.074

3.88

44

Mean basal
age (cal year
BP)
~4000

~2000

~1600
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Figure 4.4. Interpolated (a) mean temperature and (b) mean annual precipitation distribution
from 4 ka to 2014 AD of the study area.
4.3

Results and Discussion

4.3.1 Past C Accumulation
The annual comparison between model simulation and measurements (Lähteenoja et al.,
2012) at a temporal resolution of a year at the thickest and largest Amazonian peatland site
(Aucayacu site) reveals that our model captures the historic peat SOC accumulation rates (Figure
4.5a) and the peat depth profile (Figure 4.5b) for most simulation periods, but overestimates the
rates between 8 and 6 ka. Simulated total depth reaches 8 m (ranging 6-12 m), slightly higher
than the measured 7.5 m. The correlation between simulations and measurements using 500-year
bins at multiple sites with different vegetation types indicates that the model well estimates SOC
accumulation trajectories at millennial time scales (Figure 4.2). The model underestimates the
rates between 3 and 2 ka at San Jorge, and between 0.5 and 0 ka at Charo. Although the model
underestimates the rates between 2 and 1.5 ka at Rinon (an open peatland site), the starting basal
age for the regional transient simulation for the open peatlands is at 1.6 ka. As indicated by the
mean basal age applied in the model, pole forest (PF) has a longer SOC accumulation period
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than palm swamp (PS) and open peatland (OP) in general (Figure 4.2), with peat initiation of PF
around 2000 years ahead of PS and OP peat initiation.
Our simulation suggests there were strong relationships between peat C dynamics and
climatic change. Temporally, temperature and photosynthetically active radiation (PAR) rose
slightly over the whole period (Figure 4.3a and e), whereas annual precipitation decreased before
4 ka and subsequently increased (Figure 4.3c). Under increasingly warmer and drier conditions
before 4 ka, the historic SOC accumulation rate declined at the Aucayacu site. It started to
increase concurrently with the wetter conditions after 3.5 ka (close to 4 ka), despite continuing
warming. Overall, the historic SOC accumulation rates of the Aucayacu peat core followed the
historic pattern of the precipitation change (Figure 4.3c). This suggests that higher rainfall might
have accelerated while warming and drought might have decelerated peat SOC accumulation at
millennial time scales.

Figure 4.5. Comparison between simulation and measurement at the Aucayacu site. (a) SOC
accumulation rates and (b) peat depth. Shaded areas represent the range due to uncertainties from
the posterior distributions of the parameters after the parameterization. 0 cm at ~9 ka indicates no
peat accumulation.
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Spatially, this relationship between the peat SOC accumulation and climate was indicated
by the patterns of the peat SOC densities distribution and mean historic temperature and
precipitation within the PMFB (Figures 4.6 and 4.4). We find that the highest peat SOC density
region fell in the northeast with the highest precipitation and relatively low temperature. The
secondary highest peat SOC region was located in the northwest with moderate precipitation but
the lowest temperature. The lowest peat SOC zone fell within the southwest where the lowest
precipitation and highest temperature coincided. This, again, suggests that higher precipitation
increased whereas higher temperature reduced peat SOC accumulation at regional scales.
The climatic effects on the long-term peat SOC accumulation in the PMFB can be
explained by our simulated C fluxes and hydrological factors. Peat accumulated SOC where the
rate of soil C input was higher than the decomposition (Loisel et al., 2012). Soil C input from
litters was largely controlled by and was proportional to plant net primary productivity (NPP).
Soil decomposition was modeled as heterotrophic respiration (𝑅𝐻 ) (Yu et al., 2009). Increasing
temperature and PAR stimulated the plant C uptake by increasing NPP. However, warming
might have created favorable conditions for microbial decomposition (Nobrega et al., 2007).
Warming also increased the evapotranspiration, decreasing water table, thereby reducing
anaerobic respiration and increasing aerobic respiration (Hobbie et al., 2000). Increasing
precipitation had a positive effect on NPP. It also lifted the water table and decreased 𝑅𝐻 . This,
in turn, enhanced peat C accumulation. In our previous study for the northern (Alaskan)
peatlands (Wang et al., 2016b), under the warmer conditions, the stimulation of NPP exceeded
the stimulation of 𝑅𝐻 , thereby increasing SOC accumulation in northern peatlands during the
Holocene Thermal Maximum (HTM). Similarly, we find that 𝑅𝐻 within 1 m depth followed the
increasing trend of temperature with a decrease at 4 ka when precipitation increased (Figure 4.7).
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This suggests that warmer condition in the PMFB enhances 𝑅𝐻 while wetter condition decreases
𝑅𝐻 . The volumetric soil moisture (VSM) (Figure 4.7c) and water table (Figure 4.7d) started
decreasing at 8 ka as precipitation became lower. At the same time, 𝑅𝐻 kept increasing under
such drier condition. Interestingly, when climate became wetter at ~4 ka (Figure 4.3c), the VSM
abruptly increased. The water table also stopped dropping and showed an increase pattern.
Meanwhile, 𝑅𝐻 started decreasing. This again suggests that higher precipitation may decrease 𝑅𝐻
and thus slows the peat SOC decomposition by increasing the soil moisture and raising the water
table. As warming continued, the continuing increase of VSM and water table resulting from the
wetter condition became slight, presumably due to the enhanced evapotranspiration from
warming.

Figure 4.6. Current (2014 AD) SOC density of flooded forest, palm swamp, open peatland, pole
forest and their combination in the PMFB.
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Figure 4.7. Simulated (a) net primary production (NPP), (b) heterotrophic (aerobic+anaerobic)
respiration (𝑅𝐻 ), (c) volumetric soil moisture (VSM), and (d) water-table depth (WTD) at
Aucayacu from 10 ka to 2014 AD (based on averages of 20 years). Grey lines in (a) and (b)
indicate the upper and lower uncertainty range resulting from the Bayesian inference.

To examine how temperature and precipitation have impacted NPP in this region. The
attributions of these two key drivers and soil water content to NPP for both historical periods and
the 21st century were analyzed with the Analysis of Variance table (ANOVA) and the F-test of
the multi-variate linear regression between annual mean NPP and climate variables. For the
historical simulation at Aucayacu site, we find that, although higher precipitation and higher
temperature increase the NPP (Tables 4.4 and 4.5), those two factors have limited effects
presumably because the temperature exceeds the optimum temperature for photosynthesis and
soil water content is already suitable for plant growth. The variable with the highest importance
is VSM, indicating the hydrological condition plays the most important role in determining the
NPP. Such hydrological condition is modeled by various factors including the temperature,
precipitation, solar radiation and others such as soil porosity, soil layers characteristics that are
described in our previous hydrological modeling studies (Wang et al., 2016a).
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Our historical simulations at Aucayacu and in the PMFB suggest that NPP was consistent
with the temporal patterns of precipitation and VSM (Figure 4.3). The spatial correlations
between NPP, vegetation C density, and mean historic precipitation were detected (SI Appendix,
Figures 4.4b and 4.8) when observing each peatland vegetation type separately. Pixels with
higher vegetation C density and NPP fell within the northeastern wetter region while lower
vegetation C density and NPP pixels were in the southwestern drier region. Our explanation is
that during the historical period, the point where NPP will no longer positively respond to the
increasing precipitation and VSM has not been reached. Still, the wetter condition stimulates the
SOC accumulation by increasing NPP and decreasing 𝑅𝐻 . However, for the simulations under
three future climate scenarios (Table 4.6), we find that the F values of the precipitation started
decreasing as the precipitation continued to be higher from RCP 2.6 to 8.5. This suggests that
precipitation becomes less and less important in the future for NPP as it increases, based on the
existing suitable hydrological condition.
Table 4.4. Analysis of variance table (ANOVA) of the multi-variate linear regression between
annual mean NPP and climate variables for the historical simulation at Aucayacu site.
Source

Sum of Squares

F-value

Pr (>F)

15.785142
18.340884
372.013772

Degree of
Freedom
1.0
1.0
1.0

Annual Temperature (℃)
Annual Precipitation (mm)
Annual Volumetric Soil
Moisture (VSM, %)
Temperature×Precipitation
Residual

18.117638
21.051029
426.984481

2.095649e-05
4.526578e-06
6.340108e-93

17.451831
8708.226683

1.0
9995.0

20.030605

7.705596e-06

Table 4.5. The coefficients, standard errors, and the 95% confident intervals of the parameters in
the regression model (without feature normalization).
Intercept
Annual Temperature (℃)
Annual Precipitation (mm)
Annual Volumetric Soil Moisture
(VSM, %)
Temperature×Precipitation

Coefficient
-67.9910
3.7166
0.4696
0.6014

Standard Error
23.792
0.873
0.102
0.029

95% CI
(-114.628, -21.354)
(2.005, 5.428)
(0.269, 0.670)
(0.544, 0.658)

-0.0168

0.004

(-0.024, -0.009)
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Figure 4.8. Current (2014 AD) vegetation C (above+belowground) density and mean historic
NPP of flooded forest, palm swamp, pole forest and their combination in the PMFB. NPP is the
average from 4 ka to 2014 AD. Open peatlands with minimal vegetation C and NPP are not
shown.

Table 4.6. Analysis of variance table (ANOVA) of the multi-variate linear regression between
annual mean NPP and climate variables (Annual temperature and precipitation) in RCP 2.6, RCP
4.5, and RCP 8.5 scenarios. F-value indicates the importance of each climate variable.
Scenarios
RCP 2.6
RCP 4.5
RCP 8.5

Source
Annual Temperature (℃)
Annual Precipitation (mm)
Annual Temperature (℃)
Annual Precipitation (mm)
Annual Temperature (℃)
Annual Precipitation (mm)

F-value
15.498204
17.902754
12.099724
11.833428
7.323143
8.410239

In our model, GPP is a function of atmospheric CO2 concentrations in addition to
physical variables. The CO2 effects is modeled with a Michaelis-Menten equation considering
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CO2 concentrations inside leaves which is assumed to be directly proportional to atmospheric
CO2 concentrations when stomata are fully open. When moisture is a limiting factor, the
limitation on CO2 assimilation is modeled by the modifying the conductance of leaves to CO2
diffusion. The moisture availability is expressed as the ratio of actual evapotranspiration (EET)
to potential evapotranspiration (PET). The relationship between CO2 concentration inside
stomatal cavities (𝐶𝑖 ) and in the atmosphere (𝐶𝑎 ) is proportional to relative moisture availability:
𝐺𝑉 = 0.1 + (

0.9𝐸𝐸𝑇
𝑃𝐸𝑇

)

𝐶𝑖 = 𝐺𝑉 𝐶𝑎
where 𝐺𝑉 is a unitless multiplier that accounts for changes in leaf conductivity to CO2
resulting from changes in moisture availability. When there is sufficient water in soils, EET will
not be limited by water, which will reach its maximum value, GV is close to 1. This suggests that
inside of leaves CO2 will be close to ambient CO2. When the ecosystem has sufficient
precipitation, GPP and NPP will not respond to increasing precipitation.
At northern high latitudes, in addition to CO2 fertilization effects, warming also enhances
photosynthesis, stimulating plant productivity (NPP) and thus increasing SOC accumulation (Yu
et al., 2009; Davidson and Janssens, 2006; Jones and Yu, 2010; Yu et al., 2010). In contrast,
warming in the tropical regions generally led to temperatures above the optimum level for
photosynthesis (Jenkinson et al., 1991; Cox et al., 2002), which is also suggested by the ANOVA
analysis (SI Appendix, Tables 4.4 and 4.6) as increasing temperature in the future has less and
less positive effects on NPP. Increasing temperature accelerates 𝑅𝐻 , however, at the same time.
The less sensitivity of NPP versus 𝑅𝐻 to warming might ultimately result in the SOC loss in the
PMFB under warmer conditions.
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4.3.2 Current C stocks
Overall, model simulations of current peatland C stocks are comparable to the field
measurements (Draper et al., 2014). Specifically, PF has the SOC density of 1900 Mg C ha−1 ,
consistent with the field measurements (800-2200 Mg C ha−1 , SI Appendix, Fig S6a)13. PS has
the next highest SOC density (1100 Mg C ha−1 ), which is sufficiently within the measured range
of 300-1390 Mg C ha−1 . The SOC density of OP is 535 Mg C ha−1 , also within the measured
392-1492 Mg C ha−1. The high SOC density of PF corresponds to the longer SOC accumulation
period compared to the other types (Figures 4.2a, b and 4.9a). Our simulations are even closer to
the field measurements13 when vegetation C density was examined (Figure 4.9b). The simulated
lowest vegetation C density was in PF (86 Mg C ha−1 ) and within the measured range of 80-100
Mg C ha−1 .
The model estimates a total SOC of 3.922 (2.208~5.777) Pg in the PMFB including
3.519 (1.833~5.344) Pg in the peatland soils, which is higher than the measured total peat SOC,
2.844 Pg (Table 4.7). The simulated vegetation C stock of 1.104 (1.097~1.137) Pg with 0.34
(0.338~0.369) Pg on the PMFB peatlands is also higher than the measured value (0.293 Pg C).
Our model may overestimate the soil and vegetation C stocks. The uncertainty of the simulated C
stocks is mainly due to the spatial variations of the interpolated mean temperature (25-29℃) and
precipitation (2200-2900 mm).
Our uncertainty analysis suggests that the uncertainty of the simulated past C
accumulation rates was mainly due to parameters, spatial variations of climate variables (Figure
4.4), and the uncertain peat basal ages (Table 4.3). Specifically, using the mean peat basal age by
averaging the basal ages of peat samples for each peatland type is a top uncertainty source. The
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variation of peat characteristics (e.g., bulk density, C content, peat depth) and limited number of
samples are also sources of the uncertainty.

Figure 4.9. Simulated density of (a) SOC and (b) vegetation C for pole forest (PF), palm swamp
(PS), and open peatland (OP) versus field measurements of4. A ratio of 0.473 was used to
convert vegetation biomass to C (Raich et al., 1991; Martin and Thomas, 2011). A ratio of 0.39
was used to obtain belowground biomass given aboveground live biomass for PF (Houghton et
al., 2001). A ratio of 0.41 was used to obtain the belowground biomass given aboveground live
biomass for PS (Goodman et al., 2013). OP has no measurement of vegetation C density.

Table 4. 7. Simulated and field-measured total C stocks of SOC and vegetation C for pole forest, palm swamps, open peatlands, nonpeatland (flooded forest), and the totals in the PMFB. Values in the columns “Measurement” refer to values from Draper et al (2014),
whereas values in the columns “Simulation” refer to the results obtained from the P-TEM. The uncertainty ranges of the “simulation”
are from the uncertainty of the parameterization plus the uncertainty from the climate data interpolation.
Area (km2)

Ecosystem
type

Soil organic C (Pg)

Vegetation C (Pg)

Total C stock (Pg)

Simulation

Measurement

Simulation

Measurement

Simulation

Measurement

Simulation

Measurement

Mean
Range
Mean

2909
25069

3686
±810
27732

0.511
0.269-0.646
2.779

0.494
0.110-1.131
2.073

0.0216
0.0215-0.0218
0.318

0.030
0.009-0.074
0.263

0.532
0.316-0.723
3.097

0.524
0.138-1.174
2.336

Open peatlands

Range
Mean
Range

3915
-

±1101
4181
±222

1.459-4.376
0.229
0.105-0.322

0.012-5.738
0.277
0.034-0.974

0.316-0.349
~0
~0

0.138-0.355
0
0

1.775-4.725
0.229
0.105-0.322

0.268-5.997
0.277
0.034-0.974

Non-peatland

Mean

47429

-

0.403

-

0.764

-

1.167

-

Pole forest
Palm swamps

Total (peatlands)
Total
(peatlands+nonpeatland)

Range

-

-

0.375-0.433

-

0.759-0.768

-

1.134-1.201

-

Mean

31893

35600

3.519

2.844

0.34

0.293

3.859

3.137

Range

-

±2133

1.833-5.344

-

0.338-0.369

-

2.171-5.713

0.440-8.145

Mean

79322

-

3.922

-

1.104

-

5.026

-

Range

-

-

2.208-5.777

-

1.097-1.137

-

3.305-6.914

-
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4.3.3 Future Projection
Under the RCP 2.6 scenario, the SOC accumulation rate in all ecosystem types within the
PMFB decreases from current 16 (9~24) to 7.9 (4.3~12.2) g C m−2 yr −1 and the SOC
accumulation rate in the peatlands dramatically decreases from 56 (29~85) to 23 (15~32)
g C m−2 yr −1 (Table 4.8). The PS exhibits the biggest drop from 65 to 26 g C m−2 yr −1 .
Spatially, the majority of pixels within the PMFB have positive SOC accumulation and
vegetation C change, but some areas with PS have SOC loss (Figures 4.10 and 4.11). Overall,
0.067 (0.037~0.108) Pg SOC, including 0.06 (0.03~0.1) Pg SOC in the peatlands, will be
accumulated in the PMFB by the end of the 21st century under moderately warmer and wetter
conditions of this climate scenario (Table 4.8). There will be 0.0148 Pg C accumulated in
vegetation, including 0.0048 Pg C in peatland vegetation.
Under the RCP 8.5 scenario, the SOC accumulation rate declines from 16 to -53 (-67~41) C m−2 yr −1 and the rate in peatlands declines from 56 to -123 (-152~-91) C m−2 yr −1.
Again, the highest decline of the rate is for PS, from 65 to -135 g C m−2 yr −1. The pixels with
SOC and vegetation C loss dominate the region (Figures 4.10 and 4.11). Under this climate
scenario, the PMFB will act as a C source of 0.413 (0.319~0.518) Pg C by 2100 AD. Peatlands
will lose 0.31 (0.23~0.38) Pg C compared with 0.1 Pg C loss from non-peatland ecosystems.
Vegetation will lose 0.07 Pg C, including 0.02 Pg C from peatland vegetation. Among all
peatland ecosystem types, PS could be severely affected by the climate due to its large area
within the PMFB and within the whole Amazon Basin (Ruokolainen et al., 2001). It must be
taken into account that the tendency of the model to overestimate the current soil and vegetation
C stocks in the PMFB might affect these values to some extent.
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Under the intermediate RCP 4.5 scenario, the SOC accumulation rate declines from 16 to
-19 C m−2 yr −1 and the SOC accumulation rate in peatlands declines from 56 to -45 C m−2 yr −1.
Peatlands will lose 0.12 Pg C compared with 0.034 Pg C from non-peatlands.
Three extra simulations were conducted as sensitivity tests to examine the effects of
potential drier climate in the PFMB on SOC accumulation rates. We assume that (1) The future
precipitation will decrease 5% in our study region over the century, but holding air temperature
change as in the original RCP 2.6; (2) The future precipitation will decrease 10% but holding air
temperature change as in RCP 4.5; (3) The future precipitation will decrease 15% but holding air
temperature change as in RCP 8.5. The precipitation was manually decreased at monthly step for
each grid cell from 2014 to 2100 AD to achieve the certain percentage total reduction at the end
of 2100 AD. Our simulations show that the C accumulations are +0.027 (0.02~0.068), -0.203 (0.349~-0.167), and -0.594 (-0.731~-0.51) Pg C under the three sensitivity simulations. These
extra simulations suggest that the slightly drier condition will decrease but will not have
significant effects on the C accumulation in this region.
The modeled current C stocks agree with the field observations at the Aucayacu site,
which is a PF site. However, instead of PF, PS is the dominant peatland type in the study area
and its SOC accumulation rates at Charo site is underestimated. Thus, using PS as representative
peatland types for regional simulations under future climate scenarios may evolve uncertainty
due to the underestimation during the parameterization.

Table 4.8. Current soil organic C accumulation rates, soil and vegetation C stocks and their changes in the PMFB from 2014 to 2100
AD in RCP 2.6 and RCP 8.5 scenarios (see RCP 4.5 in Future Projection section in the main text). Current soil organic accumulation
rates are mean rates and uncertainty ranges over the simulation periods till 2014 AD and total rates are area-weighted means. The
uncertainty ranges of the “simulation” are from the uncertainty of the parameterization plus the uncertainty from the climate data
interpolation. “+” and “-“ in soil organic C and vegetation C columns indicate C accumulation and loss in the from 2014 AD to 2100
AD. “-5%” and “-15%” in sensitivity tests indicate 5% and 15% annual precipitation reduction by 2100 AD under RCP 2.6 and RCP
8.5.
Soil C accumulation rates (𝐠 𝐂 𝐦−𝟐 𝐲𝐫 −𝟏)

Ecosystem type

Pole forest
Palm swamps
Open peatlands
Non-peatland
Total (peatlands)
Peatlands+nonpeatland

Mean
Range
Mean
Range
Mean
Range
Mean
Range
Mean
Range
Mean
Range

Peatlands+nonpeatland

Mean
Range
Mean
Range

Vegetation C (𝐏𝐠)

Current

RCP 2.6

RCP 8.5

Current

RCP 2.6

RCP 8.5

Current

RCP 2.6

RCP 8.5

15.02
7.9-18.9
64.69
34-101.8
29.53
13.5-41.5
0.1
0.09-0.11
55.98
29.1-85
16.08
9.1-23.7

11.88
6.3-14.5
26.09
15.2-43.9
14.69
8-17.3
1.64
1.54-1.76
23.42
14.9-31.5
7.89
4.3-12.2

-89.95
-135.3,-56.7
-135.23
-160.4,-102
-63.84
-98.2,-40.9
-25.22
-32.8,-22.1
-122.7
-151.7,-90.5
-53.25
-66.82,-41.2

0.511
0.269-0.646
2.779
1.459-4.376
0.229
0.105-0.322
0.403
0.375-0.433
3.519
1.833-5.344
3.922
2.208-5.777

+0.003
0.0016-0.0037
+0.052
0.03-0.09
+0.005
0.0027-0.0059
+0.007
0.0066-0.0075
+0.06
0.03-0.1
+0.067
0.037-0.108

-0.023
-0.035,-0.015
-0.264
-0.313,-0.199
-0.022
-0.034,-0.014
-0.104
-0.136,-0.091
-0.309
-0.382,-0.228
-0.413
-0.518,-0.319

0.022
0.0215-0.0218
0.318
0.316-0.349
~0
~0
0.764
0.759-0.768
0.34
0.338-0.369
1.104
1.097-1.137

+0.0004
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Vegetation C (𝐏𝐠)
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Figure 4.10. Changes of SOC density from 2014 to 2100 AD under RCP 2.6 and RCP 8.5 future
climate scenarios in flooded forest, palm swamp, pole forest, open peatland, and their
combination in the PMFB. Blue and green represent the SOC accumulation. Yellow and red
represent the SOC loss.
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Figure 4.11. Changes of vegetation C (above+belowground) density from 2014 to 2100 AD
under RCP 2.6 and RCP 8.5 future climate scenarios of flooded forest, palm swamp, pole forest,
and their combination in the PMFB. Open peatlands with minimal vegetation C and NPP are not
shown. Blue and green represent the vegetation C accumulation. Yellow and red represent the
vegetation C loss.
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4.4

Conclusions
In conclusion, the warming in the 21st century may weaken the C sink function of the

Amazonian peatlands in the PMFB or may entirely switch them from a long-term carbon sink
into a source, depending on the severity of the warming. The same has also been predicted for
the Amazonian rainforest in general. The vegetation and SOC density changes (future total C
stock changes divided by the corresponding areas of peatlands and non-peatland) were calculated
to compare with other studies. Our model estimation of vegetation C change for the non-peatland
(mainly flooded forest) ecosystem in the 21st century (+0.23~-1.17 kg C m-2) is well within the
range of other studies (+0.6~-1.2 kg C m-2) on the future vegetation C change from Amazonian
rainforest dieback (Table 4.9) (Cox et al., 2004; Rammig et al., 2010). Our estimation of SOC
change for the non-peatland ecosystem in the 21st century (+0.18~-3.35 kg C m-2) is also
comparable to -3.88 kg C m-2 from other studies (Cox et al., 2004; Rammig et al., 2010). Further,
we find that the ratio of SOC density changes for peatlands and non-peatland ecosystems in the
next 100 years ranges from 3.9 to 5.8 (Table 4.9). This indicates that future warming is likely to
affect the Amazonian peatlands more dramatically than non-peatland ecosystems, although the
total area of peatlands is much smaller than that of non-peatland ecosystems within the PMFB
(31000 km2 vs. 47000 km2). The high vulnerability of peatland ecosystems to future climate is
presumably due to its large amount of existing SOC stock (3.5 Pg C) compared with nonpeatland ecosystems (0.4 Pg C). Another possible reason is that, in addition to the non-linear
function defining the volumetric soil moisture (VSM) effect on heterotrophic respiration within
the unsaturated zone, there is also a linear relation between water-table depth and aerobic
respiration in the model. Future warming increases evapotranspiration that subsequently
decreases VSM and increases aerobic respiration for both peatland and non-peatland ecosystems.
For peatlands, it further lowers the water table which, in turn, increases aerobic respiration. This
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suggests that peatland ecosystems may suffer larger SOC decomposition under the changing
climate and may help explain its vulnerability. In addition, increased land use change, expansion
of commercial agriculture, transport infrastructure, and hydropower development form a threat to
the persistence of the considerable C stock (Roucoux et al., 2017). The most carbon dense
ecosystems of the whole Amazon basin may turn into C sources.
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Table 4.9. Comparison between our model simulation of vegetation C density change and SOC
density change in the 21st century for peatlands and non-peatland and other model simulations
for forest dieback (non-peatland vegetation C and SOC density change) in northwestern
Amazonia areas. The density changes are the total C stock changes (Table 4.8) divided by the
corresponding area (Table 4.7) of peatlands and non-peatland ecosystems.
Models

Ecosystem type

LPJmL
HadCM3 coupled with HadOCC and
TRIFFID

Non-peatland
Non-peatland

P-TEM (RCP 2.6 and RCP 8.5)

Non-peatland
Peatland

Vegetation C
density change (kg
C m-2)
+0.6~-1.2
-9.49

SOC density
change (kg C m-2)

Ref

~
-3.88

Ref.
26
Ref.
27

-0.45 (+0.23~-1.13)
-0.34 (+0.19~0.86)

-1.55 (+0.18~-3.28)
-6 (+3.15~-15.2)
𝐏𝐞𝐚𝐭𝐥𝐚𝐧𝐝
= 𝟑. 𝟗
𝐍𝐨𝐧 𝐩𝐞𝐚𝐭𝐥𝐚𝐧𝐝

P-TEM (precipitation -5% and -15%)

Non-peatland
Peatland

-0.49 (+0.19~1.17)
-0.42 (+0.17~--1)

-1.61 (+0.13~--3.35)
-9.31 (+1.89~-20.5)
𝐏𝐞𝐚𝐭𝐥𝐚𝐧𝐝
= 𝟓. 𝟖
𝐍𝐨𝐧 𝐩𝐞𝐚𝐭𝐥𝐚𝐧𝐝

Ref 26: Cox et al., 2004; Ref 27: Rammig et al., 2010
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CHAPTER 5.
QUANTIFYING PEAT SOIL CARBON
ACCUMULATION IN NORTH AMERICA DURING THE LAST 12,000
YEARS4
5.1.

Introduction
Among all terrestrial ecosystems, peatlands form the largest reservoir of Soil Organic

Carbon (SOC). Global peatlands cover approximately 3% (4 million km2 ) of the land area on the
planet, but sequester 400-600 Pg C (1 Pg C = 1015 g C) (Gorham, 1991, 1995; Clymo, 1998; Yu
et al., 2010; Maltby and Immirzi, 1993). Peatlands accumulate carbon mainly because
waterlogged soils decrease their carbon decomposition through anaerobic respiration. This
favorable hydrological condition along with other climate factors allow carbon to accumulate in
peatland ecosystems during the past several thousand years (Gorham et al., 2012; MacDonald et
al., 2006; Jones and Yu, 2010; Turunen et al., 2002). As a result, northern peatlands have stored
200-455 Pg C (Harden et al., 1992; Kivinen and Pakarinen, 1981). Tropical and subtropical
peatlands account for 15-19% (~88 Pg C) of the global peatlands SOC stock (Page et al., 2004,
2011).
Northern peatlands are largely located in Canada, Russia, Alaska and Fennoscandian
countries (Lappalainen, 1996; Turunen et al., 2002) and have been acting as a long-term carbon
dioxide (CO2) sink and methane (CH4) source during the Holocene period (Bridgham et al.,
2006; Jones and Yu, 2010). As warming has been projected to continue in the 21st century,
particularly in northern high-latitudes (IPCC, 2014), the climate trend could potentially modify,
or shift the balance between peat SOC production and decomposition in the future (Frolking et
al., 2011; Turunen et al., 2002; McGuire et al., 2009). Recent studies have focused on the
mechanism of the responses of peatland carbon accumulation to climate change in the northern
high-latitude regions using long-term carbon dating and modeling approaches (Dorrepaal et al.,
4

Wang, S., Zhuang, Q., Aires, F., Prigent, C., Yu, Z., Keller, J., and Bridgham, S.,
Quantifying peat soil carbon accumulation in North America during the last 12,000 years,
2019 (To be submitted to JGR-Biogeoscience).
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2009; Charman et al., 2013; Yu et al., 2009, 2012; Davidson and Janssens, 2006; Christensen
and Christensen, 2007; Wang et al., 2016a, 2016b). Warming may lead to a greater Net Primary
Productivity (NPP) and subsequently enhance peat SOC accumulation, but may also lead to an
enhanced soil decomposition and evapotranspiration (Hobbie et al., 2000; Loisel et al., 2012; Yu
et al., 2009). In contrast to the view that warming may slow the peat SOC accumulation
(Dorrepaal et al., 2009), recent studies focusing on the peat SOC accumulation during the
Holocene have indicated that higher temperature may stimulate the carbon accumulation at
millennial timescales over the northern peatlands (Wang et al., 2016a, 2016b; Jones and Yu,
2010, Loisel et al., 2014). Other climate factors such as the seasonality of Photosynthetically
Active Radiation (PAR), the seasonality of temperature, annual precipitation and the growing
season length may also play an important role in controlling the carbon dynamics in northern
peatlands (Jones and Yu, 2010; He et al., 2014; Wang et al., 2016a, 2016b).
Tropical and subtropical peatlands are mainly distributed in Southeast Asia (~56%, Page
et al., 2004, 2011), and South and Central America (~23%, Lähteenoja et al., 2009a, 2009b).
They are largely restricted to poorly drained coastal regions and inland fluvial plains (Gore,
1983; Maltby and Immirzi, 1993; Lähteenoja and Page, 2011). High evapotranspiration rate
resulting from the warm air temperature could limit the waterlogged conditions and warm
subsurface temperature increases the carbon decomposition, limiting the formation of peatlands
in tropical and subtropical regions (Gore, 1983; Chapin et al., 2002; Davidson et al., 2000;
Trumbore et al., 1996). Recent research suggests that the prevailing climate (Wang et al., 2018)
along with the autogenic processes of peatlands (transition from minerotrophic to ombrotrophic
conditions, Lähteenoja and Page, 2011) could be important factors affecting the tropical peat
formation in the Amazon basin. Specifically. Wang et al (2018) suggests that warming
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accelerates peat SOC loss while increasing precipitation stimulates peat SOC accumulation at
millennial timescales. Under warmer and presumably wetter conditions over the 21st century,
tropical peatlands are more likely to switch from a carbon sink to a carbon source. Further, SOC
accumulation could also be largely controlled by non-climate factors such as the transition from
minerotrophic to ombrotrophic conditions induced by the form and thickness of the peat deposit,
and the active lateral migration of rivers (Lähteenoja and Page, 2011; Lähteenoja et al., 2012).
Studies have been conducted to advance the understanding of the peat carbon dynamics
resulting from the climate and geological factors (Turunen et al., 2002; Roulet et al., 2007; Yu et
al., 2009; Lähteenoja et al., 2009a, 2009b, 2012; Swindles et al., 2014; Kelly et al., 2017;
Roucoux et al., 2013). However, the interaction between peat carbon accumulation and the
climate change still remains difficult to assess (Loisel et al., 2012, 2014). The main reasons are:
(1) the understanding of the mechanism of peatland responses to climate change is limited
(Frolking et al., 2011; Loisel et al., 2014; Belyea, 2009), (2) there are data gaps and large
uncertainties in regional peat SOC stocks using field measurements (Yu, 2012), and (3) few
modeling studies have focused on peatland carbon dynamics (but see Spahni et al., 2013;
Frolking et al., 2010; Kleinen et al., 2012).
In this study, a peatland terrestrial ecosystem model (P-TEM) was developed by coupling
a hydrological module (HM), a soil thermal module (STM), a methane module (MDM), and a
carbon and nitrogen module (CNDM) (Wang et al., 2016a,b, 2018). P-TEM has been
parameterized and applied to estimate the regional peat carbon accumulation rates and current
stocks in Alaska (northern peatlands) and in the Amazon basin (tropical peatlands) over the past
several thousand years. Here, we parameterize and evaluate the model using long-term peat
accumulation rate data at multiple sites in Alaska, Canada, the northern conterminous USA, and
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the Florida Everglades. The model was then applied to simulate the peat SOC accumulation in
the past 12,000 years and quantify the current peat SOC stocks in North America.

5.2.

Methods

5.2.1 Model Framework
5.2.1.1 Peat Soil Organic Carbon Accumulation Rate
Peat SOC accumulation rate is determined by NPP and aerobic and anaerobic respiration
based on the core carbon and nitrogen dynamic module (CNDM, Zhuang et al., 2003; Wang et al.,
2016a). The net ecosystem production (NEP) for the peatland ecosystem is calculated at a monthly
step:
NEP = NPP − 𝑅𝐻 − 𝑅𝐶𝐻4 − 𝑅𝐶𝑊𝑀 − 𝑅𝐶𝑀 − 𝑅𝐶𝑂𝑀 (1)
NPP is the monthly net primary production. 𝑅𝐻 is the monthly aerobic respiration related
to the variability of the water table depth, soil moisture, soil temperature, and soil organic C. 𝑅𝐶𝐻4
is the monthly methane emission after methane oxidation. 𝑅𝐶𝑊𝑀 represents the CO2 emission due
to methane oxidation (Zhuang et al., 2015). 𝑅𝐶𝑀 represents the CO2 release related to the
methanogenesis (Tang et al., 2010). 𝑅𝐶𝑂𝑀 represents the CO2 release from other anaerobic
processes (e.g., fermentation and terminal electron acceptor reduction, Keller and Bridgham,
2007).
5.2.1.2 Net Primary Production (NPP)
Gross primary production (GPP, see Raich et al. 1991 for details) is defined as the total
assimilation of CO2-C by plants, excluding photorespiration. GPP is modeled as a function of the
irradiance of photosynthetically active radiation (PAR), atmospheric CO2 concentrations, moisture
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availability, mean air temperature, the relative photosynthetic capacity of the vegetation, and
nitrogen availability:
𝑃𝐴𝑅

GPP = (𝐶𝑚𝑎𝑥 ) 𝑘 +𝑃𝐴𝑅 𝑘
𝑖

𝐶𝑖
𝑐 +𝐶𝑖

𝑓(𝑃𝐻𝐸𝑁𝑂𝐿𝑂𝐺𝑌)𝑓(𝐹𝑂𝐿𝐼𝐴𝐺𝐸)𝑓(𝑇)𝑓(𝑁𝐴)

(2)

where 𝐶𝑚𝑎𝑥 is the monthly maximum rate of C assimilation by the entire plant canopy under
optimal environmental conditions (g m−2 month−1 ); PAR is the irradiance of photosynthetically
active radiation at canopy level (J cm−2 day −1 ); 𝑘𝑖 is the irradiance at which C assimilation
proceeds at one-half its maximum rate; 𝐶𝑖 is the concentration of CO2 inside leaves (mL L−1); 𝑘𝑐
is the internal CO2 concentration at which C assimilation proceeds at one-half its maximum rate.
𝑓(𝑃𝐻𝐸𝑁𝑂𝐿𝑂𝐺𝑌) is monthly leaf area relative to leaf area during the month of maximum leaf area
and depends on monthly estimated evapotranspiration (Raich et al., 1991). 𝑓(𝐹𝑂𝐿𝐼𝐴𝐺𝐸) is a
scaling function that ranges from 0.0 to 1.0 and represents the ratio of canopy leaf biomass relative
to maximum leaf biomass. 𝑇 is monthly air temperature and 𝑁𝐴 is nitrogen availability. The
function 𝑓(𝑁𝐴) models the limiting effects of plant nitrogen status on GPP.
Plant (autotrophic) respiration (𝑅𝐴 , see Raich et al. 1991 for details) is the total respiration
(excluding photorespiration), including all CO2 production from the various processes of plant
maintenance, nutrient uptake, and biomass construction. 𝑅𝐴 is the sum of maintenance respiration
(𝑅𝑚 ), and growth respiration (𝑅𝑔 ):
𝑅𝐴 = 𝑅𝑚 + 𝑅𝑔

(3)

The maintenance respiration is modeled as a direct function of plant biomass (𝐶𝑉 ).We assume that
increasing temperatures increase maintenance respiration logarithmically with a 𝑄10 of 2 over all
temperatures:
𝑅𝑚 = 𝐾𝑟 (𝐶𝑉 )𝑒 0.0693𝑇 (4)
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where 𝐾𝑟 is the respiration rate of the vegetation per unit of biomass carbon at 0℃
(g g −1 month−1), and T is the mean monthly air temperature (℃). Growth or construction
respiration 𝑅𝑔 is estimated to be 20% of the difference between GPP and 𝑅𝑚 :
NPP′t = GPPt − 𝑅𝑚𝑡 (5)
𝑅𝑔𝑡 = 0.2NPP′t

(6)

where NPP′ is the potential net primary production assuming that the conversion efficiency of
photosynthate to biomass is 100% and t refers to the monthly time step.
Net primary production (NPP) is the difference between GPP and autotrophic respiration
(𝑅𝐴𝑡 ):
NPPt = GPPt − 𝑅𝐴𝑡

(7)

where NPP is calibrated to correctly estimate annual NPP since monthly observed NPP do not
exist for most vegetation types from the field measurements.

5.2.1.3 Aerobic Respiration Related to Water Table Depth (𝑹𝑯 )
SOC aerobic respiration related to the variability of water table depth (𝑅𝐻 ) is calculated as:
𝑊𝑇𝐷

𝑅𝐻 = 𝐾𝑑 𝐶𝑠1 𝑓(𝑀𝑉 )𝑒 0.069𝐻𝑇 𝐿𝑊𝐵

(8)

where 𝑀𝑉 represents the mean monthly soil water content (percentage of saturation) in the peat
unsaturated zone above the water table depth (WTD). 𝐾𝑑 is a logarithm of heterotrophic rate at
0℃. 𝐻𝑇 is the mean monthly temperature of the soil above the lowest water table boundary (LWB,
a fixed parameter, the soil below which is set saturated, Granberg et al., 1999). The SOC between
LWB and soil surface (𝐶𝑠1 ) in the transient simulation is obtained after a 2000-year equilibrium
run.
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5.2.1.4 𝑹𝑪𝑯𝟒 , 𝑹𝑪𝑾𝑴 , 𝑹𝑪𝑴 , and 𝑹𝑪𝑶𝑴
𝑅𝐶𝐻4 represents the monthly methane emission after methane oxidation (see Zhuang et al
(2004) for details):
𝑅𝐶𝐻4 = 𝑀𝑃 − 𝑀𝑂

(9)

where 𝑀𝑃 is the monthly methane production /methanogenesis and 𝑀𝑂 is the monthly methane
oxidation.
𝑀𝑃 is modeled as an anaerobic process that occurs in the saturated zone of the soil profile.
It is calculated as the integration of the hourly methanogenesis (𝑀𝑃 (𝑧, 𝑡)) at each 1-cm layer:
24×30

𝑀𝑃 = ∫𝑡=1

100

∫𝑧=1 𝑀𝑃 (𝑧, 𝑡) 𝑑𝑡𝑑𝑧

(10)

where
𝑀𝑃 (𝑧, 𝑡) = 𝑀𝐺0 𝑓(𝑆𝑂𝑀 (𝑧, 𝑡))𝑓(𝑀𝑆𝑇 (𝑧, 𝑡))𝑓(𝑝𝐻(𝑧, 𝑡))𝑓(𝑅𝑋 (𝑧, 𝑡)) (11)
𝑀𝐺0 is the ecosystem-specific maximum potential production rate. 𝑓(𝑆𝑂𝑀 (𝑧, 𝑡)) is a
multiplier that enhances methanogenesis with increasing methanogenic substrate availability,
which is a function of net primary production of the overlying vegetation. 𝑓(𝑀𝑆𝑇 (𝑧, 𝑡)) is a
multiplier that enhances methanogenesis with increasing soil temperatures. 𝑓(𝑝𝐻(𝑧, 𝑡)) is a
multiplier that diminishes methanogenesis if the soil-water pH is not optimal (i.e., pH=7.5, a
constant in the model). 𝑓(𝑅𝑋 (𝑧, 𝑡)) is a multiplier that describes the effects of the availability of
electron acceptors which is related to redox potential on methanogenesis.
𝑀𝑂 is modeled as the integration of hourly methane oxidation rate (𝑀𝑂 (𝑧, 𝑡)) at each 1-cm
layer:
24×30

𝑀𝑂 = ∫𝑡=1
where

100

∫𝑧=1 𝑀𝑂 (𝑧, 𝑡) 𝑑𝑡𝑑𝑧

(12)
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𝑀𝑂 (𝑧, 𝑡) = 𝑂𝑀𝐴𝑋 𝑓(𝐶𝑀 (𝑧, 𝑡))𝑓(𝑇𝑆𝑂𝐼𝐿 (𝑧, 𝑡))𝑓(𝐸𝑆𝑀 (𝑧, 𝑡))𝑓(𝑅𝑂𝑋 (𝑧, 𝑡))

(13)

𝑂𝑀𝐴𝑋 is the ecosystem-specific maximum oxidation coefficient; 𝑓(𝐶𝑀 (𝑧, 𝑡)) is a multiplier
that enhances methanotrophy with increasing soil methane concentrations; 𝑓(𝑇𝑆𝑂𝐼𝐿 (𝑧, 𝑡)) is a
multiplier that enhances methanotrophy with increasing soil temperatures; 𝑓(𝐸𝑆𝑀 (𝑧, 𝑡)) is a
multiplier that diminishes methanotrophy if the soil moisture is not at an optimum level; and
𝑓(𝑅𝑂𝑋 (𝑧, 𝑡)) is a multiplier that enhances methanotrophy as redox potentials increase.
𝑅𝐶𝑊𝑀 is the CO2 emission due to methane oxidation; 𝑅𝐶𝑀 is the CO2 release accompanied with
methanogenesis. We assume the same amount of CO2 is released along with the methane
production (𝑀𝑃 ). 𝑅𝐶𝑂𝑀 is the CO2 release from other anaerobic processes. We assume
Rcom/RCH4=5.
5.2.2 Model Parameterization
Key parameters of the individual modules, including HM, STM, and MDM have been
parameterized in our previous studies of northern peatlands and tropical peatlands (see Wang et
al., 2016a, 2018 for details). Here, we re-adjusted those key parameters (Table 5.1) based on the
annual C fluxes and pools at multiple sites of northern and subtropical peatlands. We first
conducted the initial Monte Carlo simulations to get the proper prior range of the parameter space
for peatland ecosystems based on the original parameter space obtained from the parameterization
in our previous studies. Annual C fluxes and pools taken from two sites in Alaska (APEXCON
and APEXPER) were used to obtain the prior distribution for northern peatlands during the initial
parameterization (Table 5.2). Annual C fluxes and pools taken from the large Shark River Slough
(SRS) basin and the Taylor River/C-111/Florida Bay Basin (TS/Ph) in South Florida were used to
obtain the prior distribution for subtropical peatlands in the Great Everglades and other coastal
regions (Table 5.2). A Latin Hypercube Sampler (Iman et al., 1988) was applied to draw 5000 sets
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of parameters from their uniform distributions. The model was then driven by the climate data
(Figure 5.1) from 1900 to 1990 AD. We averaged the simulated monthly C fluxes and pools
(aboveground NPP, annual belowground NPP, annual total NPP, aboveground vegetation carbon,
belowground vegetation carbon, and total vegetation carbon) to annual values and then averaged
them from 1900 to 1990 AD. All parameter sets were selected based on which the simulated annual
C fluxes and pools are within the uncertainty ranges of the field measurements (Table 5.3). The
prior distribution of Sphagnum open fen and Sphagnum black spruce bog were then merged to
represent the prior distribution for northern peatlands. Similarly, the prior distribution of sawgrass
swamp and mangrove tree island were merged to represent the prior distribution for subtropical
peatlands.
To select the highest plausible sets of parameters, a Bayes’ framework was applied (see
Tang and Zhuang (2009) for details):
P(𝛉|𝐕) ∝ P(𝐕|𝛉)P(𝛉)

(14)

where P(𝛉|𝐕) is the posterior after the Bayesian inference conditioned on the available field
measurements 𝐕. 𝛉 is the matrix of the parameters for adjustment. 𝐕 is the difference matrix
between the Monte Carlo simulations and the corresponding field measurements. P(𝛉) is the prior
distribution for peatland ecosystems obtained from the initial Monte Carlo ensemble simulations.
P(𝐕|𝛉) is the likelihood function, which is calculated as the function of the difference between
Monte Carlo simulations and available field measurements. We again applied the LHS algorithm
to draw 1000 sets of parameters from the prior distributions obtained from the previous Monte
Carlo simulations. The observational data/ field measurement data are peat SOC accumulation
rates in Alaska, Canada, north conterminous USA, and South Florida (subtropical regions), USA
(Table 5.4) in 500-year bins from their basal ages to 2014 AD. We then averaged the simulated
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monthly SOC accumulation rates at those sites into 500-year bins and compared them with the
field measurement data. We next applied the Sampling Importance Resampling (SIR) technique
(Skare et al., 2003) to draw 50 highest plausible parameter sets as the posterior distributions.
Finally, we grouped the posterior distributions obtained from different sites into 5 different groups
based on their latitudes (subtropical region, latitude 40º-45º, latitude 45º-49º, latitude 49º-60º, and
latitude 60º-72º). We next averaged the posterior parameter space of each site within the
corresponding group (Table 5.4).
5.2.3 Regional Simulations and Uncertainty Quantification
Basal ages were calculated by averaging the basal ages from all peatland sites from Loisel
et al (2014) and MacDonald et al (2006) (see Figure 1 in MacDonald et al (2006) for basal age
distribution of northern peatlands). The averaged basal age for northern peatlands in Canada,
Alaska, and northern conterminous USA is 12 ka (1 ka = 1000 years before present) and the
averaged basal age for subtropical peatlands in North America is 4 ka. Northern peatlands were
grouped into 4 sub-regions by their latitudes (e.g., latitude 40º-45º, latitude 45º-49º, latitude 49º60º, and latitude 60º-72º) based on the peatland distribution map taken from Yu et al (2010). The
peatland map was then downscaled into 0.5º by 0.5º resolution (Figure 5.2). Regional simulations
were conducted within each group by applying the averaged parameter sets from their posterior
distributions from the corresponding group (see Table 5.4 for averaged parameter sets from their
posterior distribution for each group). The total peat SOC stocks of North America were calculated
by multiplying the current peat SOC density by the corresponding inundation percentage at each
pixel (Figure 5.2, see Aires et al (2017) for inundation distribution). The inundation map is
assumed to be static over the simulation period (12 ka till 2014 AD) by averaging the annual
variations within each grid (1993 to 2007). A 500-year run was conducted for peatland ecosystem
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ahead of the basal age using parameters of non-peatland ecosystems to determine the initial SOC
within the upper 1 m mineral soil underlying the peat deposit. The parameters used for the 500year initial simulation were taken from Wang et al (2016b) for northern soils and Wang et al (2018)
for subtropical soils.
The uncertainty of the estimated total peat SOC stocks in North America resulting from
the parameterization was quantified. 20 sets of parameters were randomly drawn from the posterior
distributions respectively from each latitude group. Based on the randomly selected parameters,
all pixels in the study area were assigned with the same climate forcing data (Figure 5.1).
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Table 5.1. Description of the model parameters and their final values after optimization via (1)
Initial Monte Carlo simulations, and (2) Second step Monte Carlo simulations and Bayesian
inference. The values are the mean values with 1.96 standard deviation from the posterior
distributions for each latitude group after the optimization. 𝑇𝑚𝑖𝑛 , 𝑇𝑜𝑝𝑡𝑚𝑖𝑛 , 𝑇𝑜𝑝𝑡𝑚𝑎𝑥 , 𝑇𝑚𝑎𝑥 ,
𝐷𝑚𝑜𝑠𝑠 , 𝐷𝑜𝑟𝑔 , and 𝑃𝑡𝑜𝑡 were prescribed.
Variables

Description

𝐶𝑉

Unit

Latitude
60º-72º

Latitude
49º-60º

Latitude
45º-49º

Latitude
40º-45º

Subtropical

Initiala organic C g m−2
density in
vegetation

633.45±108

633.45±108

633.45±108

633.45±108

13671.05±1291

𝐶𝑆

Initiala organic C g m−2
density in soil

11859.75±1542

11859.75±1542

11859.75±1542

11859.75±1542

12204.04±1636

𝐶𝑚𝑎𝑥

Maximum rate of gCm−2 month−1
assimilation
through
photosynthesis

586.35±54

1260.99±121

912.78±78

1300.99±153

859.42±65

CFALL

Proportion of
g g −1 month−1
vegetation C loss as
litterfall

0.036±0.009

0.028±0.007

0.03±0.008

0.038±0.009

0.031±0.008

𝐶𝑉𝐿𝑚𝑎𝑥

Maximum canopyg m−2
leaf C density

124.02±11

129.37±13

128.32±13

126.34±13

454.5±22

𝐾𝑑

Aerobic
g g −1 month−1
heterotrophic
respiration at 0℃

0.011±0.0005

0.012±0.0005

0.0097±0.0003

0.012±0.0005

0.012±0.0005

𝑇𝑚𝑖𝑛

Minimum
℃
temperature for
GPPb

-1.0

-1.0

-1.0

0.0

10.0

𝑇𝑜𝑝𝑡𝑚𝑖𝑛

Minimum optimum
℃
temperature for
GPP

5.5

5.5

14.0

17.0

21.9

𝑇𝑜𝑝𝑡𝑚𝑎𝑥

Maximum optimum
℃
temperature for
GPP

20.0

20.0

25.0

30.9

32.7

𝑇𝑚𝑎𝑥

Maximum
℃
temperature for
GPP

22.0

22.0

30.0

34.0

37.0

𝐷𝑚𝑜𝑠𝑠

Thickness of mosscm
layer

10.0

10.0

10.0

10.0

10.0

𝐷𝑜𝑟𝑔

Thickness of
cm
organic layer above
LWB

20.0

20.0

20.0

20.0

20.0

LWB

cm
Lowest water-table
boundary

30.0±5.2

30.0±5.2

30.0±5.2

30.0±5.2

30.0±5.2

𝑃𝑡𝑜𝑡

Total porosity of %
two layers

94, 88

95, 88

95, 83

95, 88

98, 90
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Table 5.2. Description of sites in northern peatlands and subtropical peatlands and variables used
for parameterizing the carbon fluxes and pools in core carbon and nitrogen module (CNDM).
Sitea

Vegetation

Observed variables for CNDM
parameterization

References

APEXCON

Moderate rich open fen with
sedges (Carex sp.), spiked
rushes (Eleocharis sp.),
Sphagnum spp., and brown
mosses (e.g., Drepanocladus
aduncus)

Mean annual aboveground and belowground
NPP in 2009;
Aboveground biomass in 2009

Chivers et al. (2009)
Turetsky et al. (2008)
Kane et al. (2010)
Churchill et al. (2011)

APEXPER

Peat plateau bog with black
spruce (Picea mariana),
Sphagnum spp., and feather
mosses
Fresh water marshes dominated
by sawgrass (Cladium
jamaicense)

SRS-3
SRS-4
TS/Ph-3
TS/Ph-6
SRS-4
SRS-5
SRS-6
TS/Ph-6
TS/Ph-7
TS/Ph-8
aThe

Freshwater mangrove forests (C.
jamaicense-Eleocharis sp. and
scrub R. mangle-C. erectus,
Avicennia germinans and L.
racemosa) that dot the tree
islands

Mean annual aboveground and below ground
NPP in 2004;
Aboveground and belowground biomass in
2004
Mean annual aboveground and below ground
NPP in 2004;
Aboveground and belowground biomass in
2004

Ewe et al. (2006)
Juszli et al. (2006)
Castañeda-Moya et al.
(2013)

Alaskan Peatland Experiment (APEX) site is adjacent to the Bonanza Creek Experimental Forest (BCEF) site,
approximately 35 km southwest of Fairbanks, AK. (Hinzman et al., 2006). The large Shark River Slough (SRS) basin discharge
is channeled via Shark River. The Taylor River/C-111/Florida Bay Basin (TS/Ph) drains southeast Everglades National Park and
is a much smaller basin that drains into a considerably larger estuarine and subtidal area. A ratio of 0.47 was used to convert
vegetation biomass to carbon for northern peatlands (Raich 1991). Annual NPP of sawgrass and mangrove were converted from
biomass to carbon based on plant carbon content. Sawgrass biomass 48% carbon and mangrove 44% carbon.
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Table 5.3. Carbon fluxes and pools stocks in northern and subtropical peatlands used for
parameter optimization of P-TEM. Values in the columns “Observation” refer to values taken
from literature, whereas values in the columns “Simulation” refer to the averaged values from all
selected plausible parameter sets after the initial Monte Carlo simulations.
Sphagnum Open Fen
Annual Carbon Fluxes or Poolsa
NPP
Aboveground Vegetation Carbon
Belowground Vegetation Carbon
Total Vegetation Carbon Density
Litter Fall Carbon Flux
Methane Emission Flux

Observation

Simulation

445±260
149-287
347-669
496-856
300
19.5

410

800
333
19.2

Sawgrass swamp
Observation

Simulation

Sphagnum Black Spruce
Bog
Observation Simulation
433±107
423
987
1410
300
9.7

390

1300
290
12.8

References

Turetsky et al. (2008),
Churchill (2011)
Saarinen et al. (1996)
Moore et al. (2002)
Zhuang et al. (2002)
Tarnocai et al. (2009)
Kuhry and Vitt (1996)

Mangrove tree island
Observation

Simulation

Ewe et al. (2006)
Aboveground NPP
213±18
Juszli et al. (2006)
Belowground NPP
213±49
Castañeda-Moya et al.
Total NPP
416
993
904
(2013)
426±67
Aboveground Vegetation Carbon
2888
348±120
Belowground Vegetation Carbon
1632
685±110
Total Vegetation Carbon Density
984
4520
4139
1033±230
a Units for annual net primary production (NPP) and litter fall carbon are g C m−2 yr −1 . Units for vegetation carbon density are
g C m−2 . Units for methane emissions are g C − CH4 m−2 yr −1 . The simulated total annual methane fluxes were compared with
the observations at APEXCON in 2005 and SPRUCE in 2012. The observed aboveground and belowground NPP, and observed
aboveground and belowground vegetation carbon are the mean values from SRS and TS/Ph sites.
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Table 5.4. Description of sites in Canada, Alaska, northern conterminous US, and subtropical
regions in the USA used for optimizing the model parameters from their prior distributions. Sites
were grouped into different latitude regions.
Site name

Location

Peatland type

Latitude

Longitude

Basal age (cal yr BP)

Subtropical Region
Sawgrass
swamp, ridge
and slough

25º17'N

80º53'W

4,500

98-4-23 00-8- South Florida, Mangrove tree
7-1
USA
island

25º17'N

80º53'W

3,000

02-05-21-5 02- South Florida,
05-21-2
USA

Latitude 40º-45º
Caribou Bog

Maine, USA

Bog

45ºN

69ºW

12,500

Sidney Bog

Maine, USA

Bog

44.39ºN

69.79ºW

11,000

Petite Bog

Canada

Bog

45.1ºN

63.94ºW

11,000

Latitude 45º-49º
FRON-2

Canada

Bog

45.97ºN

71.13ºW

12,500

South Rhody

Upper
Michigan, USA

Bog

46.55ºN

86.07ºW

10,559

Denbigh

North Dakota,
USA

Fen

48.22ºN

100.5ºW

12,455

MAL-2

Canada

Bog

47.6ºN

70.97ºW

10,500

Latitude 49º-60º
Sundance Fen

Canada

Fen

53.58ºN

116.75ºW

11,000

Patuanak

Canada

Internal Lawn

55.85ºN

107.68ºW

9,000

Joey Lake

Canada

Bog

55.47ºN

98.15ºW

8,500

JBL3

Canada

Bog

52.87ºN

89.93ºW

8,000

Nordan’s Pond
Bog

Canada

Bog

53.6ºN

49.17ºW

9,000

Slave Lake Bog

Canada

Bog

55.01ºN

114.09ºW

10,500

Latitude 60º-72º
Kenai Gasfield

Alaska, USA

Fen

60.45ºN

151.25ºW

11,408

Horse Trail Fen

Alaska, USA

Fen

60.42ºN

150.9ºW

13,000

No Name Creek

Alaska, USA

Fen

60.63ºN

151.08ºW

11,526

Swanson Fen

Alaska, USA

Fen

60.79ºN

150.83ºW

14,225

References
Hu et al. (1994)
Lavoie and Richard (2000)
Gorham et al. (2003)
Booth et al. (2004)
Camill et al. (2009)
Yu et al. (2010)
Jones et al. (2014)
Charman et al. (2015)
Wang et al. (2016a)
Wang et al. (2016b)
Beilman, unpubl
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Figure 5.1. Climate forcing of annual (a) temperature, (c) precipitation, (e) photosynthetically
active radiation (PAR) and monthly mean (b) temperature, (d) precipitation, and (f) PAR for
North America.

Figure 5.2. Mean inundation (%) for the peatlands in North America (northern peatlands and
subtropical peatlands) at the P-TEM resolution of 0.5º by 0.5º (Aires et al., 2017). Blank areas in
the map indicate non-peatland.
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5.3.

Results and Discussion

5.3.1 Site-level Evaluation
Peat soil organic carbon accumulation (SOC) rates were simulated at multiple sites
individually to adjust and evaluate the model performance. In the region of latitude 60º-72º that
covers Alaska and northern Canada, the simulations of 4 sites in Alaska in 500-year bins showed
a large variation from 15 ka to 5 ka (Figure 5.3, see figures in Wang et al (2016a) for details).
The large peak of SOC accumulation rates at 11 ka-9 ka (during the Holocene Thermal
Maximum (HTM)) and the secondary peak at 6 ka-5 ka were captured with the magnitudes well
estimated at No Name Creek and Horse Trail Fen sites. Overall, the simulated trend of SOC
accumulation rates was consistent with the curves from the observation from the four sites. The
𝑅 2 coefficient between the simulation and observation was 0.88 for Horse Trail Fen, 0.87 for No
Name Creek, 0.38 for Gasfiled and -0.05 for Swanson Fen. The negative correlation at Swanson
Fen may result from the time shifted between the simulated accumulation peak in the late HTM
and the observed peak in the early HTM (Wang et el., 2016a). In the region of latitude 49º-60º
that covers the main area of Canada, the 500-year bins indicated a largest peak at 9 ka-8 ka at
both Nordan’s Pond Bog and Slave Lake Bog sites (Figure 5.4). This time period was consistent
with the high SOC accumulation rate peak that occurred during the late HTM at four sites in
Alaska. The largest peak at Sundance Fen and Joey Lake Bog sites shifted to 8.5 ka-8 ka, while
the peak at Patuanak Bog site shifted to 7.5 ka-7 ka. No peak was observed at JBL3 Bog site.
The magnitudes of the largest peaks at the sites in latitude 49º-60º were in the range of 55 to 90
g C m−2 yr −1 , comparable to the largest peaks at the sites in latitude 60º-72º, indicating similar
long-term peat SOC accumulation pattern in northern peatlands. P-TEM captured the largest
peaks at all sites but underestimated the SOC accumulation rates in magnitude. At Sundance Fen
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site, the modeled primary peak shifted 1 ka (Figure 5.4). The observed pattern of SOC
accumulation rates also showed a secondary peak of accumulation at 1.5 ka -2014 AD (0 ka),
with the magnitudes varied from 10 to >100 g C m−2 yr −1. P-TEM underestimated the
magnitude at Sundance Fen and patuanak Bog sites while overestimated the magnitude at Joey
Lake Bog, JBL3 Bog, Nordan’s Pond Bog, and Slave Lake Bog sites. The 𝑅 2 coefficient
between the simulation and observation was 0.43 for Patuanak Bog, 0.44 for Joey Lake Bog,
0.46 for Sundance Fen, 0.61 for JBL3 Bog, 0.77 for Nordan’s Pond Bog, and 0.84 for Slave Lake
Bog. In the region of latitude 45º-49º and latitude 40º-45º in the northern conterminous USA, the
observed long-term peat SOC accumulation rates at most sites again showed significant peaks at
late HTM (10 ka-9 ka) and early-to-mid Holocene (9 ka-7.5 ka) (Figures 5.5 and 5.6). The
magnitudes of the peaks range from 35 to 95 g C m−2 yr −1, comparable to the regions of latitude
49º-60º and latitude 60º-72º (Figures 5.3 and 5.4). Caribou Bog site had the most significant
increase of accumulation rate while no obvious peak was observed at South Rhody and FRON-2
Bog sites. The model captured all the primary peaks overall. SOC accumulation peaks at Caribou
Bog, Denbigh Fen, and MAL-2 Bog sites were underestimated by the simulation. P-TEM
accurately simulated the peaks at FRON-2 Bog, Sidney Bog, and Petite Bog sites. Similarly, a
secondary peak of SOC accumulation rate was observed at all sites at 1 ka to 2014 AD (0 ka).
The model simulated this secondary peak well at most of the sites. The 𝑅 2 coefficient between
the simulation and observation was 0.55 for MAL-2 Bog, 0.7 for Denbigh Fen, 0.74 for FRON-2
Bog, 0.82 for South Rhody in the region of latitude 45º-49º. The 𝑅 2 was 0.75 for Petite Bog,
0.78 for Sidney Bog, and 0.84 for Caribou Bog in the region of latitude 40º-45º.
In the subtropical region within North America, observed long-term peat SOC showed a
large variation between sawgrass (< 10 g C m−2 yr −1 ) peatland and tree island peatland (70-200
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g C m−2 yr −1 ) (Figure 5.7). SOC accumulation rates in 250-year bins showed similar pattern at
02-05-21-5 and 02-05-21-2 sites with most of the rates below 10 g C m−2 yr −1 . Tree island
peatland at 98-4-23 site had much higher accumulation rates in 100-years bins after 1.1 ka when
the transition from sawgrass to tree island was assumed according to the observation (Jones et
al., 2014). Peaks at all three sites were observed after 0.5 ka and were captured but largely
underestimated by the model (Figure 5.7). The 𝑅 2 was 0.45 for 02-05-21-5, 0.49 for 02-05-21-2,
and 0.8 for 98-4-23.

Figure 5.3. Simulated and observed carbon accumulation rates from 14.5 ka to 5 ka in 500-year
bins in latitude 60º-72º for (a) No Name Creek; (b) Horse Trail Fen; (c) Kenai Gasfield; and (d)
Swanson Fen (see Figure 4 in Wang et al (2016a)).
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Figure 5.4. Simulated and observed carbon accumulation rates from 12.5 ka to 2014 AD (0 ka) in
500-year bins in latitude 49º-60º for (a) Sundance Fen; (b) Patuanak Bog; (c) Joey Lake Bog; (d)
JBL3 Bog; (e) Nordan’s Pond Bog; and (f) Slave Lake Bog. Only the comparisons within the
time period with available observed data were conducted.

Figure 5.5. Simulated and observed carbon accumulation rates from 12.5 ka to 2014 AD (0 ka) in
500-year bins in latitude 45º-49º for (a) South Rhody; (b) Denbigh Fen; (c) FRON-2 Bog; and
(d) MAL-2 Bog. Only the comparisons within the time period with available observed data were
conducted.
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Figure 5.6. Simulated and observed carbon accumulation rates from 12.5 ka to 2014 AD (0 ka) in
500-year bins in latitude 40º-45º for (a) Caribou Bog; (b) Sidney Bog; and (c) Petite Bog. Only
the comparisons within the time period with available observed data were conducted.

Figure 5.7. Simulated and observed carbon accumulation rates from 4.5 ka to 2014 AD (0 ka) in
250-year bins in subtropical region for (a) sawgrass; and from 3 ka to 2014 AD (0 ka) in 100years bins for (b) sawgrass and tree island. The transition from sawgrass to tree island was
assumed according to the observation (Jones et al., 2014).
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5.3.2 Carbon Accumulation in North America
The peat SOC density distribution showed a large spatial variation in the region of
latitude 60º-72º (Figure 5.8). Peatlands were largely distributed in the west part of the region
including Alaska and western Canada. Peatlands in Alaska had a relatively low SOC density
ranging from 0 to 150 kg C m−2 with higher density distributed in central Alaska. The western
Canada has much higher SOC density up to 400 kg C m−2 . In the region of latitude 49º-60º, most
peatlands had the current SOC density between 100 and 300 kg C m−2. Low SOC density areas
fell within the northern part, south central part, and eastern part of the region with SOC density
from 100 to 150 kg C m−2. The central part of the region exhibited a higher density with an
average of 250 kg C m−2 . In the region of latitude 45º-49º, a lower SOC density was simulated
ranging from 0 to 100 kg C m−2 . The northern and southern parts of the region had close to 0
kg C m−2 SOC density while the central part had a higher density at approximately 130
kg C m−2 . A small region in the western part had highest density (>350 kg C m−2 ). In the region
of latitude 40º-45º, SOC densities were moderate (~250 kg C m−2 ) and had small spatial
variations. The peatlands were mainly located in upper Michigan and Maine. In the subtropical
region, peatlands were mainly distributed in the Great Everglades and the coastal area of
Mexican Gulf. Lower SOC densities were modeled ranging from 0 to 120 kg C m−2 . The
relatively lower density in the subtropical regions was presumably due to the much shorter basal
age (4 ka) compared with the northern peatlands (12 ka). Peatlands in the whole Northern
America showed a large variation and discontinuity, with the highest SOC density located within
the northern part of central Canada (Figure 5.8). The majority of the peatlands are in Canada,
Alaska, and northern conterminous USA. Peatlands in the central part, eastern part, and western
part of Canada had moderate SOC density. The northern part of the USA and Alaska had lower
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density. The large discontinuity among different simulation regions resulted from the
implementing of different sets of model parameters during the regional simulation (Table 5.1).
The model simulated a largest peak of peat SOC accumulation rate during the period of
10 to 8 ka (Figure 5.9a). On average, the simulated SOC accumulation is 17.16 g C m−2 yr −1
from 12 ka to 2014 AD. However, the SOC accumulation rates at 10 to 8 ka abruptly increased
to 40 g C m−2 yr −1 , 2 times higher than the overall average rate during the whole simulation
period. These were consistent with the findings of recent studies (Jones and Yu, 2010, Yu et al.,
2009) that during the HTM, the expansion and formation of northern peatlands reached its
highest. The simulated climate by CCSM3 (TraCE-21ka) model showed that the coolest
temperature appeared at 15-10 ka (Figures 5.1a and 5.1b) in the whole North America (NA). In
the northern part of NA, this represented colder and drier climate before the onset of the HTM
(Barber and Finney, 2000; Edwards et al., 2001). The simulated long-term NPP at yearly step
started to increase after the HTM and reached its maximum at 10 to 8 ka, parallel to the peak in
the SOC accumulation trend (Figures 5.9a and 5.9b). When NPP started increasing at the
beginning of the HTM, temperature started rising from 5 to 10 ℃ (Figure 5.1a). Meanwhile,
annual precipitation during the HTM started increasing from 650 mm and continued until 5 ka to
reach its highest level at 1000 mm (Figures 5.1c and 5.1d). Warmer temperature and wetter
conditions during the HTM accelerated the plant photosynthesis and subsequently increased
NPP, as shown by several studies (Tucker et al., 2001; Kimball et al., 2004; Linderholm, 2006).
Higher annual precipitation also raised the water table in peatlands and thus allowed more space
for anaerobic respiration. While warming continued after the HTM, our model indicated a
decrease in SOC accumulation rates accompanied by the continued increase of heterotrophic
respiration (aerobic and anaerobic) (Figure 5.9c). NPP also showed a decrease after 8 ka (Figure
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5.9b). The decrease in SOC accumulation could be due to the increased soil organic matter
decomposition, as warmer temperatures stimulated the soil decomposition (Nobrega et al., 2007).
The simulated annual heterotrophic respiration (RH) followed a pattern similar to the
temperature (Figure 5.1a). Warming also stimulated the evapotranspiration and subsequently
lowered water table, opposite to the higher precipitation effect. The SOC accumulation rate
slightly increased after 3 ka, presumably due to the continued wetter condition after 5 ka (Figure
5.1a) where NPP might offset the increasing RH caused by warming.
Our previous studies indicated that temperature had the most significant effect on peat
SOC accumulation rate, followed by the seasonality of net incoming solar radiation (NIRR,
Wang et al., 2016a, 2016b). The seasonality of temperature, the interaction of temperature and
precipitation, and precipitation alone also showed significant effects. Precipitation has less effect
compared to temperature. As warming continue in the 21st century, if follows the same pattern,
the rapid peat SOC accumulation during the HTM under warming and wetter climate might
suggest a continuous C sink in this century, as predicted by recent studies (Yu et al., 2009, 2012;
Jones and Yu, 2010; Loisel et al., 2012; Spahni et al., 2013; Davidson and Janssens, 2006). Our
results suggested that continue warming has positive effects on heterotrophic respiration in
northern peatlands as indicated by the simulated long-term RH (Figure 5.9c). The future
warming effect on soil decomposition might overwhelm its positive effect on plant
photosynthesis and would possibly switch the role of the northern peatlands between a long-term
carbon sink to a carbon source.
The peat SOC density (kg C m−2 ) in each grid pixel at the resolution of 0.5 º by 0.5 º was
multiplied by the percentage of wetland cover from the inundation map (Figure 5.2). It was then
multiplied by the corresponding grid area (56 km by 56 km) to get the total peat SOC stock for
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North America. The peatland soils are estimated to store a total of 85-174 Pg C (1 Pg C = 1015 g
C) with a mean of 121.57 Pg C. The uncertainty range results from the random selections of the
parameter sets from their posterior distribution after the model parameterization. Approximately
0.53 Pg C (0.37-0.76 Pg C) is stored in subtropical peatlands in NA with the rest of the amount
stored in northern peatlands of NA.
In our previous studies on Alaskan peatlands SOC stocks (Wang et al., 2016a, 2016b),
the vegetation distribution changes reconstructed from fossil pollen data (He et al., 2014) were
applied through different time periods over the Holocene to mimic the peatland expansion and
shrinkage. In this study, we considered that the vegetation changes through time (e.g., the
peatland area changes) were static during the last 12,000 years. This might oversimplify the
complicated variation and evolution of landscape by using modern peatland distribution map as
vegetation shifts could happen within hundreds of years (Ager and Brubake, 1985). Further,
modern inundation map was used to calculate the carbon stock within each grid pixel. As rivers
and lakes included in inundation map could be classified as peatlands, we might overestimate the
carbon amount for each grid. Averaging the annual variation of inundation in each grid from
1993 to 2007 to represent the static inundation map over the simulation period also caused
uncertainties as inundation data vary from year to year (Figure 5.10). Using a relatively coarse
resolution (56km by 56 km) for regional model simulation and subsequent carbon stock
estimation might induce large uncertainty. Uncertainty also existed in the estimation of peatland
basal ages. Basal age determined the time point at which peatlands started to accumulate carbon
and thus it determined the length of model simulation period. As basal age was averaged from
numbers of peatland sites that might not be adequate for representing the whole NA region, using
the averaged basal age during the regional simulation might also induce uncertainty. The current
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peat SOC density was calculated from the multiplication of simulation time period and the
monthly carbon accumulation rate, the result was linearly proportional to the estimated basal age.
Variations and errors in the averaged basal age would also cause large fluctuation of the current
carbon amount. In summary, the model might not be appropriate when applied to simulate the
peat carbon accumulation and peat density at small spatial and short time scales. Further
development of both model structure and the exploration of data availability should be conducted
to get a better estimation of northern or global peatland carbon dynamics.

Figure 5.8. Spatial distribution of the combination of current peat SOC density (𝑘𝑔 𝐶 𝑚−2) in the
regions of latitude 60º-72º, latitude 49º-60º, latitude 45º-49º, latitude 40º-45º, and subtropic from
12 ka to 2014 AD.
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Figure 5.9. Simulated long-term annual (a) peat SOC accumulation rates (red bars) with
uncertainty ranges (upper and lower gray bars), (b) NPP, and (c) heterotrophic respiration
(aerobic + anaerobic) of peatlands in North America.

Figure 5.10. Annual average of inundation data in North America from 1993 to 2007.
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5.4.

Conclusions
In this study, we applied a process-based biogeochemistry peatland model to quantify the

C accumulation rates and C stocks within North America peatlands over the last 12,000 years.
Based on a Bayesian framework, the model parameters were optimized by comparing the
modeled peat SOC accumulation rates with the observational long-term peat data at multiple
sites in Alaska, Canada, the northern conterminous USA, and the subtropical regions. Consistent
with our previous studies on Alaska peatlands and other studies on northern peatlands, our
regional simulation captured a primary peak with the highest C accumulation rates during the
late Holocene Thermal Maximum occurring at 10-8 ka. Warmer temperature along with the
wetter condition might be the controlling factor to stimulate the peat formation by increasing the
plant net primary production. Warmer climate decreased the peat accumulation through
enhancing the heterotrophic respiration and evapotranspiration over the rest of the Holocene.
Model simulations indicate that there have been 85-174 Pg C accumulated in North American
peatlands over the last 12,000 years with 0.37-0.76 Pg C stored in subtropical peatlands.
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CHAPTER 6.
6.1

SUMMARY AND FUTURE WORK

Research Findings
In Chapter 2, I developed a model that couples the modules of hydrology, soil thermal,

methane, ecosystem carbon and nitrogen to quantify long-term peat carbon accumulation in
Alaska peatlands. I calibrated the model and next compared modeled soil moisture, soil
temperature profiles, water table, methane fluxes, and carbon pools with the observational data. I
then applied the model to four peatland sites in Alaska. The simulation suggested that high
summer temperature from elevated insolation seasonality and high precipitation might be main
factor for rapid carbon accumulation during the Holocene.
In Chapter 3, the SOC accumulation in Alaskan was quantified during the last 15,000
years based on the developed biogeochemistry model for both peatland and non-peatland
ecosystems. The relationship between climatic factors and the historical peat accumulation
trajectories were studied. Several factors such as temperature, precipitation, water table, radiation
and vapor pressure, along with geographical movement of peatland (shrinkage and expansion)
were quantitatively examined to find their impact on peatland formation. The study also
simulated and quantified the current SOC and vegetation C stocks in both spatial and temporal
patterns. Peatlands were found to contribute the most soil carbon while uplands contribute the
most vegetation carbon for the region. The simulated results compared well with the field
measurements at multiple sites. This study is among the first to examine the peatlands and nonpeatlands C dynamics and their distributions and peat depths using core data at regional scales.
In Chapter 4, the newly developed biogeochemistry model was re-calibrated to quantify
the carbon accumulation for peatland ecosystems in the Pastaza-Marañon foreland basin in the
Peruvian Amazon from 12,000 years before present to 2100 AD. The study indicated that
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warming accelerated peat carbon loss while increasing precipitation slightly enhanced peat
carbon accumulation at millennial time scales. With these impacts, the model projected the
future peat carbon dynamics by inputting the future climate data (RCP data). The simulation
suggested that the basin might lose up to 0.4 Pg C by 2100 AD with the largest loss from palm
swamp. If this loss rate is true for all Amazonia peatlands, the study projected that these carbondense peatlands might switch from a current carbon sink into a future source in this century. The
study is among the first to quantify the regional C dynamics and their fates under future climate
conditions using a modeling approach for Amazon basin.
In Chapter 5, the same model was re-applied to quantify the C accumulation rates and C
stocks within North America peatlands over the last 12,000 years. The model was reparameterized using observed long-term peat soil carbon accumulation rates at multiple sites in
Alaska, Canada, the northern conterminous USA, and the subtropical regions. Similar to the
results in Chapter 2 and Chapter 3, a primary peak with the highest C accumulation rates during
the late Holocene Thermal Maximum occurred at 10-8 ka. Warmer temperature along with the
wetter condition were found to be primary factors controlling peat soil carbon dynamics. The
results indicated that 85-174 Pg C have been accumulated in North American peatlands over the
last 12,000 years including 0.37-0.76 Pg C in subtropical peatlands.

6.2

Research Limitations
In Chapter 2, a model was developed by coupling and revising soil thermal dynamics

module, carbon and nitrogen dynamics module, water table module, hydrological module and
methane module. However, with numbers of parameters within the model, the model was trained
and validated using limited number of available data sets. For instance, to calibrate the
hydrological module, I used the soil moisture data that span only several years at monthly time
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step. Also, to calibrate the methane module, monthly methane fluxes data were utilized that
cover few years. The lack of data versus the large number of parameters to be calibrated may
largely decrease the model accuracy during the parameterization. This will cause the model to
have low performance when more and more unseen data are fed to the model, and thus involves
large uncertainty. Further, the model relies heavily on sets of parameters. Although coupled with
several complex sub-modules, the model structure may be still simplified considering the
complicated ecosystem processes that the model is trying to simulate. More ordinary differential
equations that simulate the physical and chemical processes may need to be added in the future.
In Chapter 3 and Chapter 5, besides the limitations within the model itself, there are other
limitations. The vegetation changes reconstructed from fossil pollen data during different time
periods followed the general climate history during the last 15,000 years. For instance, the
migration of dark boreal forests over snow-covered tundra during the HTM was probably
induced by the warmer and wetter climate resulted from the insolation changes (He et al., 2014).
The cooler and drier climate after the mid-Holocene limited the growth of boreal broadleaf
conifers (Prentice et al., 1992), and therefore resulted in the replacement of broadleaf forest with
needleleaf forest and tundra ecosystems. Since the parameters of our model for individual
vegetation type were static, parameterizing the model using modern site-level observations might
have introduced uncertainty to parameters, which may result in regional simulation uncertainties.
Assuming each parameter as constant (e.g. the lowest water-table boundary, see Wang et al.
(2016) for details) over time may also weaken the model’s response to different climate
scenarios. Furthermore, applying static vegetation maps at millennial scales and using modern
elevation and pH data may simplify the complicated changes of landscape and terrestrial
ecosystems, as vegetation can shift within hundreds of years (Ager and Brubake, 1985; see He et
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al. (2014) discussion section). Relatively coarse spatial resolution (0.5° ×0.5°) in P-TEM
simulations may also introduce uncertainties. In addition, because I used the modern inundation
map to delineate the peatland and upland within each grid cell, I might have overestimated the
total peatland area since not all inundated areas are peatlands. Linking field-estimated basal ages
of peat cores to the vegetation types during each period involves large uncertainties due to the
limitation of the peat classification and insufficient peat samples. Thus, the estimated spatially
explicit basal age data shall also introduce a large uncertainty to our regional quantification of
carbon accumulation.
In Chapter 4 and Chapter 5, I quantified the regional carbon stocks by assuming there is
no peatland shrinkage or expansion. I also assumed the river stays static over time. The model
relies on the climate conditions rather than topographic and geological factors. However,
hydrology, NPP, and SOC accumulation can also be controlled by autogenic processes of
peatlands such as transition from minerotrophic to ombrotrophic conditions (Lähteenoja and
Page, 2011). This transition is largely induced by the form and thickness of the peat deposit and
less affected by prevailing climatic conditions – as long as the rainfall is sufficient to sustain a
rain-fed bog. Interestingly, in the Aucayacu peatland, the transition from minerotrophic to
ombrotrophic conditions occurred around 4 ka (3.5 ka) – exactly when precipitation started to
increase. It might have been a coincidence, but it is also possible that the increased precipitation
enabled the appearance of ombrotrophic bogs. If this is the case, a change in the precipitation did
not affect the NPP directly but indirectly by inducing a change in the peatland type. Since our
model cannot simulate the paleo-ecological change including the shifts between different
peatland ecosystem types through time, our results may only partly explain the observed
patterns, with much information still relying on paleo-ecological studies (Swindles et al., 2014;
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Kelly et al., 2017; Roucoux et al., 2013; Lähteenoja et al., 2012). The relationship between NPP
and precipitation for peatland ecosystems in the region should be further studied in the future.
Another key control of the current distribution of peat depths and SOC densities within
the PMFB is the active lateral migration of rivers (Lähteenoja et al., 2012). The current
distribution of peat SOC densities can be explained by both climatic and geological factors. The
Amazon river networks can be affected under future climate conditions, which will affect
peatland dynamics (e.g., formation and area change). Further, our model did not differentiate the
minerotrophic vs. ombrotrophic conditions for the peatland ecosystems, which will introduce
biases. Incorporating these dynamics into future analysis shall improve our predictions of SOC
for this region.

6.3

Ongoing Works
A number of studies including long-term core analysis and modeling studies have been

conducted to better understand the carbon budget in peatlands and the cycling between peat soil
carbon and atmosphere. However, less attention has been paid to the corresponding role of
nitrogen cycling in peatland dynamics (Hill et al., 2016; Drewer et al., 2010; Worrall et al.,
2012). Due to the different hydrological conditions, nitrogen cycling in northern peatlands is
unique from other ecosystems (Toberman et al., 2015). Four sources of N to peatlands have been
studied, including atmospheric deposition, mineralization, N-fixation, and upwelling from
regional groundwater (Bridgham et al., 1996). For bog peatlands, all N are input to the soil only
through atmospheric deposition, while for fens, additional N is an input via groundwater
upwelling. Northern peatlands not only store large quantity of soil organic carbon, but also form
a large sink of nitrogen (Verry and Timmons, 1982). Recently, a study was conducted by Hill et
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al. (2016) at two peatland sites (S3 bog) within the US Department of Agriculture’s Forest
Service Marcel Experimental Forest (MEF) located 40 km north of Grand Rapids, Minnesota,
USA. The study includes an ombrotrophic bog and a minerotrophic fen. The soil nitrogen
balance along with other climate variables and peat properties were recorded from 2010 to 2014.
The nitrogen fluxes were averaged into annual rates.
Our ongoing study is focusing on developing a new model based on the original peatland
model in our previous studies by incorporating nitrogen dynamics to simulate the monthly peat
soil nitrogen fluxes and pools. The model is for bog only with no extra nitrogen input from
groundwater upwelling. Until now, the model structure has been all finished with the code been
incorporated to the original model and the model has been tested bug-free. We have added more
than 5 ordinary differential equations (ODE) into the previous system pools and 30 extra
processes for nitrogen fluxes were also added. The model framework follows a nitrogen cycling
model framework of LPJ for non-peatland soils (Xu-Ri and Prentice, 2008, Figure 6.1). The
+
nitrogen pools in the model include nitrate (NO−
3 ), ammonium (NH4 ), total N (TN), soil organic

nitrogen, litter nitrogen pool, and plant nitrogen pool. The nitrogen fluxes were modeled monthly
including nitrogen deposition though precipitation, litter fall nitrogen from plant, nitrogen
mineralization (from litter fall nitrogen to NH4+ and from organic soil N to NH4+ ), nitrogen
nitrification (from NH4+ to NO3− ), NO3− denitrification (to NO2− ), NH4+ volatilization (to NH3), and
others. The new model will be the first model for quantifying nitrogen cycling in peatland soils.
The model will be parameterized based on the observational nitrogen balance and climate
forcing at S3 sites in Marcel Experimental Forest from 2010 to 2014 (monthly). The climate
forcing data (Figure 6.2) have been organized and the site-level simulation is ready to be
conducted.
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Figure 6.1. Nitrogen cycling model framework in LPG model (Xu-Ri and Prentice, 2008) for
non-peatland soils.
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Figure 6.2. Monthly (a) air temperature; (b) precipitation; (c) NIRR; and (d) vapor pressure for
model input at MEF site from 2010 to 2014.
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