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ABSTRACT 

Peatlands, despite covering ~3% of the global land surface area, harbour a third 
of the global soil organic carbon (C) pool and ~15% of the global soil nitrogen. 
Climate change and land use land cover changes have put these natural C sinks 
under pressure. Projected increase in global warming-driven climate extremes 
and subsequent climate–carbon feedbacks may turn peatlands into sources of 
carbon dioxide (CO2) and nitrous oxide (N2O): the two potent greenhouse gases. 
But we still lack a consensus on the land–atmosphere exchange of CO2 (gross 
primary productivity (GPP) and net ecosystem exchange (NEE)) and N2O fluxes 
under changing climate and extreme events. Removing the uncertainties of green-
house gas (GHG) exchange, especially C in the soil–plant–atmosphere continuum 
requires a mechanistic and holistic of the C cycle processes and their drivers in 
peatlands. In this context, this thesis explores filling the knowledge gaps in drivers 
of (primarily) CO2 and N2O exchange in the soil–plant–atmosphere continuum. 
To that extent, the thesis asks the following research questions. 
1. What is the state of GHG exchange in the world’s open peatlands (Article I) 

and tropical peatlands? (Article II) 
2. What drives the GHG exchange? (Articles I and II) 
3. What drives the ecosystem scale inter-annual variability of CO2 fluxes? 

(Article III) 
4. What are C allocation patterns during the study years? (Article III) 
5. How does atmospheric drought impact evapotranspiration and GPP in a 

restored peatland? (Article IV) 
6. Is there a threshold at which soil water content (SWC) starts to regulate GPP? 

(Article IV) 
 
The analysis conducted in Articles I and II found that CO2 fluxes dominated GHG 
exchange across 48 open peatlands worldwide. SWC was the dominant abiotic 
factor that drove the GHG dynamics and net ecosystem exchange of CO2. Evi-
dence of a Gaussian relationship between SWC and NEE and GHG was found in 
the first two articles. The peaks were emissions at 0.4 m3 m−3 to 0.7 m3 m−3 SWC. 
Dry and wet regions were sinks of CO2. Prokaryotic abundances, especially 
bacterial abundances, were the second most important factor for GHG and CO2 
dynamics in the soils. Article III did not find any relationship between GPP, and 
NEE with SWC. Furthermore, using a terrestrial ecosystem model of CO2 cali-
brated with a Bayesian approach, Article III found a CO2 fertilisation effect on a 
sub-Arctic rich fen peatland. During the seven-year study period, foliage allo-
cation was favoured over other plant tissues on average. In Article IV, a dynamic 
of energy and water limitation of GPP in a drought-affected temperate bog peat-
land was found. Specifically, SWC started limiting GPP as it dropped below 
82.5% of the field capacity; –8cm water table depth. These findings lead to the 
hypothesis of the existence of complex regional and/or biome specific soil 
moisture relationship with GPP and NEE. Warming (Article III) and associated 
extreme events (Article IV) can amplify or diminish the hydro-climatic impacts.
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1. INTRODUCTION 

Peatlands have been an important component of the land carbon (C) sink since 
the Holocene and contributed to negative net radiative forcing (RF) (–0.2 W m−2 
to –0.5 W m−2). Globally, peatlands have accumulated ~850 Pg C during the 
Holocene, despite covering ~3% of the global land surface area (Chaudhary et al., 
2020; Yu, 2011; Yu et al., 2010). Consequently, peat still stores ~560 Pg C which 
is more than terrestrial vegetation (Spawn et al., 2020; Turetsky et al., 2015). This 
is fuelled by the imbalance between the production and decay rates of C from the 
reduced soil microbial activity in the hypoxic peat soils. Organic soils also store 
~15% of the global soil nitrogen (N) pool (Batjes, 2014). On the other hand, 
peatlands are natural sources of methane (CH4) accounting for ~20% of the global 
CH4 emissions (Bloom et al., 2010). The interactions of these potent greenhouse 
gases (GHG) between and with the vegetation, meteorological drivers and 
microbes are unequivocally imperative in understanding peatland ecosystems and 
their future. 
 
 

1.1. C and N cycles in peatlands 

 
Figure 1: Biogeochemical cycles and related key processes 
 
Terrestrial vegetation fixes C from the atmosphere (gross primary productivity 
(GPP)) by photosynthesis. Plants respire a part of the GPP back to the atmosphere 
due to spending energy on the growth and maintenance of plant tissues (auto-
trophic respiration (Ra)). The remainder (net primary productivity (NPP)) allo-
cated to different live biomass pools. These are foliage, aboveground, below-
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ground, and labile C pool. As the plant tissues die (leaf fall, branches, stem and 
root residue), a part of the C is released in the form of heterotrophic respiration 
(Rh) from the litter by aerobic decomposition. The remainder is added to the soil 
organic carbon (SOC) pool. Peatlands differ from other biomes due to their 
saturated soils (Kettridge & Waddington, 2014; Weiss et al., 1998). It leads to a 
reduction in aerobic decomposition and consequently a decline in Rh (Figure 1). 
This creates a discrepancy between GPP and decomposition rates which provides 
ambient microclimate for peat accumulation (Kleinen et al., 2012; Nichols & 
Peteet, 2019; Turetsky et al., 2015; Yu, 2011). 

Oxic and anoxic peat layers mediate multiple microbe-driven assimilative and 
dissimilative N cycle processes (Figure 1). Atmospheric dinitrogen (N2) is not 
readily available for plant intake. There are two processes where atmospheric N2 
can be converted into plant-available N. These are N fixation and mineralisation 
(Figure 1). First, atmospheric N2 is fixed by free-living bacteria to ammonium 
(NH4

+). Plants assimilate a part of the NH4
+ from the oxic peat soils. The 

remainder is converted into nitrate (NO3
–) by a process called nitrification. First, 

NH4
+ is converted into nitrite (NO2

–). In the second step, NO2
– is oxidised into 

plant available N form: NO3
–. Furthermore, incomplete nitrification can emit 

nitrous oxide (N2O) and nitrogen monoxide (NO). The remaining NO3
− from the 

plant assimilation leach to the anoxic layer and then to the mineral subsoil. In the 
process, a part of it is lost back to the atmosphere as N2O. In the anoxic peat 
layers NO3

– is converted into N2 by a two-step process called denitrification. 
Denitrification is exclusively carried out in anaerobic conditions. In the end, N2O 
is removed from the ecosystem as N2. Thus, N is easily available for plant and 
microbial uptake. 

Anaerobic decomposition in peat soils is a major biogenic source of CH4 and 
is considered the primary driver of inter-annual variations in atmospheric CH4 
growth rate (Nisbet et al., 2014; Qiu et al., 2020). The opposite directions of 
carbon dioxide (CO2) and CH4 exchanges create uncertainty around the net C 
balance of peatlands. However, the climatic effects of CH4 can be outweighed by 
net CO2 uptake and storage over longer time scales (Frolking et al., 2011). How-
ever, since industrialisation, anthropogenic and climate change impacts have 
widely altered global peatlands’ CO2 sink strength (Leifeld & Menichetti, 2018). 

 
 

1.2. Fate of peatlands under climate change 

1.2.1. Anthropogenic and climate warming impacts on peat soils 
(Articles I & II) 

Land use and land cover change (LULCC), and global warming are the prominent 
sources of CO2 emissions. However, constraining C emissions remains a chal-
lenge due to uncertainties around GHG emissions in peatlands (Günther et al., 
2020; Petrescu et al., 2015). The knowledge gaps in ecosystem responses to 
climate warming and peat drainage drive this. A lack of holistic process-based 
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appraisal of peatland C and N cycles further contributes to the uncertainties of 
the global C cycle. Peatlands have been drained for agriculture, forestry, and peat 
extraction for decades. This can result in increased emissions from the current 
peatland area (~3% of the global land surface area; Loisel et al., 2014; Yu, 2011)). 
These changes are primarily attributed to the northern hemisphere. Drainage of 
this magnitude impedes peatland ecosystem services. Peat oxidation is respon-
sible ~5% direct GHG emissions (Günther et al., 2020; Leifeld & Menichetti, 
2018). Unrestrained peatland emissions may constitute 12% to 41% of the total 
GHG budget until 2100 for keeping global warming below +1.5 °C to +2.0 °C 
(Leifeld et al., 2019). On the other hand, the indirect impacts of drainage and 
oxidation on C and N cycle processes and broader ecosystem responses are still 
not fully understood. If the drainage continues uninterrupted, the instantaneous 
RF could increase (~0.15 W m−2) by 2100 (Günther et al., 2020). Yet, the balance 
between GHG fluxes and their drivers in open peatlands (No tree cover and 
Vegetation height < 5m) remains poorly understood. 

The modulating effects of soil water content (SWC), temperature and 
nutrients on soil GHG fluxes are still debated. While several studies suggest a 
positive response of GHG to SWC drawback (Evans et al., 2021; Huang et al., 
2021; Jauhiainen et al., 2005), contradicting evidence was also reported (Pärn 
et al., 2018; Quan et al., 2019). Similar contradicting findings were reported for 
temperature (Gougoulias et al., 2014; Muller et al., 2015; Murdiyarso et al., 2010; 
Pärn et al., 2018; Treat et al., 2019; Yavitt et al., 1997) and availability of N 
(Bardgett et al., 2003; De Deyn et al., 2008; Kaye & Hart, 1997). Climate 
warming and LULCC further amplify these effects and can have long-term impli-
cations (Leifeld et al., 2019; Limpens et al., 2008; Murdiyarso et al., 2010). As 
the primary producers, plants and their responses to climate warming, drainage, 
and extreme events are unequivocally important in understanding such impli-
cations. 

 

1.2.2. Plants’ role in peatland C balance under climate change 
(Articles III & IV) 

GPP is of paramount importance in C accumulation and appraisal of terrestrial C 
dynamics (Grossiord et al., 2020; Kwon et al., 2022; López et al., 2021; Novick 
et al., 2016, 2024; Peichl et al., 2018; Perez-Quezada et al., 2024). Plant water-C 
coupling and its drivers play a critical role in regulating GPP. There are two 
crucial points of water-C coupling: in the roots and the stomata (Gentine et al., 
2019). The stomata are where atmospheric CO2 enters the leaf for carboxylation 
and, in the process, transpires water back into the atmosphere. These processes 
are heavily dependent on the climate, species, ecosystem state and vice versa 
(Bassiouni et al., 2020; Grossiord et al., 2020; López et al., 2021; Zarakas et al., 
2020). A consensus has not yet been reached on how these processes are impacted 
by peatland drainage, LULCC and global warming. Warming could prolong the 
growing season, trigger rapid thaw, shorten the winter season and cause flooding 
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during the growing season. The sources and timing of the flood events can have 
a significant impact on GPP and inter-annual variation (IAV) of C (Euskirchen 
et al., 2020). For example, water table drawdown could trigger enhanced decom-
position or GPP, shifts in phenology and community structure (Antala et al., 
2022; Davidson et al., 2021; Guay et al., 2014; Peichl et al., 2018; Wilkinson 
et al., 2023). Satellite and model-based photosynthetic capacity assessments have 
shown an increase in GPP and potentially associated increases in biomass, 
canopy cover and leaf area (Berner et al., 2020; Guay et al., 2014; Ju & Masek, 
2016; Myers-Smith et al., 2020). However, a warming-induced browning was 
also reported in parts of the high-latitude ecosystems (Myers-Smith et al., 2020; 
Phoenix & Bjerke, 2016).  
 

 
Figure 2: A conceptual diagram portraying ecosystem GPP responses to changes in VPD 
and SWC. Here four probable GPP responses (marked in Roman numerals I through IV) 
to changes in VPD and SWC are shown. 1 (Green line): GPP increases with an increase 
in VPD under normal VPD and SWC. II (Red dotted line): Partial or complete stomatal 
closure to preserve water leads to a sudden de- cline in GPP. III (Black dotted line): Under 
increased VPD (increased atmospheric water demand), ecosystems tend to increase 
intrinsic water use efficiency to maximise C assimilation. This results in a constant GPP 
value. IV (Orange dotted line): With frequent droughts, the ecosystem chooses an alter-
nate steady state where the GPP-VPD relationship mimics I. But photosynthetic effi-
ciency (unit C fixed per unit leaf area) is reduced compared to I. (Source: Article III) 
 
Peatland C – water exchanges are further complicated by the presence of 
sphagnum moss, which lacks stomata, and instead has passive capillary action 
for water transport and water retention characteristics (Kettridge & Waddington, 
2014; Kim & Verma, 1996; Nichols & Brown, 1980; Price, 1997; Thompson & 
Waddington, 2008). But climate warming and increases in the severity of extreme 
events threaten to alter plant water–C coupling and GPP in peatlands (Freeman 
et al., 2022; Frolking et al., 2011; Turetsky et al., 2015). Climate change is 
causing the severity and frequency of droughts to increase in the northern 
hemisphere, where most peatlands are located (IPCC, 2023). Droughts can also 
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cause or combine with fire, resulting in a cascade of damage responses (Tschumi 
et al., 2022). For instance, severe atmospheric droughts trigger SWC decline due 
to increased atmospheric water demand (i.e., vapour pressure deficit (VPD)), 
exposing peat soils to oxygen and releasing CO2 (Fenner & Freeman, 2011). An 
increase in VPD has also been shown to reduce GPP under severe droughts 
because vascular plants close their stomata to prevent further water loss (Figure 2; 
Line II. A change from linear positive relationship (Line I)) (Breshears et al., 
2013). Accordingly, the ecosystem fails to meet the atmospheric water demand. 

Plants can also increase their intrinsic water use efficiency (i.e. the ratio of 
C gained to water lost through stomata) by stomatal regulation to maximise 
C assimilation (Figure 2; Line III) under increased VPD (Zhang et al., 2016). 
However, the role of SWC in GPP is still debated. While some studies suggested 
the presence of SWC limitation (Voigt et al., 2024; Wang et al., 2022), Zhang 
et al., (2016) showed the absence of SWC limitation. In peatlands, SWC-GPP 
dynamics is more involved because mosses (if present) cannot prevent water loss 
(Admiral & Lafleur, 2007; Williams & Flanagan, 1996), resulting in desiccated 
and compressed mosses under droughts (Dorrepaal et al., 2004; Nichols & 
Brown, 1980; Thompson & Waddington, 2008). This, combined with soil texture 
properties, prevents soil evaporation because of a decline in capillary rise, 
causing the hysteresis between SWC and evapotranspiration (ET), culminating in 
lagged responses of GPP and stomatal or canopy regulations to drought. As the 
water table depth (WTD) drops, the peat and ecosystem properties change with 
prolonged droughts. These changes can push the ecosystem to an alternate steady 
state (Figure 2; Line IV), such as shrub dominance, which can also support C 
accumulation in peatlands (Wang et al., 2015). 

Despite a multitude of literature covering the C and N cycle dynamics in the 
soil-plant-atmosphere continuum, their drivers and domino effects of climate-
carbon feedback are still poorly understood. To improve predictions of both C 
and N cycle dynamics in peatlands, major weaknesses in soil and plant-related 
processes must be solved. Improving the process-based models based on empiri-
cal knowledge retrieved from site and ecosystem scale investigations is impera-
tive. This would, in turn, reduce the uncertainties in the C and N exchange in 
peatlands. 

The aim of this thesis is to fill some of the knowledge gaps found in the 
literature by investigating the following research questions and respective scienti-
fic hypotheses. 

1. What is the state of GHG exchange in the world’s open peatlands (Article I) 
and tropical peatlands? (Article II) 
 CO2 fluxes dominated the GHG exchange and N2O was the dominant GHG 

2. What drives the aforementioned GHG exchange? (Articles I and II) 
 Abiotic factors (SWC and temperature) are the most important drivers of 

GHG exchange. 
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3. What drives the ecosystem scale IAV of CO2 fluxes? (Article III) 
 Production has increased due to CO2 fertilisation. 

4. What are the internal C allocation patterns during the study years? (Article III) 
 Fractional allocation of photosynthate will be greater to foliage than fine 

root. 

5. How does atmospheric drought impact ET and GPP in a restored peatland? 
(Article IV) 
 Gsw started declining with increasing drought severity due to physiological 

regulations leading to plant water stress (Figure 2; Line II). 

6. Is there a threshold at which SWC drawback starts to regulate GPP? (Article IV) 
 The variation in SWC beyond a point causes GPP to be regulated by SWC 

more than VPD. 
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2. MATERIALS AND METHODS 

This thesis employs three distinct approaches to comprehensively analyse the 
hydro-climatic impact on terrestrial GHG exchange, especially CO2. I started by 
investigating the three GHG fluxes and their biotic and abiotic drivers, such as 
microbes and climatic factors across the selected global and tropical peatlands 
(Articles I and II). The next two articles (Articles III and IV) set to improve on 
the obtained empirical knowledge of terrestrial C cycle from Articles I and II. 
I have also addressed the process-based limitations of C cycling, and its coupling 
with water cycle in Articles III and IV. Article III focused on CO2 dynamics and 
its allocation patterns by employing an intermediate complexity process-based 
model called Data Assimilation Linked Ecosystem Carbon model (DALEC) 
version 2 (Bloom et al., 2016; Williams et al., 2005) calibrated by a Bayesian 
calibration approach called the carbon data model framework (CARDAMOM) 
(Bloom et al., 2016; Bloom & Williams, 2015). Finally, in the fourth paper, 
coupling and interaction of C and water cycles were investigated using a data-
driven model embedded in chaos theory (Deyle et al., 2016; Deyle & Sugihara, 
2011; Sugihara et al., 1997, 2012). The study sites, approaches, data, and sam-
pling schemes are outlined below. 
 
 

2.1. Soil moisture governs C and N fluxes in 
global peatlands (Articles I & II) 

2.1.1. Statistical analysis 

First, I investigated how GHG and specifically NEE respond to changes across 
the SWC gradient (dry to wet) using the in-situ measurements from 48 open peat-
lands sites (i.e., with vegetation height <0.5 m, Figure 3). The field campaign was 
conducted by my supervisors and colleagues between 2011 and 2018. The survey 
included sampling of CO2, CH4, and N2O fluxes and potentially controlling 
environmental variables during the dry season (i.e. the annual water table 
minimum, including temperate and boreal summers). The sites are spread through-
out the rainy tropical (A), temperate (C), and boreal (D) climate zones of the 
Köppen classification. The natural and artificially drained sites were identified 
based on the proximity of drainage ditches, WTD, and characteristic vegetation. 
The hydrology and trophic status of the natural sites ranged from groundwater-
fed swamps and fens to rain-fed peat bogs. To capture the whole variety of GHG 
fluxes at a site, transects of 2 to 3 plots were set up, each containing 3 to 4 opaque 
chambers arranged along 25 to 100 m terrain. The gas from the chambers was 
sampled during 3- to 6-day campaigns. The ecosystem respiration (noted as ER 
in Articles I & II and Reco in Articles III & IV; in mg CO2 m−2 h−1), CH4 and 
N2O fluxes (in mg m−2 h−1) were estimated from the samples using a gas 
chromatograph (Pärn et al., 2018). 
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Figure 3: Global open peatland study sites and their GHG balance. (Source: Article I) 
 
First, I calculated net ecosystem exchange (NEE) following eq (2.1): 
 
 𝑁𝐸𝐸 = 𝐸𝑅 − 𝐺𝑃𝑃 (2.1) 
 
I used the MOD17A2H V006 data (Running et. al., 2015) developed from the 
moderate resolution imaging spectroradiometer sensor onboard the Terra and 
Aqua remote sensing satellites (expressed in mg CO2 m−2 h−1). Next, I calculated 
GHG exchange for each chamber following eq 2.2. 
 
 𝐺𝐻𝐺 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 = 𝐶𝐻ସ  ×  𝐺𝑊𝑃஼ுర + 𝑁ଶ𝑂 × 𝐺𝑊𝑃ேమ௢ + 𝑁𝐸𝐸 (2.2) 

 
Where GHG exchange is the greenhouse gas exchange in CO2 equivalents 
(CO2eq). CO2eq of N2O and CH4 was calculated by multiplying the respective 
gases with their global warming potential (GWP). CH4 is the field-observed 
methane flux. 𝐺𝑊𝑃஼ுర  is 28 CO2eq (the 100-year global warming potential of 
CH4 without climate-carbon feedback (IPCC, 2023). N2O is the field-observed 
N2O flux,𝐺𝑊𝑃ேమை is 265 CO2eq; the 100-year global warming potential of N2O 
without climate-carbon feedback (IPCC, 2023). NEE is the net ecosystem 
exchange of CO2 (Eq 2.1).  

This approach was followed because the 48 sites did not have any tree cover 
and were homogenous, and thus significantly reduces the probability of over 
estimation (Lees et al., 2019) and underestimation (Wang et al., 2017). 
Additionally, Watts et al., (2021) compare multiple scale varying datasets against 
chamber and eddy covariance (EC) based soil respiration data in the Arctic-boreal 
zone peatlands. They reported the moderate resolution imaging spectroradio-
meter GPP as the strongest predictor of soil respiration (consist of both chamber 
and EC dataset) at site scale during the summer amongst other large-scale vari-
ables including enhanced vegetation index estimates based on LANDSAT 30 m 
dataset, and sand content estimates from the SoilGrids dataset (250 m; Poggio 
et al., 2021). Similar comparisons of EC tower and chamber-based respiration 
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fluxes with MODIS GPP datasets were made by Niu et al., (2017) as well. 
Consequently, GPP units were converted from g C m−2 8 days−1 to mg C m−2 h−1 
for comparability with the chamber measured ER.  

Organic matter content of dry matter was determined by loss on ignition 
(Bahram et al., 2022; Pärn et al., 2018). SWC was determined from gravimetric 
water content (GWC), dry matter content and empirically established bulk den-
sities of mineral and organic matter fractions using the following procedure (Pärn 
et al., 2018). GWC was determined as the difference between fresh and oven-dry 
weight divided by oven-dry weight. Bulk density was determined using eq 2.3 
below. 

 
 𝐵𝐷 =  (𝐷௕௠  ×  𝐷௕௢) (𝑆𝑂𝑀 × 𝐷௕௠  + (1 − 𝑆𝑂𝑀) × 𝐷௕௢)⁄  (2.3) 
 
BD is bulk density in Mg m−3. Dbm is the empirically determined bulk density of 
the mineral fraction (2.65 Mg m−3) (Périé & Ouimet, 2008). Dbo is the empirically 
determined bulk density of the organic fraction (0.035 to 0.23 Mg m−3 according 
to the von Post humification scale, which is a field test to rank organic soils by 
degree of decomposition (see von Post & Granlund (1926) and FAO (2011) for 
more details on the classification criteria) (Silc & Stanek, 1977). SOM is the 
organic content of oven-dry soil, Mg Mg−1. Finally, SWC was determined using 
the equation below. 
 
 𝑆𝑊𝐶 = 𝐺𝑊𝐶 × 𝐵𝐷 (2.4) 
 
Next, I fitted linear and non-parametric generalised additive models (GAM) after 
assessing the normality of the data. Where necessary, the data was log-trans-
formed. For the GHG flux rates, environmental predictor variables: soil and water 
temperature, distance from the equator, Köppen climate zone (A, C or D), water 
table, SWC, soil chemistry (pH, total C%, total N%, C:N ratio, organic matter, 
ammonium, nitrate, calcium, magnesium, phosphorus and potassium), water 
oxygen content and agricultural land use intensity, were considered. 

Article II covered tropical peat swamp forests and fens. These sites are the 
Peruvian Amazon, French Guiana, Uganda, Burma, and the Malaysian Borneo 
states of Sarawak and Sabah. This was done to see if the tropical hot climate 
exhibited different patterns of peatland GHG exchange regionally compared to 
global peatlands (Article I). Field sampling was conducted during both the dry 
season (i.e. annual water table minimum) and rainy period (annual water table 
maximum) of each site between 2013 and 2022. Study sites represent peatlands 
that have been arable for >5 years (Borneo, Burma, Peru and Uganda), intensively 
(more than once a year) grazed peat meadows (Uganda), and drained fens (French 
Guiana and Burma), swamp forests (Peru, Sabah and Sarawak) and fens under no 
direct human influence in each study region. The field sampling scheme, data 
analysis methods, and GPP data are the same as in Article I. Here, I tested if the 
GHG exchange, (specifically N2O and CO2 fluxes) differed in their response to 
variations observed in SWC. 
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2.2. Impact of climate change and extreme drought on 
carbon cycle (Articles III & IV) 

Following the analysis of the implications of SWC on GHG exchange in global 
open peatlands, I investigated the soil–plant–atmosphere exchange of CO2 and 
its micro-meteorological drivers in a flooded sub-Arctic fen peatland (Article III) 
and its coupling with water cycle under atmospheric drought (Article IV). In 
Article IV, I further explored plant physiological responses to the drought. While 
article I and II systematically covered global open peatlands, drought and climate 
change impacts on peatlands were not explicitly tested. Furthermore, Articles I 
and II did not have the temporal dynamics (focused on growing season fluxes) 
required to provide unequivocal evidence on the direct and indirect effects of 
climate change and mechanistic understanding of the SWC variability and its 
implications on GPP. I filled these knowledge-gaps in article III and IV. I selected 
a high latitude fen site (Bonanza Creek rich fen, Alaska, USA; Article III) and a 
temperate bog site (Burns Bog, Vancouver, Canada; Article IV) with publicly 
available EC data. Bonanza Creek was selected to test the impact of high latitude 
warming on C cycle and SWC. Burns Bog was selected as it was impacted by 
prolonged atmospheric drought. While Bonanza Creek was flooded (60 cm above 
the surface) during most of the study period (7 years), Burns Bog remained above 
80% SWC across the five-year period. Two distinct approaches were used to 
investigate these processes. 
 

2.2.1. High latitude warming and C cycle (Article III) 

In Article III, I used a Bayesian model-data fusion framework (MDF) framework, 
CARDAMOM, that calibrates DALEC2 (intermediate complexity terrestrial eco-
system model of C) at the site scale using site-specific biophysical and biogeo-
chemical observations (outlined below). I examined the meteorological and bio-
physical factors that govern the IAV of CO2 fluxes and plant C traits describing 
internal dynamics such as photosynthate allocation to different plant tissues, resi-
dence time of C in the live and dead biomass pools by considering a seven-year 
weekly time step (2014–2020). For this, I initialised the model with in-situ obser-
vations of SOC), aboveground biomass (AGB), and fine root carbon (FRC) stock. 
The model was calibrated with a publicly available EC tower dataset (US-BZF; 
Euskirchen, 2022a) and earth observation (EO) data. I used the model retrieved 
C variables (NEE, GPP, Reco, and leaf area index (LAI)) to investigate the rea-
sons behind the IAV of plant C dynamics and C uptake at the site scale. Additio-
nal synthetic experiments on the calibrated model were carried out to examine 
the individual effects of the climatic drivers on the IAV of GPP, LAI and Rh. 
A generic overview of the analytic steps I took is summarised in Figure 4. The 
study site, model inputs, model, Bayesian framework, synthetic experiments, and 
statistical tests performed are outlined below. 
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Figure 4: Model–data fusion methodology 
 
Model site: Bonanza Creek 
Bonanza Creek is a rich fen peatland situated ~45 km south-east of Fairbanks in 
interior Alaska (64.82°N, 147.87°W). The site is positioned in the Tanana River 
floodplain and is characterised as rich fen (pH 5.2 to 5.4). The vegetation is 
comprised of marsh cinquefoil (Potentilla palustris), wheat sedge (Carex 
atherodes), water horsetail (Equisetum fluviatile), and ground cover mostly 
comprised of brown mosses (Drepanocladus aduncus and Hamatocaulis verni-
cosus) and sparse Sphagnum spp. (Euskirchen et al., 2020). The site is part of a 
long-term ecological experimental study. Aboveground carbon (AGC) stock for 
the year 2009 was 282 (standard error (SE): ± 49.165) g C m−2. Ancillary above-
ground NPP of 186.5 (63.16) g C m−2 y−1 and a maximum vascular green area of 
around 2.5 m2 m−2, achieved in the summer season. The peat depth is ~1 m and 
is within an area of discontinuous permafrost with seasonal freezing. The long 
term (1917 to 2000) mean annual temperature is –3.1°C. The mean annual air 
temperature for 2014 to 2020 was –0.95°C. Following the updated Köppen climate 
classification scheme, the site falls within the sub-Arctic climate (continental, 
warm summer, without a dry season; Dfc zone) (Kottek et al., 2006). 
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Model inputs 

I used observations spanning in-situ inventory, EC, EO and database information. 
NEE and night-time partitioned Reco (Reichstein et al., 2005) were extracted 
from EC (US-BZF, Euskirchen, 2022a). I chose night-time partition modelled 
data over day-time partition because it aligns with the in-situ GPP (Churchill 
et al., 2015; Fan et al., 2013). Uncertainty associated with NEE was assumed to 
be 0.58 g C m−2 day−1 based on an analysis by Hill et al., (2012) and previously 
applied in CARDAMOM (e.g. Famiglietti et al., 2021). Reco uncertainty is 
composed of the NEE uncertainty and the mean mass balance mismatch from the 
flux partitioning (0.16 g C m−2 day−1) and inflated to account for uncertainty in 
the partitioning approach totalling an uncertainty of 1 g C m−2 day−1. Time series 
information on LAI was extracted from the 300 m Copernicus product Fuster 
et al., (2020), using the product provided SE but with a minimum bound of 
0.5 m2 m−2 to account for model-structural uncertainty. Continuous LAI time 
series were only available for the months starting from April until September for 
most of the seven years, while the rest were absent because of the deciduous 
nature of the plant foliage. MDF does not require gap-filled data. Each input must 
have associated uncertainty. MDF is capable of estimating parameter ensembles 
and steady state. The data gaps are accounted for in the uncertainty characteri-
sation. This is one of the several advantages of MDF in comparison with tradi-
tional process-based and statistical models. I assimilated NEE, LAI, at weekly 
time step. The in-situ SOC stock and fine root C stock were used to initialise the 
model. AGC stock data was assimilated as a time series, and it was used as a 
point in the first week of 2014, leaving the rest of the time steps empty. I assimi-
lated EC and LAI data from the alternating years (2014, 2016, 2018, 2020). The 
remaining EC and in-situ data were used for model validation (see Table 1 for 
the list of in-situ data). 
 
Table 1: In-situ measurements used for the model calibration and validation with 
CARDAMOM. ∗assimilated data 

Parameter Value ± SE Unit Relevant literature 

Total NPP 214.33 ± 150.5 g C m−2 y−1 Churchill et al. (2015) 

BG NPP 34.8 ± 10.16 g C m−2 y−1 Churchill et al. (2015) 
AG NPP 186.5 ± 63.16 g C m−2 y−1 Churchill et al. (2015) 
AGC∗ 282 ± 49.16 g C m−2 Churchill et al. (2015) 
FRC∗ 247.06 ± 140.86 g C m−2 McConnell et al. (2013) 
SOC∗ 64055 ± 5000 g C m−2 Fan et al. (2013) 
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Model drivers 

Weekly time step meteorological data (Table 2) were required as model drivers. 
I used the atmospheric CO2 concentration for 2014, 2015 and the first six months 
of 2016 from the nearby black spruce forest EC data (US-BZS, (Euskirchen, 
2022b), because the measurements for this period were unavailable for the rich 
fen peatland. 
 
Table 2: Meteorological drivers for the model calibration 

Drivers Unit 
DOY Day of year 
Minimum temperature °C 
Maximum temperature °C 
Mean temperature °C 
Incoming shortwave radiation 
Atmospheric CO2 concentration 

MJ m−2 day−1 
ppm 

Precipitation mm day−1 

 
Model: DALEC2 

DALEC2 is a C mass balance model representing four live and two dead biomass 
pools (Figure 5). Parameters within DALEC2 represent the initial C states in the 
first time step and define the internal C cycling and their sensitivity to the 
environment (Table 3). I conducted an exhaustive meta-analysis on the CO2 
dynamics (focusing on internal C traits) of northern peatlands and other high-
latitude ecosystems, including the Arctic tundra. Key findings are summarised in 
the supplementary file of Article III. Using the results of the meta-analysis 
I updated prior estimates on parameters describing the fine root turnover and 
initial C stocks of fine root and aboveground pools (Table 3). The meta-analysis 
findings were also used as a measure of validation in addition to the validation 
with EC tower data. Additionally, I updated the default Ra:GPP ratio (= plant 
carbon use efficiency (CUE)) to an initial prior estimate of 0.62 (Collalti et al., 
2020; Hermle et al., 2010). I also changed the initial prior canopy efficiency value 
to 16.9 g C m−2 day−1 with a SE of 7.5 g C m−2 day−1 (derived from the TRY 
database Kattge et al., 2011). The rest of the uniform prior parameter ranges used 
in the model were left as default (Bloom & Williams, 2015). Ra is estimated as a 
time invariant but parameterisable for each location independently fraction of 
GPP, the remainder being NPP. NPP is then allocated to the four live biomass 
pools using fixed fractions retrieved during the calibration process. Canopy 
growth is determined by a combination of direct allocation of NPP and C supply 
from a labile pool based on a day-of-year model. Canopy senescence in a litter 
pool is determined by a day-of-year model. The litter pool is either decomposed 
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to SOC or released as Rh based on an exponential temperature function. Minerali-
sation of SOC also follows an exponential temperature function. 
 

 
Figure 5: DALEC2 C path 
 
Table 3: DALEC2 parameters and initial C pool stocks 

No Description Prior range Unit 
P(1) Decomposition of litter to SOM 0.00001– 0.01 Fraction 
P(2) Autotrophic respiration fraction 0.2–0.8 Fraction 
P(3) Fraction of GPP allocated to foliage C pool 0.01–0.5 Fraction 
P(4) Fraction of GPP allocated to fine roots 0.1–0.8 Fraction 
P(5) Leaf lifespan 1.001–6 Years 
P(6) Woody C turnover rate 0.000009–0.001 Fraction/day 
P(7) Fine root C turnover rate 0.0008–0.0004 Fraction/day 
P(8) Litter C turnover rate 0.0001141–0.02 Fraction/day 
P(9) Soil organic C turnover rate 10−7–10–3 Fraction/day 
P(10) Temperature dependence exponent factor 0.019–0.08 unitless 
P(11) Photosynthetic canopy efficiency 1.64–42 g C m–2 day−1 
P(12) Maximal bud burst day 1–365.25 day of year 
P(13) Fraction of GPP allocated to labile 0.01–0.5 Fraction 
P(14) Labile release period 10–100 days 
P(15) Maximal leaf fall day 1–365.24 days 
P(16) Leaf fall period 20–150 days 
P(17) Leaf C per area 20–180 g C m−2 
P(18) Labile C pool at initial time 1–2000 g C m−2 
P(19) Foliar C pool at time t 1–2000 g C m−2 
P(20) Fine root C pool at time t 1–750 g C m−2 
P(21) Above and below woody carbon pool at time t 1–400 g C m−2 
P(22) Litter C pool at time t 1–2000 g C m−2 
P(23) Soil organic C pool at time t 200–125,000 g C m−2 
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No Description Prior range Unit 
P(24) Resilience factor burned but not combusted C 

stocks 
0.1–1 Fraction 

P(25) Foliage Combustion completeness factor 0.01–0.99 Fraction 
P(26) Fine root and wood combustion completeness 

factor 
0.01–0.99 Fraction 

P(27) Soil combustion completeness factor 0.001–0.1 Fraction 
P(28) Foliage and fine root litter Combustion 

completeness factor 
0.01–0.99 Fraction 

 

Bayesian model–data fusion framework: CARDAMOM 

The CARDAMOM MDF framework uses a Bayesian approach within an adap-
tive proposal Markov chain Monte Carlo algorithm (Haario et al., 2001) to 
retrieve ensembles of model parameters and pool sizes (28 parameters; Table 3) 
for a model that is consistent with the observations, their uncertainties and eco-
logical theory embedded in ecological and dynamical constraints (EDC) (Bloom 
& Williams, 2015). The use of a Markov chain Monte Carlo algorithm allows 
uncertainty characterisation without assuming the shapes of the distribution. The 
Markov chain Monte Carlo algorithm, with the help of EDCs, uniform prior 
ranges (Table 3), and initial prior estimates (where applicable), retrieve a sample 
parameter hyperspace. This then becomes the new prior estimate, which is then 
tested against the assimilated data and draws new sets of parameters that are con-
sistent with EDCs, and the other samples are rejected. CARDAMOM analyses 
each time step three times (known as chains) independently and assesses 100 
million parameter proposals in each chain. 100 subsamples (parameter ensemb-
les) are drawn from each of the three chains to estimate the posterior probability 
density for each of the 28 parameters. The retrieved parameter ensembles allow 
us to directly quantify parameter uncertainty and, through simulating these 
ensembles, the uncertainty in the ecosystem C stocks and fluxes. The likelihood 
estimates of the posterior parameter probability estimates generated by CARDA-
MOM were normalised by calculating square root to balance multiple data con-
straints and the imbalance between a large volume of EC data compared to the 
field observations (Wutzler & Carvalhais, 2014). 
 

Model diagnostic analyses 

CARDAMOM calibrated weekly time step posterior probability distributions of 
C variables, meteorological drivers, and time-invariant parameters along with 
their characterised uncertainties at 95% confidence interval (CI) (it is estimated 
using quantiles (in fractional form); 0.025, 0.5 and 0.975) was averaged at an 
annual scale. To assess the associations between fluxes, parameters, and climatic 
factors, we calculated the changes in CARDAMOM profiled probability esti-
mates of C fluxes relative to the year 2014 to find the driving factors behind the 
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growth in production in the ecosystem. Further corroborative analysis using 
simple linear regressions to answer the research questions was also conducted. 

Two simulation experiments on the calibrated DALEC were designed to ex- 
tract information on the independent contribution of the meteorological drivers 
in CO2 exchange. To do this, the retrieval of the C variables at a fixed atmospheric 
CO2 concentration (400.584 ppm; this estimate represents the atmospheric CO2 
concentration on the first week of the study period, simulated DALEC and calcu-
lated C variables) was repeated. This was then compared with the original 
CARDAMOM-calibrated DALEC estimates. These original CO2 estimates (from 
the sensor onboard the EC tower), on average, were increasing during the study 
period (mean annual estimate is 432 ppm). In the second experiment, the IAV in 
the meteorological drivers were removed (except atmospheric CO2 concen-
tration) by aggregating at weekly time steps and estimated the mean across the 
seven-year study period (estimated mean of week 1 for each year, week 2 for each 
year and so on). The retrieval of the C variables was repeated and compared 
against the CARDAMOM profiled DALEC estimates. 

Next, the direct CO2 fertilisation effect and the indirect effect through the 
changes in LAI were isolated by driving ACM-1 with the respective model dri-
vers of the two experiments. The difference in ACM-1 estimated GPP and the 
respective experiments represent this indirect effect. Finally, I inferred on the role 
of SWC on GPP and NEE by checking the correlations between weekly time step 
estimates at annual scale, specifically for growing season and for the data in its 
entirety. 

 

2.2.2. Atmospheric drought and water–carbon coupling (Article IV) 

As briefly mentioned above, I investigated the impact of atmospheric drought and 
SWC drawback on GPP. Specifically, I did an ecosystem scale diagnostic 
analysis of the physiological and aerodynamic constrains on water transport in 
the soil- plant-atmosphere continuum. I then estimated the consequent temporal 
variability of environmental controls on GPP using an approach called empirical 
dynamic modelling (EDM) (Sugihara et al., 2012). The EDM was used to retrieve 
the time-varying causal links between GPP and its meteorological drivers in 
Burns Bog, Vancouver, Canada (detailed below). The model was driven by lever-
aging the publicly available EC dataset (CA-DBB; Christen & Knox, 2022) and 
in-situ observations from the weekly time step for five years from 2016 to 2020. 
 

Burns Bog 

The CA-DBB EC station is located in Burns Bog, City of Delta, British 
Columbia, Canada (49.129◦N, 122.986◦W). Burns Bog is a degraded ombro-
trophic peat bog in the Fraser River Delta. Peat was harvested in the bog between 
1930 and 1970. It has since been reduced to approximately 58% of its original 
size through drainage, harvesting, and encroachment of agricultural and industrial 
lands. The bog was formally protected with the establishment of the Burns Bog 
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Ecological Conservancy Area in 2001. Re-wetting via ditch blocking began in 
2007 to raise the water table and promote peat development. The climate of Burns 
Bog is characterized by warm dry summers and mild wet winters (Köppen 
climate classification scheme; Csb, Kottek et al., 2006). The climate norm (1990–
2020) from nearby Vancouver International Airport indicates the area receives 
peak precipitation between November and January (> 170 mm / month), while 
drought conditions are common in July and August (< 40 mm / month). In the 
winter, water flows radially from the centre to the edges of the bog, while in the 
summer, there is minimal lateral flow. Vegetation in Burns Bog is diverse, the 
area around the CA-DBB EC station dominated by Sphagnum spp. moss and 
white beak sedge (Rhynchospora alba). 
 

Atmospheric drought detection 

Atmospheric drought was determined by combination of standard precipitation 
evapotranspiration index (SPEI) (Beguería et al., 2014; Vicente-Serrano et al., 
2010a; Vicente-Serrano et al., 2010b) and moisture coefficient (MC) (Pereira 
et al., 2015). First, MC was estimated as the ratio of ET to potential evapo-
transpiration (PET) (eq. 2.5). Weeks with a value below 0.6 were considered as 
plant water stressed (Allen et al., 1998). 
 
 𝑀𝐶 =  ா்௉ா் (2.5) 
 
where PET is the water that would have evaporated and transpired if the eco-
system had enough water. PET was estimated using the Penman method (Penman, 
1948) (eq. 2.6). The Penman equation calculates daily potential evaporation that 
combines an energy equation based on net incoming radiation with an aero-
dynamic approach. 
 
 𝑃𝐸𝑇 = ௦௦ା ఊ × ோ೙ఒ + ఒ௦ାఒ × 𝐸௔ (2.6) 
 
where PET is the daily potential evapotranspiration (in mm day−1) from a 
saturated surface (aggregated by weeks for compatibility with the rest of the 
data), Rn is the daily incidental short-wave radiation to the evaporating surface 
(in MJ m−2 day−1), s is the slope of the saturation vapour pressure curve kPa °C−1) 
at a given air temperature, γ is the psychrometric constant (kPa °C−1), and λ is the 
latent heat of vaporization (in MJ kg−1). Ea (in mm day−1) is a function of the 
average daily wind speed (u, in m s−1), and VPD (D, in kPa): 
 
 𝐸௔ = 𝑓(𝑢) × 𝐷 = 𝑓(𝑢) × (𝑣௔∗ − 𝑣௔) (2.7) 
 
Where 𝑣௔∗ is the saturation vapour pressure (kPa). 𝑣௔is the actual vapour pressure 
(kPa). 𝑓(𝑢) (Eq. 2.8) is a function of wind speed (Penman 1956): 
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 𝑓(𝑢)  =  2.626 + 1.381 × 𝑢 (2.8) 
 
Finally, the SPEI was calculated using the R programming environment (R 4.1.3) 
package SPEI (version 1.8.1). SPEI compares the highest PET to current water 
availability. See Beguería et al., (2014) and Vicente-Serrano et al., (2010a, b) for 
more details. 
 

Water transport through the soil–plant–atmosphere continuum 

The bulk surface conductance (Gsw) (m s−1), eq. 2.9)) to latent heat transfer was 
estimated by inverting the Penman–Monteith model for evapotranspiration 
(Knauer et al., 2018). Here, the vegetation is represented as a single uniform layer / 
one large canopy (i.e. ’big leaf’). The model estimates the combined conductance 
of the soil and plant surface. Gsw was estimated at weekly time step using the EC 
data. 
 
 𝐺௦௪ =  ఒ×ா×ீೌ೓ ×ఊ௦×(ுାఒ×ா)ାఘ×௖೛×ீೌ೓×஽ିఒ×ா×(௦ା ఊ) (2.9) 

 
where Gah (eq 2.10) is the bulk aerodynamic conductance for heat transfer (m s−1). 
E is the evaporation rate or flux of water vapour. 
 
 𝐺௔௛ =  (𝑅௔௠ + 𝑅௕௛)ିଵ (2.10) 

 
 𝐺௕௛ = (6.2 × 𝑢∗ି଴.଺଻)ିଵ (2.11) 
 
Gam is a function of u∗ and wind speed (m s−1) (eq 2.12) 
 
 𝐺௔௠ = ௨∗మ௨×(௭ೝ) (2.12) 
 
The analysis outcomes were used to study the intra-annual changes in Gsw in the 
Burns Bog peatland. Next, evaporative fraction (EF) was calculated (eq 2.13) to 
understand how much of the available energy was used for ET from the peat 
surface. The relationship of EF with SWC and Gsw were also plotted. 
 
 𝐸𝐹 =  ఒ×ாఒ×ாାு (2.13) 

 𝑅௔௠ is the aerodynamic resistance to momentum transfer (or 1/𝐺௔௠, where 𝐺௔௠ 
is the aerodynamic conductance; Eq. 2.12) with turbulence as the principal 
transport mechanism. 𝑅௕௛ is the canopy (quasi-laminar) boundary layer resistance 
(“excess resistance”) to heat transfer (or 1/𝐺௕௛, where 𝐺௕௛ is the quasi-laminar 
boundary layer conductance) (Massman, 1999; Verma, 1989). I calculated 𝐺௕௛ 
as a function (eq. 2.11) of friction velocity (𝑢∗, m s−1) following Thom, (1972). 
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Causation from time series data (empirical dynamic model) 
In this study, a causal inference approach was used to study the causation between 
GPP and its drivers. EDM is an equation-free mechanistic model framework 
(Deyle et al., 2016; Deyle & Sugihara, 2011; Sugihara et al., 2012; Ye et al., 2015) 
centred around state space reconstruction (Deyle & Sugihara, 2011; Kugiumtzis, 
1996; Vlachos & Kugiumtzis, 2009). It applies to complex dynamic systems 
where the relationships between the interacting variables vary with changes in 
the system state (Sugihara et al., 2012; Ye et al., 2015) and cannot be described 
by equations and the hypotheses and assumptions that come with it. EDM is thus 
only constrained by the amount and the quality of the data. The purpose of using 
EDM in this study was twofold: (a) to study the interactions between variables 
and (b) to detect causation. 

I used convergent cross mapping (CCM) to extract causation from the time 
series data (R package rEDM; Version: 1.14.0; function: ccm). At the heart of the 
CCM is its ability to detect and separate causation from spurious correlations in 
time series data of complex coupled dynamic systems. The analysis is based on 
the theory put forward by Takens, (1980), which states that in a multidimensional 
dynamical system with only a finite number of observable variables, the essential 
information of the system is retained in the time series of any observed single 
variable of that system. This means we can replicate the system dynamics by 
using the lagged time series of the observable variable in place of the unknowns. 
Thus, if causation exists between two variables, it can be extracted from the time 
series history of the affected variable (cross-mapping). The effectiveness is then 
cross map skill was reported (ρ). I examined the variation in causality between 
GPP and factors such as Tair, ET, VPD, atmospheric CO2 concentration, SWR, 
SWC, and WTD across the five-year study period (259 weeks together) and for 
each year with a time lag of 1 week by applying CCM (Sugihara et al., 2012).  
ρ, of each pair (GPP:ET, GPP:Tair and so on) was reported. SE of ρ was estimated 
by the equation below (eq 2.14) (Gnambs, 2023). 

 
 𝑆𝐸 = ଵିఘమ√ேିଷ (2.14) 
 
I used redundancy analysis (RDA) on the five-year data (R package: vegan 
version 2.6-4; Oksanen et al., 2001) to extract the direction and magnitude (length 
of the arrows) of causal strength estimates from above, along with SWC, WTD, 
Tair, VPD, ET, SWR, and atmospheric CO2 concentration. Furthermore, a 
random forest regression was performed (randomforest R package) on the factors 
used in the RDA, and then relative variable importance (relative to the most 
significant variable for estimating GPP) was calculated for predicting GPP. The 
adjusted R2 and corresponding p values of the random forest regression were 
reported. I also performed a cross correlation between ET and SWC using the 
weekly estimates. The cross-correlation test assessed the lag between ET and the 
decrease in SWC. A 95% CI and the significance were assessed based on the  
p-value. 



29 

3. RESULTS 

3.1. Soil moisture and GHG exchange (Articles I, II, III & IV) 

3.1.1. GHG exchange across the soil moisture spectrum  
(Article I and II) 

 
Figure 6: GHG exchange in 48 open peatlands along the SWC gradient. a: Green bars 
represent net uptake of CO2. Red bars represent net emission of CO2. Blue bars represent 
the CH4 fluxes. Orange bars indicate N2O fluxes. All fluxes are site averages in mg CO2eq 
m−2 h−1. The black convex line is the GAM fit at k =3 for the 48 site average values of 
GHG. Error bars are respective SE estimates. b: Schematic breakdown of GHG exchange 
in each land use covered in this study. (Source: Article I). 
 
CO2 dominated the GHG exchange in both the net emission (>100 mg CO2eq 
m−2 h−1) and uptake (< –100 mgCO2eq m−2 h−1) (Figure 6) across open peatlands 
globally. On the other hand, in the tropics, while CO2 dominated the GHG uptake 
(−160 mg CO2 m−2 h−1) as seen globally, N2O was the prevalent flux in emissions 
(90 mg CO2eq m−2 h−1). N2O emissions were mostly from moderately wet peat-
lands (SWC: 0.35 to 0.7 m3 m−3). Consequently, CO2 removal offsets emissions 
of N2O and CH4 emissions in the high GHG sink ecosystems. In the high GHG 
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source sites, the net emission of CO2 contributed >83% of each GHG exchange. 
The GHG-neutral sites (between −100 and +100 mg CO2eq m−2 h−1) experienced 
modest fluxes of all three GHG (Figure 6). 
 

 
Figure 7: Univariate GAM model of NEE with SWC. Negatives are sinks and positives 
are emissions 

3.1.2. Soil moisture and GPP in the warming sub-Arctic (Article III) 

SWC in Bonanza Creek did not exhibit a Gaussian response which contradicts 
the findings of Article I and II. Several factors contribute to this difference. 
Initially, Articles I and II analysed data spanning over 48 open peatlands. These 
covered extremely dry, moderately moist and wet sites across different climates 
and land uses. Secondly, each site covered growing season data of 4 to 6 days. 
Finally, Articles III and IV are single site ecosystem scale analysis of years of 
data at weekly time step which captured seasonal variations. Moreover, Bonanza 
Creek (Article III) was flooded (>60 cm from the peat surface) for most growing 
seasons (2014–2020). At annual scale, soil moisture explained ∼60% of the vari-
ability in GPP (Figure 8c; R2 = 0.59, F-statistic = 9.27 on 1 and 5 degrees of 
freedom, p-value = 0.05) with a positive linear trend (Evans et al., 2021). This 
can be caused by the saturated conditions of growing seasons as they were 

 
Articles I and II found an optimum of GHG and CO2 exchange (emissions) across 
the soil moisture gradient for global and tropical peatlands. The net GHG (GAM 
model fit: R2

adj = 0.34) and NEE (R2
adj = 0.31) emissions were peaked at inter-

mediate SWC (i.e. 0.4 m3 m−3 to 0.75 m3 m−3) (Figure 7). This finding opposes 
the notion of a universal positive relationship of soil moisture gradient with GHG 
and NEE changes. Here, the dry sites were also net sinks of GHG and NEE. 
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Figure 8: SWC does not explain variations in NEE and GPP. a: at weekly time- step for 
all seasons, b growing season, c: mean annual scale plotted against SWC. d, e, and f depict 
the relationship of NEE with SWC in the same temporal order as GPP (Source: Article III). 
 
  

skewed from the winter-frozen dry readings in the annual average. Weekly 
estimates of SWC did not explain any variations in GPP (Figure 8a) and NEE 
(Figure 8d). The growing season data across the seven years provide similar 
accounts as well (Figure 8b, e). All growing season variation in SWC (Figure 8a, b) 
happens during saturated conditions. Similarly, Laine et al., (2019) showed that 
the water table did not have any impact on primary production in a sub-arctic 
Finnish fen. However, these estimates might not be a realistic representation of 
the site conditions since it was flooded. Analogous outcomes were reported for 
leaf production in a bog and poor fen in southern Finland (Köster et al., 2023). 
During periods of inundation, algal production has been reported to contribute 
significantly to GPP. Algal contribution during periods of inundation is found at 
drier sites rather than those with constant inundation (DeColibus et al., 2017; 
Wyatt et al., 2012), especially in previously drier sites as opposed to sites with 
constant inundation (Kane et al., 2021). Hence it is likely that GPP was influenced 
by algal production during the flood years of 2014, 2016, 2017 and 2018. This 
might have contributed to the underestimation of CARDAMOM simulated GPP 
compared to night-time partition EC data. For the aforementioned reason, 
DALEC did not include soil moisture input and parameterisation. 
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3.1.3. Water in the soil–plant–atmosphere continuum (Article IV) 

Burns Bog preferred water retention over C assimilation due to atmospheric 
aridity during the five-year study period. This finding contradicts Articles I, II 
and III. In 2016, the drought was severe (Table 4). Following criteria were 
considered to classify the parameters into high and low years in Burns Bog. The 
plant–water stress is considered relatively high if the fraction is below 0.4. 
Similarly, a drought is considered severe when SPEI is –1.5. Gsw and ET were 
classified as high for years with Gsw 0.2 m s−1 and ET 3 kg H2O m−2 day−1. SWC 
drawdown is considered high when it falls below 82.5%. EF is considered high 
when it is above 0.5.  
 
Table 4: Annual variability of drought-related parameters (Source: Article IV). 

Unit High (Years) Low (Years) 
M.C Fraction 2016, 2019 2017, 2018, 2020 
Drought Fraction 2016, 2020 2017, 2018, 2019 
Gsw m s−1 2017, 2018 2016, 2019, 2020 
ET kg H2O m−2 day−1 2017, 2018 2019, 2020 
SWC % 2017, 2018 2016, 2019, 2020 
EF Fraction 2016, 2017, 2018 2019, 2020 

Nevertheless, the ecosystem did not transpire a proportionate amount of water 
due to stomatal regulation (Table 4); low rates of ET and increased EF in 2016 
imply high soil evaporation rates and low transpiration rates. In the subsequent 
years (2017 and 2018), a reduction in plant-water stress – evidenced by high Gsw) 
and elevated EF, indicating minimal stomatal regulation (Figure 9a, Table 4) was 
attributed to decreased drought severity (Table 4). This reduction in stress led to 
higher ET rates, reaching 3 kg H2O m−2 day−1 (Figure 9b, Table 4). GPP was thus 
highest in 2018 (~3.2 g C m−2 day−1). The relative increase in ET caused surface 
water drawback during the winter months of 2017 and 2018 (82.5% and 80% of 
the field capacity). Consequently, the water table depth dropped to –8cm. How-
ever, the drawback had ~14 week lagged response to ET (correlation coefficient 
of 0.77 (p < 0.001) at a 95% CI and 257 degrees of freedom, Figure 9b). EF 
experienced a decline, and the ecosystem experienced water stress. Contrary to 
2016, 2019 water stress was thus caused by the surface drying out (SWC below 
82.5% field capacity (Figure 9b) and WTD of –8cm or below. As the SWC 
dropped below the threshold of 82.5% (WTD of –8 cm), Gsw (Figure 9c) and ET 
(Figure 9b, Table 4) declined (1.8 kg H2O m−2 day−1). Thus, GPP was only 
2.5 g C m−2 day−1 (Figure 9d). Interestingly, SWC dropped only to 85% during 
the dormancy season of 2019 (Figure 9b). 2020 saw a severe drought, and the 
fluxes dropped similarly to the 2016 drought (Figure 9). However, the plant water 
stress was not as high as in 2019. Also, while GPP generally exceeded Reco 
during the study period (Figure 9, Satriawan et al., 2023), the site became a net 
source of C to the atmosphere (11.9 ± 15.1 g C m−2 year−1) by 2020 (Satriawan 
et al., 2023). 
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Figure 9: Weekly time step water and carbon dynamics at Burns Bog for five years from 
2016 to 2020. a: The moisture coefficient shows the variability in the severity of the 
atmospheric drought. b: temporal variability in SWC (blue dashed lines) and ET (orange 
lines). c: intra-annual variability in Gsw, and finally d: variability in GPP (purple lines) 
and Reco (orange dashed lines). (Source: Article IV) 
 

3.1.4. Causal relationships for 2016 to 2020 (Article IV) 

GPP was regulated by energy-related factors when the entire weekly time step 
data for five years were considered (Figure 10). A strong coupling was observed 
between GPP and ET and VPD (Figure 10b). The effect of ET on GPP (ET:GPP) 
was stronger (0.65 ± 0.03) than the impact of VPD (VPD:GPP; 0.59 ± 0.04) and 
SWR (VPD:SWR; 0.58 ± 0.04) on GPP. The effect of GPP (feedback) on these 
variables (GPP:ET and GPP:VPD) was equally strong (0.58 ± 0.04 and 0.52 ± 
0.04, respectively). CCM revealed a significant impact of SWC and WTD on 
GPP (Figure 10b). This was also evident from the temporal variability of plant 
physiological properties (Figure 9c). On the other hand, these findings differ from 
the correlation analysis (Figure 9a). We also found that the impact of SWC on 
VPD (SWC:VPD) (0.57 ± 0.04) was greater than its effect on GPP (Figure 10b). 
However, this was weaker than the effect of ET:GPP, VPD:GPP, and Tair:GPP 
(Figure 10b). ET and Tair exhibited a strong causal link and so did ET and VPD. 
However, climate–carbon feedbacks between atmospheric CO2 concentration 
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and GPP were insignificant in this five-year dataset. This is because the CO2 
concentrations did not increase over the period. 
 

 
Figure 10: Statistical regression and causal inference of weekly time step data for 2016 
to 2020. a: correlation matrix using the Pearson correlation coefficient. b: multivariate 
causation cross-map skills retrieved using the CCM analysis. The cross-map skill is 
displayed using the Pearson correlation coefficient (𝜌). The black dotted lines indicate 
weaker causal relationships. The coloured lines show the direct causal relationships 
between GPP and SWR, VPD, Tair, SWC, WTD, ET, or atmospheric CO2 concentration 
(indicated as CO2). The black solid lines indicate causation between variables. (Source: 
Article IV) 
 

3.1.5. Temporal variability of energy and water limitation of GPP 
(Article IV) 

Causal inference of individual years showed temporal variability of energy and 
water limitation of GPP. Results were in commensurate with water movement in 
the soil-plant-atmosphere continuum. Causal inference (CCM) found 2016, 2017, 
and 2018 GPP to be energy limited (Figure 11). Energy limitation is driven by a 
stronger causal effect of SWR, Tair, VPD, and ET relative to SWC or WTD 
(Figure 11a). Observed energy limitation is consistent with stomatal regulation 
during the 2016 drought and subsequent high rates of ET (2017, and 2018) 
(Table 4, Figure 9b, c and d). In contrast, GPP was water-limited in 2019 (causal 
effect of SWC and WTD were higher relative to energy-related factors) 
(Figure 11a). The sudden shift from energy to water limitation of GPP is caused 
by surface water drawback (SWC below ~82.5% field capacity and WTD below 
−8cm) (Figure 9b). In 2020, GPP was again driven by VPD and other energy-
related factors. This is because SWC did not drop below 82.5% in 2019. 
 



35 

 
Figure 11: Causal inference of the impact of energy and water limitation on GPP. a: Cross-
map skill at convergence retrieved using the CCM analysis. Each of the bars represents 
the effect of the predictors on GPP (ET:GPP, VPD:GPP, etc) for each year. Missing bars 
represent non-significant (𝜌 = 0) effects. b: RDA analysis showing the impact of causal 
interactions on GPP and Reco at a weekly time step (Source: Article IV). 
 
Causal directions of GPP (𝛿𝐺𝑃𝑃) and Reco (𝛿𝑅𝑒𝑐𝑜) were explored combining  
s-maps, and RDA (Figure 11b). The magnitude was then further asserted by 
the variable importance graph (Figure 12). Causal strength of Tair on Reco 
( 𝛿𝑅𝑒𝑐𝑜 𝛿𝑇𝑎𝑖𝑟⁄ ), SWC on Reco ( 𝛿𝑅𝑒𝑐𝑜 𝛿𝑆𝑊𝐶⁄ ), and VPD on GPP 
(𝛿𝐺𝑃𝑃 𝛿𝑉𝑃𝐷⁄ ) were positively impacting GPP. Nevertheless, causal impacts of 
SWC on GPP (𝛿𝐺𝑃𝑃 𝛿𝑆𝑊𝐶⁄ ), WTD on GPP (𝛿𝐺𝑃𝑃 𝛿𝑊𝑇𝐷⁄ ), SWR on GPP 
(𝛿𝐺𝑃𝑃 𝛿𝑆𝑊𝑅⁄ ), ET on Reco (𝛿𝑅𝑒𝑐𝑜 𝛿𝐸𝑇⁄ ) had negative effects on GPP (i.e. 
Burns Bog preferred water retention over C assimilation). Meanwhile, causal 
strength of ET on GPP (𝛿𝐺𝑃𝑃 𝛿𝐸𝑇⁄ ), Tair on GPP (𝛿𝐺𝑃𝑃 𝛿𝑇𝑎𝑖𝑟⁄ ), and Reco on 
WTD (𝛿𝑅𝑒𝑐𝑜 𝛿𝑊𝑇𝐷⁄ ) had positive correlations with GPP. 
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Figure 12: Relative variable importance of causal interactions, carbon and energy- related 
parameters on GPP. The relative variable importance was extracted from random forest 
regression with 500 trees, with the model expanding 66% of the variance in GPP with a 
root-mean-square error of 0.55 g C m−2 day−1 (Source: Article IV). 

 
3.2. CO2 fertilisation effect on C balance (Article III) 

3.2.1. Ecosystem scale C balance 

Analysis with CARDAMOM calibrated DALEC estimates revealed that Bonanza 
Creek rich fen peatland was a slight sink of CO2 across the seven-year study 
period. The simplistic representation of the C dynamics at the site below attests 
this analysis (Figure 13). The annual estimates are generated from the weekly 
time step probabilistic CARDAMOM outputs. The fen peatland on average fixed 
543.9 g C m−2 year−1. After respiring 257.5 g C m−2 y−1 back to the atmosphere 
as Ra, the ecosystem allocated NPP of 286.5 g C m−2 y−1 to the four live biomass 
pools. CUE of Bonanza Creek was 0.52. On average 129.8 g C m−2 y−1 of NPP 
was allocated to foliage C pool. But the fine root and structural C pools received 
only 56.1 g C m−2 y−1 and 88.8 g C m−2 y−1 respectively. The analysis implied that 
labile C pool takes up the second largest share of the NPP after foliage 
(116.9 g C m−2 y−1) which was used for leaf flushing during the ensuing spring 
onset. 
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Figure 13: CARDAMOM C-cycle analysis of Bonanza Creek rich fen peatland (Alaska). 
Numbers show a median estimate of fluxes (alongside arrows) and of stocks (in boxes). 
Units are g C m−2 for stocks and g C m−2 y−1 for fluxes. 95% CI is shown in a fractional 
form with 2.5 and 97.5 percentiles as numerator and denominator. Black fluxes are 
biogenic, including NPP, mortality (Mort), Ra, and Rh. NEE = Ra + Rh – GPP. Net biome 
exchange = NEE – disturbance fluxes. Since there were no fire events, net biome 
exchange is the same as NEE. Wood in the subscripts indicates structural C (coarse roots, 
stems, and branches where applicable) of the plants. (Source: Article III) 
 
CARDAMOM profiled estimates were validated with the data which were not 
part of the assimilation. The SOC stock, BG and AG NPP and FRC stock were 
validated with independent in-situ measurements. DALEC estimate of the FRC 
stock; 252.8 g C m−2 (Figure 13 & Figure 16) It accurately represented the site 
biophysical conditions (in-situ data 247 g C m−2, (McConnell et al., 2013; A 
meta-analysis of published literature is provided in the supplementary file of 
Article III). CARDAMOM profiled mean annual estimates of structural, labile 
and foliage C stock are shown in Figures 13 & 16b). The analysis additionally 
revealed the average litter C pool (Figure 16b). Finally, 6.6 and 83 g C m−2 y−1 of 
the litter and structural C pools, respectively, was decomposed. The decomposi-
tion contributed to an Rh of 273.5 g C m−2 y−1 (Figure 14). 
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The increasing net C sink strength was driven by a positive GPP (Figure 14a) and 
Rh was relatively constant (Figure 14b). A positive greening trend, as suggested 
by LAI, corroborates the increasing GPP. GPP increased by ~75 g C m−2 y−1 by 
2020. Rh, increasing only by ~8 g C m−2 year−1 did not significantly reduce the 
ecosystem sink strength. 
 

3.2.2. Model diagnostic analysis 

The synthetic experiments with the calibrated DALEC model and the ACM-1 
photosynthetic sub-model showed a CO2 fertilisation effect driving GPP. An 
initial correlation analysis with atmospheric CO2 concentration explained ∼29% 
variation in GPP (R2 = 0.29, p value = 0.13, residual standard error = 23.53 at 
5 degrees of freedom). LAI, on the other hand, had a strong correlation with GPP 
(R2 = 0.96, p-value = <0.05, RSE = 5.35 with 5 degrees of freedom). This study 
also reports the synergistic and individual contributions of increasing atmo-
spheric CO2 concentration and LAI on GPP. Using the fixed CO2 and climate 
experiment it was evident CO2 fertilisation caused the positive GPP and LAI 
trend (Figure 15c & d). Finally, using the ACM-1 sub-model experiment, it was 
found that the direct contribution of CO2 effect on GPP growth was ~14%. The 
indirect effect of CO2 fertilisation on GPP positive trend through increased LAI 
was ~4%. DALEC revealed similar effects in the NEE and Reco estimates. The 

Figure 14: CO2 balance of Bonanza Creek explained by relative change in C variables. 
a: GPP, b: Rh, and c: LAI. The points indicate the relative change in a median estimate 
with respect to 2014. The error bars represent relative change in the 95% CI from the year 
2014. These are estimated based on the CARDAMOM calibrated DALEC weekly time 
step outputs. (Source: Article III) 
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fixed climate experiment did not show any independent climate–carbon feed-
back, suggesting that the effect is restricted to CO2 fertilisation. Furthermore, we 
did not see any changes in GPP compared to CARDAMOM estimates, when the 
sub-model ACM-1 was driven by the same synthetic meteorological datasets 
used in the fixed CO2 and climate experiments and thus separated the indirect 
CO2 fertilisation effect through changes in LAI. 
 

 
Figure 15: The greening and the subsequent increase in the production is forced by CO2 
fertilisation effect. a: The positive inter-annual trend seen in GPP is explained by the 
comparison between CARDAMOM profiled estimates and the DALEC diagnostic 
synthetic experiments (a): Fixed CO2 outcome for GPP, and b: LAI. Fixed climatic 
synthetic experiment outcome for c: GPP and d: LAI. The shaded regions represent the 
respective 95% CI. 
 

3.3.3. Photosynthate allocation and C residence times 

The rich fen favoured foliage (50% of NPP) over fine root (20% of NPP) and 
structural (woody C pool) C pool (30% of NPP) photosynthate allocation 
(Figure 16). The fine roots and woody C pools are estimated to have a C residence 
time of 4.6 years. This is supported by published literature (see the supplementary 
file of Article III). 
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Figure 16: Internal C traits of Bonanza Creek rich fen ecosystem. a: Mean annual NPP 
allocation fractions b: Average C stock of foliage, woody, labile, fine root, and litter C 
pools and c: atmospheric CO2 concentration. Comparison between the weekly posterior 
probability estimates of c: C residence times of foliage, labile, fine root, woody, and litter 
C pools. These metrics are estimated from the 300 ensemble members. The points indi-
cate respective ensemble members (Source: Article III). 
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4. DISCUSSION 

Peatlands, with their unique C-rich soils, are an essential component of the global 
land C budget. Understanding ecosystem resilience to the projected anthropo-
genic and climatic impacts on land–atmosphere GHG exchange, especially CO2 
is unequivocally important for reducing the uncertainties associated with the 
global C budget. Predicting future responses of peatlands and their biogeo-
chemical cycles necessitates improving the past and present movement of CO2 
and other GHG fluxes and related microtechnological parameters in the soil–
plant–atmosphere continuum. This thesis addressed the above knowledge-gaps 
through four research articles covered here. 
 
 

4.1. Synthesis: Soil moisture and GHG exchange 
(Articles I, II, III & IV) 

accurately characterising the response of C and N fluxes to soil moisture in 
process-based models of C is challenging, leading to uncertainties in the quanti-
fication of climate–carbon feedbacks (Kannenberg et al., 2024). This uncertainty 
is caused primarily by the lack of process-based understanding of the relationship 
between soil moisture and GPP. The uncertainty further propagates to photo-
synthate allocation, mortality rates, residence times, and in the end to NEE. There 
are several debates against and for the role of soil moisture in GPP limitation 
especially under climate change and intensifying extreme climatic events (Kannen-
berg et al., 2024; Novick et al., 2016; Voigt et al., 2024; Wang et al., 2022; Zhang 
et al., 2016). I found a Gaussian response by both NEE and GHG across the varying 
soil moisture spectrum (Articles I and II). This finding contradicts the existing 
evidence of a positive linear response (Evans et al., 2021). Also see Quan et al., 
(2019), Taylor et al., (2017), and Wang et al., (2014). Inferences made from the 
analysis also clearly indicated CO2 as the dominant GHG (Figure 3). This is 
supported by the conclusions drawn by several studies (IPCC, 2023; Evans et al., 
2021; Huang et al., 2021) with notable exceptions (Covey et al., 2021; Minkkinen 
et al., 2002). While Evans et al., (2021) and Quan et al., (2019) covered with 
measurements spanning longer time periods (years), Articles I and II lacked the 
temporal dynamics. N2O contributed 33% to GHG exchange in GHG source sites 
(i.e. drained floodplain meadows and cultivated fields). However, it only con-
tributed ~10% in drained grassland sites. 

I addressed the data and knowledge-gaps in article I and II by specifically 
focusing on single sites –– ecosystem scale EC data from sub-Arctic (Article III) 
and temperate (Article IV) peatlands. Bonanza Creek (Article III) was flooded 
(60 cm above the peat surface) throughout the study period (2014 to 2020). Soil 
moisture did not have any role in variability seen in GPP and NEE across growing 

Water transport through the soil–plant–atmosphere continuum critically impacts 
GPP (Green et al., 2019; Peng et al., 2024; Wang et al., 2022). However, 
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season specific, and weekly time step data. This directly contradicts the findings 
from Article I and II and published literature (Evans et al., 2021; Peng et al., 
2024; Quan et al., 2019). It led to the hypothesis that the soil moisture and photo-
synthesis relationship is coupled with one or more meteorological drivers not 
covered in Articles I, II and III. Furthermore, it can also be explained by a soil 
moisture minimum at which it starts to have an impact on photosynthesis. 
Article IV explicitly tested these hypotheses by investigating the hydro-climatic 
impacts on GPP in an atmospheric drought (high VPD) affected temperate re-
stored bog peatland. Spatial and temporal dynamics of energy and water limi-
tation of terrestrial GPP are central to understanding ecosystem CO2 dynamics 
and related uncertainties in dry and drought-affected zones (Ahmad et al., 2024; 
Fu et al., 2022; Heijmans et al., 2004; Kim & Verma, 1996; Schwingshackl et al., 
2017; Seneviratne et al., 2010). Peatlands may experience diverse dire climate–
carbon feedbacks to temporal dynamics of energy and water limitation, as they 
are the largest reservoirs of C. This brings the dynamics of the VPD–SWC–GPP 
relationship in the soil–plant–atmosphere continuum into the forefront of C cycle 
ecology. 

In the first three years of the study, GPP was not limited by soil moisture 
(Figure 10b, Table 4); instead, it was influenced by the presence or absence of 
physiological control exerted by vascular plants to mitigate drought stress. 
Drought stress was driven by changes in Tair and VPD, a finding strongly sup-
ported in the literature (Grossiord et al., 2020; Novick et al., 2016). The isohydric 
phenomena led to the plant–water stress, contradicting the findings of canopy 
regulation in non-forested ecosystems to droughts (Zhang et al., 2016). This 
means that peatlands prefer to minimize water loss over C assimilation (line II 
Figure 2,). This might be why GPP was around 2.5 g C m2 day−1 during the drought 
severe periods (Figure 9. i.e. a decline in GPP is experienced as hypothesised in 
line II, Figure 2). However, the non-forested ecosystems were grasslands and 
open shrublands (Zhang et al., 2016). Access to copious amounts of water and 
sphagnum dominance in comparison to shrublands or grasslands could be why 
the bog mimicked the forest ecosystem responses to drought as seen in Zhang 
et al., (2016). Findings of this study also differ from the diminished VPD suppres-
sion of vegetation growth in northern peatlands (Chen et al., 2023). The reduction 
in the VPD suppression of GPP may be influenced by soil moisture variability 
seen in this study. As the climate warms and droughts get more severe, the dual 
nature of GPP limitation, as seen here, could become more evident in the future. 
The decline in the severity of drought in the following years (2017 and 2018) 
could have resulted in a relaxed physiological regulation to maximise C 
assimilation by the vascular plants (Chen et al., 2023). 

Overall, my findings lead to hypothesise existence of regional and/or biome 
specific soil moisture relationship with GPP and NEE. This dynamic relationship 
can be further amplified or diminished due to extreme climatic events caused by 
climate–carbon feedbacks (Article IV) and climate change (Article III). 
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4.2. Innovations, novelties, limitations, and future steps 
in C and N cycle research 

Article I and II provided the basic empirical knowledge required to advance on 
the role of soil moisture on GHG exchange. It further pointed out microbiome as 
second most factor to explain GHG and more specifically C spatial variability. 
The dominant role of CO2 fluxes in GHG exchange as seen in Articles I and II 
lead to Article III focusing on C cycle. Further introspection with model–data 
fusion approach, and subsequent diagnostic analysis, Article III provided a 
benchmark representation of average C balance, synergistic and indirect effect of 
CO2 fertilisation effect at ecosystem scale. Although, a manipulation experiment 
in a sedge-dominated boreal peatland showed the effect of temperature and 
atmospheric CO2 on GPP (Tian et al., 2020), article could be the first long-term 
ecosystem-scale study to partition between effects on peatland C dynamics. 
However, temperature (McPartland et al., 2019), precipitation and SWR did not 
have any effect on GPP in Bonanza Creek. Also, there is recent evidence on both 
individual and synergistic effects of climatic factors on plant community struc-
ture, species abundance, and succession. 

There is also a growing consensus on the nutrient (e.g. N limitation) and soil 
moisture limitation of CO2 fertilisation effect. Soil moisture limitation was not 
observed because Bonanza Creek was flooded (Article III). CO2 fertilisation 
effect was also not evident in Burns Bog (Article IV). There are several evidence 
on N limitation of biomass synthesis (foliar nitrogen is a crucial component of 
photosynthesis). This is because of the limited supply of plant available N (NO3

− 
and NH4

+) in the soil for the observed positive greening trend (CO2 fertilisation 
effect). Microbial demand for NO3

− and NH4
+ can also complicate photo-

synthesis. These processes can have divergent effects on global C cycle and could 
even reduce current uncertainties in IAV of land C cycle (Friedlingstein et al., 
2025; Stocker et al., 2025). This could probably one of the reasons why the 
uncertainty dominated the mean estimates. This underscores the requirement of 
including N limitation and C–N coupling processes in terrestrial C cycle models. 

Finally, Article III provided insights into ecosystem scale internal C traits 
(C residence times and photosynthate allocation) with uncertainty characte-
risation (data assimilation). To the best of my knowledge, this is the first study to 
provide peatland specific plant tissue allocation fractional rates and C residence 
times of C biomass pools. More specifically, the greening trend seen in the 
findings also meant the foliage allocation is favoured over fine root and structural 
C pools. This could be due to the climate warming and CO2 fertilisation effect at 
the site scale. This goes against the consensus that these effects force the plants 
to allocate more C to fine roots (Malhotra et al., 2020). However, since the fen 
peatland was flooded for most of the study period, it was not necessary to retrieve 
water from the deeper soil horizon. Thus, the longer fine roots were not present. 
This could explain the relatively lower photosynthate allocation to fine roots 
(Weltzin et al., 2000). Similar fine root allocation patterns have been reported 
from the northern bog and fen ecosystems (Mäkiranta et al., 2018; Murphy & 
Moore, 2010). 
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5. CONCLUSION 

Climate warming and extreme climatic events are expected to intensify before 
the turn of the century exposing peat soils. Findings outlined in this thesis indicate 
ecosystem scale differences in spatio-temporal variations in hydro-climatic 
impact on GHG, specifically, GPP. The unimodal relationship of GHG and NEE 
across a soil moisture spectrum (0.2 m3 m−3 to 1 m3 m−3) defy findings reported 
by Articles III and IV. Although the data covered in the study (Article I) have 
spatial coverage (48 sites), it is weak on the temporal resolution (3–4 days at each 
site). Article II specifically focused on tropical peatlands. While CO2 dominated 
GHG exchange in net absorption sites, N2O was the dominant in GHG source 
sites. On the other hand, CARDAMOM calibrated DALEC at weekly time step 
for seven years found CO2 effect on GPP in a sub-Arctic site (Article III). Soil 
moisture did not have any impact on GPP. Bonanza Creek was flooded for most 
part of the study period. This might be why soil moisture did not have any role in 
GPP. This study was the first (to the best of my knowledge) ecosystem-scale 
analysis to provide C allocation rates and residence times of various C pools. 
Furthermore, this study also provided the individual and synergistic impact of 
CO2 fertilisation on GPP. I also provided exhaustive and comprehensive un-
certainty characterisation for the parameters, fluxes, and C stocks. On the 
contrary, the fourth study (Article IV) found a negative effect of soil moisture 
effect on GPP in a drought-affected restored bog. The analysis found a soil 
moisture threshold of 82.5%, below which water scarcity starts to limit GPP. 
VPD was the limiting factor for GPP unless it had not been restricted by plant 
water stress. Plant hydraulic responses to atmospheric drought were the under-
lying cause for the soil moisture drawback. 
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SUMMARY 

Global warming, intensity, and frequency of extreme climatic events (droughts, 
wildfires, extreme heat, extreme precipitation, etc.) are projected to increase. It 
is expected to be driven by land use and land cover change (LULCC) and 
resulting greenhouse gas (GHG) emissions. Peatlands play a crucial role in the 
global carbon (C) and GHG budget by accumulating carbon (C) in soils (more 
than the global terrestrial vegetation). Saturated peat soils reduce decom-
position and create an imbalance between gross primary productivity (GPP) 
and ecosystem respiration (Reco; i.e. heterotrophic respiration and autotrophic 
respiration). Soil water balance, movement of water in the soil–plant–atmo-
sphere continuum, and meteorological drivers of GPP (shortwave radiation, 
atmospheric water demand: i.e. vapour pressure deficit (VPD), air temperature, 
and precipitation) are of the utmost importance for the ecosystem, regional, and 
global C and other GHG balance. Post-industrial revolution peatland land-use 
and land-cover change (LULCC) and resulting global warming have diverse 
and dire negative impacts on C and other GHG balances. Peatland drainage and 
water table drawback cause peat oxidation, leading to CO2 through hetero-
trophic respiration (microbial respiration). Increased microbial activity can lead 
to N2O emissions. Empirical knowledge of how soil moisture variations impact 
soil GHG emissions is essential for reducing the uncertainty around the 
process-based understanding of peatland ecosystems (Articles I and II). These 
changes shift peatlands to be a source of CO2 further amplifying the global 
warming effect. Increased atmospheric GHG blocks more solar radiation ref-
lected from the earth’s surface to space, increasing temperature, VPD, etc. For 
example, an increase in VPD and temperature could lead to atmospheric drought 
as there may not be enough water in the soil to evaporate to meet the demand. 
Such an event could lead to a decline in GPP (negative climate-carbon feed-
back). It necessitates the knowledge of GPP-VPD-SWC dynamics (Article IV). 
On the other hand, the rise in atmospheric CO2 can also cause climate-carbon 
feedback known as CO2 fertilisation effect (A growth in photosynthesis due to 
increased availability of atmospheric CO2 given there are no limiting factors 
such as soil moisture, shortwave radiation, air temperature). This may cause 
changes to C allocation (to different plant tissues) patterns and C residence 
times (Amount of time C spends in plant tissues/pools) (Article III). Articles I 
and II use a statistical regression modelling approach to investigate soil GHG 
dynamics and its key biotic and abiotic drivers across 48 open peatlands 
between the 2011 and 2020 growing seasons. Each site constitutes 4 to 6 days 
of field campaigning for chamber-based gas measurements and soil samples 
for physical and chemical analysis. Results showed GHG and net ecosystem 
exchange (NEE) had a Gaussian (unimodal) relationship with soil moisture, a 
finding that contradicts the current knowledge (positive linear relationship of 
GHG and, more specifically, CO2 fluxes with soil moisture). This means that 
sites with intermediate soil moisture (40% to 65% of the pore space) were 
sources of GHG (i.e. emissions). Net ecosystem exchange (NEE) was the most 
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prevalent in GHG emissions. Microbial abundance explained the remaining 
variations in GHG dynamics. Microbial abundance was driven by C:N ratio. 

Article III and IV focus on land-atmosphere exchange of CO2, its drivers, 
and ecosystem-scale responses. Articles I and II found CO2 was predominant 
in GHG exchange. It specifically investigates the two climate–carbon feed-
backs mentioned above. Specifically, Article III highlights the positive 
climate–carbon feedback of CO2 fertilisation in a sub-Arctic fen peatland in 
Alaska, USA. This study employs an intermediate terrestrial ecosystem model 
of C called the Data Assimilation Linked Ecosystem Carbon version 2 
(DALEC2) model. DALEC2 was calibrated using a Bayesian approach called 
carbon model data fusion framework (CARDAMOM). Publicly available 
weekly time step eddy covariance data (2014 to 2020), along with in-situ mea-
surements, were used to calibrate the model. Additional synthetic experiments 
on the calibrated DALEC model and photosynthetic sub-model aggregated 
canopy model version 1 (ACM1) were used to determine CO2 fertilisation 
effect, its direct, and indirect effect on GPP, respectively. Experiments on 
calibrated DALEC models, namely fixed CO2 experiment and fixed climate 
experiment, showed that CO2 fertilisation (rather than other meteorological 
drivers such as air temperature, shortwave radiation, and precipitation) was 
behind the GPP growth seen in the CARDAMOM results. Experiments with 
the ACM1 sub-model implied that 4% of the increase in GPP was the indirect 
cause of leaf area growth as the result of CO2 fertilisation. Moreover, this study 
was able to show ecosystem scale rates of photosynthate allocation to different 
plant tissues, their residence time and total C stock in different biomass pools. 
Results show that the foliage C pool was favoured over fine root and structural 
C pools. Furthermore, while foliage C had a residence time of 6 months, fine 
root C had a residence time of 4.5 years. To my knowledge, this is the first 
study to show these internal C traits at an ecosystem scale. Article IV investi-
gates negative climate-carbon feedback caused by atmospheric drought. A 
causal inference approach called empirical dynamic modelling (EDM) was 
combined with a model that tracks water movement through the soil-plant-
atmosphere continuum. The ecophysiological model is based on the "big leaf" 
assumption. i.e. vegetation is represented as a single uniform layer/one large 
canopy. Additionally, drought was determined using the standard precipitation 
evapotranspiration index in combi- nation with the moisture index. These 
models showed that during the first severe drought of 2016, GPP was limited 
by VPD and other energy-related drivers (short- wave radiation and air tem-
perature) through stomatal regulation (plants chose water retention over C 
assimilation). In the next two years (2017 and 2018), due to the absence of 
severe drought, plants maximised C assimilation (hence the relatively high GPP 
observed in the data). Nevertheless, it caused water table drawdown to –8cm 
(soil moisture of 82.5%) by 2019, causing the GPP to be limited by soil 
moisture. In this article, the threshold at which soil moisture limits GPP is 
identified as 82.5% of pore space. Causal inference corroborates the findings. 
The causal effect of VPD and energy-related drivers was higher than that of 
soil moisture and water table depth on GPP in all the years except 2019. 
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SUMMARY IN ESTONIAN 

Soode süsiniku- ja lämmastikuvoogude modelleerimine  
ökosüsteemi tasandil 

 
Maakera kliima soojeneb ja äärmuslikud ilmasündmused sagenevad. Seda 
põhjustavad maakasutuse ja maakatte muutused ning nendest tulenevad 
kasvuhoonegaaside (KHG) heitmed. Sood mängivad olulist rolli globaalses 
süsiniku ja kasvuhoonegaaside bilansis, salvestades süsinikku mulda. Mulla-
süsinikku on maakeral rohkem kui maismaa taimestikus. Täpsemalt väheneb 
märjas mullas orgaanika lagunemine, mis kallutab taimekasvu ja ökosüsteemi 
hingamise vahelise bilansi süsiniku salvestamise poole. Selle tagajärjel tekib 
turvasmuld. Süsihappegaasi (CO2) ja teiste KHG-de vahekorra kujunemisel on 
olulised mulla veebilanss, vee liikumine muld–taim–atmosfäär süsteemis ning 
taimekasvu mõjutavad ilmategurid (lühilainekiirgus, atmosfääri niiskusvajak, 
õhutemperatuur ja sademed). Tööstusrevolutsiooni järgsel ajastul toimunud 
soode muutused ning nendest tulenev globaalne soojenemine on KHG bilansile 
avaldanud tõsiselt negatiivset mõju. Soode kuivendamine põhjustab turba 
oksüdeerumist, mis viib CO2 lendumisele heterotroofse (st. mikroobide) hinga-
mise kaudu. Suurenenud mikroobide aktiivsus võib põhjustada naerugaasi 
(N2O) emissiooni. Teadmine sellest, kuidas mullaniiskuse muutused mõju-
tavad mulla KHG heitmeid, on oluline, et mõista soo-ökosüsteemides toimu-
vaid protsesse ka laiemalt (artiklid I ja II). Need muutused viivad sood CO2 
sidujatest selle allikateks, suurendades globaalset soojenemist veelgi. Kliima 
soojenemine tõstab ka niiskusvajakut ja tekitada atmosfääris äärmist kuivust, 
mis vähendab taimekasvu. Nende tegurite ühine analüüs aitab paremini mõista 
taimekasvu ja niiskustegurite kompleksi dünaamikat (artikkel IV). Vastupidise 
st. negatiivse tagasiside tekitab CO2 väetamisefekt, milles atmosfääri CO2 kätte-
saadavuse soodustab taimekasvu. See võib põhjustada muutusi süsiniku jaotu-
mises taimestiku ja ökosüsteemi erinevatesse osadesse ning süsiniku viibeajas 
(artikkel III). Artiklites I and II tekitati statistilisi regressioonimudelit, ise-
loomustamaks KHG dünaamikat ja nende peamisi tegureid maakera lagesoode 
temperatuuri, niiskuse, toitainete sisalduse ja maakasutuse tunnusruumis. And-
med pärinevad ajavahemikul 2011–2020 tehtud 48 lagesoo kambrimeetodil 
KHG voogude mõõtmistest ning mullaproovide füüsikaliste ja keemiliste 
parameetrite analüüsist. Tulemused näitasid, et KHG heitmed oli kõrgeimad 
mõõdukal mullaniiskusel. See tulemus seab kahtluse alla praegust teadmist 
lineaarse seose kohta CO2 heitme ja mullaniiskuse vahel. CO2 vood olidki 
KHG-bilansi kaalukaim osa. Sel põhjusel keskendusid artiklid III ja IV 
maismaa ja atmosfääri CO2 vahetusele jamõjuritele. Artikkel III analüüsis CO2 
väetamisefekti Alaska lähisarktilises madalsoos. Uuring kasutas keskmise 
keerukusega maismaaökosüsteemi mudelit nimega DALEC2. Mudelit kalib-
reeriti Bayesi meetodil CARDAMOM abimudeliga. Kalibreerimiseks kasutati 
turbulentse õhuvoo mõõtmiste avaandmeid (2014.–2020.a.) ning ka maa-
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pealseid kambrimõõtmisi. CO2 väetamisefekti kontrolliti kalibreeritud DALEC 
mudeli ja fotosünteesi alam-mudeli (ACM1) keskkonnas läbiviidud katsetega. 
Kummaski katses fikseeriti vastavalt kas CO2 või ilmanäitajad. Katsetulemus 
näitas, et just CO2 väetamise mõju, mitte ilmanäitajad, olid CARDAMOMi 
tulemustes nähtud taimekasvu tõusu taga. Saadud 4% taimekasvu tõus korre-
leerus kaugseire abil tuvastatud lehepinna-indeksi tõusuga. Lisaks näitas uuring 
ära taimekasvu saaduste jaotumist ökosüsteemi osadesse, nende viibeaega ja 
vastvavate süsinikuvarude muutumist. Peamiselt liikus süsinik lehtedesse mitte 
peenjuurtesse ega struktuursesse süsinikuvarusse. Lehesüsiniku viibeaeg oli 
6 kuud, peenjuurte süsinikul 4,5 aastat. Teadaolevalt on see esimene uuring, 
mis näitab süsiniku jaotumist soo-ökosüsteemi osades. Artikkel IV uuris põua 
ja süsinikuvoogude vahelist tagasisidet. Seoste põhjuslikkuse tuvastamise 
meetodit, mida nimetatakse empiirilis-dünaamiliseks modelleerimiseks (EDM), 
kasutati koos mudeliga, mis jälgib vee liikumist muld–taim–atmosfäär süs-
teemis. Ökofüsioloogiline mudel põhineb nn. „suure lehe“ lihtsustusel, mis 
taandab taimestiku ühele kujuteldavale lehekihile. Põud määratleti sademete ja 
aurumise indeksi ning niiskus-indeksi kombinatsioonis. Mudelid näitasid, et 
2016. a. põua ajal limiteerisid taimekasvu õhuniiskuse vajaku ja soojusenergia 
kättesaadavusega seotud tegurid nagu lühilainekiirgus ja õhutemperatuur. Põua 
ajal sulgesid taimed õhulõhed, valides fotosünteesi asemel veevaru säilitamise. 
Põuale järgnenud kahel aastal (2017. ja 2018.a.), mil atmosfääris oli piisavalt 
niiskust, maksimeerisid taimed fotosünteesi ja seega primaarproduktsiooni. 
Järgnenud 2019. aastal langes põhjaveetase 8cm sügavusele maapinnast (mulla-
niiskus 82,5%), mis võis taimekasvu piirata. Seoste põhjuslikkuse analüüs 
kinnitas neid tulemusi. 
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