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ABSTRACT OF THE DISSERTATION 

Using Isotopes to Explore Global Peat Carbon Dynamics 

by 

Alexandra Hedgpeth 

Doctor of Philosophy in Geography 

University of California, Los Angeles, 2024 

Professor Kyle C. Cavanaugh, Chair 

 

This dissertation investigates the role of peatlands as critical carbon (C) reservoirs that 

sequester approximately 600 gigatons of C globally, effectively acting as a significant buffer 

against climate change. Despite their limited geographic extent—covering only 3% of the Earth's 

surface—peatlands store nearly twice the C of all global forests combined. This exceptional C 

storage potential is largely due to the waterlogged, anoxic conditions in these ecosystems that 

inhibit microbial decomposition and allow organic matter to accumulate over millennia. 

However, peatlands are highly vulnerable to both natural and anthropogenic pressures, including 

climate change, land-use modifications, and direct human disturbances, all of which threaten 

their capacity to serve as long-term C sinks.  

This dissertation leverages isotopic analysis to examine peatland C dynamics across 

diverse regions and contexts by exploring the mechanisms driving C dynamics in tropical, 

boreal, and temperate peatlands, focusing on both surface-derived and deep peat C emissions and 

accumulation. Tropical peatlands, which differ from boreal and temperate peatlands due to 

consistently warm temperatures and seasonal rainfall, contain highly dense C deposits but are 

also at heightened risk of C release under changing rainfall patterns. One case study examines 
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tropical peatlands in Central America, where consistently warm temperatures and seasonal 

rainfall create dense C deposits. These tropical systems are especially susceptible to C loss with 

changing rainfall patterns, potentially releasing stored C from deep peat layers. In boreal regions, 

experimental warming simulates future climate conditions, assessing how elevated temperatures 

and CO₂ concentrations affect C storage across peat depths. Additionally, this dissertation uses 

global radiocarbon data to analyze peat accumulation and stability across climates, providing 

insights into regional differences in peatland resilience under environmental changes. These 

studies together highlight the significant impact of environmental variables such as precipitation, 

temperature, and proximity to coastlines on peatland C dynamics, as well as the potential 

influence of human activities like agriculture drainage and peat extraction on C loss. Findings 

underscore the importance of conserving and protecting pristine peatlands, which, as natural C 

sinks, are vital for mitigating greenhouse gas emissions.  

Overall, this dissertation underscores the critical importance of peatlands in global C 

cycling and climate regulation. The research highlights the necessity of conservation efforts to 

protect these ecosystems from degradation, as their disruption could lead to substantial 

greenhouse gas emissions and further accelerate climate change. By examining the complex 

interactions between environmental conditions, C sequestration, and human impacts, this 

dissertation contributes to a deeper understanding of peatlands' vulnerability and resilience, 

informing strategies for their preservation in a rapidly changing world. 
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 1 

1. Introduction 

1.1. Peatlands and their place in the Global Carbon Cycle 

Peatlands are among Earth’s most critical long-term carbon (C) reservoirs, capable of 

sequestering vast amounts of atmospheric carbon dioxide (CO₂) in organic material over 

millennia. Although they cover just 3% of the global land surface, peatlands store an estimated 

600 gigatons (Gt) of C—roughly double the amount stored in all the world’s forests (Harenda et 

al., 2018; Yu et al., 2010). This stored C plays an essential role in regulating atmospheric 

greenhouse gases and mitigating climate change, as the waterlogged, anoxic conditions in 

peatlands inhibit microbial decomposition, enabling C-rich organic matter to accumulate over 

thousands of years (Clymo et al., 1998; Page et al., 2011). However, both natural and human 

pressures make peatlands highly vulnerable, posing risks to their C storage capacity and 

underscoring their importance in climate science and conservation efforts (Gumbricht et al., 

2017). 

Tropical peatlands, which are found in regions such as Southeast Asia, Africa, Central 

and South America, and Hawaii, differ significantly from boreal and temperate peatlands in 

terms of climatic conditions, including high temperatures and often seasonal rainfall. These 

climatic differences affect both the accumulation rates, and the stability of stored C. Tropical 

peatlands contain the most C-dense deposits but are especially vulnerable to C loss due to 

changing rainfall patterns, which can lead to rapid mineralization and release of stored C (Girkin 

et al., 2022; Loisel et al., 2021). Despite this importance, our understanding of tropical peatlands’ 

long-term C dynamics remains limited by both the logistical challenges of studying these 

ecosystems and their underrepresentation in global C inventories (Ribeiro et al., 2021). For 

instance, tropical regions with consistent year-round rainfall can support rapid peat accumulation 
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by keeping water levels stable, while regions like the Amazon, with marked seasonal rainfall, 

tend to accumulate peat more slowly due to fluctuating water tables, which can affect both 

organic inputs and decomposition rates (Dommain et al., 2011; Draper et al., 2014). This 

variation highlights the importance of understanding how tropical peatlands respond to 

environmental factors like precipitation, temperature, and proximity to coastlines, as these can 

impact both their C storage potential and vulnerability to climate change (Gandois et al., 2014). 

Peatlands form through the accumulation of partially decomposed plant material in 

waterlogged, oxygen-poor environments, where slowed microbial decomposition allows organic 

matter to build up over long periods. This C sequestration capacity makes peatlands invaluable in 

the global C cycle, as they act as both C sinks and, under certain conditions, C sources. 

Peatlands’ ability to store C over thousands of years is due to unique environmental 

characteristics, such as low oxygen levels, high acidity, and sustained water saturation (Clymo et 

al., 1998). 

Peatlands exist across various climate zones and can be classified into three main types: 

tropical, boreal, and temperate. Boreal peatlands, primarily located in northern regions like 

Canada, Russia, and Scandinavia, hold the largest share of peatland C globally. Cold 

temperatures in these high-latitude regions reduce microbial activity, which helps preserve 

organic matter, and nutrient-poor soils further inhibit decomposition, enhancing long-term C 

storage. In contrast, temperate peatlands, found in the British Isles, parts of Europe, and the 

northeastern United States, experience more moderate temperatures but still have high water 

tables and anoxic conditions favorable for peat accumulation. 

Tropical peatlands, found in areas like Southeast Asia, Central and South America, and 

Africa, differ greatly from boreal and temperate types in terms of climate and vegetation 
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productivity. These ecosystems thrive in consistently warm and often humid conditions, with 

dense vegetation providing abundant organic material. While decomposition rates are higher due 

to the warmer climate, rapid plant growth and year-round productivity enable effective C 

accumulation. However, tropical peatlands are highly sensitive to environmental disturbances, 

such as agricultural drainage and deforestation, which can quickly lead to rapid oxidation and 

release of stored C as greenhouse gases (Yu et al., 2010). 

The same conditions that enable peatlands to serve as long-term C sinks also render them 

vulnerable to climate change and human activity. Rising temperatures, altered precipitation 

patterns, and direct disturbances like drainage and agriculture can destabilize the waterlogged, 

anoxic conditions necessary for peat formation. When these ecosystems are disturbed, they can 

shift rapidly from C sinks to C sources, releasing CO₂ and methane (CH₄) into the atmosphere 

and amplifying global warming. This dual role as both vital carbon reservoirs and potential 

greenhouse gas sources highlights the urgent need to conserve peatlands. Their protection and 

sustainable management are essential for maintaining their climate-regulating functions and 

mitigating greenhouse gas emissions on a global scale. 

1.2. Global Threats to Peatlands and Climate Change Implications 

Peatlands, as vital global C sinks, face mounting threats from climate change, which 

jeopardize their stability and potential to continue sequestering C. Warming temperatures are a 

major concern, particularly for boreal peatlands, where cold conditions have historically slowed 

decomposition rates and supported long-term C storage (Davidson & Janssens, 2006; Schuur et 

al., 2015). As temperatures rise, microbial activity increases, accelerating the breakdown of 

stored organic matter and leading to the release of CO₂ and CH₄—both potent greenhouse 

gases—back into the atmosphere. This warming-induced release of C compounds creates a 

feedback loop, further amplifying global warming. Additionally, altered precipitation patterns, 
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including shifts in seasonal rainfall and prolonged droughts, can lower water tables, causing 

peatlands to dry out. This exposure to oxygen allows previously stable peat layers to decompose 

more rapidly, releasing stored C and diminishing the peatland’s role as a C sink (Page et al., 

2011; Turetsky et al., 2002). 

Beyond climate change, peatlands are increasingly threatened by land-use changes and 

direct human activities, particularly in tropical regions. Agricultural expansion is a leading driver 

of peatland degradation, as forests and native vegetation are cleared to create farmland or palm 

oil plantations (Miettinen et al., 2016; Hirano et al., 2012). This process typically involves 

draining the peat, which not only reduces the waterlogged conditions required to maintain peat 

stability but also exposes the organic-rich soil to oxygen. Drained peatlands decompose at 

accelerated rates, often releasing vast amounts of CO₂ into the atmosphere. Palm oil plantations, 

especially in Southeast Asia, have transformed millions of hectares of tropical peatland, leading 

to substantial greenhouse gas emissions and biodiversity loss. In Central and South America, the 

expansion of cattle ranching and crop farming similarly threatens peatlands, as land conversion 

and drainage dry out these ecosystems, making them vulnerable to fire and further accelerating C 

loss (Draper et al., 2014). 

Direct human activities such as drainage for infrastructure development, peat extraction 

for horticultural use, and mining further exacerbate the vulnerability of peatlands. Peat 

extraction, for example, directly removes stored C, destroying ecosystems that took thousands of 

years to form (Joosten & Clarke, 2002; Parish et al., 2008). The drainage required for extraction 

and development causes the water table to drop, leading to oxygenation and degradation of the 

peat. Infrastructure development, including road construction and urban expansion, often 

fragments peatlands, disrupting their hydrology and reducing their ability to retain water. These 
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disruptions not only release stored C but also increase the susceptibility of peatlands to fire, 

which can lead to catastrophic C emissions and loss of habitat (Hergoualc’h & Verchot, 2011). 

Together, these threats highlight the urgent need for conservation and restoration efforts to 

preserve peatlands’ critical role in the global C cycle and climate regulation. 

This dissertation addresses these challenges by investigating peatland C dynamics across 

three contexts: (1) tropical peatlands in Central America, where surface-derived C inputs may 

impact deep C emissions in undisturbed peatland ecosystems; (2) boreal peatlands subjected to 

experimental warming and elevated CO2 to simulate future climate conditions; and (3) a global 

synthesis of peatland radiocarbon data to assess regional differences in peatland development 

and stability. Together, these studies aim to clarify how environmental and climate variables 

influence C storage and emissions in peatlands across spatial and temporal scales. 
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2. Surface-derived Carbon Fuels Greenhouse Gas Production at Depth in a Neotropical 

Peatland 

2.1. Abstract 

Tropical peatlands play an important role in global carbon (C) cycling but little is known 

about factors driving carbon dioxide (CO2) and methane (CH4) emissions from these ecosystems, 

especially production below the surface. This study aimed to identify source material and 

processes regulating C emissions from deep in a Neotropical peatland on the Caribbean coast of 

Panama. We hypothesized that: 1) surface derived organic matter transported down the soil 

profile is the primary C source for respiration products at depth and 2) high lignin content results 

in hydrogenotrophic methanogenesis as the dominant CH4 production pathway throughout the 

profile. We used radiocarbon isotopes to determine whether CO2 and CH4 at depth (measured to 

2m) are produced from modern substrates or ancient deep peat, and we used stable C isotopes to 

identify the dominant CH4 production pathway. Peat organic chemistry was characterized using 

13C solid state nuclear magnetic resonance spectroscopy (13C-NMR). We found that deep peat 

respiration products had radiocarbon signatures that were more similar to surface dissolved 

organic C (DOC) than deep solid peat. Radiocarbon ages for deep peat ranged from 1200 – 1800 

yrBP at the sites measured. These results indicate that surface derived C was the dominant source 

for gas production at depth in this peatland, likely because of vertical transport of DOC from the 

surface to depth. Carbohydrates did not vary with depth across these sites, whereas lignin, which 

was the most abundant compound (55-70% of C), tended to increase with depth. These results 

suggest that there is no preferential decomposition of carbohydrates, but preferential retention of 

lignin. Stable isotope signatures of respiration products indicated that hydrogenotrophic rather 

than acetoclastic methanogenesis was the dominant production pathway of CH4 throughout the 

peat profile. These results suggest, even C compounds that are typically considered vulnerable to 
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decomposition (i.e., carbohydrates) are preserved deep in these tropical peats, highlighting the 

importance of anaerobic, waterlogged conditions for preserving tropical peatland C. 

2.2. Introduction 

Climate change is expected to disturb hydrological cycles in the tropics, with changes in 

rainfall regimes already observed for many tropical regions (Kharin et al. 2007, Feng et al. 2013, 

Magrin et al. 2014, Duffy et al. 2015, Chadwick et al. 2016, Barkhordarian et al. 2019). Changes 

in rainfall are of particular relevance to the storage of the 70 – 130 Gt of carbon (C) stored in 

tropical peatland soils under anaerobic conditions, which could be under threat of rapid 

mineralization if rainfall declines and aerobic conditions emerge (Girkin et al., 2022; Loisel et 

al., 2021). Tropical peatlands store the largest pool of vulnerable and irrecoverable C of any 

ecosystem type, and this pool is sequestered over thousands of years (Goldstein et al., 2020; 

Noon et al., 2021). Despite their importance, tropical peatlands are logistically challenging 

environments to work in and are understudied compared to their northern counterparts, making 

tropical peatlands underrepresented in global C inventories (Ribeiro et al., 2021).  

Peatlands sequester C as they build vertically with the oldest deposits at the base and less 

decomposed younger material accumulating at the surface (Clymo et al., 1998; Ingram, 1987). 

Despite temperatures ideal for microbial activity, the buildup of organic matter is possible 

because rates of primary production in the tropics exceed decomposition rates, which are low 

because peatland water tables are high (Nottingham et al., 2019; S. E. Page et al., 2011). Thus, 

deep peat is comprised of minimally processed plant material from the surface that accumulates 

due to anaerobic conditions, creating a globally significant buildup of C over time that could be 

metabolized if conditions became more favorable for decomposition (Hoyos-Santillan et al., 

2019; Kettridge et al., 2015; Wilson, Griffiths, et al., 2021). However, this age-depth relationship 

is not as straightforward in the tropics as in northern peatlands, because tropical peatland 
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microtopography shows higher variability due to increased vegetation diversity and size, and 

forest disturbance can have dramatic effects on peat accumulation patterns (Dommain et al., 

2015; Girkin et al., 2019). The dominant vegetation that acts as the stabilizing structure in early 

peat development, as well as the vegetation that serves as the biological origin of the peat itself, 

is also different in northern and tropical peatlands, leading to differences in peatland 

development, organic chemistry, and accumulation patterns between these two regions (United 

Nations Environment Programme et al., 2008).  

Under current conditions, there is considerable variation in C emissions across tropical 

wetland systems (Farmer et al., 2011; Fritts, 2022), but some relationships have been generally 

characterized. It is mostly accepted that water table depth (Cobb et al., 2017; Hoyos-Santillan et 

al., 2019; A. M. Hoyt et al., 2019), temperature (Girkin et al., 2020; Hirano et al., 2009), 

substrate availability, and associated links with the dominant vegetation type (Upton et al., 2018; 

Wright et al., 2011, 2013), are strong  controls on atmospheric emissions from tropical peatlands. 

Furthermore, surface vegetation plays an important role in the release of C by several processes, 

including being the biological origin of the peat matrix, which is composed primarily of lignin 

rich fibrous material in woody tropical peatlands, and determining labile C inputs in the form of 

decomposing plant tissues or root exudates (Girkin, Turner, Ostle, Craigon, et al., 2018; Lampela 

et al., 2014; Osaki et al., 2021). The majority of studies conducted in tropical peatlands have 

focused on the top 30 cm of the peat column; these depths are not only more accessible and 

easier to measure, but they are assumed to contribute the majority of emissions (Dhandapani et 

al., 2022; Jauhiainen et al., 2005; Sjögersten et al., 2011). However, it is not known if the above 

drivers are mainly restricted to the surface, or if these processes influence CO2 and CH4 

production deeper within the peat profile.   
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In many peatlands, microbial respiration across the soil profile can be supported by multiple 

C sources, and it is possible to use the radiocarbon signature of C respired from peatlands to 

partition sources into modern/surface dissolved organic C (DOC) transported down the soil 

profile, versus older/buried solid C (Chanton et al., 2008; Hoyos-Santillan et al., 2016). Modern 

DOC, derived from surface vegetation, root exudates, and other recently photosynthesized 

organic matter, has a signature that is enriched in 14C. The existing peat and DOC from in situ 

decomposition of that deep peat, would have depleted radiocarbon signatures compared to the 

modern DOC (Girkin, Turner, Ostle, Craigon, et al., 2018; Wilson et al., 2016). 

There have been several studies exploring the source of DOC used by microbes for 

respiration within peat soils. Most studies were from northern peatlands, and determined that 

respiration products were intermediate in their radiocarbon activity between newer surface DOC 

and in situ older C in peat (Aravena et al., 1993; Chanton et al., 1995, 2008; Charman et al., 

1999; Clymo & Bryant, 2008; Elizabeth Corbett et al., 2013). Fewer studies have reported that 

respiration products are more similar to modern DOC radiocarbon signatures, demonstrating 

dominant use of surface DOC in deep peat gas production (Wilson et al., 2021). There is limited 

data from tropical peatlands, but two previous studies from the tropics have contrasting results; 

one shows intermediate respiration products (i.e., produced by mixed sources) in a tropical 

peatland in Borneo (A. Hoyt, 2014), and another shows modern, surface-derived inputs are the 

dominant source in sites across the Pastaza-Marañon basin in Peru (A. Hoyt et al., 2020). 

Potential explanations for this variable source contribution in tropical peatlands include 

differences in hydrology across sites, as well as the difference in dominant vegetation across the 

tropics.  Biological origin can influence the chemistry and bioavailability of both modern DOC 

inputs and the resulting older peat (Dhandapani et al., 2023; Gandois et al., 2014), which could 
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contribute to the different results reported for these two tropical peatlands with distinct surface 

vegetation.  

Methanogenesis is an important pathway of decomposition in wetland systems. Acetoclastic 

methanogenesis is associated with acetate fermentation and the production of CH4 from more 

relatively labile organic compounds such as in fresh DOC, while hydrogenotrophic 

methanogenesis is associated with CO2 reduction and is supported by the decomposition of more 

complex organic matter, such as that which accumulates at depth (Kotsyurbenko et al., 2004; 

Sugimoto & Wada, 1993). Metabolically, acetoclastic methanogenesis is more efficient in CH4 

production and generally results in higher rates of CH4 production compared to 

hydrogenotrophic methanogenesis (Kotsyurbenko et al., 2004; Liebner et al., 2015). Shifts in 

CH4 production pathways between acetoclastic methanogenesis and hydrogenotrophic 

methanogenesis can occur, as have been seen with depth in northern wetlands (Chanton et al., 

2008; Corbett et al., 2013; Hornibrook et al., 2000). Therefore, changes in the availability of 

labile material throughout the peat profile may play an important role in not only supplying the 

source for CO2 and CH4 production but also dictating how and how much CH4 is produced (Sun 

et al., 2012).  

 This study explored sources of C emissions, CH4 production pathways, and organic 

carbon chemistry of peat in three sites in a Neotropical peatland in Panama. Previous work 

suggested that subsurface peat may contribute substantially to net CO2 and CH4 flux from this 

peatland, but the source of C for these emissions was unclear (Wright et al., 2011). We used a 

combination of stable and radioisotope signatures of CO2 and CH4, and 13C solid state nuclear 

magnetic resonance spectroscopy (13C-NMR) characterization of peat soils to identify the 

sources of the C emitted from subsurface (>30 cm) peat. We hypothesized that: 1) surface-
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derived DOC is the primary C source for microbial respiration products at depth where peat is 

more chemically complex, reflecting more advanced decomposition at depth, and 2) 

hydrogenotrophic methanogenesis is the dominant CH4 production pathway at depth, resulting 

from the high lignin content typical of tropical peatlands. We report and discuss radiocarbon 

analyses of subsurface DOC, CH4, and CO2 as well as peat molecular characterization assessed 

via solid state 13C-NMR spectroscopy in a tropical peatland to address the hypotheses.  

2.3. Methods 

2.3.1. Field Site Description 

The Bocas Del Toro Province on the Caribbean coast of Panama is home to an 

internationally recognized wetland (Ramsar site #611), encompassing the 80 km2 Changuinola 

peat deposit, an ombrotrophic domed peatland to the southeast of the Changuinola river (Fig. 

2.1). Located 10 km east from the peatland is the town of Bocas del Toro, Isla Colon, where the 

average annual rainfall and temperature are 4000 mm and 30°C respectively (Isla Colon, STRI 

Environmental Monitoring Station). There is continuous rainfall throughout the year with no 

pronounced dry season, although there are two distinct periods of lower rainfall (February–April 

and September–October). The water table was consistently at the surface of the peatland 

throughout the sampling period, but has been reported to fluctuate +20 cm to -0.4 m during high 

or low rainfall (Hoyos-Santillan, 2014). Mean peat temperature 10 cm below the surface is 25 °C 

and shows little intra-annual variation (Wright et al., 2011). The oldest deposits in the peatland 

are in the centre of the dome, are estimated to have been formed 4000–4500 years ago, and are 

roughly 8 m deep (Phillips et al., 1997).  

The Changuinola peat deposit developed from Raphia taedigera palm swamp, unlike 

southeast Asia coastal peatlands that begin as sediment trapping mangrove stands (Anderson & 

Muller, 1975; S. Phillips et al., 1997). The vegetation communities that formed the Changuinola 
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peat deposits have shifted spatially over time, reflecting variations in environmental conditions, 

and resulting in spatial heterogeneities in C inputs across the peatland (Cohen et al., 1989; S. 

Phillips & Bustin, 1996). At present, there are seven distinct phasic plant communities that form 

concentric rings within the peat dome. From the periphery and moving to the interior they are as 

follows: (i) Rhizophora mangle mangrove swamp, (ii) mixed back mangrove swamp, (iii) Raphia 

taedigera palm swamp, (iv) mixed forest swamp, (v) stunted Campnosperma panamensis forest 

swamp, (vi) sawgrass/stunted forest swamp and (vii) Myrica-Cyrilla bog-plain (S. Phillips et al., 

1997). Previous work showed that nutrient content in the peat was generally higher near the edge 

(1200 µg-phosphorus (P)g-1, 27mg-nitrogen (N)g-1) and lower in the interior of the peatland (377 

µg-Pg-1, 22mg-Ng-1) (Sjögersten et al., 2011; Troxler, 2007; Troxler et al., 2012).  

For this study we selected sites in three of the representative plant communities, with 

dominant vegetation and nutrient patterns described previously. These include Outer (Raphia 

taedigera palm swamp), Intermediate (mixed forest swamp), and Inner (stunted Campnosperma 

panamensis forest swamp) peatland sites (Fig. 2.1). Previous studies conducted within the 

Changuinola deposit have reported differences in peat properties, root exudate characteristics, 

and ex situ experimental response in lab studies tied to vegetation community (Girkin, Turner, 

Ostle, Craigon, et al., 2018; Girkin et al., 2019; Sjögersten et al., 2011; Upton et al., 2018; 

Wright et al., 2013). Previously reported surface (<30 cm) CO2 flux rates for the outer and inner 

sites used here varied from 320-500 mg CO2 m-2 hr-1 with no significant variation between sites 

(Wright et al., 2011), and subsurface peat across the vegetation gradient (>30 cm) appeared to 

have similar carbohydrate to aromatic C ratios following initial phases of decomposition 

occurring at the surface (Upton et al., 2018).  
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2.3.2. Sample Collection   

Bulk peat, pore water samples, and greenhouse gases (CO2 and CH4) were collected in 

October of 2019. We sampled from 30 cm to basal depths that were identified by a marine clay 

boundary at the base of the peat, and did not sample surface samples (0–30 cm) that we 

understand might have stronger surface vegetation influence on peat chemistry compared to 

deeper layers that are further along in the decomposition process (Barreto & Lindo, 2020). This 

study aimed to compare bulk peat and pore water components of deep peat with gas produced at 

the same depth, and for that reason only those deeper samples were collected. Peat cores from 

were collected using a 5.2 cm diameter and 51 cm long Russian peat corer (Eijkelkamp, Product 

code 04.09). Bulk peat, pore water samples, and greenhouse gases (CO2 and CH4) were collected 

in October of 2019 from depths of 30 ± 5 and 60 ± 5 cm, as well as 100 ± 5, 200 ± 5, 300 ± 5, 

and 400 ± 5 cm depending on total peat depth at each site. Porewater was collected using a 

peristaltic pump with Teflon tubing from 1.25 cm diameter PVC pipe piezometers to measure 

DOC from the same depths as the peat collection. Porewater was filtered with 45 um particle 

retention using plastic syringes fitted with stopcocks and filters and deposited into 50 ml falcon 

tubes for transport. Following collection, peat cores were subsampled to coordinate with gas well 

depths and sealed in plastic bags to avoid oxidation during transport to the Smithsonian Tropical 

Research Institute soils lab in Panama City, Panama.  

Diffusion gas wells were deployed at the intermediate and outer site at the same depths as 

pore water and peat collection to ensure robust comparison between the two source materials 

(bulk peat and DOC) and respiration products. There was insufficient time to include the inner 

site in gas collection at time of sampling. These diffusion wells consisted of PVC pipe with mesh 

coverings positioned within the peat to allow water to be sampled from the desired depth without 

contamination of bulk peat or water pulled from other depths. Water was taken from the desired 
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depth using a peristaltic pump and cycled into a 1L glass container. The headspace within the 

glass container was allowed to equilibrate over several hours while the water was pumped 

through the container at a rate of 1.5–1.8 L/min. Air samples from the equilibrated headspace 

were taken using a syringe fitted with a stopcock and needle and deposited into evacuated 125 ml 

serum bottles fitted with heavy butyl rubber septa. 

2.3.3. Elemental and Isotopic Analyses  

Elemental composition of solid homogenized airdried peat was analysed using an 

elemental analyser 205 (CHNOS) coupled to an IsoPrime 100 isotope ratio mass spectrometer at 

the Center for Stable Isotope Biogeochemistry (CSIB) 206 at the University of California, 

Berkeley. This analysis produced measurements for percent C and N content, 13C, and 15N. The 

ash content of bulk peat was determined by ignition of aliquots (∼1.0 g) at 460°C for 5 hr. 

 Sample preparation and analysis for 14C was completed at the Center for Accelerator 

Mass Spectrometry (CAMS) at Lawrence Livermore National Laboratory. To ensure that peat 

samples were handled appropriately for both biogeochemistry and chronology, following 

homogenization with a ball and mill grinder we measured two subsamples; one that underwent 

acid-base-acid (ABA) pre-treatment to remove possible interfering carbonates and modern C 

derived humic acids, and a second with no pre-treatment (Norris et al., 2020). Samples were 

immersed in 1N hydrochloric acid (HCl) to remove carbohydrates. Humic acids were then 

removed from the sample with 0.25M sodium hydroxide (NaOH) and treated with a 1N HCL 

immersion before they were rinsed with deionized water until neutral. The pre-treated samples 

were then placed on a heating block until dried. The two sets of peat samples had identical 14C 

results and the no pre-treatment values were used in this study (Appendix Table 2.1). The 

porewater DOC samples were acidified with 1N HCl at 70 ∘C to remove dissolved inorganic C 
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and freeze dried. Both sets of peat samples and the residual DOC were loaded into quartz tubes 

with excess CuO and combusted at 900∘C to ensure complete combustion to CO2.  

Gas samples for CH4 and CO2 were extracted following the protocol outlined by 

(McNicol et al., 2020). For 14CO2 samples, a series of cryogenic traps were used to purify and 

isolate the CO2. For 14CH4 samples, the mixed composition field samples were cryogenically 

purified to remove water and CO2, and the remaining CH4 was converted to CO2 by combustion 

(Petrenko et al., 2008). Resulting CO2 from samples was split to measure both a δ13C and 14C. 

Extracted CO2 and CH4 were analyzed for 14C and 13C when possible, but some sample masses 

were too small for both analyses (minimum 20 ug C needed for 14C analysis and for the purpose 

of this study, we prioritized measurements for 14C). The δ13C values were analyzed at the Stable 

Isotope Geosciences Facility at Texas 210 A&M University on a Thermo Scientific MAT 253 

Dual Inlet Stable Isotope Ratio Mass Spectrometer. To obtain a 14C measurement, the CO2 was 

reduced to graphite onto Fe powder in the presence of H2 (Vogel et al., 1984) and analysed on 

the HVEC 10 MV Model FN Tandem Van de Graaff Accelerator or the NEC 1 MV Pelletron 

Tandem Accelerator at CAMS (Broek et al., 2021). 14C values are reported as Δ14C (‰) 

corrected to the year of measurement (2019) and for mass-dependent fractionation using δ13C 

values, and age is reported in years before present (yBP) within two standard deviations using 

the Libby half-life of 5568 years following the conventions outlined by Stuiver and Polach, 

1977. Age-depth models were generated for each site in R v.4.2.2 (The R Foundation for 

Statistical Computing, 2022) using the “rbacon” package v2.3.9.1. BACON (Bayesian 

accumulation), is based on Bayesian theory, and simulates the sediment deposition process while 

accounting for both variable deposition rates and spatial autocorrelation of deposition from one 

layer to another within the core. Long-term peat accumulation rates were estimated by fitting 
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linear regressions to age-depth model outputs. The calibrated ages showed timing of peat 

development and accumulation between the three sites, and the conventional radiocarbon values 

were used to compare and identify the sources of material used to generate CO2 and CH4 at 

depth. 

Differences in stable isotopic (δ13C) composition between δ13CO2 and δ13CH4 can 

identify the dominant pathway that produces methane, because hydrogenotrophic 

methanogenesis fractionate against heavy C isotopes more than acetoclastic methanogenesis 

(Wilson et al., 2016). Values of this apparent fractionation factor (αapp = [(δ13CO2 + 1000)/ 

(δ13CH4 +1000)]) that are greater than 1.065 are characteristic of environments dominated by 

hydrogenotrophic methanogenesis, while values lower than 1.055 are characteristic of 

environments dominated by acetoclastic methanogenesis (Zhang et al., 2019).  

2.3.4. 13C-NMR Spectroscopy and Mixing Model 

 Solid State 13C NMR spectra of untreated peat samples were obtained at the Pacific 

Northwest National Laboratory in Washington state at the Environmental Molecular Science 

Laboratory facility using cross-polarization under magic angle spinning conditions (CP/MAS) 

with a Varian Direct Drive NMR spectrometer equipped with a Varian 4-mm probe. These bulk 

peat samples were free of charcoal. Approximately 30 mg of peat were packed in 4 mm zirconia 

rotors sealed with Kel-F caps. The CP spectra were acquired after 14k scans with a MAS rate of 

14 kHz resulting in no interference from sidebands as they were outside the range of the 

spectrum, and a ramp-CP contact time on proton of 1 ms and a 1 or 2 s recycle delay depending 

on the sample with 62.5 kHz tppm proton decoupling (Aliev, 2020). The one-dimensional 1H 

NMR spectra of all samples were processed and analysed relative to the external standard 

adamantine. All spectra were corrected against a KBr background, and signals arising from C in 

the NMR probe and rotor were accounted for by subtracting the spectra of an empty rotor from 
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the sample. Spectra were digitally processed with exponential apodization (100 Hz line 

broadening with the first point set to 0.50), phase correction, and baseline correction using a 

Bernstein polynomial fit with Mnova software (v. 14.3.3; Mestrelab Research). Peak areas were 

integrated within seven chemical shift regions for input to the molecular mixing model 

corresponding to: alkyl C (0–45 ppm), N-alkyl/methoxyl C (45–60 ppm), O-alkyl C (60–95 

ppm), di-O-alkyl (95–110), aromatic C (110–145 ppm), phenolic C (145–165 ppm), and carboxyl 

C (165–215 ppm). Example spectra output available as an overlay of all depths in Appendix 

Figure 2.1 and as separated depth profiles Appendix Figure 2.2. 

We used a mixing model which incorporates six components to describe the molecular 

composition of samples based on 13C NMR outputs (Baldock et al., 2004). This peatland soil has 

no visual evidence of char, so that component was removed from the model. The five remaining 

components (carbohydrate, protein, lipid, lignin, and carbonyl) have each been assigned a 

discrete percent of different regions of the 13C NMR signal intensity based on knowledge of 

molar elemental contents and C content of terrestrial soil ecosystems. The measured C:N ratio of 

each sample was used to constrain the protein concentration of each 13C NMR spectrum in the 

molecular mixing model. The optimisation process of the molecular mixing model compares fits 

for all five biomolecules to models eliminating one, two, and three components; in all cases the 

model fit was best when all five components were included in the model (sum of squares of 

deviation < 6%). The mixing model outputs are available in Appendix Table 2.2. 

2.3.5. Statistics  

We assessed our data at two scales: 1) among-site comparisons of the three sites, 

considering overall differences in peat characteristics and isotopic signatures and 2) peatland-

wide patterns in soil profile characteristics and relationships among peat chemistry and isotopic 

signatures. Relationships between peat physical properties (C and N concentrations, C:N, 
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13C,15N, and radiocarbon) and the five biomolecules identified with the molecular mixing model 

were assessed using Pearson correlation analysis. We also conducted separate analyses of the 

13C-NMR data using raw data for spectral regions. The three sites were pooled to get peatland 

scale relationships between the peat physical properties and the five biomolecules versus depth. 

Due to the limited size of this dataset, the spearman method was used to measure covariance, and 

the coefficients are reported in the full correlation matrix results, including r2 values and 

significance, in supplementary materials (Appendix Fig. 3 & 4). We assessed differences among 

the three sites using Principal Component Analysis (PCA) based on all factors included in the 

correlation matrices (all peat physical properties, chemistry, and isotopes for each site). 

Significant trends in biomolecule abundance across depth were identified by linear regression. To 

identify differences between mean radiocarbon values of the sources and respiration products we 

utilized two-sample t-tests. Bulk peat and gas products were determined by Welch two-sample t-

test to account for lack of homogeneity of variance, and differences between mean radiocarbon 

values of DOC and gas products were assessed by student two sample t-test (Appendix Table 

2.3). All relationships explored were considered significant at the 0.1 alpha level. Statistical 

analyses were conducted in R v.4.2.2 (The R Foundation for Statistical Computing, 2022). 

Reported means in the text are shown with standard errors in parentheses. 

2.4. Results  

2.4.1. Isotopic composition of source material and respiration products  

Across all sites and depths, dissolved CH4 and CO2 were relatively modern, 14C-enriched 

relative to peat, and had similar 14C values to DOC, indicating the use of DOC as a preferential 

substrate over solid peat for microbial respiration (Fig. 2.2). Overall, the respiration products had 

statistically similar values to the DOC (t(23)=0.534 p= 0.60) compared to the bulk peat 

(t(16)=|8.67|, p= <0.05) (Appendix Table 2.3). The radiocarbon values for the bulk peat are 



 19 

consistent with constant accumulation over time. The calibrated basal ages for outer, 

intermediate, and inner sites were 1215 ± 35, 1060 ± 30, and 1750 ± 35 yrBP respectively.  

2.4.2. Peat Properties and Chemistry  

The percent C across the sites was consistently 40–55% down to basal depths, which had 

lower C contents and higher ash content, reflecting the influence of underlying mineral 

sediments (Fig. 2.3). The negative correlation between both C and N concentrations with depth 

was not significant, however the negative correlations between ash content and depth (r (16) = - 

0.62, p≤0.1) and age and depth (r (16) = - 0.93, p≤0.1, Fig. 2.3) were strongly significant 

(Appendix Fig. 2.3). Bulk peat stable isotopes, δ13C and δ15N, showed no strong relationship 

with depth or site. Linear slopes across the age-depth profiles suggested consistent peat 

accumulation rates across the peatland over time (Fig. 2.3f). Estimates of long-term peat 

accumulation rates were calculated using the calibrated ages, and were 0.192 cm yr-1, 0.473 cm 

yr-1, and 0.275 cm yr-1 for the outer, intermediate, and inner sites respectfully.  

Example spectra from surface (30 cm) and deep (basal depths; Outer 200 cm, Intermediate 

248 cm, and Inner 431cm) can be seen in Figure 2.4, and complete spectra datasets can be seen 

in supplemental material (Appendix Fig 2.1 & 2.2). The 13C-NMR molecular mixing model 

results showed that depth was positively correlated with lignin (r(16) = 0.70, p≤0.1) and 

negatively correlated with lipid abundance (r(16) = -0.54, p≤0.1) (Fig 2.5.A–C; Appendix Fig 

2.4). To further explore patterns in peat chemistry across depth, we pooled the three sites for 

linear regression. We found significant decreases in lipid abundance (R2= 0.25, F(1,14) = 5.88, 

p< 0.029) and increases in lignin abundance (R2= 0.46, F(1,14) = 13.7, p< 0.002) with increasing 

depth (Appendix Fig 2.6).  

Compared to the other four molecular components (protein, lipid, carbonyl, and 

carbohydrate), lignin was the most abundant biomarker making up an average 64%  1.1 of peat 
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organic matter across the sites (Fig 2.5.D). Carbohydrate was the second most abundant 

compound and averaged 17%  0.2 across the sites. There was almost no carbonyl-C present (all 

sites averaged < 2%), except for deep peat at the outer site and 60 and 200 cm layers of the inner 

site, which had 0.4%  0.9 and 2%  2 carbonyl-C respectively (Fig 2.5. A&C). Overall, the 

organic chemistry of peat was very similar across the sites explored here, and the main patterns 

that emerged were trends with depth.  

We used PCA to explore differences in peat properties among the three sites. The scores and 

loadings of the first and second principal components accounted for the majority of variance 

(74%) with the first principal component accounting for 54.93% (Fig 2.6). Separation along the 

first principal component axis showed stratigraphic effects related to depth and peat 

accumulation over time, with strong separation between the 30 and 60 cm layers versus the 

underlying peat. The clustering of the 30 and 60 cm peat layers was primarily driven by C and N 

concentration, age, ash content, and lipid, alkyl-C, and protein contributions to soil organic C 

(Fig 2.6, Appendix Table 2.2). By contrast, the second principal component was mainly driven 

by site differences, with the inner site being relatively more distinct than the outer and 

intermediate sites while still showing some overlap (Fig 2.6). This separation appeared to be tied 

to the small amount of carbonyl present at this site (Fig 2.6, Appendix Table 2.2, Appendix Table 

2.4). 

2.4.3. Using δ13C to identify CH4 Production Pathway 

The αapp values overlap between the outer and intermediate sites and averaged 1.078 (+/- 

0.003) (Fig 2.7). These data demonstrate no shift in αapp with depth throughout the peat profile. 

The αapp is consistent with hydrogenotrophic methanogenesis being the dominant production 

pathway across all depths measured at the outer and intermediate sites.  
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2.5. Discussion  

2.5.1. Source  

The Changuinola peat deposit is important as an internationally protected wetland and is an 

example of a pristine undisturbed functioning tropical peatland. This is supported by the age-

depth profiles that showed continuous undisturbed peat accumulation over time, and similarities 

in C and N concentrations and C:N ratios to other ombrotrophic peat domes across the tropics 

(Beilman et al., 2019; Dargie et al., 2017; Lähteenoja et al., 2012; Omar et al., 2022). This paper 

contributes a novel characterization of the organic components contributing to surface CO2 

fluxes (bulk peat, respiration products, peat chemical composition) to identify the dominant 

source of C for a tropical peatland. Across all sites and depths, DOC was enriched in radiocarbon 

relative to the bulk peat indicating that it is largely derived from recent photosynthate as opposed 

to the solid peat, which became progressively older solid peat at depth. Similar behaviour has 

been reported in other tropical peatlands that preferentially use modern DOC as the source for 

microbial respiration ( Hoyt et al., 2020), while one site in Borneo reported respiration products 

from mixed sources (A. Hoyt, 2014). These contrasting results suggest either the Borneo 

peatland site is an exception to this behavior or there is need to explore more tropical peatland 

sites to characterize source selection behavior in the tropics. While the microbial utilization of 

surface DOC deep in the soil profile was seen at our sites, which have contrasting surface 

vegetation (Raphia taedigera vs. mixed hard wood), it is important to note that the preference of 

surface derived DOC may be related to these being two wood dominated locations. Tropical 

peatlands with higher abundance of sedge or shrub species may display different source selection 

preference compared to woody peats based on DOC, root exudate, and peat composition 

differences (Girkin, Turner, Ostle, & Sjögersten, 2018; Waldron et al., 2019).  
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2.5.2. Peat Chemistry and Stabilization  

The dominant biomolecule making up this peat C was lignin, which generally represented 

>60% of the C in our samples. Despite the lack of a depth difference in the aromaticity index, we 

saw an accumulation of lignin with depth, indicating preferential preservation of this 

biomolecule and microbial discrimination against its decomposition through time. This selective 

preservation of lignin has been reported for this wetland (Hoyos-Santillan et al., 2016) and other 

tropical peatlands (Gandois et al., 2014) previously, and supports a paradigm of selective 

preservation of aromatic compounds under anaerobic conditions. Coarse woody material from 

fallen trees, branches, and dead roots contribute a large yet relatively sporadic portion of C inputs 

to tropical peat, in addition to the more constant inputs from leaf litter and fine root turnover 

(Hodgkins et al., 2018), and our data together with the previous studies indicate that this large-

scale treen mortality and branch shedding is crucial for peat C accumulation. The waterlogged 

conditions in tropical peatlands can particularly reduce the decomposition of lignin by inhibiting 

ligninolytic microbes (Hoyos-Santillan et al., 2015; Thormann, 2006). There was little change in 

the carbohydrate portion of peat C with depth, even though carbohydrates typically represent the 

most labile compounds in plant tissues for decomposition  (Bader et al., 2018). This lack of 

change in carbohydrate abundance with depth below 30 cm may indicate consistent preservation 

of this molecule after any initial decomposition in the top 30 cm, and contrasts with the 

preferential preservation of lignin. Interestingly, we see a significant decline in lipids with depth, 

even though other tropical and temperate forest studies have indicated preferential preservation 

of lipids in upland soils (Cusack et al., 2018; Jastrow et al., 2007; Wiesenberg et al., 2010). Our 

data suggest that under anaerobic conditions, lipids are decomposed more than other compounds, 

and/or microbial biomass production of lipids declines, or changes in carbon inputs over time. 

Taken together, our data support different decomposition rates and preservation processes of 
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individual biomarkers that contribute to the accumulation of organic C within tropical peatlands 

(Girkin, Turner, Ostle, & Sjögersten, 2018; Hoyos-Santillan et al., 2015, 2016).  

Our outer site is closest to the edge of the peatland in an area in the peatland that is 

dominated by Raphia taedigera palm swamp and with relatively high nutrient availability, while 

the intermediate site dominated by mixed forest swamp species, and the inner site closest to the 

centre of the peatland dominated by stunted Campnosperma panamensis forest and has relatively 

low nutrient availability (S. Phillips & Bustin, 1996; Sjögersten et al., 2011; Troxler, 2007). 

Despite these documented differences, we found strong similarity across sites in peat 

characteristics as well as the radiocarbon content of porewater DOC, CO2, and CH4. Our results 

demonstrate that the peat at or below 2 m is relatively carbohydrate- and lignin-rich and 

potentially less decomposed than expected, making these soils vulnerable to rapid decomposition 

if exposed to aerobic conditions.  

Based on the 14C and age of peat collected across these sites, the dome shape of the peatland 

has built up with older layers closer to the surface at the margins (Fig 2.8). This shape and 

accumulation pattern has been described and modelled across other tropical peat domes that have 

the similar ombrotrophic characteristics as Changuinola (Cobb et al., 2017). Our results suggest 

age was not a driver of peat chemical characteristics or properties that describe decomposability, 

and that older peat that accumulated over 1000 years ago is closer to the surface at the margins 

and would be the first layers to experience aerobic conditions with changes in water table draw 

down or disturbance (Dommain et al., 2011). 

2.5.3. Using δ13C to understand CH4 Production 

Peat organic matter quality influences not only decomposition rates but also the CH4 

production pathway (Holmes et al., 2015). When easily degradable inputs are decomposed, 

acetate is produced by fermentative bacteria, increasing the importance of acetoclastic 
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methanogenesis (Mobilian & Craft, 2022). After the labile material is depleted, the 

decomposition of more resistant material and related CO2 production leads to an increase in 

importance of hydrogenotrophic methanogenesis (Conrad, 2020). The high αapp (1.078  0.003) 

observed here indicates that hydrogenotrophic methanogenesis is the dominant production 

pathway with no signs of depth distribution. While this study is unable to map the exact 

progression of the fermentation process from original plant material to CH4, we know 

hydrogenotrophic methanogenesis is only possible with the availability of CO2 for reduction to 

CH, and that CO2 produced in the initial steps of decomposition is a strong potential supply of 

CO2 to support hydrogenotrophic methanogenesis (Gruca-Rokosz & Koszelnik, 2018; 

Kotsyurbenko et al., 2004). This cooperation between microbial communities, where initial 

degraders provide necessary precursors (in this case CO2 from decomposition) for further 

microbial metabolism by other communities, has been observed in soils and could be a 

mechanism regulating the release of CO2 in this peatland (Chen et al., 2023; D. Li et al., 2021). 

Further work is needed to explore the methanogen community composition and stratigraphy that 

might affect net CH4 flux from this wetland and determine potential surface processes that would 

cause a shift in CH4 production pathway in surface (0-30cm) peat. 

2.5.4. Future Implications 

Tropical peatlands are important C rich ecosystems that are vulnerable to future change. 

Here, we described how sites within a peatland with varied surface vegetation and nutrient status 

all preferentially support deep peat respiration with surface derived DOC, produce CH4 via 

hydrogenotrophic methanogenesis, and continue to accumulate C dense bulk peat. We found that 

the bulk peat currently saturated in the Changuinola peatland is primarily comprised of lignin, 

with accumulation of lignin at depth, presumably because of microbial discrimination against its 
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decomposition in anaerobic conditions. It is unclear how resistant to decomposition this lignin 

would be if exposed to aerobic conditions. Changes in climate and drying of peatlands will 

expose C that has been preserved under anaerobic conditions to rapid microbial decomposition. 

Vegetation shifts and drops in water table depth that can also disconnect the surface from deep 

peat layers and expose peat previously preserved by anoxic conditions to rapid, aerobic 

decomposition (Kettridge et al., 2015; Ofiti et al., 2023). Shifts in composition, availability or 

amounts of inputs from the surface will influence greenhouse gas production in ways that are not 

straightforward or direct, and there is a need and plenty of room to further study these 

relationships. Taken together, these results make it clear that this peatland is storing and 

protecting peat C under current conditions. However, based on the importance of DOC transport 

and deep peat preservation and decay dynamics, changes in precipitation and evapotranspiration 

that influence transport and connectivity between surface and deep peat could greatly impact the 

C storage capacity of this ecosystem. 
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2.6. Figures 

  

a

b

c

1.A
1.B

Figure 2.1 Map of sites included in this study from the Changuinola peat deposit. A. Location of study site 

identified by square in relation to the city of Bocas Del Toro and Panama City. B. Inset showing the location of 

the sites along the transect. The sites follow a vegetation gradient with a) the outer site closest to the channel 

Raphia taedigera palm swamp b) the intermediate site mixed forest swamp and c) the inner site closest to the 

centre of the peatland composed of stunted Campnosperma panamensis forest swamp. The nutrient gradient 

decreases from outer site to inner site. 
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A B C D

Figure 2.2 Isotopic composition of respiration products and substrates. Bulk peat, DOC, and respiration 

products (CH4 = methane, CO2 = carbon dioxide) plotted by depth across all three sites; A) Outer, B) 

Intermediate and C) Inner. Brown circles and solid lines represent bulk peat and green squares with dashed 

lines represent DOC; these are the two measured sources available for gas production. The gas products are 

denoted by inverted dark blue triangles and dotted lines for methane, and the light blue triangles and dashed 

lines for dissolved carbon dioxide. Note the age difference between solid peat and all DOC and gas values; 

this offset indicates that gas production is driven by modern DOC throughout the peat profile. D. Calibrated 

ages for all bulk peat measured in yBP within two standard deviations for the outer, intermediate, and inner 

sites denoted by solid blue, dashed yellow, and dashed pink respectively. 
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Figure 2.3 Bulk Peat Properties and Characteristics. Depth profiles for A. percent carbon, B. percent nitrogen, 

C. the ratio of carbon to nitrogen, D. stable carbon isotope, E. stable nitrogen isotope, and E. calibrated age 

for layers measured for the three sites. Sites are indicated by colour and shape with blue circles indicating the 

outer site, yellow triangles the intermediate site, and pink squares the inner site. 
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Figure 2.4 Example 13C NMR spectra. Bulk peat layers sampled from the A. outer, B. intermediate, and C. 

inner sites showing differences between the shallow (bold) and basal (thin) depths with stacked spectra; the 

complete spectra dataset can be found in additional data located in supplemental material. Spectra were 

digitally processed with Mnova software (v. 14.3.3; Mestrelab Research) with exponential apodization (100 

Hz line broadening with the first point set to 0.50), phase correction, and baseline correction using a 

Bernstein polynomial fit. 
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A B C D

Figure 2.5 Proportion of total organic C attributed to each molecular component across sites and depths. 

Mixing model results showing little change in the five molecular components described by the model with 

depth for the A) outer site, B) intermediate site, and C) inner site. Colours and symbols represent the 

molecular components with proteins as pink diamonds, lipids as orange triangles, lignin as light blue 

inverted triangles, carbonyl as blue circles, and carbohydrates as green squares. D) Average proportion of 

total organic C attributed to each molecular component across sites with standard error. 
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Figure 2.6 Scores and loadings from the PCA for all peat properties and chemistry and depth for the 

outer (blue), intermediate (yellow), and inner (pink) sites. Depths have been indicated by shape with 

the top (30-60 cm) as circles, the bottom (>1 m) as triangles, and the three basal depths as squares 

(basal depths; Outer 200 cm, Intermediate 248 cm, and Inner 431cm). Combined PC1 and PC2 account 

for 74% of variance. 
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Acetoclastic Methanogenesis Hydrogenotrophic Methanogenesis 

Figure 2.7 Differences in stable C isotopic composition between DIC and CH4. Calculated 

estimates of apparent fractionation factor (αapp) across depth for gas collected from the 

outer (blue squares) and intermediate (green triangles) sites. The samples from the inner 

site did not have sufficient amounts of C for this analysis. Note the x-axis shows little 

variation in αapp between sites and soil layers; values of αapp higher than 1.065 is usually 

characteristic of environments dominated by hydrogenotrophic methanogenesis, while a 

value lower than 1.055 is characteristic of an environment dominated by acetoclastic 

methanogenesis (Corbett et al., 2013). 
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Figure 2.8 Schematic of peatland shape and layer accumulation pattern based on peat layer age and 

depth from surface. This concept was presented in model data from Cobb et al., 2017 and has been 

modified to create this schematic that is not to scale. Peat layers accumulate over time with the 

youngest layers at the surface and oldest layers at the base of the peat deposit. Based on this and 

ages collected from the sites within the Changuinola peat deposit, layers that correspond to the same 

age are located at different depths across the peat dome with older peat layers are closer to the 

surface at the margins. 
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2.7. Appendix 

 

Appendix Table 2.1: Radiocarbon results for both untreated (No Acid-Base-Acid) and treated 

(Acid-Base-Acid) sets of peat samples. Radiocarbon concentration is expressed as ∆14C within 

two standard deviations. 

 

 

 

 

 

 

  

Site Depth 

∆14C (No 

ABA) ± 

∆14C 

(ABA)   ± 

Outer 

100 -72.4 3.1 -77.5 4.0 

180 -147.8 3.2 -157.6 3.6 

200 -144.3 3.2 -157.8 3.6 

30 -43.1 3.4 -54.9 4.1 

60 -44.0 3.4 -54.2 4.1 

Intermediate 

30 -59.2 3.4 -59.9 4.0 

60 -71.8 3.3 -70.2 4.0 

100 -98.8 3.3 -107.5 3.8 

200 -105.1 3.2 -110.8 3.8 

248 -130.8 3.2 -141.0 3.7 

Inner 

30 -42.9 3.3 -45.6 4.1 

60 -63.3 3.3 -68.5 4.0 

100 -71.0 3.2 -75.9 4.0 

200 -92.0 3.3 -93.6 3.9 

300 -155.8 3.2 -155.2 3.6 

431 -202.7 3.1 -203.1 3.4 



 35 

 

 

Appendix Table 2.2: Mixing model outputs for all depths sampled from the three sites. Molecular 

component proportion of total C measured via 13CNMR described by the mixing model output as 

weighted percent (Wt%) developed by Baldock et al., 2004, %C measured from bulk peat 

combustion via elemental analyser. 

Site Depth Molecular 

Component 

Wt% %C 

Inner 30 Carbohydrate 16.5 54.33 

Inner 30 Protein 12.9 54.33 

Inner 30 Lignin 61.0 54.33 

Inner 30 Lipid 9.6 54.33 

Inner 30 Carbonyl 0.0 54.33 

Inner 60 Carbohydrate 13.9 55.49 

Inner 60 Protein 9.6 55.49 

Inner 60 Lignin 66.3 55.49 

Inner 60 Lipid 6.4 55.49 

Inner 60 Carbonyl 3.8 55.49 

Inner 100 Carbohydrate 13.4 53.24 

Inner 100 Protein 12.1 53.24 

Inner 100 Lignin 65.3 53.24 

Inner 100 Lipid 8.5 53.24 

Inner 100 Carbonyl 0.7 53.24 

Inner 200 Carbohydrate 13.0 54.87 

Inner 200 Protein 12.1 54.87 

Inner 200 Lignin 64.0 54.87 

Inner 200 Lipid 5.7 54.87 

Inner 200 Carbonyl 5.3 54.87 

Inner 300 Carbohydrate 14.9 54.88 

Inner 300 Protein 14.8 54.88 

Inner 300 Lignin 62.6 54.88 

Inner 300 Lipid 7.7 54.88 

Inner 300 Carbonyl 0.0 54.88 

Inner 431 Carbohydrate 16.3 47.91 

Inner 431 Protein 9.9 47.91 

Inner 431 Lignin 71.6 47.91 

Inner 431 Lipid 2.2 47.91 

Inner 431 Carbonyl 0.0 47.91 

Intermediate 30 Carbohydrate 17.4 55.01 
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Intermediate 30 Protein 13.5 55.01 

Intermediate 30 Lignin 54.5 55.01 

Intermediate 30 Lipid 14.5 55.01 

Intermediate 30 Carbonyl 0.0 55.01 

Intermediate 60 Carbohydrate 19.6 54.84 

Intermediate 60 Protein 13.8 54.84 

Intermediate 60 Lignin 58.2 54.84 

Intermediate 60 Lipid 8.4 54.84 

Intermediate 60 Carbonyl 0.0 54.84 

Intermediate 100 Carbohydrate 15.8 53.76 

Intermediate 100 Protein 11.7 53.76 

Intermediate 100 Lignin 64.8 53.76 

Intermediate 100 Lipid 7.7 53.76 

Intermediate 100 Carbonyl 0.0 53.76 

Intermediate 200 Carbohydrate 15.9 52.96 

Intermediate 200 Protein 12.3 52.96 

Intermediate 200 Lignin 64.9 52.96 

Intermediate 200 Lipid 7.0 52.96 

Intermediate 200 Carbonyl 0.0 52.96 

Intermediate 248 Carbohydrate 17.3 39.96 

Intermediate 248 Protein 9.3 39.96 

Intermediate 248 Lignin 72.4 39.96 

Intermediate 248 Lipid 1.0 39.96 

Intermediate 248 Carbonyl 0.0 39.96 

Outer 30 Carbohydrate 19.9 53.92 

Outer 30 Protein 14.4 53.92 

Outer 30 Lignin 59.5 53.92 

Outer 30 Lipid 6.2 53.92 

Outer 30 Carbonyl 0.0 53.92 

Outer 60 Carbohydrate 18.1 52.40 

Outer 60 Protein 16.8 52.40 

Outer 60 Lignin 60.2 52.40 

Outer 60 Lipid 5.0 52.40 

Outer 60 Carbonyl 0.0 52.40 

Outer 100 Carbohydrate 18.1 53.60 

Outer 100 Protein 16.8 53.60 

Outer 100 Lignin 60.2 53.60 

Outer 100 Lipid 5.0 53.60 

Outer 100 Carbonyl 0.0 53.60 
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Outer 180 Carbohydrate 22.4 39.96 

Outer 180 Protein 9.4 39.96 

Outer 180 Lignin 68.2 39.96 

Outer 180 Lipid 0.0 39.96 

Outer 180 Carbonyl 0.0 39.96 

Outer 200 Carbohydrate 21.0 45.03 

Outer 200 Protein 7.5 45.03 

Outer 200 Lignin 69.4 45.03 

Outer 200 Lipid 0.0 45.03 

Outer 200 Carbonyl 2.2 45.03 
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Appendix Figure  2-1 Stacked overlay of depth profiles of 13C NMR spectra of the A) Outer, B) 

Intermediate, and C) Inner site. Colors increase in darkness representing an increase in depth with 

light green being the 30cm material and dark brown being the basal material. Spectra were digitally 

processed with Mnova software (v. 14.3.3; Mestrelab Research) with exponential apodization (100 

Hz line broadening with the first point set to 0.50), phase correction, and baseline correction using 

a Bernstein polynomial fit. Peak areas were integrated corresponding to; alkyl C (0–45 ppm), N-

alkyl/methoxyl C (45–60 ppm), O-alkyl C (60–95 ppm), di-O-alkyl (95–110), aromatic C (110–145 

ppm), phenolic C (145-165 ppm), and carboxyl C (165–215 ppm). 
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CBA

Appendix Figure  2-2 Depth profiles of 13C NMR spectra for the A) Outer, B) Intermediate, and C) Inner 

sites. Spectra were digitally processed with Mnova software (v. 14.3.3; Mestrelab Research) with 

exponential apodization (100 Hz line broadening with the first point set to 0.50), phase correction, and 

baseline correction using a Bernstein polynomial fit. Peak areas were integrated corresponding to; alkyl C 

(0–45 ppm), N-alkyl/methoxyl C (45–60 ppm), O-alkyl C (60–95 ppm), di-O-alkyl (95–110), aromatic C 

(110–145 ppm), phenolic C (145-165 ppm), and carboxyl C (165–215 ppm). The y-axis has been scaled 

equally across all plots to visually compare changes in peak heights and area across depth, however the 

additional depths at the Inner site need to be considered when comparing across sites. 
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Appendix Table 2.3 Results from two-sample t-tests comparing bulk peat radiocarbon vaues 

versus respiration product radiocarbon values, and DOC radiocarbon values versus respiration 

product radiocarbon values. 

 

 

 

 

 

 

 

  

 Sample Type Mean t-value df p-value 

Pair 1 Bulk Peat -96.5625 
-8.6657 15.974 1.96E-07  Gases (CH4, CO2) 7.95 

Pair 2 DOC 2.027273 
0.53811 23 0.5957  Gases (CH4, CO2) -3.878571 
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Appendix Figure  2-3 Correlation matrix for peat physical properties and depth. The numbers represent the value of 

the correlation coefficient (r) plus the result of the cor.test as stars. On the bottom of the matrix are the bivariate 

scatterplots with a fitted line. Significand codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.1 ‘’. 
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Appendix Figure  2-4 Correlation matrix for peat molecular components and depth. The numbers 

represent the value of the correlation (r2) plus the result of the cor.test as stars. On the bottom of the 

matrix are the bivariate scatterplots with a fitted line. Significand codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 

0.1 ‘’. 
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Appendix Table 2.4 PCA eigenvalues and loadings for PC1 and PC2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 PC1 PC2 

Eigenvalues 3.314e+00  1.941e+00 

Variable   

δ15N -0.186 0.039 

Ash -0.386 -0.077 

%N 0.274 -0.109 

δ13C 0.230 0.165 

%C 0.275  0.091 

C:N -0.266  0.144 

Δ14C (‰) 0.233  0.035 

Depth -0.191  0.011 

LOI 0.265  -0.008 

Alkyl 0.284  -0.041 

N-Alkyl/Methoxyl -0.129  -0.402 

O-Alkyl -0.156  -0.325 

Di_O_Alkyl -0.273 -0.027 

Aromatic -0.251 0.034 

Phenolic -0.230  0.296 

Amide/Carboxyl 0.094 0.414 

Carbohydrate -0.121 -0.344 

Protein 0.236 -0.200 

Lignin -0.264 0.157 

Lipid 0.263 -0.015 

Carbonyl -0.005  0.464 



 44 

  

Appendix Figure  2-5 Aromaticity Index. The aromaticity 

index has been used to describe decomposition state of 

soils. This index is expressed as the ratio of Aromatic-C to 

Alkyl + O-Alkyl + Aromatic C and is calculated using the 

results from integration of the 13C NMR spectra. As the 

aromaticity index approaches 1, the soil is considered more 

decomposed. The lack of change in aromaticity with depth, 

and the consistency across all three sites, suggests little 

decomposition has occurred over space and time. Sites are 

indicated by color and shape with blue circles indicating the 

outer site, yellow triangles the intermediate site, and pink 

squares the inner site. 
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Appendix Figure  2-6 Linear regression of the four most abundant biomolecules from the mixing model 

versus depth. Sites have been pooled for this analysis but are indicated by color with blue indicating the 

outer site, yellow the intermediate site, and pink the inner site. Regressions show significant declines with 

depth for lipids, and significant increases with depth for lignin across sites. 
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3. Changes in Peat Stocks and Characteristics following Warming and Elevated CO2 of an 

Ombrotrophic Boreal Bog 

3.1. Abstract  

This study investigates peatland C dynamics at the Spruce and Peatland Responses Under 

Changing Environments (SPRUCE) site over five years of warming and elevated CO₂, revealing 

an increase in C stocks within deep peat layers, despite past reported overall net C losses at the 

ecosystem level. Previous research indicated that warming shifted the peatland from a net C sink 

to a source, primarily due to increased decomposition of surface layers and downward C 

transport. Our findings suggest that while surface layers experience significant C emissions due 

to enhanced decomposition, deep peat layers benefit from sustained waterlogged conditions that 

facilitate C storage. 

Despite no significant changes in bulk peat chemistry between control and warming 

treatments, the increase in deep peat C stocks highlights the complexity of C sequestration 

processes in peatlands. The observed stability in peat chemistry suggests that fundamental 

properties may resist short-term environmental changes, indicating that significant alterations in 

peat characteristics might require longer durations or more intense stressors to become 

detectable. 

The balance between C sequestration in deep peat and emissions from surface layers 

illustrates the nuanced dynamics of peatland ecosystems. Overall, this research underscores the 

importance of considering both short-term and long-term processes in understanding peatland C 

dynamics and highlights the need for continued long-term studies to better predict peatland 

responses to climate change and inform effective management strategies. Given the critical role 

of peatlands in the global C cycle, these insights are essential for developing conservation 

approaches in the face of ongoing environmental change. 
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3.2.  Introduction 

Despite covering only 3% of the Earth’s land surface, peatlands are the most efficient 

terrestrial C sink, storing 600 Gt C in their soils – double the amount stored by all the world’s 

forests combined (Harenda et al., 2018; Yu et al., 2010). Their ability to store tremendous 

amounts of C results from anaerobic waterlogged conditions combined with low temperatures 

and anoxic conditions, which slow decomposition and promote accumulation of organic matter 

(Barreto and Lindo 2020). Over time, dead plant material, primarily sphagnum mosses, 

accumulates and becomes compacted into peat. As the layer of peat thickens, it creates a 

distinctive, water-saturated, anaerobic environment that further inhibits decomposition, allowing 

peat to build up. This accumulation of partially decomposed plant material forms a carbon-rich 

substrate that can store large amounts of C over millennia (Clymo et al., 1998). Peatlands, 

therefore, play a crucial role in C sequestration and climate regulation. If these environmental 

constraints on organic matter decomposition are removed, there is the potential to alter the 

balance of these systems and reduce their ability to accumulate and store C.  

 

Under the highest emissions no-policy baseline scenario, climate models project a 4–6°C 

increase in atmospheric and peat soil temperatures by 2100 (IPCC 2023). Rising temperatures 

are expected to enhance peatland heterotrophic respiration, potentially releasing substantial 

amounts of carbon dioxide (CO2) and methane (CH4) to the atmosphere (Hopple et al., 2020; Li, 

Gogo, et al., 2021; Wilson et al., 2016). Rising atmospheric CO2 concentrations are expected to 

stimulate photosynthesis and increase plant litter production. This could lead to greater C uptake 

by plants, which might help offset some of the C losses from increased respiration and 

decomposition. To simplify, the C balance can be viewed as the difference between C inputs (like 

CO2 absorbed through photosynthesis) and C losses (such as CO2 and CH4 emissions). However, 
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the combined effects of elevated temperatures and increased atmospheric CO2 concentrations on 

peatland C cycles are still uncertain. Elevated temperatures can accelerate microbial activity and 

decomposition rates, potentially leading to increased CO2 release from peat soils (Q. Li et al., 

2021). At the same time, higher CO2 levels might enhance plant growth and root biomass, which 

could sequester more C and offset some of the emissions (Thompson et al., 2017).  

Water table depth is another important driver of peatland C stability and transport and 

imposes an additional control on peatland C balance. A higher water table might reduce 

decomposition rates and enhance C storage by promoting anaerobic conditions, whereas a lower 

water table could increase decomposition and C loss (Zhong et al., 2020). The water table also 

influences vertical transport of peat material throughout the profile, and changes in water table 

height can facilitate or cut off delivery of surface C to deeper peat (Elizabeth Corbett et al., 

2013). Additionally, changes in water table depth can affect peat layers differently, with 

pronounced responses observed at various depths, particularly around the acrotelm/catotelm 

boundary (Szajdak et al., 2019). The acrotelm (the upper, more active, and aerobic layer) and the 

catotelm (the deeper, water-saturated, anaerobic layer) can exhibit significant changes in peat 

characteristics based on their decomposition conditions. Specifically, the acrotelm's 

characteristics can vary with its more aerobic decomposition environment, while the catotelm's 

traits are influenced by its anaerobic environment. This can affect the decomposition state of the 

peat found in each of these layers (Ingram, 1987). Changes in water table depth will have 

potential consequences for peat material residing at this boundary (Holden & Burt, 2003; Ofiti et 

al., 2022). Consequently, the influence of all the interacting factors on C storage and release 

remains uncertain and is a critical area of ongoing research (Blodau et al., 2004; Chanton et al., 

2008; Elizabeth Corbett et al., 2013; Hoyos-Santillan et al., 2019; Sjögersten et al., 2018). 
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The Spruce and Peatland Responses Under Changing Environments (SPRUCE) 

experiment aims to provide insights into how climate change will affect peatland ecosystems and 

their role in the global C cycle. SPRUCE is a long-term study focused on warming and elevated 

CO2 levels in a forested boreal peatland (Fig 3.1; https://mnspruce.ornl.gov/). Established in 

2012, the experiment began applying whole-ecosystem warming up to +9°C above ambient 

temperatures in 2015, using a regression-based design. The +0, +2.25, +4.5, +6.75 and +9°C 

warming treatments are each conducted at ambient and elevated CO2 (eCO2) conditions. The 

eCO2 treatment are imposed as +500 ppm above ambient CO2 concentrations of reference plots 

with actual concentrations ranging from 800 to 900 ppm. This experimental design allows 

researchers to investigate how different levels of warming, eCO2 concentrations, and their 

interactions influence peatland C dynamics, microbial processes, and ecosystem responses over 

time.  

Previous work at SPRUCE has reported changes in response to experimental treatments 

by vegetation communities, greenhouse gas fluxes, water table depth, and net C balance. These 

changes include shifts in species composition and growth patterns (McPartland et al., 2020). 

Some studies within SPRUCE have noted increased growth of certain plant species in warmed 

plots, which could potentially lead to higher rates of C sequestration if the new vegetation 

contributes to peat accumulation (McPartland et al., 2020). However, there is evidence that 

warming has led to increased C loss from the peatland, as indicated by higher emissions of CO2, 

CH4, and both dissolved organic and inorganic C (Gill et al., 2017; P. J. Hanson et al., 2020; 

Hopple et al., 2020; Wilson et al., 2016). Thus, experimental warming has shifted the balance 

between C input (through plant growth) and output (through decomposition and emissions), 
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leading to overall net C loss in the warmest plots (P. J. Hanson et al., 2020; Wilson, Griffiths, et 

al., 2021; Wilson, Tfaily, et al., 2021).  

There is evidence that both warming and increased CO2 concentrations significantly alter 

the sources of C in the SPRUCE peatland soils. Warming enhances microbial activity and 

decomposition rates, which can affect the types, amounts, and turnover times of C sources in the 

soil (Ofiti et al., 2023). However, analyzing the bulk peat from SPRUCE may provide critical 

additional data on C dynamics, potentially revealing complex patterns or alternative trends that 

current observations and measurements might not fully capture.  

The water table at SPRUCE shows a notable response to experimental treatments 

(Wilson, Tfaily, et al., 2021). Increased temperatures have caused a decline in water table depth, 

which in turn has elevated oxygen levels in previously saturated peat layers (Ofiti et al., 2022; 

Schlesinger & Bernhardt, 2020). This increased oxygenation accelerates microbial 

decomposition of peat C and enhances the incorporation of various soil constituents through 

plant litter and root exudates. Consequently, this process speeds up the decomposition of fast-

cycling C while diluting slowly-cycling C (Ofiti et al., 2022). Variations in water table depth are 

particularly pronounced near the boundary between the acrotelm and catotelm layers, where 

shifts in peat saturation can significantly affect peat properties and C dynamics (Wilson et al., 

2016).  

In this study, we investigated changes in bulk peat over the five-year period of warming and 

eCO2 at SPRUCE. We quantified changes in C content (%C), nitrogen content (%N), bulk 

density, stable and radioactive C isotopes, and overall C stock to assess how peat characteristics 

and C stock have been affected by these experimental treatments. We expected one of two 

outcomes: 1) an increase in peat C stocks from 2012 to 2020, or 2) a decrease in peat C stocks 
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over the same period (Fig 3.2). An increase in C stock is expected if enhanced C deposition, 

driven by increased plant productivity, results in the preferential loss of newer, more labile 

surface material. This preferential use of newer additions to fuel C flux from the system could 

lead to the preservation of older and more stable organic matter accumulation under warming 

and eCO2 conditions (Fig 3.2 Outcome 1). A decrease in peat C stock would result from 

warming-induced aerobic conditions that accelerate both the decomposition of previously 

stabilized peat C and modern C inputs (Fig 3.2 Outcome 2). Additionally, we hypothesized that 

treatment effects would be most pronounced at intermediate depths around the acrotelm/catotelm 

boundary, where the water table is most dynamic and can expose stable anaerobic catotelm peat 

to an aerobic decomposition environment (Fig 3.2 Additional Hypothesis). 

3.3. Methods 

3.3.1. Study Site  

The SPRUCE experiment takes place in the S1 Bog at the Marcell Experimental Forest in 

northern Minnesota (Lat. 47.503, Long. -93.483) (Kolka, 2011). S1 Bog spans 8.1 hectares and 

features a raised dome, ombrotrophic bog dominated by black spruce (Picea mariana) and 

Sphagnum mosses. It is weakly ombrotrophic with a perched water table and minimal regional 

groundwater influence. The bog's surface exhibits typical northern peatland hummock and 

hollow microtopography, with peat depths ranging from 2 to 3 meters in the central area, where 

peat accumulation began around 11,000 years ago (McFarlane et al., 2018). The perched water 

table separates the aerobic shallow peat (acrotelm) from the anaerobic deep peat (catotelm). This 

boundary usually lies 0–30 cm below the hollow surface but can drop to 140 cm below during 

historical dry periods (Sebestyen et al., 2011; Tfaily et al., 2014). 
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3.3.2. SPRUCE Experimental Treatments 

Whole‐ecosystem warming was accomplished by installing top open 12.8‐m diameter × 

7‐m tall enclosures enabling both air and soil warming for a range of treatment levels: +0°C, 

+2.25°C, +4.5°C, +6.75°C, and +9°C. Belowground warming began in June 2015 and was 

achieved using an array of 67 low wattage 3 m long resistance heaters positioned throughout the 

plot and enclosed in coated pipes (P. J. Hanson et al., 2017). Whole ecosystem warming began 

August 2015 and was accomplished with propane furnaces that generated warm air from 

recirculated air drawn from within the enclosure. Each warming treatment was conducted at both 

ambient (approx. 400 ppm) and elevated CO2 (800–900 ppm). The source of the additional CO2 

for enrichment is pure CO2 from a commercial facility with radiocarbon dead (-999 ‰ Δ14CO2) 

and depleted δ13CO2 signature. Initiation of eCO2 treatments was in July 2016. Warming 

treatments were run continuously, while eCO2 treatments were restricted to the growing season 

and day light hours. Two plots without enclosures (Plots 7 and 21) were also fully instrumented 

and evaluated as “ambient control” reference plots, without enclosures, to allow assessment of 

the influence of the enclosures themselves. 

3.3.3. Environmental Measurements 

Aboveground vertical profile of air temperature was measured at +0.5, +1, +2, and +4 m 

at half‐hour intervals (P. Hanson et al., 2016), and for this analysis the measurements at 1m 

above the peat were used to describe average annual air temperature within the experimental 

plots. Automated water table depth data was collected for 12 SPRUCE plots (4, 6, 7, 8, 10, 11, 

13, 14, 16, 17, 19, 20, and 21) beginning during DPH in 2015 and continuing throughout the 

WEW manipulations for the SPRUCE Project (P. J. Hanson et al., 2017). Other data on surface 

moisture, radiation levels, and enclosure CO2 concentrations were also recorded at half‐hour 

intervals and are available from archived data sets (Hanson, Riggs, et al., 2016).  
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Changes in bog surface associated with peat mass and C losses from warming have been 

evaluated (P. Hanson et al., 2018) with a modified version of the Cahoon et al. (2002) surface 

elevation table instrument and a full description can be found in Hanson et al., 2020. Renamed 

the SPRUCE Elevation Transect instrument (SET) for SPRUCE purposes, these instruments 

were deployed two per plot to measure changes in bog surface elevation in mm every year. The 

SET instrument is bolted to a permanent platform on the day of measurement. Fiberglass rods are 

fitted into the SET transect arm and allowed to fall under their own mass. These rods are 

sometimes assisted in reaching the peat surface by tweaking the bypass shrub branches or large 

vegetation obstacles, but they are never pushed into the bog surface. Once the rods are settled on 

the surface, the length of the rod remaining above the SET transect arm is measured to the 

nearest mm. Realistically, there is a random variable associated with how the rods situate 

themselves once on the bog surface, and the accuracy of this measurement is therefore limited to 

± 5mm.   

Elevation changes over time may have impacted sampling depths between 2012 and 

2020. In order to overcome this, depths have been binned into depth intervals that allow us to see 

changes in stock and characteristics across the surface acrotelm, middle average water table 

interface depth, and deep catotelm peat. These bins are as follows; surface (0–40cm), middle 

(40–60cm), and deep (60–100cm). Each variable measured for this analysis has been treated in 

this manner to allow for better comparison between the two years; even with the elevation 

change seen between 2012 and 2020 we are still capturing the differences between these 

expanded depth increments. The body of measurements being made by the project is available 

for use by project scientists and participants and can be found on the SPRUCE website 

(https://mnspruce.ornl.gov). 
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3.3.4. Peat Properties and Characteristics  

In August 2012 (Iversen, 2014) and August 2020 (J. Phillips et al., 2022), SPRUCE 

researchers and collaborators participated in core sampling of peat from the experimental plots. 

The sampling and analytical methods were similar between the collection timepoints (following 

Iversen, 2014), with one key difference: the original 0-10 cm depth increment sampled from 

2012 for hollows was divided into two separate increments, 0-5 cm and 5-10 cm in 2020 and 

2021. This change allowed for a more detailed examination of the shallow peat layer (0-5 cm, 

representing mostly live Sphagnum tissues) and the upper layer of decomposing peat (5-10 cm). 

For the purpose of this study, this new depth separation facilitated a more precise spatial and 

temporal assessment of physical changes and the incorporation of new 13C and 14C isotopic 

signatures related to the SPRUCE eCO2 treatments (P. J. Hanson et al., 2017). Pre- and post-

treatment cores were collected from 10 experimental plots (Plots 4, 6, 8, 10, 11, 13, 16, 17, 19, 

and 20) and two ambient plots (Plots 7 and 21). Sampling was carried out from hollow surfaces 

(referenced at 0 cm) down to a depth of 200 cm in specific increments, and the coring locations 

within each plot were mapped (Iversen, 2014; J. Phillips et al., 2022). 

Data included in this analysis includes %C, %N, bulk density, C/N ratio, 14C, and 13C, 

and are available from archived datasets on the SPRUCE website as well as related publications 

(Iversen, 2014; J. Phillips et al., 2022). Concentrations of C and N as % (g C/g dry peat *100; g 

N/g dry peat *100) were analyzed on 0.1g samples of oven dried finely ground peat on a LECO 

TruSpec elemental analyzer (LECO Corporation, St. Joseph, MI). Peat bulk density was 

calculated by dividing the peat sample dry mass by the peat sample volume. The C/N ratio was 

calculated by dividing the peat C by the peat N. The isotopic ratios of 13C/12C, expressed as δ13C 

(‰), were measured on the GVI Optima Stable Isotope Ratio Mass Spectrometer at the 

University of California Davis Department of Geological Sciences Stable Isotope Laboratory. 
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Radiocarbon values, expressed as Δ14C (‰), were measured on the Van de Graaff FN accelerator 

mass spectrometer or the NEC 1 MV Pelletron Tandem Accelerator at the Center for Accelerator 

Mass Spectrometry at Lawrence Livermore National Laboratory (Broek et al., 2021; Stuiver & 

Polach, 1977). Radiocarbon values were corrected for mass dependent fractionation using 

measured delta 13C values and for 14C decay since 1950. Missing values of these variables (%C, 

%N, bulk density, C/N ratio, 14C, and 13C) were filled in with weighted means using above and 

below depth measurements.  

3.3.5. End Member Mixing Model 

 The fraction of new tissue peat C that was derived from plant biomass input during the 

experimental period was calculated using a simple end member mixing model for each isotope 

(13C and 14C) measured in bulk peat and plant tissue.  

 

𝐹 = [
(𝜎2020 − 𝜎2012)

(𝜎𝑡𝑖𝑠𝑠𝑢𝑒 − 𝜎2012)
] 

 

Where F is the absolute portion of C from new addition of plant material to the peat, 𝜎2020 is the 

13C or 14C value of the 2020 bulk peat,  𝜎2012 is the 13C or 14C value of the 2012 bulk peat, and 

𝜎𝑡𝑖𝑠𝑠𝑢𝑒  is the 13C or 14C value of the plant tissues at the surface. The average tissue value was 

used as it was considered the most representative average of the plant tissue incorporated into the 

peat as litter from all species. These average tissue values were -44.65 ‰ for δ13C and -407.38 

‰ for Δ14C.  

3.3.6. 13C-NMR Spectroscopy and Mixing Model 

 Solid State 13C NMR spectra of untreated peat samples were obtained at the 

Environmental Molecular Science Laboratory at the Pacific Northwest National Laboratory in 
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Richland, Washington using cross-polarization under magic angle spinning conditions 

(CP/MAS) with a Varian Direct Drive NMR spectrometer equipped with a Varian 4-mm probe. 

Approximately 30 mg of peat were packed in 4 mm zirconia rotors sealed with Kel-F caps. The 

CP spectra were acquired after 14k scans with a MAS rate of 14 kHz resulting in no interference 

from sidebands as they were outside the range of the spectrum, and a ramp-CP contact time on 

proton of 1 ms and a 1 or 2 s recycle delay depending on the sample with 62.5 kHz tppm proton 

decoupling (Aliev, 2020). The one-dimensional 1H NMR spectra of all samples were processed 

and analyzed relative to the external standard adamantine. All spectra were corrected against a 

KBr background, and signals arising from C in the NMR probe and rotor were accounted for by 

subtracting the spectra of an empty rotor from the sample. Spectra were digitally processed with 

exponential apodization (100 Hz line broadening with the first point set to 0.50), phase 

correction, and baseline correction using a Bernstein polynomial fit with Mnova software (v. 

14.3.3; Mestrelab Research). Peak areas were integrated within seven chemical shift regions for 

input to the molecular mixing model corresponding to: alkyl C (0–45 ppm), N-alkyl/methoxyl C 

(45–60 ppm), O-alkyl C (60–95 ppm), di-O-alkyl (95–110), aromatic C (110–145 ppm), phenolic 

C (145–165 ppm), and carboxyl C (165–215 ppm).  

We used a mixing model which incorporates six components to describe the molecular 

composition of samples based on 13C NMR outputs (Baldock et al., 2004). This peatland soil has 

previously been analyzed for pyrogenic C, and therefore was processed with char included in the 

mixing model (Ofiti et al., 2022). The five remaining components (carbohydrate, protein, lipid, 

lignin, and carbonyl) have each been assigned a discrete percent of different regions of the 13C 

NMR signal intensity based on knowledge of molar elemental contents and C content of 

terrestrial soil ecosystems. The measured C:N ratio of each sample was used to constrain the 
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protein concentration of each 13C NMR spectrum in the molecular mixing model. The 

optimization process of the molecular mixing model compares fits for all five biomolecules to 

models eliminating one, two, and three components; in all cases the model fit was best when all 

five components were included in the model (sum of squares of deviation < 6%). The mixing 

model results can be found in Appendix Table 3.1. 

3.3.7. Statistics 

This dataset required non-parametric testing to compare differences between 2012 and 

2020. The Kruskal-Wallis test was used to explore changes in peat C stock and content, as well 

as characteristics over time; i.e. between 2012 and 2020. Effect size was calculated as (X2-1)/(n-

2), where X2 is the Kruskal-Wallis test result and n is the number of samples included in each 

comparison. 

Three regression models were built to assess possible effects of temperature, eCO2, and 

depth interval on the calculated difference in soil C stock (stock difference = [stock 2020 - stock 

2012]), D14C values measured in 2020, and 13C values measured in 2020. The relationship 

between differences in soil C stock and temperature was determined to be a 3rd degree 

polynomial relationship, and experimental plot was treated as a random factor. The results from 

these regressions can be found in Appendix Table 3.2, 3.3, and 3.4.  

Linear regression was used to evaluate several relationships: the association between 

mean annual temperature and water table depth in relation to mean hollow height (both across all 

experimental plots and at the peatland level); the correlation between temperature and the 

percentage of new tissue-derived carbon incorporated into bulk peat over time; and the 

relationship between relative peat elevation and time (2015-2020) for each temperature 

treatment. 
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All relationships explored were considered significant at the 0.05 alpha level. All 

statistics were executed in R v.4.2.2 (The R Foundation for Statistical Computing, 2022). 

Reported means in the text are shown with standard errors in parentheses. 

3.4. Results 

3.4.1. Environmental Measurements  

Mean annual temperature (MAT) measured at +1m above the peat surface reached target 

differentials by 2015 (Fig 3.3). Subsurface heating started in 2014, and temperature 

measurements at depths of 10, 30, and 100 cm showed consistent differentials across treatments. 

However, the temperature differences were most significant below 30 cm and diminished closer 

to the peat surface, likely due to heat loss (Appendix Fig 3.1). This heat loss also contributed to 

increased variability in temperature measurements at shallower depths. 

From 2012 To 2020, the water table depth relative to the mean hollow height decreased 

significantly across the peatland (R2=0.1, F=1.541, df=14602, p<0.001; Fig. 3.4) This trend was 

evident in all experimental plots, though the decrease was more pronounced in plots with higher 

temperatures compared to the unwarmed plots, suggesting an effect of the temperature treatments 

(Fig. 3.4, Appendix Fig. 3.2). 

During the five-year warming period, higher temperature treatments showed a decrease in 

peat elevation over time, with the most significant declines observed at +6.75 °C and +9 °C 

above ambient levels. Elevated CO₂ treatments introduce additional variability, sometimes 

reducing the loss of peat elevation in high-temperature conditions. Overall, this suggest that 

warming temperatures, especially extreme increases, can destabilize peatland elevation, 

potentially impacting carbon storage in these ecosystems (Fig. 3.5). Significant changes were 

observed in four of the six treatments, including one control plot, the +4.5°C ambient CO₂ 

treatment, and both the elevated CO₂ and ambient CO₂ +9°C plots (p<0.05; Appendix Fig 3.3). 
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3.4.2. Peat Carbon Stock and Characteristics 

From 2012 to 2020, we observed an overall increase in total C stock in plots to a depth of 

200 cm (Fig 3.6A). In 2012, the median C stock for shallow, middle, and deep peat layers was 

1.87, 5.64, and 7.24 gC per depth increment, respectively. By 2020, these values had changed to 

1.45, 6.42, and 8.62 gC per depth increment. This increase at the plot level was primarily due to 

a significant rise in C stock within the deep peat layer (100–200 cm) over time (Kruskal-Wallis 

X2=11.172, p < 0.05; Fig 3.6B; Table 3.1). This increase in deep peat C stock was not driven by 

changes in bulk density or related to changes in ash content down the profile (Appendix Figure 

3.4). 

In contrast, C stocks in the shallow (0–40 cm; Kruskal-Wallis X2=2.083, p =0.149; Fig 

3.6B; Table 3.1) and middle (40–100 cm; Kruskal-Wallis X2=3.797, p = 0.051; Fig 3.6B; Table 

3.1) depth intervals did not show significant changes over time. Despite the notable increase in 

deep peat C stocks, this change was not affected by warming or eCO₂. When examining the 

differences in C stock from 2012 to 2020, the effects of depth increment, temperature, CO₂ 

treatment, and their interactions were not statistically significant (Appendix Table 3.2).  

To further examine changes in %C, %N, bulk density, and C:N ratio between 2012 and 

2020 peat, we combined the experimental treatments, as there was no treatment effect on 

changes in C stock (Fig. 3.6, Appendix Table 3.2). Peat %C in the shallow and middle depth 

increments remained consistent from 2012 to 2020. However, %C in the deep peat (100–200 cm) 

increased significantly during this period (Kruskal-Wallis X²=20.278, p<0.05; Fig. 3.7A and 

Appendix Table 3.1). The %N increased with depth in both sampling years, with greater 

variability observed in the middle and deep layers in 2020 (Fig. 3.7B). All depth increments 

showed a rise in %N from 2012 to 2020 (p<0.05; Appendix Table 3.1). The C:N ratio and its 

variability decreased with depth in both sampling years (Fig. 3.7C). From 2012 to 2020, the C:N 
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ratio in the shallow depth increment dropped from 41 ± 10 to 37 ± 6, while in the middle depth 

increment, it rose from 25 ± 5 to 27 ± 6 (p<0.05; Fig. 3.7C and Appendix Table 3.1). Bulk 

density increased in the middle depth layer (p < 0.05), while the other layers remained 

unchanged between the sampling years (Fig. 3.7D and Appendix Table 3.1). 

Radiocarbon profiles from all plots show similar trends in bulk peat from 2012, before 

treatments began (Fig. 3.8A), and from 2020, after five years of exposure to elevated temperature 

and CO₂ (Fig. 3.8B). The data suggest some influence of the CO2 treatment on radiocarbon 

values of surface peat in the eCO2 plots (Fig. 3.8B). However, the overall treatment effects were 

only moderately significant, with radiocarbon values for the peat layers remaining similar 

between 2012 and 2020. Depth had a notable effect on peat 14C (p < 0.01; Appendix Table 3.3), 

reflecting peat formation processes, where older material is buried beneath younger more recent 

deposits. 

Stable isotope results showed minimal variation between the sampling years and 

significant effects of CO2 treatment (p<0.05; Fig. 3.9 and Appendix Table 3.4). Ambient plots 

displayed remarkable consistency over the five years, underscoring the stability of this isotope. 

However, analysis of the surface peat revealed a marked depletion of δ13C within the top 30 cm 

in response to eCO2. This isotopic shift was not associated with temperature treatments and 

likely reflects the incorporation of newly deposited plant material with a lower δ¹³C signature 

compared to the existing peat. 

3.4.3. Estimation of the incorporation of labelled C into peat  

 Evidence of new tissue incorporation was observed in both surface and deep peat layers 

(Fig. 3.10). The highest percentages of new tissue were found in the surface layers of the +9, +0, 

+4.5, and +6.75°C temperature treatments, with values of 26.4%, 24.7%, 24.1%, and 13.8%, 

respectively. In the deep peat layers, the +9°C and +6.75°C treatments showed notable new 
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tissue incorporation, with rates of 8.3% and 6.1%, respectively. Despite these variations, there 

was no statistically significant trend related to temperature or depth in new tissue incorporation. 

No significant trend was found between new C incorporation and temperature (r2<0.01, 

F=0.0614, p=0.805, df=45; Appendix Fig. 3.5). The fraction of new litter-derived carbon varied 

with depth, with a greater percentage of new litter tissue incorporated into the surface peat (Fig 

3.10).  

3.4.4. 13C-NMR Spectroscopy and Mixing Model 

 To assess the effects of warming on peat C chemistry, we compared the concentrations of 

molecular compounds measured in the 2020 peat samples with estimates from 2012. This 

comparison showed little to moderate changes across most molecular compounds, with the 

exception of carbohydrates and lipids in the middle depth increment. In both the warmed and 

+0°C plots, carbohydrates and lipids exhibited similar patterns of increase and decrease, 

respectively. At SPRUCE, bulk peat is predominantly composed of carbohydrates (22.8–50.5%) 

and lignin (25.8–35.6%), which remain the most dominant compounds measured by ¹³C-NMR, 

regardless of the measurement year (Fig. 3.11). Carbohydrates decrease with depth, while lignin 

remained relatively constant throughout the peat profile. There is a general trend of increasing 

lipid, char, and protein content with depth. No clear pattern emerged linking changes in 

molecular compounds or aromatic index to temperature treatments (Appendix Fig 3.6). 

3.5. Discussion 

3.5.1. Deep Peat Carbon Remains Stable after 5 Years of Warming  

 This analysis revealed an increase in peat C stocks from 2012 to 2020, regardless of 

warming or eCO₂ treatments. Previous research at SPRUCE has indicated that warming has 

shifted this peatland from being a net C sink to a net C source, leading to significant net C loss at 

the ecosystem level (Hanson et al. 2020). This transition is attributed to increased deposition of 
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new surface material under warmer temperatures and eCO₂, as well as direct C release from the 

surface layers of peat, either as gas or dissolved C (Wilson et al. 2021b). Additionally, observed 

C losses have been linked to the downward movement of residual C, driven by vertical transport, 

compaction, and reduced pore space (Wilson et al. 2021a; Ofiti et al. 2022). 

Our findings align with these earlier results, showing that the increase in C stocks we 

observed primarily stems from the deep peat layers. Despite surface losses, the persistent 

waterlogged conditions in the deep peat layers support ongoing C storage and incorporation. 

Previous radiocarbon analyses have suggested that most C flux originates from recent 

surface inputs, significantly contributing to observed C losses, with some influence from older, 

previously deposited C (Wilson, Griffiths, et al., 2021). Warming accelerates the decomposition 

of readily degradable compounds, such as carbohydrates, which are less abundant in the warmed 

plots compared to the +0°C treatments (Fig. 3.11). While some newly added C may survive 

decomposition and move to intermediate layers (Fig. 3.10), we propose that the increase in deep 

peat C is primarily driven by the export of material from these shallow and intermediate layers. 

This process enhances deep peat C stocks, ultimately resulting from increased plant productivity 

and sustained vertical transport due to the continued saturation of the middle and deep peat. 

3.5.2. Deep Incorporation of New Tissue and Chemical Transformation in Bulk Peat 

Our findings indicate that the impacts of experimental warming and eCO₂ on peat C are 

relatively small, aligning with previous research that also found no significant trend in the 

contribution of experimentally derived plant C to bulk organic matter across the SPRUCE 

experiment (Ofiti et al., 2022). This stability may stem from the competing effects of warming 

and eCO₂, both of which increase the incorporation of new organic matter while also accelerating 

its degradation. These processes can counterbalance each other, resulting in no significant net 
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change in bulk organic matter, despite shifts in individual components like n-alkanes and long-

chain n-fatty acids (Ofiti et al. 2022). 

For all temperature treatments, the incorporation of new tissue was most pronounced in 

the surface layers of the peat profile; however, we also observed increased new tissue 

incorporation in deeper peat layers with warming. This suggests that new C is entering the 

system and being transported downward, supporting our conceptual model (Fig. 3.12) and 

highlighting the significant loss of new C at the surface, where 75% of the remaining peat is 

derived from old tissue. 

After five years of warming, we found no differences in peat chemistry between the 

control and +9°C treatments. This stability may be attributed to several factors, including the 

gradual nature of peatland processes such as decay and accumulation (Clymo et al. 1998). Global 

long-term projections of peatland responses to climate change indicate a lag in the long-term 

effects of environmental shifts on these ecosystems (Müller and Joos 2021). Additionally, the 

inherent stability of peat chemistry, characterized by low nutrient availability and a high degree 

of decomposition resistance, may play a critical role. Depth-specific effects could also influence 

this stability, as different layers may respond variably to external stimuli. Peat chemistry is 

generally stable and resistant to short-term fluctuations, particularly concerning fundamental 

properties like nutrient content, organic matter composition, and decomposition products, which 

remain relatively constant even under varying climatic conditions (Freeman et al. 2001). This 

stability may result from the slow rate at which chemical changes manifest within the peat 

column over time. 

Changes in peat characteristics, such as %C, %N, bulk density, C/N ratio, and isotopic 

ratios (¹⁴C and ¹³C), often require prolonged environmental shifts to become detectable. A 
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previous SPRUCE experiment indicated that the relative amounts of labile and recalcitrant 

chemical compounds in peat did not significantly change after four years of whole-ecosystem 

warming and five years of deep peat heating (Baysinger et al. 2022). This supports our finding 

that C stores remain largely stable, despite evidence of net C losses in other studies (Hopple et al. 

2020; Hanson et al. 2020; Wilson et al. 2021a). Changes in peat chemistry may be occurring at a 

finer depth or chemical resolution, in either deeper or shallower layers, or in unmeasured aspects 

of peat chemistry (Ofiti et al. 2022; Serk et al. 2022). Finally, there may be a threshold of 

warming intensity or duration beyond which significant changes in bulk peat chemistry become 

detectable. 

3.5.3. Implications  

The increased C in deep peat, despite surface elevation loss, highlights the complex 

dynamics of C within peatlands throughout the SPRUCE experiment. While our findings align 

with the anticipated accumulation of C in deep peat, we did not identify a significant relationship 

between experimental treatments and the measured peat characteristics, suggesting that C 

dynamics are more intricate than initially expected. This emphasizes the need to consider both 

short-term and long-term processes, including environmental changes and the balance between C 

sequestration and emissions. 

The rise in deep peat C stocks, despite stable bulk chemistry, indicates that enhanced 

decomposition rates are being counterbalanced by increased C accumulation in deeper layers. 

Factors such as greater plant growth, elevated rates of C transport, and sustained waterlogged 

conditions likely contribute to this trend (Fig. 3.12). Elevated plant productivity boosts the 

incorporation of new tissue and the abundance of bioavailable compounds in the surface layers 

(Fig. 10), resulting in higher decomposition rates and significant C emissions. Concurrently, C 

from shallower layers may be mobilized downward, contributing to gains in deep peat while 
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depleting the upper layers. Modern organic material is transported to deep peat more rapidly than 

it decomposes in shallower layers, with older C compounds moving downward through peat 

water or compaction. 

Deep peat layers show less sensitivity to warming and eCO₂ than shallower layers and are 

less impacted by changes in surface conditions. Traditionally, the boundary between the acrotelm 

and catotelm has been used to differentiate between aerobic and anaerobic environments and 

their respective decomposition rates. However, the transition between middle and deep peat 

layers may be crucial for C cycling, marking the shift from relatively active upper layers to the 

more stable dynamics found beyond 100 cm below the surface. This zone experiences increased 

fluctuations in the water table, where oscillating conditions could enhance C loss. 

The stability observed in bulk peat chemistry over five years suggests that, while surface 

and intermediate layers show signs of C loss, the bulk characteristics of all layers and deep peat 

C stocks remain largely unchanged. This resilience in deep C and peat chemical properties 

underscores the complexity of peatland C dynamics and indicates that deep peat may possess an 

inherent capacity to withstand environmental changes. 

3.6. Conclusions 

Our investigation into peatland C dynamics at the SPRUCE site over five years of 

warming and elevated CO₂ provides valuable insights applicable to global peatlands. While we 

observed no significant changes in bulk peat chemistry, the increase in C stocks within deep peat 

layers underscores the complexity of peatland C sequestration and emissions. This study 

highlights the critical balance between C sequestration and decomposition, illustrating the 

resilience of deep peat C. 

Enhanced plant productivity and the vertical transport of organic matter to deeper layers, 

coupled with sustained waterlogged conditions, contribute to ongoing C accumulation in deep 
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peat. In conjunction with previous findings from this site, which indicate C loss due to treatment, 

our results suggest that this loss primarily occurs in surface layers, where warming accelerates 

decomposition and C emissions, while deeper peat layers continue to sequester C effectively. 

The stability in bulk peat chemistry, despite significant changes in surface C fluxes and 

emissions, suggests that fundamental peat properties may be resilient to short-term (five-year) 

environmental changes. This implies that significant alterations in peat chemistry and C 

dynamics might require longer durations or more intense environmental stressors to become 

evident. These findings emphasize the importance of considering both short-term and long-term 

processes when assessing peatland C dynamics. 

The resilience of deep peat to immediate warming and elevated CO₂ highlights the 

necessity for long-term studies to fully understand the interactions between C sequestration and 

emissions across various peatland types and climates. Given the critical role of peatlands in the 

global C cycle, understanding these complex dynamics is essential for predicting their responses 

to climate change and developing effective conservation and management strategies. 
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3.7. Figures  

 

 

  

Figure 3.1 Experimental set up and timeline. A) Experimental chambers and supporting equipment of the 

SPRUCE site located in Minnesota. Along three boardwalks, chambers have been equipped with above and 

below ground heaters to achieve target temperatures. All warming treatments were held at either ambient CO2 

or elevated CO2, the latter in the range of 800-900 ppm. B) Timeline of 2012 and 2020 sampling of bulk peat, 

as well as initiation of deep peat heating (DPH), whole ecosystem warming (WEW), and elevated CO2 

treatment. The initial sampling occurred following instalment of the experimental chambers, and the 2020 

sampling occurred following 5 years of whole ecosystem warming. 
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Figure 3.2 Conceptual diagram outlining the two potential outcomes of warming and elevated CO2. Outcome 1: 

Increased C stock between 2012 and 2020 due to increased plant productivity and organic matter deposition that 

outpaces decomposition and contributed to peat C accumulation. Outcome 2: Decrease in C stock between 2012 

and 2020 due to change in soil environment from anaerobic to predominantly aerobic, increasing the amount of 

C lost via microbial decomposition. The additional hypothesis is focused on the sensitivity of the acrotel/catotelm 

boundary which is denoted by a red box in both outcome 1 and 2. The peat profile is described by large rectangles 

with surface peat in light green at the top, middle peat in dark green, and deep peat in brown at the bottom. New 

C is represented in yellow and is depicted entering and exiting the peat profile as an arrow at the surface. Transport 

from the surface peat to the middle peat is denoted by a darker yellow arrow moving C from shallow to deeper 

peat layers, and deep peat C exiting the system is shown in a dark arrow moving from the deep layers to the 

surface. Size of arrow is a hypothetical estimation of relative amount of C within each of these fluxes. 
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Figure 3.3 Mean annual temperatures within the experimental plots over time. Solid lines and circles 

denote plots with ambient CO2 (400ppm) and triangles and dashed lines denote elevated CO2 (900 

ppm). Colors represent temperatures with blues being ambient and control (+0 °C), green +2.25°C, 

yellow +4.5 °C, orange +6.75°C, and red +9°C. 
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Figure 3.4 Water table depth over time. During the deep peat heating period water table depth was 

measured in 30 min measurement frequency and shows some trends associated with increased mean 

annual soil temperature, with blue coloring representing the cooler temperatures and orange representing 

the warmer temperatures. The overall drop in water table height over time was significant (R2=0.1, 

F=1.541, df=14602, p<0.001) 
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Figure 3.5 Relative difference in peat elevation compared to measurements taken in 2015 across the 

temperature treatments. Temperature is denoted by color with dark blue being open chamber control and 

light blue +0 °C, green +2.25°C, yellow +4.5 °C, orange +6.75°C, and red +9°C above ambient 

temperature. Elevated CO2 treatments are shown by triangles and dashed lines, and ambient CO2 plots 

are shown with circles and solid lines. Error bars represent standard deviations for averages from two 

SPRUCE Elevation Transect (SET) measurements of 9 peat heights taken from each plot every year (18 

peat heights per plot per year). 
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Figure 3.6 Comparison of peat soil characteristics between 2012 and 2020 for A) carbon B) nitrogen, C) C:N 

ratio, and D) bulk density for each depth increment, shallow (0-40cm), middle (40-100cm), and deep (100-

200cm). These depths were pooled from all plots. Peat was sampled at the beginning of the SPRUCE 

experiment (2012) and after 5 years of whole ecosystem warming and elevated CO2 (2020). Statistical results 

for this figure can be found in supplemental material Table S1. Significand codes:  0 ‘***’ 0.001 ‘**’ 0.01 

‘*’ 0.1 ‘’. 
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Figure 3.7 A) Change in total plot C stock between 2012 (circle) and 2020 (triangle). Colors represent 

temperatures with open control chambers in dark blue, light blue +0 °C, green +2.25°C, yellow +4.5 °C, 

orange +6.75°C, and red +9°C, and CO2 treatment described by line type, with dashed lines indicating 

elevated plots and solid lines indicating ambient plots. B) Comparison of carbon stock for each depth 

increment, shallow (0-40cm), middle (40-100cm), and deep (100-200cm). These depths were pooled 

from all plots. Peat was sampled at the beginning of the SPRUCE experiment (2012) and after 5 years of 

whole ecosystem warming and elevated CO2 (2020). Statistical results for this figure can be found in 

Table 1. Significand codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.1 ‘’. 

A B 
*** 
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Figure 3.8 Bulk peat D 14C composition of peat for A) all plots in 2012, B) ambient and elevated CO2 plots in 2020. 

In A, the 2012 depth profiles are shown for all plots as white circles with solid black lines. The 2020 profiles are 

coloured by temperature treatment with open control chambers in dark blue, light blue +0 °C, green +2.25°C, yellow 

+4.5 °C, orange +6.75°C, and red +9°C. In b, CO2 treatment described by point shape, with triangles indicating 

elevated plots and circles indicating ambient plots. 
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  A B 

Figure 3.9 Bulk peat δ 13C composition of peat for A) all plots in 2012, B) ambient and elevated CO2 

plots in 2020. In A, the 2012 depth profiles are shown for all plots as white circles with solid black lines. 

The 2020 profiles are coloured by temperature treatment with open control chambers in dark blue, light 

blue +0 °C, green +2.25°C, yellow +4.5 °C, orange +6.75°C, and red +9°C. In b, CO2 treatment 

described by point shape, with triangles indicating elevated plots and circles indicating ambient plots. 

 



 76 

  

Figure 3.10 Peat carbon make up described by the end member mixing model using 

A) 13C and B) 14C. New tissue derived carbon content and older peat derived carbon 

content for the eCO2 plots across the temperature treatment gradient. Colours 

represent temperatures with blues being ambient (dark blue) and control (light blue) 

+0 °C, green +2.25°C, yellow +4.5 °C, orange +6.75°C, and red +9°C. The 

proportion of older peat carbon is represented by green bars and the new tissue is 

represented by yellow bars. 
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+9 °

+0 °

Figure 3.11 Proportion of total organic C attributed to each molecular component temperature 

and depth increments. Mixing model results showing change in the five molecular components 

described by the model. The bars represent average proportion of total organic C attributed to 

each molecular component. Colors indicate the temperature treatment with white representing 

2012 ambient temperatures, red indicating +9°C above ambient and blue indicating +0° above 

ambient. Patterns of the bars denote year of sampling with diagonal lines denote 2012 and dots 

denote 2020. 
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Figure 3.12 Conceptual model of potential C movement leading to an increase in deep peat C 

stocks at the SPRUCE peatland following 5 years of warming and elevated CO2 treatment. The 

peat profile is described by the large rectangle with surface peat in light green at the top, middle 

peat in dark green, and deep peat in brown at the bottom. Stocks measured for 2020 bulk peat 

are listed within each peat depth increment. New C is represented in yellow and is depicted 

entering the peat profile as an arrow at the surface. Transport from the surface peat to the middle 

peat is denoted by a light green arrow moving C from shallow to middle peat layers, and 

transport from middle to deep peat layers is shown by a dark green arrow. Export of C from the 

surface is shown by an arrow leaving the shallow peat gradient coloured with yellow and light 

green to represent the combination of C sources for these emissions and loss. Export of C from 

the middle peat is shown by an arrow leaving the mid profile layer and is gradient coloured with 

yellow, light green, and dark green to represent the combination of sources for this C loss. Size 

of arrow is a hypothetical estimation of relative amount of C within each of these fluxes. 
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3.8. Tables 

 

Table 3-1 Results from Kruskal-Wallace test for carbon stock, carbon content, nitrogen content, 

C:N ratio, and bulk density. Comparisons are between years for each depth increment: Shallow 

(0-40cm), Middle (40-100cm), and Deep (100-200cm). Significand codes:  0 ‘***’ 0.001 ‘**’ 

0.01 ‘*’ 0.1 ‘’. 

Variable Year Depth n Mean (sd) Median X2 p-value 

C
ar

b
o
n
 S

to
ck

 g
C

 p
er

 

D
ep

th
 I

n
cr

em
en

t 2012 Shallow 12 1.63 (0.82) 1.87 
2.083 0.1489 

2020 Shallow 12 1.38 (0.51) 1.45 

2012 Middle 17 5.17 (1.86) 5.64 
3.797 0.0513 

2020 Middle 12 6.37 (0.63) 6.42 

2012 Deep 16 6.94 (1.33) 7.24 
11.172 0.0008*** 

2020 Deep 12 8.66 (0.89) 8.62 

C
ar

b
o
n

 

2012 Shallow 45 48.9 (2.07) 48.50 
4.074 0.0435 

2020 Shallow 83 49.3 (1.46) 49.20 

2012 Middle 72 53.3 (1.46) 53.60 
3.098 0.0784 

2020 Middle 72 53.8 (2.22) 54.00 

2012 Deep 47 50.8 (5.29) 52.60 
20.278 6.70E-06*** 

2020 Deep 48 53.9 (1.85) 54.30 

N
it

ro
g
en

 

2012 Shallow 44 1.28 (0.331) 1.20 
6.421 0.0113* 

2020 Shallow 83 1.36 (0.239) 1.30 

2012 Middle 70 2.27 (0.419) 2.41 
4.598 0.032* 

2020 Middle 72 2.08 (0.508) 2.18 

2012 Deep 46 2.44 (0.243) 2.48 
4.916 0.0266* 

2020 Deep 48 2.54 (0.288) 2.62 

C
:N

 R
at

io
 

2012 Shallow 45 40.5 (9.95) 38.90 
5.244 0.022* 

2020 Shallow 83 37 (6.11) 35.90 

2012 Middle 70 24.5 (5.20) 22.60 
6.835 0.0089* 

2020 Middle 72 27.4 (6.46) 25.10 

2012 Deep 45 20.9 (1.11) 21.00 
0.064 0.7996 

2020 Deep 48 21.4 (21.4) 20.60 

B
u
lk

 D
en

si
ty

 

2012 Shallow 44 0.078(0.072) 0.05 
1.287 0.2564 

2020 Shallow 87 0.053 (0.036) 0.04 

2012 Middle 62 0.184 (0.033) 0.18 
6.43 0.0112* 

2020 Middle 72 0.198 (0.046) 0.20 

2012 Deep 35 0.166 (0.044) 0.15 
0.359 0.5485 

2020 Deep 48 0.167 (0.042) 0.16 
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3.9. Appendix 

 

Appendix Table 3.1 Mixing model outputs for all depths sampled from the two plots used to 

compared peat chemistry between T0 and T5 of warming to +9C. Molecular component 

proportion of total C measured via 13CNMR described by the mixing model (Wt%) developed by 

Baldock et al., 2004. The functional groups were determined from 13C NMR spectra by 

integrating the area under the curve located at the assigned chemical shift region (ppm) for each 

group.  

Plot_Year 
Temp 

Treatment 

Depth 

Increment 

Depth 

(cm) 

Molecular 

Component 

(Mixing 

Model 

Results) 

Weight 

Percent 

(% of 

Total 

Peat 

Carbon) 

Functional 

Group 

(13C NMR 

Results) 

Measured 

Integral 

Area 

17_2012 +9C S 15 
Carbohydra

te 
37.7 Alkyl 15.09 

17_2012 +9C S 15 Carbonyl 2.1 Aromatic 20.12 

17_2012 +9C S 15 Char 8.7 Phenolic 9.05 

17_2012 +9C S 15 Lignin 35.6 O-Alkyl 31.61 

17_2012 +9C S 15 Lipid 8.7 Di-O-Alkyl 9.83 

17_2012 +9C S 15 Protein 7.3 

N-

Alkyl/Metho

xyl 

7.54 

17_2012 +9C S 15   Amide/Carbo

xyl 
6.11 

17_2012 +9C M 35 
Carbohydra

te 
22.8 Alkyl 28.93 

17_2012 +9C M 35 Carbonyl 5.3 Aromatic 17.87 

17_2012 +9C M 35 Char 8.8 Phenolic 7.97 

17_2012 +9C M 35 Lignin 28.9 O-Alkyl 21.38 

17_2012 +9C M 35 Lipid 24.8 Di-O-Alkyl 6.66 

17_2012 +9C M 35 Protein 9.4 

N-

Alkyl/Metho

xyl 

6.94 

17_2012 +9C M 35   Amide/Carbo

xyl 
8.86 

17_2012 +9C D 100 
Carbohydra

te 
27.2 Alkyl 22.09 

17_2012 +9C D 100 Carbonyl 5.2 Aromatic 19.86 

17_2012 +9C D 100 Char 10.3 Phenolic 9.08 

17_2012 +9C D 100 Lignin 29.2 O-Alkyl 24.33 

17_2012 +9C D 100 Lipid 14.6 Di-O-Alkyl 7.34 

17_2012 +9C D 100 Protein 13.5 

N-

Alkyl/Metho

xyl 

7.73 
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17_2012 +9C D 100     
Amide/Carbo

xyl 
9.84 

17_2020 +9C S 15 
Carbohydra

te 
37.5 Alkyl 13.73 

17_2020 +9C S 15 Carbonyl 8.2 Aromatic 17.45 

17_2020 +9C S 15 Char 6.1 Phenolic 8.66 

17_2020 +9C S 15 Lignin 33.1 O-Alkyl 31.91 

17_2020 +9C S 15 Lipid 6.9 Di-O-Alkyl 9.2 

17_2020 +9C S 15 Protein 8.1 

N-

Alkyl/Metho

xyl 

6.64 

17_2020 +9C S 15   Amide/Carbo

xyl 
9.02 

17_2020 +9C M 35 
Carbohydra

te 
40.3 Alkyl 17.09 

17_2020 +9C M 35 Carbonyl 7.8 Aromatic 16.78 

17_2020 +9C M 35 Char 7.2 Phenolic 8.25 

17_2020 +9C M 35 Lignin 26.0 O-Alkyl 34.1 

17_2020 +9C M 35 Lipid 10.5 Di-O-Alkyl 9.25 

17_2020 +9C M 35 Protein 8.1 

N-

Alkyl/Metho

xyl 

6.38 

17_2020 +9C M 35   Amide/Carbo

xyl 
9.53 

17_2020 +9C D 100 
Carbohydra

te 
24.6 Alkyl 21.2 

17_2020 +9C D 100 Carbonyl 8.1 Aromatic 20.19 

17_2020 +9C D 100 Char 10.2 Phenolic 9.54 

17_2020 +9C D 100 Lignin 29.9 O-Alkyl 22.83 

17_2020 +9C D 100 Lipid 12.9 Di-O-Alkyl 6.89 

17_2020 +9C D 100 Protein 14.3 

N-

Alkyl/Metho

xyl 

7.87 

17_2020 +9C D 100     
Amide/Carbo

xyl 
11.51 

6_2012 +0C S 15 
Carbohydra

te 
50.5 Alkyl 13.69 

6_2012 +0C S 15 Carbonyl 1.5 Aromatic 15.28 

6_2012 +0C S 15 Char 3.8 Phenolic 7.32 

6_2012 +0C S 15 Lignin 30.8 O-Alkyl 41.51 

6_2012 +0C S 15 Lipid 7.6 Di-O-Alkyl 10.87 

6_2012 +0C S 15 Protein 5.8 

N-

Alkyl/Metho

xyl 

7.66 
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6_2012 +0C S 15   Amide/Carbo

xyl 
5.37 

6_2012 +0C M 35 
Carbohydra

te 
25.2 Alkyl 29.13 

6_2012 +0C M 35 Carbonyl 4.6 Aromatic 18.38 

6_2012 +0C M 35 Char 10.0 Phenolic 7.8 

6_2012 +0C M 35 Lignin 25.9 O-Alkyl 23.03 

6_2012 +0C M 35 Lipid 25.0 Di-O-Alkyl 7 

6_2012 +0C M 35 Protein 9.3 

N-

Alkyl/Metho

xyl 

7.18 

6_2012 +0C M 35   Amide/Carbo

xyl 
8.83 

6_2012 +0C D 100 
Carbohydra

te 
29.9 Alkyl 25.75 

6_2012 +0C D 100 Carbonyl 0.0 Aromatic 19.44 

6_2012 +0C D 100 Char 10.6 Phenolic 7.77 

6_2012 +0C D 100 Lignin 26.3 O-Alkyl 25.88 

6_2012 +0C D 100 Lipid 18.9 Di-O-Alkyl 7.6 

6_2012 +0C D 100 Protein 14.3 

N-

Alkyl/Metho

xyl 

9.1 

6_2012 +0C D 100     
Amide/Carbo

xyl 
7.13 

6_2020 +0C S 15 
Carbohydra

te 
46.6 Alkyl 15.9 

6_2020 +0C S 15 Carbonyl 5.3 Aromatic 14.63 

6_2020 +0C S 15 Char 4.5 Phenolic 6.97 

6_2020 +0C S 15 Lignin 26.8 O-Alkyl 38.64 

6_2020 +0C S 15 Lipid 9.9 Di-O-Alkyl 9.88 

6_2020 +0C S 15 Protein 6.9 

N-

Alkyl/Metho

xyl 

6.85 

6_2020 +0C S 15   Amide/Carbo

xyl 
7.54 

6_2020 +0C M 35 
Carbohydra

te 
42.2 Alkyl 18.56 

6_2020 +0C M 35 Carbonyl 3.7 Aromatic 16.75 

6_2020 +0C M 35 Char 7.3 Phenolic 7.02 

6_2020 +0C M 35 Lignin 26.7 O-Alkyl 34.88 

6_2020 +0C M 35 Lipid 13.0 Di-O-Alkyl 8.98 

6_2020 +0C M 35 Protein 7.2 

N-

Alkyl/Metho

xyl 

7.3 
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6_2020 +0C M 35   Amide/Carbo

xyl 
7.03 

6_2020 +0C D 100 
Carbohydra

te 
28.8 Alkyl 24.42 

6_2020 +0C D 100 Carbonyl 0.2 Aromatic 18.79 

6_2020 +0C D 100 Char 9.1 Phenolic 7.8 

6_2020 +0C D 100 Lignin 29.9 O-Alkyl 24.88 

6_2020 +0C D 100 Lipid 17.6 Di-O-Alkyl 7.4 

6_2020 +0C D 100 Protein 14.3 

N-

Alkyl/Metho

xyl 

8.65 

6_2020 +0C D 100     
Amide/Carbo

xyl 
7.56 
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Appendix Table 3.2 Carbon Stock: Type III Analysis of Variance Table with Satterthwaite's 

method 

 

  

 

Variable  Sum of Squares  Df F Value p-value  

Mean Annual Temperature (MAT) 0.84697 2 0.2618 0.7856 

CO2 Treatment  0.24037 1 0.1486 0.7256 

Depth Increment 0.40451 2 0.125 0.8847 

MAT:CO2 Treatment  0.23548 2 0.0728 0.9314 

MAT:Depth Increment  2.15105 4 0.3324 0.8471 

CO2 Treatment : Depth Increment 0.64417 2 0.1991 0.8247 

MAT:CO2 Treatment :Depth Increment  1.07168 4 0.1656 0.9482 



 85 

Appendix Table 3.3 D14C: Anova Table (Type II) 

  

Variable  Sum of Squares  Df F Value  p-value    

Mean Annual Temperature (MAT) 19267 1 1.67 0.198  
CO2 Treatment  40380 1 3.50 0.063 . 

Depth  5560321 1 481.62 <2e-16 *** 

MAT:CO2 Treatment  2021 1 0.18 0.676  
MAT:Depth  3 1 0.00 0.987  
CO2 Treatment : Depth  36582 1 3.17 0.077 . 

MAT:CO2 Treatment :Depth  1201 1 0.10 0.748   

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1     
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Appendix Table 3.4 d13C: Anova Table (Type II) 

 

  

Variable  Sum of Squares  Df F Value  p-value    

Mean Annual Temperature (MAT) 0.02 1 0.00 0.956  
CO2 Treatment  77.08 1 12.82 4.61E-04 *** 

Depth  394.93 1 65.67 1.58E-13 *** 

MAT:CO2 Treatment  0.01 1 0.00 0.969  
MAT:Depth  0.88 1 0.15 0.703  
CO2 Treatment : Depth  66.26 1 11.02 0.001 ** 

MAT:CO2 Treatment :Depth  0.03 1 0.01 0.944   

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1     



 87 

  

Appendix Figure  3-1 Below ground temperatures across relevant study period. These are 

averaged below ground temperatures from 2014 (start of deep peat heating) until 2021. Points 

and bars represent the averages and standard errors of three individual probes located in the 

plot, except for Plot 6 (+0C) where only two probes were included in the measurement. Depths 

shown here are 10cm, 30cm, and 100cm below the peat surface. Temperatures are represented 

by dark blue being ambient and light blue control (+0 °C), green +2.25°C, yellow +4.5 °C, 

orange +6.75°C, and red +9°C. 
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Appendix Figure  3-2 Water table depth over time. These plots have been faceted based on mean annual soil temperature 

measured at 30cm, with blue coloring representing the cooler temperatures measured and orange representing the 

warmer temperatures measured. Average mean annual temperatures at 1m above the peat are noted at the top of each 

plot. These values were taken at 30-minute time intervals over the deep peat heating period (2015-2020). A regression 

line through each of the plotted relationships shows that all slopes are negative, indicating a decrease in water table depth 

relative to hollow height, and that all relationships are significant (p-value<0.001 for all temperatures). 
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Appendix Figure  3-3 Relative change in peat elevation over time across various temperature treatments from 2015 to 

2020, separated by temperature increase levels (°C) and color-coded by treatment. Dark blue represents control, light 

blue represents +0 °C, green represents +2.25 °C, yellow represents +4.5 °C, orange represents +6.75 °C, and red 

represents +9 °C. Each panel shows a different temperature treatment, with CO₂ treatments (ambient and elevated) 

distinguished by marker shapes (circles for ambient, triangles for elevated) and line types (solid for ambient, dashed for 

elevated). Error bars indicate standard deviations, while shaded regions show confidence intervals; significant 

differences (p < 0.05) between treatments are marked by asterisks, illustrating the effects of warming and CO₂ elevation 

on peat elevation stability. 
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Appendix Figure  3-4 Depth profiles for A) bulk density, B) ash content, and C) Carbon stock for 2012 (light blue) 

and 2020 (dark blue). 
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Appendix Figure  3-5 The contribution of new plant tissue derived carbon to bulk peat 

carbon at 2.5-163cm depth after 5 years of warming and elevated atmospheric CO2. A) The 

proportion of new carbon is plotted against average mean annual temperature from 2015-

2021. Symbols and color represent different depth increments. Lines indicate regression 

trends between proportion of new carbon and temperature, however no significant trend was 

identified: 2.5-7.5cm, r2<0.01, p=0.808, F=0.0620, df=10; 15-45cm, r2<0.01, p=0.726, 

F=0.129, df=13; 55-85cm, r2<0.01, p=0.730, F=0.126, df=10; 113-163cm, r2=0.13, 

p=0.199, F=2.08, df=6). B) The proportion of new carbon is plotted against average mean 

annual temperature from 2015-2021 with no depth distinction. No significant trend was 

found between new carbon incorporation and temperature (r2<0.01, F=0.0614, p=0.805, 

df=45). 
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Appendix Figure  3-6 Proportion of total organic C attributed to each displayed molecular component and 

aromaticity index across temperature treatment. Colors indicate the temperature treatment with red indicating 

+9 ° above ambient and blue indicating +0° above ambient.  
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4. Peat Accumulation Patterns in Tropical Peatlands: Unveiling the Roles of Climate, 

Geography, and Productivity 

4.1. Abstract 

Tropical peatlands play a critical role in global carbon cycling, acting as long-term carbon 

sinks influenced by climate, geography, and productivity. This study investigates the long-term 

apparent rates of peat accumulation (LARPA) across four tropical regions: Southeast Asia, 

Africa, Central and South America, and Hawaii, using a comprehensive dataset from the 

International Soil Radiocarbon Database (ISRAD). Through radiocarbon dating, productivity 

metrics, and environmental data, the research identifies region-specific and shared drivers of peat 

accumulation. Key findings reveal that climatic factors, such as precipitation stability and 

proximity to the coast, strongly influence accumulation rates, while geographic factors like 

elevation and radiocarbon age also play significant roles. Southeast Asia and Africa exhibit the 

highest accumulation rates, driven by consistent rainfall and high productivity, whereas 

Hawaiian peatlands show slower rates, constrained by insular climate conditions. The study 

underscores the importance of understanding diverse environmental controls on tropical peatland 

dynamics to inform conservation and climate resilience strategies. 

4.2. Introduction  

Tropical peatlands are crucial for global carbon (C) cycling, acting as long-term C sinks that 

store significant amounts of organic C, thereby contributing to both ecosystem stability and 

climate regulation. These peatlands, concentrated in regions like Southeast Asia, Africa, Central 

and South America, and Hawaii, differ from their temperate counterparts in terms of their climate 

conditions and unique drivers of peat accumulation (Gumbricht et al., 2017; S. E. Page et al., 

2011). Unlike temperate regions, where cooler climates and continuous waterlogging are major 
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drivers of peat formation, tropical peatlands are exposed to high temperatures, intense rainfall 

variability, and diverse vegetation types, all of which impact both the rate and stability of peat 

accumulation (Chimner, 2004; Dommain et al., 2011). 

Peat formation in the tropics is especially influenced by bioclimatic factors like precipitation 

and temperature, as well as geographic elements such as elevation and proximity to the coast. 

For instance, year-round precipitation in Southeast Asia promotes rapid peat accumulation by 

maintaining waterlogged conditions that reduce decomposition rates (Dommain et al., 2011). 

Similarly, Amazonian and African peatlands, which experience more pronounced seasonal 

rainfall fluctuations, show slower peat accumulation, likely due to water table variation that can 

limit the buildup of organic matter (Draper et al., 2014). These previous findings underscore the 

role of stable hydrology in supporting tropical peat formation and suggest that regions with 

greater seasonal climate variability may accumulate peat at lower rates, potentially impacting 

their long-term C storage capacity. 

In addition to climate, the role of vegetation productivity and C age are increasingly 

recognized as key factors in peatland dynamics. Tropical peatlands with high gross primary 

productivity (GPP) and net primary productivity (NPP) can contribute large volumes of organic 

material, fostering faster peat accumulation (Hergoualc’h & Verchot, 2011; S. E. Page et al., 

2011). Radiocarbon age measurements (Δ14C), which provide insights into C turnover within 

peat profiles, are also valuable for understanding accumulation rates over time. Studies such as 

those by Chimner, (2004) and outlined by Mitsch and Gosselink, (2015) indicate that regions 

with younger C pools or more recent C inputs may support faster accumulation rates, while older 

C reserves typically correspond with slower, more stabilized peat layers. This distinction is 
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critical for understanding the resilience of these ecosystems and their capacity for long-term C 

sequestration. 

Despite the recognized importance of these factors, few studies have compared the relative 

influence of environmental and geographic variables on peat accumulation across diverse 

tropical regions. As tropical peatlands face increased deforestation and land conversion, 

particularly in Southeast Asia and the Amazon basin, understanding the drivers of accumulation 

is essential for conservation and climate change mitigation efforts (Girkin et al., 2022; Miettinen 

et al., 2016; Omar et al., 2022; S. Page et al., 2022). 

This study addresses this gap by examining long-term apparent rates of peat accumulation 

(LARPA) in tropical peatlands across four regions: Southeast Asia, Africa, Central and South 

America, and Hawaii. By leveraging a comprehensive dataset from the International Soil 

Radiocarbon Database (ISRAD), which includes radiocarbon measurements, precipitation, 

productivity, and geographic data, this research aims to identify both shared and region-specific 

drivers of peat accumulation in tropical ecosystems. 

This study seeks to clarify the relative importance of climate, geographic, and productivity-

related factors in shaping tropical peat accumulation by addressing the following hypothesis: 1) 

Climate-related factors, specifically precipitation and temperature, and proximity to the 

coast are hypothesized to be the primary drivers of tropical peat accumulation. Based on 

prior research, we anticipate that regions with higher, stable precipitation and moderate 

temperatures will exhibit higher accumulation rates due to reduced decomposition and consistent 

organic input (Dommain et al., 2011; Gumbricht et al., 2017). 2) Geographic and productivity-

related factors, such as radiocarbon age, elevation, and productivity (GPP and NPP), will 

have region-specific influences on peat accumulation. Higher productivity and younger C 
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stores are expected to correlate with faster accumulation rates due to greater organic input and 

dynamic C turnover (Hergoualc’h & Verchot, 2011; S. E. Page et al., 2011). 

4.3. Methods  

4.3.1. Data Collection  

The data for this study were compiled from the International Soil Radiocarbon Database 

(ISRAD) which houses radiocarbon measurements alongside associated environmental data. In 

addition, other published datasets and grey literature was included when possible. The easy 

access and ISRAD’s stringent quality assurance protocols ensured a substantial amount of 

radiocarbon data and consistency across submitted datasets, and similar standards were applied 

to grey literature sources. This effort resulted in a robust dataset comprising 816 radiocarbon 

measurements from 142 peat profiles across 78 sites spanning 17 countries. 

Environmental variables included in the analysis were derived from multiple sources. 

Productivity data, such as gross primary productivity (GPP) and net primary productivity (NPP), 

were obtained from MODIS products. Climate variables, including mean annual temperature 

(MAT) and mean annual precipitation (MAP), were sourced from WorldClim data layers within 

the ISRAD repository. Additional geographic features, such as elevation and proximity to the 

coast, were extracted using QGIS and corroborated with site-specific metadata. The resulting 

dataset represents diverse peatland conditions across Southeast Asia, Africa, Central and South 

America, and Hawaii. 

4.3.2. Radiocarbon Calibration and Age-Depth Modeling 

Age-depth models were generated for each peat core using the Bayesian BACON package in 

R (v.4.2.2). This method accounts for variable deposition rates and spatial-temporal 
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autocorrelation in sediment deposition, providing robust uncertainty estimates for each core. 

Long-term apparent rates of peat accumulation (LARPA) were calculated by analyzing the slope 

of the age-depth profiles, with steeper slopes representing faster accumulation rates. 

4.3.3. Statistics 

Statistical analyses were conducted in R v.4.2.2 (The R Foundation for Statistical Computing, 

2022). Relationships between LARPA and all variables included in this analysis were assessed 

using Pearson correlation analysis. A full list of variables and their descriptions and matrix 

results, including r2 values and significance, can be found in the appendix (Fig. A1-A4).  

To investigate the drivers of peat accumulation, cores were categorized into high, medium, 

and low accumulation rates based on quantile classification, ensuring an even distribution of 

samples within each category. We applied Principal Component Analysis (PCA) using the 

prcomp function in R at the pantropical (all regions included) and regional scale. PCA was 

conducted on the standardized environmental variables to ensure that all variables contributed 

equally to the analysis, regardless of their original units. The principal components (PCs) were 

retained based on their eigenvalues, proportion of variance explained, and interpretability.  

A linear regression model was used to evaluate the relationship between LARPA and the 

retained principal components. This approach allows for the exploration of how major 

environmental gradients influence peat accumulation while minimizing multicollinearity among 

predictors. The model's performance was assessed using R-squared, adjusted R-squared, and 

significance levels of individual predictors. Although linear regression assumes normality and 

homoscedasticity, it was employed here as an exploratory tool, with results interpreted cautiously 

to identify key trends (Gelman & Hill, 2021; Lumley et al., 2002). The regression model was 

fitted using the lm function in R, with LARPA as the dependent variable and the principal 
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components as independent variables. This approach allows exploration of how major 

environmental conditions (represented by the PCs) influenced the response variable while 

minimizing multicollinearity among predictors. Model performance was evaluated using R-

squared, adjusted R-squared, and the significance of individual predictors based on t-tests. 

4.4. Results  

4.4.1. Tropical Peatland Extent  

The final dataset for this analysis contained a total of 138 cores collected from 77 unique 

sites, which are categorized into four distinct regions: Hawaii, Central/South America, Africa, 

and Southeast Asia (Fig 1A). Each of these regions presents a unique climate profile, 

characterized by variations in average annual temperature and precipitation levels (Fig 1B). 

These climatic factors are critical in determining the initiation and development of peatlands, as 

they influence the hydrology, vegetation, and overall ecosystem dynamics of these areas. While 

the climate today differs considerably from that at the time of peatland formation, historical 

climate conditions have a lasting impact on peatland persistence. Elevation emerges as a 

significant factor influencing both temperature and precipitation across this dataset, strongly 

affecting where these peatland sites are situated within the climate space, represented by Mean 

Annual Precipitation versus Mean Annual Temperature (Fig 1B).  

4.4.2. Patterns in Long-Term Apparent Rates of Peat Accumulation (LARPA) 

Estimated peatland accumulation rates for each core were derived by calibrating the age of 

each peat layer and analyzing the slope of the resulting age-depth profile (Fig 2A&B). Cores 

with age-depth profiles exhibiting steeper slopes indicate faster accumulation rates, highlighting 
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more dynamic peatland sites, whereas shallower slopes correspond to slower accumulation 

processes. 

This analysis revealed significant variability in accumulation rates, both across different 

tropical regions and within individual peatland sites. Southeast Asia and Africa host peatlands 

with the highest long-term apparent rates of peat accumulation (LARPA), measuring 0.987 

cm/yr. and 0.864 cm/yr., respectively. In contrast, all of Hawaii's peatlands display slower 

LARPA rates; however, these rates fall within the range of the slower accumulating peatlands 

found in other regions. For instance, the slowest accumulating peatlands in both Hawaii and 

Southeast Asia accumulate peat at the same rate of 0.002 cm/yr. In the peatlands included in this 

analysis, the majority exhibit accumulation rates below 0.25 cm/yr. regardless of region (Fig 3). 

Within each region, there is variability in peat accumulation rates both among different peat 

sites and occasionally within the same site. To better explore this variability, accumulation rates 

were categorized into bins for each region, allowing for a clearer distinction between "high," 

"medium," and "low" peat accumulation rates. This classification helps identify the underlying 

controls influencing peat accumulation across diverse tropical environments.  

Density plots demonstrate that a significant proportion of peatlands across all regions exhibit 

"low" accumulation rates (Fig 4). This trend persists despite the variations in accumulation rates 

within each region; notably, the highest density of data points consistently aligns with the lower 

end of the accumulation rate spectrum. This suggests that, while there may be some peatlands 

with higher rates, the majority tend to accumulate peat at slower rates.  
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4.4.3. Environmental Drivers of Peat Accumulation: Regional and Pantropical Analysis of 

LARPA 

Environmental factors included in this analysis play a key role in differentiating both regional 

(Fig 5A) and rate-based groupings (Fig 5B) of the peat sites, with PC1 (59.14% variance 

explained) and PC2 (20.2% variance explained) capturing the primary gradients of variation. 

Distinct clustering of peat development sites based on regional origin, with Hawaii (HI, yellow) 

forming a tighter cluster, suggesting relatively uniform environmental characteristics, while 

Africa (AFR, magenta), Southeast Asia (SEA, cyan), and Central/South America (CSA, 

turquoise) display greater spread, reflecting higher variability. Key environmental variables, such 

as gross primary productivity (GPP), Subsoil pH, elevation, mean annual temperature (MAT_C), 

and precipitation of the driest quarter, influence these patterns. For instance, GPP and elevation 

strongly drive variation along PC1, while MAT_C and Precipitation contribute more to PC2. 

There is also evidence that environmental conditions also drive differences in rates of peat 

accumulation. Sites with high-rates of LARPA align with GPP and Subsoil pH, suggesting 

positive associations with these variables, while low-rate sites are more associated with elevation 

and precipitation, reflecting distinct environmental drivers. Medium-rate sites fall between the 

high and low categories, indicating a transitional influence of these variables.  

The five principal components used in this analysis provide insights into the major 

environmental gradients driving variation across the sites. Together, these components reveal 

distinct environmental gradients: temperature-elevation (PC1), bioproductivity-soil pH (PC2), 

soil pH-productivity trade-offs (PC3), precipitation-temperature interactions (PC4), and 

elevation-temperature variability (PC5) (Appendix Table 2). These axes collectively describe the 

complex interplay of climate, soil, and productivity in shaping environmental variability across 
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the sites. PC1 represents climactic conditions and includes the effect of the temperature-elevation 

gradient on location of peat development and LARPA, with mean annual temperature and 

elevation being the dominant variables. This suggests that sites at higher elevations, associated 

with cooler temperatures, reflect a climatic or geographic gradient. PC2 captures the 

bioproductivity-soil pH characteristics, dominated by GPP and subsoil pH, suggesting a link 

between productivity and peat soil conditions (Fig 5, Appendix Table 2). PC3 describes a soil pH 

versus productivity gradient, with an inverse relationship between subsoil pH and GPP, 

suggesting that soil pH can limit or support vegetation growth depending on the conditions. PC4 

highlights a precipitation-temperature interaction, with precipitation during the driest quarter and 

mean annual temperature as dominant variables, capturing regions where seasonal moisture 

availability coincides with cooler temperatures. Finally, PC5 reflects elevation-related 

temperature variability, dominated by elevation and mean annual temperature, pointing to 

localized microclimatic conditions linked to elevation.  

The linear model examines the relationship between LARPA, and the five principal 

components (PC1 to PC5) derived from the dataset (Table 1). The model explains approximately 

10.76% of the variance in LARPA (Multiple R-squared = 0.11), and the adjusted R-squared 

(0.08) reflects modest explanatory power. The overall model is statistically significant (F-statistic 

= 3.304, p = 0.008), indicating that the predictors collectively contribute to explaining variation 

in the LARPA values. Among the principal components, PC1 (temperature-elevation gradient) 

has a significant negative effect (Estimate = -0.02, p = 0.02), suggesting that increases in PC1 are 

associated with a slight decrease in LARPA. Similarly, PC3 (soil pH-productivity) shows a 

significant negative relationship (Estimate = -0.05, p = 0.003), highlighting a potential stronger 

influence of these factors on LARPA. In contrast, PC2 (bioproductivity-soil pH), PC4 
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(precipitation-temperature interaction), and PC5 (elevation-temperature variability) do not 

significantly contribute to the model (p > 0.1), indicating weaker or no effects on the response 

variable (LARPA). The residuals, ranging from -0.23 to 0.75 with a median near zero, support 

the assumption of reasonable model fit (Table 1). Overall, the results suggest that while PC1 and 

PC3 significantly influence LARPA, the model's modest explanatory power indicates that 

additional factors not captured by these principal components may play an important role.  

4.4.3.1. Africa 

In African peatlands, precipitation and soil factors were the strongest correlates of LARPA. 

Precipitation during the wettest quarter (Bioclim16) was positively associated with accumulation 

rates, suggesting that hydrological stability during peak rainfall seasons supports peat formation 

(Appendix Figure A2). Conversely, high elevation negatively correlated with accumulation, 

likely due to cooler temperatures and limited productivity. 

The PCA results show the two principal components, PC1 and PC2 together explained 

79.16% of the variance, with PC1 (59.14%) dominated by temperature and elevation gradients 

(Fig 6A). High-accumulation sites were strongly aligned with PC2, reflecting associations with 

seasonal precipitation and root oxygen availability. Low-accumulation sites clustered with higher 

elevation and cooler temperatures. PC2 captured bioproductivity and soil characteristics, driven 

by GPP and subsoil pH. High-accumulation sites were associated with higher productivity and 

neutral to slightly acidic soil conditions, while low-accumulation sites corresponded with harsher 

soil conditions and limited hydrology. The ellipses around each group represent 95% confidence 

intervals, with smaller ellipses for high-accumulation sites, suggesting lower variability within 

this group. This pattern indicates that sites with high accumulation rates are influenced by 

distinct environmental gradients compared to low and medium rates. 
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Overall, the results demonstrate that peatland accumulation rates are shaped by a 

combination of elevation, productivity, and bioclimatic variables (Fig 6B). PC1 represents a 

gradient influenced by elevation, NPP, and GPP, with higher accumulation rates possibly 

associated with greater productivity and lower elevations. PC2 captures variability driven by 

factors such as root oxygen availability (Root_O2), precipitation during the driest quarter, and 

annual temperature range. 

The regression model for African peatlands explained only 14.95% of the variance in LARPA 

(Adjusted R² = 0.0048) and was not statistically significant (F = 1.033, p = 0.4253). Only PC6 

approached significance (p = 0.0692), highlighting possible unexplored gradients influencing 

LARPA. These results suggest that other, unmeasured factors may play a dominant role in 

African peat accumulation dynamics (Appendix Table A4).  

4.4.3.2. Central South America 

In Central and South America, correlations between LARPA and productivity variables (GPP, 

NPP) were prominent (Appendix Figure A3). Coastal proximity exhibited moderate positive 

correlations, reflecting the role of marine influence and hydrological inputs. Conversely, high 

elevation negatively correlated with accumulation, similar to Africa (Appendix Figure A2). 

The PCA analysis shows clustering of Central South American peatland sites, with PC1 and 

PC2 explaining 58.83% and 28.91% of the total variance, respectively (Fig 7A). High-

accumulation sites clustered along PC1, emphasizing the importance of productivity. Low-

accumulation sites aligned with PC2 variables, reflecting elevation constraints and oxygen-

limited conditions. The clustering of medium-accumulation sites suggests transitional 

environmental conditions, where moderate productivity and hydrological stability balance 

limitations such as soil oxygen deficits. The 95% confidence ellipses for each group illustrate 
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variability, with the high-rate sites showing less dispersion compared to low and medium sites. 

This suggests that sites with high accumulation rates are more homogenous in their 

environmental characteristics, while low-accumulation sites are associated with greater 

variability, potentially reflecting more diverse limiting factors. 

PC1 reflects a gradient driven by variables such as NPP, GPP, and mean annual temperature, 

with positive loadings indicating higher productivity and warmer conditions (Fig 7B). PC2 

captures a gradient influenced by latitude and elevation, with elevation showing a strong 

negative loading. Root oxygen availability and temperature variability (annual temperature range 

and mean diurnal range) also align with PC2, highlighting their importance in separating sites 

based on accumulation rates. High-accumulation sites are associated with high productivity 

(GPP, NPP) and favorable climatic conditions, whereas low-accumulation sites align more with 

restricting factors like high elevation and reduced oxygen availability.  

The regression model explained 45.38% of the variance in LARPA (Adjusted R² = 29.77%), 

with PC1 (p = 0.00948) and PC2 (p = 0.00910) as significant positive predictors (Appendix 

Table A6). PC5 showed a significant negative association (p = 0.04317), indicating that 

elevation-related constraints reduce accumulation rates.  

4.4.3.3. Southeast Asia 

In Southeast Asia, significant correlations were observed between peat accumulation rates 

and variables associated with productivity (GPP, NPP) and hydrological stability (precipitation 

metrics) (Appendix Figure A1). Gross primary productivity exhibited a strong positive 

correlation with LARPA, suggesting that organic matter input plays a critical role in supporting 

rapid peat formation. Subsoil pH showed moderate correlations, indicating potential soil 

chemical constraints on productivity.  
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The PCA results identified five components, with PC1 explaining 48.4% of the variance and 

PC2 accounting for 22.95% (Fig 8). The distribution of peatland sites categorized by 

accumulation rates (high, medium, and low) along the first two principal components (Fig 8A). 

High-accumulation sites clustered closely along PC1, reflecting favorable conditions for organic 

matter preservation and peat accumulation. PC2 highlighted the influence of coastal proximity 

and precipitation during the warmest quarter, suggesting that both geographic and hydrological 

factors contribute to site variability. High-accumulation sites aligned with variables driving PC1, 

emphasizing the role of stable productivity and hydrology in this region. Medium-accumulation 

sites exhibited intermediate traits, influenced by both PC1 and PC2. Low-accumulation sites 

diverged from these variables, reflecting possible hydrological instability or productivity 

constraints. 

PC1 represents a gradient driven by aboveground biomass, GPP, and precipitation 

seasonality, with positive loadings suggesting that high biomass and productivity are positively 

associated with high accumulation rates (Fig 8B, Appendix Table A7). PC2 reflects variability 

driven by coastal proximity (Coastal_km) and precipitation during the warmest quarter, 

highlighting their influence in differentiating sites. High-accumulation sites align with favorable 

conditions such as higher biomass and productivity, while low-accumulation sites are associated 

with limiting conditions such as reduced precipitation. These results underscore the role of 

productivity, hydrological factors, and coastal influence in shaping peatland accumulation rates 

in Southeast Asia. 

The regression model explained 51.22% of the variance in LARPA (Adjusted R² = 44.26%) 

and was statistically significant (F = 7.351, p < 0.001). PC1 (p < 0.001) and PC5 (p = 0.0015) 

were significant predictors of LARPA (Appendix Table A8). The positive influence of PC1 
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corroborates the importance of productivity and hydrological stability, while PC5 highlights the 

role of elevation and temperature variability as localized drivers.  

4.4.3.4. Hawaii 

Hawaiian peatlands showed limited significant correlations, likely due to the small sample 

size (n = 6) (Appendix Figure A4). However, precipitation metrics (MAP, Bioclim13) positively 

correlated with LARPA, suggesting hydrology as a key driver. Productivity variables showed 

weaker correlations, reflecting the volcanic and nutrient-limited nature of Hawaiian soils. 

The PCA examines the environmental controls on peat accumulation rates in Hawaii, 

represented by high (green), medium (yellow), and low (red) accumulation rate sites (Fig 9A & 

B). PC1 (72.67%) was dominated by GPP, NPP, and precipitation, while PC2 (26.67%) captured 

MAP variability and coastal proximity. High-accumulation sites aligned with high productivity 

and favorable precipitation patterns. Low-accumulation sites clustered along PC2, reflecting 

hydrological constraints. The overlap of medium-accumulation sites suggests that intermediate 

hydrological conditions are transitional between extremes of productivity and nutrient 

availability. The regression model had limited explanatory power due to the small sample size 

and was excluded from the analysis.  

4.5. Discussion 

This study underscores the pivotal role of hydrology, productivity, and geographic factors 

in shaping peat accumulation rates across tropical regions. The results support the initial 

hypothesis that climate-related factors, particularly precipitation and temperature, are primary 

drivers of peat accumulation, with stable hydrology and moderate temperatures promoting higher 

accumulation rates. In Southeast Asia, where conditions align with this hypothesis, the highest 

rates were observed, driven by consistent rainfall and high productivity. Similarly, the hypothesis 
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is validated in African and South American peatlands, where precipitation patterns and soil 

characteristics influence accumulation dynamics, albeit at slower rates. Hawaiian peatlands, 

while consistent with expectations of localized constraints such as nutrient limitations and 

hydrological variability, demonstrate the unique challenges faced by isolated ecosystems. The 

second hypothesis—that geographic and productivity factors such as elevation, GPP, and NPP 

have region-specific influences—is also supported. Across regions, elevation emerged as a 

critical constraint in sites with low accumulation rates, while productivity variables aligned 

strongly with high-accumulation sites. The variability observed across regions reflects how these 

factors interact with local environmental conditions, further emphasizing the need for region 

specific study and tailored conservation approaches. 

Southeast Asia exhibits the highest long-term apparent rates of peat accumulation, with 

values reaching up to 0.987 cm/yr. These rates are strongly correlated with high gross primary 

productivity and net primary productivity, reflecting the critical role of organic input in 

supporting rapid peat formation. Consistent, year-round precipitation (mean annual precipitation 

>2000 mm) further contributes to waterlogged conditions, which suppress aerobic decomposition 

and enhance C sequestration. These findings align with Dommain et al. (2011) and Page et al. 

(2011), who demonstrated that the extensive peat domes in Southeast Asia are underpinned by 

hydrological stability and high productivity. 

PCA results reinforce the importance of productivity and hydrology in shaping accumulation 

rates. High-accumulation sites align with PC1, driven by GPP, NPP, and precipitation 

seasonality. Coastal proximity (PC2) further differentiates sites, with coastal peatlands benefiting 

from marine influences that stabilize hydrology. Medium- and low-accumulation sites exhibit 

greater variability along PC2 and PC3, suggesting that inland and marginal peatlands may face 
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seasonal water table fluctuations, reducing organic matter preservation. These results are 

consistent with Gumbricht et al. (2017), who highlighted the role of hydrological connectivity in 

maintaining peatland function. 

Despite their remarkable accumulation rates, Southeast Asian peatlands face significant 

anthropogenic threats. Land conversion for agriculture, particularly oil palm and acacia 

plantations, has led to large-scale drainage, which drastically reduces water table levels and 

triggers peat subsidence and fires (Hooijer et al., 2012; Miettinen et al., 2016). Linear regression 

results emphasize the sensitivity of LARPA to PC1 and PC5, suggesting that disruptions to 

hydrological and productivity gradients could disproportionately impact high-accumulation sites. 

Protecting these peatlands requires immediate action to maintain waterlogged conditions, prevent 

further drainage, and restore degraded areas. 

African peatlands demonstrate moderate accumulation rates, with LARPA reaching up to 

0.864 cm/yr in some regions. These rates are closely linked to seasonal wetland dynamics, where 

consistent wet-season precipitation sustains organic matter accumulation. High-accumulation 

sites are strongly associated with precipitation during the wettest quarter (Bioclim16), 

highlighting the importance of hydrological stability. However, precipitation seasonality 

introduces variability, with low-accumulation sites more likely to experience water table 

fluctuations. These findings align with Dargie et al. (2017), who identified vast Cuvette 

peatlands in the Congo Basin supported by seasonal flooding. 

PCA results indicate that PC1, driven by temperature and elevation, explains much of the 

variance in accumulation rates. High-elevation sites, associated with cooler temperatures, show 

limited productivity and reduced accumulation rates. PC2 captures gradients of bioproductivity 

and soil pH, revealing that high-accumulation sites align with moderate pH values conducive to 



 109 

vegetation growth, while low-accumulation sites correlate with harsher soil conditions. This 

variability underscores the role of both climatic and edaphic factors in influencing African 

peatlands. 

Linear regression results suggest that while climatic and soil factors are important, additional 

unmeasured variables may contribute to the observed patterns. PC6, which approached 

significance (p = 0.0692), highlights potential unexplored gradients such as vegetation 

composition or anthropogenic impacts. The moderate accumulation rates observed in African 

peatlands suggest resilience to short-term disturbances, but long-term risks from land-use 

changes and climate variability, including altered rainfall patterns and deforestation, could 

destabilize these ecosystems. 

In Central and South America, LARPA ranges from low to moderate, with most sites below 

0.5 cm/yr. High-accumulation sites are concentrated in coastal and lowland areas, where 

consistent hydrology supports organic matter preservation. Precipitation during the wettest 

quarter and coastal proximity emerge as significant predictors of accumulation rates, reflecting 

the role of stable hydrological inputs. These findings align with past studies that report lowland 

Amazonian peatlands store significant C but rely on hydrological connectivity for peat formation 

(Wang et al., 2018). 

PCA results show that PC1, dominated by productivity variables, explains most of the 

variance in accumulation rates. High-accumulation sites align with moderate GPP and NPP 

values, while low-accumulation sites are constrained by PC3 variables such as soil oxygen 

deficits and high elevation. Inland peatlands near the Andes experience greater variability due to 

steep gradients and seasonal water availability, limiting their potential for long-term C storage. 
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These findings are consistent with Draper et al. (2014), who identified hydrological and 

topographical constraints in Amazonian peatlands. 

The regression model highlights the importance of PC1 and PC2 in predicting accumulation 

rates, while PC5 indicates that elevation-related constraints negatively impact accumulation. 

These results emphasize that while lowland peatlands benefit from stable hydrology, upland and 

marginal systems are more vulnerable to environmental variability. Conservation strategies 

should prioritize lowland peatlands and address hydrological disruptions caused by deforestation, 

agriculture, and infrastructure development. 

Hawaiian peatlands exhibit the slowest accumulation rates, with most LARPA values below 

0.25 cm/yr. These systems are strongly influenced by localized hydrology and volcanic 

topography. High-accumulation sites are rare and align with moderate precipitation (Bioclim13) 

and productivity metrics such as GPP, reflecting the importance of organic matter input even in 

nutrient-limited volcanic soils. There is evidence from Hawaii focused studies that describe how 

Hawaiian wetlands rely heavily on localized hydrological stability to support peat formation, 

consistent with the findings here  (Chimner, 2004). 

PCA results reveal that PC1, dominated by GPP and NPP, explains 72.67% of the variance, 

while PC2 captures precipitation variability and coastal proximity. High-accumulation sites align 

with PC1 variables, highlighting the role of productivity. Low-accumulation sites are influenced 

by PC2, reflecting hydrological constraints and seasonal precipitation variability. These results 

suggest that Hawaiian peatlands operate under unique conditions distinct from other tropical 

systems. However, the sensitivity of Hawaiian peatlands to hydrological variability underscores 

the need for careful management of water resources. Protecting these systems requires a nuanced 



 111 

understanding of their localized constraints and the impacts of climate change on precipitation 

patterns. 

4.5.1. Pantropical Implications 

Tropical peatlands play a critical role in the global C cycle, serving as both significant C 

sinks and, under disturbed conditions, as potent sources of greenhouse gas emissions. Across the 

tropics, this study underscores hydrological stability and high productivity as the dominant 

drivers of peat accumulation, consistent with findings from other studies  (Dargie et al., 2017; 

Dommain et al., 2011; S. E. Page et al., 2011). However, variability in accumulation rates across 

regions highlights the unique interplay of climatic, geographic, and anthropogenic factors in 

shaping the dynamics of these ecosystems. 

Regions like Southeast Asia represent ideal conditions for rapid peat accumulation, driven by 

stable waterlogged conditions, year-round precipitation, and high organic input. However, these 

peatlands are also among the most vulnerable. Deforestation and land conversion for agriculture 

and plantations, particularly for oil palm, have already degraded millions of hectares of 

peatlands, turning them into net C emitters (Hooijer et al., 2012; Miettinen et al., 2016). In 

Indonesia and Malaysia alone, drained peatlands contribute approximately 500 million tons of 

CO₂ annually (Hergoualc’h & Verchot, 2011). These emissions exacerbate global warming, 

creating a feedback loop that further threatens peatland stability. Protecting these peatlands 

requires urgent conservation actions, such as rewetting degraded areas and implementing 

sustainable land-use practices. 

African and South American peatlands, while accumulating C at slower rates, demonstrate 

resilience to seasonal variability. African peatlands, particularly those in the Congo Basin, store 

immense quantities of C—approximately 30 billion tons—making them the largest tropical 
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peatland complex globally (Dargie et al., 2017). However, seasonal flooding patterns that support 

these systems are highly sensitive to climate variability. Shifts in precipitation patterns, as 

predicted under many climate change scenarios, could destabilize these ecosystems, leading to 

reduced C sequestration or even C release. In the Amazon, Draper et al. (2014) found that 

lowland peatlands remain C sinks primarily due to stable hydrological conditions, but upland and 

Andean-adjacent peatlands are far more vulnerable to climatic variability and deforestation. 

These findings highlight the importance of hydrological connectivity and suggest that regions 

with slower accumulation rates may be at equal or greater risk from long-term climate changes 

compared to high-accumulation peatlands. 

Hawaiian peatlands, while unique in their volcanic and nutrient-limited contexts, offer 

critical insights into the influence of localized constraints on peat dynamics. Their slow 

accumulation rates highlight how volcanic topography, nutrient availability, and hydrology 

interact to limit C storage. Similar constraints are observed in tropical peatlands on small islands, 

such as those in the Caribbean and Pacific (Chimner, 2004). Despite their limited spatial extent, 

these systems provide a valuable window into how climate and geology jointly influence 

peatland development, particularly under extreme or nutrient-poor conditions. 

From a pantropical perspective, these findings reinforce the importance of maintaining 

hydrological stability as a universal priority for tropical peatland conservation. Drainage, 

whether for agriculture, logging, or urban development, disrupts the waterlogged conditions 

essential for peat accumulation, leading to rapid C losses (Hooijer et al., 2012; Moore et al., 

2013). In addition, climate change presents a looming threat, with rising temperatures and altered 

precipitation patterns likely to exacerbate peatland degradation. Studies suggest that even small 
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increases in temperature can significantly increase peat decomposition rates, transforming 

peatlands from C sinks to sources (Hopple et al., 2020; Wilson et al., 2016). 

Despite these challenges, tropical peatlands also present opportunities for climate mitigation. 

Restoring degraded peatlands, particularly in Southeast Asia, has been shown to rapidly reduce 

emissions while enhancing biodiversity and hydrological functions (Joosten & FAO, 2012; S. E. 

Page & Baird, 2016). Conservation of intact peatlands in Africa and the Amazon is equally 

critical, given their role as long-term C reservoirs. Policy frameworks such as the REDD+ 

mechanism provide an avenue for integrating peatland conservation into global climate 

strategies, offering financial incentives for countries to protect and restore these ecosystems 

(Hergoualc’h & Verchot, 2011; Joosten & Clarke, 2002). 

Integrating regional findings into a global framework highlights the interconnectedness of 

tropical peatland dynamics. While the drivers of peat accumulation may vary across regions, the 

overarching principles of hydrological stability and productivity are universal. Conservation 

strategies must be tailored to regional contexts, addressing specific threats while leveraging 

global mechanisms to promote sustainable management. By recognizing the critical role of 

tropical peatlands in C storage, biodiversity support, and climate regulation, we can develop 

comprehensive strategies to safeguard these vital ecosystems for future generations. 
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4.6. Figures 

  

Figure 4.1 Map of tropical peat sites used in this analysis and where they plot in climate space. A) Peatland 

coordinates were collected from the ISRAD database, and colors denote peatland regions with yellow indicating 

Hawaii (HI), cyan indicating Central/South America (CSA), magenta representing Africa (AFR), and teal 

representing Southeast Asia (SEA). B) Climate space for each peatland site as described by the relationship 

between Mean Annual Precipitation and Mean Annual temperature. The size of the circles represents the elevation 

of the peatlands, with larger circles indicating those at higher elevations, and illustrates the relationship between 

climate space and elevation. 
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A B 

Figure 4.2 Rates of peatland accumulation and their distribution across the tropics. A) Age-depth profiles for each 

core faceted by region. Cores with steep slopes indicate peatland sites that accumulate faster than cores with more 

gradual slopes. B) Estimated peat accumulation rates for each site included in this analysis. Each circle represents a 

single core that was used to calculate a long-term apparent accumulation rate (LORCA). Some sites have multiple 

rate estimates due to the extraction of several cores from the same location. 
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Figure 4.3 Violin plot comparing peatland accumulation rates across various tropical regions. This plot 

illustrates the distribution of long-term apparent rates of peat accumulation (LARCA) for each color-

coded region: Africa (magenta), Central/South America (cyan), Hawaii (yellow), and Southeast Asia 

(teal). It highlights differences in median accumulation rates and variability among regions. The wider 

sections of the violins indicate areas of higher concentration of accumulation rates, while the central 

box represents the median and interquartile range. This visualization emphasizes the substantial 

variability in peatland dynamics across tropical ecosystems. 
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Figure 4.4 Histograms of peat accumulation estimates and age-depth plots for A) all cores, B) Africa, C) Central 

South America, D) Southeast Asia, and E) Hawaii. Each plot displays the distribution of long-term apparent rates 

of peat accumulation (LARCA) for the specified color-coded region: Africa (magenta), Central/South America 

(cyan), Hawaii (yellow), and Southeast Asia (teal). The histograms provide insight into the variation and central 

tendencies of accumulation rates, highlighting differences in peatland dynamics among these regions. Each 

region exhibits distinct frequencies of accumulation rates, and bins for accumulation rates have been defined 

separately for each region (see Appendix Table for specific bin ranges). Green indicates "high" accumulation 

rates, yellow represents "medium" accumulation rates, and red signifies "low" accumulation rates. 
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Figure 4.5 Principal Component Analysis (PCA) biplots depicting the variation in environmental variables 

across A) regions and B) peat accumulation rates for the complete dataset. The left panel shows samples 

grouped by region (HI = yellow, AFR = magenta, SEA = cyan, CSA = turquoise), while the right panel 

highlights groupings based on rate categories (High = green, Medium = yellow, Low = red). Arrows represent 

the environmental variables contributing to the variation along PC1 (59.14%) and PC2 (20.2%), including 

Gross Primary Productivity (GPP), Subsoil pH, Elevation, Mean Annual Temperature (MAT_C), and 

Precipitation of the Driest Quarter. Ellipses indicate 95% confidence intervals for group centroids. 
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Figure 4.6 Principal Component Analysis (PCA) of African Peatland Accumulation Rates. A) PCA plot with 

peatland sites categorized by accumulation rates: high (green), medium (yellow), and low (red). The clustering 

and ellipses indicate the variation within each group along the two principal components, PC1 (44.26%) and 

PC2 (34.9%). B) Biplot of environmental and bioclimatic variables influencing the principal components, with 

vectors representing the direction and strength of each variable's influence. Key variables include root oxygen 

availability (Root_O2), Elevation_m, Bioclim factors, net primary productivity (NPP), and gross primary 

productivity (GPP). 
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A 

 

B 

 

Figure 4.7 Principal Component Analysis (PCA) of Environmental Drivers of Peatland Accumulation Rates 

for Central South America. A) PCA plot showing peatland sites categorized by accumulation rates: high 

(green), medium (yellow), and low (red). The first two principal components (PC1 and PC2) explain 

58.83% and 28.91% of the variance, respectively. Clustering patterns and 95% confidence ellipses indicate 

that high-accumulation sites form a distinct, tightly clustered group, while low-accumulation sites exhibit 

greater variability. Medium-accumulation sites overlap both groups, reflecting transitional environmental 

conditions. B) Biplot illustrating the environmental variables contributing to the principal components. 
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Figure 4.8 Principal Component Analysis (PCA) of Peatland Accumulation Rates for Southeast Asia. A) 

PCA plot with peatland sites categorized by accumulation rates: high (green), medium (yellow), and low 

(red). The clustering and ellipses indicate the variation within each group along the two principal 

components, PC1 (77.37%) and PC2 (10.42%). B) Biplot of environmental and bioclimatic variables 

influencing the principal components, with vectors representing the direction and strength of each 

variable's influence. Key variables include Elevation_m, radiocarbon value, Bioclim factors, and 

longitude. 
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Figure 4.9 Principal Component Analysis (PCA) of Environmental Drivers of Peat Accumulation Rates in 

Hawaii. A) PCA plot showing peatland sites categorized by accumulation rates: high (green), medium 

(yellow), and low (red). The first two principal components, PC1 (72.67% variance explained) and PC2 

(26.67% variance explained), account for 99.34% of the total variability. Clustering patterns indicate distinct 

separation between high- and low-accumulation rate sites, with medium-accumulation sites overlapping both 

groups, reflecting transitional environmental conditions. B) Biplot showing the environmental variables 

contributing to the principal components. Note: The Hawaii segment of this dataset is limited to just 6 cores. 

This small sample size may affect the robustness and generalizability of this analysis. Therefore, caution 

should be exercised when interpreting these correlations, as they may not fully represent the broader patterns 

observed in larger datasets or different regions. 
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4.7. Tables 

 

Table 4-1 Regression output describing effect of PCA components on peat accumulation estimate 

across all regions and rates. Variation inflation factor (VIF) listed for all components included in 

the model. 

  

Model Statistics  Value 

Df  137 

Residual Standard Error  0.15 

R2  0.11 

R2 adj  0.08 

F Value  3.30 

p-value  0.01 

 
 

     

Component VIF Estimate Std.Error t Value Pr(>|t|)   

(Intercept)  1.3E-01 1.2E-02 1.0E+01 <2e -16 *** 

PC1 1 -1.7E-02 7.2E-03 -2.4E+00 2.0E-02 * 

PC2 1 -1.4E-03 1.2E-02 -1.2E-01 9.1E-01  

PC3 1 -4.9E-02 1.6E-02 -3.1E+00 2.5E-03 ** 

PC4 1 -2.1E-02 1.9E-02 -1.1E+00 2.7E-01  

PC5 1 5.2E-02 1.1E-01 4.8E-01 6.3E-01  

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Table 4-2 Metadata, units, and source for variables used in correlation matrixes for each region. 

Variable Description Units Source 

Δ14C 

Describes the radiocarbon 

concentrations of the peat layers 

reported as Δ14C 

Δ14C ISRAD 

Vegetation_Cover 

Total Plant Area Index based solely 

on GEDI lidar and validated with 

independent data. 

m2 m-2 

NASA Global 

Ecosystem 

Dynamics 

Investigation 

(GEDI) 

Topsoil_pH 

pH, measured in a soil-water 

solution, is a measure for the acidity 

and alkalinity of the soil. This field 

gives the soil reaction of top- (0–

30cm) soil. 

  

Harmonized 

World Soil 

Database 

TMIN_C Min Temperature of Coldest Month °C 
ISRAD via 

WorldClim 

TMAX_C 
Max Temperature of Warmest 

Month 
°C 

ISRAD via 

WorldClim 

Subsoil_pH 

pH, measured in a soil-water 

solution, is a measure for the acidity 

and alkalinity of the soil. This field 

gives the soil reaction of sub- (30-

100 cm) soil. 

  

Harmonized 

World Soil 

Database 

Site_long Peatland site longitude 
dec. 

degrees 
ISRAD 

Site_lat Peatland site latitude 
dec. 

degrees 
ISRAD 

Region 
Peatland region as determined by 

geographic location 
NA 

Determined 

within this 

analysis using 

data from 

ISRAD 

Nutrient_Retention 

Nutrient retention capacity refers to 

the capacity of the soil to retain 

added nutrients against losses 

caused by leaching. 

  

Harmonized 

World Soil 

Database 

NPP Net Primary Productivity kg*C/m2 MODIS 

MAT_C Mean Annual Temperature °C 
ISRAD via 

WorldClim 

MAP_mm Mean Annual Precipitation mm 
ISRAD via 

WorldClim 
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LARPA 

LARCA, or long-term apparent rate 

of peat accumulation, is a measure 

of how quickly organic matter 

accumulates within a peatland 

cm/year 
Calculated for 

this study 

Inundation 

Inundation classification described 

by one of three states: upland area 

(0), minimum inundation area (1), 

maximum inundation area (2), long-

term maximum inundation area (3) 

NA 

Global 

Inundation 

Extent from 

Multiple-

Satellites 

(GIEMS) 

GPP Gross Primary Productivity kg*C/m2 MODIS 

Elevation_m Elevation of peatland site m Qgis 

Coasta_km Peatland distance/proximity to coast km Qgis 

CalBP 

Calibrated age; CalBP is an 

abbreviation for "calibrated years 

before the present" or "calendar 

years before the present" and is a 

notation which signifies that the raw 

radiocarbon date cited has been 

corrected using current 

methodologies. 

CalBP 

(age) 

Calculated for 

this study 

Aboveground_Biomass 

Predicted aboveground biomass 

density based solely on GEDI lidar 

and validated with independent data. 

Mg ha-1 

NASA Global 

Ecosystem 

Dynamics 

Investigation 

(GEDI)  

  
Mean temperature of warmest 

quarter 
°C 

ISRAD via 

WorldClim 
 

  Mean temperature of coldest quarter °C 
ISRAD via 

WorldClim 
 

  Precipitation of Wettest Month mm 
ISRAD via 

WorldClim 
 

  Precipitation of Driest Month mm 
ISRAD via 

WorldClim 
 

  
Precipitation Seasonality 

(Coefficient of Variation) 
  

ISRAD via 

WorldClim 
 

  Precipitation of Wettest Quarter mm 
ISRAD via 

WorldClim 
 

  Precipitation of Driest Quarter mm 
ISRAD via 

WorldClim 
 

  Precipitation of Warmest Quarter mm 
ISRAD via 

WorldClim 
 

  Precipitation of Coldest Quarter mm 
ISRAD via 

WorldClim 
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Mean Diurnal Range (Mean of 

monthly (max temp - min temp)) 
°C 

ISRAD via 

WorldClim 
 

  
Isothermality (Bioclim2/Bioclim7) 

(×100) 
°C 

ISRAD via 

WorldClim 
 

  
Temperature Seasonality (standard 

deviation ×100) 
°C 

ISRAD via 

WorldClim 
 

  
Temperature Annual Range (BIO5-

BIO6) 
°C 

ISRAD via 

WorldClim 
 

  
Mean Temperature of Wettest 

Quarter 
°C 

ISRAD via 

WorldClim 
 

  Mean Temperature of Driest Quarter °C 
ISRAD via 

WorldClim 
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Southeast Asia 
 

Appendix Figure  4-1 Correlation plot showing relationships between variables included in this study dataset for 

Southeast Asia. Variables that are positively correlated are indicated in blue, and variables that are negatively 

corelated are indicated in red. The significance of these correlations is indicated by the transparency of the circles, 

as well as by asterisks, where significance codes are as follows: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.1 ‘’ 
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Africa 
 

Appendix Figure  4-2 Correlation plot showing relationships between variables included in this study dataset 

for Africa. Variables that are positively correlated are indicated in blue, and variables that are negatively 

corelated are indicated in red. The significance of these correlations is indicated by the transparency of the 

circles, as well as by asterisks, where significance codes are as follows: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.1 ‘’ 
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  Central/South America 
 

Central/South America 

Appendix Figure  4-3 Correlation plot showing relationships between variables included in this study dataset 

for Central/South America. Variables that are positively correlated are indicated in blue, and variables that are 

negatively corelated are indicated in red. The significance of these correlations is indicated by the transparency 

of the circles, as well as by asterisks, where significance codes are as follows: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.1 

‘’ 
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Appendix Figure  4-4 Correlation plot showing relationships between variables included in this study dataset 

for Hawaii. Variables that are positively correlated are indicated in blue, and variables that are negatively 

corelated are indicated in red. The significance of these correlations is indicated by the transparency of the 

circles, as well as by asterisks, where significance codes are as follows: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.1 ‘’ 

It is important to note that the Hawaii segment of this dataset is limited to just 6 cores. This small sample size 

may affect the robustness of the correlation results and their generalizability. Therefore, caution should be 

exercised when interpreting these correlations, as they may not fully represent the broader patterns observed in 

larger datasets or different regions. 
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Appendix Table 4.1 Principal Component Analysis (PCA) of possible drivers of peat 

accumulation and development across tropical regions. Peatland sites from different tropical 

regions: Africa, Central and South America, Hawaii, and Southeast Asia. Rates described as High 

(>0.16 cm/yr), Med (0.16 to 0.05 cm/yr) and low (<0.05 cm/yr). Table shows eigenvalues and 

loadings for the five principal components. 

  

 PC1 PC2 PC3 PC4 PC5 

Eigenvalues 2.957 1.01 0.604 0.416 0.01 

Variable           

MAT_C -0.55 0.06 0.20 -0.42 0.69 

Elevation_m 0.55 -0.11 -0.29 0.30 0.71 

Precipitation of Driest Quarter -0.47 -0.2 0.24 0.83 0.08 

GPP -0.29 0.70 -0.62 0.18 0.0 

Subsoil_pH 0.30 0.67 0.65 0.14 0.08 
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Appendix Table 4.2 Principal Component Analysis (PCA) of possible drivers of peat 

accumulation and development across African peatland sites included in this analysis. Table 

shows eigenvalues and loadings for the eight principal components. 

 

  

  PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 

Eigenvalues 3.54 2.79 0.68 0.38 0.3 0.19 0.09 0.04 

Variables                  

MAT_C -0.47 -0.20 0.04 -0.35 0.38 0.06 -0.19 0.66 

elevation_m 0.46 0.23 -0.12 0.26 -0.28 -0.29 -0.16 0.68 

Precipitation of Driest Quarter -0.41 0.26 -0.30 0.29 -0.40 0.55 -0.35 0.03 

GPP -0.23 0.48 0.35 -0.22 -0.31 0.08 0.64 0.20 

Nutrient_Retention -0.19 -0.39 0.73 0.41 -0.28 -0.08 -0.17 0.04 

Temperature Annual Range  0.26 -0.43 -0.04 -0.60 -0.57 0.22 -0.08 0.03 

Root_O2 -0.48 -0.02 -0.29 -0.12 -0.34 -0.73 -0.07 -0.15 

NPP 0.10 0.53 0.39 -0.37 0.05 -0.10 -0.61 -0.20 
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Appendix Table 4.3 Regression output describing effect of PCA components on peat 

accumulation estimate across African peatlands included in the analysis. 

  

 Model Statistics 

Df 47 

Residual Standard Error 0.17 

R2 0.15 

R2 adj 0.00 

F Value 1.03 

p-value 0.43 

Components Estimate Std.Error t Value Pr(>|t|) 

(Intercept) 0.12 0.02 5.22 <2e-16 *** 

PC1 0.01 0.01 0.51 0.61  
PC2 -0 0.01 -0.3 0.75  
PC3 -0 0.03 -0.2 0.85  
PC4 0.04 0.04 1.07 0.29  
PC5 -0 0.04 -0 0.98  
PC6 -0.1 0.05 -1.9 0.07 . 

PC7 0.06 0.08 0.78 0.44  
PC8 0.2 0.12 1.63 0.11  

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 



 134 

Appendix Table 4.4 Principal Component Analysis (PCA) of possible drivers of peat 

accumulation and development across Central South America peatland sites included in this 

analysis. Table shows eigenvalues and loadings for the eight principal components. 

  

  PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 

Eigenvalues 4.71 2.31 0.57 0.28 0.09 0.03 0.01 0.00 

Variables                  

MAT_C 0.45 0.06 0.00 -0.08 0.42 0.34 -0.09 -0.69 

Mean Diurnal Range 0.08 -0.58 0.50 -0.37 -0.36 0.36 -0.05 0.01 

Latitude -0.13 0.62 -0.11 -0.08 -0.49 0.58 -0.11 -0.02 

Elevation_m -0.45 -0.08 0.00 0.04 -0.37 -0.29 0.25 -0.71 

Temperature Annual Range  0.40 -0.07 0.20 0.82 -0.34 0.02 0.00 -0.03 

GPP 0.44 0.17 -0.02 -0.25 -0.15 -0.08 0.82 0.09 

Root_O2 0.19 -0.43 -0.83 -0.04 -0.26 0.11 -0.08 -0.01 

NPP 0.42 0.22 0.07 -0.33 -0.33 -0.56 -0.48 -0.08 
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Appendix Table 4.5 Regression output describing effect of PCA components on peat 

accumulation estimate across Central South American peatlands included in the analysis. 

  Model Statistics 

Df 28 

Residual Standard Error 0.08 

R2 0.45 

R2 adj 0.30 

F Value 2.91 

p-value 0.02 

      

Components Estimate Std.Error t Value Pr(>|t|)  

(Intercept) 0.11 0.01 8.99 0.00 *** 

PC1 0.02 0.01 2.79 0.01 ** 

PC2 0.02 0.01 2.80 0.01 ** 

PC3 -0.02 0.02 -1.00 0.33  
PC4 0.02 0.02 0.64 0.53  
PC5 -0.09 0.04 -2.12 0.04 * 

PC6 0.06 0.07 0.88 0.39  
PC7 -0.01 0.12 -0.07 0.94  
PC8 -0.52 0.52 -0.99 0.33  

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Appendix Table 4.6 Principal Component Analysis (PCA) of possible drivers of peat 

accumulation and development across Southeast Asia peatland sites included in this analysis. 

Table shows eigenvalues and loadings for the five principal components. 

  

  PC1 PC2 PC3 PC4 PC5 

Eigenvalues 2.42 1.15 0.87 0.42 0.14 

Variables      

Precipitation Seasonality (Coefficient of Variation) 0.58 0.19 -0.08 0.48 0.63 

Coastal_km -0.27 0.60 0.63 0.39 -0.15 

Precipitation of Warmest Quarter -0.59 0.17 -0.05 -0.32 0.72 

GPP 0.46 0.03 0.60 -0.64 0.13 

Aboveground_Biomass -0.18 -0.76 0.49 0.33 0.21 
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Appendix Table 4.7 Regression output describing effect of PCA components on peat 

accumulation estimate across Southeast Asia peatlands included in the analysis. 

   Model Statistics 

Df 35 

Residual Standard Error 0.13 

R2 0.51 

R2 adj 0.44 

F Value 7.35 

p-value 8.45E-05 

      

Components Estimate Std.Error t Value Pr(>|t|)  

(Intercept) 0.17 0.02 8.16 1.32E-09 *** 

PC1 0.06 0.01 4.77 3.25E-05 *** 

PC2 0.02 0.02 1.24 0.22  
PC3 -0.01 0.02 -0.31 0.76  
PC4 -0.02 0.03 -0.77 0.45  
PC5 0.19 0.06 3.44 1.52E-03 ** 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Appendix Table 4.8 Principal Component Analysis (PCA) of possible drivers of peat 

accumulation and development across Hawaii peatland sites included in this analysis. Table 

shows eigenvalues and loadings for the three principal components. 

    PC1 PC2 PC3 

Eigenvalues 2.18 0.80 0.02 

Variables    

MAP_mm 0.39 0.91 -0.10 

NPP -0.64 0.35 0.68 

GPP -0.66 0.20 -0.72 
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5. Concluding thoughts and a message for future peatland research 

Peatlands are among the most crucial C reservoirs on Earth, serving as long-term C sinks that 

help regulate atmospheric greenhouse gases, particularly CO₂ and CH₄. However, peatlands are 

also highly vulnerable to the accelerating impacts of climate change and human disturbances, 

placing their stability as C sinks in jeopardy. This dissertation has highlighted the importance of 

peatland ecosystems within the global C cycle by investigating the complex C dynamics of 

tropical and boreal peatlands, along with insights from a global synthesis of radiocarbon profiles. 

Together, these findings underscore the need for intensified research and conservation efforts, as 

peatlands’ dual role as both C reservoirs and potential sources of greenhouse gases makes them 

critical ecosystems for effective climate mitigation. 

The results of this dissertation point to critical, understudied processes that govern peatland C 

storage. In tropical peatlands, where this research has shown that surface-derived dissolved 

organic carbon is an essential contributor to microbial respiration at depth, our understanding of 

C cycling is broadened, suggesting that surface C inputs have a deeper, more extensive influence 

on the ecosystem than previously thought. This dynamic raises concerns, as any changes to 

surface vegetation or hydrology could have cascading impacts on deep C stability, a particular 

risk in tropical peatlands, where climate shifts and land-use pressures are intense. In boreal 

peatlands, the experimental results demonstrate that surface and shallow peat layers are 

especially vulnerable to warming, potentially transforming these regions from C sinks into 

sources as temperatures rise. The relatively stable C found in deeper peat layers, while 

encouraging, cannot counterbalance the accelerated C losses from shallower layers. These 

findings highlight the importance of conserving boreal peatlands’ surface and intermediate layers 

to prevent substantial greenhouse gas releases under warming scenarios. 
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Looking ahead, there is an urgent need to focus peatland research on region-specific 

processes that dictate C retention and vulnerability across tropical, temperate, and boreal 

peatlands. Comparative studies are essential to identify how varying climate conditions, 

hydrological shifts, and microbial pathways contribute to each peatland’s capacity to store C and 

regulate methane emissions. This understanding is critical to accurately model peatland 

responses to future climate change, as changes in precipitation, temperature, and human land use 

will likely stress these ecosystems further. Expanding interdisciplinary research efforts that 

integrate field studies, remote sensing, isotopic analysis, and modeling will be instrumental in 

building a holistic understanding of peatland responses. Moreover, prioritizing research on 

methane dynamics in peatlands is critical, as these emissions have high short-term climate 

impacts, making them a focal point for immediate climate action. 

This dissertation underscores the necessity of proactive peatland conservation and restoration 

measures worldwide, particularly as evidence mounts that climate-driven changes are pushing 

peatlands closer to becoming net C sources. Protecting these ecosystems is not only a matter of 

preserving biodiversity but also an essential strategy for reducing greenhouse gas emissions on a 

global scale. Governments, researchers, and conservationists must intensify efforts to protect 

intact peatlands, restore degraded ones, and consider peatland dynamics in climate policy. 

Peatlands are natural climate regulators, but their role is contingent on maintaining the delicate 

balance of conditions that have allowed them to sequester C for millennia. Without decisive 

action to protect these ecosystems, peatlands could become a powerful, destabilizing force in the 

global climate system rather than a mitigating one. The future of peatlands is therefore not just a 

matter of scientific interest but a pressing component of effective, urgent climate action. 
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